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Preface — Women in Porphyrin Science
After 10 ICPP meetings and the 20th anniversary of
the Journal of Porphyrins and Phthalocyanines, it is
clear that the Society of Porphyrins and Phthalocyanines
is now a mature, well-established community offering a
great breadth and depth of science. However, it appears
that this community still has to progress on the diversity
front, as have many other societies and funding bodies
which have established clear criteria in particular in terms
of gender balance. Less than 30% of researchers worldwide are women,1 but the role of women in all fields of
science is now promoted through many different events
and actions throughout the world.
This very special issue entitled “Women in Porphyrin
Science” was conceived inclusively, as the purpose was
certainly not to exclude our male colleagues, the criteria
being to have the first author or the last and corresponding
author being a female.
This issue is published in a period including the International Day of Women and Girls in Science, celebrated
on February 11th by the United Nations. It includes
contributors from all over the world, with 12 countries
represented in 23 different reviews and papers. Together
with the editors, all the continents — except Antartica —
are represented.

1 

The success and interest encountered clearly demonstrated that female scientists are still in the need of
recognition and we are proud that this special issue
highlights their role in Porphyrin science. We have been
indeed amazed by the interest this initiative aroused.
It does e vidence that there is still much to do to reach
the prefect gender equality. At least this issue is a step
forward. And two additional volumes are planned for
April–May and July–August this year.
We wish to thank all our contributors — female and
male — for the quality of their work and the recognition their participation is giving to the gender balance
challenge.

http://uis.unesco.org/sites/default/files/documents/fs51-women-in-science-2018-en.pdf

Copyright © 2019 World Scientific Publishing Company
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ABSTRACT: Photodynamic methods have found application not only in the treatment process as
photodynamic therapy but also for the early detection of neoplastic lesions and tumors as photodynamic
diagnosis. Early detection of the disease allows not only to avoid the patient’s lifetime risk but also
significantly reduce the costs of anticancer therapy, which are increasing every year. There is a
constant search for new and more effective photosensitizers which will provide safety in therapy while
maintaining efficiency. This paper summarizes recent reports focused on the photodynamic diagnosis of
oral cancers. Moreover, it shows methods of the photodynamic treatment of oral verrucous hyperplasia,
erythroleukoplakia, and oral leukoplakia. The treatment of choice for these diseases is a surgical
excision, which always leads to scar formation. Photodynamic therapy provides a new scar-less tool for
the treatment.
KEYWORDS: PDD, oral cancer, leukoplakia, oral premalignant lesions.

INTRODUCTION
Photodynamic therapy is still an intensively
developing part of modern medicine. Numerous works
on new photosensitizers and improvements to the
treatment method have been published [1–3]. Currently,
there is a constant demand for new and more effective
photosensitizers, which will provide high safety and
efficiency. Apart from developing new molecules, the
latest discoveries in drug technology such as advanced
drug delivery platforms, nanoparticles and isotopelabeled particles are used to find ideal photosensitizers,
and thus reduce the side effects caused by photodynamic
therapy [4–6]. Photodynamic therapy is not only a method
of treatment but it can allow detection of neoplastic
changes and tumors using the same medicinal substances.
*Correspondence to: Lukasz Sobotta, email: lsobotta@ump.
edu.pl.
Copyright © 2019 World Scientific Publishing Company

According to the “prevention is better than cure”
concept, advanced photodynamic diagnosis methods
allow detecting changes in the so-called preclinical phase
[7–10]. Early detection of the disease enables not only
to avoid the patient’s lifetime risk but also significantly
reduce the costs of anticancer therapy, which increase
every year. Additional benefits of photodynamic therapy
include little costs, relatively simple equipment and
minimal side effects [11]. In the case of cancer, it is
not only important to choose the treatment process but
also to achieve early diagnosis using the PDD method
(Photodynamic Diagnosis) [12, 13].
The concept of PDD is to discriminate between
healthy and malignant tissues using differences in their
fluorescence (Fig. 1). Usually, healthy tissue exhibits
green fluorescence, while tumors and other malignant
changes do not. Additionally, this difference may
become more prominent by using a fluorescent probe
which preferentially accumulates in the abnormal tissue
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Fig. 1. Photodynamic diagnosis requires illumination with blue light. Healthy tissues respond with green fluorescence, which is
absent for the tumor mass (top). Upon administration of photosensitizer, the tumor exhibits red fluorescence (bottom). Photodynamic
therapy utilizes red light, which leads to tumor necrosis (bottom) and eventually, recovery (top)

resulting in its red fluorescence. Photodynamic therapy
(PDT) uses photosensitizers, which may also be used in
PDD due to their fluorescence. Photosensitizer molecules,
upon illumination with light, generate reactive oxygen
species (ROS), most prominently singlet oxygen. ROS
production leads to cell damage, which results in cell
death through necrosis or an apoptosis mechanism [14].
Numerous studies have shown that delayed detection
is a critical factor that reduces the chance of survival
because of the rapid progression of a tumor [15]. Often
the time between diagnosis of a premalignant lesion and
malignant transformation is relatively short. Currentlyused detection methods are far from ideal. They can be
subjective, non-specific, or very costly, both in time and
money. Therefore, there is a need for higher sensitivity
and more specific screening methods. At present, the only
means of obtaining a definitive diagnosis is via random
tissue biopsy, which is subject to sampling error and
patient discomfort as well as scarring. Thus, an essential
role in the future diagnosis of cancers may be played by
PDD imaging, for example by using 5-aminolevulinic
acid or Photofrin® [9, 10]. Photodynamic diagnosis
is extensively studied for usability in diagnosis for
urology [16], gynecology [17] and brain tumors [18, 19].
Photodiagnosis principles detail some limitations of this
method including accessibility of excitation light to the
diagnosed area. This essential condition can be fulfilled
in the medicine of the oral cavity. Therefore, extensive
Copyright © 2019 World Scientific Publishing Company

studies have been conducted for the introduction of
photodynamic diagnosis to clinical use in dentists’
practices [20].
Porphyrinoids as photosensitizers
Porphyrin absorption profiles (Fig. 2) indicate their
high absorption in the blue range called the Soret band
and very low in the red region called the Q band. Due
to low extinction coefficients of the Q band, these
photosensitizers need to be improved by chemical or
physical conjugation with other materials. The chlorin
group reveals much more appropriate properties for PDT
methods. These compounds absorb red light more easily
in comparison to the porphyrins (Fig. 2). Compounds
derived from the porphyrazine and phthalocyanine
classes show high ability for red light absorption (Fig. 2).
According to the literature and our experience, the most
promising porphyrinoid class of photosensitizers for
PDT are chlorins and phthalocyanines [21–35].
When considering a compound as a photosensitizer,
a few crucial issues should be taken into account.
First, it should be soluble in water. It is well-known
that porphyrazines and phthalocyanines possess high
hydrophobic properties. These unfavorable properties
can be easily overcome by incorporation of the
photosensitizer into liposomes, cyclodextrins or other
nanocarriers [36–38]. Second is its absorption profile
J. Porphyrins Phthalocyanines 2019; 23: 2–10
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Fig. 2. UV-vis absorption profile of porphyrin, chlorin, porphyrazine and phthalocyanine and their macrocyclic rings
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and molar extinction coefficient. The general absorption
profile for a porphyrinoid molecule is dependent on
structure of the macrocyclic ring, while introduction of
metal ions or peripheral substituents results in shifting
of absorption bands to longer or shorter wavelengths.
According to Fig. 2 it can be concluded that the best
absorption profiles for PDD reveal porphyrin and
chlorin classes which have extensive high energetic
light absorption. On the other hand, porphyrazines and
phthalocyanines possess the best spectral properties for
PDT, high red light absorption. The third factor is the
high ability to form singlet oxygen. In our experience,
for good activity the PS needs to generate singlet
oxygen at least with low yield [21]. Porphyrazines are
moderate singlet oxygen generators, and phthalocyanines
form singlet oxygen with moderate as well as high
yield dependening on the metal ion incorporated into
the macrocyclic core. Chlorins and porphyrins are
relatively good singlet oxygen generators. Fourth,
the photosensitizer should reveal high photostability.
Porphyrazines and phthalocyanines decompose rather
quickly in comparison to chlorins and porphyrins. It
should be emphasized that there are deviations from the
rule. Summarizing advantages and disadvantages of each

group, it can be concluded that for now porphyrins and
chlorins are the most promising for PDT. Other groups
need extensive research and development in different
pathways i.e. chemical modification, supplying with
other compounds, new pharmaceutical formulations or
applying nanoparticles.
Porphyrins and chlorins (Fig. 3) are naturally occurring
molecules which are among most frequently used
photosensitizers. Chlorins are derivatives of porphyrins,
with one of the pyrrole rings being reduced. This change
in structure results in a dramatic alteration of optical
properties and significantly higher absorption of red light
by chlorins. Macrocyclic compounds of both classes are
subjected to numerous chemical modifications. One of
the modifications is a formation of complexes with metal
ions, while metal-free macrocycles are also used [21, 22].
Additionally, various substituents may be introduced into
β or meso positions (Fig. 3) of macrocyclic rings. Apart
from synthetic porphyrins and chlorins, photosensitizers
derived from nature are also used; Photofrin®, discussed
below, is obtained from heme [39], and chlorin-e6 is
a product of chlorophyll degradation [40]. One very
specific form of photosensitizer is 5-aminolevulinic acid
(ALA). ALA is not a photosensitizer, but it is converted

Fig. 3. Structure of porphyrin, chlorin (M — metal ion or 2H; R1, R2 — substituents) and biosynthesis of PpIX from ALA
Copyright © 2019 World Scientific Publishing Company
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to protoporphyrin IX (PpIX, Fig. 3) during biosynthesis
of heme. In the heme synthesis pathway, there are two
low-speed reactions. First is ALA synthesis from glycine
and succinyl-CoA, which is inhibited by a feedback.
The second limiting reaction is the conversion of PpIX
to heme, catalyzed by ferrochelatase, which introduces a
Fe2+ ion into the porphyrin core [41]. Exogenous supply
of ALA removes the restriction resulting from the first
conversion, leading to an increased accumulation of PpIX
in tumors. The relatively low activity of ferrochelatase
in cancer tissue also contributes to an increase of PpIX
accumulation. A significant advantage of using this
protoporphyrin precursor is less photosensitivity of the
patient as a result of the fast elimination of ALA from the
organism (48 h) [41].
Photodynamic diagnosis (PDD) of oral cavity cancer
Despite significant progress in medicine, early
diagnosis of oral cavity cancer remains challenging task.
It is critical because it significantly increases the chances
of tumor curing and because the time between detection
of premalignant lesion and malignant transformation is
relatively short. Consequences of delayed diagnosis can be
severe, because up to 50% of tumors of 2 cm in diameter
may spread to lymph nodes. Unfortunately, current
diagnostic methods have a lot of drawbacks: (1) economic
(high costs); (2) subjective; (3) non-specific; (4) patient
discomfort.
Recent reports show that more than half of diagnosed
patients have oral cancers in an advanced stage, which
significantly influences average life expectancy (now
between 20 and 50% of patients survive more than
five years). Studies also indicate that earlier detection
of cancer could increase the survival rates up to 80%
[42]. At present, without methods for easy visualization
of primary lesions, a biopsy is one of the most popular
methods of cancer identification. Unfortunately, it is
uncomfortable for patients, subject to sampling errors and
may lead to scars. Screening methods such as toluidine
blue staining are also available; while sensitive this
method is not specific. Methods increasing the chances
of detecting premalignant and cancerous lesions include
the use of diffused white light, chemiluminescence or
loss of tissue autofluorescence [43], while results of
cytological verification are often ambiguous (especially
when a lesion is keratotic). Moreover, unequivocal
and unmistakable biomarkers for diagnosis are still
unavailable [13]. For this reason, PDD seems to be a
good alternative when using proper photosensitizers and
light of the appropriate wavelength. Previous studies
showed that low level, non-therapeutic doses of injectable
Photofrin® (Fig. 5) give reproducible results in detecting
palpable micrometastatic clusters of cells. Subsequently,
this method was used to diagnose oral cancer using
autofluorescence and Photofrin-induced imaging and
spectroscopy in an animal model.
Copyright © 2019 World Scientific Publishing Company
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The technique, used for evaluation of chemical and
physical properties of substances (e.g. tissue), is called the
laser-induced fluorescence — in short LIF. In this method,
light is delivered with a fiber optic system. Light has to
activate proper fluorophores included in the biological
material. These dyes may be endogenous due to presence
of compounds like melanin, endogenous porphyrins or
carotene (Fig. 4), nicotinamide adenine dinucleotide
(NAD, Fig. 4) and flavin adenine dinucleotide (FAD,
Fig. 4), and autofluorescence occurs. Also they can
be exogenous, with the valuable property that they
accumulate preferentially in tumor tissues compared
to healthy ones. After the activation of fluorophores,
fluorescence with a longer wavelength than excitation
radiation, returning via the fiber optic system, passes
through the system photomultipliers. This technique is
sometimes called “optic biopsy” and is non-invasive, does
not require section material from the tissue and the amount
of analyzed material is unlimited [11, 44]. Changes in
emitted autofluorescence, which are observed in the case
of transformed tissues, are connected with epithelial
thickening and changes in membrane collagen content.
However, the final shape of the spectrum depends on
factors like excitation wavelength, quantitative relations
between the fluorophores, redox form, pH values of the
test area and the depth of the fluorescent area [11]. These
factors cause difficulties with the interpretation of the final
spectrum. The primary problem is related to the choice of
an appropriate wavelength and normalization of emission

Fig. 4. Structures of naturally occurring fluorophores
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Fig. 5. Structure of Photofrin®

intensity which depend on the intensity of excitation
radiation and measured geometrical conditions [11].
When characterizating of the measuring technique, it
is worth mentioning an experiment by Mang et al., who
applied this technique using an image-guided spectroscopy
system and point method LIF. Using autofluorescence and
fluorescence of Photofrin® (Fig. 5), they observed tumors
localized in bags of hamster cheeks after prior application
of DMBA (7,12-dimethylbenz[a]anthracene), which is
a carcinogen initiator and promoter. In the case of point
spectroscopy, the excitation wavelength was 442 nm,
and results were reported as a ratio of fluorescence at
wavelengths 640 and 510 nm. The results showed that
both endogenous and exogenous fluorescence types were
helpful in distinguishing normal from malignant tissues,
but only the latter was able to discern dysplasia from
carcinoma [13]. In each case, the presence of a tumor was
linked with an increase in red fluorescence and a decrease
in green fluorescence.
These results are promising, but it is necessary to
remember several restrictions: (1) point spectroscopy can
only range from a small volume of tissue (0.5–1.0 mm3);
(2) target sampling is only possible with visible lesions (they
can be in an advanced disease stage); (3) possible DNA
damage (UV excitation); (4) limited tissue penetration; and
(5) point spectroscopy does not provide any information
about surrounding tissues [11].
Some regularities were observed: (1) effects of
hemoglobin absorption were observed in most cases, as
dips at around 545 nm and 585 nm; (2) the green portion
of the spectrum decreased with disease progression but
the red one increased (however, the response in the red
region was higher in the exogenous photosensitizer
model); (3) a peak in the red range of the UV-vis spectrum,
at about 630 nm was observed (probably because of the
content of porphyrin in the tissue).
The clinical use of laser-induced fluorescence has been
evaluated by Malia et al. They analyzed the dependence of
accumulation of photosensitizer and time of incubation.
Copyright © 2019 World Scientific Publishing Company

The experiment involved 15 healthy volunteers and
15 patients who applied topical 0.4% ALA solution and
then were examined in appropriate intervals by a small
fiber-optics spectrometer [44]. The diode lamp emitting
light of wavelength 404 nm was used. The tested areas
in the oral cavity were divided into two groups: (1) the
first group contained masticatory anatomical locations
(gingival and hard palate) and lining mucosa (inner lip,
soft palate, floor of mouth, transition to the floor of the
mouth, alveolus and ventral tongue) except vermillion
border of lip (VBL), (2) the second group were lateral
side of tongue (LST) and dorsal side of tongue (DST).
Healthy volunteers’ tissues from the first group required
90 min of incubation for optimal accumulation of the
photosensitizer, while the second group required 150 min
of incubation. For patients with pathologically altered
tissues, similar results were obtained [44].
Because of the multi-focal nature of oral cavity cancer
and variability in normal fluorescence spectra, the most
important procedure is the proper interpretation of the
fluorescent spectrum recorded. One way to obtain proper
information is through the use of fluorescence imaging
[7, 45], for which use MFG system (Multispectral
Fluorescence Guidance) is needed. This consists of an
optical illumination and detection platform specially
designed for open-field surgical procedures. Multispectral
Fluorescence Guidance uses a 150 W mercury lamp
which provides irradiance of 2.8 mW/cm2 at the image
plane. The excitation wavelength is 405 ± 15 nm and
corresponds to the main absorption peak of Photofrin®.
Emitted light with the appropriate wavelengths is collected
by a special kind of camera. Reduction of artifacts in
the measured spectra and reproducible detector-sample
geometry are ensured by non-contact optical design. The
system is also useful for distinguishing normal tissue
from dysplasia without an exogenous photosensitizer,
which reduces possible side effects of such residual
photosensitivity. The choice between using a sensitizer or
not depends on many factors, especially the disease site
J. Porphyrins Phthalocyanines 2019; 23: 6–10
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and stage of the tumor. Photodynamic diagnosis based on
autofluorescence in the early stages of the disease is more
useful in dysplasia and carcinoma in situ (early stages
of the disease). In the late tumor stages, the differences
in concentration of photosensitizer in pathologically
changed and normal tissues were more unambiguous
[18]. The most important advantages of this procedure
are: (1) the ability to change the wavelength of light
(fluorescence and white light); (2) the connection of the
camera (detector) to the light source; (3) controlled by
user resolution of ﬂuorescence spectroscopy; (4) high
sensitivity and resolution [18].
In another in vivo study, Migita et al. proved the
excellent efficacy of PDD in early detecting of oral
squamous cell carcinoma (SCC) [46]. In this experiment,
50 rats with chemically induced malignant tumors
were treated with talaporfin sodium (Fig. 6) at a dose of
5 mg/kg as a photosensitizer. The control group consisted
of 7 rats, the research group of 43 rats which had
ingested the carcinogen 4-nitroquinoline-1-oxide. After
8 h incubation with talaporfin, all rats were examined
by spectral imaging and the results were analyzed with
the hyperspectral imaging system. The differences in the
absorbance spectrum (at 654 nm) of a lesion between
squamous cell carcinoma, carcinoma in situ, dysplasia,
and control (healthy tissue) were significant. Low cost
of therapy and selectivity are the arguments for the
development of PDD and for using a hyperspectral
imaging system. Another photosensitizer, talaporfin
sodium, reveals more side effects than other commonly
used photosensitizers [46]. The image of photodynamic
diagnosis is a combination of fluorescence re-recorded
by a highly sensitive CCDs camera with green and
red filters. Despite this, no other image processing is
done. Images are interpreted as follows: a red lesion
on a green background is considered a positive model.
Experiments comparing the results of the imaging with
the corresponding histopathology have been performed.
Crucial properties of diagnosis tools, sensitivity and

Fig. 6. Structures of chlorin-based photosensitizers; talaporfin
sodium and chlorin-e6
Copyright © 2019 World Scientific Publishing Company
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specificity, were assessed. Recorded autofluorescence
was characterized by 65% selectivity and 90% specificity,
while the method based on the use of Photofrin® showed
87% selectivity and 85% specificity, respectively.
In the experiment, four lesions were not detected by
autofluorescence [45]. The next fundamental issue is
local contrast, which is a crucial point in the diagnosis
and is necessary for the correct identification of cancer.
Each suspicious region is seen on a background of normal
tissue [45]. It is worth adding that some factors can affect
the results in such animal models and may also be future
clinical problems: (1) red fluorescence from blood; (2)
infection; (3) sampling errors and (4) the contact pressure
of the probe with the tissue surface and/or probe angle
(may cause a decrease in green fluorescence collected).
The LIF point method is also essential for distinguishing
healthy tissue from cancer localized in the oral cavity. The
sensitivity and specificity of this method, which allows
identification of healthy and malignant tissue by the ratio
of red to green fluorescence, corresponding to the results
obtained by imaging and were 62% and 84% [45]. It is
a promising method, and with appropriate modifications,
this technique could be beneficial in early diagnosis and
non-invasive identification of pre-malignant lesions [45].
Another effective photodiagnostic method which does not
require dye application is the Visually Enhanced Light
Scope technique. This method involves the use of the
specialized VELscope® lamp, which is a certified medi
cal device (No. 41315446) approved by the American
Dental Association. The VELscope® lamp emits blue
light of wavelengths between 400 and 460 nm. In the
light of the VELscope®, normal tissue emits green light
because of endogenous agents. The diseased tissue loses
autofluorescence and appears dark. The disappearance of
light emission is directly proportional to the progress of
the disease. According to the data, this method can be
a non-invasive complement to cancer diagnosis [3, 47].
Treatment of oral verrucous hyperplasia,
erythroleukoplakia, and oral leukoplakia
Oral verrucous hyperplasia (OVH), erythroleukoplakia
(OEL), and oral leukoplakia (OL) are so-called prema
lignant lesions or (how suggests WHO recently) oral
potentially malignant disorders (OPMDs) that may
transform to a verrucous carcinoma or a squamous cell
carcinoma [48]. Traditional treatment of OVH, OEL,
and OL is total surgical excision, which always leads to
scar formation [49]. In the diagnosis of leukoplakia, the
first step is to exclude lesions, which despite a similar
appearance do not represent a risk of cancer. They include
lichen planus, candidosis, systemic lupus erythematosus,
nicotinic stomatitis, and actinic cheilitis [50].
OL occurs most often among the elderly. It is estimated
that among the general population of diseased, less
than 1% are people under 30 years old. This frequency
increases among people over 70 years old [50]. It is
J. Porphyrins Phthalocyanines 2019; 23: 7–10

1st Reading

8

A. GLOWACKA-SOBOTTA ET AL.

necessary to note that there is a close relationship
between the probability of cancer transformation and the
localization of a primary lesion [48]. The highest risk
of cancer development is when OL is localized on the
tongue, lips and soft palate [50]. Close attention should
also be paid to other factors that also contribute to such
a transformation. A significant factor is gender because
there is a noted increased tendency of transformation in
women. Another factor is the duration of the disease.
Interestingly, the risk is smaller in smokers than
people who do not smoke. Two other factors which have
a positive influence on the deterioration of patient health
are dysplastic lesions and leukoplakia inhomogeneity
[48, 50]. Currently, a traditional method of treating
precancerous lesions is total resection, which has the
disadvantage of scar formation. Photodynamic therapy
(PDT) can be a useful alternative treatment option [51].
In an experiment conducted by Pietruska et al., the
effect of PDT on 44 patients between 21–79 years old
who were histologically diagnosed with flat leukoplakia
of the oral cavity, was evaluated. Before illumination,
Photolon® (photosensitizer, containing 20% chlorin-e6,
Fig. 6 and 10% dimethyl sulfoxide) was applied directly
to the tumor lesions. Next, these areas were illuminated
using a semiconductor laser emitting 633 nm wavelength
light with a dose of 90 J/cm2 [52]. This procedure was
repeated maximally ten times every 14 days depending on
the effect and patients’ reaction. The result of the therapy
was the total cure of 12 patients. Twenty-two patients
showed a partial response and ten lesions remained
unchanged. During treatment, none of the patients
suffered from any side effects. The results proved that in
the future photodynamic therapy can be an alternative in
the treatment of oral leukoplakia [52]. In another study by
Zhang et al., the efficiency of PDT in recurring leukoplakia
after chirurgical resection was evaluated. The patient was
a 69-year-old woman with a coin-sized rash on the right
side of the oral cavity, which after three years transformed
to mucosal leukoplakia. A 10% ALA ointment was applied
on the lesions before illumination. A red light lamp was
used, with which the lesion was illuminated with 635
nm wavelength light (light dose 100 J/cm2) [53]. This
procedure was repeated after 17 days. The third procedure
improved the condition of the changed spot. Then carbon
dioxide laser therapy was applied to remove the visible
keratinized lesions. After the combined therapy protocol
was repeated six times, complete regression was observed
with no visible scars. After 14 months no recurrence was
found [54]. It is also essential to check before treatment
if the bisphosphonates were administered to the patient.
Sardella et al. have proven the risk of appearance of
necrosis in such cases during PDT treatment [55].
As shown above, the most invasive method is surgical
resection, whose disadvantages are scars and disease
recurrence. Less invasive is laser therapy. Currently,
there are three types of lasers used: CO2, Nd-YAG and
semiconductor lasers [55]. A positive therapeutic effect
Copyright © 2019 World Scientific Publishing Company

is achieved in 87% with a recurrence rate in the range
7.7–38.0%. Malaoth et al. confirmed that therapeutic
regimen of PDT with ALA is beneficial and effective
in treating patients with oral leukoplakia (OL) lesions
and with oral lichen planus (OLP) lesions which could
potentially transform to malignant lesions. Their study
involved 13 patients with OL lesions and 8 with OLP
lesions. The applied therapy included topical use of 98%
ALA solution, which was deposited for 30 min on every
lesion. After incubation, the lesions were irradiated with
light with maximum intensity at 420 nm for 10 min. After
the whole cycle of treatment, 16.6% of patients with OL
showed complete lesion elimination, while 66.6% of
patients with OL and 80% with OPL showed a partial
response. Unfortunately, 16.6% of patients with OL and
20% with OVL had unchanged lesions. The results proved
that PDT could be a feasible alternative or at least a
supplement to traditional therapy of premalignant lesions
[56]. Selective accumulation of 5-aminolevulinic acid
(ALA) in pre-cancer tissues has been evaluated by Chen
et al. [57]. The relations established encouraged further
analysis of this compound for oral verrucous hyperplasia.
Thanks to the use of fluorescence spectroscopy it
is also possible to monitor the amount of porphyrins
accumulated in tumors and start treatment after maximal
concentration of ALA in the lesion. To confirm the
effectiveness of treatment of oral verrucous hyperplasia,
Chen et al. [57] superficially applied 20% ALA ointment
on tumor lesions in five patients. They used 3 min
fractionated illumination by red light (633 nm), emitted
by LEDs. Because of little keratinization of lesions,
ALA could easily diffuse through tumors’ epithelial
cells [41]. The application was used to avoid side effects:
nausea, vomiting, and change of alanine transaminase
and aspartate transaminase levels [57]. Before treatment,
the patients were diagnosed by biopsy based on the
following criteria: epithelial hyperplasia with hyper- or
parakeratosis and also verrucous surfaces. As mentioned
before, fluorescence measurements were used to monitor
the conversion of ALA to PpIX and to determine when
the PpIX reached its highest level in the lesion epithelial
cells. The measurements were made at 1.0, 1.5, 2.0, and
2.5 h after local application of ALA to each oral lesion.
The photodynamic therapy procedure was performed
three times once per week as 1 min illuminations at
1.5–2.0 h after application of ALA (LED light 635 ±
5 nm). The treatment was performed under local
anesthesia with 2% lidocaine. The tip of the diode was
kept as close to the diseased surface as possible. After
the treatment, patients received painkillers. Within 1–3
cycles of PDT, complete disease regression occurred
in each patient and the results clearly showed the high
potential of PDT in the treatment of oral verrucous
hyperplasia. It is also necessary to mention the results
published by Yu et al. They have proved that pink oral
verrucous hyperplasia with dysplasia has a thinner
keratin sheath than changes without dysplasia and white
J. Porphyrins Phthalocyanines 2019; 23: 8–10
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color. Much greater penetration of ALA has been noticed
for the less keratinized cells, the pink ones. Therefore,
“pink” changes are more permeable by photosensitizers
and cause minimal attenuation of the radiation. For this
reason, a much better effect will be achieved in oral
verrucous hyperplasia, characterized by a small stage of
keratosis and epithelial dysplasia [58].

CONCLUSION
The oral cavity is readily available for light, which in
photodynamic therapy is needed to “turn on” the healing
process. This treatment protocol has been proven as
usable to combat cancers localized superficially where
it is possible to deliver light and photosensitizers [39,
59, 60]. The oral cavity is a specific area responsible
for breathing, food supplying and speaking. These tasks
are life-crucial and are provided by numerous fragile
structures. They can be easily damaged by conventional
treatment of oral diseases, e.g. by surgery or radiotherapy
[61, 62]. Therefore, photodynamic therapy as non-scarforming is an ideal opportunity. Many papers are reporting
its efficacy against oral squamous cell carcinoma both
in vitro [23, 24, 63] and in vivo [64] experiments.
Photodynamic therapy is also a useful technique for
treatment of oral infections [25–27, 65].
On the other hand, early diagnosis of pre-cancer and
cancer lesions is crucial for final successful healing. In
this field photodynamic diagnosis seems to be a future
direction for fast, easy and low-cost oral cavity diagnosis.
It will be an excellent tool for dentists, who in their practice
could detect fatal lesions in its first stage of development.
It is worth mentioning that the first system for PDT in
dentistry has been introduced, e.g. HELBO®-treatment
useful in endodontics, dental surgery, periodontics, and
many others [66, 67].
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ABSTRACT: The cationic porphyrin meso-tetra(4-N-methylpyridyl)porphine (TMPyP) has a high yield
of singlet oxygen generation upon light activation and a strong affinity for DNA. These advantageous
properties have turned it into a promising photosensitizer for use in photodynamic therapy (PDT). In
this review, we have summarized the current state-of-the-art applications of TMPyP for the treatment
of cancer as well as its implementation in antimicrobial PDT. The most relevant studies reporting its
pharmacokinetics, subcellular localization, mechanism of action, tissue biodistribution and dosimetry
are discussed. Combination strategies using TMPyP-PDT together with other photosensitizers and
chemotherapeutic agents to achieve synergistic anti-tumor effects and reduce resistance to therapy are
also explored. Finally, we have addressed emerging applications of this porphyrin, including nanoparticlemediated delivery, controlled drug release, biosensing and G-quadruplex stabilization for tumor growth
inhibition. Altogether, this work highlights the great potential and versatility that TMPyP can offer in
different fields of biomedicine such us cancer treatment or antimicrobial therapy.
KEYWORDS: porphyrins, photodynamic therapy, antimicrobial inactivation, reactive oxygen species,
combination therapy, nanoparticles.

INTRODUCTION
Porphyrins are aromatic macrocycles derived from
porphine. These tetrapyrollic organic pigments play a
key role in diverse biological processes. For example,
a well-known family of iron-porphyrin complexes is
heme, an essential prosthetic group of hemoproteins
involved in oxygen transport and storage, among other
functions. Porphyrins are also present in chlorophylls
(magnesium porphyrins), which are vital components for
photosynthesis [1].
The vast majority of clinically approved photosensiti
zers (PSs) used for biomedical applications are porphyrins
and their derivatives [1]. Photodynamic Therapy (PDT)
is a therapeutic modality that uses the potential of lightactivatable compounds, such as porphyrins, to produce
*Correspondence to: Pilar Acedo, email: p.nunez@ucl.ac.uk.
Copyright © 2019 World Scientific Publishing Company

reactive oxygen species (ROS), mainly singlet oxygen
(1O2), resulting in induction of cell death [2, 3]. Moreover,
porphyrins are capable of emitting red fluorescence, a
property used in fluorescence-image-guided surgery to
aid surgical interventions by accurately defining tumor
margins [4]. The choice of light source and its wavelength
is an important consideration depending both on the PS
used and on the depth of penetration required.
An optimal PS may fulfil several physical, chemical
and photobiological properties to ensure its translatability:
(i) it should be a chemically pure drug with good stability
and solubility in physiological fluids; (ii) it should have
a strong absorption in the spectral region 600–850 nm;
(iii) it should have a high quantum yield of ROS
production; (iv) it should induce negligible dark toxicity
and have specific uptake by the target tissue, and (v) it
should have relatively rapid clearance from the body to
minimize phototoxic side effects [2, 5].
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The first PS used in modern PDT was hematoporphyrin
(Hp), a mixture of porphyrinic compounds characterized
by Meyer-Betz at the beginning of the 20th century. The
chemical modification of Hp led to the synthesis of a
hematoporphyrin derivative (HpD). Later, these discoveries
supported the development of Photofrin®, the first clinically
approved PS to treat human cancers. Photofrin®, a purified
mixture of HpD oligomers, is still widely used but it also
presents several drawbacks, including prolonged skin
photosensitization (4–6 weeks) and poor chemical purity.
Consequently, extensive research in the field of PS design
has led to the synthesis and development of second- and
third-generation PSs, including porphyrins and porphyrin
derivatives, with optimized pharmacological properties
making them more suitable for clinical applications
[2, 5]. Nowadays, some of the most promising clinically
approved PSs are porphyrin-based compounds such as
verteporfin (Visudyne®), a benzoporphyrin derivative
widely used for the treatment of macular degeneration or

5-aminolevulinic acid (ALA) which after administration
leads to the formation of protoporphyrin IX through the
haem biosynthetic pathway, used to treat different types of
skin disorders and cancer.
Porphine represents the core macrocycle of natural
and synthetic porphyrins. However, its high insolubility
has promoted the development of meso-tetra-substituted
porphyrins with improved solubility [1]. One example is the
cationic porphyrin meso-tetra(4-N-methylpyridyl)porphine
(TMPyP). TMPyP is a heterocyclic compound containing
four pyrrole rings linked by four methine bridges, which
are essential for photochemical reactions and electron
transport (Fig. 1A). TMPyP presents several absorption
peaks in aqueous solution. The stronger absorption peak
in the blue wavelength region of the visible spectrum is
called the Soret band or B band (λmax = 424 nm) (Fig. 1B).
Moreover, at longer wavelengths, its spectra contains a
set of four weaker but still intense bands, called Q bands,
which represent minor absorption peaks in the green and

Fig. 1. (A) Chemical structure of TMPyP. (B) Absorption (red line) and emission (blue line) spectra of TMPyP in aqueous solution.
(C) Red emission fluorescence of TMPyP indicating its subcellular localization (lysosomes) in HeLa cells under blue excitation
(426 nm). Scale bar: 5 µm. Reproduced with permission from [8]. (D) Relocalization of TMPyP in HeLa cells after a TMPyP-PDT
treatment. (a) Phase contrast image. (b) Dead cells showing relocalization of TMPyP to the nucleus after PDT treatment. Detection
of TMPyP is based on its red fluorescence emission under blue light excitation. Live cells (indicated with an arrow) did not show a
nuclear TMPyP fluorescence pattern. Scale bar: 10 µm
Copyright © 2019 World Scientific Publishing Company
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red wavelength zones of the visible spectrum (specifically
at 518, 554, 585 and 630 nm).
The use of red light to activate TMPyP is preferable
when treating lesions located deeper into the tissues,
while the application of blue light is indicated for
superficial lesions or antimicrobial applications. In any
case, the selected light source should provide excitation
wavelengths corresponding to the maximal absorbance
peaks of the PS to ensure an optimal generation of ROS.
In addition, TMPyP is characterized by a high quantum
yield of singlet oxygen production in phosphate-buffered
solution (DF = 0.7). The fluorescence emission of
TMPyP can also be easily detected when it is excited by
light in the Soret band wavelength region (around 400 nm).
TMPyP fluorescence emission in aqueous solution has
two distinct peaks in the red region of the spectra, between
649–655 nm and 715–720 nm, respectively (Fig. 1B).
It is well established that PSs can localize in various
organelles such as mitochondria, lysosomes, endoplasmic
reticulum, Golgi apparatus or plasma membranes, and
their subcellular localization largely determines the
signaling pathways activated after PDT protocols [3,
6, 7]. Studies carried out over the last decades have
confirmed that PDT can evoke apoptosis, autophagy,
mitotic catastrophe and necrotic cell death pathways,
depending on a variety of parameters including the
nature and intracellular localization of the PS, cell
genotype and PDT dose (PS concentration, light dose
or both) [8, 9]. For that reason, different groups have
analyzed the subcellular localization of TMPyP based
on its red fluorescence emission properties. TMPyP
mainly accumulates into lysosomes when used at low
concentrations (Fig. 1C) but after light activation, an
increase in ROS induces lysosomal rupture and TMPyP
rapidly relocates into the nucleus where it binds with
high affinity to anionic DNA strands due to its cationic
nature (Fig. 1D) [8, 10].
PDT has emerged as a clinically translatable standalone, adjuvant or neo-adjuvant treatment modality for
various types of malignancies, including cancer but
also as a novel antimicrobial therapeutic option through
which development of resistance in microorganisms
could be avoided [9, 11]. Cationic porphyrins, such as
TMPyP, have demonstrated to be great broad-spectrum
antimicrobial PSs. Interestingly, combination treatment
strategies have appeared as optimal methods to improve
clinical outcomes [12–14].
Porphyrins have many applications, some of
which include chemistry, medicine and biomimetic
synthesis. This review illustrates the vast potential of
the cationic porphyrin TMPyP based on its interesting
physicochemical properties within a full range of uses
ranging from biomedical applications in cancer or
microbial infections to biosensor development. The
purpose of this review is also to provide an insight into
emerging applications of TMPyP as well as those which
have shown significant potential in preclinical studies.
Copyright © 2019 World Scientific Publishing Company
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The use of TMPyP in conventional studies
The cationic porphyrin TMPyP has been studied for
more than 25 years and has been described as a promising
PS for PDT to treat localized neoplastic lesions. It has
been confirmed by several groups that TMPyP selectively
targets cancer cells over non-tumorous cells in a wide
variety of cancer models [15, 16]. The following section
summarizes the most relevant publications including
in vitro and in vivo studies using TMPyP. These studies
corroborate the multiple possibilities that TMPyP can
offer in light-based therapies for the treatment of cancer.
In vitro studies
The in vitro pharmacokinetics of TMPyP have been
widely evaluated. Findings showed clear differences in
optimal PS tumor uptake and clearance levels depending
on tumor type. While cells derived from solid tumors
such as skin or cervical cancer reached the highest
TMPyP accumulation peak within a 12–24 h incubation
time, non-adherent cells such as leukemic HL-60 cells
presented a much faster accumulation kinetic reaching
the maximum uptake at only 2 h [7, 17, 18]. In terms
of clearance, Pizova et al. reported that after 24 h of
incubation with TMPyP, the subcellular concentration
of PS decreased below 20% [18]. However, other
authors like Carvalho et al. and previously Grebenová
et al. argue that although a significant percentage of the
uptaken PS is released after that interval of time, the rest
remains inside the cells bound to particular subcellular
compartments of the endomembrane system for up to
3 h [19, 20].
The subcellular localization of TMPyP has also been
reported by different groups, as this parameter determines
the mechanism of the photodynamic process. TMPyP
mainly accumulates into lysosomes and the Golgi
apparatus (oxygen rich organelles), but when used at
high concentrations or after its photochemical activation
it rapidly binds to the nucleic acids in the nucleus [7, 8,
17, 21, 22]. A study performed by Patito and co-workers
using murine colon carcinoma cells proposed a possible
mechanism of intracellular transport for this PS. They
reported that prior to illumination, the molecule enters
the cells via endocytosis, undergoes the intracellular
vesicle traffic pathway and ends up accumulated inside
lysosomes. Upon illumination, generated ROS induces
lisosomal rupture, releasing the porphyrin into the
cytoplasm [10]. They also proposed that oxidative stress
is the main cause for the translocation of TMPyP into the
nucleus via specific protein transporters. The same ROSdependent mechanism had been previously described for
different proteins by other authors [23]. The same group
also performed HPLC analysis of cells treated with
different PSs pre- and post-PDT treatments, concluding
J. Porphyrins Phthalocyanines 2019; 23: 13–27
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that each PS uses a distinct transport mechanism
depending on its chemical properties.
The use of TMPyP as a potential PS for cancer therapy
relies on its ability to generate ROS upon light activation.
This causes intracellular alterations of key cellular
components such as the cytoskeleton or in some cases
DNA oxidation, which together can induce different
types of cell death. The mechanism by which TMPyP
causes DNA photo-damage was thoroughly studied by
Tada-Oikawa and collaborators using leukemia cells
[17]. They proposed that the 1O2 generated after TMPyP
photo-activation was primarily responsible for the DNA
damage detected. This photochemical reaction caused the
formation of base 8-oxodG modifications, specifically in
the guanines (8-oxo-7,8-dihydro-2′-deoxyguanosine),
rather than DNA breakage. They stated that this effect
is TMPyP dose-dependent and more frequent in single
stranded than double stranded DNA. The effects induced
by TMPyP in the cytoskeleton have also been studied
by different groups. Juarranz et al. [24] described
that TMPyP can alter cytoskeleton dynamics causing
microtubule disorganization and depolymerization
through its ability to bind tubulin. The results published

by Cenklová et al. corroborated these data showing that
HeLa and melanoma cells treated with TMPyP-PDT
presented remarkable microtubule alterations (Fig. 2a
and 2b) [7]. Upon illumination, TMPyP induced spindle
aberrations and abnormalities in the mitotic index that
only after sublethal PDT doses may be reversible.
The therapeutic effect of TMPyP after photoactivation
has been reported by several authors against a wide
variety of human cancer cell lines including breast [18,
21], melanoma [7, 18], cervix [7, 25], leukemia [17],
lung [21], ovary [21], colon [10, 26] and larynx models
[19]. Normal cells have shown a reduced capacity to
accumulate the porphyrin compared to cancerous cells
[18], This may be a result of their slower metabolic
rate leading to a reduced uptake of the photosensitizer
and therefore to decreased production of ROS upon
photoactivation [27].
Multiple parameters influence PDT outcomes and the
optimal IC50 concentration of TMPyP required to achieve
a 50% of cell death. Some of these key parameters are PS
concentration, cell type, fluence, irradiance or light-drug
interval. A study carried out by Pizova et al. using a range
of TMPyP concentrations and light doses against breast

Fig. 2. (a, b) Microtubules organization (green) of untreated control G361 cells (a) and treated cells (b) incubated with 2.5 μM
TMPyP 2 h post PDT-treatment (fluence 1 J . cm-2). Nuclei counterstained with DAPI (blue). Scale bar = 10 μm. Reproduced with
permission from [7]. (c) Cell viability of G361 cells after different TMPyP-PDT treatments. Reproduced with permission from [7].
(d–f) Electron micrographs of tumors derived from Balb/c mice bearing a MS-2 fibrosarcoma 3 h (d), 12 h (e) and 24 h (f) after
PDT treatment (4.1 mg . kg-1 TMPyP, light dose: 450 J . cm-2). Scale bar = 1 μm. Reproduced with permission from [16]. (g, h)
Fluorescence images of Wistar rat skin 10 min after passive (g) or anodal iontophoresis (H) using a hydroxyethylcellulose gel
containing 5.0 mg . g-1 TMPyP. EP: Epidermis; DE: Dermis. Reproduced with permission from [33].
Copyright © 2019 World Scientific Publishing Company
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adenocarcinoma cells, melanoma cells and non-tumor
fibroblasts showed that the optimal therapeutic dose was
1 mM followed by 5 J . cm-2 illumination at 414 nm [18].
They observed the highest resistance to treatment in
non-tumor fibroblasts while breast cancer cells appeared
to be the most sensible cell line. Conversely, a higher
porphyrin dose was required to inactivate HeLa and
G361 melanoma cells as reported by Cenklová et al.
(2,5 mM), using the same incubation time (24 h) with the
PS (Fig. 2c). The increase in the concentration of TMPyP
needed to achieve an antitumor effect against HeLa and
G361 cells could be linked to the use of a lower light
dose (1 J . cm-2 at 414 nm). It is well-known that the anticancerous potential of PSs varies depending on fluence
(J . cm-2) [19]. Thus, it is necessary to consider treatmentrelated parameters when comparing treatment outcomes,
to further understand potential reasons for variability in
therapeutic response.
Activation of TMPyP with UVA light (365 nm),
also known as PUVA therapy, or by an ion-argon laser
emitting light in the range of 458–515 nm have also been
reported [17, 19]. Based on its absorption spectrum, blue
and red wavelengths are the most commonly used for
the activation of TMPyP (Fig. 1B). However, despite the
higher efficiency of blue light to activate the porphyrin,
it penetrates less into the tissues than red light. For that
reason UVA light brings together a deeper penetration
than blue light and a more efficient absorption by TMPyP
than red light. This results in an increased 1O2 generation
upon photoactivation leading to an elevated cell death and
more effective PDT. However, the use of high intensity
light sources could also promote local tissue heating,
which could trigger cell death by activating apoptotic or
necrotic pathways induced by the thermal effect and not
directly by PDT. In addition, long-term exposure to highdoses of this type of light has been associated with an
increased risk of developing non-melanoma skin cancer.
Further studies are still needed in order to assess the
safety of using TMPyP for PUVA therapy [28].
To date, only few studies have evaluated changes in
gene expression after TMPyP-PDT treatments. Pizova
et al. analyzed the expression level of C-MYC and
C-FOS, two transcription factors involved in cellular
processes such as cell cycle modulation, proliferation,
stress response and apoptosis [18]. They observed that
while C-FOS was up-regulated after treatment in tumor
cells, C-MYC was down-regulated in non-tumor cells,
which indicates that tumor cells have a specific genomic
response to TMPyP-triggered oxidative stress.
In vivo studies
The majority of the in vivo studies have aimed at
deciphering the mechanism of action of TMPyP in
neoplastic cells using different tumor models. However,
the selection of the therapeutic dose of TMPyP required
for PDT treatments has relied on simple 2D cell cultures
Copyright © 2019 World Scientific Publishing Company

15

systems of established cancer cell lines. Importantly, to
ensure a possible clinical implementation of TMPyP,
crucial steps still need to be fulfilled in order to understand
the implications that its administration would have in
complex organisms, for example, with a functional
immune system.
In vivo studies describing TMPyP-PDT treatments
are scarce. One of the first published studies was
performed by Villanueva and collaborators [29]. In these
studies, TMPyP was administered intravenously, at a
concentration of 2.1 mg . kg‑1, into Balb/c mice bearing
a MS-2 fibrosarcoma. Tissue biodistribution analysis
showed that TMPyP was preferentially accumulated
in tumor tissue compared to healthy tissue, with the
exception of the liver and spleen. The concentration of
TMPyP found in the kidneys was minimal 24–48 h after
the injection of the PS and fell beyond detection after
one week, which suggests that the PS was excreted via
the bile-gut pathway. Skin and muscle next to the tumor
area showed only low concentrations of TMPyP one hour
after injection. Importantly, no trace of PS was detected
in the brain, which reinforces the idea that TMPyP does
not cross the blood-brain barrier. Levels of TMPyP over
time were also measured in the serum of rabbits injected
with the same concentration of PS. Albumin and globulin
were identified as the principal transporters of TMPyP.
In a later study, Villanueva et al. reported the effects
of TMPyP-PDT treatment in Balb/c mice-bearing
fibrosarcoma [16]. For these tests, a double dose of TMPyP
(4.1 mg . kg-1) was administrated intravenously. Twentyfour hours after the administration of the PS, tumors were
illuminated with red light (600–680 nm) at a total light
dose of 450 J . cm-2. The highest degree of tumor necrosis
was observed 24 h after the end of the treatment together
with subcellular photodamage of the membranous systems
and nuclei. Histological and ultrastructural analysis of
the tumors showed that both cancer cells and capillary
endothelium were affected (see Figs 2d–2f). The authors
also reported that unlike their previous study, TMPyP
was also found in the kidneys. This fact indicates that
clearance through the kidneys plays also an important role
when using high TMPyP concentrations.
A different strategy was carried out by Colombo
et al. who applied repeated PDT treatments to mammary
adenocarcinoma-bearing mice [30]. Irradiation was
performed 1 h post-intratumoral injection of TMPyP
using a fluence of 240 J . cm-2 of blue-red light (419–
650 nm). The treatment was repeated four times every
two days for a total period of 6 days. Nine days after the
first PDT treatment, a significant reduction in the tumor
diameter was reported. In this study, 15 out of the 17 mice
that underwent PDT treatment showed long-term tumor
regression, one showed partial regression and one was
cured. However, similar to other published studies [31,
32], once the PDT treatment was stopped, tumor relapse
was observed, although at a slower rate than untreated
mice, which negates the existence of any rebound effect.
J. Porphyrins Phthalocyanines 2019; 23: 15–27
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Finally, Gelfuso and collaborators tested the effect of
applying an electric potential (iontophoresis) to enhance
the TMPyP perfusion through the skin after topical
administration in male rats [33]. The cationic properties
of TMPyP in addition to the low-level electric current
locally applied notably increased the ability of the PS to
penetrate the stratum corneum of the skin. Interestingly,
it was observed that TMPyP reached the epidermis after
10 min, achieving a higher accumulation of the PS in the
area of interest than when using a classic passive delivery
(Figs 2g and 2h).
Combination therapies based on the use of TMPyP
Despite its several advantages for cancer treatment,
PDT is not yet considered as a potential first-line treatment
modality except in a very limited number of cases such
as actinic keratosis and other dermatologic malignancies.
Originally, the use of PDT was only considered suitable
for the treatment of superficial small tumors, mainly due
to limited light penetration through tissues. However,
recent technical advances in light delivery systems [34]
have allowed use of PDT for the treatment of a wide
range of solid tumors including brain, breast, esophageal,
lung, prostate and pancreas [2, 35, 36].
In the last decades, PDT has been explored as a
promising strategy for the treatment of many types of
cancer in combination with more conventional therapeutic
modalities. Combination therapies are widely used in
clinic and outcomes have proven very successful [12].
The enhanced effectiveness obtained using combination
therapies relies on the ability to target different cellular
pathways, limiting the ability of cancer cells to adapt to
simultaneously induced toxic effects, thus minimizing
drug resistance [13]. However, the combination of
multiple agents can also potentiate unwanted side
effects. In this sense, PDT can offer key advantages for
its application in combination cancer therapy. Firstly,

PDT antitumor activity is preferentially triggered in the
irradiated area, thereby minimizing systemic toxicity and
side effects. Secondly, due to its unique mechanism of
action, PDT cytotoxic effect is only dependent on ROS
generation and thus, PDT can be used in combination
with other therapeutic modalities with very low risk of
inducing cross-resistance [9, 37].
Nowadays, lots of efforts have been made to improve
PDT effectiveness for cancer treatment using multimodal
strategies, including the combination of two PSs or the
combination of PDT with other therapeutic modalities
such as chemotherapy. Many of these investigations have
involved the use of the cationic porphyrin TMPyP and
are summarized in Table 1.
Combination of TMPyP with other photosensitizers
Combinations of two or more drugs are commonly
used in clinic as chemotherapeutic regimens. However,
similar approaches have been poorly explored in the
field of PDT. Few investigations have been published
involving the combination of two PSs targeting different
subcellular compartments, but the results are very
promising [38–46]. Interestingly, most of these studies
have involved the use of porphyrinic compounds. Among
them, Villanueva et al. studied the combination of TMPyP
and the PS zinc(II)-phthalocyanine (ZnPc) incorporated
into dipalmitoyl-phosphatidylcholine (DPPC) liposomes
[8]. They found that the combined application of both PSs
(5 × 10-8 M ZnPc + 10-6 M TMPyP) followed by 650 ±
20 nm irradiation (4 mW cm-2, 2.4 J . cm‑2) produced a
synergistically enhanced lethal effect on HeLa (human
cervix adenocarcinoma) and MCF-7 (human mammary
adenocarcinoma) cells, while monotherapies with single
PSs did not significantly affect cell viability due to the
low drug concentrations used and the short incubation
time with the PSs. Remarkably, the incubation period
needed when using this combination protocol was only

Table 1. Summary of studies using TMPyP-PDT combined with other therapeutic modalities
Combination of TMPyP with other PS
PS

NPs

In vitro

In vivo

Ref.

ZnPc

ZnPc incorporated in liposomes



X

Villanueva et al. [8]

ZnPc

ZnPc incorporated in liposomes





Acedo el et al. [6]

Combination of TMPyP with chemotherapeutic agents
Chemo

NPs

ADM

Ref.

In vitro

In vivo

X



X

Kassab [53]

DOX

Magnetic RNA nanoflowers





Guo et al. [54]

DOX

Aptamer-functionalized AuNPs



X

Shiao et al. [55]

DOX

G-quadruplex DNA-capped mesoporous silica NPs



X

Chen et al. [56]

ZnPc: zinc(II)-phthalocyanine; ADM: adriamycin; DOX: doxorubicin.
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1 h, highlighting the efficiency of their strategy. Authors
confirmed that the observed synergistic lethal effect was
due to the differential subcellular localization of both PSs.
TMPyP localized in lysosomes and ZnPc in the Golgi
apparatus. The important role of subcellular localization
of PSs in the mechanism of tumor regression induced
after PDT treatments is well known. Due to the limited
diffusion distance (approximately 30 nm) and short
lifetime in cells (1 × 10-7 s) of 1O2 [47], phototoxicity
primary occurs only in organelles surrounding the PS
accumulation area [3]. Thus, sublethal damage occurring
simultaneously in two different cellular compartments
would lead to a synergistically induced cell death.
Acedo et al. extended the previously mentioned
investigation [6]. They reported that combination of
PDT with 5 × 10‑8 M ZnPc and 10-6 M TMPyP induces
apoptotic or necrotic cell death depending on the light
dose used (91% of apoptosis using 2.4 J . cm-2 vs. 89%
of necrosis with 3.6 J . cm-2, at 650 nm, fluence rate of
4 mW . cm-2). Moreover, they found that cells underwent
apoptosis without losing their adhesion to substrates.
Further studies are needed, but these findings could be
of key importance to reduce the risk of cancer recurrence
and metastasis. In vivo experiments performed using a
high metastatic amelanotic melanoma model showed
an effective accumulation of both PSs in the tumor area
24 h after their intravenous administration (Fig. 3a) as
well as a retardation of tumor growth after combined
photodynamic treatment (Fig. 3b).
Combination PDT strategies involving the use of
porphyrins other than TMPyP have also been studied by
other groups. Kessel and Reiners [48] have described that
combination PDT with mono-l-aspartyl chlorin e6 (NPe6)
and benzoporphyrin derivative (BPD) exhibited levels

17

of photokilling greater than any of the monotherapies.
After combined PDT treatment, murine hepatoma 1c1c7
cells and human non-small-cell lung cancer A549 cells
showed large cytosolic vacuoles, typical for the caspaseindependent cell death mode named paraptosis.
Combination of TMPyP with chemotherapeutic
agents
Chemotherapy is the most common treatment option
for cancer patients. However, high systemic toxicity and
development of resistance to therapy clearly limit its
effectiveness. Combinations of chemotherapy with other
therapeutic modalities with non-overlapping toxicities,
such as radiotherapy or surgery, are commonly used to
improve therapeutic outcomes.
PDT monotherapy has shown promise for the
treatment of early and locally advanced tumors [49,
50]. However, due to its site-specific anticancer effect,
PDT effectiveness is very limited for treating advanced
metastatic cancers. In these cases, the use of systemic
chemotherapy could prevent tumor recurrence and
disease relapse improving patient outcomes.
Moreover, emerging evidence suggests that PDT plays
an important role as adjuvant and neoadjuvant therapy to
overcome cancer drug resistance. Remarkably, PDT could
also be used to re-sensitize chemo- and radio-resistant
cells through the photodamage of antiapoptotic factors
and drug efflux pumps involved in classical multidrug
resistance, among other mechanisms [9, 51, 52].
As recently reviewed by Luo et al. many studies have
shown synergistic enhancement of cancer therapy using
concurrent PDT and chemotherapy [14]. Some of these
combinations involved the use of TMPyP-PDT.

Fig. 3. (a) Detection of TMPyP fluorescence in the tumor area 24 h after intravenous administration. Edited and reproduced with
permission from [6]. (b) Mean tumor volume after different PDT treatments (300 J . cm-2) performed 24 h after administration of
0.5 mg . kg-1 ZnPc and/or 4.1 mg . kg-1 TMPyP. Reproduced with permission from [6].
Copyright © 2019 World Scientific Publishing Company
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Kassab [53] analyzed the effect of simultaneous
administration of TMPyP and the chemotherapeutic
agent adriamycin (ADM) using the human hepatocellular
carcinoma cell line HepG2. Under dark conditions,
TMPyP (2 µg . mL-1) plus ADM (5 µg . mL-1) treatment
enhanced cell death 1.8- and 1.3-fold, compared to
TMPyP or ADM monotherapy, respectively. After
photoirradiation with green light (200 mW . cm-2 for
20 min), the effectiveness of the combination treatment
increased 2-fold further by (26% cell viability after
combination treatment vs. 67.6% and 51.7% after TMPyP
or ADM treatment, respectively). Enzymatic assay for
caspase-3 activity and transmission electron microscopy
(TEM) images revealed that ADM monotherapy followed
by illumination activated the apoptotic pathway while
TMPyP-PDT monotherapy and combination treatment
triggered necrotic cell death of HepG2 cells.
Guo et al. [54] developed a drug delivery system
for targeted cancer therapy based on magnetic folic
acid modified RNA nanoflowers for the simultaneous
administration of TMPyP and the anticancer agent
doxorubicin (DOX). In this study, they observed a

synergistic therapeutic effect via the combination of these
two compounds in the inactivation of HeLa cells after
650 nm light irradiation (36 J . cm-2). In vivo experiments
using mice bearing subcutaneous HeLa tumors showed
that treatment with magnetic RNA nanoflowers delivering
TMPyP and DOX simultaneously (named by the authors
FA/MNP/RNA NF/D/T) induced greater regression
in tumor volume compared with RNA nanoflowers
containing DOX or TMPyP individually (FA/MNP/RNA
NF/D or FA/MNP/RNA NF/T, respectively) (Fig. 4A).
Furthermore, due to the fluorescent properties of DOX
and TMPyP, these RNA nanoflower complexes allowed
high contrast in vivo tumor imaging (Fig. 4B).
Shiao et al. [55] also worked on TMPyP-DOX combi
nations using nucleolin-specific aptamer-functionalized
gold nanoparticles for the co-delivery of both compounds.
In this system, exposure to 632 nm light triggered TMPyP
activation and subsequent ROS generation. Reaction
between ROS and DNA aptamers led to a rapid release
of the therapeutic agent DOX in a spatio-temporally
controlled manner. As in the previously mentioned
study, these authors also found a synergistic effect in the

Fig. 4. (A) Change of relative tumor volume upon different treatments. Reproduced with permission from [54]. (B) Fluorescence
images of (a) control and (b) HeLa tumor-bearing mice 24 h post-injection of FA/MNP/RNA NF/D. Reproduced with permission
from [54]. (C) Viability of HeLa cells upon different treatments followed by red light exposure. Reproduced with permission
from [55]. (D) Survival of HepG2 cells treating for 3 h with DOX, TMPyP or DOX-TMPyP loaded nanoparticles followed by
illumination. Reproduced with permission from [56]. (E) Cytotoxicity induced by DOX-TMPyP/ds-NRs against HeLa cells after
PTT, PDT or combined PTT + PDT treatments. Reproduced with permission from [57].
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inactivation of HeLa cells by the photochemotherapeutic
combination (for all concentrations tested) after 20 min of
15 mW . cm-2 irradiation (18 J . cm-2). Therapeutic efficacy
of multimodal nanoparticles (T/D:ds-NPs) improved 2.5and 4.6-fold compared to TMPyP (T:ds-NPs) or DOX
(D:ds-NPs) monotherapies, respectively (Fig. 4C). By
monitoring the intracellular fluorescent signal of DOX
molecules during the PDT process, they demonstrated
that red light exposure triggered intracellular release of
DOX and its relocalization into cell nuclei, confirming
the “gatekeeper” property of TMPyP molecules in
these nanoplatforms. Furthermore, this publication also
demonstrated the synergistic effect of TMPyP and DOX
combination (administered as free drugs or co-attached
to gold nanoparticles) for the photokilling of multidrug
resistant MCF-7R cells.
Another example of the application of PDT and
nanoplatforms for spatio-temporally controlled release
of chemotherapeutic agents was developed by Chen
et al. [56]. They have developed TMPyP-incorporated
the G-quadruplex DNA-capped mesoporous silica
nanoparticles loaded with DOX. After irradiation,
G-quadruplex DNA moiety of the capping could be
cleaved via the photosensitized production of ROS,
thus opening the gates of the nanopores and releasing
DOX. First, the authors demonstrated the feasibility of
the system to achieve a light-controlled release of cargo
by substituting DOX for rhodamine B dye as a model
molecule. Then they treated HepG2 cells with the TMPyPDOX-loaded nanoconstructs, showing a remarkably
higher cytotoxicity of the treatment in response to
440 nm light (25 mW . cm-2 for 120 s) in comparison with
combination treatment in dark conditions or TMPyP and
DOX monotherapies (Fig. 4D).
Yi et al. [57] reported a photocontrollable drug release
nanosystem for combining PDT, photothermal therapy
(PTT) and chemotherapy. This system uses DOX and
TMPyP intercalated into a DNA assembly immobilized
on gold nanorods. The authors found that drugs were
efficiently delivered to HeLa cells and released upon
1 h white light irradiation. In addition, they reported a
synergistic effect between photo and chemotherapy but
also between PDT and PTT (808 nm laser, 2.5 W . cm-2
for 6 min) of gold nanorods in combination with DOX
chemotherapy (6.5% cell viability after PDT+PTT+DOX
vs. 40.6% or 47.7% cell viability after PTT+DOX or
PDT+DOX therapies, respectively, Fig. 4E). Annexin
V-FITC/PI double-stain analyzed by flow cytometry
demonstrated that treatment using DOX-TMPyP-gold
nanorods in combination with PTT and PDT enhanced
therapeutic efficacy by inducing cell apoptosis.

ANTIMICROBIAL APPLICATIONS
Resistance of bacteria to available antibiotics and the
difficulty of developing new and more effective ones
are global key issues in health care, proposing a threat
Copyright © 2019 World Scientific Publishing Company
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to end the “golden era of antibiotics.” Therefore, finding
alternative strategies overcoming antibiotic resistance
development is necessary.
Antimicrobial PDT (aPDT) is considered a promising
alternative to antibiotic treatment for infections. aPDT
is a non-invasive method to eliminate pathogens by the
production of ROS which cause an irreversible damage to
the microorganism’s main cell structures [58]. One of the
most commonly studied PS in vitro aPDT is the cationic
porphyrin TMPyP. The efficacy of TMPyP to eliminate
bacteria and fungi has been studied in vitro in combination
with antibiotics [59], PS loaded into nanoparticles
for improved delivery [60] or bound to cyclodextrin
compounds [61]. TMPyP has shown to effectively reduce
the growth of both gram-positive and gram-negative
bacteria as well as fungi such as C. albicans [62–64]
(Table 2).
Gram negative bacteria are known to be more
resistant to many PSs used in aPDT compared to gram
positive bacteria and fungi which have been shown to
be successfully eliminated [65]. Remarkably, using a
PS with cationic properties such as TMPyP had positive
impact in eradicating gram-negative species such as
V. anguillarum [66]. The effective killing of gramnegative bacteria with cationic PSs has been attributed
to the strong positive charge of the PS which efficiently
binds to the negatively charged cell wall of the pathogen,
allowing it to enter the cells [67].
The cationic properties of TMPyP give it the
advantage of selective binding to microbial cells due
to their negative charge compared to mammalian cells.
Also, the macromolecular structure of the PS and its
cationic charge allows it to bind to microbes more rapidly
than to mammalian cells, where PS is taken up slowly
by endocytosis. Rapid uptake and shorter illumination
period (minutes) would minimize the damage of healthy
cells by the treatment [68, 69]. aPDT treatment shave
also been shown to be effective on antibiotic-resistant
pathogens [70]. In addition, a publication by Tavares
et al. determined that partial inactivation of E. coli
with porphyrin-based PS did not cause regrowth and
resistance after 10 repeated cycles [71], making it a
promising technique in clinical settings that could replace
antibiotics in the treatment of infections.
Gram positive bacteria
Staphylococcus aureus
One of the most studied gram-positive bacteria is
S. aureus. This bacteria is known to cause skin, soft
tissue and blood stream infections leading to life
threatening conditions [72]. aPDT using different types
of PSs, including porphyrins, has been shown to reduce
viability of methicillin-resistant S. aureus (MRSA) and
methicillin-sensitive S. aureus (MSSA) strains in vitro
[73, 74].
J. Porphyrins Phthalocyanines 2019; 23: 19–27

1st Reading

20

A. GARCIA-SAMPEDRO ET AL.

Table 2. Summary of different studies evaluating the efficacy of TMPyP against different pathogens
Pathogen

PS concentration

Light type

Light doses (J . cm-2)

Reduction of microbial
growth (CFU log10)

Reference

MRSA

10 µM

IPL

10

5.0

Maisch et al. [74]

MSSA

10 µM

IPL

10

5.0

Maisch et al. [74]

Enterococcus
faecalis

100 µM

Blue light

72

<1

Cieplik et al. [77]

C. albicans
planktonic cells

2 µM

Blue light

12.1

6.0

Pereira Gonzales et al. [63]

C. albicans biofilm
cells

50 µM

Blue light

48.2

5.0

Pereira Gonzales et al. [63]

Paracoccidioides
brasiliensis

50 µM

White light

108

3.0

Almeida et al. [81]

MSSA: methicillin-susceptible Staphylococcus aureus; MSRA: methicillin-resistant Staphylococcus aureus; IPL: intense pulse
light (wavelength 550 nm).

Maisch et al. used intense pulse light (IPL) (550 nm
standard cut off filter) and short incubation time (10 s)
to test the efficacy of TMPyP-aPDT against different
types of pathogens, including MSSA and MRSA. When
a concentration of 1 mmol . L-1 TMPyP was used, the
toxicity induced was light-dose dependent, obtaining the
highest killing efficacy after 4 light flashes of 20 J . cm-2.
Results showed rapid and effective elimination of
MSSA (5 log10) (killing efficacy of 99.999%) when
10 or 100 µmol . L-1 TMPyP concentrations were
used with one light flash at 10 J . cm-2 (Fig. 5Aa).
Increasing the light dose to 40 J . cm-2 or 80 J . cm-2
did not result in any further inactivation of the cells
(Fig. 5Ab) [74]. The authors further investigated whether
the bacterial reduction observed was independent of
antibiotic resistant patterns. Therefore, under identical
experimental conditions, they tested the effect of
TMPyP-PDT on MRSA. Similar bacterial growth
reduction (5 log10) was observed using MRSA strains
when illuminated with one light flash of 10 J . cm-2 [74].
A key advantage of using a short light-drug interval is
that it minimizes the chance of developing pathogen
resistance towards the treatment [75].
The destruction of the outer structure of bacterial
cells with aPDT can facilitate the entry of antibiotics that
target internal cell processes (e.g. chloramphenicol) or
enhance the efficacy of antibiotics targeting the external
structure of bacteria (e.g. ampicillin) [76].

(2.1 J . cm-2 and 3.15 J . cm-2). Both PSs showed similar
efficacy at reducing E. faecalis biofilm (Fig. 5B) [62].
Cieplik et al. used (2-((4pyridinyl)methyl)-1Hphenalen-1-one chloride) (SAPYR) and TMPyP (as
positive control) to compare PS efficacy in the elimi
nation of E. faecalis monospecies and polyspecies
biofilm. The illumination time and light intensity used in
this study were 120 s and 600 m . W . cm-2, respectively.
Results indicated that SAPYR was better at eliminating
both monospecies and polyspecies biofilm (5 log10). Data
showed that even though TMPyP’s yield of absolute 1O2
was 4 times higher than that of SAPYR, TMPyP did
not result in CFU reduction in the monospecies biofilm
[77]. The difference in efficacy between the two PSs
was suggested to be due to their molecular structure, as
TMPyP has a larger molecular structure than SAPYR.
This property, together with its 4 positive charges per
molecule compared to 1 positive charge in SAPYR,
makes it more difficult for TMPyP to penetrate the
extracellular polymeric substance (EPS) structure of the
biofilm [78]. Therefore, a strong electrostatic interaction
with the negatively charged EPS takes place, delaying the
penetration of the PS into the biofilm. This interaction
resulted in the generation of 1O2 in the outer region of the
biofilm structure, which promoted the killing of bacteria
only located in the outer margins of the biofilm [77].

Enterococcus faecalis

Escherichia coli

Diogo and co-workers compared the efficacy of
Zn(II)chlorin e6 methyl ester (Zn(II)e6Me) and TMPyP
in the elimination of E. faecalis biofilm. After 15 min
incubation with 0.1 mg . mL-1 Zn(II)e6Me or TMPyP, cells
were illuminated for 60 or 90 s using a red LED device

To improve the efficacy of aPDT, Hanakova et al. made
a complex solution of the photosensitizer b-cyclodextrin
(PS:CD) in different volume ratios (1:4, 1:1 and 2:1)
with the following PS concentrations 12.5, 25, 50 and
100 mmol . L-1. Cells were illuminated using a LED light
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(414 nm, 150 J . cm-2). After TMPyP-aPDT, significant
E. coli growth reduction was observed with the highest
concentration (100 µM at ratio 2:1). In addition, TMPyP
without CD resulted in reducing cell viability to 14%
(100 µM or 50 µM) or 84% (25 µM). On the other
hand, zinc-5, 10, 15, 20-tetrakis (4-sulphonatophenyl)
porphyrin (ZNTPPS4) was not efficient at eliminating
E. coli, reducing cell viability by only 10% [61].
A recent study published by Huang et al. compared
the efficacy of TMPyP and the anionic meso tetrakis
(p-sulfonatofenyl) porphyrin (TPPS4) to inactivate MRSA,
E. coli and C. albicans. All pathogens were illuminated
using a blue light (405 nm) at 10 J . cm-2, 50 mW . cm2.
TPPS4 (100–200 nM) was more efficient at killing MRSA
than TMPyP. However, at a concentration of 1 µM,
both PSs showed a similar efficacy (Fig. 5Ca). TMPyP
(1 µM) was remarkably more successful at eradicating
E. coli than TPPS4 (10 µM) (Fig. 5Cb). However, when
100 mM of potassium iodide (KI) was added to TPPS4
followed by illumination, TPPS4 was significantly more
effective at eliminating gram negative bacteria. Dark
toxicity (1 log10) induced by TMPyP was only observed
at a concentration of 10 µM. As for C. albicans, both PSs
reduced the viability of the pathogen (TMPyP – 10 µM,
TPPS4 – 1 µM) (Fig. 5Cc) [79].

21

Fungi
Candida albicans
Diogo et al. performed a comparative study evaluating
the efficacy of TMPyP and Zn(II)e6Me for the destruction
of an in vitro model of endodontic biofilm caused by
C. albicans. Prior to illumination, biofilm cells were
incubated with 0.1 mg . mL-1 TMPyP or Zn(II)e6Me for a
period of 15 min, to allow the entry of PS into the cells.
Cells were then illuminated for 60 or 90 s using a red LED
device (2.1 J . cm-2 and 3.15 J . cm-2). Results of biofilm
biomass quantification using a safranin red assay showed
that TMPyP is effective in removing >60% of biofilm
after 90 s illumination, which is similar to the inhibition
achieved using Zn(II)e6Me. However, when using a
shorter illumination time (60 s), a significant difference
in the efficacy of biofilm eradication between the two
PSs was observed, being Zn(II)e6Me more efficient
than TMPyP (Fig. 6a). The authors concluded that even
though TMPyP and Zn(II)e6Me showed a similar effect
in removing biofilm, Zn(II)e6Me has an advantage over
TMPyP due to its availability from natural resources as
well as its extremely low toxicity in the absence of light.
In dark conditions, the biofilm biomass reduction of cells

Fig. 5. (Aa) CFU value of MSSA cells treated with different TMPyP concentrations and illuminated with multiple light flashes
(1–4x) at 83 ms (10 J . cm-2). (Ab) CFU value of MSSA cells treated with same TMPyP concentrations but illuminated with multiple
light flashes at 100 ms (20 J . cm-2). Reproduced with permission from [74]. (B) S. faecalis biofilm biomass removal after aPDT
treatment. Quantification was done using safranin red assay. TBO: Toluidine Blue O; RB: Rose Bengal. Reproduced with permission
from [62]. (C) MRSA (a), E. coli (b) and C. albicans (c) treated with different concentrations of TMPyP or TPPS4 and illuminated
at 10 J . cm-2. Reproduced with permission from [79]
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incubated with Zn(II)e6Me was 8.6% compared to the
15.5% reduction in cells incubated with TMPyP [62].
Another comparative study was published by Pereira
Gonzales and co-workers. Authors compared the
efficacy of TMPyP and exeporfinium chloride (XF-73)
for the elimination of planktonic and biofilm cells of
C. albicans. Prior to illumination, planktonic and biofilm
cells were incubated for 15 min (planktonic cells) or
4 h (biofilm cells) with increasing PS concentrations
0–2 µM. Subsequently, planktonic cells were illumi
nated for 15 min (12.1 J . cm-2) and biofilm cells for
60 min (48.2 J . cm-2) using incoherent blue light
(fluence rate: 13.4 mW . cm-2). Results of planktonic
cells showed that 15 min incubation with 0.5 µM of
XF-73 followed by illumination was successful at
reducing the bacterial growth (6 log10) where a higher
concentration of TMPyP (2 µM) was needed to reach
the same values [63].
As for biofilm cells, longer incubation time, higher
PS concentrations and higher fluence rate were required.
Results showed that using 1 µM of XF-73 was enough to
reduce bacterial growth (5 log10), where 50 µM of TMPyP
was used to achieve the same results. The difference
in their efficacy was due to the strong electrostatic
interaction of TMPyP (positively charged) with the
biofilm matrix (EPS) (negatively charged) decreasing the
penetration of the PS into the biofilm.
Eichner et al. tested TMPyP in C. albicans, MRSA
and Enterohemorrhagic E. coli (EHEC). Cells were
incubated for 10 s with 1 μmol . l-1 followed by 10 or
60 s illumination (50 mW . cm-2) with visible light (0.5
and 3 J . cm-2). TMPyP at a concentration of 1 μmol . l-1
followed by a 0.5 J.cm-2 illumination dose was efficient at
reducing MRSA and EHEC bacterial growth by 99.9%.
Increasing the TMPyP concentration up to 100 μmol . l-1
they achieved a 5 log10 bacterial growth reduction after
illumination. As for C. albicans, a 5 log10 reduction was
observed using a higher light dose (12 J . cm-2) [80].
Paracoccidioides brasiliensis
Almeida et al. have studied P. brasiliensis susceptibility
to TMPyP-aPDT. P. brasiliensis cell suspensions were
incubated with 10, 25 and 50 µM TMPyP for 60 min and
then illuminated using white light for 15 min (108 J . cm-2),
30 min (216 J . cm-2) or 60 min (432 J . cm-2) (density
power: 120 mW . cm-2). CFU values were recorded after
5 days of growth. Authors determined that induction of
cell death was PS and light-dose dependent. Significant
cell death was observed in cells treated with TMPyP >
25 µM and illuminated for 30 min. Authors investigated
the mortality rate using 50 µM TMPyP. Only 15 min of
illumination was necessary to kill ~95% of cells (3 log10)
(Fig. 6b group B). Moreover, cells did not exhibit dark
toxicity. In addition, cells exposed to light in the absence
of TMPyP showed no reduction in cell viability (Fig. 6b
group A) [81].
Copyright © 2019 World Scientific Publishing Company

EMERGING APPLICATIONS OF TMPYP
In the last few years an increased interest in the
porphyrin TMPyP has given rise to a wide variety of
novel applications of this PS. Based on its strong affinity
for nucleic acids and its high quantum yield of ROS
production, TMPyP has been demonstrated to be an
effective compound to be used for cancer theranostics,
molecule biosensing, as nanoparticle switches for
controlled drug release or as a cargo for targeted PS
delivery in PDT. In this section, we present some of the
most innovative applications of this porphyrin and its
relevance in different fields.
Nanotechnology and TMPyP
Nanomedicine is defined as the application of nanosized devices for the improved outcome of medicine [82].
This field is undergoing a rapid development due to the
improved benefits that can boost conventional therapies
for the treatment of different diseases, including cancer.
Some main benefits are: increased water solubility of
drugs, the possibility of targeted therapy, improved
therapeutic index and reduced systemic toxicity and side
effects [83, 84]. In particular, porphyrins such as TMPyP,
incorporated into nanodevices, have been studied for
different purposes that vary from light-triggered drug
release for controlled drug delivery, nanoparticle-driven
PS delivery or biosensing.
Nanoparticle-mediated delivery of photosensitizers
Nanoparticles represent an effective vehicle for the
delivery of porphyrins. One of their biggest advantages is
that they can be used for the co-delivery of two or more
therapeutic agents. In this way, nanoparticles can be
loaded with both the sensitizer and a chemotherapeutic
drug for combination cancer therapy using PDT plus
chemotherapy. This approach has led to better outcomes
than using a combination of both monotherapies
administered in two steps.
Guo and collaborators have exploited this idea and
synthesized magnetic RNA nanoflowers modified with
folic acid for the co-delivery of TMPyP and the chemo
therapeutic agent doxorubicin, as detailed in the combi
nation therapy section [54]. The coating layer of folic acid
improved the selectivity of the device against tumor cells
both in vitro and in vivo (Fig. 7A). In a different study,
Wang et al. linked TMPyP to carbon nanodots (CDots),
taking advantage of the electrostatic force arisen between
them [85]. Carbon dot conjugates proved to increase
the 1O2 quantum yield and biocompatibility of TMPyP,
resulting in more efficient treatment and enhancement of
the anticancer effect of TMPyP-PDT against HeLa cells
(Fig. 7B).
Li et al. reported the synthesis of silica nanoparticles
with TMPyP attached [86]. Their results indicated
that while in an alkaline pH environment the silica
J. Porphyrins Phthalocyanines 2019; 23: 22–27
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Fig. 6. (a) C. albicans biofilm biomass removal after aPDT treatment. Quantification was done using safranin red assay.
Reproduced with permission from [62]. (b) P. brasiliensis cells treated with light only (group A) or with 50 µM TMPyP (group B)
and illuminated at different fluence rates (0, 108, 216 and 432 J . cm-2). TBO: Toluidine Blue-O, RB: Rose Bengal. Reproduced
with permission from [81]

particles quench the TMPyP 1O2 production, in weak
acidic solutions (characteristic of tumor environments)
TMPyP is released and ROS production is recovered.
This approach improved the tumor selectivity of PDT
treatments.
Lastly, Nonell and collaborators exploited the surface
charge of silica nanoparticles (SiNP) to bind with the
porphyrin TMPyP via electrostatic adsorption [87]. They
reported that the concentration of TMPyP-SiNP needed
to induce cytotoxicity on HeLa cells was ten times lower
compared to free TMPyP (Fig. 7C). Similarly to other
authors, they observed that the encapsulated PS localized
mainly in lysosomes.
Light-triggered controlled drug release
Upon photoactivation, the porphyrin TMPyP produces
ROS at a very efficient rate. This effect has been widely
used for PDT treatments, but recently some groups
have taken advantage of it and implemented TMPyP in
the design of nanosystems. As a result, nanoparticles
made of different materials have been loaded with
chemotherapeutic agents and functionalized with TMPyP.
ROS generated upon illumination degrade the matrix of
the nanoparticles and trigger the release of the cargo in a
spatially and temporally controlled manner.
A study conducted by Chen and co-workers utilized
silica nanoparticles capped with G-quadruplexes of DNA
to encapsulate doxorubicin [56]. As detailed in the above
combination therapy section, due to their strong affinity,
TMPyP bound to the G-quadruplexes and was used both
to act as a PS and to open the gates of the nanopores
of the particles, triggering the release of doxorubicin.
Shiao et al. substituted silica nanoparticles for gold nano
particles functionalized with aptamers [55]. As aptamers
are also based on nucleic acids, TMPyP was attached
to them and used to induce the release of doxorubicin
bound to the complexes. An improved subcellular uptake
Copyright © 2019 World Scientific Publishing Company

of the drugs by HeLa cells overexpressing the nucleolin
receptor in their surface due to the aptamers-targeting
efficiency was observed.
Biosensors and molecule detection
The use of TMPyP for the detection and quantification
of nucleic-acid-based molecules, such as G-quadruplexes,
have been reported, taking advantage of the high affinity
of this porphyrin towards DNA and its fluorescent
properties. In a recent publication, Monteiro et al.
used a graphene oxide nanoplatform to non-covalently
bind TMPyP [88]. The fluorescence of the porphyrin
was quenched in the hybrid platforms but, upon the
addition of oligonucleotide sequences corresponding
to G-quadruplexes, TMPyP was tritiated and detached
from the graphene oxide, allowing the recovery of
its characteristic red fluorescence. Therefore, these
nanoplatforms could be used to quantify the presence of
DNA-based structures.
Stabilization of G-quadruplexes
G-quadruplexes are secondary structures of the DNA
formed as a result of the interaction of nucleotides in
guanine-rich sequences [88]. They have been described
as potent molecular targets for cancer therapy since their
stabilization can lead to cell growth and cell division
inhibition [89]. The planar structure and size of TMPyP,
together with its high affinity for DNA, makes it an
excellent candidate for G-quadruplex stabilization and
telomerase inhibition.
The promoter of the vascular endothelial growth
factor (VEGF), an important gene promoting tumor
angiogenesis, has been described to contain a guaninerich strand which can form G-quadruplexes. A study
conducted by Taka et al. compared the efficacy of
two perylene derivatives as well as TMPyP to form
G-quadruplexes and to selectively bind to the VEGF
J. Porphyrins Phthalocyanines 2019; 23: 23–27
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Fig. 7. (A) TEM images of rolling circle transcription products using 2 (a), 6 (b) or 10 (c) h reaction times. Reproduced with
permission from [54]. (B) MTT assay performed in Hela cells after incubation with TMPyP (7 mg . mL-1), CDots (10 mg . mL-1)
or CD-TMPyP (7 mg . mL-1–10 mg . mL-1) for 2 h, followed by different irradiation doses. Reproduced with permission from [85].
(C) In vitro photodynamic activity of free or TMPyP encapsulated into mesoporous silica nanoparticles tested in HeLa cells by
trypan blue assay, before (a) or after (b) irradiation. Columns correspond to 4.8 J . cm-2 irradiation (light color) or 7.2 J . cm-2
irradiation (dark color). Reproduced with permission from [87]

Fig. 8. Mechanism of the reversible “turn-off-on” mode developed by Zhao et al.. The loss of the characteristic fluorescence of
the QDs is represented by a grey QD (“turn-off” process). The recovery of the fluorescence upon interaction with genetic material
is represented by a purple QD (“turn-off-on” process). The mechanism of “QD-TMPyP-ctDNA” is shown in (a) and the one for
“QD-TMPyP-G-quadruplex” is shown in (b). Reproduced with permission from [91]

promoter silencing the gene in lung cancer cells [90].
They reported a reduction in the mRNA expression and
also a decrease in protein levels. Thus, these findings
prove the feasibility of using TMPyP as a potential novel
anti-angiogenic agent for cancer therapy.
Copyright © 2019 World Scientific Publishing Company

Alternatively, Zhao and collaborators developed
ZnCdSe-based quantum dots with TMPyP electrosta
tically attached as a novel “turn-off-on” system for the
detection of G-quadruplexes [91]. First, the “turn-off”
state of the system relies on the quenching effect that the
J. Porphyrins Phthalocyanines 2019; 23: 24–27
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porphyrin causes on the quantum dot, resulting in a lack
of its characteristic fluorescence. The “turn-on” process
was then triggered by the detection of G-quadruplexes
by the system which, due to the high affinity of TMP and
DNA molecules and the repelling negative charges of
both the quantum dots and the nucleic acids, caused the
release of the porphyrin from the quantum dots allowing
them to recover their fluorescence (Fig. 8).

CONCLUSION
Overall, porphyrins represent a fascinating group
of molecules with attractive properties and multiple
applications. The investigations summarized in this
review support the idea that the cationic porphyrin
TMPyP has an invaluable potential for application in
biomedical research.
Combination therapy seems a useful strategy
to enhance the efficacy of TMPyP-PDT for cancer
treatment. Moreover, it has been demonstrated that
application of TMPyP-PDT in multimodal nanoplatforms
is a promising tool for achieving a light-controlled
release of chemotherapeutic agents, minimizing both
drug resistance of cancer cells and cytotoxicity in healthy
tissues.
At the same time, the use of TMPyP in aPDT for
the elimination of pathogens has also shown promising
results. Combination aPDT strategies could lead to
the development of more selective treatments. Unlike
antibiotics, repeated aPDT treatments have not shown
to induce resistance in bacteria. The above-mentioned
findings corroborate that combining aPDT and antibiotics
could enhance the overall treatment outcome, minimizing
antibiotic resistance. All this makes TMPyP-aPDT a
potential therapeutic option for treating resistant strains
in a non-invasive way, which could facilitate its clinical
translation.
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ABSTRACT: The controlled synthesis of oligoaromatics can provide materials of wide utility. Here,
we describe the preparation of higher order oligoheterocycles via a tandem Suzuki cross-coupling
protocol. This method has allowed for the iterative construction of fluorescent α,α′-linked penta- and
septaheterocyclic systems with modification of the terminal moiety allowing for fine-tuning of the
emission features.
KEYWORDS: Suzuki coupling, oligoheterocycle, fluorescence.

INTRODUCTION
Multiple aromatic heterocyclic systems bridged via
biaryl linkages represent important building blocks across
a broad range of the chemical and material sciences
[1, 2]. Within this arena, α,α′-linked heteroaromatics
have emerged as important building blocks in functional
p-conjugated materials [3–15] as well as key structural
motifs in supramolecular [16–18] and coordination
chemistry [18–23]. Due to their broad utility, extensive
efforts have been focused on developing improved
preparations of homogeneous and heterogeneous forms
of so-called mixed oligoheterocycles [7–13, 24–30].
Typically, two generalized approaches have been pursued
involving, (1) the synthesis of appropriate building blocks
followed by oligomerization or (2) the preparation of
smaller subunits that are then elaborated in an iterative
approach through functionalization to produce higher order
oligomers. Nevertheless and in spite of the progress made
to date, there is still a need for generalizable procedures
that permit the preparation of α,α′-linked heteroaromatics
in an economically efficient and scalable manner.
◊
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Currently, a number of routes leading to bi- and
tetraheteroaromatic species are known [9, 25–29]. How
ever, methodologies allowing for the controlled synthesis
of odd numbered ter-, penta-, and septaheterocyclic,
especially non-thiophene, oligoaromatic systems remain
limited [31–37]. We have, therefore, devoted efforts
towards the preparation of higher order heterogeneous
oligoheterocycles using α,α′-dibromo terheterocycles as
precursors for the expedient synthesis of such systems.
Here, we present the use of dibromo dipyrrolyl furan
(1) as a model building block in a tandem Suzuki crosscoupling protocol to yield a series of mixed penta- and
septaheterocycles from easily prepared starting material
and commercially available coupling partners (Fig. 1). The
iterative approach described here allows for the expedient
synthesis of larger oligoheterocyclic constructs whose
structural diversity provides control over key optical
properties, including the UV-vis absorption spectra and
fluorescence emission features. The net result are color
and fluorescence differences that are easy to differentiate
by the naked eye.

RESULTS AND DISCUSSION
Initial synthetic efforts were devoted to optimizing
conditions that would allow the tandem Suzuki coupl
ing between dibromo dipyrrolyl furan (1) [38] with
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N-boc-2-pyrroleboronic acid (2). Toward this end, various
Pd-salts (entries 1–4), bases (entries 4–6), concentrations
of the aryl boronic acid (entry 7), and the palladium
catalyst (entry 8) were tested (Table 1).§ Gratifyingly,
optimized conditions were obtained upon heating 1 in N,Ndimethylformamide-H2O (5:1, v/v) with Pd(PPh3)Cl2 (20
mol%), K2CO3 (5.5 equiv), and N-boc-pyrrole-2-boronic
acid (4 equiv) at reflux. This gave 2,5-di-bipyrrolyl furan
(3) in 98% yield.
Using this protocol we then examined the construction
of various mixed oligo-heteroaromatics derived from the
dipyrrolyl furan scaffold and various heteroaromatic
pinacol boranes (Scheme 1).† Under these conditions
good-to-excellent yields were obtained for a series of
penta- (4–7) and septaheterocycles (8). For instance,
commercially available indole-, furan, and thiophene2-boronic acid pinacol esters were readily coupled to
give the corresponding pentaheterocycles 4, 5, and 6
in 93%, 85%, and 86% yield, respectively. Although
mixed oligoheterocyclic species analogous to 4, 5, and
6 have previously been reported, these prior protocols
typically required greater step counts and proceeded in
lower overall yields [39]. 2,2′-Bithiophene-5-boronic
acid pinacol ester, a common precursor in oligothiophene
synthesis [40], was coupled to give 7 in 92% yield. This
method was also amenable to pyridine-based substrates,
as demonstrated by the reaction between 2 and pyridine4-boronic acid pinacol ester to give 8 in 95% yield.
To demonstrate the influence of the terminal hetero
cycle on the absorbance and fluorescence properties,
the UV-vis and emission profile of compounds 3–8
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were measured (Fig. 1). Torsion angles of synthesized
compounds as well as the shorter terpyrrole and mixed
tetrafuran-thiophene (TFFT & FTTF) are shown in
Table 2. UV-vis spectral studies carried out in acetonitrile
revealed molar absorptivities that varied as well as
changes in the maximum absorption (lmax). Specifically,
for compound 3 lmax = 349 nm (24,500 M-1 . cm-1) and l2 =
303 nm (20,700 M-1cm-1); for 4 the corresponding values
were lmax = 298 nm (17,600 M-1 . cm-1), l2 = 334 nm
(16,250 M-1 . cm-1); in the case of 5 lmax = 389 nm
(15,400 M‑1 . cm-1), whereas lmax = 393 nm (13,500 M-1 .
cm-1) for 6; finally, the corresponding lmax values for
7 and 8 were 368 nm (36,150 M-1 . cm-1) and 366 nm
(24,900 M-1 . cm-1), respectively. The observed spectra
lead us to suggest that a complex interplay between
conjugation and electron density of the pendant
heterocycle determines the predominant electronic
transition [40] (Fig. 1).
The emission spectra of pentaheterocycles 3, 4, 5,
6, and 8 recorded in acetonitrile were found to scale
in accord with the electron density of the terminal
heterocycle [41], with 3 giving an emission maximum
(Emmax) at 490 nm, 4 at 498 nm, 5 at 481 nm, 6 at 485 nm,
and 8 at 460 nm (Fig. 1). A bathochromic shift in the
emission profile was also observed upon extending the
conjugation, as demonstrated by bithiophene-capped
septaheterocycle 7 that yielded an Emmax at 511 nm.
These spectral differences are readily apparent to the
naked eye when acetonitrile solutions of compounds
3–8 were illuminated with a hand held UV-vis lamp, as
can be seen from inspection of Fig. 2. Absorption and

Table 1. Reaction development

EtO2C
Br

NH

O

Boc
N

CO2Et
HN

CO2Et

CO2Et

CO2Et

CO2Et

Br

1

Pd (cat.)
base (5.5 equiv)
B(OH)2

DMF: H2O (5:1, v/v)
120 oC, 5 h

2

EtO2C
NH

O

CO2Et
HN
HN

NH

3

Yield (%)b

Entry

Pd cat.

Base

1

Pd(OAc)2, Ph3c

K2CO3

74

2

Pd(dppf)Cl2

K2CO3

63

3

Pd(dba)2

K2CO3

45

4

Pd(PPh3)2Cl2

K2CO3

84

5

Pd(PPh3)2Cl2

KOtBu

62

6

Pd(PPh3)2Cl2

K3PO4

43

7

Pd(PPh3)2Cl2d

K2CO3

99 (98)f

8

e

K2CO3

60

Pd(PPh3)2Cl2

a

Reactions performed on 0.05 mmol scale with standard conditions consisting of Pd-catalyst (20 mol%), base (5.5 equiv), and
aryl boronic acid (2.4 equiv) in 2 mL of DMF: H2O (5:1, v/v). b Yield determined by 1H NMR spectral analysis in CDCl3 using an
internal standard (1,2-dichloroethane). c 40 mol% of PPh3 was used. d 4 Equivalents of N-boc-pyrrole-2-boronic acid were used.
e
10 mol% of the Pd-catalyst was used. f Isolated yield for a reaction run on a 0.1 mmol scale.
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CO2Et

CO2Et
EtO2C
NH

O

EtO2C

HN

NH
HN

NH

CO2Et
HN
O

5, 85%

O

EtO2C

CO2Et

NH

HN
S

S

CO2Et

CO2Et

CO2Et

CO2Et
NH

O

O

4, 93%

EtO2C

CO2Et

CO2Et

CO2Et

6, 86%

O

CO2Et
HN

S

S

S

S

7, 92%
CO2Et

CO2Et
EtO2C
NH

O

CO2Et
HN
N

N

8, 95%b (86%)c
Scheme 1. Synthesis of penta- and septa-oligoheterocycles. a Reactions performed on 0.1 mmol scale. b Reaction performed on
0.2 mmol scale. c 2.4 equiv of pyridine-2-boronic acid pinacol ester was used. Crystal structures are shown as ORTEP plots with
thermal ellipsoids set at the 50% probability. Hydrogen atoms are removed for clarity

Fig. 1. (a) UV-vis and (b) emission spectra of penta- and septaheterocycles 3–8 in acetonitrile ([c] = 15 μM)
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Table 2. Terminal heterocycle torsion angles based upon x-ray
crystallography
Compound

Terminal heterocycle torsion angles

emission maxima as well as Stokes shift of synthesized
compounds, terpyrrole, tetrafuran (4F), mixed tetrafuranthiophene (TFFT & FTTF), and tetrathiophene (4T) are
compared in Table 3.

3

N1 – N2, 178.86°; N3 – N4, 179.78°

5

O1 – N1, 177.60°; N2 – O3, 4.96°

CONCLUSION

6

T1 – N1, 170.66°; N2 – T2, 173.27°

terpyrrole [42]

N1 – N2, 164.75°; N2 – N3 , 154.83°

TFFT [28b]

S1– O1, -2.89°; O1 – O2, -180°; O2 – S2, 2.89°

FTTF [28b]

O1 – T1, 175.08°; T1 – T2, 180°; T2 – O2, -175.08°

In conclusion, we have developed a facile synthesis
of higher order α,α′-linked heterocycles using a tandem
Suzuki cross coupling. This method utilizes easily prepared
starting material as well as commercially available coupling
partners to yield penta- and septaheterocycles in good to
excellent yield while simultaneously allowing for finetuning of the photophysical properties. New routes towards
the controlled synthesis of homo- and heterogeneous
α,α′-linked aromatics in an iterative fashion, such as the
one described, are expected to allow for the divergent
preparation of previously unexplored constructs with
potentially interesting and useful properties.

Table 3. Absorbance maxima, emission maxima, and Stokes
shifts of synthesized and related compounds
Compound

Absmax (nm) Emmax (nm) Stokes shift (cm-1)

31

3

386

490

9.61E5

4

307

481

5.75E4

Acknowledgments

5

393

485

1.09E5

6

334

498

6.10E4

7

366

460

1.06E5

8

368

511

6.99E4

terpyrrole [42]

327

433

9.43E4

4F [28b]

364

413

2.04E5

TFFT [28b]

378

440

1.61E5

FTTF [28b]

393

467

1.35E5
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Supporting information
Synthesis and characterization data, 1H and 13C NMR
Spectra and X-ray Crystallographic data are given in the
supplementary material. This material is available free of
charge via the Internet at http://www.worldscinet.com/
jpp/jpp.shtml. Crystallographic data have been deposited
at the Cambridge Crystallographic Data Centre (CCDC)
under numbers 3 (F1P4): 1868976; 5 (F1P1F2): 1868977;
6 (F1P2T2): 1868979 and 8 (F1P2Py2): 1868980.
Copies can be obtained on request, free of charge, via
http://www.ccdc.cam.ac.uk/data_request/cif or from the
Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK (fax: +44 1223-336-033
or email: deposit@ccdc.cam.ac.uk).
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ABSTRACT: Novel chloroindium(III) complexes of tetra(4-methylthiophenyl)porphyrin (2a) and tetra2-thienylporphyrin (2b) dyes have been synthesized and characterized. The main goal of the project was
to identify fully symmetric porphyrin dyes with Q-band regions that lie partially in the therapeutic window
that are suitable for use in photodynamic therapy (PDT). 2a and 2b were found to have fluorescence
quantum yield values ≤ 0.01 and moderately high singlet oxygen quantum yields (0.54−0.73) due to heavy
atom effects associated with the sulfur and indium atoms. The dark toxicity and PDT activity against
epithelial breast cancer cells (MCF-7) were investigated over a dose range of 3.0−40 mg . mL-1. The
in vitro dark cytotoxicity of 2a is significantly lower than that of 2b at ≤ 40 mg . mL-1. 2a was conjugated
with gold nanoparticles (AuNPs) to form a nanoconjugate (2a-AuNPs), which exhibited a higher singlet
oxygen quantum yield (FD) value and PDT activity than was observed for 2a alone. The results suggest
that the AuNPs nanoconjugates of readily synthesized fully symmetric porphyrin dyes are potentially
suitable for PDT applications, if meso-aryl substituents that provide scope for nanoparticle conjugation
can be introduced that shift the Q bands into the therapeutic window.
KEYWORDS: porphyrins, photophysics, singlet oxygen, gold nanoparticles, photodynamic therapy,
dark toxicity.

INTRODUCTION
Photodynamic therapy (PDT) has emerged as a noninvasive clinical treatment modality for cancer which is
a promising alternative to conventional cancer treatment
protocols such as radiotherapy, chemotherapy and surgery
that are known for their harmful side effects including
the indiscriminate destruction of both healthy and tumor
cells [1–5]. A prerequisite requirement for PDT is a
light absorbing chromophore known as a photosensitizer
(PS). The technique involves the administration of
◊
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a PS, which selectively targets the tumor cells, and
irradiation of the PS with laser light of appropriate
wavelength to initiate a series of photochemical
reactions. Typically, this involves the excitation of the
PS to a long-lived triplet state, which upon interaction
with the intracellular molecular dioxygen subsequently
results in the generation of singlet oxygen known as a
reactive oxygen species (ROS) which is cytotoxic to
tumor cells [1–3]. Photosensitizers intended for PDT
applications should fulfil some basic requirements
such as efficient generation of singlet oxygen, low
dark toxicity, photostability and absorption in the near
infrared therapeutic window among others [6].
Metalloporphyrin derivatives have gained consider
able attention as photosensitizers in many fields such
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as in photoelectric devices, catalytic reactions, solar
cells and PDT applications [6–11]. The applicability of
metalloporphyrins as PS in PDT is due to their efficient
photosensitization ability, particularly their ability to
absorb visible light, which excites the PS to an excited
singlet state, leading to intersystem crossing to the triplet
manifold. Energy transfer from the lowest excited triplet
state of the PS to molecular oxygen results in the generation
of singlet oxygen, which is the chief cytocidal agent in
the selective destruction of tumor cells [1–3]. Recently
we reported the photophysicochemical properties of a
Sn(IV) complex of meso-tetra-2-thienylporphyrin with an
unusually high singlet oxygen quantum yield (FD) value,
and we demonstrated that the presence of bulky pyridyloxy
axial ligands limits aggregation through p–p stacking,
resulting in promising photodynamic therapy activity
properties during irradiation with a 625 nm light emitting
diode (LED), by enhancing the solubility of the dyes in
polar solvents [12]. A significant shift of the Q00 band
to the red relative to the analogous tetraphenylporphyrin
so that it lies further into the therapeutic window also
contributed to the enhanced PDT properties [12]. In
this study, we extend this work to the chloroindium(III)
complexes of meso-tetra[4-(methylthio)phenyl]porphyrin
(2a) and meso-tetra-2-thienylporphyrin (2b). The choice
of 4-(methylthio)phenyl and 2-thienyl substituents was
based in part on the fact that these derivatives have been
found to contain antioxidants and to exhibit antifungal,
antibacterial and anticancer activity [13–16]. Incorporation
of a heavy atom such as indium is also known to enhance
the triplet population resulting in better singlet oxygen
generation [17, 18], and the presence of axial ligands
helps to prevent aggregation in aqueous solvents [12].
One of the most significant issues faced when using
porphyrin dyes and their analogues in PDT is the need
for selective delivery of the PS to tumor cells to avoid
leaving the patient photosensitized for prolonged periods.
Conjugating nanoparticles to metalloporphyrins has been
found to be advantageous [19], due to their small size,
high stability and high surface area, allowing for specific
target localization and hence, selective accumulation
in the cancer cells due to an enhanced permeability
and retention (EPR) effect [19–23]. In addition, it
has been established that gold nanoparticles (AuNPs)
destroy tumors selectively through a photothermal
effect (PTT) [21–23]. PTT is an important anticancer
therapeutic strategy in which irradiation of nanoparticles
embedded in the tumors with laser light results in an
increase in temperature in the tumor tissues, which
selectively kills cancer cells [23]. The sulfur atom in
the 4-methylthiophenyl ring of 2a enables noncovalent
interactions with the AuNPs since gold is known to have a
strong affinity for the electron lone pairs of sp3 hybridized
sulfur atoms [24]. The photophysicochemical properties
of nanoconjugates prepared by conjugating 2a to gold
nanoparticles (2a-AuNPs) have been studied and their
photodynamic therapy activity has been investigated.
Copyright © 2019 World Scientific Publishing Company

35

EXPERIMENTAL
Materials
Pyrrole, 1,3-diphenylisobenzofuran (DPBF), 2-thio
phenecarboxaldehyde, 4-methylthiobenzaldehyde, chlo
roform, methanol, petroleum ether, sodium acetate,
indium(III) chloride, Trypan Blue, trypsin, ethylene
diaminetetraacetic acid (EDTA) and zinc(II) tetraphenyl
porphyrin (ZnTPP) were purchased from Sigma-Aldrich.
Dimethyl sulfoxide (DMSO) and dichloromethane were
obtained from Merck. Cultures of the MCF-7 cell were
obtained from Cellonex®. 10% (v/v) heat-inactivated
fetal calf serum (FCS), and 100 unit . mL-1 penicillin100 mg . mL-1 streptomycin-amphotericin B were acquired
from Biowest®. Neutral red cell proliferation reagent
(WST-1), Dulbecco’s phosphate-buffered saline (DPBS)
and Dulbecco’s modified Eagle’s medium (DMEM) were
obtained from Lonza®. The syntheses of the chloroindium
complex of 5,10,15,20-tetraphenylporphyrin (ClInTPP)
[25], and free base 5,10,15,20-tetra-[4-(methylthio)phenyl]porphyrin (H2MTPP) [26, 27] and 5,10,15,20tetra-2-thienylporphyrin (H2TTP) [28, 29] were carried
out as reported in the literature.
Instrumentation
Mass spectrometry data were obtained from a Bruker
AutoFLEX III Smartbeam MALDI-TOF instrument,
and dithranol was used as the matrix in the positive ion
mode. The elemental analyses were carried out on a Vario
EL III Microcube CHNS Analyzer. 1H-NMR spectra
were recorded on a Bruker AVANCE II 600 MHz NMR
spectrometer using tetramethylsilane as the internal
reference standard. X-ray diffraction (XRD) patterns
were recorded on a Bruker D8 Discover diffractometer
using procedures described previously [30]. The ground
state electronic absorption spectra were measured
on a Shimadzu UV-2550 spectrophotometer, while
fluorescence excitation and emission were recorded on a
Varian Eclipse spectrofluorimeter. Fluorescence lifetimes
were measured using a time-correlated single photon
counting setup (TCSPC) (FluoTime 300, Picoquant®
GmbH) with a diode laser (LDH–P–670, Picoquant®
GmbH, 20 MHz repetition rate, 44 ps pulse width) in
a manner described previously [31]. The morphologies
of the nanoparticles and the conjugates were assessed
by transmission electron microscopy (TEM) with a
Zeiss Libra model 120 operated at 100 kV. Magnetic
circular dichroism (MCD) spectra [32] were recorded on
a Chirascan plus spectrodichrometer equipped with a 1
tesla permanent magnet by using both the parallel and
antiparallel fields and subtracting a solvent baseline.
Synthesis
The chloroindium complexes of H2MTPP and H2TTP
were synthesized using literature methods [33, 34].
J. Porphyrins Phthalocyanines 2019; 23: 35–45
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Synthesis of chloroindium(III) meso-tetra-[4-(methylthio)phenyl]porphyrin (2a). A mixture of glacial acetic
acid (30 ml) and 320 mg (0.4 mmol) of H2MTPP
was stirred and brought to reflux at 100 °C. 221 mg
(1.0 mmol) of InCl3 and 0.6 g (7.314 mmol) sodium
acetate were then added and the mixture was refluxed
for a further 16 h. UV-vis absorption spectroscopy
was used to monitor the completion of the reaction.
The reaction mixture was cooled in ice to obtain the
crude precipitate, which was filtered and washed with
Millipore water (3 × 100 mL) and dried in vacuo. The
crude product was then purified using silica gel column
chromatography with chloroform/methanol (2:1) as
the eluent to yield 2a as a green-purple solid. Yield:
309 mg (96.6%). UV-vis (DMSO): lmax nm (log e) 435
(5.07), 568 (3.06), 612 (3.55). 1H NMR (600 MHz,
DMSO-d6) d 9.09–8.97 (m, 8H, Ar-H), 8.36–8.14 (m,
8H, Ar-H), 7.90–7.68 (m, 8H, Ar-H), 2.85–2.60 (m,
12H, CH3).
Synthesis of chloroindium (III) meso-tetra-2thienylporphyrin (2b). 2b was synthesized in the same
manner described for 2a by using 255 mg (0.4 mmol)
of H2TTP. Yield: 249 mg (97.6%). UV-vis (DMSO): lmax
nm (log e) 438 (5.50), 570 (2.51), 618 (1.88). 1H NMR
(600 MHz, DMSO-d6) dH ppm 9.32–9.12 (m, 8H, Ar-H),
8.35–8.27 (m, 4H, Ar-H), 8.26–8.04 (m, 4H, Ar-H),
7.73–7.60 (m, 4H, Ar-H).
Conjugation of 2a to gold nanoparticles (2a-AuNPs).
AuNPs were synthesized according to a reported
literature method [35]. The 2a-AuNPs nanoconjugate
was synthesized by adding 2a (10 mg, 0.01 mmol)
dissolved in 5 ml of chloroform into 20 mL of refluxing
toluene, followed quickly by AuNPs (4 mg) in 2 mL of
toluene. After 1 h of further heating at reflux, the solution
was stirred at room temperature for 24 h. The conjugate
was precipitated out of solution using methanol by
centrifugation for 10 min at 5000 rpm, then washed with
methanol and ethanol to remove unreacted 2a.
Photophysical parameters
Fluorescence and singlet oxygen quantum yields.
The fluorescence quantum yield (FF) values for ClInTPP,
2a, 2b and the 2a-AuNPs nanoconjugate were determined
in DMSO using a comparative method described
previously in the literature [36]. Zinc(II) meso-substituted
tetraphenylporphyrin (ZnTPP) was used as the standard
(FF = 0.0397) [36]. The singlet oxygen quantum yield
(FD) values were also calculated using a comparative
method [37, 38] by using DPBF as a singlet oxygen
quencher in DMSO and Rose Bengal as the standard
(FD = 0.76) [39].
Theoretical calculations. Geometry optimizations of
the structures of the ClInTPP parent porphyrin complex,
2a and 2b were carried with the Gaussian 09 software
package [40] using the B3LYP functional with SDD
basis sets. The optimized B3LYP geometries were then
Copyright © 2019 World Scientific Publishing Company

used to carry out TD-DFT calculations with the CAMB3LYP functional and SDD basis sets, since the CAMB3LYP functional is known to provide more accurate
results for transitions with significant charge transfer
properties [41].
In vitro dark cytotoxicity and PDT activity. In vitro
PDT studies were conducted using the illumination kit
of a Modulight® 7710−680 Medical Laser fitted with a
Thorlab M625L3 light emitting dioide that was found
to provide an irradiance of 240 mW . cm-2 (measured
with a Coherent FieldmaxII TOP energy/power meter
fitted with a Coherent Powermax PM10 sensor), to
illuminate a 127.76 × 85.48 mm 96 well tissue culture
plate. The culturing of the MCF‑7 cancer cell line was
carried out as described in the literature [42, 43]. The
MCF-7 cells were cultured using Dulbecco’s modified
Eagles’ medium (DMEM) containing 4.5 g . L-1 glucose
with L-glutamine and phenol red, supplemented with
10% (v/v) heat-inactivated fetal calf serum (FCS) and
5% 100 unit mL-1 penicillin 100 µg . mL-1 streptomycin
amphotericin B. The cells were grown in a 25 cm2
vented flask (Porvair) and incubated in a humidified
5% CO2 atmosphere at 37 °C until 70% confluence
was achieved. Standard trypsinization and cell seeding
were undertaken as described in the literature [42, 43].
Doses of 2a, 2a-AuNPs and 2b were administered
over a concentration range of 3–40 µg . mL-1 by adding
appropriate aliquots of stock solution prepared by
dissolving the drugs in DMSO and making up the volume
with supplemented DMEM as described in literature
[42, 43]. No irradiation was performed on the treated
cells for the in vitro dark cytotoxicity studies while the
PDT study involved 10 min irradiation with the Thorlabs
LED at 625 nm. A Zeiss AxioVert.A1 Fluorescence LED
inverted microscope was used for routine examination
of the cells. After 24 h of drug treatment, the cells
were washed with 100 µL DPBS and re-incubated in
fresh culture media. Post-treatment cell viability was
measured using the cell proliferation neutral red reagent
(WST-1 assay) on a Synergy 2 multi-mode microplate
reader (BioTek®) at a wavelength of 450 nm. The
percentage cell viability was determined as a function
of absorbance sample (drug treated) over absorbance
control (culture media only); both determined at 450 nm.
This is described in Equation 1:
% Cell Viability =

Absorbance of samples at 450 nm
× 100
Absorbance of control at 450 nm

(1)
The experimental data obtained for in vitro and
photodynamic therapy studies were analyzed statistically.
Each experiment was carried out in triplicate, and the
analysis of variance (ANOVA) was evaluated for the
in vitro and photodynamic therapy data of the drugs
against MCF-7 cell line.
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RESULTS AND DISCUSSION
Synthesis and characterization of 2a and 2b
Scheme 1 provides the synthetic routes for 2a and
2b. The complexes were characterized using UV-vis and
1
H‑NMR spectroscopy, elemental analysis and MALDITOF mass spectrometry. The results obtained were
in close agreement with the proposed structures. The
1
H-NMR spectrum of 2a has methyl proton peaks from
the meso-aryl substituents at 2.77 and 2.09 ppm, which
afforded 12 protons upon integration, while the aromatic
ring proton peaks for 2a and 2b lie in the 7.6−9.2 ppm
region and integrate to the expected number of protons.
Electronic absorption spectra of 2a and 2b
The p-MOs associated with the 16 atom 18 p-electron
inner ligand perimeter are arranged in an ML = 0, ±1, ±2,
±3, ±4, ±5, ±6, ±7, 8 sequence in ascending energy terms
due to the angular nodal properties associated with the
porphyrin ring. Since the HOMO and LUMO have ML
values of ±4 and ±5, there are four and five angular nodal
planes (Fig. 1), respectively. Gouterman’s 4-orbital model
[44] predicts the presence an allowed B transition (DML =
±1) at high energy and a forbidden Q transition (DML =
±9) at lower energy on this basis. In order to facilitate a
comparison of the MOs of different complexes, Michl
[45] referred to p-MOs with angular nodal planes that lie
on the y-axis as the a and -a MOs, respectively, while the
corresponding MOs that have significant MO coefficients
on the y-axis are referred to as the s and -s MOs (Fig. 1).
The introduction of different meso-aryl groups to form
2a and 2b makes only relatively minor changes to the
electronic structure of the parent ClInTPP complex.
A stabilization is predicted for the frontier p-MOs of 2a
and 2b relative to those of ClInTPP. The smaller average
HOMO−LUMO gap of 2b when all four frontier p-MOs
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Scheme 1. The synthetic pathway for chloroindium (III) com
plexes of tetra(4-methylthio)phenylporphyrin (2a) and tetra-2thienylporphyrin (2b)
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Fig. 1. Angular nodal patterns of the a, s, -a and -s MOs of the
parent ClInTPP complex (TOP). MO energies of ClInTPP, 2a
and 2b (BOTTOM). The HOMO−LUMO gap energies and the
energy of the Q00 band are highlighted with red diamonds and
blue circles are plotted against the secondary axis

are taken into account arises primarily from there being
a larger stabilization of the -a and -s MOs and this makes
this dye potentially more suitable for use in PDT since
there is greater absorption in the therapeutic window.
The UV-vis absorption spectra of 2a and 2b (Fig. 2) in
DMSO are typical of metalloporphyrin spectra with fourfold symmetry and are characterized by an intense B (or
Soret) band in the 400−450 nm region and weaker Q00
and Q01 bands further to the red for porphyrin complexes
[46]. The B band for 2a is observed at 435 nm, and the
two Q bands lie at 567 and 607 nm, while for 2b, these
bands are observed at 439, 573 and 618 nm, respectively.
There is a consistent red shift of the bands observed for
2b relative to those of 2a, due to the differing effects of
the meso-aryl substituents on the HOMO−LUMO gap
(Fig. 1). This has been attributed to the smaller size of the
meso-2-thienyl groups when compared to six-membered
phenyl rings [47, 48]. The fluorescence emission spectra
of 2a and 2b in DMSO are shown as insets in Fig. 2. The
emission spectra are typical of metalloporphyrins with
J. Porphyrins Phthalocyanines 2019; 23: 37–45
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inner perimeter of the porphyrin ring. MCD
spectroscopy has proven to be an important
technique for identifying the electronic
structures and state degeneracies of porphyrins
and related macrocycles, which cannot be
obtained from UV-vis absorption spectroscopy
alone [50, 51]. The MCD spectra of the
complexes showed cross-over points between
the negative and positive lobes of intensity at
564 nm and 607 nm for 2a and 574 nm and
618 nm for 2b, essentially corresponding to
the Q-band maxima observed in corresponding
UV-vis absorption spectra (Fig. 3). This is the
pattern that would normally be anticipated for
the Faraday A1 terms associated with the main
transitions of metal porphyrins with four-fold
symmetry, since the derivative shaped signals
arise from the Zeeman splitting of the orbitally
degenerate excited states that are predicted
in the TD-DFT calculations (Table 1) for the
Q and B transitions [32, 51].
Synthesis and characterization of AuNPs
and the 2a-AuNPs nanoconjugate
Scheme 2 illustrates the synthetic route for
conju
gation of AuNPs to complex 2a. The
linkage of nanoparticles to the surface of 2a
is expected to occur via non-covalent Au−S
interactions due to the high affinity of these
atoms [23]. Porphyrins are approximately 1 nm in
diameter; hence, it is likely that more than one
porphyrin will be bonded onto the surface of
AuNPs (ca. 16 nm). The number of porphyrins
bonded to the AuNPs was estimated according
to the reported literature methods using
absorption instead of fluorescence [52]. This
Fig. 2. UV-vis absorption spectra of (a) H2MTPP, 2a and ClInTPP, involves comparing the absorbance intensity of
(b) H2TTP, 2b and ClInTPP in DMSO. Fluorescence spectra are provided the Q bands of the porphyrin in the conjugate
as insets with the same line types used as for the absorption spectra
with that of the porphyrin before conjugation
[53]. The loading of porphyrins (Ps) to the
nanoparticles (NPs) in mg (P)/mg (NP) was
two bands of different intensities [49]. For 2a, the bands
determined to be 30 on this basis.
were observed at 625 and 670 nm, while those of 2b are
observed at 643 and 689 nm. In a similar manner to the
Electronic absorption spectra of 2a-AuNPs
absorption spectra, the fluorescence emission bands for
The UV-vis absorption spectra of the AuNPs alone, 2a
2b are hence shifted to longer wavelengths.
and
its nanoconjugate (2a-AuNPs) are shown in Fig. 4.
TD-DFT calculations were carried out to analyze the
The
surface
plasmon resonance (SPR) band of the AuNPs
trends in the electronic structures and optical spectra of
was
observed
at 536 nm. However, upon conjugation of
2a and 2b (Fig. 3 and Table 1). The trends observed in the
2a
to
the
AuNPs,
the shoulder of intensity arising from
calculated spectra are similar to those in the experimental
the
SPR
band
was
observed
at 523 nm, thus indicating an
data, but there is a significantly smaller red shift
apparent
blue
shift.
The
absorption
spectra of 2a-AuNPs
predicted for 2a relative to the parent In ClTPP complex
nanoconjugate
showed
a
significant
blue shift of 6 nm
than was observed experimentally. This may be related
of
the
B
band
to
429
nm
when
compared
to that of 2a
to there being a fixed geometry for the freely rotating
at
435
nm
(Table
2).
This
could
be
due
to
close
packing
meso-aryl substituents in the calculations, which results
attributed
to
the
orientation
of
metalloporphyrins
on
in an inaccurate prediction of their mesomeric effects
the
surface
of
the
nanoparticles
[53–56].
A
typical
on the frontier MOs that are localized primarily on the
Copyright © 2019 World Scientific Publishing Company
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Fig. 3. Absorption and MCD spectra of 2a (a) and 2b (b) in DMSO. The calculated TD-DFT spectra of 2a and 2b plotted against
secondary axis. The red diamonds highlight the Q and B bands associated with Gouterman’s 4-orbital model [44]. The details of
calculations are provided in Table 1

Table 1. Calculated UV-vis absorption spectra of the B3LYP optimized geometries of the parent
ClInTPP complex, 2a and 2b obtained using the CAM-B3LYP functional with SDD basis set
ClInTPP
Banda

#b

—

1

Q
B

Calcc

Wavefunctione =

Expd

—

—

—

—

—

Ground state

2,3

17.8

563

(0.02)

16.6

603

60% s → -a/-s; 40% a → -a/-s; …

4,5

26.2

367

(1.43)

23.4

428

60% a → -a/-s; 40% s → -a/-s; …

2a
1

—

—

—

—

—

Ground state

Q

2,3

17.7

564

(0.03)

16.3

612

60% s → -a/-s; 40% a → -a/-s; …

B

4,5

27.1

369

(1.59)

23.0

435

59% a → -a/-s; 40% s → -a/-s; …

—

2b
—

1

—

—

—

—

—

Ground state

Q

2,3

17.5

572

(0.03)

16.2

618

59% s → -a/-s; 40% a → -a/-s; …

B

4,5

26.7

374

(1.40)

22.8

438

58% a → -a/-s; 38% s → -a/-s; …

a

Band assignment described in the text. b The number of the state assigned in terms of ascending energy
within the TD-DFT calculation. cCalculated band energies (103 . cm-1), wavelengths (nm) and oscillator
strengths in parentheses (f). d Observed energies (103 . cm-1) and wavelengths (nm), e The wave functions
based on the eigenvectors predicted by TD-DFT. One-electron transitions associated with the a, s, -a
and -s MOs are highlighted in bold.
Copyright © 2019 World Scientific Publishing Company
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Fig. 4. Absorption spectra of 2a-AuNPs (black) and 2a (red) and AuNPs (blue) in DMSO. Fluorescence spectra are provided as an
inset with the same line types used as for the absorption spectra

metalloporphyrin fluorescence emission spectrum was
observed for the 2a-AuNPs conjugate (Fig. 4 insert) with
bands at 617 and 662 nm. There is a 9 nm blue shift of the
emission bands relative to those in the spectrum of 2a.

Upon conjugation to form 2a-AuNPs, aggregation was
observed, and there was an increase in the average size
to 26 nm. This can be attributed to the interactions of
metalloporphyrins on adjacent nanoparticles via p–p
stacking [55].

Transmission electron microscopy
The TEM micrographs of AuNPs and the 2a-AuNPs
nanoconjugate are shown in Fig. 5. The AuNPs were
monodispersed, and the average size was ca. 16 nm.
Copyright © 2019 World Scientific Publishing Company

X-ray diffraction
The X-ray diffraction (XRD) patterns of the AuNPs,
2a and 2a-AuNPs nanoconjugate are shown in Fig. 6.
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Table 2. The photophysicochemical parameters of 2a, 2b and 2a-AuNPs conjugate in DMSO
λAbs (nm)

SPR

Sizea
(nm)

P loading
(µg/mg)

λem
(nm)

FF

tF
(ns)

FD

B

Q01

Q00

2a

435

566

607

—

—

—

625

0.010

0.51

0.54

2b

438

573

618

—

—

—

643

0.007

0.44

0.73

ClInTPP

428

561

601

—

—

—

646

a

0.05

a

0.8

0.72a

AuNPs

—

—

—

536

16

—

—

—

—

—

2a-AuNPs

429

573

618

523

26

30

617

0.005

0.41

0.63

a

Value from Ref. 47.

Fig. 5. Representative TEM micrographs of (a) AuNPs and (b) 2a-AuNPs

The XRD diffraction patterns for AuNPs showed welldefined crystalline peaks which correspond to 111, 200,
220, 311, and 222 planes of the face centered-cubic
structures of metallic gold [57]. Peak broadening was
observed for 2a between 10 and 20° as would normally
be anticipated for amorphous porphyrin samples [57].
A similar peak broadening is observed between 10
and 20° for 2a-AuNPs along with the presence of the
crystalline peaks corresponding to AuNPs that are
consistent with the formation of a nanoconjugate.
Fluorescence quantum yields and lifetimes

Fig. 6. XRD diffractograms of 2a, 2a-AuNPs, and AuNPs

Copyright © 2019 World Scientific Publishing Company

Table 2 provides a summary of the photophysico
chemical parameters of 2a, 2b, the parent ClInTPP
porphyrin complex and the 2a-AuNPs conjugate. The
fluorescence quantum yield and lifetime (tF) values were
measured in DMSO. A lower FF value was obtained for
2b than for 2a (Table 2). This can be attributed to the
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Fig. 8. Representative spectra for 2a-AuNPs in DMSO during
the determination of the FD value with DPBF as a scavenger

Singlet oxygen quantum yields

Fig. 7. Representative fluorescence decay (black), c2 fitting
(red) and instrumental response function (blue) of 2a in DMSO

meso-2-thienyl substituents which enhance the rate of
intersystem crossing to the triplet manifold due to the
presence of sulfur atoms [28, 29]. Upon conjugation
of 2a to the AuNPs a further decrease in the FF value
was observed (Table 2). This is probably due to the
deactivation of the singlet excited state of 2a by the
AuNPs due to the external heavy atom effect, hence,
enhancing the rate of intersystem crossing to the triplet
state [58]. A typical fluorescence decay curve for 2a
is shown in Fig. 7. Mono-exponential curves were
used to derive the tF values for 2a and 2b. 2b was
found to have a shorter lifetime than 2a (Table 2). In
contrast, a biexponential decay curve was observed
for the 2a-AuNPs nanoconjugate. An average lifetime
is provided in Table 2, which is shorter than that of 2a
alone. The biexponential fluorescence decay could be
due to the presence of different orientations of 2a with
respect to the nanoparticles, which results in differing
interactions between the fluorophore and the free
electrons of the metallic surface [59]. This alters the
electric field around the molecules and may result in a
decrease or increase in fluorescence lifetimes depending
on the distance between and the relative orientations of
the molecules and metallic nanoparticles [54, 59]. These
data suggest that the observed reduction in the FF and tF
values following conjugation of 2a is related to external
heavy atom effect from the AuNPs [60].

Copyright © 2019 World Scientific Publishing Company

Singlet oxygen is produced through an energy transfer
process between the excited triplet state of the PS and
ground state molecular oxygen [9]. In this study, the
FD value was determined by monitoring the chemical
photodegradation of DPBF as a singlet oxygen quencher
in DMSO. Figure 8 shows the spectral changes observed
for the 2a-AuNPs nanoconjugate. The FD values ranging
from 0.54 for 2a to 0.73 for 2b (Table 2) reflect the very
low FF values of 0.010 for 2a and 0.007 for 2b, due to
the enhanced rate of intersystem crossing related to the
presence of the central In(III) ion. This, in turn, increases
the interaction between ground state molecular dioxygen
with the excited triplet state of the photosensitizer. There
is an increase in the FD value of 2a-AuNPs compared to
that of 2a as would be anticipated based on an external
heavy atom effect [60].
Cell studies
In vitro dark cytotoxicity. In vitro dark cytotoxicity
investigations were carried out for 2a, 2b and the
2a-AuNPs conjugate using a range of concentrations
from 3.0−40 mg . mL-1. Histograms showing the PS
concentrations against percentage cell viability are
shown in Fig. 9. The photosensitizers considered in this
study showed over 50% cell viability at 3.0−20 mg . mL-1,
suggesting that they were relatively innocuous against
MCF-7 breast cancer cells in the absence of irradiation.
The in vitro dark cytotoxicity of 2a and its 2a-AuNPs
nanoconjugate showed minimal cytotoxicity when
compared to 2b at ≤ 40 mg . mL-1 (Fig. 10). Treatment
with 2a resulted in cell viabilities ≥ 67% at ≤ 40 mg . mL-1
while 2a-AuNPs exhibited cell viabilities ≥ 89% and
2b showed a slight cytotoxic effect with a cell viability
value of 49% at 40 mg . mL-1. This suggests that the
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Fig. 9. Histograms showing percentage cell viability in the dark
and after irradiation of (a) 2a and (b) 2b

conjugation of 2a to AuNPs reduces the dark cytotoxicity
significantly at higher concentrations. Essentially, low
cell viability indicates higher dark cytotoxicity, which is
an undesirable feature for the PDT application since the
photosensitizer should only be cytotoxic in the presence
of light [9].
Photodynamic therapy activity. The investigation of
the PDT activities of 2a, 2b and the 2a-AuNPs conjugate
was carried out over the same range of concentrations
(3.0−40 mg . mL-1) that was used for the dark toxicity studies
and involved excitation with a Thorlabs 625 nm LED for
10 min (625 nm, dose of 144 J . cm-2). Treatment with 2a
resulted in greater than 79% cell death at ≤ 40 µg . mL-1,
while the use of 2a-AuNPs nanoconjugate and 2b resulted
in ≥ 89% and ≥ 82% cell death, respectively (Fig. 10).
Overall, the PDT activity of the 2a-AuNPs nanoconjugate
outperformed that of 2a as would be anticipated based on
the higher FD value (Table 2).

CONCLUSION
In this work, the chloroindium(III) complexes of
tetra(4-methylthiophenyl)porphyrin and tetra-2-thienyl
porphyrin have been successfully synthesized and
characterized along with the AuNPs nanoconjugate
Copyright © 2019 World Scientific Publishing Company

Fig. 10. Histograms showing percentage cell viability in the dark
and after irradiation of 2a-AuNPs (TOP) and 2a (CENTER), and
a comparison of the values obtained at 40 µg . mL-1. (BOTTOM)

of the former. Although 2b has a higher FD value,
significant dark toxicity is observed during cell studies
with the MCF-7 cancer cell line. 2a exhibits an enhanced
FD value upon conjugation to AuNPs, and improved
dark cytotoxicity and phototoxicity properties are also
observed in this context. These results demonstrate the
potential utility of the 2a-AuNPs nanoconjugate for
application in PDT, since the nanoparticles also enhance
the delivery of the photosensitizer dye and its selective
accumulation in cancer tumors due to enhanced solubility
in aqueous solvents and the EPR effect.
Acknowledgment
This work was supported by National Research Found
ation (NRF) of South Africa SA-Kenya collaborative
J. Porphyrins Phthalocyanines 2019; 23: 43–45

1st Reading

44

R. C. SOY ET AL.

grant (UID: 105809) to JM and EA, the Department of
Science and Technology (DST) Nanotechnology (NIC)/
NRF) of South Africa through DST/NRF South African
Research Chairs Initiative to Professor of Medicinal
Chemistry and Nanotechnology (UID: 62620), Rhodes
University and the Organization for Women in Science
for the Developing World (OWSD) scholarship to RS.
The theoretical calculations were carried out at the
Centre for High Performance Computing in Cape Town.

REFERENCES
1. Zhang J, Jiang C, Longo JP, Azevedo RB, Zhang H
and Muehlmann LA. Acta Pharm. Sin. B. 2018; 8:
137–146.
2. Abrahamse H and Hamblin MR. Biochem. J. 2016;
473: 347–364.
3. Henderson BW and Dougherty T. J. Photochem.
Photobiol. 1992; 55: 145–157.
4. Agostinis P, Berg K, Cengel KA, Foster TH, Girotti
AW, Gollnick SO, Hahn SM, Hamblin MR, Juzeniene A, Kessel D and Korbelik M. CA: Cancer J.
Clin. 2011; 61: 250–281.
5. Managa M, Britton J, Prinsloo E and Nyokong T.
J. Coord. Chem. 2016; 69: 3491–3506.
6. Ethirajan M, Chen Y, Joshi PK and Pandey RK.
Chem. Soc. Rev. 2011, 40: 340–362.
7. The Porphyrin Handbook, Vol. 3, Kadish KM,
Smith KM and Guilard R. (Eds.), Elsevier; 2000.
8. Sternberg ED, Dolphin D and Brückner C. Tetrahedron 1998; 54: 4151–4202.
9. Long J, Xu J, Yang Y, Wen J and Jia C. Mater. Sci.
Eng. B 2011; 176: 1271–1276.
10. Li LL and Diau EW. Chem. Soc. Rev. 2013; 42:
291–304.
11. Ryabova V, Schulte A, Erichsen T and Schuhmann
W. Analyst 2005; 130: 1245–1252.
12. Babu B, Amuhaya E, Oluwole DO, Prinsloo E,
Mack J and Nyokong T. Med. Chem. Commun.
2018, in press (DOI: 10.1039/C8MD00373D).
13. Ashok M, Holla BS and Kumari NS. Eur. J. Med.
Chem. 2007; 42: 380–385.
14. Dos Santos FA, Pereira MC, de Oliveira TB, Mendonça Junior FJ, de Lima MD, Pitta MG, Pitta ID,
de Melo R, Barreto MJ, da Rocha P and Galdino M.
Anticancer Drugs 2018; 29: 157–166.
15. Lan L, Qin W, Zhan X, Liu Z and Mao Z. Anticancer Agents Med. Chem. 2014; 14: 994–1002.
16. El-Nakkady SS, Abbas SE, Roaiah HM and Ali IH.
Global J. Pharm. 2012; 6: 166–177.
17. Solov’ev KN and Borisevich EA. Phys.-Usp. 2005;
48: 231–253.
18. Azenha EG, Serra AC, Pineiro M, Pereira MM, de
Melo JS, Arnaut LG, Formosinho SJ and Gonsalves
AMd’AR. Chem. Phys. 2002; 280: 177–190.
19. (a) Peer D, Karp JM, Hong S, Farokhzad OC,
Margalit R and Langer R. Nat. Nanotech. 2007;
Copyright © 2019 World Scientific Publishing Company

20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.

2: 751–760. (b) Shao S, Rajendiran V and Lovell
JF. Coord. Chem. Rev. 2019; 379: 99–120. (c) Mauriello Jimenez C, Aggad D, Croissant JG, Tresfield
K, Laurencin D, Berthomieu D, Cubedo N, Rossel M, Alsaiari S, Anjum DH and Sougrat R. Adv.
Funct. Mater. 2018, 28: 1800235. (d) Zhang Y
and Lovell JF. Theranostics 2012; 2: 905–915. (e)
Wang J, Zhong Y, Wang X, Yang W, Bai F, Zhang
B, Alarid L, Bian K and Fan H. Nano Lett. 2017; 7:
6916–6921.
Jaque D, Maestro LM, Del Rosal B, Haro-Gonzalez
P, Benayas A, Plaza JL, Rodriguez EM and Sole JG.
Nanoscale 2014; 6: 9494–9530.
Sano K, Nakajima T, Choyke PL and Kobayashi H.
ACS Nano. 2012; 7: 717–724.
Li JL and Gu M. IEEE J. Sel. Top. Quantum Electron. 2010; 16: 989–996.
Riley RS and Day ES. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2017; 9: e1449/1–e1449/16.
Pensa E, Cortes E, Corthey G, Carro P, Vericat C,
Fonticelli MH, Benitez G, Rubert AA and Salvarezza RC. Acc. Chem. Res. 2012; 45: 1183–1192.
Silva AR, Pelegrino AC, Tedesco AC and Jorge RA.
J. Braz. Chem. Soc. 2008; 19: 491–501.
Nia S, Gong X, Drain CM, Jurow M, Rizvi W and
Qureshy M. J. Porphyrins Phthalocyanines 2010;
14: 621–629.
Johnstone RA, Nunes ML, Pereira MM, Gonsalves AM and Serra AC. Heterocycles 1996; 7:
1423–1437.
Gupta I, Hung CH and Ravikanth M. Eur. J. Org.
Chem. 2003; 4392–4400.
Ghosh A, Mobin SM, Fröhlich R, Butcher RJ,
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ABSTRACT: Targeting biotin receptors in cancer cells can improve specifying of photosensitizers
(PSs) for cancer treatment by photodynamic therapy (PDT) applications. Consequently, there has been
extensive research focusing mainly on the design of PSs with optimized pharmaceutical properties and
better targeting toward cancer cells. Herein a tailored mono-biotinylated zinc(II) phthalocyanine (Pc-1)
substituted with six phenoxy-bis(triazolyl) substituents has been synthesized. This Pc-1 has been further
modified to its cationic version (Pc-2) through quaternizing of the triazole moiety to gain water solubility.
Both non-ionic zinc(II) phthalocyanine (Pc-1) and its cationic derivative (Pc-2) were characterized by
standard spectroscopic techniques, namely; FT-IR, 1H and 13C NMR, UV-Vis and MALDI-TOF, and by
elemental analysis. The photophysical and photochemical properties were evaluated in DMSO for the
non-ionic Pc-1 and in both DMSO and water for the cationic Pc-2.
KEYWORDS: phthalocyanine (Pc), photophysical, photochemical, photodynamic therapy (PDT),
photosensitizer (PS).

INTRODUCTION
Photodynamic therapy (PDT) has been clinically
approved for the use as a minimally invasive therapeutic
modality relevant to its selective destruction of cancer
cells with little or no dark toxicity [1]. The PDT thera
peutic procedure is based on activating photoactive
reagents, i.e. photosensitizers (PSs), using light irradiation
of an appropriate wavelength followed by transferring this
absorbed energy to the surrounding oxygen molecules
to generate reactive oxygen species (ROS), which are
responsible for damaging cancer cells. PDT can be safe and
potentially reduce off-target toxicity on cancer treatment
when delivery of light is confined to the targeted area and
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selective accumulation of PS are combined [2–5]. Despite
these facts, most second generation PSs show only minor
selectivity toward tumor tissues, and thus, high uptake
by healthy cells would occur along with concomitant
phototoxic and photoallergic skin reactions [6, 7]. It is,
therefore, of a great importance that the PSs used in this
therapeutic approach be highly selective toward targeted
tumor cells, and are able to reduce the side effects, as well
as showing low dark toxicity. Third generation PSs have
been ascribed to incorporate cancer-targeting substrates
which are capable of guiding the PSs to bind and recognize
expressed tumor receptors (antigens) [8–10]. Such targe
ting moieties include coupling to carbohydrates [11, 12]
since cancer cells are known to express carbohydratebinding proteins, i.e. galectins and glucose transporters
GLUT1 and GLUT3, [13–15] antibodies [16, 17],
peptides [14, 18] and B vitamins, such as folic acid (B9)
[19, 20], riboflavin (B2) and biotin (B7) [14, 21] which
are essential for the survival of the tumorous cells.
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Phthalocyanines (Pcs) have been intensely studied
as suitable photoactive materials for PDT treatment
since they fulfil many of the requirements acquired by
efficient PSs, including photostability, highly generation
of singlet oxygen, lack of dark toxicity and structural
flexibility along with their strong absorption in the near
infrared region which allows light to penetrate deeper
into the tissue [14, 22–27]. However, their insolubility
in water associated to their hydrophobic character is
considered a major drawback for these macrocyclic
materials to be ideally feasible for PDT therapy.
Thus, fabricating the macrocyclic backbones with a
variety of water-soluble substrates such as carboxylic
acid, sulfonic acid and quaternized amino groups has
an important influence on enhancing the solubility of
Pcs in aqueous media. However, some disadvantages
have been observed by these water-soluble derivatized
macrocycles due to their being self-aggregat in
water-based solutions. The p–p stacking interaction
process that takes place between the macrocyclic
planes is well-known to reduce the singlet oxygen
production, and therefore, limits their PDT efficiency.
Consequently, several strategies have been adopted,
for example, adding surfactants/co-solvents [28, 29],
attaching the to delivery systems [30–32], dissolving
the lipophilic compounds or axial substituents on the
central metal [33, 34], or on the Pc core specially with
biocompatible units [24, 35] or bulky groups [36–39]
in order to improve the macrocycles' hydrophilicity and
biocompatibility, which are necessary for this particular
type of application.
Recently, a baseline of highly potent PS in aqueous
media, imidazolyl-phenoxyl substituted phthalocyanine,
has been described by our group [40]. This truly nonaggregated water-soluble imidazolyl-containing macro
cycle appeared to show high photodynamic activity on
prototypic malignant HeLa cells [40–42]. Based on
this promising PDT result, we hence focused our aim
on developing new quaternized macrocyclic systems
by replacing imidazole units with other heterocyclic
moieties, i.e. 1,2,4-triazoles. Accordingly, novel nonaggregated water-soluble cationic photoactive reagents
bearing multi-triazolylated sites on the macrocyclic
Pc rim has been successfully achieved, and results
were remarkably interesting. Such triazolyl activation
improved the macrocyclic potential toward HeLa cells
(EC50 = 12 nM, l > 570 nm, 11.2 J . cm-2) with low
dark toxicity (TC50 = 369 mM) [43]. Considering this
outstanding PDT efficacy, we attempted to design a novel
A3B asymmetrical Pcs bearing six bulky phenoxylbis(triazolyl) moieties and one biotin group. Such
combination would introduce many advantages to the Pc
hydrophobic structure, i.e. excellent solubility in aqueous
media due to the presence of multiple cationic triazolium
salts as well as improving their selective accumulation
in the RB-positive (receptor overexpressed) cancer
cells via the biotin ligating site. In fact, studies of dual
Copyright © 2019 World Scientific Publishing Company
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functional Pcs directly substituted with biotin groups
have remained rare so far [23].
Herein, the design and the synthesis of a novel
zinc(II) phthalocyanine bearing twelve quaternized
triazolyl groups and a mono-biotin moiety on the
phthalocyanine macrocycle (Pc-2) are described. The
presence and the orientation of the multi-triazolyl
cations are of great interest. In addition to their rapid
solubility in water and being completely non-aggregated
in solvated environments, the existence of the biotin
moiety on the peripheral position of the macrocycle
would significantly raise the efficiency of the PS to
selectively bind to cancerous cells. The pseudo-donut
shape-like structure was achieved in two artificial steps:
(i) synthesis of a novel asymmetrical A3B zinc(II)
phthalocyanine bearing twelve triazolyl and a monobiotin on the phthalocyanine macrocycles (Pc-1) upon
direct conjugation of a terminal ethynyl biotin derivative
on freshly prepared asymmetrical A3B type zinc(II)
phthalocyanine containing twelve triazolyl groups and
a mono-iodo group on the phthalocyanine macrocycle
(ZnI) via the Pd(0)-catalyzed Sonogashira crosscoupling reaction, and (ii) quaternizing the triazole
moieties on the Pc-1 to obtain the targeted water soluble
A3B type zinc(II) phthalocyanine bearing twelve
quaternized triazolyl groups and a mono-biotin moiety on
the macrocycle (Pc-2). The synthesized phthalocyanine
complexes (Pc-1 and Pc-2) were characterized from
their spectral data (e.g. FT-IR, NMR, UV-vis and
MALDI-TOF spectroscopy) and elemental analysis.
The photochemical and photophysical properties of
these novel zinc(II) phthalocyanine photosensitizers
were fully investigated in DMSO solution for the nonionic complex (Pc-1), while they were examined in
both DMSO and water solvated systems for the cationic
version (Pc-2).

RESULTS AND DISCUSSION
Synthesis
Asymmetrical A3B-type zinc(II) phthalocyanine (ZnI)
was prepared according to the procedure earlier reported
by our group using a 4:1 ratio mixture of bis{2,6-bis[(1H1,2,4-triazol-1-yl)methyl]-4-methylphenoxy}phthaloni
trile [43, 44] and 4-iodophthalonitrile through statistical
condensation in dimethylaminoethanol (DMAE) in the
presence of anhydrous zinc(II) chloride as the metal
source under nitrogen atmosphere at 140 °C [45]. The ZnI
was then decorated with biotin via the Pd(0)-catalyzed
Sonogashira coupling reaction in the presence of
bi-catalytic systems (PdCl2(PPh3)2/CuI) and triethylamine
(TEA) at room temperature for 24 h. Treatment of
this novel biotinylated-zinc(II) phthalocyanine (Pc-1)
with dimethyl sulphate in dimethylformamide (DMF)
at 120 °C produced the quaternized water-soluble
J. Porphyrins Phthalocyanines 2019; 23: 47–55
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Scheme 1. The synthetic route of the biotinylated zinc(II) phthalocyanine and its quaternized derivative. (I) THF, DMF, TEA,
PdCl2(PPh3)2, CuI, room temperature, 24 h, (II) DMF, dimethylsulfate, 120 °C, 12 h

macrocyclic analogue Pc-2 (Scheme 1). Both novel
phthalocyanine derivatives were characterized from their
respective spectral data, e.g. FT-IR, 1H and 13C NMR,
MALDI-TOF and UV-Vis and CHNX elemental analysis.
The FT-IR spectra clearly indicate the substitution of the
biotin group in both Pc-1 and Pc-2 macrocycles with the
appearance of the absorption bands at 3432 cm-1 (NH),
1723 cm-1 (C=O) and 1613 cm-1 (C=C) for Pc-2 as shown
in Fig. 1. The MALDI-TOF mass spectrum (Fig. 2) for
the non-quaternerized macrocycle (Pc-1) detected the
molecular ion peak at m/z = 2467.42 as [M + H]+ which
confirms its molecular structure of this phthalocyanine.
Unfortunately, the quaternerized structure could not be
detected by either MALDI-TOF or other validated mass
spectroscopic techniques.
/

Absorption spectra
The UV-Vis spectroscopic technique was used to assess
the absorption spectra of the non-ionic/ionic complexes
(Pc-1/Pc-2). In addition, their aggregation behavior in
organic media for Pc-1 and either organic or aqueous media
for Pc-2 was evaluated. A sharp and unperturbed single
Q band, typical of monomeric metallophthalocyanines
with D4h symmetry, was observed for both Pc-1 and
Pc-2 at ~680 nm in DMSO (Fig. 3). The B band, which
is known as the Soret band, was observed at 363 nm for
both macrocycles [25, 46]. The aggregation behavior of
both studied complexes was evaluated in DMSO. The
Q-band absorption maxima (i.e. shape and position) were
independent of concentration and followed the Beer–
Lambert law with a constant extinction coefficient in the
studied concentration range (1 to 9 mM, Figs 3a and 3b).
Additionally, the UV-vis spectra of the Pc-2 complex was
assessed in water and followed the Beer–Lambert law,
which is typical of predominantly monomeric species
(Fig. 3c).
Photophysical characterization
Singlet oxygen is believed to be the primary cytotoxic
species in PDT, and fluorescence emission is often used
Copyright © 2019 World Scientific Publishing Company

Fig. 1. FT-IR spectra of Pc-1 and Pc-2

to follow up PSs at the subcellular level or in animal and
human tissues. In order to evaluate the potential of the
targeted phthalocyanine complexes (Pc-1 and Pc-2) as
PSs, their singlet oxygen generation quantum yields (FD)
were examined in DMSO by measuring the photoinduced
decomposition of 1,3-diphenylisobenzofuran (DPBF)
for both Pc-1 and Pc-2, and in water using a,a′(anthracene-9,10-diyl)bimethylmalonate (ADMA) for
Pc-2 as the scavenger (Figs 4 and 5) [24, 26]. ZnPc was
J. Porphyrins Phthalocyanines 2019; 23: 48–55

1st Reading

BIOTINYLATED-CATIONIC ZINC(II) PHTHALOCYANINE TOWARDS PHOTODYNAMIC THERAPY

Fig. 2. MALDI-TOF spectrum of Pc-1
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used as a reference compound for photophysical and
photochemical studies in DMSO (FDStd = 0.67) [47]. The
ZnPcSmix (FDStd = 0.45) compound was also used as a
standard in aqueous media [48]. From the results, it was
found that Pc-1 was capable of producing singlet oxygen
with FD = 0.31 in DMSO, while Pc-2 generated almost no
singlet oxygen either in DMSO (FD = 0.009) or in water
(FD = 0.01) (Table 1). Furthermore, the quantum yield of
fluorescence (FF) and fluorescence lifetime (tF) values
were determined in DMSO for both Pc-1 and Pc-2 and in
water for Pc-2 using the integrated sphere. Interestingly,
both quantum yields (FD and FF) for Pc-1 in DMSO
were substantially lowered as seen from the sum of
these most important relaxation pathways. On the other
hand, the quaternized derivative Pc-2, which appears

Fig. 3. UV-vis spectral dilution studies at different concentrations ranging from 1 to 9 mM in DMSO for Pc-1 (a) and Pc-2 (b) and
in water for Pc-2 (c). Insets: dependence of the extinction coefficient at lmax on the concentration for Pc-1 and Pc-2
Copyright © 2019 World Scientific Publishing Company
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Table 1. Photophysical and photochemical data for the target zinc(II) phthalocyanine complexes in DMSO
and watera
Solvent

labs

lEx (nm)

lEm (nm)

FF

tF (ns)

Unsubst-ZnPc

DMSO

672b

672b

682b

0.20b

3.99c

2.61b

0.67d

Pc-1

DMSO

680

679

690

0.06

2.33

1.32

0.31

DMSO

682

—

—

—

—

0.51

0.009

Water

692

—

—

—

—

0.65

0.01

DMSO

679

680

692

0.16

1.79

7.65

0.74

Pc-2
ZnI

Fd (× 10-4)

FD

Compound

labs = Q-band absorption maximum, lmax = Excitation maximum, lem = Emission maximum, FF =
Fluorescence quantum yield, tF = Fluorescence lifetime, Fd = Photodegradation quantum yield, FD =
Singlet oxygen quantum yield. b Data from Ref. [56], c Data from Ref. [57], d Data from Ref. [47].
a

Fig. 4. Absorbance changes during the determination of singlet oxygen quantum yield for the Pc-1 and Pc-2 complexes (a, b) and
ZnPc reference (c) in DMSO at a concentration of 2 mM. (Inset: Plots of DPBF absorbance vs. time)

to be monomeric for the absorption spectra, was nonfluorescent in both DMSO and water, indicating that they
were losing their photodynamic potential. The emission
spectrum of the studied Pc-1 complex was typically
Copyright © 2019 World Scientific Publishing Company

mirror images of the Q band and was characterized by
a small Stokes shift (Fig. 6). The excitation spectrum
was in perfect agreement with the absorption spectrum,
further confirming the presence of monomeric species in
J. Porphyrins Phthalocyanines 2019; 23: 50–55
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Fig. 7. The fluorescence decay of Pc-1 in DMSO. The emission
wavelength is 700 nm, excitation wavelength is 640 nm
(Fianium laser), at concentration ~20 mM

Fig. 5. Absorbance changes during the determination of singlet
oxygen quantum yield for the quaternized Pc-2 complex (a) and
ZnPcSmix (b) in water at a concentration of 2 mM. (Inset: Plots
of ADMA absorbance vs. time)

Fig. 6. Normalized absorption (black, dashed), excitation (red),
and emission (navy) spectrum of the Pc-1 in DMSO

Fig. 8. Absorbance changes during the photodegradation study
for the non-quaternized Pc-1 (a) and quaternized Pc-2 (b) com
plexes in DMSO. (Inset: Plot of Q band absorbance vs. time)

solution (Fig. 6). The fluorescence decay of Pc-1 showed
a monoexponential curve (Fig. 7). The fluorescence
lifetime of Pc-1 was found to be 2.33 ns in DMSO,
which is higher than ZnI and lower than unsubstituted

zinc(II) phthalocyanine. The photochemical stability of
the studied complexes has been evaluated by measuring
their photodegradation quantum yields (Fd) due to their
utilities in biomedical applications (e.g. PDT), (Fig. 8)

Copyright © 2019 World Scientific Publishing Company
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[49]. The obtained Fd values for all studied complexes
are on the order of 10-4 (Table 1), similar to the reported
values for Pc derivatives with different metals and
substituents [50].

Supercontinuum Fianium White Laser as excitation source
at 640 nm (frequency of 10 MHz) and Picosecond Pulsed
Light Emitting diode, 357.8 nm (frequency of 20 Hz) in
case of a low fluorescence compound. The instrument
response function was measured using a diffusive
reference sample (LUDOX ® from Sigma–Aldrich).

EXPERIMENTAL SECTION
Compounds; 1,2,4-triazole, 2,6-bis(hydroxymethyl)-4methylphenol, 4-iodophthalonitrile, deuterated dimethylsulfoxide (DMSO-d6), zinc chloride, dimethylaminoeth
anol (DMAE), propargylamine, 1-hydroxybenzotriazole
hydrate (HOBt), N,N′-dicyclohexylcarbodiimide (DCC),
copper (I) iodide, N,N-dimethylformamide (DMF),
bis(triphenylphosphine) palladium(II) chloride, dime
thylsulfate and unsubstituted ZnPc were purchased from
Sigma–Aldrich. In addition, 4,5-dichlorophthalo
nitrile
and biotin were obtained from TCI (Toshima, Japan).
Thin layer chromatography (TLC) was performed using
Polygram SIL G/UV 254 TLC plates, and visualization
was performed under ultraviolet light at 254 nm and
364 nm. Column chromatography was performed using
Merck silica gel 60 of mesh size 0.040–0.063 mm.
Anhydrous solvents were either supplied by Sigma–Aldrich
and used as they were received or dried as described by
Perrin and Armarego [51]. 1H and 13C NMR spectra were
recorded using a Bruker DPX 600 at 600 MHz and 100 MHz,
respectively. FT-IR spectra were obtained with a Jasco
6300 FTIR. UV-vis studies were performed on a
Varian Cary 5 spectrometer and a Shimadzu UV-2600
spectrophotometer. Elemental analyses were performed
using an Elementar Vario MICRO Cube. The clusters
of peaks that corres
ponded to the calculated isotope
composition of the molecular ion were observed by
matrix-assisted laser desorption/ionization-time-of-flight
mass spectrometry (MALDI-TOF) via an ultrafleXtreme
(Bruker). The MALDI-TOF mass data for Pc-1 is
presented as the mass of the most intense peak in the cluster
instead of the exact mass. Melting points were determined
via differential scanning calorimetry (DSC) analyses on
a Shimadzu DSC-50. All the studied compounds gave
satisfactory elemental analyses with differences of less than
0.4% from the calculated values, indicating ≥ 95% purity.

Singlet oxygen quantum yield
Singlet oxygen quantum yield (FD) determinations
were carried out using the experimental set-up described
in the literature [52]. Typically, a 3 mL portion of the
substituted zinc(II) Pc solution containing the singlet
oxygen quencher was irradiated in the Q band region with
the photo-irradiation set-up described in the literature
[52]. FD values were determined in air using the relative
method with unsubstituted ZnPc (in DMSO) or ZnPcSmix
(in water) as references. 1,3-Diphenylisobenzofuran
(DPBF) or a,a′-(anthracene-9,10-diyl)bimethylmalonate
(ADMA) were used as chemical quenchers for singlet
oxygen in DMSO and water, respectively. Equation 1,
given below was employed for the calculations:
Φ ∆ = Φ Std
∆

R . I Std
abs
(1)
R Std . I abs

where FStd
D is the singlet oxygen quantum yield for the
standard unsubstituted ZnPc (FD = 0.67 in DMSO) [47]
or ZnPcSmix (FStd
D = 0.45 in aqueous media) [48]. R and
RStd are the DPBF (or ADMA) photobleaching rates in
the presence of the respective samples and standards,
respectively. Iabs and IStd
abs are the rates of light absorption
by the samples and standards, respectively. To avoid chain
reactions induced by DPBF (or ADMA) in the presence
of singlet oxygen [53], the concentration of quenchers
(DPBF or ADMA) was lowered to ~3 × 10-5 M [54].
Solutions of sensitizers containing DPBF (or ADMA)
were prepared in the dark and irradiated in the Q-band
region using the photoirradiation set-up. The degradation
of absorbances of DPBF at 417 nm and ADMA at 380 nm
were monitored by UV-vis spectrophotometry. A light
intensity of 6.65 × 1015 photons s-1 cm-2 was used for FD
determinations.

Fluorescence measurements

Photodegradation quantum yields

Steady-state and time-resolved fluorescence were
measured at room temperature using an Edinburgh FLS980
spectrofluorometer (equipped with a 450 W xenon lamp).
A Xe lamp was used for steady-state measurements.
Fluorescence quantum yields were acquired directly using
an integrating sphere incorporated into a spectrofluorometer
(FLS980, Edinburgh Instruments). Time-resolved spec
troscopy measurements were taken using the timecorrelated single-photon-counting technique (TCSPC)
for determination of fluorescence lifetime integrated in
the FLS-980 fluorescence spectrometer equipped with

Photodegradation quantum yield (Fd) determinations
were carried out using the experimental set-up described
in literature [52]. Photodegradation quantum yields were
determined using Equation 2, given below,

Copyright © 2019 World Scientific Publishing Company

Φd =

(C0 − Ct ) . V . N A
(2)
I abs . S . t

where C0 and Ct are the sample concentrations before and
after irradiation respectively, V is the reaction volume, NA
is Avogadro’s constant, S is the irradiated cell area, t is
J. Porphyrins Phthalocyanines 2019; 23: 52–55
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the irradiation time and Iabs is the overlap integral of the
radiation source light intensity and the absorption of the
samples. A light intensity of 2.23 × 1016 photons s-1 cm-2
was employed for Fd determinations.
Synthesis of asymmetrical zinc(II) phthalocyanine
(Pc-1) and its quaternized derivative (Pc-2)
ZnI was prepared according to a previously described
procedure [44] using a 4:1 ratio mixture of bis{2,6bis[(1H-1,2,4-triazol-1-yl)methyl]-4-methylphenoxy}
phthalonitrile (A) and 4-iodophthalonitrile (B). This was
followed by the preparation of 5-((3aR,6S,6aS)-hexahydro2-oxo-1H-thieno[3,4-d]imidazol-6-yl)-N-(prop-2-ynyl)
pentanamide according to the procedure described in the
literature [55].
Pc-1. 5-((3aR,6S,6aS)-hexahydro-2-oxo-1H-thieno
[3,4-d] imidazol-6-yl)-N-(prop-2-ynyl)pentanamide
(0.02 g, 0.071 mmol) and ZnI (0.05 g, 0.021 mmol) were
dissolved in 5 mL dry THF, 1 mL dry DMF and 2 mL
triethyl amine solvent mixture. The reaction mixture
was stirred for 30 min under an argon atmosphere. After
this time, PdCl2(PPh3)2 (0.006 g, 0.008 mmol) and CuI
(0.002 g, 0.010 mmol) were added to the mixture and
stirred at room temperature for a further 24 h under
an argon atmosphere. Then, the resulting mixture
was poured into methanol. The obtained precipitated
green crude material was purified by washing with
dichloromethane, acetone, ethanol and ethyl acetate,
affording the desired product (Pc-1) as a dark green
solid in 0.048 g (90% yield); mp > 300 °C. Elemental
analysis calcd (%) for C123H105N47O8SZn + 3H2O: C,
58.60; H, 4.44; N, 26.11. Found: C, 58.65; H, 4.34; N,
25.94. UV-vis (DMSO): lmax/nm (log e): 363 (4.88),
615 (4.34), 681 (5.01). FT-IR, nmax/cm-1: 3431 (N–H),
3059 (Aromatic CH), 2925–2733 (Aliphatic CH), 1703
(C=O), 1597 (C=C). 1H NMR (600 MHz, DMSO-d6,
25 °C): d = 2.64 (12H, m, CH3), 2.59 (6H, m, CH3),
2.77–3.10 (8H, bm, CH2–CH2), 3.14–3.86 (7H, bm,
CH), 5.60 (8H, s, CH2), 5.86 (16H, bs, CH2), 7.41 (8H,
s, Tri-H), 7.62 (16H, bd, Tri-H), 8.14 (8H, bs, Pc-Ar-H),
8.24 (1H, s, Pc-Ar-H), 9.02 (12H, bm, Ar-H), 10.15
(3H, bm, NH). 13C NMR (100 MHz, DMSO-d6, 25 °C):
d = 136.48, 134.02, 132.08, 132.05, 131.52, 131.45,
131.00, 129.72, 128.81, 128.74, 62.78, 59.20, 55.30,
47.74, 28.11, 24.86, 20.96. MS (MALDI-TOF) m/z:
Calc. 2466.90; Found 2467.42 [M]+.
Pc-2. Compound Pc-1 (35 mg, 0.014 mmol) was
heated to 120 °C in freshly distilled DMF (0.5 mL).
Excess dimethyl sulfate (0.1 mL) was then added
dropwise to the solution and the mixture was stirred at
120 °C for 12 h. After this time, the mixture was cooled
to room temperature and the product was precipitated
with hot acetone and collected by filtration. The green
solid crude material was washed with hot ethanol, ethyl
acetate, THF, chloroform, n-hexane and diethylether.
The resulting hygroscopic product was dried in over
Copyright © 2019 World Scientific Publishing Company
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phosphorous pentoxide to obtain the desired product
(Pc-2) as a green solid in 0.035 g (77%); mp > 300 °C.
Elemental analysis calcd (%) for C135H141N47O32S7Zn +
6H2O: C, 50.30; H, 4.41; N, 20.42. Found: C, 50.47; H,
3.96; N, 20.13. UV-vis (DMSO) lmax/nm (log e): 358
(4.71), 615 (4.20), 683 (4.93). UV-vis (H2O) lmax(nm):
363 (4.46), 612 (4.12), 681 (4.75). FT-IR, nmax/cm-1: 3432
(N–H), 3140 (Aromatic CH), 2923–2730 (Aliphatic
CH), 1723 (C=O), 1613 (C=C). 1H NMR (600 MHz,
DMSO-d6, 25 °C): d = 2.64 (12H, m, CH3), 2.59 (6H,
m, CH3), 2.77–3.10 (8H, bm, CH2–CH2), 3.14–3.37 (7H,
bm, CH), 3.82 (36H, bm, CH3), 5.60 (8H, s, CH2), 5.86
(16H, bs, CH2), 7.97 (8H, s, Tri-H), 8.18 (16H, bd, TriH), 8.63 (8H, bs, Pc-Ar-H), 8.74 (1H, s, Pc-Ar-H), 10.20
(12H, bm, Ar-H), 10.68 (3H, bm, NH). 1H NMR (600
MHz, D2O, 25 °C): d = 2.59–2.64 (12H, m, CH3), 2.80
(6H, m, CH3), 3.02–3.03 (8H, bm, CH2–CH2), 3.53–3.57
(7H, bm, CH), 3.80 (36H, bm, CH3), 5.54 (8H, s, CH2),
5.78–5.84 (16H, bs, CH2), 7.71 (8H, s, Tri-H), 7.80 (16H,
bd, Tri-H), 8.21 (8H, bs, Pc-Ar-H), 8.53 (1H, s, Pc-Ar-H),
9.74–9.77 (12H, bm, Ar-H), 9.86–9.89 (3H, bm, NH). 13C
NMR (100 MHz, DMSO-d6, 25 °C): d = 151.60, 147.32,
144.57, 144.48, 136.14, 131.34, 130.82, 129.83, 129.57,
57.90, 47.37, 20.87.

CONCLUSION
Vitamin receptors are over-expressed in cancer cells
which, making them an important class of biomolecular
targets for effective delivery of anticancer drugs.
In this work, a novel non-aggregated water-soluble
phthalocyanine and its quaternized analogue have been
successfully constructed upon direct conjugation of
biotin substrate on the peripheral site of the macrocyclic
core via the Pd(0)-catalyzed Sonogashira cross coupling
reaction. The structural features of the novel macro
cyclic complexes have been well-established from their
respective FT-IR, NMR, MALDI-TOF and UV-vis
spectral data and CHNX elemental analysis. As well,
their photochemical and photophysical properties
were investigated in DMSO for the non-quaternized
derivative (Pc-1) and in both DMSO and water for the
quaternized cationic derivative (Pc-2). Additionally, the
presence of phenoxy-bis(triazolyl) moieties based on the
orthogonally oriented bulky phenoxyl units significantly
prevent the macrocyclic cores from approaching
each other in dissolved media, and as a result, nonaggregated macrocyclic structures have been observed.
The existence of a biotin substituent on the peripheral
site dramatically decreases the fluorescence quantum
yield (FF) and the singlet oxygen quantum yield (FD)
in both Pc-1 and its quaternized version, Pc-2. As a
whole, the structure is a good start as a promising PS for
PDT studies for cancer treatment and worthy for further
investigation. Further research will be evaluated on cells
using these PSs.
J. Porphyrins Phthalocyanines 2019; 23: 53–55
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ABSTRACT: In this study we evaluated the impact of iodine substitution on the ability of
subphthalocyanines (SubPc) to stimulate or regulate the function of macrophages. Previous studies have
focused on the usage of phthalocyanines and their derivatives as treatment options against different types
of cancer. In order to obtain better prognosis rates, their possible effects on the immune system cells should
be delineated. Unique subphthalocyanines were designed and synthesized by our group and a derivative
was generated via iodine substitution. In our study we further tested the effects of the new Subpcs on
macrophage cell lines. Macrophages play an important role in the immune system through cytokine
production and antigen presentation to other types of the immune system cells. They can define the type
and the strength of the immune responses against a particular danger signal. Based on pro-inflammatory
cytokine (TNFa, IL1b and IL6) production levels by macrophages, unsubstituted SubPc had antiinflammatory properties. However, iodine substitution on the same SubPc created a completely opposite
effect since these iodo-substituted SubPc exerted an immunostimulatory effect on macrophages based
on significant increases in the pro-inflammatory cytokine production levels compared to the untreated
controls. While SubPcs can be used to suppress the pro-inflammatory activities of the macrophages,
iodine-substituted SubPcs have potentials to be used as adjuvants and immunostimulatory molecules.
KEYWORDS: macrophages, inflammation, immunotoxicology, subphthalocyanine, adjuvants.

INTRODUCTION
Subphthalocyanines (SubPcs) are aromatic macro
cyclic compounds known as lower homologues of
phthalocyanines (Pcs). SubPcs consist of a boron atom in
the center which is surrounded by three diiminoisoindole
rings N-fused to constitute a 14-p-electron aromatic
macrocycle [1]. SubPc exhibit intense absorption in the
UV region (< 400 nm) and in the visible spectral range
◊
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(550–650 nm), known as the Q band, which gives rise
to a remarkable pink color of its solutions [2] . The most
important photochemical advantage of SubPcs over the
related planar phthalocyanines is that their particular
conical structure provides them with relatively high
solubility and a low tendency to aggregate [2]. The
structure-properties of SubPc depend on the substituted
positions and the electronic nature of the substituents
and can be easily modified by attaching appropriate
functional groups to the peripheral or the axial position
of the SubPc core [3]. The peculiar photophysical and
chemical properties of SubPcs, hence, make them an
advanced materials for many applications including
organic electronics [4], photovoltaics [5], OLEDs [6] and
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supramolecular chemistry [7]. Even though particular
SubPc derivatives are recognized as photosensitizers for
biological applications such as photodynamic therapy
(PDT) of cancer because of their intense fluorescent
emission with high fluorescence and singlet oxygen
quantum yields, there are not enough studies about their
use in biomedical research [8].
In terms of their biotechnological applications, in
recent years Pcs have been used extensively in the
preliminary applications of photodynamic therapy (PDT)
and anti-cancer research. Due to their characteristics
including low dark toxicity, high singlet oxygen
quantum yield and high extinction coefficients within
the therapeutic window (600–800 nm), these molecules
bear high potential as PDT therapeutics against tumor
cells [9]. These compounds’ promising effects have
been studied extensively by in the literature whereas
their possible effects, either positive or negative, on the
immune system cells have not yet been evaluated. It is
crucial to focus on their possible effects on the immune
system, since multiple studies have shown that generation
of a proper and intact immune response against tumor
cells plays an important role in enabling better cancer
prognosis rates [10–14]. Moreover, due to their electron
transport capacity, we hypothesized that these materials
could interfere with cellular activities and alter their
functions, possibly by interfering the electron transport
processes within the cells. However, to the best of our
knowledge, the ability of subphthalocyanines (SubPcs)
to stimulate and/or regulate macrophage function has
not yet been investigated. Knowledge of the effects of
Pcs, SubPcs and their derivatives on the immune system
would prevent possible immunotoxic side effects and
would also enable more efficient use of these molecules
according to medical needs [15]. Depending on the
requirements for eradicating tumor cells, either a proor anti-inflammatory environment, a specific selection
of Pcs and SubPc with proper immunosuppressive
or immunostimulatory activities can be utilized.
Furthermore, pro-inflammatory Pcs and SubPcs can find
applications in vaccine formulations as adjuvants. Antiinflammatory molecules can also be utilized in the field of
medicine against chronic inflammation and autoimmune
reactions [15].

57

In our studies, possible immunostimulatory and
immunomodulatory roles of unique iodine-substituted
or non-substituted SubPc (Fig. 1) were examined on the
mouse macrophage cell line. Macrophages were the main
focus of our experimental design due to their indispensable
role at the different stages of the immune responses. They
play a crucial role in the inflammatory responses through
pro-inflammatory cytokine production. These cytokines
are TNFa, IL1b, IL12, GMCSF and IL6 [16–24]. Due
to their phagocytic capacities, macrophages can present
danger-associated antigens to other immune system
cells and further regulate their activities [25–28]. They
play an important role in the elimination of pathogens,
toxins and cellular debris through phagocytic activities
[24–25]. Not only in the generation of an inflammatory
response but also in the resolution of the inflammation
and wound healing processes, these cells have important
roles [29–30]. Our results suggest that iodine-substituted
SubPc and unsubstituted SubPc had differential effects
on the pro-inflammatory TNFa, IL1b and IL6 cytokines’
production levels by the macrophages in vitro. SubPcs
had anti-inflammatory effects but, through iodine
substitution, they gained pro-inflammatory properties.
This differential effect can be utilized in drug design and
medicinal applications.

EXPERIMENTAL
Methods
In vitro cell activation studies
Cell Culture. RAW 264.7 cells were purchased from
ATCC and grown in Roswell Park Memorial Institute
media (RPMI 1640) media with %10 fetal bovine serum,
%1 antibiotics (100 mg/ml penicillin and 100 μg/ml
streptomycin) and sodium pyruvate. Cells were incubated
at 37 °C in 5% CO2. Cell media was refreshed once in
every 4 days until it reached sufficient confluency to be
used in the experiments.
SubPc derivatives, and Lipopolysachharide (LPS)
stimulation to mimic danger signal. RAW 264.7 cells
were put in 1 × 106 cells/well concentration in 1 ml
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Fig. 1. Molecular structures of SubPc 1 and 2 ( SubPc 2 consists of a mixture of C1 and C3 regioisomers)
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fresh complete RPMI as described above into 24-well
plates, then they were rested overnight in a 37 °C
5% CO2 incubator. We tested the effect of 1, 10 and
100 mg/ml SubPc and triiodo SubPc on RAW 264.7 cells
in the presence and absence of inflammatory stimulator
LPS. 1 ml of LPS (1 mg/mL, Enzo Life Sciences,
Salmonella minnesota R595) was put into 1 mL media
of containing cells that had rested overnight. The same
volume of DMSO was put into control negative and
LPS-only wells. Then cells were treated with the SubPc,
tri-iodo SubPc and LPS for 24 h in a 37 °C 5% CO2
incubator. Afterwards, supernatants from each well were
collected into Eppendorf tubes and centrifuged at 2000
RPM to get rid of any cellular debris, then supernatants
were transferred into fresh Eppendorf tubes and kept
at ‑80 °C before further examination. All experimental
conditions were tested in triplicate. In order to measure
IL1b production by RAW 264.7 cells, freshly prepared 5
mM ATP (Fisher Scientific) was put into each well 2 h
before harvesting. The same experimental set up as stated
above was used.
TNFα, IL6 and IL1b ELISAs. TNFa, IL6 and IL1b
production was measured by using an enzyme-linked
immunosorbent assay (ELISA). For each cytokine type
a ELISA kit (BD Biosciences, CA, USA) was used
following the manufacturer’s instructions. Maxisorb 96
well plates (Krackeler) were first coated overnight with
hamster anti-mouse cytokine (0.5 mg/mL in bicarbonate
buffer pH = 9.5, 100 mL/well). After removing the
solution, the plate was washed 3 times with 0.05% Tween
20 PBS. Then plate was blocked with 200 mL blocking
buffer (1% BSA PBS) in each well after 3 h of incubation
at room temperature. After washing the plate 3 times
samples were put as 100 mL into each well and incubated
overnight at 4 °C. After washing the plate 3 times, 100 μL
biotin human anti-mouse cytokine (0.5 mg/mL 10%
FBS PBS’te) was put into each well and each plate was
incubated at room temperature for 2 h. After discarding
the solution, the plate was washed 3 times and 100 μL of
Streptavidin HRP solution was put into each well and the
plate was incubated for 2 h at room temperature. Then the
plate was washed 3 times and 100 μL TMB substrate (BD
OptEIA) was put into each well, 50 mL of 1 M sulfuric
acid was used to stop the reaction and absorbance was

measured at 450 nm. The concentration of TNFa, IL1b
and IL6 in each sample was calculated using known
concentrations of each cytokine as a standard.
Cell counting and proliferation. After removing the
supernatant media, the cells were resuspended in 1 ml
PBS and measured by mixing 10 mL of cells and 90 mL
of Trypan Blue (0.1 mM) and counting them using a
hematocytometer and microscope.
Synthesis
SubPc 1 [31] and triiodoSubPc 2 [32] were synthe
sized according to the literature procedures. The cyclo
trimerization the corresponding phthalonitrile in the
presence of BCl3 in p-xylene followed by the nucleophilic
substitution of the axial chlorine atom with 4-tertbutylphenol in toluene led to the desired compounds in
good yields (Scheme 1).
Statistical analysis
GraphPad Prism Software version 5 was used for
statistical analysis and for each data set there were nine
independent results and unpaired two tailed t-test was
executed to determine statistical significance.

RESULTS AND DISCUSSION
Iodine-substituted SubPc stimulated the macrophages
in the absence of the danger signal whereas unsubstituted
SubPcs were not immunostimulatory.
We activated mouse macrophage cells in vitro in the
presence of 1 mg/ml LPS from gram negative E. coli
bacteria. LPS mimics the danger signal and activates the
macrophages. When we used increasing concentrations
(1, 10 and 100 mg/ml) of SubPc and incubated them 24 h
with the macrophages, no production of pro-inflammatory
cytokines TNFa, IL1b and IL6 (Fig. 2). LPS-stimulated
control wells had substantial amounts of TNFa, IL1b and
IL6 production, indicating that SubPc molecules were
not immunostimulatory at those concentrations (Fig. 2).
In contrast, when we used triiodo-substituted SubPc (2)
at the same concentration levels, there were significant
and substantial amounts of pro-inflammatory TNFa and
IL1b production by the macrophages (Fig. 3). SubPc 2
R
O

NC
NC

N

i) BCl3/p-xylene
R

N

ii) tert-butylphenol
R

N
B

N
N

1, R= H

N
1 and 2

2, R= I
R

Scheme 1. Synthetic route to SubPcs 1 and 2
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Fig. 2. (a) TNFa, (b) IL1b and (c) IL6 ELISAs for the supernatants of RAW macrophage cells stimulated for 24 h with 1, 10 and
100 mg/ml of SubPc. 1 × 106 cells/ml cell concentration was used and DMSO was used for negative control, 1 mg/ml of LPS and
DMSO was used for positive control and 1, 10 and 100 mg/ml of the chemicals dissolved in DMSO without LPS were applied to
the cells. Student t test was applied for statistical analysis, p < 0.0001 N = 9

Fig. 3. (a) TNFa, (b) IL1b and (c) IL6 ELISAs for the supernatants of RAW macrophage cells stimulated for 24 h with 1, 10 and
100 mg/ml of SubPc (2). 1 × 106 cells/ml cell concentration was used and DMSO was used for negative control, 1 mg/ml of LPS and
DMSO was used for positive control and 1, 10 and 100 mg/ml of the chemicals dissolved in DMSO without LPS were applied to the
cells. Student t test was applied for statistical analysis, p < 0.0001 N = 9

could not lead to IL6 production by the macrophages
(Fig. 3). Our results suggest that iodine substitution of
subphthalocyanine leads to immunostimulatory activity
on the macrophages even in the absence of the danger
signal.
SubPc had anti-inflammatory effect on LPSstimulated macrophages whereas triiodo-substituted
SubPc lacked that activity
In order to evaluate the immunomodulatory role of
SubPcs 1 and 2, 1, 10 and 100 mg/ml of our chemicals were
applied to the macrophages in the presence of 1 mg/ml LPS
(Figs 4 and 5). After 24 h, the supernatants were collected
to measure the pro-inflammatory TNFa, IL1b and IL6
cytokine levels. Compared to only-LPS-stimulated
positive control wells, there were significant decreases
in TNFa, IL1b and IL6 cytokine levels in SubPc-treated
wells (Fig. 4). However, TNFa and IL1b production was
comparable between iodo-substituted SubPc-treated and
LPS-stimulated macrophages and only-LPS-stimulated
positive control macrophages (Fig. 5). There was a slight
Copyright © 2019 World Scientific Publishing Company

but significant decrease in IL6 production by LPS and
triiodo SubPc-treated macrophages compared to LPSstimulated macrophages (Fig. 5). Thus, SubPcs lost their
anti-inflammatory capacity with iodine substitution.
We utilized from Trypan Blue to count the chemically
treated macrophages and calculate the cell viability.
SubPc did not affect the cell viability at all used
concentrations, whereas triiodo-substituted SubPc had a
mild but significant cytotoxic effect on the macrophages
at 100 mg/ml concentration (Fig. 6).
We evaluated the immunostimulatory and immuno
modulatory activities of SubPc and its iodine-substituted
counterpart. Although subphthalocyanine derivatives
have gathered much attention about their potential usage
in PDT against tumor cells, their possible effects on
the immune system have not been studied extensively
[9–14]. Depending on the tumor type, pro-inflammatory
environment might further help the tumor cell growth
and differentiation. Lung, bladder, colorectal, pancreatic
carcinomas and melanoma prefer pro-inflammatory
environments for better growth [33]. Therefore, using a
pro-inflammatory Pc or SubPc against these tumor types
J. Porphyrins Phthalocyanines 2019; 23: 59–62
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Fig. 4. (a) TNFa, (b) IL1b and (c) IL6 ELISAs for the supernatants of RAW macrophage cells stimulated for 24 h with 1, 10 and
100 mg/ml of SubPc. 1 × 106 cells/ml cell concentration was used and DMSO was used for negative control, 1 mg/ml of LPS and
DMSO was used for positive control and 1, 10 and 100 mg/ml of the chemicals dissolved in DMSO with LPS were applied to the
cells. Student t test was applied for statistical analysis, p < 0.0001 N = 9

Fig. 5. (a) TNFa, (b) IL1b and (c) IL6 ELISAs for the supernatants of RAW macrophage cells stimulated for 24 h with 1, 10 and
100 mg/ml of triiodo SubPc. 1 × 106 cells/ml cell concentration was used and DMSO was used for negative control, 1 mg/ml of LPS
and DMSO was used for positive control and 1, 10 and 100 mg/ml of the chemicals dissolved in DMSO with LPS were applied to
the cells. Student t test was applied for statistical analysis, p < 0.0001 N = 9

would create an environment that might enable further
growth and differentiation of the respective tumor types.
In the case of these tumors, Pcs and SubPcs with antiinflammatory activities would be a double hit, since they
would be eliminating tumor cells and at the same time
clearing the tumor microenvironment from inflammatory
background.
There are cases where a pro-inflammatory environment
would have deteriorating effects on tumor generation and
growth [34]. Furthermore, pro-inflammatory cytokines
would also activate the immune system cells, such as
Natural Killer Cells and T cells, that target tumor tissues
[33–36]. In those cases, pro-inflammatory Pcs and
SubPcs would be more useful in targeting tumor cells.
By generating Pcs and SubPcs and further characterizing
their biological activities, especially on immune system
cells; we will develop a repertoire of synthetics that we
can be used depending on the tumor type or a disease
type that being targeted.
Copyright © 2019 World Scientific Publishing Company

Moreover, these synthetics can also be used as antiinflammatory drugs, or if they have an opposite effect, as
immune boosting drugs as well being used as adjuvants
in the vaccines. Our hypothesis was based on the electron
transfer capacity of the subphthalocyanines and their
derivatives. This property can influence the potential
effect of the cellular activities and alter their functions
by manipulating the electron transfer processes at the
cellular level. Based on this rationale we created and
tested immunostimulatory as well as immunomodulatory
roles of a sub-phthalocyanine molecule (Fig. 1) and its
triiodo-substituted derivative.
In the absence of iodine substitution, SubPc were
not able to stimulate macrophages (Fig. 2). However,
when iodine was substituted into SubPcs they gained
immunostimulatory activity by leading to proinflammatory TNFα and IL1β cytokine production even
in the absence of a danger signal mimic LPS (Fig. 3).
IL6 stands out as a late pro-inflammatory cytokine and
J. Porphyrins Phthalocyanines 2019; 23: 60–62
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Fig. 6. Percentage of viable cells were counted with Trypan blue staining after stimulating RAW macrophage cells for 24 h with 1,
10 and 100 mg/ml of SubPc 1 (a) and SubPc 2 (b). 1 × 106 cells/ml cell concentration was used and DMSO was used for negative
control, 1 mg/ml of LPS and DMSO was used for positive control and 1, 10 and 100 mg/ml of the chemicals dissolved in DMSO with
or without LPS were applied to the cells. Student t test was applied for statistical analysis, p < 0.0001 N = 9.

although it has some overlapping functions with TNFa
and IL1b, it differs from them in terms of production
time and mechanisms [37–39]. Triiodo-substituted
SubPcs were not able to induce IL6 production in
macrophages (Fig. 3). More interestingly, SubPc had an
anti-inflammatory effect on LPS-stimulated macrophages
based on decreases in pro-inflammatory TNFa, IL1b and
IL6 production levels compared to only-LPS-stimulated
positive controls (Fig. 4). Iodine substitution eliminated
this property of SubPc almost completely except for a
slight anti-inflammatory activity on IL6 production of
LPS-stimulated macrophages (Fig. 5). Our reagents
did not induce a substantial change in cell viability of
macrophages except for the highest concentration of
iodo-substituted SubPc which caused a slight decrease in
the percentage of live cells.

SUMMARY AND CONCLUSIONS
Our results suggest that iodine substitution of
SubPcs lead to an almost opposite functional activity on
macrophage cells. SubPc had anti-inflammatory activity
on macrophages, whereas iodo-substituted SubPc 2 had
adjuvant and immunostimulatory functions. Our results
imply that if used for PDT purposes against tumor
cells, SubPc would be more beneficial to target tumor
types that are negatively affected by anti-inflammatory
environments. While iodo-substituted SubPc 2 can be
used against tumor cells that would be negated in proinflammatory environment. Iodo-substituted SubPc 2 has
a strong potential for use as adjuvants in different types
of vaccines including cancer vaccines. The reason behind
this difference might stem from the presence of iodine in
the structure, which might lead to a substantial difference
in the electron mobility of the SubPc. This difference,
in turn, could affect the cellular processes that highly
Copyright © 2019 World Scientific Publishing Company

involve electron transfers. In our current studies, we
are focusing on the mechanism of the action of Subpcs
on the cells in order to delineate the structure activity
relationship more profoundly.
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ABSTRACT: The synthesis and characterization of a novel dibrominated 1,3,5-tristyrylBODIPY dye
is reported, and its potential utility as a singlet oxygen photosensitizer and optical limiting material is
assessed. The main spectral band lies in the therapeutic window, and there is a moderately high singlet
oxygen quantum yield making the dye potentially suitable for use in biomedical applications and as
an optical limiting dye at 532 nm. The optical limiting parameters are comparable to those reported
previously for 3,5-distyrylBODIPYs, which suggests that mixtures of 3,5-distyryl and 1,3,5-tristyryl
compounds that are formed in Knoevenagel condensation reactions could be used for this application.
Theoretical calculations are used to assess the effect of 1,3,5-tristyryl substitution. A smaller red
shift of the main spectral band is observed upon styrylation at the 1-position than is the case with the
3,5-positions due to there being smaller MO coefficients at this position, limiting the utility of this
structural modification method for shifting the main BODIPY spectral band further into the therapeutic
window.
KEYWORDS: BODIPY dyes, fluorescence, singlet oxygen, TD-DFT calculations, Knoevenagel
condensation, z-scan.

INTRODUCTION
Photosensitization by molecular dyes forms the
basis of singlet oxygen generation for applications such
as photodynamic therapy (PDT) [1], photodynamic
antimicrobial chemotherapy (PACT) [2, 3], and the
photodegradation of organic pollutants [4]. Molecular
photosensitizers such as phthalocyanines, naphthalo
cyanines, porphyrins, chlorins, bacteriochlorins, and texa
phyrins [5–8] are among the most widely used dyes in PDT
research. Structurally-modified boron dipyrromethene
(BODIPY) dyes [9–12] can also be used in this context.
The initial serendipitous synthesis of BODIPY dyes
was reported by Treibs and Kreuzer [13] in the late
1960s. It has been demonstrated that halogenation of
◊
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1,3,5,7-tetramethylBODIPY dyes results in an enhanced
rate of intersystem crossing due to the heavy atom effect
and that this results in a significant increase in the singlet
oxygen quantum yields [14, 15]. More recently, there
has been considerable research interest in the synthesis
and physicochemical properties of π-extended BODIPY
dyes that absorb in the near-infrared (NIR) region
[14–18], since dyes that absorb or emit in the therapeutic
window (620−850 nm) are most useful for biomedical
applications.
Optical limiting (OL) materials [19–21] can protect
the human eye and sensitive optical devices from damage
by intense laser pulses [22, 23]. An ability to effectively
attenuate laser light at 532 nm is very important in this
context, since it is the second harmonic of Nd:YAG
laser systems. Ideally, an optical limiter should allow
high transmittance of low-intensity light, while strongly
absorbing incident intense laser pulses, so that the output
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fluence remains relatively low. Nonlinear scattering,
absorption or refraction can be the dominant mechanism
in this regard. Previously, there has been a strong
focus on the nonlinear absorption (NLA) properties of
phthalocyanines [24–26] and porphyrins [24, 27], but
until recently there were relatively few studies reported
on the use of BODIPY dyes as optical limiters for 532
nm laser excitation pulses [28–30] and for those at other
wavelengths [31–33]. Recently, we have demonstrated
that BODIPY dyes with extended p systems at the
3,5-positions are potentially suitable for use as optical
limiters at 532 nm [34–41], since the extension of the
p system shifts the main spectral bands into the
600–750 nm region, and this leads to relatively weak
absorption at 532 nm under ambient light conditions.
In this study, the synthesis and characterization of a
novel dibrominated 1,3,7-tristyrylBODIPY dye formed
through Knoevenagel condensation reactions with
4-methylthiobenzaldehyde is reported, and TD-DFT
calculations are used to analyze trends in their elect
ronic structures and optical properties. The effect of
tristyrylation on the photosensitizer and optical limiting
properties of the BODIPY chromophore can be assessed
on this basis. To the best of our knowledge, this study
is the first to analyze the optical limiting properties of
1,3,5-tristyrylBODIPY dyes.

EXPERIMENTAL
Materials
2,4-Dimethylpyrrole,   4-bromobenzaldehyde, 4-formylbenzoic acid, 4-methylthiobenzaldehyde, trifluoroacetic
acid, p-chloranil, trimethylamine (TEA), boron trifluoride
diethyl etherate, N-bromosuccinimide (NBS), diphenyliso
benzofuran (DPBF), acetic acid, and piperidine were
obtained from Sigma-Aldrich and were used without
further purification unless otherwise noted. Solvents
supplied by Merck or Minema were dried prior to use for
spectroscopic measurements, and 2,4-dimethylpyrrole
was distilled before use in BODIPY synthesis.
Synthesis
The synthesis of BODIPY core 1 followed a 1-pot
3-step reaction procedure adapted from the literature [42,
43] (Scheme 1). Despite the apparent stepwise nature of
these reactions, only the final product BODIPY 1 [44]
was isolated in a moderate yield of 29%.
4,4′-Difluoro-8-(4-bromophenyl)-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene (1). 4-Bromoben
zaldehyde (0.648 g, 1 eq) and 2,4-dimethylpyrrole (2 eq)
were added to DCM (50 mL) under Ar/N2 with stirring.
The conventional 1-pot 3-step reaction method for
BODIPY synthesis was then followed (Scheme 1). The
resulting mixture was washed twice with water and once
Copyright © 2019 World Scientific Publishing Company

with brine. The organic phase was then dried and separated
via column chromatography with ethyl acetate/hexane
(1:4) as the eluent to separate BODIPY 1 as an orange
crystalline powder. Yield: 409 mg (29%). UV-vis (DMF)
lmax (log e) 503 (4.83). Anal. calc. for C19H18BBrF2N2: C,
56.62; H, 4.50; N, 6.95%. Found: C, 56.98; H, 5.00; N,
6.78. 1H NMR (600 MHz; CDCl3) dH, ppm 7.67 (d, J =
8.4 Hz, 2H), 7.21 (d, J = 8.4 Hz, 2H), 6.02 (s, 2H), 2.58 (s,
6H), 1.44 (s, 6H).
BODIPY 1 was used as a precursor for its
2,6-dibrominated analogue BODIPY 2 [45], which was
prepared using NBS, as we have reported previously
[46], and was isolated in high yield before being used to
form 1,3,5-tristyryl BODIPY 3 through a Knoevenagel
condensation reaction.
4,4′-Difluoro-8-(4-bromophenyl)-1,3,5,7-tetra
methyl-2,6-dibromo-4-bora-3a,4a-diaza-s-indacene (2).
BODIPY 1 (409 mg) and NBS (2.5 eq) were dissolved
in DCM (100 mL) and left to stir under Ar/N2 at room
temperature for 2 h. The reaction was quenched with
water and the organic phase was dried and separated
via column chromatography using silica gel with ethyl
acetate/petroleum ether (1:4) as the eluent to separate
BODIPY 2 as a deep red crystalline powder. Yield:
465 mg (82%). UV-vis (DMF) lmax (log e) 529 (4.99).
Anal calc. for C19H16BBr3F2N2: C, 40.69; H, 2.88; N,
4.99%. Found: C, 40.29; H, 3.07; N, 4.75. 1H NMR
(600 MHz; CDCl3) dH, ppm 7.71 (d, J = 8.5 Hz, 2H),
7.18 (d, J = 8.4 Hz, 2H), 2.63 (s, 6H), 1.43 (s, 6H). MS
(MALDI TOF): m/z 560.52 (calcd. for [M+] 560.86).
4,4′-Difluoro-8-(4-bromophenyl)-7-methyl-2,6dibromo-1,3,5-tri-styryl-(4′-methylthio)-4-bora-3a,
4a-diaza-s-indacene (3). Dibrominated BODIPY core
2 (0.178 mmol, 1 eq), 4-(methylthio)benzaldehyde
(0.535 mmol, 3 eq) and glacial acetic acid (0.4 mL)
were dissolved in dry benzene (20 mL) under Ar with
stirring. Piperidine (0.4 mL) was added slowly, and the
solution was heated to reflux for 2 h under Ar. A Dean–
Stark trap was employed to enable azeotropic removal
of water from the condensation reaction. Water was used
to quench the reaction, the organic phase was dried, and
column chromatography with silica gel and ethyl acetate/
hexane (1:4) was used to separate BODIPY 3 as a green
powder. Yield: 21.6 mg (8.5%). UV-vis (DMF) lmax
(log e) 678 (3.99). 1H NMR (600 MHz; CDCl3) dH, ppm
8.13 (d, J = 16.6 Hz, 1H), 8.06 (d, J = 16.6 Hz, 1H),
7.72–7.67 (m, 2H), 7.63–7.58 (m, 5H), 7.56–7.53 (m,
1H), 7.38–7.34 (m, 1H), 7.32–7.28 (m, 5H), 7.23–7.20
(m, 1H), 7.16–7.13 (m, 2H), 7.07–7.03 (m, 1H), 6.82 (d,
J = 8.1 Hz, 2H), 2.56 (s, 9H), 2.50 (s, 3H). MS (MALDI
TOF): m/z 963.69 (calcd. for [M+] 963.47).
Instrumentation
A Shimadzu UV-2550 spectrophotometer was used
to measure UV-vis absorption spectra, and fluorescence
emission and excitation spectra were recorded with
J. Porphyrins Phthalocyanines 2019; 23: 64–75
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Scheme 1. Synthesis of BODIPY 1 through a conventional 1-pot 3-step method. Bromination of BODIPY 1 via nucleophilic addition
of bromine with NBS was used to form BODIPY 2, while a Knoevenagel condensation reaction of (4-methylthio)benzaldehyde and
BODIPY 2 resulted in the synthesis of 1,3,5-tri-(4-methylthio)styryl BODIPY 3 (BOTTOM)

a Varian Eclipse spectrofluorimeter. A Bruker 600
spectrometer was used to measure 1H NMR spectra in
CDCl3. A Bruker AutoFLEX III Smartbeam MALDITOF mass spectrometer was used with a dithranol matrix.
Time-resolved fluorescence lifetime experiments were
carried out in aerated solvents by using a Picoquant GmbH
as a time-correlated single photon counting (TCSPC)
device containing an LDH-P-670 diode laser with a 44 ps
pulse width and 20 MHz rate repetition. Exponential
decay curves were analyzed by using Picoquant’s Fluofit
software package.
Photophysics and photochemistry
The fluorescence quantum yields of the BODIPY dyes
were obtained in DMSO by using the comparative method
with either Rhodamine 6G or zinc phthalocyanine (ZnPc)
as the standard [47, 48]. Sample and standard solutions
with identical optical densities are excited at the same
wavelength. Singlet oxygen quantum yields (FD) were
determined in ethanol solutions (in air without bubbling
oxygen) using a comparative method with Rose Bengal
or ZnPc as the reference compound and DPBF as the
singlet oxygen scavenger [49–53]. Standard and sample
solutions containing DPBF were prepared in the dark and
irradiated at a crossover wavelength. Photoirradiation for
singlet oxygen determinations was carried out using a
tunable laser system consisting of an Ekspla NT-342B
laser (355 nm, 135 mJ, 4–6 ns) pumping an optical
Copyright © 2019 World Scientific Publishing Company

parametric oscillator (30 mJ, 4–6 ns). The photophysical
measurements were carried out in triplicate to ensure
accuracy.
Optical limiting properties
The z-scan experiments were performed using a
frequency-doubled Quanta-Ray Nd:YAG laser as the
excitation source. The laser was operated in a near
Gaussian transverse mode at 532 nm (second harmonic),
with a pulse repetition rate of 10 Hz and an energy range
of 0.1 mJ–0.1 mJ limited by the energy detectors used
(Coherent J5–09). The low repetition rate of the laser
prevents the build-up of thermal nonlinearities. The beam
was filtered spatially to remove higher order modes and
tightly focused with a 15 cm focal length lens. A 2 mm
quartz cuvette was used to measure Z-scan data in
solution.
Theoretical calculations
The DFT method was used to carry out geometry
optimizations in vacuo for BODIPYs 1–3 and the
3-mono- (mono), 3,5-di- (di) and 1,3,5,7-tetrastryl
(tetra) analogues of 3 as model complexes by using the
B3LYP functional of the Gaussian 09 program package
[54] with 6-31G(d) basis sets. A similar approach was
used to calculate electronic absorption spectra by using
the TD-DFT method with the CAM-B3LYP functional,
which includes a long-range correction of the exchange
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potential and incorporates an increasing fraction of
Hartree-Fock exchange as the interelectronic separation
increases. This has been demonstrated to provide more
accurate predictions of trends in the optical properties
of BODIPY and porphyrinoid dyes when excited states
have significant charge transfer character [17, 55–58].

the red shift of the main spectral band [17]. The band
maxima of BODIPY 3 lies between 630–700 nm (Fig. 1
and Tables 1 and 2) in the therapeutic window making
these chromophores potentially useful for photodynamic
therapy and bioimaging. Emission intensity is observed in
the 700–820 nm region (Table 1).

RESULTS AND DISCUSSION

Theoretical calculations

Synthesis and characterization
A novel halogenated 1,3,5-tristyryl BODIPY dye was
prepared using standard synthetic procedures for styrylated
BODIPY dyes [59, 60], so that the potential suitability of
dyes of this type for use in biomedical and optical limiting
applications could be assessed. Two major modifications
were made to the BODIPY core dye 1 in this work. To
increase singlet oxygen generating capacity, bromine
atoms were added at the 2,6-positions to form 2, promoting
intersystem crossing to the triplet state. Thereafter, styryl
moieties were added at the 1,3,5-positions to red shift
the main spectral band of BODIPY 3 into the biological
window. Peaks for the twenty-two aromatic protons and
twelve methyl protons of 3 can be readily identified in
the 1H NMR spectrum, and the parent peak obtained
by MALDI-TOF was consistent with the anticipated
molecular mass. As has been reported previously [17],
halogenation and styrylation result in red shifts of the
main BODIPY spectral band, Fig. 1 and Tables 1 and 2.
Single crystal X-ray structures that have been reported
for 3-styryl- [60] and 3,5-distyryl- [61–63] BODIPY
dyes have demonstrated that the trans-styryl bonds
shown in Scheme 1 for 3 are formed. The introduction
of methylthio groups at the para-positions of the styryl
groups provides scope for nanoparticle conjugation [64],
and the mesomeric electron donating properties of the lone
pairs on the sulfur atoms were expected to further enhance

Molecular modelling can be used to investigate the
spectral trends and structure–property relationships of a
series of related BODIPY dyes (Fig. 2). While BODIPYs
are not formally aromatic as they do not obey Huckel’s
rule for aromaticity, they display properties similar to
aromatic systems due to the rigidity of the indacene
plane upon complexation with boron difluoride. The
TD-DFT calculations for 1–3 predict that the lowest
lying S0 → S1 transition is almost entirely associated with
the HOMO→LUMO one-electron transition (Fig. 3 and
Table 3), thus, when considering the impact of structural
changes, it is only the HOMO and LUMO that should
be considered, with the other MOs remaining largely
uninvolved. A comparison of the calculated oscillator
strengths and wavelengths of the main spectral bands of
BODIPY 1 (Table 3), its 2,6-dibrominated analogue 2,
and 1,3,5-tri(4-methylthio)styryl substituted compound
3 (Fig. 3) provides the main trends in the predicted
changes upon structural modification. The addition of
bromine groups at the 2,6-positions results in a red shift
of ca. 30 nm since halogens are able to donate a pair
of electrons in resonance forms, which provides scope
for some degree of destabilization through mesomeric
interactions in addition to the inductive effect of the
bromine atoms (Fig. 2). At the 2,6-positions, there are
significant MO coefficients in the HOMO, but only
small MO coefficients in the LUMO (Fig. 4). Hence,
the bromine atoms cause a relative destabilization of
the HOMO relative to the LUMO (Fig. 2), resulting in a

Fig. 1. Normalized absorption spectra of 1–3 in DMF. The 532 nm wavelength used in the optical limiting measurements is
highlighted with a vertical green line
Copyright © 2019 World Scientific Publishing Company
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Table 1. Photophysical parameters for the BODIPYs in DMSO,
including the wavelengths of the band maxima in the absorption
(lmax), excitation (lex) and emission (lem) spectra in nm, the
fluorescence quantum (FF) values and lifetimes (tF) in ns
lmax

lex

lem

FF

tF

1

503

503

517

0.82

3.46

2

530

529

547

0.14

1.26

3

681

682

723

0.06

3.02

Table 2. Photophysical parameters for BODIPYs
1–3 in ethanol, including the wavelengths of the
band maxima in the absorption (lmax), excitation
(lex) and emission (lem) spectra in nm, and the
singlet oxygen quantum yield (FΔ) values

1

lmax

lex

lem

FΔ

501

501

511

0.06

2

528

528

543

0.76

3

673

671

709

0.30

Fig. 3. TD-DFT calculated oscillator strengths in the 15000–
35000 cm-1 range for BODIPY core 1, its 2,6-dibrominated
analogue 2 and its 3-mono-, 3,5-di-, 1,3,5-tri- (BODIPY 3) and
1,3,5,7-tetra-(4-methylthio)styryl derivatives

Fig. 2. MO energies in TD-DFT calculations in vacuo at
the CAM-B3LYP/SDD level of theory for the B3LYP/SDD
optimized geometries of BODIPYs 1–3 and the 3-mono- (mono),
3,5-di- (di) and 1,3,5,7-tetrastyryl (tetra) structural analogues of
3 (Scheme 1) as model complexes. The HOMO and LUMO
for each compound are highlighted with thick black lines. The
calculated HOMO–LUMO gaps and energies for the main
BODIPY absorption bands are plotted against a secondary axis

narrowing of the HOMO–LUMO band gap, which leads
to the red shifting of the observed spectral bands of
BODIPY 2 (Figs 1 and 3).
The effect of styrylation can be rationalized in a
similar manner. The inclusion of styryl moieties at the
1,3,5-positions of 3, therefore, results in a further red
shift of ca. 150 nm (Fig 1. and Tables 1 and 2), in a
similar manner to what has been reported previously for
3,5-distyrylBODIPYs [17, 34, 37, 46, 59, 65]. The MO
Copyright © 2019 World Scientific Publishing Company

coefficients are unevenly distributed in the HOMO and
LUMO of the brominated compounds at the 3,5-positions
where styrylation of 1,3,5,7-tetramethylBODIPYs initi
ally occurs [17] (Fig. 4). The larger MO coefficients
observed in the HOMO at the 3,5-positions imply that
any structural modifications that introduce an electron
donating group and result in a mesomeric effect at this
position should affect the HOMO to a greater extent than
the LUMO, and can thus result in a change in magnitude of
the HOMO–LUMO band gap (Fig. 2). Since the 3-mono-,
3,5-di- and 1,3,5,7-tetrastyryl analogues of BODIPY 3
were not isolated and fully characterized in this study
due to low yields, molecular modelling was employed
to investigate the structure–property relationships of this
series, to better understand the spectroscopic properties
of BODIPY 3 to determine if tristyrylation is likely to
be a useful strategy for preparing dyes that are suitable
for use in PDT. The HOMO of the BODIPY core has
smaller MO coefficient at the 1,7-positions than it does at
the 3,5-positions, so there is less scope for a mesomeric
interaction with the styryl p system [35] (Fig. 4). Hence,
although these styryl groups extend the π system, which
typically results in a red shift of the main absorption
bands, the magnitude of this shift when the wavelength
of the main absorption band is compared to that in the
spectrum of the compound with one less styryl ring is
J. Porphyrins Phthalocyanines 2019; 23: 67–75
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Table 3. Calculated and observed electronic excitation wavelengths of BODIPYs 1–3 and the 3-mono-, 3,5-di- and 1,3,5,7-tetrastyryl
model complexes, and their calculated oscillator strengths and wavefunctions
#a

λexpb

νexpc

λcalcd

νcalce

ƒf

1

1

503

19.9

412

24.3

0.55

97% H → L; ...

2

1

530

18.9

429

23.3

0.62

96% H → L; ...

mono

1

---

---

504

19.9

1.13

91% H → L; ...

di

1

---

---

579

17.3

0.93

95% H → L; ...

2

---

---

392

25.5

0.97

92% H−1sty → L; ...

6

---

---

311

32.2

1.25

89% H → L+1sty; ...

1

681

14.7

600

16.7

1.11

95% H → L; ...

2

≈450

22.2

448

22.3

0.49

70% H−1sty → L; 13% H−4sty → L; 12% H−2sty → L; ...

3

398

25.1

400

25.0

0.80

75% H−2sty → L; 16% H−1sty → L; ...

316

31.7

0.63

44% H → L+1sty; 17% H−4sty → L; 13% H−3sty → L; ...

311

32.1

0.81

30% H → L+1sty; 20% H−4sty → L; 15% H−9phen → L; ...

3

6
7
tetra

330

30.3

Wavefunction = g

1

---

---

626

16.0

1.12

95% H → L; ...

3

---

---

448

22.3

1.12

42% H−2sty → L; 31% H−1sty → L; 14% H−3sty → L; 10% H−6sty → L; ...

4

---

---

405

24.7

0.48

71% H−3sty → L; ...

7

---

---

319

31.3

1.07

48% H → L+1sty; 28% H−6sty → L; ...

9

---

---

313

31.9

0.72

38% H−6sty → L; 31% H → L+1sty; ...

a

Excited state number assigned in increasing energy in the TD-DFT calculations. Only states located below 35000 cm-1 resulting from allowed
electronic transitions with an oscillator strength greater than 0.5 are consistently included. b Experimental wavelengths in nm, recorded in DMSO.
c
Experimental band energy (103 cm-1). d Calculated wavelengths in nm. e Calculated band energy (103 cm-1). f Calculated oscillator strengths.
g
Wavefunctions of MOs involved in the transition, and their respective contributions, based on eigenvectors predicted by TD-DFT. H and L refer to
the HOMO and LUMO, respectively, and sty and phen as superscripts denote MOs that are localized primarily on the styryl and meso-aryl rings,
respectively.

significantly smaller than those observed for the 3-monoand 3,5-distyryl analogues of 3 (Fig. 3).
It is noteworthy in this regard that the precursor for 3,
the 2,6-dibrominated BODIPY 2, is predicted to have a
highly planar structure (Fig. 5). The sequential addition of
4-methylthiostyryl groups at the 3,5-positions results in
the formation of the 3-mono- and 3,5-distyryl analogues
of BODIPY 3. In both cases, the BODIPYs largely retain
their planar structure (Fig. 5). However, the introduction
of 4-methylthiostyryl groups at the 1- and 1,7-positions
(Fig. 5) to form BODIPY 3 and its 1,3,5,7-tetrastyryl
analogues is predicted to result in the styryl moieties
twisting out of the plane of the BODIPY p system due
to steric crowding around the meso-aryl ring. This results
in poorer conjugation of the 1,7-position styryl groups
with the BODIPY core [60]. Since there are relatively
small predicted red shifts of the main spectral bands of
1,3,5-tristyryl substituted compounds relative to their
3,5-distyryl substituted analogues, other structural
modification strategies may prove to be more suitable
for shifting the main BODIPY spectral band further into
the NIR region. For example, the selection of suitable
Copyright © 2019 World Scientific Publishing Company

vinylene moieties can shift the main spectral band beyond
700 nm [17]. Substitution at the 3,5-positions with two
pyrenylvinylene substituents has recently been reported
to shift the main spectral band to 706 nm in DMSO [36].
Photophysical and photochemical properties
Tables 1 and 2 provide the main photophysical parameters for 1–3 in DMSO and ethanol. The 1,3,5tristyrylBODIPY dye 3 was found to have relatively
poor solubility in non-polar solvents. The fluorescence
lifetime values (tF) in DMSO lie in the 1.0−3.5 ns range.
In the absence of structural modifications, BODIPY core
dyes have unusually high fluorescence quantum yield
(FF) values due to their rigid planar structures and very
low rates of intersystem crossing [66]. The FF value
for 1 in DMSO is 0.82 (Table 1). The introduction of
bromine atoms at the 2,6-positions of BODIPY 2 results
in a relatively high singlet oxygen quantum yield (FD)
value of 0.76 in ethanol, and a significantly lower FF
value of 0.14 in DMSO, due to the heavy atom effect
(Tables 1 and 2). This makes 2 highly suitable for use
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Fig. 4. Nodal patterns (at an isosurface value of 0.02 a.u.) and energies of the frontier MOs of BODIPY core 1, its 2,6-dibrominated
analogue 2 and its 3-mono-, 3,5-di-, 1,3,5-tri- (BODIPY 3) and 1,3,5,7-tetra-(4-methylthio)styryl derivatives in the TD-DFT
calculations carried out using the CAM-B3LYP functionals with SDD basis sets

as a photosensitizer dye in singlet oxygen applications
such as PACT that do not require absorption in the
therapeutic window. A FD value of 0.30 was determined
for BODIPY 3 in ethanol by using a comparative method
with DPBF as the 1O2 scavenger (Fig. 6). This value is
significantly lower than that of 2, since the incorporation
of styryl groups can be expected to result in significant
intramolecular charge transfer character in the S1 states,
since significantly smaller MO coefficients (Fig. 4) are
observed on the styryls in the LUMO than in the HOMO.
This has been reported to result in enhanced rates of nonradiative decay, especially when polar solvents are used in
the context of non-brominated compounds [35, 59]. It is
noteworthy that despite the heavy atom effect associated
with the three heavy bromine atoms, 3 has a significant
FF value of 0.06 in DMSO (Table 1). A relatively small
Copyright © 2019 World Scientific Publishing Company

range (0.07−0.13) was recently reported in the FF values
in four solvents of differing polarity during a study
of the photophysical and photochemical properties
of an analogous 2,6-dibrominated BODIPY dye with
4-benzyloxystyryl substituents at the 3,5-positions [46].
The combined utility of p-extended and halogenated
BODIPY dyes for bioimaging and singlet oxygen
generation makes dyes potentially suitable for use in
theranostics [67–71].
Optical limiting properties
The Z-scan technique can be used to analyze the
nonlinear absorption (NLA) properties of molecular dyes
[72–75]. In this study, the NLA properties of BODIPY
3 (Scheme 1) were investigated in DMF at 532 nm,
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Fig. 5. View along the boron-meso-carbon axis of the 2,6-dibrominated BODIPYs 2 and 3, and the 3-mono-, 3,5-di- and
1,3,5,7-tetrastyryl structural analogues of 3 (Scheme 1). The indacene plane is perpendicular to the page

Fig. 6. Photocatalytic degradation of DPBF (λmax = 410 nm) in
ethanol by BODIPY 3 (λmax = 673 nm) at 60 s intervals. The ΦΔ
value for 3 was determined using a comparative method with
ZnPc in ethanol (ΦΔ = 0.53 [49,51]) as the standard

so the third-order susceptibly (Im[c(3)]) and secondorder hyperpolarizability (γ) values [72, 76] can be
compared to those reported for other styrylated BODIPY
dyes. A reverse saturable absorption (RSA) response
[77–79] is observed (Fig. 7), since there is markedly
lower transmittance as the focal point of the laser light in

Copyright © 2019 World Scientific Publishing Company

Fig. 7. Open-aperture Z-scan data for 3 in DMF at a laser pulse
input intensity of 30 µJ and a concentration of 208 μM. Detailed
NLO parameters are provided in Table 4
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Table 4. Optical limiting properties of 3 in DMF solution obtained with 10 ns pulses at 532 nm
Conc. (μM)
105
105

α (cm-1)

βeff (cm GW-1)

Im[c(3)] (esu)

γ (esu)

1.11

27.3

5.99 × 10-11

45.6
79.5

1.11

208

2.26

Minimum
transmittance

Ilim (J cm-2)

Pulse energy (μJ)

2.85 × 10-31

0.64

---

30

-10

3.56 × 10

3.73 × 10

-31

0.46

4.4

45

1.74 × 10

-10

4.22 × 10

-31

0.41

2.8

30

the Z-scan measurement is approached. If femtosecond
laser pulses were used, the positive nonlinear absorption
coefficient (b) value associated with an RSA response
would depend only on two-photon absorption and the
other multiphoton absorption processes. However,
when nanosecond pulses are used, the intrinsic value
for b cannot be determined, and only an effective value
(beff) is determined instead. As has previously been
demonstrated to be the case with 3,5-distyrylBODIPYs
and 3,5-divinyleneBODIPYs [34, 37–39], linear single
photon absorption is likely to be a significant factor in
populating the S1 and T1 excited states of 3 since there
are significant non-zero linear absorption coefficient (a)
values at 532 nm (Table 4).
The data were analyzed by assuming that the changes
in the normalized transmittance during open aperture
z-scan measurements with a Gaussian time profile laser
pulse can be described by Equation 1 [74, 75]:
T( z ) =

1
π q 0 (z )

∫

∞

-∞

2βeff P0 leff
πω(z )2

 -q0 (z ) 
 1.21 

+ 0.038e

where l is the pathlength of the material. The beam width
as a function of sample position w(z) in Equation 2 can be
obtained from Equation 4 [76]:
2

 z
1 +   (4)
 z0 

where z and z0 are the translation distance of the sample
relative to the focus, and the Rayleigh length (z0), which
is defined as pw02/l (l is the wavelength of the laser), w0
Copyright © 2019 World Scientific Publishing Company

+ 0.213e

 -q0 (z ) 
 965.08 

 -q0 (z ) 
 24.62 

(5)

If Equation 2 is substituted into Equation 6, the q0(z)
value can be defined as:
q0 (z ) =

Q0
1+

z 2 (6)
z02

where Q0 is given as:

Q0 =

2βeff P0 leff
πω 20

(2)

1 − e(-α /l ) (3)
α

ω (z ) = ω 0

+ 0.096e

+ 0.286e

 -q0 (z ) 
 115.95 

2

where beff is the effective nonlinear absorption coefficient,
P0 is the peak power of the laser pulse, and leff is the
effective pathlength, given by Equation 3:
leff =

T(z ) = 0.363e

 -q0 (z ) 
 5.60 

ln[1 + q 0 (z )e- τ ] d τ (1)

where q0(z) provides a measure of the magnitude of the
nonlinear response. The q0(z) value for a circular laser
beam is described by Equation 2:
q0 (z ) =

is the beam waist at the focus (z = 0), which is defined as
the distance from the center of the incident laser beam to
a point at which the intensity reduces to 1/e2 of its axis
value. The effective nonlinear absorption coefficient,
beff, can be extracted from the experimentally measured
transmittance using Equations 1–4. An analytical version
of this formula (Equation 5) can be used to derive q0(z)
directly from the normalized transmittance:

(7)

The peak value and the full width at half maximum of the
Gaussian-shaped curve defined by Equation 1 provide
the Q0 and z0 values that are defined in Equations 6
and 7, respectively. The beff value can be determined
using Equation 8, and this provides a measure for how
suitable materials are for use as optical limiters, since
it is dependent on the population of molecules in the
excited state:
βeff =

λz0Q0
2 P0 leff

(8)

The beff values for BODIPY 3 were found to lie
between 27.3 and 79.5 cm GW-1 in 100–200 mM DMF
solutions at laser pulse energies of 30 and 45 mJ (Table 4).
The third-order nonlinear susceptibility has an imaginary
component, Im[c(3)], that provides a measure for how
rapidly OL materials respond to the perturbation initiated
by an intense incident laser pulse [76]. The third-order
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susceptibility value has a direct relationship with b that is
described by Equation 9:
Im  χ(3)  =

n 2 ε 0 cλβeff (9)
2π

where n and c are the linear refractive index and speed
of light, respectively, and e0 is the permittivity of free
space. The Im[c(3)] values observed in this work (Table 4)
are consistent with what has been previously reported for
other organic chromophores [76, 79], given the values
lie in the 10-12–10-10 esu range that has been reported
to provide an indication that compounds are promising
candidates for use as OL materials. The interaction of
the permanent dipole of the molecules with intense laser
radiation causes a bias in the average orientation of the
molecules, which results in induced hyperpolarizability.
The second-order hyperpolarizability value is directly
related to the Im[c(3)] value as shown in Equation 10:

γ=

Im  χ(3) 
f 4Cmol N A

(10)

where NA is Avogadro’s constant, Cmol is the concentration
of the active species in the excited state per mole, and f
is the Lorentz local field factor, f = (h2 + 2)/3. In 2003,
the optimal range of hyperpolarizability values was
reported to be as low as the 10-34–10-29 esu range for
organic dyes in solution [79], so the values reported in
Table 4 imply that these complexes possess superior
nonlinear optical properties in a similar manner to
3,5-distyrylBODIPY dyes [34, 36, 37, 39] and that

mixtures of 3,5-di- and 1,3,5-tristyrylBODIPYs formed
through Knoevenagel condensation reactions could
potentially be used in OL applications without further
purification. It should be noted, however, that considerably
higher hyperpolarizability values have been reported for
solutions of 3,5-distrylBODIPY dyes recently at similar
concentrations [34, 37, 39]. The addition of a third styryl
group at the 5-position complicates the introduction of
push–pull properties aligned with the boron-meso-carbon
axis, which has been found to enhance the second order
hyperpolarizability value.
Markedly reduced transmittance at increased incident
fluence values (Fig. 8a) is one of the key prerequisites for
a material to be considered a good optical limiter. It is
noteworthy that this curve does not achieve a plateau in
terms of the output fluence (Iout) values at relatively low
input fluence (I0) values in contrast with what has been
reported recently for solutions of 3,5-distrylBODIPY
dyes [34, 37, 39]. The limiting threshold intensity
(Ilim) can be defined as the input fluence value at which
nonlinear transmittance is reduced by 50% relative to
the linear transmittance value (Fig. 8b). The values of
Ilim extracted from a plot of transmittance against input
fluence (Fig. 8b) were determined to be 2.8 and 4.4 J cm-2
for 3 in DMF, which is somewhat higher than the values
of under 1.0 J cm-2 that have been reported recently for
similar solutions of brominated 3,5-distrylBODIPY dyes
[34, 37, 39]. This suggests that 1,3,5-tristyrylBODIPYs
are likely to provide no significant advantage for this
application relative to 3,5-distrylBODIPY dyes for use
in optical limiting. The presence of additional spectral
bands in the visible region of 1,3,5-tristyrylBODIPYs
due to MOs that are localized on the styryl groups (Figs 1

Fig. 8. Output fluence (Iout) vs. input fluence (I0) curves for 3 in DMF at incident laser pulse input intensities of 30 and 45 mJ and
concentrations of 105 and 208 mM plotted relative to a linear response line (a). Transmittance vs. input fluence (I0) curves for 3 in
DMF (b). The calculation of the Ilim values is highlighted with dashed horizontal and vertical lines. Detailed NLO parameters are
provided in Table 4
Copyright © 2019 World Scientific Publishing Company
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and 3 and Table 3) is also potentially problematic in this
context since it increases the amount of absorbance
under ambient light conditions, while an optical limiting
material is only supposed to absorb significantly at high
light intensities.

CONCLUSIONS
This study has demonstrated that a 2,6-dibrominated
1,3,5-tristyryl BODIPY dye absorbs strongly in the
600−700 nm region and has a moderately high singlet
oxygen quantum yield, so dyes of this type could prove to
be useful as singlet oxygen photosensitizers in biomedical
applications. In a similar manner to other styrylated
BODIPY dyes, solutions of 3 were found to have
significant optical limiting properties at 532 nm. This
suggests that there is no need to separate mixtures of 3,5di- and 1,3,5-tristyrylBODIPYs formed in Knoevenagel
condensation reactions for use in OL and singlet oxygen
applications. It should be noted, however, that the second
order polarizability and limiting threshold intensity values
for 3 were not as favorable as some of the values that
have been reported recently for solutions of brominated
3,5-distyrylBODIPY dyes, so conditions should probably
be adjusted to enhance the yield of the 3,5-disubstituted
product, if mixtures are going to be used. Theoretical
calculations demonstrate that the introduction of a third
styryl moiety at the 1-position through a Knoevenagel
condensation reaction of the 2,6-dibrominated 1,3,5,7tetramethylBODIPY core results in a significantly
smaller red shift of the main spectral bands than the
initial introduction of styryl rings at the 3,5-positions,
since the HOMO has smaller MO coefficients at the
1,7-positions than is the case at the 3,5-positions. Other
types of structural modifications may prove to be more
suitable for shifting the main spectral bands further into
the therapeutic window to form halogenated dyes that are
likely to be useful for use as photosensitizer dyes in PDT.
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ABSTRACT: A near-infrared absorbing boron-dipyrromethene (BODIPY) chromophore coupled
with two benzoquinone moieties at its 3,5-positions, 3, was prepared via Knoevenagel condensation
of 1,3,5,7-tetramethyl-8-(4′-benzonitrile) BODIPY 1 with 3,5-di-tert-butyl-4-hydroxybenzaldehyde
to afford 1,7-dimethyl-3,5-di-(4′-hydroxy-3′,5′-di-tert-butyl styryl)-8-(4′-benzonitrile) BODIPY 2,
followed by oxidization with Ag2O in good yield (91%). The UV-vis-NIR absorption spectrum of 3
exhibits two major bands at 795 and 895 nm in the near-IR region, while 2 shows maximum absorbance
at 661 nm and strong fluorescence at 692 nm (FF = 0.59). The cyclic voltammetry of 3 consists of
two pairs of reversible one-electron reductions at -0.61 V and -0.88 V and two pairs of one-electron
oxidation waves at 0.26 V and 0.54 V. Compared with the redox potentials of 2 (E1/2 red1 = -1.32 V and
E1/2 ox1 = 0.25 V), the first reduction of 3 is anodically shifted for 710 mV, whereas the first oxidation
potential is close. Theoretical calculation reveals that conjugation with the benzoquinone moieties on
the BODIPY chromophore significantly lowers the LUMO energy level and the HOMO–LUMO energy
gap, resulting in a dramatic bathochromic shift of the S0–S1 transition of 3 compared with that of 2. X-ray
crystallographic analysis of 3 reveals that the whole molecule adopts a V-type twisted conformation
along the delocalized π-conjugated pathway.
KEYWORDS: BODIPY, benzoquinone, fluorescence, near-IR, redox active.

INTRODUCTION
Boron-dipyrromethene (BODIPY) dyes have recei
ved increasing attention in the past two decades owing
to their wide applications in diverse research fields,
especially as biological labels [1], fluorescent sensors
[2], photosensitizers for photovoltaics [3–5] and
photodynamic therapy [6], and organic light-emitting
diodes [7]. This has been related to their structural
versatility and excellent spectroscopic properties such as
high fluorescence quantum yields, large molar extinction
coefficients and high stability toward post-modification
[8–11]. The design and synthesis of near-infrared
(NIR) BODIPY dyes is highly desirable for biological
*Correspondence to: Zhen Shen, email: zshen@nju.edu.cn.
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and material science and has developed rapidly in the
recent years. Introducing bis-styryl groups at the 3,5
positions by using an electron-rich aldehyde is a common
strategy to extend the degree of p-electron conjugation.
This synthetic method gives rise to an outstanding
bathochromic shift in both absorption and fluorescence
spectral maxima [12].
Reversible benzoquinone/phenol redox couples such as
catechol [13–14], hydroquinone [15], the active segments
of ubiquinone [16], menadione [17] and α-tocopherol
[18–19] have been introduced into the meso-position
or 3-position of the BODIPY to mediate fluorescence
response for monitoring the redox processes in biological
systems. All these series of compounds exploit activation/
deactivation of photoinduced electron transfer (PET)
between the receptor and fluorophore segments [16],
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resulting in turn-on or turn-off of the emission property,
with a weak influence on the absorption spectrum of the
BODIPY.
Herein, we describe the synthesis, spectroscopic and
electrochemical properties of a BODIPY substituted with
distyryl-phenol and dibenzoquinone at the 3,5-positions.

RESULTS AND DISCUSSION
Synthesis and characterization
The synthetic procedures for BODIPY 2 and its oxi
dized benzoquinone product 3 are described in Scheme 1.
1,3,5,7-tetra-methyl-8-(4′-benzonitrile) BODIPY 1 was
prepared according the previous reported process [20].
The Knoevenagel condensation of 1 with 3,5-di-tertbutyl-4-hydroxybenzaldehyde in toluene in the presence
of p-toluenesulfonic acid (PTSA) and pyridine [21]
afford 1,7-dimethyl-3,5-di-(4′-hydroxy-3′,5′-di-tert-butyl
styryl)-8-(4′-benzonitrile) BODIPY 2. Oxidation of 2
with Ag2O give 3 in 91% yield. 3 can be reduced into 2 in
65% yield using excess amounts of NaBH4. The structures
of 2 and 3 have been characterized by 1H, 13C NMR and
HR-MS spectroscopy. The 1H NMR spectrum of 3 exhibits
clearly defined peaks, indicating its closed-shell electronic
system and diamagnetic property. As shown in Fig. 1,
distinct differences in the 1H NMR spectra between the
styrylphenol form 2 and benzoquinone form 3 have been
observed both in upfield and downfield regions except for
the proton signals on the meso-benzonitrile. The b-pyrrolic
proton signal shifts downfield from 6.67 ppm in 2 to 7.16
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ppm in 3. The most important difference is that the peak
observed at 5.53 ppm for phenolic-OH in 2 disappears in
3 because of the oxidation of phenol to the benzoqinone
moiety. Since oxidation changes the path of single and
double bond alteration in 3, the protons corresponding to
the vinylic protons at the 3,5-positions in 2 appear as two
separate doublets, and one of them is obviously shifted
downfield in 3. In addition, the two protons of the double
bond and tert-butyl groups in the benzoquinone moiety
of 3 split into two separate singlets, whereas the protons
from both the phenol and tert-butyl groups of 2 appear
in only one singlet (Fig. S7), suggesting that the new
p-conjugated path makes the entire molecule 3 more rigid
and asymmetrical.
Crystal structure
The structure of 3 was unambiguously confirmed by
X-ray crystal structure analysis. A navy blue-colored
single crystal for 3 was obtained by slow diffusion
of methanol into a chloroform solution at room
temperature. The asymmetric unit cell of 3 contains
two molecules with different conformations. One of the
two molecules is shown in Fig. 2. The central indacene
core is composed of two pyrrole rings at the periphery
and one six-membered ring in the center. Some bond
lengths of the pyrrole ring and benzoquinone moiety are
listed in Table 1. The average bond lengths of C1–N1,
C4–N1, C4–C5, C5–C6, C6–C7 are in the range from
1.365 Å to 1.399 Å, which is relatively longer than the
general C=C bond (1.34 Å), but much shorter than the
C–C single bond (1.54 Å), indicating the p-conjugation

Scheme 1. Synthetic procedures and structures of BODIPYs 2 and 3. (i) PTSA, toluene, piperidine, Dean Stark trap, reflux, 78%;
(ii) Ag2O, CH2Cl2, RT, 15 min, 91%; (iii) NaBH4, CH2Cl2/MeOH, RT, 15 min, 65%
Copyright © 2019 World Scientific Publishing Company
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Fig. 1. 1H NMR spectra (500 MHz) changes of 2 (top) and 3 (bottom) in CD2Cl2 at 298 K

pathway of the whole molecule is delocalized. The bond
lengths of the carbon atom and the terminal oxygen
atom, C10–O, are 1.236 (4), 1.233 (4), 1.221 (4) and
1.237 (5) Å respectively, clearly demonstrating the
formation of C=O bonds [22–23]. More details about
the bond-length alternation around the whole molecular
were also observed (Fig. S9). These results indicate the
quinoidal resonance and the changed path of single and
double bond alternation (the changed p-conjugated path)
in 3. At the same time, the steric repulsion between the
3,5-di-tert-butyl benzoquinone substituents and changed
π-conjugated path forced the benzoquinone planes
and the pyrrole rings on the same side to bend to noncoplanar (dihedral angels are from 14.09° to 18.63°),
and the central indacene core is also distorted with the
dihedral angels between the two pyrrole rings at 9.84°
and 10.88°. All of these results suggest that the entire
molecule structure is distorted and the p-conjugated path
is changed to a new V-style.

visible absorption bands at 381 nm and 661 nm without
any other absorption bands in the NIR region. One of
these bands is a narrow and intense absorption band at
661 nm with an apparent shoulder at 610 nm, which can
be attributed to the S0 → S1 BODIPY transition [24].
In contrast, compound 3 exhibits a strong absorption
band at 795 nm (loge = 4.97) in the NIR region with a
shoulder in the longer wavelengths at 895 nm, together
with a visible absorption band at 436 nm. Because of
the introduction of bis-styryl substituents, compound
2 shows a maximum red fluorescence peak at 692 nm
with a large red shift compared with the parent BODIPY
1, whereas 3 doesn’t emit fluorescence. The absorption
and emission spectra of 2 and 3 were also measured in
different solvents (hexane, toluene, dichloromethane and
acetonitrile) and no obvious regularity changes of the
peak positions or ΦF values were observed (Fig. S10,
Tables S1 and S2). These apparently different spectra
indicate that the benzoquinone/phenol redox couple
mediates both absorption and fluorescence spectra.

Spectroscopic properties in solution
The UV-vis-NIR absorption and emission spectra of
2 and 3 are measured in CH2Cl2 (Fig. 3 and Table 2).
The absorption spectrum of 2 consists of two major
Copyright © 2019 World Scientific Publishing Company

Electrochemical properties
Electrochemical properties of 2 and 3 were studied by
cyclic voltammetry measured in dry acetonitrile (Fig. 4).
J. Porphyrins Phthalocyanines 2019; 23: 78–83
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Table 1. Selected bond lengths (Å) of 3 in the X-ray crystal
structure

Fig. 2. X-ray crystal structure of 3 with the thermal ellipsoids
set at 50% probability level. (a) Top view; (b) Side view.
Hydrogen atoms and solvent molecules are omitted for clarity

The ferrocene/ferrocenium (Fc/Fc+) redox couple was
used to calibrate the Hg/Hg2Cl2 reference electrode
used. Compound 2 consists one reversible one-electron
reduction potential at E1/2 red = -1.32 V, and two oxidation
waves at E1/2 ox1 = 0.25 V and E1/2 ox2 = 0.63 V, respectively.
The first oxidation potential at 0.25 V represents a
reversible two electron oxidation process. Compound 3
shows three separate and reversible one-electron redox
processes at E1/2 red1 = -0.61 V, E1/2 red2 = -0.88 V and
E1/2 red3 = -1.78 V, along with two one-electron oxida
tion potentials at E1/2 ox1 = 0.26 V and E1/2 ox2 = 0.54 V.
Therefore, oxidation of 2 to 3 greatly lowers the LUMO
level and results in an apparent decrease in the HOMO–
LUMO gap and the electrochemical gap between the first
oxidation and reduction potentials drastically decreases
from 1.57 V to 0.87 V upon conversion of 2 to 3.
DFT calculations
To derive an enhanced understanding of the contras
ting electronic and spectroscopic properties of 2 and
3, density functional theory (DFT) calculations at the
Copyright © 2019 World Scientific Publishing Company

All in two conformations

Average

C1–N1

1.360 (3), 1.365 (3), 1.370 (4), 1.366 (4)

1.365

N1–C4

1.393 (4), 1.391 (4), 1.392 (4), 1.395 (3)

1.393

C4–C5

1.378 (3), 1.364 (4), 1.381 (5), 1.371 (4)

1.374

C5–C6

1.403 (5), 1.400 (5), 1.400 (4), 1.393 (4)

1.399

C6–C7

1.381 (4), 1.381 (4), 1.393 (5), 1.380 (4)

1.384

C10–O

1.236 (4), 1.233 (4), 1.221 (4), 1.237 (5)

1.232

B3LYP/6-31G (d) level were carried out. The plots
and data for the HOMOs and LUMOs are shown in
Fig. 5 and Table 3. The general trends of the calculated
HOMO/LUMO levels and energy gaps are in line with
the experimentally observed trends. The calculated
ground states, mainly consisting of a HOMO–LUMO
transition, have energies of 2.96 eV (617 nm, f =
0.709) for 2 and 2.82 eV (775 nm, f = 1.059) for 3. The
calculation for 2 displays fully delocalized HOMO over
the BODIPY center core and its bis-styryl substituents,
and delocalized LUMO over the BODIPY center core
and partial bis-styryl substituents. Compared with 2,
the HOMO and LUMO levels of compound 3 are both
lower and a considerably decreased HOMO–LUMO
gap of 1.44 eV, resulting in the red shift observed in the
absorption spectrum. The HOMO and LUMO levels of
3 are delocalized on the whole p-conjugated skeleton.
The HOMO of 2 is in accordance with the LUMO of 3,
reflecting the two-electron redox in their p systems [25].

CONCLUSION
In summary, we have coupled 3,5-di-tert-butyl4-hydroxyphenyl to BODIPY via Knoevenagel
condensation to construct a distyrylphenol form 2,
and the following oxidization with Ag2O afforded the
benzoquinone form 3 in good yield (91%), whereas
the reduced reaction of 3 into 2 upon treatment with
NaBH4 gave only moderate yield (65%). Actually, the
J. Porphyrins Phthalocyanines 2019; 23: 79–83
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Fig. 3. The UV-vis-NIR absorption (solid lines) and emission (dotted lines) spectra of 1 (blue), 2 (black) and 3 (red) in CH2Cl2
(1 × 10-5 M) (λex = 490 nm for 1 and λex = 640 nm for 2). Insets: Photographs of 2 and 3 in CH2Cl2 under visible light (left) and
UV lamp (λ = 365 nm) (right)
Table 2. Spectroscopic and photophysical properties of compounds 2 and 3 in
CH2Cl2 at 298 K
Solvents

λabs [nm]

2

CH2Cl2

3

CH2Cl2

λem [nm]

εmax × 104 [M-1 cm-1]

ΦF

τf [ns]

661

692

14.0

0.59

3.58

436, 795

—

14.1, 9.3

—

—

3 possesses a narrow HOMO–LUMO gap and shows
an intense NIR absorption band with fluorescence
quenching. Such distinguished colorimetric changes
will be attractive for investigating the real time redox
reactions in biological systems.

EXPERIMENTAL
Instrumentation and materials

Fig. 4. Cyclic voltammograms of compounds 2 and 3 (0.8 mM)
measured in MeCN (0.1 M tetrabutylammonium hexafluoro
phosphate) at 100 mVs-1. The ferrocene/ferrocenium (Fc/Fc+)
couple was used as an external standard

introduction of this benzoquinone/phenol redox couple
achieves a dual modulation of both the absorption and
emission spectrum of the BODIPY dye. Compound 2
exhibits far-red visible absorption and emits mightily
with a fairly large HOMO–LUMO gap, while compound
Copyright © 2019 World Scientific Publishing Company

All chemical reagents were obtained from commercial
suppliers and used directly unless otherwise mentioned.
The NMR spectra of all compounds were measured on
a Bruker DRX500 or 400 spectrometer at 298 K and
referenced to the residual proton signals of the CD2Cl2.
The HR-MS data were recorded (in positive ion mode) on
a Bruker Daltonics micro TOF-Q II spectrometer. All the
solvents employed for the spectroscopic measurements
were of UV spectroscopic grade (Aldrich).
Synthesis
Preparation of 1,7-dimethyl-3,5-bis(4′-hydroxy-3′,5′di-tert-butyl styryl)-8-(4′-benzonitrile) BODIPY (2). A sol
ution of tetramethyl-(4′-benzonitrile)-BODIPY 1 (50 mg,
0.143mmol) and 3,5-di-tert-butyl-4-hydroxy-benzaldehyde
J. Porphyrins Phthalocyanines 2019; 23: 80–83
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Fig. 5. Energy level diagrems and Kohn–Sham orbital representation of LUMO+1 (top) to HOMO-1 (bottom) of 1, 2 and 3 using
the B3LYP functional and 6-31G(d) basis set

Table 3. Calculated electronic excitation energies, oscillator strengths, and eigenvectors for the
TD-DFT spectra of 2 and 3 carried out using the B3LYP functional and 6-31G(d) basis set

2

3

Statea

Eb (eV)

λ (nm)

fc

S1

2.01

617

0.709

H→L (100%)

S3

2.66

466

0.322

H-1→L (90%), H→L+2 (8%)

S11

3.60

344

0.9258

H-1→L+1 (12%), H→L+2 (24%), H→L+3 (49%)

S1

1.60

775

1.059

H→L (107%)

2.93

425

2.176

H-1→L (47%), H→L+1 (50%)

S9

Orbitals (coefficient)d

Excited states. Energy of excited states. Oscillator strength (f < 0.02 are not included). d MOs involved in the
transitions with H and L denoting the HOMO and LUMO, respectively.
a

b

c

(83.890 mg, 0.358 mmol) in a mixture of 30 mL dry
toluene, p-toluenesulfonic acid (PTSA) (3 mg) and pyridine
(0.2 mL) were placed in a round bottom flask equipped
with a Dean Stark trap, and the mixture was heated
under reflux until it evaporated to dryness. After cooling
for 15 min, the resulting combined solid was dissolved
in dichloromethane and washed with water. The organic
layer was dried over Na2SO4 and evaporated to dryness
under vacuum, and the crude residue was separated by
column chromatography (silica gel, petroleum ether/10%
ethyl acetate) and recrystallized from dichloromethane/Nhexane to give 2 as a red wine-colored solid. Yield 88 mg
(78%). 1H NMR (500 MHz, CD2Cl2) δ: 7.84 (d, J = 8.3 Hz,
2H), 7.59 (s, 2H), 7.54 (d, J = 1.8 Hz, 2H), 7.46 (s, 4H),
Copyright © 2019 World Scientific Publishing Company

7.27 (d, J = 16.3 Hz, 2H), 6.67 (s, 2H), 5.53 (s, 2H), 1.50
(s, 36H), 1.44 (s, 6H). 13C NMR (126 MHz, CD2Cl2) d:
155.87, 153.55, 141.75, 140.66, 138.07, 136.89, 135.24,
133.29, 132.77, 130.40, 128.33, 125.10, 118.76, 118.01,
116.43, 113.49, 34.70, 32.01, 30.37, 27.58, 23.07, 15.08,
14.30. HR-MS (ESI-Q-TOF): m/z C50H59BF2N3O2+
[M + H]+ calcd. 782.4671, found 782.4675.
Preparation of BODIPY (3). Ag2O (208 mg, 892
mmol) was added to a solution of compound 2 (35 mg,
44.8 mmol) in 10 mL dry dichloromethane. The mixture
was stirred for 15 min at room temperature under N2
atmosphere. The resulting suspension was filtered through
the celite and the organic solvent was evaporated under
vacuum. The residue was purified by recrystallization
J. Porphyrins Phthalocyanines 2019; 23: 81–83
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from chloroform/n-hexane to give 3 as a violet solid. Yield
32 mg (91%). 1H NMR (500 MHz, CD2Cl2) d: 7.87 (d,
J = 13.9 Hz, 2H), 7.81–7.78 (m, 2H), 7.66–7.63 (m, 2H),
7.58–7.55 (m, 2H), 7.22 (d, J = 13.9 Hz, 2H), 7.16 (s, 2H),
7.04 (d, J = 1.8 Hz, 2H), 1.42 (s, 6H), 1.38 (s, 18H), 1.32
(s, 18H). 13C NMR (126 MHz, CD2Cl2) d: 186.61, 153.79,
149.82, 149.68, 149.42, 140.46, 139.68, 136.79, 136.21,
134.08, 133.14, 132.93, 128.18, 125.27, 120.48, 118.68,
113.62, 110.64, 36.08, 35.72, 32.00, 29.76, 23.07, 15.62,
14.30. HR-MS (ESI-Q-TOF): m/z C50H57BF2N3O2+
[M + H]+ calcd. 780.4515, found 780.4514.
Preparation from 3 to 2. NaBH4 (50 mg, 1.3 mmol)
was added to a flask containing 3 (20 mg, 26 μmol),
CH2Cl2 (15 mL), and MeOH (5.0 mL) and the resulting
reaction mixture was stirred at room temperature for
15 min. The resulting mixture was washed with water
and the organic layer was dried over Na2SO4 and
evaporated to dryness under vacuum. The crude residue
was separated by column chromatography (silica gel,
petroleum ether/10% ethyl acetate) and recrystallized
from dichloromethane/N-hexane to give 2 as a red winecolored solid. Yield 13 mg (65%).
X-ray structure determination
The X-ray diffraction data of 3 were collected on a
Bruker Smart 85 Apex-IICCD diffractometer with graphite
monochromated Mo-Ka radiation (l = 0.71073 Å) using
the w-2q scan mode. The structure was solved by direct
methods and refined on F2 with the full-matrix least-squares
methods using SHELX programs. All calculations and
molecular graphics were carried out using the SHELX-97
program package and the Mercury program.
3. C50H56BF2N3O2: A navy blue block-like crystal of
the approximate dimensions 0.24 × 0.19 × 0.18 mm3
was measured. Monoclinic, space group P2(1)/c, a =
13.6639 (9) Å, b = 19.1967 (11) Å, c = 22.0851 (12) Å,
a = 65.779 (2), b = 78.394 (2), g = 78.293 (2), V =
5127.8 (5) Å3, Z = 4, F (000) = 1664.0, ρ = 1.010 g
cm-3, R1 = 0.0695, wR2 = 0.2120, GOF = 1.013, residual
electron density between 0.570 and -0.612 eÅ-3.
Spectroscopic measurements
UV-visible-NIR absorption spectra were measured on
a Shimadzu UV-2550 double beam spectrophotometer
and UV-3600 spectrophotometer. Fluorescence spectra
were measured on a Hitachi F-4600 fluorescence
spectrophotometer with a xenon arc lamp used as the
light source. Absolute fluorescence quantum yields
and fluorescence lifetimes were measured on a Horiba
Fluorolog-UltraFast spectrophotometer. Absorption and
emission measurements of the compounds were carried
out in 1 cm × 1 cm quartz cuvettes. For all measurements,
the temperature was kept constant at (298 ± 2 K).
When the fluorescence decays were monoexponential,
the rate constants of radiative (Kr) and nonradiative
(Knr) deactivation were calculated from the measured
Copyright © 2019 World Scientific Publishing Company

fluorescence quantum yield (Ff) and fluorescence
lifetime (t) according to equations (1) and (2):
Kf = Φf/τ(1)
Knr = (1-Φf)/τ(2)
DFT calculations
The Gaussian 09W software package [26] was used to
carry out a DFT geometry optimization using the B3LYP
functional with 6-31G(d) basis sets. The same approach
was used to calculate the absorption properties based on
the time dependent (TD-DFT) method.
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ABSTRACT: Porphyrins and phthalocyanines are widely studied molecules for various functional
applications. Researchers have investigated these photoactive compounds for electrochemical, sensor,
semiconductor and photodynamic therapy purposes. Layer-by-layer (LbL) self-assembly is preferred
for its simple, environmentally-friendly and water-based features compared to other coating techniques
in the literature. Coating thickness can be controlled on the order of nanometers by LbL mechanism.
Multilayer thin film formation of diverse phthalocyanine-based molecules is examined in terms of
molecular orientation and temperature dependency by the LbL method. However, as well as concentration
and temperature, the pH of the coating medium is another challenging parameter in the LbL approach.
Film thickness and layer distribution are influenced by pH value, changing ionic density and hence
the strength of electrostatic interactions during LbL assembly. In this study, layer-by-layer deposition
of branched poly(ethyleneimine)/nickel(II)phthalocyanine-tetrasulfonic acid tetrasodium salt (NiPcTS)
coating pair is studied. Impact of pH and concentration of NiPcTS on thin film properties are tested for
four different pH conditions. Corresponding analysis is made by UV-vis spectroscopy, surface profiler
and quartz-crystal microbalance. LbL deposition of NiPcTS is homogeneously controlled and 98 nm
thick films are obtained in the presence of acidic media.
KEYWORDS: phthalocyanine, layer-by-layer self-assembly, multilayer thin film.

INTRODUCTION
Phthalocyanines and porphyrins, which display
analogous molecular structures because of their aromatic
character, draw the attention of many researchers due to their
highly conjugated p-electron structures [1] with colorful
appearances. These aromatic macromolecules containing
a metallic core are labeled as metallated phthalocyanines/
porphyrins. It is well known that phthalocyanines and
their derivatives exhibit significant optical [1], electro
chromic [2] and photodynamic [3, 4] features in the
◊
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literature. In the presence of hydrophilic functional
groups attached to porphyrins and phthalocyanines, their
aqueous phases allow low-cost, feasible and promising
surface-based application methods. Due to their diversity
in molecular structure and functionality, porphyrins and
phthalocyanines intrigue material scientists.
Among several surface coating methods including
Langmuir–Blodgett (LB) and self-assembled mono
layers, the layer-by-layer (LbL) deposition technique
is commonly preferred due to its water-based, simple
application and environmentally friendly properties [5].
It is possible to obtain multilayer thin films where the
film thickness is controlled on the order of nanometers.
One of the primary requirements for a conventional LbL
film is opposite electrostatic interactions, while several
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factors [6] reported in the literature contribute to the
homogeneous and uniform LbL coating morphology.
Concentration [6, 7], pH [8, 9] or ionic density and
temperature [10] of coating materials play a significant
role on molecular conformation on surfaces; hence on
multilayer film thickness and uniformity. Besides polyelectrolytes, nanoparticles, bio-macromolecules [11–13],
inorganic [14–16] and organic compounds are easily
embedded into multilayer systems. Layer-by-layer
coatings serve for biological sensors [17, 18], antireflec
tive coatings [19] and corrosion [20–22] among other
applications.
In the literature, layer-by-layer films of phthalocyaninebased compounds are studied for various utilizations
such as temperature-dependent coatings [23], polyphenol
detection [24], photo-voltaic [25] properties etc. Benten
et al. [25] reported thin-film solar cells by using copper(II)
phthalocyanine-3,4′,4″,4′″-tetrasulfonic acid tetrasodium
salt (CuPcTS), where the thickness of prepared films affect
photovoltaic behavior. In another study by Sergeeva et al.
[23], CuPcTS containing LbL films were tested for their
high-temperature performance. Investigation of change
in the pH condition of NiPcTS is essential for potential
surface-based applications and it provides unique results.
The pH of the aqueous phthalocyanine strongly affects
thin film growth while the ionic density varies. Once the
ionic concentration of NiPcTS embedded into the film
system is adjusted, it is possible to transfer controllable
amounts of phthalocyanine to the surface by the LbL
technique.
In this study, effects of pH and concentration on
nickel(II)phthalocyanine-tetrasulfonic acid tetrasodium
salt (NiPcTS) are studied for multilayer thin film
formation by the layer-by-layer method. Film growth
is measured by light absorbance and thickness. Surface
adsorption of NiPcTS in acidic media is also monitored
by quartz-crystal microbalance.

MATERIALS AND METHODS
Materials
Anionic polyelectrolyte poly(sodium 4-styrene sulfo
nate) (SPS, Mw = 70.000), cationic polyelectrolyte
poly(allylamine hydrochloride) (PAH, Mw = 15.000)
and branched polyethyleneimine (bPEI, MW = 25.000)
molecules are used. Polyelectrolyte concentrations are
set to 10 mM, based on the molecular weight of the
repeating unit. Aqueous solutions of SPS, PAH and bPEI
polyelectrolytes have a pH value of 4.00. Nickel(II)
phthalocyanine-tetrasulfonic acid tetrasodium salt
(NiPcTS, Mw = 979.40 g/mol) is used as an anionic
phthalocyanine molecule. Concentration of NiPcTS
is adjusted to 0.1 mM and 0.25 mM, where the pH of
NiPcTS varies between 2.50/5.50/7.50 and 10.50. All
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of the chemicals are purchased from Sigma Aldrich and
their corresponding molecular structures are given in
Chart 1. Distilled water is the solvent of all materials.
Substrate preparation
Glass slides (75 × 25 × 1 mm) were physically and
chemically cleaned before the coating process. Substrates
were ultra-sonicated in Micro-90 concentrated cleaning
solution for 15 min, followed by ultrasonication in
distilled water for another 15 min. Once all slides were
rinsed with ethanol/water respectively, substrate surfaces
were dried with a nitrogen gun before 3–4 min of plasma
cleaning using Harrick Plasma Cleaner.
Layer-by-layer multilayer thin film formation
Multilayer thin films are obtained by the layer-bylayer (LbL) deposition method. The coating procedure
is initiated with the PAH/SPS polyelectrolyte pair,
designed to be adhesive layers. Once glass slides are
cleaned as described above, substrates are dip-spin
coated by 10 mM aqueous PAH solution for 10 min at
100 rpm. Excess charged molecules on the coating are
removed by dip-spinning the substrate in three different
distilled water baths for 2/1/1 min respectively. Then
the anionic adhesive layer, SPS is dip-spin coated for
another 10 min at 100 rpm and the substrate is rinsed
again with distilled water three times. This cycle
is identified as one bilayer (bL), and five bilayers of
adhesion pairs (PAH/SPS) are dip-spin coated on both
surfaces of the glass slides. The same coating procedure
is repeated for the desired number of layers with
(bPEI/NiPcTS)n pairs. An aqueous solution of bPEI
is distributed on the precoated SPS surface for 10 min
at 100 rpm. Rinsing by distilled water is applied in
three different wash baths for 2/1/1 min, respectively.
Then the substrate is dip-spun in an anionic aqueous
solution of NiPcTS with a selected pH value for another
10 min at 100 rpm. Finally, the excess coating material
is washed out by other rinse baths for 2/1/1 min
respectively. Varying the pH value of anionic NiPcTS
thin film formation behavior is analyzed.
Characterization
Thin film growth on glass slides is investigated using
a Cary 5000 UV-vis-NIR spectrometer in the visible
range. Thickness measurements of multilayer coatings
are performed by KLA Tencor P6 surface profiler and
at least seven different points on each film is measured.
Adsorption kinetics are measured by Q-Sense E1 quartzcrystal microbalance (QCM). LbL thin film assembly
is applied on a 5 MHz, 14 mm AT-cut sensor with gold
electrodes. Changes in frequency and dissipation are
recorded simultaneously with LbL coating under room
temperature.
J. Porphyrins Phthalocyanines 2019; 23: 85–90
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Chart 1. Molecular structures of studied polyelectrolytes and phthalocyanine. (a) poly(allylamine hydrochloride)-PAH
(b) poly(sodium 4-styrene sulfonate)-SPS (c) branched poly(ethyleneimine)-bPEI (d) Nickel(II)phthalocyanine-tetrasulfonic acid
tetrasodium salt-NiPcTS

RESULTS AND DISCUSSION
General LbL film formation
Layer-by-layer self assembly is a water-based coating
mechanism in which intermolecular interactions such as
electrostatic attraction, hydrogen or covalent bonding
are utilized. Since NiPcTS is water soluble in a wide
range of pH, four different pH conditions are studied to
investigate their effect on thin film formation. In Fig. 1,
a general protocol for the LbL process is demonstrated.
Any substrate where water can diffuse is dip-spun in
positively charged polyelectrolyte solution. In our case,
PAH and bPEI are the initial cationic aqueous solutions
for adhesion and coating processes respectively. The
substrate is dip-spun in (PE-1), which is PAH solution for
adhesion and bPEI polyelectrolyte solution for coating
process, for 10 min at 100 rpm. Next, excess material on
the surface of the substrate is removed by dip-spinning
the substrate in three different water baths for 2/1/1 min
respectively. Following that, oppositely charged material
is introduced as (PE-2), the SPS solution for adhesion
Copyright © 2019 World Scientific Publishing Company

and the NiPcTS solution for the coating process. After
10 min dip-spinning at 100 rpm, the substrate is washed
with three water baths again. Once all these four steps are
completed, one bilayer (bL) coating is accomplished. It is
possible to repeat the LbL process until desired number
of layers are obtained.
Aqueous phase vs. solid film. As a primary require
ment of LbL technique, coating materials need to be water
soluble. Aqueous solutions of studied polyelectrolytes
(PAH, SPS and bPEI) and NiPcTS are easily prepared due
to their attached amine and sulfonate groups. A set of pH
values between 2.5–10.5 enables homogeneous aqueous
solutions for NiPcTS. Because of the electro
static
interactions between polyelectrolytes and phthalocyanine
compound layer-by-layer self-assembly leads to thin film
formation. Taking advantage of the colorful appearances
of phthalocyanine, multilayer film growth is examined
by UV-vis spectroscopy in the visible wavelength range.
Color changes from light blue to dark blue for NiPcTSembedded films indicate film growth. Absorbance
spectra of both liquid and solid phases of NiPcTS are
compared. According to Fig. 2. both aqueous solution
J. Porphyrins Phthalocyanines 2019; 23: 86–90
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Fig. 1. Layer-by-layer (LbL) coating mechanism, PE-1: positively charged polyelectrolyte, WB: water bath, PE-2: negatively
charged material, containing NiPcTS during film coating process

Fig. 2. Film formation shown by absorbance spectra of liquid
and solid phases, where dashed curve (---) represents aqueous
NiPcTS solution and solid curve (—) represents 10 bilayers of
thin film (bPEI/NiPcTS). pH value for NiPcTS is 2.5

(0.01 mM) and 10 bilayers film of NiPcTS (0.25 mM)
give an absorbance maximum at 614 nm represented
by the blue dashed and solid curves respectively. The
Q band of NiPcTS is clearly displayed by an intense
absorption peak at 614 nm, which arises because of
the transition between p-p* of phthalocyanine. Hence,
Fig. 3. is plotted to precisely show film growth by visible
light spectroscopy. As expected, as the number of layers
increases from 2 bilayers to 10 bilayers, the intensity of
the Q band of (bPEI/NiPcTS)n also increases.
Influence of concentration on LbL self-assembly. One
of the critical parameters affecting thin film thickness and
growth via layer-by-layer self-assembly is concentration.
By changing the concentration of the coating material it is
possible to gain control over thin film thickness. Similar
to the literature [9, 26], polyelectrolyte concentrations
are set to 10 mM (considering the molecular weight of
the repeat unit). NiPcTS has an intense character in the
aqueous phase. Various concentrations of phthalocyanine
Copyright © 2019 World Scientific Publishing Company

Fig. 3. Multilayer thin film growth of (bPEI/NiPcTS)n coating
system by UV-vis spectroscopy. The Q band maxima are
obtained at 614 nm wavelength

are studied in literature [23, 25, 27] for LbL selfassembly. Rather than the intensity of absorbance, where
maximum absorbance appears plays a significant role for
characterization by spectroscopy. Therefore, even few
millimolar concentrations of phthalocyanine are sufficient
for analysis. In our study, NiPcTS is prepared in two
different concentration conditions, at 0.25 and 0.1 mM.
For each case, multilayer thin films of bPEI/NiPcTS pair
are prepared up to 10 bilayers. The effect of concentra
tion is measured in terms of absorbance in the visible
wavelength range and film thickness by surface profiler.
In Figs 4 and 5, multilayer thin film properties containing
0.25 mM NiPcTS are demonstrated by red and 0.1 mM
NiPcTS by blue points. There is a similar exponentially
increasing trend in thickness and absorbance intensity
for both concentrations. 10 bilayers of (bPEI/NiPcTS)
film assembled from 0.25 mM NiPcTS concentration
(pH 2.5) brings 98.3 nm thickness while 0.1 mM NiPcTS
gave 80.9 nm on the glass surface. In addition, the effect
of concentration on thin film absorbance is plotted in
J. Porphyrins Phthalocyanines 2019; 23: 87–90
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Fig. 4. Thin film growth demonstrated by change in thickness
for two different concentration conditions of NiPcTS (pH = 2.5
in both cases)

Fig. 5. Thin film growth demonstrated by change in absorbance
for two different concentration conditions of NiPcTS (pH = 2.5
and l̄ = 614 nm in both cases)

Fig. 5. Up to 6 bilayers of (bPEI/NiPcTS), both 0.25 mM
and 0.1 mM NiPcTs conditions display almost identical
absorbance characteristics. However, as the number of
bilayers increases to 10, multilayer thin film formed
by higher concentration diverges faster. As expected,
higher concentration exposes higher thickness and
absorbance values. Nevertheless, a 2.5-fold increase in
thin film properties does not occur as the concentration
of the anionic layer NiPcTS is raised by 2.5-fold. The
reason behind enlightens the exponential growth as well.
There might be two explanations for the exponential
behavior. First of all, since one of the coating materials,
polyelectrolyte bPEI or the metallated phthalocyanine,
swells and diffuses into the previously coated layer,
there is no visible distinctive layer distribution. Each
added layer interpenetrates into the layer underneath
Copyright © 2019 World Scientific Publishing Company

Fig. 6. Effect of pH on LbL thin film growth for 0.25 mM
NiPcTS embedded coating (bPEI/NiPcTS)10

until electrostatic charge saturation is obtained. Another
reason might be the molecular interactions other than
electrostatic attractions. Especially for pH 2.5 conditions
as well as opposite charges, hydrogen bonding between
amine and sulfonate groups in bPEI and NiPcTS
respectively governs film growth.
Influence of pH on LbL self-assembly. Another
crucial factor influencing LbL film growth is the pH of
the coating material. By increasing the ionic density in
solution or changing the molecular conformation on the
substrate surface, thus modifying the pH, it is possible to
obtain thicker films by the LbL method on any surface that
water can diffuse. The effect of pH is highly significant
for control over the thin films. Therefore, a set of pH
values are studied for NiPcTS and their corresponding
outcomes on thin film properties are analyzed. As given
in Fig. 6, the highest absorbance is achieved at acidic
pH. Increasing pH of the 0.25 mM aqueous NiPcTS
solution in the (bPEI/NiPcTS)n film system decreases
the absorbance indicating thinner film formation at basic
pH values. This is indicated by the decrease in film
thickness as well. Hence, it is determined that as NiPcTS
is dissolved in acidic media in addition to the effect of
ionic distribution, densely loopy molecular conformation
contributes to layer-by-layer self-assembly. In other
words, once the NiPcTS pH is set to basic due to the
collapsed molecular conformation, the thickness of
the film decreases. Thus, control over film thickness is
gained by pH of the medium.
As pointed out in the sections above, thin film features
are clearly modified as the pH of the NiPcTS solution is
altered. In Fig. 7, the dramatic change in color towards
light blue is shown for 10 bilayers of (bPEI/NiPcTS) film
where NiPcTS is 0.25 mM. In addition, the deposition
procedure at pH 2.5 is simultaneously monitored by
quartz-crystal microbalance on gold-coated quartz
sensors. To avoid blocking of the pipe, the concentration of
NiPcTS is decreased to 0.01 mM and the third frequency
tone is used for analysis. Figure 8 gives the change in
J. Porphyrins Phthalocyanines 2019; 23: 88–90
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Fig. 7. Film growth behavior of 0.25 mM NiPcTS containing 10 bL film

Fig. 8. Change in frequency for 0.01 mM NiPcTS deposited
4 bilayer (bL) films

frequency with respect to the number of layers coating
the surface of the crystal. To enhance initial interactions,
one bilayer of adhesion (PAH/SPS) is applied on the
crystal surface. Subsequently, 4 bilayers (4bL) of (bPEI/
NiPcTS) are deposited. As given in Fig. 8, addition of
each NiPcTS layer decreases frequency significantly,
while bPEI contribution is reduced. This attitude can
be attributed to NiPcTS which cause the bPEI layer to
collapse. A similar trend is observed for repeating layers.
A summary of studied assembly conditions and their
influence on thin film thickness is presented in Table 1.
In addition to adhesion pairs, coating materials are listed
in terms of their concentration, pH and corresponding
thickness values. Hence, it can be concluded that 0.25 mM
NiPcTS in acidic pH exhibits ~100 nm overall film thick
ness, while increase in pH to 10.5 decreases film thickness
by ~22-fold. Once the phthalocyanine concentration is

Table 1. Summary of studied (bPEI/NiPcTS)n film systems with different
pH-concentration values for NiPcTS and the corresponding thickness behavior (PE;
Polyelectrolyte, i.e. PAH, SPS, bPEI)
Concentration (mM)

Thickness (nm) for (bPEI/NiPcTS)
pH

PE

10

0.1

NiPcTS
0.25

Copyright © 2019 World Scientific Publishing Company

10 bL

8 bL

6 bL

4 bL

2 bL

2.50

80.9

37.3

18.8

3.5

0.5

5.50

26.6

17.3

9.6

2.9

—

7.50

5.8

3.3

1.4

—

—

10.50

2.7

0.8

—

—

—

2.50

98.3

54.2

22.8

8.8

4.4

5.50

38.4

26.8

14.6

6.4

3.2

7.50

6.7

5.1

2.6

—

—

10.50

3.4

1.5

—

—

—

4.00
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decreased 2.5-fold, overall film thickness decreases as
well. However, decay in thickness is not linearly dependent
on concertation due to the reasons explained above. For
some of the cases, where the thickness is shown by a dash,
multilayer film coatings are thinner than the equipment
can measure.

CONCLUSION
Homogeneous and uniform multilayer films of bPEI/
NiPcTS are prepared by layer-by-layer self-assembly.
Due to the diffusive LbL deposition mechanisms,
exponential film growth is obtained at both 0.25 mM
and 0.1 mM NiPcTS concentrations. Crucial effects of
NiPcTS pH on film growth are reported by absorbance
and thickness measurements. It is clearly shown that
NiPcTS in acidic media exhibits thicker films with bPEI.
Decrease in frequency by NiPcTS addition indicates
molecular buildup on the crystal surface. However,
instead of pure electrostatic attraction, hydrogen bonding
or other additional interactions are taking place for
multilayer film formation.
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ABSTRACT: This study presents a novel phthalonitrile derivative (2) bearing (trifluoromethoxy)
phenoxy groups in 4,5 positions. Cyclotetramerization of (2) in N,N-dimethylaminoethanol (DMAE)
gave a series of peripherally octa-substituted metallophthalocyanines (3-Zn, 3-Co and 3-Cu). The
newly synthesized phthalocyanines have been characterized by a combination of various spectroscopic
techniques. Effects of solvent nature on aggregation behavior of 3-Zn were studied using different
solvents such as acetone, CHCl3 and dichloromethane (DCM). In addition, the aggregation behavior of
the phthalocyanine complex 3-Zn was examined in DCM at different concentrations ranging from 4 ×
10-6–14 × 10-6 M. Antimicrobial activities of synthesized compounds were tested by using the thin layer
chromotography (TLC)-direct bioautography and disk diffusion methods. In both assays, the molecules
showed activity on the tested Gram (+) bacteria. Antioxidant activities of the molecules, on the other
hand, were determined by using the 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging method
and a reducing power assay. The highest activity was obtained with 3-ZnPc for both methods.
KEYWORDS: phthalocyanine, (trifluoromethoxy)phenoxy, aggregation behavior, antimicrobial and
antioxidant activity, TLC-direct bioautography.

INTRODUCTION
Phthalocyanines (Pcs), as full-aromatic 18p-electron
structures, have high electron transfer abilities making them
useful in numerous areas [1–4] such as non-linear optical
applications [5], molecular electronics [6], photodynamic
therapy (PDT) [7], chemical sensors [8], Langmuir–
Blodgett films [9], liquid crystals [10], photovoltaic
cells [11], nanotechnology [12], electrochromic display
devices [13] and in the dyes and pigments industry
[1–4]. In addition, some Pcs can play a significant role
in photosensitizers owing to their photostability, long

*Correspondence to: Makbule Burkut Koçak, tel.: +90-212285-69-64; fax: +90-212-285-63-86, email: mkocak@itu.edu.
tr; Neslihan Saki, email: sakineslihan1@gmail.com.
Copyright © 2019 World Scientific Publishing Company

lifetimes of the photoexcited triplet states and high molar
absorption coefficients [14].
All these applications require highly soluble and pure
compounds. Unsubstituted Pcs are nearly insoluble in
common organic solvents and aqueous media due to
intermolecular interactions, causing a drastic degradation
of their optical properties and thereby minimizing their
uses [1–4, 15]. In this respect, an important target of Pc
chemistry is to synthesize soluble Pcs. In addition, Pcs
have many significant physical, chemical and biological
properties depending on their peripheral and axial
substitution patterns. The presence of diverse substituents
(such as long chain alkyl, alkylthio or alkoxy groups) on
peripheral and/or non-peripheral positions of the Pcs can
increase the distance between the bulky planar structures,
subsequently resulting in improved solubility and optical
properties of these compounds [16–22].
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There is a great increase in the number of studies
concentrated on the development of fluorine-containing
Pcs to detect novel materials resulting from the
unique properties of fluorine such as high stability,
chemical resistance, lipophilicity and electron transport
characteristics. In general, multi-fluoro-substituted Pcs
are considered because of their good solubility even
in polar and aprotic solvents [23–30]. In recent years,
researchers have also studied the antioxidant [31–33]
and antimicrobial [34, 35] activities of Pc molecules.
Reactive oxygen species (ROS) are produced in the
metabolisms of living organisms and these ROS decrease
the normal defensive mechanisms of an organism by
readily reacting with most of the cellular biomolecules
[36]. Due to the broad use of commercial antibiotic drugs
resulting in multi-drug resistance, the synthesis of new
Pcs with antimicrobial activity becomes important.

In this study, we present the synthesis and characteri
zation of novel octa-substituted Pcs bearing (trifluoro
methoxy)phenoxy groups on the peripheral positions. We
report here the aggregation behavior of the metallophth
alocyanine (3-Zn) in different concentrations of DCM.
In addition, antimicrobial and antioxidant activities of
molecules were studied and TLC-direct bioautography
method was used for the first time for the determination
of antimicrobial activities of Pcs.

RESULTS AND DISCUSSION
Synthesis and characterization
The synthetic pathway of MPcs (3-Zn, 3-Co and
3-Cu) is shown in Scheme 1. The precursor phthalonitrile
derivative, namely 4,5-bis(4-(trifluoromethoxy)phenoxy)

Scheme 1. Synthetic route for phthalonitrile (2) and phthalocyanines (3-Zn, 3-Co and 3-Cu). (i) DMSO, K2CO3, 80 °C, 4h.
(ii) DMAE, 135 °C, 24 h
Copyright © 2019 World Scientific Publishing Company

J. Porphyrins Phthalocyanines 2019; 23: 92–102

1st Reading

ANTIMICROBIAL AND ANTIOXIDANT PROPERTIES OF NOVEL OCTA-SUBSTITUTED PHTHALOCYANINES

phthalonitrile (2), was achieved by aromatic nucleophilic
substitution of 1 with 4-(trifluoromethoxy)phenol [21,
37, 38]. The resulting phthalonitrile derivative 2 was
crystallized from ethanol to obtain a yield of 55%.
Cyclotetramerization of 2 with anhydrous metal salts
Zn(CH3COO)2, CoCl2 and CuCl2 led to the formation
of peripherally octa-substituted zinc (II), cobalt (II) and
copper (II) Pcs (3-Zn, 3-Co and 3-Cu) (Scheme 1). The
purified product was chromatographed using chloroform/
THF; 50:1 as the eluent on the silica-gel column. The target
Pcs were characterized using UV-vis, FT-IR, 1H NMR,
MS spectroscopic data, and the purity of the compounds
were checked by elemental analysis. Satisfactory yields
were obtained for the synthesis of all the Pcs 3-Zn
(29.01%), 3-Co (32.75%) and 3-Cu (30.49%). The newly
synthesized Pcs show good solubility in a number of
solvents such as CHCl3, DCM, acetone, tetrahydrofuran
(THF), ethylacetate, N,N-dimethylformamide (DMF)
and dimethyl sulfoxide (DMSO).
The FT-IR spectrum of phthalonitrile derivative 2
includes the characteristic peaks of Ar–H, CN, CF3, and
Ar–O–Ar appearing at 3119, 2233, 1369, and 1104 cm-1,
respectively. In the 1H NMR spectrum of compound 2,
the aromatic protons of the phthalonitrile were observed
as singlets at 8.00 ppm and aromatic protons of the
substituent (F3CO–ArH–O) appeared at 7.39–7.38 ppm
as doublets and 7.21–7.19 ppm as doublets. The 13C NMR
spectrum of compound 2 was in accord with the structure.
In the 13C NMR spectrum of compound 2, benzene
carbon atoms appeared at a range between 152.43 and
111.36 ppm, while C–F carbons and nitrile carbons
were observed at 123.26 and 120.69 ppm, respectively.
19
F NMR spectroscopy is an appropriate method to
investigate the fluorinated structures. The 19F NMR
spectrum of 2 showed a peak at -58.19 ppm as a singlet
corresponding to 6F. In the mass spectrum of derivative 2,
presence of the molecular ion peak at m/z = 480.54 [M]+
verified the synthesis of the desired structure.
In the FT-IR spectra of 3-Zn, 3-Co and 3-Cu, the
disappearance of the intense absorption of the C≡N
group confirmed cyclotetramerization of compound
2. The IR spectra of the newly synthesized Pcs are
very similar. For the Pcs 3-Zn, 3-Co, and 3-Cu, the
vibrations corresponding to aromatic ether groups
(Ar–O–Ar) were observed at 1089, 1093 and 1091 cm‑1
and characteristic substituted CF peaks appeared at
1365, 1349 and 1344 cm-1, respectively. Only the 3-Zn
including a diamagnetic metal was employed for 1H
NMR. The 1H NMR spectrum of 3-Zn showed aromatic
Pc ring protons at d 7.40 ppm as singlets, while the
(trifloromethoxy)phenoxy protons were observed in
the region between 7.24 and 7.07 ppm as multiplets. In
the MALDI-TOF mass spectra of purified products, the
characteristic peaks appearing at 1985 [M]+, 1979 [M]+,
and 1983.50 [M]+ respectively evidenced the formation
of the proposed products 3-Zn, 3-Co and 3-Cu.
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Electronic absorption spectra
UV-vis spectra of Pcs demonstrate an intense
absorption in the Q-band region at approximately 650–
700 nm which is referred to as the p–p* transition from
the HOMO to the LUMO of the Pc2- ring. The B band
appears at around 300–400 nm (UV region) resulting
from the deeper p–p* transition [1–4]. The position and
band width of the absorption bands can be changed by
altering the central metal atom, size and symmetry of
p-conjugated system or the type, number and positions
of substituents on periphery [39]. For instance, addition
of aromatic rings (polybenzennulation) increases the
wavelength of absorbed electromagnetic radiation by
enhancing the conjugation of p-electrons [40].
The electronic spectra of 3-Zn, 3-Co and 3-Cu
exhibited a sharp single Q band at 674, 661 and 673 nm,
respectively. The Q-band maxima of the synthesized
MPcs were in the following order Zn > Cu > Co due to
the central metal ion of the molecules (Fig. 1). The B
band of these Pcs was observed in the UV region between
336 and 358 nm. Log ε values of the related peaks are
given in Table 1. In addition, for compounds 3-Zn, 3-Co
and 3-Cu, the maxima of the vibronic bands correlated
with n–p* transitions, appearing at 608, 600, 607 nm
correspondingly [19, 41, 42].
Aggregation studies
Aggregation has a vital effect on the bioavailability,
the in vivo distribution and singlet oxygen production
efficiency, optical and PDT properties of highly
delocalized p-electron systems [7]. On the other hand,
non-aggregated Pcs with bulky substituents have good
solubility which can be useful for the purification and
characterization processes. Due to the many applications
of Pcs derived from the optical properties, aggregation

Fig. 1. UV-vis spectra of 3-Zn, 3-Co and 3-Cu in THF
(concentration; 6 × 10-6 M)
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Table 1. UV-vis data for 3-Zn, 3-Co and 3-Cu in THF
B Band λmax/nm
(log ε)

Q Band lmax/nm
(log ε)

3-Zn

358 (4.63)

674 (5.13)

3-Co

336 (4.90)

661 (5.03)

3-Cu

351 (4.68)

673 (5.11)

Compd.

and control of that are of critical importance as well.
Generally, characteristics such as concentration, solvent
type, nature of substituent and temperature can influence
the aggregation behavior of Pcs [1–4, 15, 17–22].
In this study, the aggregation behavior of 3-Zn was
investigated in DCM at different concentrations (Fig. 2a).
As shown, increase in concentration of 3-Zn was followed
by increase in intensity of the Q band and no new bands
resulting from the aggregated species were observed. Due
to non-aggregation behavior, the compound 3-Zn obeyed
the Lambert–Beer law in DCM at different concentra
tions ranging from 4 × 10-6 to 14 × 10-6 M (Fig. 2b).

Moreover, the electronic absorption of compound 3-Zn
in diverse organic solvents consisting of acetone, CHCl3,
THF, DMF, DCM and DMSO were studied (Fig. 2c).
According to Fig. 2c, as the ascending refractive index
of the solvent is enhanced, the Q band shift to the red
region increases. In this study, the bathochromic shift of
the Q band based on solvent nature for compound 3-Zn
increased in the following order: acetone < THF < DCM
< DMF < CHCl3 < DMSO. The related spectra were
analyzed with the Bayliss method [23, 38, 43] (Fig. 2d).
As shown, the linearity of the Q-band frequency-refractive
index plot reveals that the red shifts in the Q band mainly
result from solvation effects.
TLC-direct bioautography
In TLC-direct bioautography assays, the developed
TLC plate is dipped into the bacterial suspension and the
chromatogram is incubated overnight. For visualization
of antimicrobial activities, tetrazolium salts are used and
colored formazen result from the conversion of tetrazolium
salts with dehydrogenases of living organisms [44]. This

Fig. 2. (a) Electronic spectra of 3-Zn in DCM at different concentrations from 4 × 10-6–14 × 10-6 M, (b) Plot of the absorbance of
3-Zn against to concentration, (c) UV-vis spectra of 3-Zn in different solvents (concentration; 6 × 10-6 M), (d) Plot of the Q band
frequency of 3-Zn against (n2 − 1)/(2n2 + 1)

Copyright © 2019 World Scientific Publishing Company

J. Porphyrins Phthalocyanines 2019; 23: 94–102

1st Reading

ANTIMICROBIAL AND ANTIOXIDANT PROPERTIES OF NOVEL OCTA-SUBSTITUTED PHTHALOCYANINES

95

Fig. 3. Antimicrobial activities of the tested molecules against tested microorganisms

Fig. 4. Antimicrobial activity of the molecules (0.005M) against the bacterial strains tested based on disk-diffusion method
(inhibition zones given in mm)

technique has been commonly used to determine the
antimicrobial properties of plant extracts [45] and it is here
applied for the first time for the evaluation of potentials
of Pc molecules. This method is very useful in terms of
giving preliminary information about the antimicrobial
activity of molecules.
In our study we examined compound 2, 3-Zn, 3-Co
and 3-Cu using a TLC-direct bioautography assay.
Figure 3 shows the TLC biograms of tested bacteria
and white areas against purple backgrounds indicate
inhibition on the TLC plates. Compound 2 and 3-Zn
both showed inhibitory activity against all tested gram
(+) bacteria; 3-Co was found to inhibit the growth of
Staphylococcus aureus (ATCC 29213) only and 3-Cu
possessed activity against all tested gram (+) bacteria
except Staphylococcus aureus (ATCC 29213). None of
the molecules was effective on the gram (-) bacteria of
Escherichia coli (ATCC 25922).
In this study, metal-containing Pcs without cationic
substituents at R groups showed antimicrobial activity
against all tested gram positive microorganisms. Mikula
Copyright © 2019 World Scientific Publishing Company

et al. investigated the antimicrobial activities of some
novel Pcs against E. coli and found that positively charged
molecules showed inhibitory effects on bacteria while
negatively charged and neutral ones showed no inhibitory
effect [46]. There are also other studies in which the
antimicrobial activities of Pcs against both gram (+) and
gram (-) bacteria have been investigated [47–49].
Disk diffusion assay
Antimicrobial activities of molecules were determined
by using a disk diffusion assay against one gram negative
and five gram positive bacteria. All tested compounds
showed inhibition activity against all tested gram (+)
bacteria species. The inhibition areas obtained from the
molecules were in the range of 9–16 mm, and standard
antibiotic ceftriaxone showed the highest inhibition
activity in all tested microorganisms. Compound 2, among
all the molecules tested, showed the highest inhibition
area in all tested gram (+) bacteria, and MPcs did not vary
significantly according to their metal atom (Fig. 4).
J. Porphyrins Phthalocyanines 2019; 23: 95–102

1st Reading

96

N. FARAJZADEH ET AL.

Some of the studies on the antimicrobial activity of Pc
molecules are summarized in Table 2. In these studies,
researchers have identified the antimicrobial activity of
Pcs using a variety of methods such as viable cell count,
disk diffusion, agar diffusion, biomass accumulation and
minimum inhibitory concentration (MIC). In addition
to these methods, we applied TLC-direct bioautography
method for the first time to the Pc molecules.
DPPH assay
DPPH radical scavenging activities of all the tested
molecules and control compounds are given in Fig. 5.
In the DPPH assay, results were expressed as the ratio
percentage of the absorbance decrease of DPPH radical
solution in the presence of tested molecules [55]. All
molecules showed DPPH scavenging activity in all tested
concentrations. When the concentration increased from
5 mg . mL-1 to 100 mg . mL-1, the percentage of DPPH
scavenging activity increased from 0.87 to 38.27 for
compound 2, 4.71 to 63.76 for 3-Zn, 1.03 to 40.34 for
3-Co and 3.01 to 43.08 for 3-Cu. The standard compound
Trolox showed the highest activity among all the tested
molecules in all tested concentrations.
Reducing power
One of the most significant indicators of potential
antioxidant activity is the reducing capacity of a
compound. In this assay, conversion of Fe+3 complex
to ferrous form in the presence of reductants was used.
Thus, the concentration of Fe2+ is obtained by measuring
the absorbance at 700 nm [56] and an increase in
absorbance indicates an increase in reducing power.
Reducing capacity test results of the tested molecules
are given in Fig. 6. The standard compound α-tocopherol
showed the highest reducing capacity at 25, 50 and
100 mg . mL-1 concentrations. Compound 2 showed the
highest reducing capacity at all tested concentrations,
followed by compounds 3-Zn, 3-Co and 3-Cu.
The literature on antioxidant activity studies of Pc
molecules synthesized in recent years is given in Table 3.
In this context, DPPH removal activities obtained in
the studies vary between 30–70%, and reducing power
activities of Pc molecules vary between 2 to 3 absorbance
values (700 nm) at 100 mg . mL-1 concentration. These
values are consistent with the results in our study.

EXPERIMENTAL
Apparatus
IR spectra were recorded on a Perkin–Elmer Spectrum
One spectrometer and electronic spectra were performed
on a Scinco Lab Pro Plus UV/vis spectrophotometer.
1
H NMR, 13C and 19F spectra were recorded on an
Agilent VNMRS 500 MHz spectrometer using a Thermo
Copyright © 2019 World Scientific Publishing Company

Finnigan Flash EA 1112 apparatus to measure elemental
data at 950–1000 °C. Mass spectra were determined on a
Perkin–Elmer Clarus 500 GC-MS and a Bruker Microflex
MALDI-TOF mass spectrometer.
Synthesis
4,5-bis(4-(trifluoromethoxy)phenoxy)phthalonitrile
(2). 1,2-Dichloro-4,5-dicyanobenzene (1) [60] (1.00 g,
5.08 mmol) and 4-(trifluoromethoxy) phenol (2.26 g,
12.69 mmol) were dissolved in 20 mL DMSO. Then
7.00 g of K2CO3 (50.76 mmol) was added during 2 h
and stirred for further 6 h at 80 °C. After cooling, it
was poured into ice water (200 mL). The precipitate
was filtered and washed several times with cold water
until the filter became neutral. The crude product was
crystallized using ethanol. Yield 1.27 gr (% 52.30), mp
104 °C. Anal. calcd. for C22H10N2O4F6: C, 55.01; H, 2.10;
N, 5.83. Found: C, 55.12; H, 2.18; N, 5.75. 1H NMR
(500 MHz; d6-DMSO): d, ppm 8 (2H, s, Ar–H (Pc ring)),
7.39–7.38 (4H, d, F3CO–ArH), 7.21–7.19 (4H, d, F3CO–
ArH). 13C NMR (d6-DMSO): d, ppm 152.43 (aromatic
C), 151.88 (aromatic C), 146.46 (aromatic C), 123.26
(aromatic C–F), 122.82 (aromatic C), 121.82 (aromatic
C), 120.69 (C≡N), 114.59 (aromatic C), 111.36 (aromatic
C). 19F NMR (d1-CDCl3): δ, ppm -58.19 (6F, s). FT-IR:
nmax, cm-1 3119 (CH aromatic), 2233 (-C≡N), 1369
(CF3), 1104 (Ar–O–Ar). MS (MALDI-TOF): m/z 480.54
(calcd. For [M]+ 480.31).
General procedures for metallophthalocyanines
(3-Zn, 3-Co and 3-Co)
Compound 2 (0.100 g, 0.208 mmol), anhydrous metal
salts [Zn(CH3COO)2 (0.013 g, 0.069 mmol), CoCl2
(0.009 g, 0.069 mmol), CuCl2 (0.009 g, 0.069 mmol)]
and DMAE (1.5 mL) were stirred at 135 °C in a glass
sealed tube for 24 h under an inert nitrogen atmosphere.
The green-blue product was cooled to room temperature
and poured into an ice and water mixture (80 mL) and
stirred for 1 h. The precipitate was filtered off, washed
with hot n-hexane and finally dried in vacuo. The purified
solid was achieved by utilizing silica gel chromatography
(chloroform/THF; 50 : 1) as the eluent. Color: dark blue.
Solubility: CHCl3, DCM, acetone, THF, ethylacetate,
DMF and DMSO.
Zinc(II) phthalocyanine (3-Zn). Yield 0.040 g
(29.01%), mp > 250 °C. Anal. calcd. for C88H40N8
O16F24Zn: C, 53.20; H, 2.03; N, 5.64%. Found: C, 53.58;
H, 2.28; N, 5.42%. 1H NMR (500 MHz; d1-CDCl3,
d5-pyridine): d, ppm 7.4 (8H, s), 7.24 (16H, m), 7.07
(16H, m). FT-IR: nmax, cm-1 3067 (aromatic CH), 1365
(CF3), 1089 (Ar–O–Ar). UV-vis (THF): lmax, nm (log e)
358 (4.63), 674 (5.13). MS (MALDI-TOF): m/z 1985
(calcd. for [M]+ 1985).
Cobalt(II) phthalocyanine (3-Co). Yield 0.045 g
(32.75%), mp > 250 °C. Anal. calcd. for C88H40N8O16F24Co:
C, 53.38; H, 2.04; N, 5.66%. Found: C, 53.63; H, 2.32; N,
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Si

Co

Cu

Cu

Zn

Zn

Co

2,10,16,24-Tetrakis[methyl 2-(oxy)-2,2-diphenylacetate
Phthalocyaninato] cobalt(II)

2,10,16,24-Tetrakis[methyl 2-(oxy)-2,2-diphenylacetate
Phthalocyaninato] copper(II)

Metal (II) 2, 9, 16, 23-tetra-phenyliminophthalocyaninesCu-PhImPc

Metal (II) 2, 9, 16, 23-tetra-phenyliminophthalocyaninesZn-PhImPc

1(4), 8(11), 15(18), 22(25)-Tetrakis-a-(8-(2,3dicyanophenoxy) quinoline-5-sulfonic acid)-zinc(II)
phthalocyanine

4-(3-Methoxyphenyl)-6-methyl-2-oxo-1,2,3,4-tetrahydro
pyrimidine-5-carboxylate

Metal

SiPc-PEG

Pc
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—

3 µg–6 µg . mL-1

500 ppm

500 ppm

500 mg . L-1

No

No

No

No

No

No

Yes

2500 µg . mL-1
500 mg . L-1

Photo inactivation

Concentration

MIC

biomass accumulation

agar diffusion

agar diffusion

disk diffusion

disk diffusion

Viable cell count

Assay

Table 2. Antimicrobial activity researches from the literature

19 mm

16 mm

12 mm

2.5 mg/mL
S. aureus

0.625 mg/mL
1.25 mg/mL

Listeria monocytogenes
Micrococcus luteus

Salmonella Typhimurium 5 mg/mL

0.00091 J/cm

2

E. Coli

Arthrospira platensis-M2 Non toxic

Xanthomonas compstris

Xanthomonas compstris

S. aureus

13 mm

B. subtilis

15 mm
13 mm

P. aeriginosa
E. coli

<5 × 10 9 cfu/mL

Result

E. Coli

Strain

54

53

52

51

50
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Fig. 5. Radical scavenging activity on DPPH radical (%) of the tested
compounds

For disk-diffusion assays, all the stock cultures
were inoculated in Mueller–Hinton Broth (MHB).
After 24 h incubation at 37 °C, microorganisms
were added to the 5 mL deionized-water-containing
sterile tubes and adjusted to 0.5 McFarland standard
(1.5 × 108 CFU/mL) by using UV-spectrophotometer
(Optimizer) [51].
In the TLC-direct bioautography method,
bacterial colonies were put into 10 mL MHBcontaining sterile tubes and incubated at 37 °C
overnight. After incubation, obtained bacterial
suspensions were diluted 1 : 200 portions in MHB.
Then 5 mL of diluted bacterial suspension were
added to the 20 mL MHB and stirred on a magnetic
stirrer at 37 °C for 5 h. A 20 mL amount of MHB
(pH 7.2 ± 0.2) was inoculated with 1 mL bacterial
suspension obtained directly from the additional
pre-incubation and put on the magnetic stirrer at
37 °C for 7 h [61].
Disk diffusion assay

Antimicrobial activities of the molecules were
determined by using the disk diffusion assay
described by Saki et al. [56]. Samples from
prepared bacterial suspensions were inoculated
by using sterile swabs to the petri dishes
containing Mueller–Hinton Agar (MHA). DMSO
was used to dissolve the test compounds with a
final concentration of 0.005 M. Blank disks were
impregnated with 20 mL of prepared solutions
of molecules and put on the inoculated-MHAFig. 6. Reducing power assay of tested molecules at different containing petri dishes. Blank disks impregnated
concentrations (vertical bars represent the SD)
with DMSO (20 mL) and ceftriaxone loaded
disks (CRO-30) were used as the negative and
positive controls, respectively. After incubation
5.48%. FT-IR: umax, cm-1 3075 (Ar–H), 1349 (CF3), 1093
of inoculated petri dishes at 37 °C for 24 h, inhibition
(Ar–O–Ar). UV-vis (THF): lmax, nm (log e) 336 (4.90),
zones against the tested bacteria were evaluated.
661 (5.03). MS (MALDI-TOF): m/z 1979 (calcd. for
[M]+ 1979).
TLC-direct bioautography
Copper(II) phthalocyanine (3-Cu). Yield 0.042 g
(30.49%), mp > 250 °C. Anal. calcd. for C88H40N8O16F24Cu:
5 mL solutions of molecules at 0.005 M concentration
C, 53.25; H, 2.03; N, 5.65%. Found: C, 53.61; H, 2.21; N,
were loaded on the plate (6 × 4 cm) by using micropipette
5.45%. FT-IR: umax, cm-1 3067 (Ar–H), 1344 (CF3), 1091
and dried at room temperature. The bacterial suspensions
(Ar–O–Ar). UV-vis (THF): lmax, nm (log e) 351 (4.68),
were prepared according to the previously described
673 (5.11). MS (MALDI-TOF): m/z 1983.50 (calcd. for
procedure. The dried plates were immersed in prepared
[M]+ 1983.50).
bacterial solutions for 8 s, then, placed in 5 × 8 cm
polyethylene containers containing cotton wet with sterile
deionized water and incubated for one night at 37 °C. After
Microorganisms and media
the incubation, chromatograms were sprayed with 0.2%
The microorganisms used in this study were purchased
MTT (3-(4,5-dimethyldiazol-2-yl)-2,5 diphenyltetrazolium
from Microbiologics Inc. Antimicrobial activities of
bromide) aqueous solution, re-incubated at 37 °C for 0.5 to
the molecules were examined against one Gram (-)
3 h, and the photos of bioautograms were taken [62].
(Escherichia coli ATCC 25922) and five Gram (+)
bacteria (Bacillus subtilis ATCC 6051, Staphylococcus
DPPH assay
aureus ATCC 29213, Bacillus subtilis ATCC 6633,
To evaluate the antioxidant activity, 100 mg . mL-1
Bacillus cereus ATCC 14579 and Staphylococcus aureus
stock solutions of molecules were prepared in CH3Cl.
ATCC 25923).
Copyright © 2019 World Scientific Publishing Company
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Co

—

Co

Co

[Co] 2(3),9(10),16(17),23(24)-tetrakis(4-(methylthio)phenylthio) phthalocyanine

2(3),9(10),16(17),23(24)-tetrakis(4-(methylthio)phenylthio) phthalocyaninato metal free

1(4),8(11),15(18),22(25)-Tetrakis-3′-(thiophen-3-ylmethoxy)phthalocyaninatocobalt (II)

2(3),9(10),16(17),23(24)-Tetrakis-4′-(thiophen-3-ylmethoxy)phthalocyaninatocobalt (II)

4-[(4′-(Tert-butyl)phenoxy)phenoxy]phthalonitrile

Co

Zn

—

Zn

—

4-(3,4,5-Trimethoxybenzyloxy)phthalonitrile

2(3),9(10),16(17),23(24)-Tetrakis-4′-(thiophen-3-ylmethoxy)phthalocyaninatozinc(II)

Ni

Metal

[Tetrakis (3,4,5-trimethoxybenzyloxy)phthalocyaninato] nickel (II)

PC

54%

—

37.94%

—

500 µg.mL-1

100 µg . mL-1

100 mg . mL-1

500 µg . mL-1

100 mg . mL

-1

40%

30%

—

—

100 mg . mL-1

100 mg . mL-1

67.90%

DPPH activity
100 mg . mL-1

Concentration
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—

—

—

2.78 nm

—

—

2.81 nm

—

—

—

Reducing power

Antioxidant activity

81

—

—

—

—

—

79.86%

—

96.70%

—

Chelating activity

59
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55
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Fig. 7. Structures of Trolox and Tocopherol

As test solutions, molecules at different concentrations
in CH3Cl, Trolox (positive control, Fig. 7) in methanol
and CH3Cl (negative control) were prepared. DPPH
activities of the compounds were evaluated according to
the procedure earlier given by Pascoal et al. [63]. 1 mM
DPPH solution in methanol was prepared and 0.5 mL
of this solution was added to the 1 mL of test solutions
in the test tubes and mixed gently. This solution was
incubated at room temperature in the dark for 1 h and the
absorbance was read at 517 nm spectrophotometrically
(Optimizer). The percentage scavenging activity was
calculated by following formula:
DPPH scavenging activity (%) =

A control − A sample
× 100
A control

where A control is the absorbance of the control reaction
mixture and A sample is the absorbance of the sample.
Reducing power
1 mL solutions of molecules at different concentrations
were mixed with 2.5 mL of 200 mM sodium phosphate
buffer and 2.5 mL of 1% potassium ferricyanide. Then
the mixture was incubated at 50 °C for 20 min. After
addition of 2.5 mL 10% trichloroacetic acid, the mixture
was centrifuged at 3000 rpm for 10 min. and 0.5 mL
0.1% ferric chloride along with 2.5 mL deionized water
added to the upper layer. Finally, the absorbance was
measured at 700 nm using a UV-vis spectrophotometer
(Optimizer). a-Tocopherol (Fig. 7) was chosen as the
control [63].

CONCLUSION
In this study, a novel peripherally disubstituted
phthalonitrile derivative bearing 4-(trifluoromethoxy)
Copyright © 2019 World Scientific Publishing Company

phenoxy groups was prepared and utilized for synthesis
of new MPcs. All the analyzed data of newly synthesized
Pcs showed good agreement with the proposed structure.
Remarkably, they show good solubility in common
organic solvents. The spectroscopic properties of 3-Zn
were examined in diverse solvents such as DCM,
acetone, THF, ethylacetate, DMF, and etc. According to
the Lambert–Beer law, no aggregation was observed for
compound 3-Zn in DCM at concentrations ranging from
4 × 10-6 to 14 × 10-6 M. Compound 3-Zn also showed
the highest antioxidant activity on both DPPH scavenging
activity and reducing power assays. For the determination
of antimicrobial activity of synthesized molecules, TLCdirect bioautography assay and disk diffusion assays were
used. In all performed assays, test molecules showed
antimicrobial activity against gram (+) bacteria.
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ABSTRACT: The reactivity of two phenolic porphyrins bearing respectively catechol and gallol-derived
meso substituents (5,10,15,20-tetrakis(3,4-dihydroxyphenyl)porphyrin and 5,10,15,20-tetrakis(3,4,5trihydroxyphenyl)porphyrin) with trivalent metallic ions (Fe, Mn, In) was studied. Six supramolecular
compounds were obtained and structurally characterized by single crystal X-ray diffraction. In each
compound, the supramolecular assembly was based on the axial coordination of a phenolate function
to the metallic ion lying in the porphyrinic core. A great diversity of supramolecular architectures was
accessible through such simple arrangements, and objects ranging from dimers to one-dimensional
polymers were isolated. Some of these assemblies were further investigated in solution by mass
spectrometry and by UV-vis absorption spectroscopy. For the iron-based materials, the redox behavior
was studied in solution through cyclic voltammetry experiments in inert conditions and under air.
KEYWORDS: supramolecular assembly, axial coordination, crystallography, structural studies,
electrochemistry.

INTRODUCTION
Hybrid porphyrin and metal-based crystalline
assemblies trigger interest in numerous areas such as
materials chemistry [1–3], photophysics [4–6], sensor
design [7–9] and catalyst development [10], the key point
being that the structural control on a supramolecular
level allows rationalization of the properties in such
architectures. In our work on porphyrin-based porous
metal-organic frameworks, we have aimed to develop
coordination polymers with enough chemical stability to
be considered for applications in catalysis [11–13] and
electrocatalysis [14]. Given that the wide majority of
*Correspondence to: Alexandra Fateeva, email: alexandra.
fateeva@univ-lyon1.fr; Thomas Devic, email: thomas.devic@
cnrs-imn.fr.
Copyright © 2019 World Scientific Publishing Company

MOFs are built up using polycarboxylic acids such as
terephthalic acid as organic linkers, it appears natural that
TCPP (5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin)based MOFs have been the most studied examples [15].
Still, many such materials suffer from a lack of stability
towards hydrolysis [16]. Therefore we recently focused
on developing porphyrin-based hybrid frameworks built
up from phenolate-cation rather than carboxylate-cations
bonds. Interestingly, an unprecedented chemical stability
was demonstrated for MOFs based on trioxobenzene
ligands [17–19]. More specifically, we recently repor
ted a particularly stable MOF, MIL-173, based on
5,10,15,20-tetrakis(3,4,5-trihydroxyphenyl)porphyrin
(H14TGP) and Zr4+ or RE3+ (RE: rare earth), which
demonstrated catalytic activity for the aerobic oxidation
of hydrocarbons [13]. In our quest to discover new
coordination polymers based on oxyphenylporphyrins,
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we further explored the reactivity of both (H14TGP)
and 5,10,15,20-tetrakis(3,4-dihydroxyphenyl)porphyrin
(H10TCatP) with trivalent metals such as Fe, Mn and In.
It is of interest to consider the different possibilities
of assembling porphyrinic ligands with metallic ions and
specifically to differentiate two types of supramolecular
structures based on whether they are built up from a
unique building unit or two different components. In
open-framework structures, external units are linked to
the porphyrins or metalloporphyrins by coordination
functions at the aryl meso positions. In this case the
material is made up from two distinct building units:
an inorganic one (metal site) and a ligand (porphyrin or
metalloporphyrin), where each porphyrin is acting like
a bridging unit between external inorganic units (Fig. 1,
top). Another possibility to obtain supramolecular
porphyrinic assemblies is through axial binding of one
metalloporphyrin to the central metal ion of another; this
way the resulting architecture consists of a supramolecular
assembly of a single building unit (Fig. 1, bottom). Note
that the dimensionality or the porosity of the resulting
compound is not an inherent property of one or another
type of coordination assemblies. In fact, discrete, 1D, 2D
or 3D structures, as well as cage-like porous structures,
can be obtained with either assembly mode, although
better stability towards desolvation and the highest
specific surface areas have always been achieved through
the external coordination mode.
As stated earlier, the metal organic framework MIL173 built up from H14TGP and Zr or RE was first
obtained in solvothermal conditions in a DMF/water
mixture. When switching to lighter trivalent cations
(Mn, Fe, In), formation of crystalline phases was again
observed in solvothermal conditions but only using
DMF/water mixtures with much higher water content,
for both H10TCatP and H14TGP porphyrinic ligands.
Unlike MIL-173, in the current study the observed

coordination mode was through axial binding of one
metalloporphyrin to another, and four distinct crystalline
arrangements ranging from dimers to polymers were
obtained. Herein we report the synthesis and structural
characterizations in the solid state, and spectroscopic
data in solution for self-assembled materials based
on hydroxophenyl porphyrins. To the best of our
knowledge, with the exception of 5,10,15,20-tetrakis(4hydroxyphenyl)porphyrin-manganese(III)
[20],
no
related structures have so far been reported. Nonetheless,
phenolic porphyrins have been of interest in a number
of studies regarding properties such as electrochemical
behavior for catechol-functionalized porphyrins, [21, 22]
supercapacitive catechol-porphyrin-derived materials
[23], thin film assemblies of gallol-porphyrins [24] and
other phenolic porphyrins have been studied for solar
energy conversion [25]. In all these studies the exact
structure of the molecular material is unknown; therefore
our work paves a way to more precise knowledge about
supramolecular arrangements of phenolic porphyrins,
aiming to promote further fruitful studies in these fields.

EXPERIMENTAL
Synthesis
General methods. All reagents were purchased from
Sigma–Aldrich® and used without further purification.
1
H NMR spectroscopy was performed on an AVS 300
Bruker spectrometer at the Centre Commun de RMN at
the University of Claude Bernard Lyon 1.
Synthesis of porphyrins
5,10,15,20-tetrakis(3,4,5-trihydroxyphenyl)porphyrin
(H14TGP). (H14TGP) was synthesized as previously

Fig. 1. Schematic representation of two possible types of coordination compounds built up from a porphyrin and a metallic center.
Top: assemblies through external coordination based on two building units. Down: assemblies through axial ligation based on one
building unit

Copyright © 2019 World Scientific Publishing Company
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reported [24]. The porphyrin is isolated in solid state
as a protonated product with bromide counter-ions.
The overall yield of the synthesis was 15%. NMR 1H
(DMSO-d6, 300 MHz) d/ppm: -0.11 (s, 4H, NH), 7.61 (s,
8H, phenyl H), 8.58 (s, 8H, porphyrin b–H), 9.72 (broad s,
12H, OH); ESI-MS (m/z): 807.2 [M–H]+ 887.1 [M–2H–
Br]+ UV-vis (DMF) λmax/nm: 430 (Soret), 522, 560, 598,
655 (Q bands).
5,10,15,20-tetrakis(3,4-dihydroxyphenyl)por
phyrin (H10TCatP). The synthesis of H10TCatP was
inspired by previously reported procedures [22, 23]
and can be achieved from demethylation of either
5,10,15,20-tetrakis(3-methoxy-4-hydroxyphenyl)
porphyrin or 5,10,15,20-tetrakis(3,4-dimethoxyphenyl)
porphyrin by boron tribromide in anhydrous conditions.
In a typical procedure, (0.925 g, 1.16 mmol) of
5,10,15,20-tetrakis(3-methoxy-4-hydroxyphenyl)por
phyrin was dissolved in anhydrous dichloromethane
(100 mL) in a round bottom flask and an inert atmosphere
was established. Then boron tribromide (20.0 mL of 1M
solution, 20.0 mmol) was slowly added at -70 °C and the
reaction mixture was maintained at this temperature for
1 h. Then the reaction was left to reach room temperature
and allowed to proceed for 20 h. Then the reaction
was quenched by adding ice-cooled water. Saturated
NaHCO3 solution was added to the greenish reaction
mixture followed by ethyl acetate, and the organic layer
was separated and dried with anhydrous sodium sulfate.
The solid obtained from evaporating the organic layer
was washed with dichloromethane. The purple colored
product was obtained via filtration (560 mg, 0.755 mmol,
65% yield). NMR 1H (DMSO-d6, 300 MHz) d/ppm:
-2.91 (s, 2H, NH), 7.18 (d, 4H, phenyl H, J = 7.9 Hz),
7.46 (d, 4H, phenyl H, J = 8.5 Hz), 7.59 (s, 4H, phenyl
H), 8.90 (s, 8H, porphyrin b–H), 9.40 (d, 8H, OH, J =
10.4 Hz); ESI-MS (m/z): 743.2 [M–H]+ 372.1 [M–2H]2+
UV-vis (DMF); lmax/nm: 427 (Soret), 520 561, 596, 654
(Q bands).
Synthesis of supramolecular compounds
Compound 1 [FeH7CatP]2 . xH2O. 5,10,15,20-tetrakis
(3,4-dihydroxyphenyl)porphyrin (H10TCatP) (40 mg,
0.05 mmol) was dissolved in a 5 mL mixture of H2O/
DMF (v/v = 4:1) in a 12 mL glass vial. To the resultant
mixture, FeCl3 . 6H2O (30 mg 0.11 mmol) was added and
the mixture was sonicated for 5 min at room temperature.
Afterwards, the suspension was heated at 120 °C for 48 h,
where the temperature was increased over 4 h and then
cooled down to room temperature over 4 h. The solid was
recovered by vacuum filtration, washed thoroughly with
deionized water until the washed solution was colorless.
After drying, compound 1 was obtained as a dark
crystalline solid in 82.5% yield based on the chemical
formula (33 mg of product).
Compound 2 [FeH7CatP]4 . xH2O. 5,10,15,20-tetrakis
(3,4-dihydroxyphenyl)porphyrin (H10TCatP) (40 mg,
Copyright © 2019 World Scientific Publishing Company
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0.05 mmol) was combined with pyrocatechol (200 mg,
1.82 mmol) in a 5 ml mixture of H2O/DMF (v/v =
4:1) in a 12 mL glass vial. A FeCl3 . 6H2O (30 mg
0.11 mmol) was added and then the mixture was
sonicated for 5 min at room temperature. Afterwards,
the suspension was heated at 120 °C for 48 h, where the
temperature was increased over 4 h and then cooled down
to room temperature over 4 h. The solid was recovered
by filtration, washed thoroughly with deionized water
until the washed solution was colorless. After drying, the
MOF was obtained as a dark crystalline solid in a 90%
yield (36 mg of product).
Compound 3 [In(H7TCatP)]n . xH2O. 5,10,15,20-tetrakis(3,4-dihydroxyphenyl)porphyrin (H10TCatP) (40 mg,
0.05 mmol) was combined with pyrocatechol (500 mg,
4.5 mmol) and InCl3 . 6H2O (70 mg, 0.2 mmol) in a 5 ml
mixture of H2O/DMF (v/v = 4:1) in a 20 mL Teflon reactor
that was inserted into an autoclave. The reaction mixture
was heated at 160 °C for 48 h with 6 h heating and cooling
time. The solid was recovered by filtration under vacuum.
Due to the presence of indium hydroxide as impurity the
final yield was not determined for this solid.
Compound 4 [Mn(H11TGP)]n . xH2O. 5,10,15,20tetrakis(3,4,5-trihydroxyphenyl)porphyrin (H 14TGP)
(40 mg, 0.05 mmol) was combined with MnCl2 . 4H2O
(30 mg, 0.15 mmol) in a 4 mL mixture of H2O/DMF
(v/v = 4:1) in a 8 mL glass vial. The mixture was sonicated
for 5 min and was heated at 120 °C for 48 h with 3 h
heating and cooling time. The solid was recovered by
filtration, washed with deionized water then ethanol. The
compound was obtained as a dark crystalline solid in a
58% yield (25 mg of product).
Compound 5 [Fe(H11TGP)]n . xH2O. 5,10,15,20tetrakis( 3,4,5-trihydroxyphenyl)porphyrin (H 14TGP)
(40 mg, 0.05 mmol) was combined with FeCl2 . 4H2O
(30 mg, 0.15 mmol) in a 4 mL mixture of H2O/DMF
(v/v = 4:1) in a 8 mL glass vial. The mixture was sonicated
for 5 min and was heated at 120 °C for 48 h with 3 h
heating and cooling time. The solid was recovered by
filtration, washed with deionized water then ethanol. The
compound was obtained as a dark crystalline solid in a
62% yield (27 mg of product).
Compound 6 [In(H11TGP)]n . xH2O. 5,10,15,20tetrakis(3,4,5-trihydroxyphenyl)porphyrin (H 14TGP)
(40 mg, 0.05 mmol) was combined with InCl3 (39.8 mg,
0.18 mmol) in a 5 mL mixture of H2O/DMF (v/v =
4.5:0.5) in a 20 mL Teflon reactor that was inserted
into an autoclave. The mixture was heated at 120 °C for
48 h with 6 h heating and cooling time. The solid was
recovered by filtration under vacuum.
Single crystal diffraction
For compounds 1, 2, 3 and 6, suitable crystals
were selected and mounted on a Geminini Oxford
Diffractometer equipped with an Atlas CCD detector
and using Mo radiation (l = 0.71069 Å) for 1, 2 and 3
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and using Cu radiation (l = 1.54056 Å) for compound
6. Intensities were collected at room temperature for
compounds 1 and 2 and at 100K for compound 3, by
means of the CrysalisPro software [26]. Reflection
indexing, unit-cell parameters refinement, Lorentzpolarization correction, peak integration and background
determination were carried out with the CrysalisPro
software [26]. An analytical absorption correction was
applied using the modeled faces of the crystals. All the
structures were solved by direct methods using SIR97 [27]
and the least-squares refinement on F2 was achieved with
the CRYSTALS software [28]. All non-hydrogen atoms
were refined anisotropically. The hydrogen atoms were
initially refined with soft restraints on the bond lengths
and angles to regularize their geometry (C---H in the range
0.93–0.98 Å and O---H = 0.82 Å) and Uiso(H) (in the range
1.2–1.5 times Ueq of the parent atom), after which the
positions were refined with riding constraints. Residual
electronic density between the metalloporphyrins was
located but could not be modelled. The contribution of
the disordered solvent molecules was removed using the
SQUEEZE algorithm [29].
Crystal data of compound 5 was analyzed at room
temperature using a Bruker–Nonius Kappa CCD
diffractometer working at the Mo Ka radiation. The
Bruker AXS “Collect” suite was used to integrate and
scale intensities, and a semi-empirical absorption correc
tion (SADABS) was applied on the basis of multiple
scans of equivalent reflections. For compound 4, only
microcrystals could be obtained. Data were thus collected
on the CRISTAL beamline at Synchroton Soleil, using
a set-up adapted for small crystals at 100 (2) K on an
Xcalibur, Atlas four-circle diffractometer and equipped
with a CCD plate detector. Data reduction was performed
using CrysAlis. An empirical absorption correction was
applied using spherical harmonics on the basis of multiple
scans of equivalent reflections, implemented in SCALE3
ABSPACK scaling algorithm. Both structures of 4 and 5
were solved by direct methods using SHELXS-97 and
refined with the full-matrix least-squares routine SHELXL
[30]. Free solvent molecules were discarded using the
SQUEEZE procedure [29]. Non H-atoms were refined
anisotropically, whereas H atoms were added as rigid
bodies. In compound 5, Fe cations were found disordered
over two positions related by an inversion center.
Powder diffraction
Powder X-Ray diffraction (PXRD) for compounds 1,
2, 3, and 6 was performed on a PANanlytical XpertPro
MRD diffractometer with Cu Ka1 radiation (l =
1.540598 Å) used with 40 kV and 30 mA settings in q/q
mode, reflection geometry. PXRD data of compounds
4 and 5 were collected at 293 K on a Siemens D5000
diffractometer using CuKa radiation (l = 1.5418 Å).
The patterns were scanned over the angular range 5–30°
(2 theta) with a step length of 0.02° (2 theta).
Copyright © 2019 World Scientific Publishing Company

UV-vis measurements
UV-vis absorption spectra were recorded with a Perkin
Elmer Lambda 1050 spectrophotometer with a 3D WB
detector module with DMF solutions of compounds 1–5
with a concentration range of 4.10-4 to 4.10-5 mol . L-1.
Mass spectrometry
Mass spectrometry was performed on a Bruker
MicrOTOFQ II in electrospray ionization mode (ESI) at
the Centre Commun de Spectrométrie de Masse at the
University Claude Bernard Lyon 1.
Electrochemistry
Solvents and reagents were available commercially and
were used without further purification. Electrochemical
measurements were performed using an Origalys allin-one potentiostat and a standard three-electrode setup
with a glassy carbon electrode GCE (diameter: 3 mm),
platinum wire auxiliary electrode and a SCE (Saturated
Calomel Electrode) as reference electrode. DMF solution
concentrations of the compound during the study were
between 1.0 to 2.0 mM and n-Bu4NPF6 0.1 M was used
as supporting electrolyte. The voltage scan rate ranged
from 0.1 to 0.5 V . s‑1. Considering these experimental
conditions, the ferrocene/ferricinium couple, used as
internal reference for potential measurements, was
located at E1/2 = 0.445 V.

RESULTS AND DISCUSSION
Synthesis and structure analysis
Reactions with porphyrins bearing catechol coordi
nating functions (H10TCatP) were attempted with Fe3+
and In3+ salts in DMF/water solvent mixtures at 120 °C,
both with and without the addition of pyrocatechol.
Small monotopic ligands such as pyrocatechol can be
used in the synthesis of coordination assemblies as
coordination modulators. In fact, they can be seen as
competing additives that would slow down the reaction
between the metal ions and the multitopic ligands and
therefore favor single crystal growth or preferential
growth orientations allowing to tune crystal morphology.
This approach proved to be effective in the synthesis
of crystalline carboxylate-based MOFs [31–34]. In the
present case, single crystals were obtained both with
and without the addition of pyrocatechol, but the crystal
structures differed. In fact, reacting only the porphyrin
with an excess of iron salt led to the crystallization of
iron-porphyrin dimers (compound 1) while the same
reaction in the presence of an excess of pyrocatechol
resulted in the formation of tetrameric metalloporphyrin
assemblies (compound 2, see below). When In3+ was
used instead of Fe3+ in the presence of pyrocatechol
J. Porphyrins Phthalocyanines 2019; 23: 106–116
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Scheme 1. Chemical structures of the phenolic porphyrins H10TCatP (left) and H14TGP (right) used in this work

Fig. 2. PXRD patterns for compounds 1 (a), 2 (b), 4 (c) and 5 (d). Black: calculated pattern from single crystal structure; grey:
experimental pattern

a polymeric phase was obtained instead of discrete
assemblies (compound 3).
Similar reaction conditions (solvents, temperature)
were applied to H14TGP, this time employing pyrogallol
as a modulator. Using both Mn2+ and Fe2+ salts as
reactants, almost identical polymeric chains based on
M3+ were obtained (compounds 4 and 5 respectively).
Finally, a similar structure (compound 6) was obtained
when using InCl3 as a precursor.
In case of In-based compounds (3 and 6), very low
yields were obtained, along with co-crystallization
of In(OH)3, and the synthesis was poorly repeatable,
hence precluding their full characterization. On
the opposite, all iron and manganese-containing
solids (1, 2, 4 and 5) were obtained in a pure form
as confirmed by powder X-Ray diffraction of the
Copyright © 2019 World Scientific Publishing Company

bulk samples (Fig. 2) and on a scale that allowed
further investigations of their spectroscopic and redox
properties (see below).
Structures of compounds 1–6 were solved from
single crystal X-ray diffraction. These solids all contain
solvent molecules which were discarded using the
SQUEEZE procedure [29]. The cif files for the structures
of compounds 1–6 can be obtained from the Cambridge
Structural Database with reference numbers respectively:
CCDC 1886722, CCDC 1886720, CCDC 1886719,
CCDC 1886617, CCDC 1886616 and CCDC 1886721.
All solids present common features, notably the same
stoichiometry, namely one M3+ cation for one porphyrin
core, corresponding to the formula M(H7TCatP) . xH2O
(compounds 1–3) and M(H11TGP) . xH2O (compounds
4–6), whatever the metal: ligand ratio used in the course
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Fig. 3. The metallo(III)porphyrins in compounds 1 (top) to 6 (bottom), with the mean plane defined by the four nitrogen atoms
shown in green. For compounds 2 and 3, the two crystallographically independent molecules are pictured

of the synthesis. The metallic ion was exclusively inserted
inside the porphyrinic core and the supramolecular
architectures were built through axial coordination of
a phenolate substituent of one metalloporphyrin to the
metallic center of another. The exact position of the
cation depends on the nature of M (Fig. 3). For the solids
built up from Fe (compounds 1, 2 and 5), the cation
lies slightly outside of the porphyrinic ring (distances
from the mean plane defined by the four N atoms are
equal to 0.3977 (9) (1), 0.3879 (3) and 0.4258 (3) (2),
and 0.320 (2) Å (5)). Its coordination is completed by
a phenolate group arising from a neighboring molecule,
leading to a square pyramidal coordination environment.
In compound 4, the Mn ion adopts the same coordination
geometry, although lying that time almost perfectly in the
porphyrinic plane (distance from the mean plane defined
by the four N atoms is equal to 0.0889 (4) Å). In all cases,
M–O and M–N bond distances are in the expected range,
and in accordance with a +3 oxidation state, as confirmed
by bond valence calculations (see Table 1 for bond
distances and bond valence calculations). One can also
mention the presence of another oxygen atom occupying
Copyright © 2019 World Scientific Publishing Company

the second axial position in compounds 4 and 5, but at a
distance too long (> 2.5 Å) to correspond to an anionic
ligand; hence, this oxygen arises from a neutral phenolic
group, again in line with the bond valence calculations
(see Table 1). When increasing the size of the cation (In),
a truly octahedral coordination is sometimes observed.
This is the case for compound 6, as well as for half of the
porphyrins in compound 3 (see Fig. 3 and Table 1). Here
again, In–N and In–O bond distances are in agreement
with those found in the literature for indium porphyrin,
although bond valence calculations overestimate the
charge of the cation. With a single exception (half of
the molecules are fully planar in compound 3), the
porphyrin cores present nonplanar deformations (Fig. 3).
In catecholate-based compounds, porphyrins display a
mainly saddle type deformation, with a more marked
deformation in Fe-based (compounds 1 and 2) than
In-based (compound 3) solids. For the gallate-based
porphyrinic assemblies, only a wave-type deformation
is observed (compounds 4–6). In compounds 2–6,
C–O bond distances typical of the phenolic moieties
are observed (1.34–1.40 Å), confirming that catechol
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Table 1. M–N and M–O bond lengths and corresponding bond valences (calculated from [35])
Compound

Distances M–N (Å)
Bond valence

Distances M–O (Å)
Bond valence

Total bond valence for Mn+

1 (Fe)

2.034 (5)
0.6

2.039 (4)
0.6

2.059 (4)
0.6

2.061 (5)
0.5

1.882 (4)
0.7

>3

3.1

2 (Fe)

2.053 (2)
0.6

2.053 (2)
0.6

2.057 (2)
0.6

2.059 (2)
0.6

1.875 (2)
0.7

>3

3.1

2.035 (2)
0.6

2.047 (2)
0.6

2.050 (2)
0.6

2.052 (2)
0.6

1.916 (1)
0.7

>3

3.1

2.109 (4)
0.8

2.109 (4)
0.8

2.117 (4)
0.8

2.117 (4)
0.8

2.255 (3)
0.4

2.255 (3)
0.4

4.0

2.119 (4)
0.8

2.124 (4)
0.8

2.131 (4)
0.8

2.144 (4)
0.7

2.095 (4)
0.6

>3

3.6

4 (Mn)

1.998 (3)
0.7

1.998 (3)
0.7

2.003 (3)
0.7

2.011 (3)
0.7

2.159 (3)
0.3

2.528 (3)
0.1

3.3

5 (Fe)

2.026 (3)
0.6

2.033 (3)
0.6

2.039 (3)
0.6

2.047 (3)
0.6

2.023 (4)
0.5

2.660 (4)
0.1

3.1

6 (In)

2.081 (8)
0.9

2.081 (8)
0.9

2.114 (8)
0.8

2.114 (8)
0.8

2.416 (8)
0.3

2.416 (8)
0.3

3.8

3 (In)

and gallol functionalities are not oxidized into quinone
during the course of synthesis. For compound 1, shorter
C–O bond distances (1.25–1.27 Å) occur in one fourth of
the catechol substituents, suggesting a partial oxidation.
Nevertheless, such an oxidized compound was not
detected by mass spectrometry (see below).
Although the way the metalloporphyrins interact with
each other in the solid state through M–O bonds strongly
depends on the nature of the cation and functional groups
(catechol vs. gallol), as well as on the conditions of
crystallization, again common features can be found.
Note here that only anionic O atoms giving rise to
short M–O distances (< 2.5 Å) are taken into account.
All structures built up from H7TCatP are made of the
same centrosymmetric dimer, constructed from doubly
connected porphyrins (pictured in blue and pink in
Fig. 4). In compound 1, these dimers remain isolated
from each other (Figs 4–1), whereas in compound 2,
both metalloporphyrins from one dimer connect to a
new molecule (green and yellow) through a phenolate
group, defining a tetramer (Figs 4–2). Eventually,
when moving to compound 4, thanks to the octahedral
coordination of In inserted in these extra porphyrins,
they bind again to another dimer, giving rise to a chainlike coordination polymer (Figs 4–3). For the H11TGPbased solids, all compounds crystalize in the same unit
cell and define very similar chain-like motifs built up
from a single type of metalloporphyrin, reminiscent
of those observed with the related ether-functionalized
5,10,15,20-tetrakis(3,4,5-trimethoxyphenyl)porphyrinmagnesium and zinc [36]. Depending on the nature of
the cation, these metalloporphyrins are either singly
(compound 4) or doubly (compound 6) connected
Copyright © 2019 World Scientific Publishing Company

(Fig. 5). The case of compound 5 is more complex: the
iron cation is disordered over two positions lying on both
sides of the porphyrinic core. Hence, depending on the
sequence of occupied positions, an infinite variety of
motifs is defined, ranging from isolated dimers (similar
to compound 1), oligomers of various lengths, to infinite
chains (identical to compound 4).
As already mentioned, the catechol and gallol moieties
are only partially deprotonated. For the structures built
up from H7TCatP (compounds 1–3), the aforementioned
dimer involves oxygen atoms in meta position of the
porphyrin ring, whereas the most acidic group, namely
the oxygen atoms in para position, are deprotonated
only in compounds 2 and 3 to further form the tetramer
and chain-like motifs. Similarly, the most acidic proton
in the gallol moieties is the one located in para position
[37], and this is the first being deprotonated in previously
reported MOFs [18, 19, 38]. In the present work, the
deprotonation only occurred in the meta position. Hence,
the protonation state in the final structure of compounds
1–6 is not governed by the relative values of the pKa, but
more likely by an optimization of the molecular packing.
Indeed, connection through the oxygen atoms in para
position would lead to perpendicular porphyrin rings and
thus very open structures, while the connection through
the oxygen atoms in meta position affords closer contacts
between adjacent porphyrins.
Characterizations in solution
As described above, compounds 1, 2, 4 and 5 were
obtained in good yield as pure phase crystalline materials.
It was nevertheless found that these solids could
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Fig. 4. Assemblies of MH7TCatP in compounds 1 (dimer), 2 (tetramer) and 3 (chain). Left: atomic structures (for the sake of clarity,
H atoms are omitted, and only one position is shown for the disordered catechol groups). Right: corresponding coordination paths

Fig. 5. Chain-like assemblies of MH11TGP in compounds 4 to 6. Left: atomic structures (for the sake of clarity, H atoms are omitted,
and only one position is shown for the disordered cation in compound 5). Right: corresponding coordination paths
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redissolve in DMF. Unsurprisingly, discrete compounds
1 and 2 were more readily dissolved than the polymeric
assemblies 4 and 5, however, with time all the above cited
materials appear soluble in DMF. Discrete compounds 1
and 2 could be analyzed by mass spectrometry, whereas
the polymeric compounds 4 and 5 did not give any usable
spectra, presumably due to the difficulty of ionizing
polymeric assemblies. The spectroscopic properties of
all samples were assessed by UV-vis absorption and the
redox properties of iron-containing architectures were
evaluated by cyclic voltammetry.
Mass spectrometry
Discrete assemblies based on iron and catecholate
porphyrin 1 and 2 could be analyzed by electrospray
ionization mass spectrometry (MS). The data obtained
for the tetrameric compound 2 display a distribution of
mass to charge m/z signals corresponding to the parent
doubly charged tetrameric molecular ion ([2 – H + Na]2+
at 1603 m/z, [2]2+ at 1591.7 m/z) and additional signals
corresponding to m/z of trimeric ([C132H83Fe3N12O24]2+ at
1194 m/z), dimeric ([C88H54Fe2N8O16]2+ at 1592.2 m/z and
monomeric (m/z at 796.1) compounds (see ESI Sec. 2).
Although it cannot be clearly concluded at the current
stage whether these latter complexes are originating from
the fragmentation of the tetramer during the electrospray
or are already present in equilibrium in solution, this
proves that the supramolecular assembly 2 observed
in solid state does exist in DMF solution. Therefore,
intermolecular interactions are strong enough to be at
least partially preserved when the solid is dissolved even
at high dilution. In case of compound 1, the observations
were similar. At first sight, the main signals originated
from the monomer and dimer singly charged molecular
ions at 796.1 and 1592.2 m/z respectively. When the
compound at 1592.2 m/z was selected for the MS/MS
experiment, the resulting product ion corresponded as
expected to the monomeric form with the signal at 796.1.
More importantly, a closer look at the m/z region around
the dimeric molecular ion revealed the presence of signals
originating from the doubly charged tetrameric assembly
at 1591.7 m/z as described previously. Therefore the MS
analysis implies that when dissolved in DMF, compounds
1 and 2 are hardly distinguishable and a dynamic
equilibrium between monomeric and oligomeric forms
is established. Moreover, for both samples, signals
corresponding to species with a loss of one or more Fe
atoms are observed. Metalloporphyrins demetallation
has already been observed to happen during the analysis
and therefore cannot be considered representative of the
sample. Further UV-vis data presented below indeed
strongly support a quantitative metal insertion.
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with a Soret band at 427 and 430 nm respectively (Figs 6a
and 6b). As reported before [22] this slightly red-shifted
values of the Soret band wavelength (compared to the
tetraphenyl porphyrin) is characteristic of the electrondonating effect of the hydroxo substituents on the phenyl
rings [39]. In the visible region, as expected, 4 Q bands
are distinguished at 520, 561, 596, 654 nm for H10TCatP
and 516, 552, 592, 648 nm for H14TGP.
The UV-vis absorption spectra of supramolecular
compounds derived from iron and H10TCatP (1 and 2),
and from H14TGP (5) are presented Fig. 6). For all of
these iron containing compounds, very similar spectra
are obtained. The reduction of the number of Q bands
confirms the metal insertion into the porphyrin core and
in each case, two Q bands are visible at 510 and 670 nm.
The generally broad bands obtained for 1, 2 and 5 are
indicative of supramolecular interactions in solution
as bands broadening is commonly observed in case of
porphyrin aggregation [40], supporting the presence of
oligomers or polymers in solution as established by mass
spectrometry.

UV-vis spectroscopy
Catechol and gallol free-base porphyrins display simi
lar features in their absorption spectra in DMF solution,
Copyright © 2019 World Scientific Publishing Company

Fig. 6. Normalized UV-vis absorption spectra of free-base
porphyrins and iron-based compounds 1, 2 and 5
J. Porphyrins Phthalocyanines 2019; 23: 111–116
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but dramatically modified the absorption properties
of 4, it was concluded that the absorption signal at
430 nm did not originate from the presence of metalfree compound but is proper to the Mn-based compound
4. Given its pKa (3.75), formic acid is strong enough
to protonate the phenolate function in 4, and then favor
the decomplexation of the axial gallate ligand. For this
reason we believe that the absorption observed at 430 nm
originates from the particular coordination of Mn by the
redox-active gallate ligand that might induce a charge
transfer giving rise to this intense band. Considering this,
the data in Fig. 7a indicate that in solution an equilibrium
of this axial ligation is reached with time. Still, this axial
ligation appears quite stable as diluting a solution of 4
by a factor 100 does not induce any immediate changes
(Fig. S12). An absorption band at 430 nm in the case of
Mn-porphyrins can also be attributed to the presence of
reduced (Mn(II)) or oxidized (Mn(IV)) species. Although
this hypothesis seemed very unlikely given that these
species are expected to be unstable in air, we wanted to
ensure that no redox reaction took place that could reduce
a Mn(IV) compound to Mn(III), as formic acid could be
oxidized into CO2. For that purpose, formic acid was
replaced by propionic acid, and the same observations
were made (see Fig. S13). In light of these combined
data we concluded that the absorption band at 430 nm
originates from the charge transfer due to the particular
axial coordination of the phenolate group to Mn(III).
Fig. 7. Normalized UV-vis spectra of 4 in the course of time
(a) and upon addition of formic acid (b)

The case of compound 4 appeared to be more
complex when the UV-vis spectrum was recorded
in DMF solution. In fact, a fresh sample displayed a
spectrum with two intense absorption bands at 430 and
476 nm along with three less intense bands at 520, 572
and 615 nm (Fig. 7a). Moreover, an evolution of the
absorption spectrum was observed when the sample
was left in DMF in aerobic conditions: the signal at
430 nm decreased, whereas the band at 476 nm became
predominant. As the intense absorption band at 430 nm
seemed quite surprising for a Mn(III) porphyrinic
compound we first aimed to check whether this could be
due to the presence of free-base porphyrin arising from a
partial metal insertion in the bulk sample. To check this,
formic acid was added to the DMF solution of the free
base porphyrin and to a solution of 4. In the former case,
no spectral changes were noticed (Fig. S14), while in the
latter a sharp decrease of the absorption at 430 nm was
observed, leading to a characteristic spectrum of Mn(III)
porphyrin with an intense Soret band at 476 nm and two
Q bands at 570 and 608 nm along with charge transfer
bands at higher energies (430, 404, 385 and 345 nm)
(see Fig. 7b). Given that the addition of formic acid did
not induce any changes on the absorption of H14TGP
Copyright © 2019 World Scientific Publishing Company

Electrochemical studies
H7TCatP-based compounds 1 and 2 were dissolved in
DMF and studied by cyclic voltammetry (CV) at variable
scanning rates from 0.1V . s-1 to 0.5V . s-1 (all the data
presented below are plotted at a 0.1V . s-1 scanning rate
unless specified) using an SCE reference electrode. Both
compounds display a characteristic irreversible oxidation
peak at 1.18 V associated to an irreversible reduction
peak at 0.15 V in reverse voltage scan (Fig. S17). The
pattern of these voltammograms corresponds to the wellknown oxidation of the catechol moiety in a non-aqueous
solvent [41–43] and was observed in case of the freebase H10CatP (see Fig. S17). For these two complexes,
the voltammograms also remain similar in the reduction
region, as shown in Fig. 8.
Indeed, both compounds display the following signals:
a quasi-reversible electrochemical process centered
around -0.5 V, a reversible reduction at -1.25 V and an
irreversible reduction at -1.9 V. Therefore, 1 and 2 present
the same redox properties and cannot be distinguished
by cyclic voltammetry in solution, in line with the result
of the mass spectrometry data. For this reason, only the
data associated with compound 1 will be presented.
Given the values of the redox potentials, the first redox
process is assigned to the metal-centered redox process
when the other two are assigned to the macrocyclecentered electrochemical reactions (see Fig. 8b). Quite
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Fig. 9. Cyclic voltammetry of 1 at GC electrode at 0.1 V . s-1 in
DMF under inert atmosphere. C1: first cathodic peak, A1 first
anodic peak relating to the C1/A1 redox system; A2: second
anodic peak, C2 second cathodic peak relating to the A2/C2
redox system
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Fig. 8. Cyclic voltammetry at 0.1 V . s in DMF at GC electrode
for (a): 1 (black) and 2 (grey); (b): for 1 (black) and the
corresponding free-base porphyrin (grey)
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low potentials for [Fe(III) → Fe(II)] redox processes
are usually observed in the presence of an axial ligand
that is strongly coordinated, stabilizing the trivalent
state [44]. Therefore this observation corroborates what
is observed by mass spectrometry, i.e. the retention of
supramolecular architectures in solution through a strong
M–O axial ligation and quite short bond length.
Then, we focused our attention on this metal-centered
monoelectronic reduction (see the cathodic peak C1 on
Fig. 8b). This process is not fully reversible since after
the reduction, part of the Fe(II) entities undergo an
oxidation at a much higher potential of 0.25 V (see A1
vs. A2, Fig. 9) which is itself related to the new reduction
peak observed around ‑0.15 V (C2 on Fig. 9). This result
indicates the presence of a general electrochemicalchemical-electrochemical (ECE) process as shown in
the equations below, where the aFeIII is first reduced to
the aFeII complex and the later undergoes a chemical
transformation into the bFeII complex which is oxidized
at 0.25V. Although the exact nature of the ECE process
was not elucidated in this case, one can stipulate that the
probable change in the axial ligation of the generated FeII
compound would be at least partly responsible for the
irreversibility we observe here.
Copyright © 2019 World Scientific Publishing Company

-20
-1

-0.4

0.2

0.8

E(V) vs SCE

Fig. 10. Cyclic voltammetry of 1 at GC electrode at 0.1 V . s-1 in
DMF, both under inert atmosphere (grey) and under air (black)

FeIII + e- à aFeII Electrochemical reduction E = -0.5V,
C1 with redox system C1/A1

a

a

FeII à bFeII Chemical reaction

FeII à bFeIII Electrochemical oxidation E = 0.25V,
A2 with redox system C2/A2

b

When air was bubbled in the electrochemical cell, the
reduction peak intensity at -0.5V rose by approximately
a factor of 2.5 (Fig. 10) and the oxidation signal was lost,
which points to a catalytic activation of oxygen reduction
at the potential where Fe(III) is reduced to Fe(II). Given
that oxygen reduction in DMF at the GC electrode occurs
at -0.77V, compounds 1 and 2 are active electrocatalysts
J. Porphyrins Phthalocyanines 2019; 23: 113–116
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at 0.98 V (Fig. S16) [47, 48]. In the reduction scan, two
signals are observed: first an almost irreversible peak at
‑0.51 V ascribed to Fe(III) reduction and a second wave at
-1.25 V (Fig. 11a). This second reduction is associated to
a thin and intense oxidation peak at -1.18 V characteristic
of a redissolution. As previously, we focused on the first
reduction process; here, the system appears practically
irreversible (Fig. S15). In the presence of atmospheric
oxygen, a large reduction peak appears close to -0.51 V,
characteristic of a catalytic oxygen activation (Fig. 11b),
as observed for compounds 1–2. However, upon multi
ple cycling, the intensity of the oxidation peak at
0.1 V . s-1 dramatically decreases, probably because of the
deposition of an insulating film on the electrode surface.
To summarize, the electrochemical behaviors in solution
of all Fe-based compounds appear to be very similar
under inert atmosphere. Under oxygen atmosphere, even
if a catalytic activation of oxygen is observed for all
compounds, this complicated mechanism seems to lead
to opposite results upon multiple cycling, namely the
deposition of a conducting film for compounds 1 and 2,
and an insulating one for compound 5.

-5

CONCLUSION
-10

-15
-1.5

-0.5

E(V) vs SCE 0.5

Fig. 11. Cyclic voltammetry of 5 at GC electrode at 0. 1V . s-1
in DMF. Left: under inert atmosphere. Right: under inert
atmosphere (black) and under air (grey)

for oxygen reduction in DMF. Such catalytic activity
is widely known for Fe-based metalloporphyrins [45].
Interestingly, the O2·- generated by the electroreduction
catalysis process seems to react with the FeII compound
to give a new entity, which is oxidized at 0.3V. This is not
surprising as oxygen activation by iron porphyrins was
often described as an irreversible process, for example
leading to Fe–O–O–Fe dimers after oxygen binding to the
metallic center [46]. Moreover, the cyclic voltammetry
at 0.1 V . s-1 exhibits a continuous increase of all of the
current density upon cycling; this is presumably due to
an increase of the electrode conductivity originating from
the deposition of a conductive material on the electrode
surface, as visually observed during the experiment. The
mechanism associated to the oxygen activation appears
to be complex and is currently under investigation in our
laboratory.
When the gallol-based polymeric compound 5 was
studied by CV at a 0.1V . s-1 scanning rate in DMF, two
irreversible oxidation waves characteristic of gallol
moiety oxidation in non-aqueous solvents were observed
Copyright © 2019 World Scientific Publishing Company

In conclusion, six new supramolecular assemblies
based on phenolic porphyrins were synthesized and
structurally characterized. Their arrangements in the
solid state and their behaviors in solution were studied
and redox active iron-based compounds were electro
chemically investigated. By tuning synthesis conditions,
the nature of the trivalent metallic cation and the
number of hydroxo functionalities on the phenyl meso
positions, a broad diversity of structural arrangements
was obtained, even if all of them are based on one only
metalloporphyrin as a building unit. We believe that
coordination assemblies based on phenolic porphyrins
should be further explored for a deeper understanding of
the reactions mechanisms and physico-chemical (notably
redox) behaviors of these non-innocent ligands.
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ABSTRACT: We report a low-cost sensing platform for effective naked-eye detection of fluoride ion in
aqueous media. The sensor is based on silicon complex of 5,10,15-tritolylcorrole (SiTTCorr) deposited
on paper support and designed in a particular way that permits it to perform in a unique sensing event
an internal sensor self-calibration and subsequent analysis of fluoride ion in a concentration range from
20 mg/L to 200 mg/L with a LOD 9 mg/L, much lower than the WHO guideline value of 1.5 mg/L for
fluoride in drinking water. The influence of tetradodecylammonium chloride (TDACl) anion exchanger
addition to the performance of SiTTCorr-based sensors was studied and the sensor with optimal ionophore:
exchanger = 2:1 ratio demonstrated the highest sensitivity. The evident color variation of SiTTCorr-based
optode from dark pink to intense green occurred upon addition of increasing concentrations of fluoride.
A smartphone application equipped with home-written color intensity analysis software as a detector
of developed sensor output permitted fluoride content quantification in bottled water and toothpaste
samples. Moreover, since at the quantification step the SiTTCorr color variation was significant for the
red component of visible light and increase of fluoride content evidently changed this color from red to
yellow and then to green, the developed optode was compared to a kind of chemical traffic light, able to
detect the presence of fluoride in permitted, borderline or dangerous concentrations, respectively.
KEYWORDS: 5,10,15-tritolylcorrole of silicon, fluoride detection, naked-eye optical sensor.

INTRODUCTION
The fluoride ion is the anionic form of fluorine, a
strongly reactive halogen and the most electronegative
element of the periodic table. Fluoride ion is present
in earth’s crust in the form of several minerals such as
fluorspar (fluorite), cryolite and fluorapatite [1]. In soil
the fluoride ion accumulation is quite low, while several
plants, as for instance, Camellia sinensis tea plant, may
accumulate up to 100 mg/kg of fluoride [2]. Moreover,
◊
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fluoride ion was found in almost all natural waters: sea-,
surface-, ground- and rainwater. Normally seawater
contains around 1.3 mg/L of fluoride ion, the surface
freshwater concentration of fluoride is lower and ranges
from 0.01 to 0.3 mg/L, while the amount of F- ions in
groundwater varies significantly depending on region
and the presence of fluoride-containing minerals often of
volcanic origin, but rarely exceeds 10 mg/L [3].
The analysis of fluoride ion has gained rapid
importance in recent years due to the role of this anion
in pollution and influence on human health. In fact, even
if fluoride is a naturally occurring ion and, when present
in suitable quantities, helps to strengthen the teeth and
prevent the formation of cavities, if consumed in large

1st Reading

118

A. D’ANDREA ET AL.

doses it may cause serious poisoning and other side
effects in humans [3]. For instance, in the USA, fluoride
ion emissions into rivers and oceans are estimated to be
as high as 500 tons per year [4]. These emissions occur
from metallurgy (especially from aluminum, iron and
steel production), production of phosphates, agricultural
fertilizers, plastics, ceramics, glass, and other clay-made
products and from coal-burning power plants. Moreover,
in several countries, such as USA, Canada, Brazil,
New Zealand, Chile, Ireland, Israel, Korea, Malaysia
and Spain, water fluoridation (the controlled addition of
fluoride in public water supply) is performed in order to
reduce tooth decay in the population, and this is supported
by the World Health Organization, WHO [5].
Much research has previously been conducted
in order to understand the effects of fluoride ion on
humans and the safety of its addition into drinking
water. It was demonstrated that the continuous
exposure even to low fluoride ion concentrations
causes tooth and skeletal fluorosis [1], while higher
uptake may result in arthritis and bone cancer [6],
kidney diseases and childhood neurodevelopmental
issues [7], even if more studies are required to confirm
the evidence on these claims [1, 8]. The WHO has
established the importance of F- content monitoring
and fixed the maximum guideline value for drinking
water to 1.5 mg/L. Depending on the eating habits
of individuals or on the geographical region, human
uptake of fluoride ion may vary significantly. For this
reason, local institutions establish for themselves the
appropriate limits of fluoride ion: for instance, the
US EPA considers the maximum allowed amount of
fluoride in drinking water of 4 mg/L [9].
In order to monitor the levels of fluoride ion, analytical
techniques for the detection of its concentration are
therefore of fundamental importance. According to WHO
recommendations, fluoride ion is usually determined by
means of electrochemical sensors, in particular by means
of ion-selective electrodes, which makes it possible to
measure at levels of 0.05–0.4 mg/L [10]. This method,
although relatively simple, requires the application of
special instrumentation and an experienced operator,
which makes it an effective laboratory technique, but
not accessible for wide range of users. For this reason in
the last few years a lot of attention has been given to the
development of simpler and more “user-friendly” fluoride
sensors [11–18]. Among these devices, optical chemical
sensors are the most interesting, since they require neither
a sophisticated and high energy consuming hardware
nor wire connections with the detector. The analytically
useful optode output can be registered with familiar
electronic devices such as, for instance, smartphones, or
without any power supply in a “naked-eye” mode, when
the color change of optode may be registered visually
upon interaction with analyte.
In the present communication we investigate in
detail the application of the silicon complex of 5,10,15Copyright © 2019 World Scientific Publishing Company

tritolylcorrole (SiTTCorr) recently synthesized in our
laboratories for selective naked-eye detection of fluoride
ion [19]. In this previous study the potential of silicon
corroles as fluoride ion receptors was demonstrated,
and ligand binding to fluoride ion was tested in DMSO/
H2O solution and on silica nanoparticle carriers.
Moreover, the tests on PVC-plasticized membranes
doped with SiTTCorr and on paper-based membranefree optical devices for fluoride analysis have shown the
possibility of fast colorimetric detection of fluoride ion
in concentrations down to 10-6 mol/L. In order to refine
the previously suggested approach we have focused our
attention on the evaluation of several factors, among
them the composition of sensing material, the selection
of the appropriate solid substrate support, the design of
the sensing device, the elaboration of the appropriate
calibration procedure and the data evaluation method.
As a result, a paper-based self-calibrating optical sensor
that permitted the visual detection of fluoride ion in
a concentration range from 20 mg/L to 200 mg/L with
a LOD 9 mg/L, much lower than the WHO guideline
value of 1.5 mg/L for fluoride in drinking water has
been developed. The possibility of the fluoride ion
concentration quantification from the color variation
of the optode image registered with smartphone and
extracted with home-written Matlab codes with relative
standard errors (R, %) lower then 5% for test samples
was demonstrated. The color variation of SiTTCorr
upon binding was large for the red component of visible
light and an increase of fluoride ion content evidently
changed this color from red to yellow and then to green,
thus permitting comparison of the developed sensor to a
“chemical traffic light” indicating the presence of fluoride
in permitted, borderline or dangerous concentrations,
respectively. Finally, the developed sensing approach
was employed for the fluoride ion content quantification
in bottled water and toothpaste samples with R, % less
than 10%.

EXPERIMENTAL
The (hydroxy)[5,10,15-tritolylcorrolato]silicon (SiTTCorr) was synthesized in our laboratories according
to the previously reported procedure [19] and fully
characterized by NMR, UV-vis and photoluminescence
spectroscopy. Tetradodecylammonium chloride (TDACl)
was employed as anion exchanger and purchased from
Fluka. Tetrahydrofuran (THF), 2-(N-morpholino)ethane
sulfonic acid (MES), NaF, NaCl, NaBr, NaNO2, NaNO3,
CH3CO2Na, NaClO4, NaSCN, NaHCO3 and Na2SO4
salts were from Sigma-Aldrich and were directly used
without further purification. Ultrapure water was used
for aqueous solution preparation.
2 mL of 10-3 mol/L solution of SiTTCorr containing
anion exchanger TDACl in molar ratio 0.5, 1 or 2 with
respect to ionophore were dissolved in THF and then
J. Porphyrins Phthalocyanines 2019; 23: 118–124
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deposited by the drop-casting method onto Whatman
filter paper. Filter papers of different thickness and
density respectively have been tested: Whatman 1001–
150 (180 mm, 87 g/m2), Whatman 1114–125 (190 mm,
77 g/m2) and Whatman 1003–110 (390 mm, 185 g/m2).
The measurements were performed on a 0.01 mol/L
MES pH 5.5 background in order to avoid sample pH
influence on optode response to fluoride ion. In the
final optode construction the paper support was treated
with 0.01 mol/L MES pH 5.5 buffer solution prior to
SiTTCorr sensing spot deposition. For this, paper strips
were immersed into the buffer and then dried in air at
room temperature for 24 h.
For quantification of fluoride content, the optode
pictures were taken by a smartphone from a fixed distance
of 10 cm; the color variations were then transformed in
analytically useful digital signals by in-house-written
Matlab codes (v. 7.9, 2009, codes. The MathWorks,
Inc., Natick, USA). The response of the optode was
converted into three main colors representing the visible
spectrum: red (630 nm), green (530 nm), and blue
(480 nm) according to the RGB scale. The RGB values
were extracted at the center of every single sensing spot
(n = 3) and evaluated after subtraction of the intensities
of sensing spot without analyte and paper background.
The chemical structure of SiTTCorr ionophore and the
sketch of the employed experimental set-up are shown
in Fig. 1.
Optode calibration curves were constructed by
plotting the normalized optical intensity at the red color
channel vs. the logarithm of fluoride ion concentra
tion. The optodes selectivity in terms of selectivity
coefficients, KF-/I-, was evaluated by a modified separate
solution method (SSM) [20]. For this, the differences in
optical intensities (OIN) of sensor in respect to the red
color in 0.01 mol/L solutions of primary fluoride ion
(F-) and interfering ion (I-) normalized to the slope of

119

semilogarithmic calibration curve toward fluoride ion
(SF-), the charge of anions charges (zN) were employed:
LogK F – / I − =

(OI F – − OI I – )
SF −

 Z 
+  1 − F  . LogCF −
ZI 


The concentrations of carbonate and sulfate interfering
ions were calculated according to the dissociation
constants Ka1, Ka2 and pH [21]. Two samples of
commercial bottled mineral water (Levissima and
Ferrarelle), and two different toothpastes for adults
(Pasta del Capitano and Mentadent) have been analyzed
for F- ion content by means of the developed sensor.
Mineral waters have been directly analyzed without any
additional pretreatment. For toothpaste analysis, 0.15 g
of toothpaste were extracted with 1 mL of 0.01 mol/L
MES pH 5.5 buffer for 24 h and filtered on paper. The
measurements were performed six times for every
sample. The fluoride-selective polycrystalline sensor
based on LaF3 from Sensor Systems (St. Petersburg,
Russia) has been employed to determine the amount of
fluoride ions in toothpaste extracts.

RESULTS AND DISCUSSION
The paper-based analytical devices have been deve
loped and actively used for analyses of ions, toxins,
bacteria and their metabolites, etc. [11, 22, 23]. Due to
their low price and simplicity, these devices may be
employed in Point-of-Care Testing (POCT) systems.
According to WHO recommendation, POCT systems
should not only be sensitive, specific and robust, but
also user-friendly, equipment-free and deliverable to end
users [24]. Chemical sensors with optical transduction
often satisfy most of these requirements, even if the high
precision quantitative analysis still require involvement of

Fig. 1. Molecular structure of SiTTCorr ligand (a), and employed experimental set-up (b)
Copyright © 2019 World Scientific Publishing Company
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additional facilities (often costly and non-portable, like for
instance a laboratory spectrophotometer) for sensor output
registration and quantification. Recently the possibility of
substituting the laboratory equipment with commonly
used electronic devices, like smartphones equipped with
a special application for optode color output digitalization
has been demonstrated [11, 22]. However, while dealing
with a “naked-eye” optical sensing systems, the introdu
ction of some kind of internal standard (sensor selfcalibration) is required in order to facilitate a quantitative
(or at least semi-quantitative) analyte assessment.
In our previous study the high affinity of silicon
corrole receptor to selectively bind fluoride ion was
demonstrated and studied by photoluminescence and
UV-vis spectroscopy in organic solvents with different
polarities [19]. It was demonstrated that both UV-vis
and fluorescence spectra of SiTTCorr in DMSO varied
significantly upon addition of F- ions. Thus, in the
UV-vis spectrum the Soret peak at 413 nm, characteristic
of pristine silicon corrole, decreased in intensity and
was replaced by an increasing split Soret band at 424
and 436 nm, and a red shift from 587 nm to 630 nm
was registered in Q-band region after addition of 1.5
equiv. of fluoride ion. The almost complete quenching
of the fluorescence emission (excitation at 530 nm,
corresponding to one of the Q bands of SiTTCorr) was
registered at about 580 nm by addition of increasing
amounts of F-. Moreover, 1H NMR spectroscopy in
[D6]DMSO performed before and after the addition of
organic fluoride salt, Bu4NF, has elucidated the complex
mechanism of SiTTCorr interaction with fluoride ion,
including hydrogen-bond interaction and hexacoordinate
complex formation. The evident color variation of 10-5
mol/L SiTTCorr in DMSO/H2O from dark pink to brilliant
green was registered upon addition of fluoride ions. This
founding was employed to develop a paper-based optode
that permitted the visual registration of fluoride ion in
MES pH 5.5 buffered analyzed sample. The optodes were
prepared by drop-casting deposition of a single sensing
spot of a mixture of SiTTCorr and TDACl (1:1 molar
ratio) in THF solution on Whatman Grade 42 ashless
filter paper strips. The main drawbacks of the developed
sensor were the non-uniform distribution of the sensing
solution on the paper support, the strong influence of
OH- ions on fluoride colorimetric response, the complex
procedure of visual optode calibration and the necessity
to develop the quantification method of optode output
data. The calibration procedure required, in fact, the
implementation of separate paper strips in order to obtain
a colorimetric calibration curve and the additional paper
strip for sample analysis: the calibration solutions of
different fluoride ion concentration should be provided
and the analyzed sample must be buffered in order to
avoid the pH side-effect of optode response. Moreover,
at the optode output quantification step, attention should
be paid to the equal conditions of signal registration
(the same focal distance, external light intensity, etc.
Copyright © 2019 World Scientific Publishing Company

while taking images of optode) and as, a result, the
normalization of optical intensities obtained from the
different paper strips will be necessary. Hence, in order to
make the SiTTCorr-based optode suitable for application
to real situations and handling by non-qualified users,
in the present study we have paid particular attention to
finding out the optimal composition of sensing material,
to selecting the appropriate paper substrate, to finding out
the appropriate optode design, to providing a possibile
internal self-calibration procedure, and to elaborating the
suitable data evaluation method.
First, we tested the effectiveness of two methods for
SiTTCorr deposition on Whatman ashless filter paper
of different thickness and density (Whatman 1001–150
180 mm, 87 g/m2, Whatman 1114–125 190 mm, 77 g/m2,
Whatman 1003–110 390 mm, 185 g/m2) by drop casting
a definite amount of sensing solution on selected zones
of paper support or via direct immersion of paper strip
in sensing solution followed by its capillary distribution
over all the paper strip surface. With the immersion
deposition method we obtained unevenly impregnated
strips, and in addition a large amount of sensitive
solution was used, thus increasing the cost of the device.
In contrast, with the Gilson micropipette, thanks to the
possibility of measuring the quantity of the sensitive
solution deposited, it was possible to obtain uniform
spots with acceptable reproducibility, Fig. 2.

Fig. 2. The result on paper support and deposition method
selection for SiTTCorr-based optode. On figure letters a, b
and c correspond to Whatman 1001–150 180 mm, 87 g/m2,
Whatman 1114–125 190 mm, 77 g/m2 and Whatman 1003–110
390 mm, 185 g/m2 filter paper
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On the next step of the study, given the difficulty in
using the sensors prepared with sensitive spots deposited
each on a new paper support and the need to perform
a calibration procedure not suitable for non-expert
operators, we studied the possibility of making the device
simple and “user-friendly.” For this purpose, we have
designed a new version of the sensing device, in which
all the spots have been placed on a single paper support
in order to obtain a ready-to-use device containing an
internal standard that allows immediate interpretation
of the output signal. For this, seven spots of 10-3 mol/L
SiTTCorr sensitive solution containing equimolar
amount of TDACl anion exchanger of 2 mL volume were
deposited on a unique paper strip preliminary treated
with 0.01 mol/L MES buffer solution with pH 5.5, to
avoid a pH side-response of the optode. Among the
deposited sensing spots, five were used for the internal
calibration curve construction, one served as baseline
color of non-bound SiTTCorr ligand and the last spot was
for the analysis of the sample. Five solutions were used
to construct the calibration curve and their concentration
varied stepwise in one order of magnitude from 10-6 mol/L
to 10-2 mol/L. 5 mL of each calibration solution were
deposited right behind the SiTTCorr + TDACl sensing
spots in a way that during the calibration step, the
delivery solution (0.01 mol/L MES pH = 5.5 or distilled
water) by rising up through capillarity, brought with it
the calibration solutions, which getting on SiTTCorr +
TDACl sensing spots resulted in the sensing spot color
change from dark pink to pink, then to yellow-pink, green
and emerald green respectively. To do this, the paper strip
was first immersed in a cuvette containing 500 mL of
0.01 mol/L MES pH = 5.5 background solution to obtain
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the colorimetric calibration curve; at a second time the
strip was immersed in the second cuvette containing the
analyzed sample, and the fluoride concentration in it
was visually evaluated. Figure 3a shows a photogram of
the developed fluoride optode employed for calibration
followed by analysis of a sample of known (0.001 mol/L)
NaF concentration taken by a smartphone without any
processing (Tpicture = 6500 K). It is possible to note from
Fig. 3a that the color of the sensing spot in the analyzed
sample was very similar to those of 10-3 mol/L calibration
solution, thus providing an immediate qualitative
indication of fluoride concentration in a sample.
Figure 3b shows an optode image post-processed
in terms of brightness, contrast and color temperature
(Tpicture = 5000K). It is possible to note that post-processed
image enhances the red light component intensity of the
picture, thus evidencing that the increasing fluoride ion
content varies the SiTTCorr sensing spot color from
red to yellow and then to green, and may be compared
to a kind of chemical traffic light, able to detect the
presence of fluoride in permitted (less than 7.8 × 10-5
mol/L, red color), borderline (2.1 × 10-4 mol/L, orange
color) or dangerous (over 1 × 10-3 mol/L, green color)
concentrations respectively.
In order to quantify the optode colorimetric response,
Matlab software with an algorithm developed in our
laboratories has been employed for image digitalization.
The optode response was converted into three main
colors representing the visible spectrum: red, green
and blue, according to the RGB scale. The normalized
optode optical intensities from the sensing spots treated
with corresponding fluoride ion concentrations at red,
green and blue channels were plotted against -log[F-]

Fig. 3. Pictures of self-calibrated fluoride ion optode (SiTTCorr:TDACl ratio 1:1) employed for sample analysis of known
(0.001 mol/L) NaF concentration taken by a smartphone: (a) without any image processing, Tpicture = 6500K, (b) post-processed in
terms of brightness, contrast and color temperature, Tpicture = 5000K, (c) calibration curve in coordinates normalized optical intensity
on red channel vs. – log [F-]

Copyright © 2019 World Scientific Publishing Company
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value. The highest intensity variations were registered
for the red channel, and these data were used for all
the following quantifications of the developed fluorideselective optode, Fig. 3c. As a result, a paper-based
self-calibrating optical sensor has permitted the visual
detection of fluoride ion in concentration range from
20 mg/L to 200 mg/L with a LOD 9 mg/L much lower than
WHO guideline value of 1.5 mg/L for fluoride in drinking
water. We have employed this quantitative approach in
order to evaluate the influence of SiTTCorr ionophore
to TDACl exchanger molar ratio inside sensing solution
onto sensing developed fluoride-selective optode. In fact,
an addition of lipophilic ionic additives in corrole-based
polymeric membranes has been shown to be critical for
both the stabilization of membrane properties and the
optimization of selectivity [25]. If corrole ionophores
work as neutral carriers, an addition of lipophilic ionic
sites having opposite sign charge to that of the primary
ion, for instance TDA+, is required. The amount of added
anion-exchanger may help to elucidate the ionophore
functioning mechanism, as far as the stoichiometry and
geometry of the formed ionophore-analyte complexes.
Unlike our previous research [19], where the tests on

Fig. 4. Colorimetric variation of SiTTCorr:TDACl ratio
2:1 optode in presence of different anions in concentration
0.01 mol/L, (a) selectivity coefficients of paper-based fluorideselective optodes evaluated by modified SSM method in
0.01 mol/L solutions of various anions; (b) Fluoride was
considered as a primary ion and the slope of semilogarithmic
calibration curve toward fluoride ion was used to calculate
log (KF-/I-), see Experimental section for calculus details
Copyright © 2019 World Scientific Publishing Company

ionophore:anion-exchanger ratio were performed for
PVC-plasticized polymeric membranes, in the present
study we have tested the performance of paper-based
SiTTCorr optodes containing TDACl in molar ratio 0.5,
1 or 2 in respect to the ionophore. As shown in Fig. 4a,
any visible color changes were observed in the presence
of almost all test-interfering anions in concentration
0.01 mol/L, thus confirming the high selectivity of the
optode toward fluoride ions. The only evident color
variation from dark pink to light brown was registered in
basic sodium bicarbonate solution, which can be explained
by previously mentioned OH- sensitivity of SiTTCorr.
The selectivity of paper-based fluoride-selective
optodes in respect to SiTTCorr:TDACl ratio was evaluated
by modified SSM method in 0.01 mol/L solutions of
various anions, and the best performance in terms of
sensitivity and selectivity were found for optodes with
SiTTCorr:TDACl ratio 2:1, Fig. 4b. The obtained data are in
a good agreement with spectroscopic tests on SiTTCorr-F
interaction performed in solution. In fact, the formation of
mixed complexes of complicated stoichiometry, as far as
an increase of SiTTCorr coordination number upon analyte
binding (from pentacoordinated to hexacoordinated) rather
than axial ligand exchange was observed in our previous
work [19]. Indeed in these conditions the smaller amount
of anion exchanger in respect to ionophore (0.5 molar
ratio) will promote the fluoride binding and increase the
optode selectivity.
The applicability of the developed paper-based
optode was evaluated by assaying the amount of fluoride
ions spiked in tap water, as far as by quantification of

Fig. 5. The photograms of fluoride colorimetric analysis in:
(a) tap water spiked with 10-3 mol/L NaF and two bottled
waters, Levissima and Ferrarelle; (b) two toothpastes, Pasta del
Capitano and Mentadent
J. Porphyrins Phthalocyanines 2019; 23: 122–124
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Table 1. Results of fluoride detection with SiTTCorr paper-based optode
[F-], mol/L

Sample

Test sample
Bottled water
Toothpaste*

Marked or added

Found

Tap water

1.0 × 10

-3

R, %

1.04 × 10

4.3

Levissima

1.05 × 10

-5

-6

9.82 × 10

6.7

Ferrarelle

5.08 × 10-5

5.33 × 10-5

8.8

Pasta del Capitano

6.31 × 10

-5

5.80 × 10

8.8

Mentadent

3.98 × 10

-4

4.40 × 10

9.5

-3

-5
-4

*Fluoride ion concentration corresponds to the amount of ion passed to the 0.01 mol/L MES pH 5.5
buffer during 24 h extraction and not represent the amount of fluoride specified by producer (in case
of Mentadent this value was 1500 mg/kg, and was not provided for Pasta del Capitano).

fluoride content in bottled water and toothpaste samples.
The photograms of performed analysis are shown in
Fig. 5, while the results of fluoride ion assessment by
means of the SiTTCorr paper-based optode are listed
in Table 1. For these tests, modifications were made
in optode design: the six sensing spots at the center of
the paper support were used to construct a calibration
curve toward fluoride, while the other spots were used
for replicated sample analysis. 5 mL of each calibration
solution or analyzed sample were dropped directly on
the SiTTCorr:TDACl = 2:1 sensing spot. The image was
registered with a smartphone immediately after sample
deposition and digitalized with help of home-written
Matlab codes as previously explained. The fluoride ion
amounts determined in mineral waters were compared
with the data on water mineral composition declared
by producer, while the fluoride-selective polycrystalline
membrane sensor based on LaF3 has been employed
to determine the amount of fluoride ions in toothpaste
extracts.
As can be seen from Table 1, the possibility of fluoride
ion concentration quantification from the color variation
of the optode image registered with a smartphone and
extracted with home-written Matlab codes with relative
standard errors (R, %) lower then 5% for tap water spiked
with 10-3 mol/L NaF was demonstrated. The developed
approach employed for fluoride assessment in mineral
bottled waters and toothpaste extracts has shown a
relative error of determination R, % less then 10%.

CONCLUSIONS
The obtained results indicate the efficacy of the
developed SiTTCorr paper-based optode for fluoride
ion selective detection in aqueous samples in a wide
range of concentrations and LOD of 9 mg/L lower than
the levels required by WHO provisional guideline
(1.5 mg/L). Our method showed the same precision
as WHO recommended ISE-standard method of
fluoride analysis, but has several advantages such as:
the possibility of semi-qualitative naked-eye fluoride
detection due to the presence of an internal standard
Copyright © 2019 World Scientific Publishing Company

permitting a sensor self-calibration, quick response,
low cost, no need of sophisticated equipment for signal
digitalization and sample pretreatment. Moreover,
together with a high selectivity to fluoride, no pH
side influence on fluoride assessment was registered.
The developed optode is “user-friendly,” can be used
by a non-qualified operator and has a high potential
to perform in-field analysis by means of POCT-like
detection principle in combination with common
electronic devices for signal acquisition.
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ABSTRACT: An isothiocyanato-functionalized phthalocyanine (Pc) was synthesized in good yield
from the corresponding amine-substituted Pc. This Pc reacted with ethanolamine, biotin hydrazine, and
biotin diethylamine under mild conditions (room temperature in DMF or DMSO in the presence of TEA)
to produce the corresponding thiourea products in 60–75% yields. All Pcs showed intense Q absorptions
in DMF around 677 nm, emissions centered at 683 nm, and fluorescence quantum yields in the range
0.18–0.27. The Pcs were phototoxic to human carcinoma HEp2 cells (IC50 ~ 7 at 1.5 J/cm2) and localized
in multiple organelles, including the lysosomes, Golgi and ER. One biotin-Pc conjugate was injected
via tail vein into nude mice bearing HT-29 tumors and demonstrated selective localization in the tumor
tissue.
KEYWORDS: phthalocyanine, isothiocyanate, biotin, photosensitizer, PDT.

INTRODUCTION
Phthalocyanines (Pcs) are efficient photosensitizers
(ps) for the treatment of cancers by photodynamic therapy
(PDT) [1]. PDT is a minimally invasive treatment that
uses light, a ps and molecular oxygen to selective destroy
malignant tissues via the generation of singlet oxygen
(1O2) and reactive oxygen species (ROS). Photosens,
a silicon(IV)Pc, and CGP55847, a zinc(II)Pc, are used
clinically for the treatment of breast, gastrointestinal,
and squamous cell carcinoma of the upper aerodigestive
tract [2–4]. Pcs are an excellent choice as ps due to
their strong absorbance in the near-infrared spectral
region (> 670 nm) where light penetrates deeply through
the skin, their high chemical and photo-stability, in
addition to being excellent singlet oxygen generators
[5–7]. However, Pcs generally have poor solubility in
*Correspondence to: M. Graça H. Vicente, tel: +225-578-7405,
email: vicente@lsu.edu.
Copyright © 2019 World Scientific Publishing Company

water and most organic solvents, which limits their
purification and applications. Strategies used to address
the poor solubility of Pcs include the introduction of
bulky or water-solubilizing substituents, and the use of
isomeric mixtures of compounds [4, 8–13]. Since the
use of isomeric Pc mixtures can lead to reproducibility
challenges, synthesis of isomerically pure compounds
is a more desirable approach. In particular, isomerically
pure Pcs bearing versatile functional groups can be
used as templates to produce functionalized Pcs via,
for example, esterification, substitution and acylation
reactions [11–19]. The Pc templates can be conjugated
to hydrophilic and cell-targeting moieties, yielding
amphiphilic compounds with enhanced solubility, serum
life, and specificity towards receptors overexpressed on
cancer cells [11, 14, 20–22]. This strategy is particularly
useful when the required precursors bearing targeting
moieties are not readily available or are unstable under
cyclization conditions [23–24]. The conjugation of
tumor-cell-targeting moieties to Pc templates has been
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reported to improve the tumor specificity and uptake of
Pc macrocycles [5, 9, 11, 20, 25–28]. However, some
targeting agents, particularly those of high molecular
weight, may trigger an immunogenic response [29].
Therefore, small tumor-targeting substituents such as low
molecular weight PEG groups, peptides, and vitamins,
including folic acid, riboflavin, vitamin B-12 and biotin,
have been investigated as targeting moieties and have been
shown to increase tumor selectivity and uptake into cancer
cells [12, 25, 29–34]. Several cancer cell lines overexpress
folate receptors, vitamin B-12 receptors and biotin
receptors. Studies conducted on leukemia, ovarian, colon,
mastocytoma, lung, renal, and breast cancer cell lines
showed enhanced uptake of biotin conjugates compared
to folate and vitamin B-12 conjugates [29]. Meerovich
et al. reported that a biotin-containing Photosens showed
higher photodynamic efficacy compared with the parent
drug [35]. Photosens, however, is a mixture of isomers.
Herein, we report the synthesis of an isomerically pure
biotin-containing Pc, via reaction on a Pc template
bearing an amine reactive isothiocyanato group. The
conjugation of porphyrins, chlorins, bacteriochlorins
and BODIPYs to various targeting molecules via an
isothiocyanate functional group under mild conditions
generally yields the targeted conjugates in short reaction
times and high yields [36–41]. Duan et al. [11], LopezDuarte et al. [17], and Hammer et al. [16], have reported
the conjugation of isothiocyanate-functionalized Pcs to
monoclonal antibodies, aluminosilicate Zeolite L and
oligonucleotides, respectively. We report the synthesis of
NHBoc

a regioisomerically pure isothiocyanate-functionalized
Pc and its conjugation to biotin hydrazine and biotin
diethylamine [42]. The spectroscopic and biological
properties of the conjugates were evaluated and compared
to those of the unconjugated Pc.

RESULTS AND DISCUSSION
Synthesis
Scheme 1 shows the synthetic route to isothiocyanatefunctionalized Pc 4. The precursor, 3-N-Boc-aminophenol
phthalonitrile 1, was prepared according to our previously
reported procedure [43]. Initial attempts to prepare the
Boc-protected Pc 2 using various phthalonitrile ratios
ranging from 1:3 to 1:9 led to formation of mixtures of
Pc isomers. Such low ratios of phthalonitriles in cross
condensation reactions are known to lead to mixtures
of regioisomeric Pcs due to the interactions between
the different phthalonitriles leading to the formation of
adj- and opp-A2B2, A3B and AB3-type Pcs, in addition
to the A4 and B4 Pcs in a single reaction vessel. These
isomers are difficult to separate chromatographically
due to their similar Rf values. However, using a large
excess of one phthalonitrile (A) favors the formation of
only A3B and A4 Pcs [18–19]. Therefore, the targeted
A3B-type Pc 2 was synthesized using a 30-fold excess
of unsubstituted phthalonitrile, and easily separated from
the single byproduct A4 Pc due to the low solubility
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Scheme 1. Synthetic route to Pc-NCS 4
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for 30 min, to produce hydroxyl Pc 5 in 66% yield,
as shown in Scheme 2. Biotin ethylenediamine was
synthesized by activation of the carboxylate group with
EDCI and HOBt in DMSO, followed by reaction with
N-Boc ethylenediamine in a 1:1 ratio, as previously
reported [44]. Deprotection of the Boc group using
TFA in dichloromethane for 2 h at 0 °C gave biotin
ethylenediamine. Optimal reaction conditions for the
conjugation of Pc 4 with biotin hydrazine and biotin
ethylenediamine were found to be a 1:1 reaction ratio
using TEA as the base, in DMSO over 2 h, to give Pc 6
and Pc 7 in 60–75% yields, as shown in Scheme 2.
The structures of all Pcs were characterized by 1Hand 13C-NMR spectroscopy and by MALDI-TOF mass
spectrometry (see Supporting information).

of the latter Pc. The condensation occurred in the
presence of zinc(II) acetate and a catalytic amount of
1,5-diazabicyclo[4.3.0]non-5-ene (DBN) as base in
dimethylethanolamine(DMAE) at 140 °C for 1 h. Pc 2 was
isolated in 12% yield after separation from the unsubstituted
A4 Pc by filtration, followed by re-crystallization. Pc 2
bearing a Boc-protected aminophenoxy a-substituent
shows increased solubility compared with the unsubstituted
A4 Pc and decreased tendency for aggregate formation.
Pc 2 was quantitatively deprotected using trifluoro
acetic acid (TFA) in dichloromethane at 0 °C to give
Pc 3. The amine group on Pc 3 was converted to the
isothiocyanate functional group in Pc 4 using 1,1′thicarbonyldi-2(1H)-pyridone (TDP) in anhydrous DMF,
as shown in Scheme 1, using a procedure similar to that
previously reported [36, 42]. Pc 4 was obtained in 90%
yield. The isothiocyanate functional group is highly
reactive toward amines, producing the corresponding
thioamide addition products under mild conditions in
high yields.
Pc 4 reacted with ethanolamine in the presence
of triethylamine (TEA) as base, at room temperature

Spectroscopic properties
The spectroscopic properties for Pcs 4, 5, 6 and 7 in
DMF are summarized in Table 1 and their absorption
spectra are shown in Fig. 1. The absorption spectra of
the Pcs in DMF displayed a characteristic Q band (p–p*
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Scheme 2. Reactions of Pc-NCS 4

Table 1. Spectroscopic properties for Pcs 4, 5, 6, and 7 in DMF at room
temperature
Pc

Absorption (lmax, nm)

Emissiona (lmax, nm)

Log e (nm)

Ffb

4

677

682

5.00

0.26

5

678

684

4.95

0.27

6

674

682

4.85

0.18

7

678

684

4.80

0.19

a

Excitation at 635 nm; bcalculated using Zn (Ff = 0.17) as the Ref. [45]
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Fig. 1. Absorption spectra of Pcs 4 (red), 5 (purple), 6 (pink), and 7 (blue) at 4 mM concentration in DMF at room temperature
Table 2. Cytotoxicity (CTB assay, light dose ~ 1.5 J/cm2) and comparative uptake
for Pcs in HEp2 cells
Pc

Dark toxicity IC50 (µM)

Phototoxicity IC50 (µM)

Uptake ratio at 24 ha

4

>200

70

1

5

>200

7

8

6

>200

9

4

7

>200

6.5

5

Relative to 4 (Pc/Pc 4).

a

transition) between 674 and 678 nm and a Soret band
between 300 and 400 nm. The spectra followed the Beer–
Lambert law at concentrations between 2 and 10 µL (see
Supporting information). The fluorescence emissions
appeared between 682 and 684 nm, and the fluorescence
quantum yields ranged from 0.18–0.27. The biotin–Pc
conjugates displayed lower fluorescence quantum yields
than Pcs 4 and 5, maybe due to the higher flexibility
of the conjugates which tend to increase non-radiative
decay to the ground state.

Cellular studies
The cellular properties of Pcs 4, 5, 6 and 7, including
their time-dependent cellular uptake, cytotoxicity and
intracellular localization, were investigated in human
carcinoma HEp2 cells, and the results are summarized
in Table 2, Figs 2–6, and the Supporting information. For
uptake studies, the HEp2 cells were incubated with 10 mM
solutions of each Pc and the extent of uptake determined
after 1, 2, 4, 8 and 24 h (Fig. 2). The isothiocyanate-Pc
4 showed lower uptake at all time points investigated
compared to the hydroxy-Pc 5 and biotin conjugates 6
and 7. On the other hand, Pc 5 showed the highest uptake
of all Pcs at all time points, and after 24 h accumulated
Copyright © 2019 World Scientific Publishing Company

within cells 8 times more than Pc 4. This might be due to
its lower molecular weight and favorable amphiphilicity.
The two biotin-containing Pcs 6 and 7 showed similar
cellular uptake, and after 24 h were found within cells 4
and 5 times more than Pc 4, respectively.
The organelle-specific fluorescence probes BODIPY
Ceramide (Golgi), Lyso-Sensor Green (lysosomes), MitoTracker Green (Mitochondria), and ER Tracker Blue/
White (ER) (Invitrogen) were used in co-localization
experiments. The red color indicates the Pc, the purple/
pink and orange/yellow colors indicate co-localization
of the Pc and organelle probes in Figs 3–6. All Pcs
localized in the ER, Golgi apparatus, and lysosomes
(Table 3). In addition, to a small extent Pc 5 was also
found in the mitochondria. The biotinylated Pcs 6 and
7 showed similar localization in the lysosomes and the
Golgi apparatus, with Pc 7 appearing to have enhanced
localization in the ER compared with Pc 6.
The dark toxicity and phototoxicity of the Pcs were
investigated using Promega’s Cell Titer Blue viability
assay. None of the Pcs was toxic in the dark up to 200 mM
concentration. However, upon exposure to a low light
dose (~1.5 J/cm2), all Pcs were phototoxic, particularly
Pcs 5–7, with determined IC50 values (50% inhibition
of cell proliferation based on dose-response curves) of
70, 7, 9 and 6.5 mM for Pcs 4, 5, 6 and 7, respectively.
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Fig. 2. Time-dependent uptake of Pcs 4 (red), 5 (purple), 6
(pink), and 7 (blue) at 10 µM by human carcinoma HEp2 cells

Since all Pcs showed similar intracellular distributions,
this result may be due to the lower cellular uptake of Pc 4
into cells. The most phototoxic Pc was biotin conjugated
Pc 7, probably due to its increased localization in the ER
compared with all other Pcs.
In vivo studies
The biotin-Pc conjugate 6 was selected based on the
in vitro studies, for preliminary investigation in nude
mice bearing human HT-29 colorectal tumors. In this
experiment, Pc 6 was injected via tail vein into mice
with subcutaneous tumors of approximately 5 mm in
diameter. Post-injection, the mice were anesthetized
and imaged using an excitation wavelength of 640 nm
and an emission wavelength of 710 nm, at various time
intervals for up to 120 h. As shown in Fig. 7a, systemic
fluorescence of Pc 6 was observed in a representative
mouse as early as 3 h post-injection, and selective
localization was seen within tumors by 6 h after
administration. Detection persisted through 48 h at the
tumor site but declined after 72 and 120 h. However,
non-specific background expression was also detected
in the peritoneal region at each time point. After the
final imaging scan, the mice were euthanized, and the
organ and tumor tissues were harvested. Fluorescence
analysis of tumor tissue from a representative mouse
showed high levels of localization of Pc 6, as well as
high levels in the kidneys, peritoneal fat, and uterus
(Fig. 7b). Lower levels of Pc 6 were also detected in
pancreas, liver, lungs, and intestines, while there was no
detectable Pc 6 in either heart or spleen.

Copyright © 2019 World Scientific Publishing Company

Fig. 3. Subcellular localization of Pc 4 in HEp2 cells at 10 mM
for 6 h. (a) Phase contrast (b) Overlay and fluorescence of
Pc 4 (c) ER tracker Blue/White fluorescence (e) MitoTrack
green fluorescence (g) BODIPY ceramide (i) LysoSensor
green fluorescence (d, f, h, j) overlays of tracers with Pc 4
fluorescence. Scale bar: 10 µm
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Fig. 4. Subcellular localization of Pc 5 in HEp2 cells at 10 µM
for 6 h. (a) Phase contrast (b) Overlay and fluorescence of Pc
5 (c) ER tracker Blue/White fluorescence (e) MitoTrack green
fluorescence (g) BODIPY ceramide (i) LysoSensor green
fluorescence (d, f, h, j) overlays of tracers with Pc 5 fluorescence.
Scale bar: 10 µm

Copyright © 2019 World Scientific Publishing Company

Fig. 5. Subcellular localization of Pc 6 in HEp2 cells at 10 mM
for 6 h. (a) Phase contrast (b) Overlay and fluorescence of Pc
6 (c) ER tracker Blue/White fluorescence (e) MitoTrack green
fluorescence (g) BODIPY ceramide (i) LysoSensor green
fluorescence (d, f, h, j) overlays of tracers with Pc 6 fluorescence.
Scale bar: 10 µm
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EXPERIMENTAL
Synthesis

Fig. 6. Subcellular localization of Pc 7 in HEp2 cells at 10 mM
for 6 h. (a) Phase contrast (b) Overlay and fluorescence of Pc
7 (c) ER tracker Blue/White fluorescence (e) MitoTrack green
fluorescence (g) BODIPY ceramide (i) LysoSensor green
fluorescence (d, f, h, j) overlays of tracers with Pc 7 fluorescence.
Scale bar: 10 µm

Copyright © 2019 World Scientific Publishing Company

General. All reagents and solvents were purchased
from commercial sources and used directly without
purification. Analytical thin-layer chromatography
(TLC) was performed using plastic backed TLC plates
254 (precoated, 200 μm) from Sorbent Technologies to
monitor the reactions. Silica gel 60 (230 × 400 mesh) was
used for column chromatography. NMR spectra were
obtained on an AV-III-400-NanoBay Bruker spectrometer
(400 MH for 1H, 100 MHz for 13C). Chemical shifts are
reported in d (ppm) relative to DMF-d7 8.03 ppm (1H),
163.15 ppm (13C); THF-d8 3.58 ppm (1H), 67.57 ppm
(13C); DMSO-d6 2.5 ppm (1H), 39.51 ppm (13C). An
a-Cyano-4-hydroxycinnamic acid matrix was used for
MALDI-TOF mass spectra measurements on a Bruker
ProFlex III spectrometer. Melting points were measured
using a Barnstead Electrothermal Mel-Temp 1101D
Capillary Melting Point Apparatus. Phthalonitrile 1 was
synthesized as previously reported.43
Pc 2. A mixture of 3-(4-N-Boc-aminophenol)
phthalonitrile (0.03 g, 8.95 × 10-2 mmol), phthalonitrile
(0.34 g, 2.68 mmol), and zinc(II) acetate (1.52 g,
0.69 mmol) dissolved in DMAE (6.0 mL) was heated
at 140 °C with two drops of DBN under argon for
1 h. The solvent was removed under reduced pressure
and the crude mixture was filtered using acetone.
The product was further purified by silica gel column
chromatography column to give Pc 2, a blue solid eluted
using dichloromethane/methanol (95:5). Pc 2 was dried
under vacuum for 2 days to give a blue solid in 12%
yield. M.p.: 210 °C. 1H NMR (THF-d8, 400 MHz):
7.8–7.75 (m, 2H, Ar-H), 7.63–7.61 (m, 2H, Ar-H), 7.19–
7.14 (m, 2H, Ar-H), 6.97–6.92 (m, 6H, Ar-H), 6.82–69
(m, 6H, Ar-H), 2.06 (C (CH3)3). 13C NMR (DMF-d7,
100 MHz): 212.43 (C=O), 208.9, 168.8, 167.3, 155.0,
153.8, 153.5, 153.4, 149.8, 138.9, 137.2, 136.6, 135.5,
129.2, 122.6, 122.4, 120.6, 119.8, 118.6, 117.0, 79.3,
55.7, 27.9 (C (CH3)3). MS (MALDI- TOF) m/z 783.230
[M]+, calcd for C43H29N9O3Zn, 783.168.
Pc 3. The Boc group of Pc 2 was deprotected using
TFA:DCM (1:1) at 0 °C for 4 h. The solvents were
removed under reduced pressure and the resulting residue
was dissolved in dichloromethane/methanol (9:1). A few
drops of 2N NaOH were added to neutralize TFA and
the precipitate removed by filtration. The product was
dried under vacuum for 2 h to give Pc 3 as a blue solid
in quantitative yield. M.p.: 250 °C. 1H NMR (DMF-d7,
400 MHz): 9.5 (s, 2H, Ar-H), 8.3 (s, 2H, Ar-H), 7.9–
7.5 (M, 14H, Ar-H), 6.9–6.8 (M, 4H, Ar-H). 13C NMR
(DMF-d7, 100 MHz): 153.4, 139.1, 138.7, 138.7, 130.0,
128.8, 122.4, 122.2, 120.9, 117.1, 116.4, 115.2. (Ar-C,
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Pc 5. Pc 4 (5 mg, 6.896 µmol) was dissolved in
50 µL DMF. Triethylamine (0.523 mg, 5.17 µmol) and
ethanolamine (0.316 mg, 5.171 µmol) in 100 µL DMF
were added to the Pc 4 solution and the final mixture
was stirred for 0.5 h at room temperature. The solvent
was removed under reduced pressure, and the crude
product purified by column chromatography using
dichloromethane/methanol (9:1) for elution to give Pc 5
as a blue solid (2.7 mg, 66.41%). M.p.: 220 °C. 1H (DMFd7, 400 MHz): 8.3 (m, 4H, Ar-H), 7.5 (m, 6H, Ar-H), 6.3
(s, 4H, Ar-H), 6.2 (s, 4H, Ar-H), 3.3 (m, 5H). 13C NMR
(DMF-d7, 100 MHz): 161.3, 141.0, 135.7, 120.4, 104.8,
70.4, 60.5, 42.1, 40.5. MS (MALDI- TOF) m/z 787.038
[M + H]+, calcd for C41H27N10O2SZn, 787.133.
Pc 6. Pc 4 (5 mg, 6.90 µmol) was dissolved in 100 µL
of DMSO. Biotin hydrazine (1.98 mg, 6.90 µmol) and
triethylamine (28.85 µL, 207 mmol) in 50 µL DMSO
were added to the Pc 4 solution. The final mixture was
stirred for 2 h at room temperature. The crude product
was precipitated out of solution by the addition of diethyl
ether. The residue was re-dissolved in dichloromethane/
methanol (9:1) and washed once with water. The organic
phase was dried over anhydrous Na2SO4 to give Pc 6
as a blue compound (4.74 mg, 70%). M.p.: 190 °C. 1H
NMR (DMSO-d6): 9.5–9.45 (6H, Ar-H), 8.3–8.3 (m, 6H,
Ar-H), 7.8 (d, 1H, Ar-H), 7.66 (m, 2H, Ar-H), 7.5–7.4
(m, 5H, Ar-H), 6.3 (m, 2H, Ar-H), 6.2–6.1 (m, 2H, Ar-H),
4.1 (br, 2H), 3.6 (2H), 3.3 (3H), 3.1–3.0 (1H), 1.6 (1H),

Table 3. Major (+++) and Minor (+) subcellular sites
of localization in HEp2 Cells
Pc

ER

Golgi

Mitochondria

Lysosomes

4

++

++

-

+++

5

++

+++

+

+++

6

+

+++

-

+++

7

+++

+++

-

+++

CN). MS (MALDI- TOF) m/z [M + H]+ 684.172, calcd
for C38H22N9OZn, 684.124.
Pc 4. Pc 3 (50 mg, 0.73 mmol) was dissolved in
100 mL anhydrous DMF. 1, 1′-Thiocarbonyldi-2,2′pyridone (16.9 mg, 0.73 mmol) dissolved in DMF was
added to the Pc solution and the final mixture stirred
at room temperature for 6 h. The solvent was removed
under reduced pressure and the resulting residue was
purified on silica gel preparative TLC plates using
dichloromethane for elution, to give Pc 4 in 47.76 mg,
90% yield. M.p.: 180 °C. 1H NMR (DMF-d7, 400 MHz):
8.17 (s, 2H, Ar-H), 7.51–7.46 (m, 9H, Ar-H), 6.38 (d, J =
2.8 Hz, 4H, Ar-H), 6.21 (t, J = 2.8 Hz, 4H, Ar-H). 13C
NMR (DMF-d7, 100 MHz): 149.9, 149.6, 149.3, 141.0,
136.0, 135.8, 135.5, 130.0, 123.8, 123.6, 123.3, 122.9,
120.6, 104.9, 93.6. MS (MALDI- TOF) m/z 726.0803
[M + H]+, calcd for C39H20N9OSZn, 726.062.
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Fig. 7. (a) Fluorescence images (excitation 640 nm and emission 710 nm) of a nude mouse bearing subcutaneous HT-29 tumor
implants at 0, 3, 6, 24, 48, 72, and 120 h following i.v administration of Pc 6. The tumor position is circled. (b) Fluorescence images
(excitation 640 nm and emission 710 nm) of organ and tumor tissues harvested from the mouse after the final imaging time point
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1.3 (5H), 0.9 (1H). 13C NMR (DMSO-d6, 100 MHz):
149.9, 149.6, 149.3, 147.2, 141.0, 138.8, 136.0, 135.6,
135.7, 135.5, 130.0, 123.8, 123.6, 123.3, 122.8, 120.6,
115.2, 111.0, 110.1, 104.9, 93.6, 90.6, 90.3, 55.0, 49.1,
40.4, 20.0. MS (MALDI- TOF) m/z 1006.190 [M + Na]+,
calcd for C49H37N13O3S2Zn, 1006.177.
Pc 7. Pc 4 (10 mg, 0.14 mmol) was dissolved in 100 mL
of DMF. Biotin ethylenediamine (7.89 mg, 0.28 mmol)
was dissolved in 200 mL DMSO and triethylamine
(41.87 mg, 0.41 mmol) was added onto this before
adding this mixture to the Pc 4 solution. The solvent
was removed. The crude in dichloromethane/methanol
9:1 was purified on silica gel TLC preparative plates to
give title Pc 7 (16.74 mg, 60%). M.p.: 170 °C. 1H NMR
(DMSO-d6): 9.3–9.1 (m, 5H, Ar-H), 8.2–8.1 (m, 7H,
Ar-H), 7.6–7.5 (m, 3H, Ar-H), 7.2–7.0 (m, 1H, Ar-H),
3.8–3.7 (m, 5H), 3.5 (m, 2H), 3 (m, 2H), 2.4 (m, 1H),
2.3–2.1 (m, 4H), 1.8–1.5 (m, 7H), 1.5 (b, 2H), 1 (m, 1H)
13
C NMR (DMSO-d6, 100 MHz): 162.6, 162.3, 162.0,
149.9, 149.6, 123.9, 123.6, 123.4, 55.0, 35.4, 35.2, 35.0,
34.8, 34.6, 34.4, 34.2, 30.3, 30.1, 29.9, 29.7, 29.5, 29.3,
29.1. MS (MALDI-TOF) m/z 1050.097 [M]+, calcd for
C51H41N13O3S2ZnK, 1050.182.
Spectroscopic properties
All studies were performed in peptide-sequencing
grade DMF solutions. All absorption spectra were
measured on a UV-vis Perkin Elmer Lambda 35 spectrophotometer. All experiments were carried out within
3 h of solution preparation at room temperature (23–
25 °C) using a 10 mm path length spectrophotometric
cell. Emission spectra were recorded on a Fluorolog®HORIBA JOBINVYON (Model LFI-3751). The
fluorescence quantum yields (Ff) were determined via a
secondary standard method using ZnPc (Ff = 0.17) as the
Ref. [45].
Cell studies
The HEp2 cells were obtained from ATCC and
maintained in a 75 cm2 flask (Chemglass) with medium
(DMEM:Advanced, 1:1) containing 10% FBS and 1%
antibiotic (Life Technologies). The Pc solutions were
prepared by dissolving each Pc in 100% DMSO at a
concentration of 32 mM (stock solution).
Dark cytotoxicity. The HEp2 cells were placed in a
Costar 96-well plate (15,000 cells/well). Each plate was
treated with Pc concentrations of 200, 100, 50, 25, 12.5,
and 0 mM for 0–24 h incubation at 37 °C. To end treatment,
excess Pc was removed by washing cells with PBS and
replaced with media containing 20% Cell Titer Blue
(Promega). The cells were incubated for an additional 4 h
at 37 °C, and measured fluorescently at 570/615 nm using
a FluoStar Optima micro-plate reader. Dark toxicity is
expressed in terms of percent survival of cells.
Phototoxicity. The Pc concentrations of 100, 50,
25, 12.5, 6.25, 3.125, and 0 mM were used for the
Copyright © 2019 World Scientific Publishing Company
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phototoxicity experiments. HEp2 cells were placed in
96 well plates as described above, and treated with the
Pc solutions for 24 h at 37 °C. After this treatment the
loading media was removed. The cells were washed
with a PBS buffer, and then refilled with fresh media.
The cells were exposed to a 600 W halogen lamp light
source filtered with a water filter and a beam turning
mirror (Newport) for 20 min. The total light dose was
approximately 1.5 J/cm2. After being exposed to light, the
cells were returned to the incubator for 24 h. After 24 h
incubation, the medium was removed and replaced with
media containing 20% Cell Titer Blue. The cells were
incubated for an additional 4 h. The viable cells were
measured fluorescently at 570/615 nm using a FluoStar
Optima micro-plate reader. Phototoxicity is expressed in
terms of percent survival of cells.
Time-dependent cellular uptake. The HEp2 cells
were plated in a 96-well plate as described above. The
cells were treated by adding 100 mL of 10 mM Pc solution
at different time periods of 0, 1, 2, 4, 8, and 24 h. The
cells were washed with PBS, and solubilized by adding
100 mL 0.25% Triton X-100 in PBS per well. The cells
were quantified by CyQuant Cell Proliferation Assay
(Life Technologies). The compound and cell number
were determined using a FluoStar Optima microplate
reader. Cellular uptake is expressed in terms of nM Pc
concentration per cell.
In vivo studies
For the in vivo studies, athymic nu/nu mice (Charles
River Laboratories, Wilmington MA) were purchased
at six weeks of age and quarantined for one week.
Subsequently, the human colorectal adenocarcinoma
HT-29 cell line (ATCC; Manassas, VA) was implanted
subcutaneously in the lower right flank. Initially, HT-29
cells were cultured in McCoy’s 5A medium containing
10% fetal bovine serum (Atlanta Biologicals; Flowery
Branch, GA) and incubated at 37 °C and 5% CO2
under humidified conditions to approximately 75%
confluence. The cells were then harvested with a 0.25%
(w/v) trypsin -0.53 mM EDTA solution, concentrated
via centrifugation, and resuspended in Dulbecco’s PBS
before injection. Each of the mice was injected with
5 × 106 cells in 0.1 mL PBS. Tumors were allowed to
develop until approximately 5 mm in diameter, after
which mice were subjected to lateral tail vein injection
of the Pc conjugate resuspended at 2 mM in Dulbecco’s
PBS containing 10% DMSO and 5% Kolliphor EL
(Sigma-Aldrich, St. Louis, MO). After injection, the
mice were observed for any acute adverse responses
and then anesthetized using 3% isoflurane for imaging.
Fluorescence imaging was performed at 0, 3, 6, 24, 48,
72, and 120 h after injection using a Spectral AMI optical
imaging system (Spectral Instruments Imaging; Tucson,
AZ) set at an excitation 640 nm and emission 710 nm.
All experimental protocols involving live animals were
J. Porphyrins Phthalocyanines 2019; 23: 133–135
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reviewed and approved by the Institutional Animal Care
and Use Committee (IACUC) of LSU.

CONCLUSIONS
We describe the synthesis of an isomerically pure
A3B-type Pc functionalized with an isothiocyanate group,
Pc 4, in 11% overall yield. The strategy involves the
condensation of a Boc-protected amino phthalonitrile
with a large excess (30-fold) of phthalonitrile, followed
by deprotection with TFA and reaction with TDP. The
highly reactive isothiocyanate functional group readily
reacts with primary amines under mild conditions and
in high yields. Using this strategy, three new Pcs were
prepared bearing ethanolamine, biotin hydrazine or biotin
ethylenediamine, in 60–75% yields. These amphiphilic
conjugates showed enhanced solubility and uptake into
human carcinoma HEp2 cells. In DMF solutions the
Pcs show absorption and emission spectra typical of Pc
macrocycles, and fluorescence quantum yields in the
range 0.18–0.27. All Pcs were non-toxic in the dark up
to 200 mM concentrations, but displayed significant
phototoxicity, with IC50 values in the order of 7 mM
using 1.5 J/cm2 light dose. The biotin-Pc 6 was further
investigated in a mouse model bearing a HT-29 tumor.
This conjugate was found to selectively localize within
tumors as soon as 6 h after i.v. administration via the tail
vein. Our results demonstrate that the isomerically pure
isothiocyanate-functionalized Pc 4 is an excellent template
for the synthesis of tumor cell-targeted amphiphilic Pc
analogs in good overall yields and under mild conditions.
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ABSTRACT: Thin films of metal phthalocyanines (M: Co, Zn, Ni) substituted with four
3,5-bis(2′,3′,4′,5′,6′-pentafluorobenzyloxy)benzyloxy groups have been prepared by the spin-coating
technique. Optical properties and surface morphology of the thin films of metallophthalocyanines
have been investigated as a function of organic solvents of acetone, chloroform, tetrahydrofuran,
dimethylformamide and dimethylsulfoxide. Results show that optical properties and surface morphology
of the prepared films depend on the type of organic solvent used.
KEYWORDS: phthalocyanines, fluorine, thin film, spin coating, optical properties.

INTRODUCTION
Phthalocyanines (Pcs) can function as an active com
ponent in various applications such as electronic and
photonic devices, organic photovoltaic devices and gas
sensors, since they have high chemical, photochemical,
and thermal inflexibility [1–8]. Generally, in such
applications, the performance of Pcs as thin films is
important.
The solubility and aggregation behaviors of Pcs
affect their efficiency in applications. Low solubility of
Pcs in organic solvents restricts the formation of thin
films with desired properties. The addition of different
substituents to the peripheral or non-peripheral positions
of the macrocyclic ring facilitates the dissolution of Pcs
in common organic solvents [9–13]. For example, the
solubility of Pcs in many organic solvents is greatly
enhanced by fluorine substitution [14–17]. Furthermore,
because of the high electronegativity of the fluorine
·
*Correspondence to: Idris Sorar, tel.: +90 326 245 5866, fax:
+90 326 245 5867, email: idrissorar@gmail.com.
Copyright © 2019 World Scientific Publishing Company

atom, Pcs carrying fluorinated groups show noticeable
properties such as catalytic activity, stability and raised
redox potentials [18–20].
Many methods are used for the preparation of thin
films such as Langmuir–Blodgett film formation, vacuum
deposition, organic molecular beam epitaxy, selfassembled monolayer films and spin-coating techniques
[21–24]. The spin-coating technique has been a widely
used technique for the preparation thin films of soluble
Pcs, as it has some advantages such as preparation of
thin films with homogeneous structure carried out at low
temperature, coating all kinds of materials in appropriate
geometry. Preparation of multi-layered thin films is
possible with this technique [25–30].
We have previously reported synthesis, characterization
and substituent effects on the spectroscopic and aggre
gation properties of metallophthalocyanines (MPcs)
containing
3,5-bis(2′,3′,4′,5′,6′-pentafluorobenzyloxy)
benzyloxy groups on the periphery (Fig. 1) [31]. In this
study, we also describe thin films of these MPcs which
have been prepared by the spin-coating technique. Optical
properties of these complexes have been investigated as a

1st Reading

THE EFFECT OF ORGANIC SOLVENTS ON THE OPTICAL AND MORPHOLOGICAL PROPERTIES

137

function of solvent type. In addition, the effects
of the solvent type on the morphology of the
films have been investigated.

EXPERIMENTAL
Preparation of metallophthalocyanine
thin films
The synthesized MPcs (Fig. 1) possess
excellent solubility in various organic solvents
such as acetone, chloroform, tetrahydrofuran
(THF), dimethylformamide (DMF) and
dimethylsulfoxide (DMSO). Each MPc (M =
Co, Zn, Ni) complex was dissolved in these
solvents with stirring by a magnetic stirrer for
10 min at room temperature. Obtained solutions were
homogenous and with different colors due to different
metal substituents. The concentration of each solution was
10 mg . mL‑1. The square (2.5 cm × 2.5 cm) microscope
glass substrates, 1 mm thick, were carefully precleaned
with detergent and de-ionized water. Finally, the substrates

Fig. 1. Metallophthalocyanines (CoPc, ZnPc, NiPc)

were cleaned with ethanol using an ultrasonic cleaner.
Metallophthalocyanine thin films were prepared by
the spin-coating method on glass substrates at the rate
of 2000 rpm for 15 s. Samples were deposited at room
temperature (~24 °C). After preparation, the films were kept
at room temperature for at least one day to ensure for the
full evaporation of the solvents with higher boiling points

(a)

(b)

(c)
Fig. 2. Transmittance spectra of (a) CoPc, (b) ZnPc and (c) NiPc thin films prepared by using organic solvents of acetone, chloroform,
THF, DMF and DMSO
Copyright © 2019 World Scientific Publishing Company
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(a)

(b)

(c)
Fig. 3. Relation between (ahν)2 vs. photon energy for (a) CoPc, (b) ZnPc and (c) NiPc thin films as a function of different organic
solvents

from the film material, while solvents with lower boiling
points evaporated away from the films in a very short
time. Thin films exhibited green (Co, Zn) and blue (Ni)
color. Transmittance and absorbance spectra of the films
were obtained by using a Thermo Scientific GENESYS
10S UV-vis spectrophotometer in the wavelength range of
200–1000 nm. Structural characterization of the films was
performed with X-ray diffraction (XRD) using a Rigaku
Smartlab instrument using Cu-Ka radiation.

RESULTS AND DISCUSSION
Optical studies
All of the solutions of MPcs obtained by dissolving in
different solvents were homogenous. However, it is not
possible to say the same thing for films obtained from
some of these solutions. In the transmittance spectrum of
CoPc shown in Fig. 2a, it is seen that films prepared with
acetone, chloroform, THF and DMSO solvents, except
DMF, have a weak peak in the Q-band region which is
Copyright © 2019 World Scientific Publishing Company

a characteristic peak of CoPcs. The films prepared using
DMF solvent did not adhere completely to the surface. As
a result, it is also understood that the spectrum of the film
obtained from the last-mentioned solvent gives almost
the same spectrum as the substrate. The transmittance
values of other films at 550 nm range from 76% to 89%.
When the transmittance spectrum for ZnPc is
considered (Fig. 2b), the films prepared using DMF and
DMSO solvents did not adhere completely to the surface
and their spectra are almost the same as the substrate
spectrum. The transmittance of the films prepared with
chloroform is comparable to that of these films, but
at least a small characteristic ZnPc peak is obtained.
However, films prepared with other solvents were found
to have 67% (acetone) and 85% (THF) transparency in the
Q-band region at a wavelength of 700 nm. Transparency
of films prepared with acetone is found to be lower in this
region of the spectrum than the others.
In the case of NiPc (Fig. 2c), the films obtained from
the solvents of acetone, chloroform, THF and DMF
were better than DMSO-prepared films. The peaks in
the specific Q-band region of NiPc at the wavelength of
J. Porphyrins Phthalocyanines 2019; 23: 138–141
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Fig. 4. Scanning electron microscope (SEM) images with a magnification of 100 kX showing the surface morphology of the NiPc
films prepared by using different organic solvents of acetone, chloroform, THF, DMF and DMSO

620 nm were best seen in films prepared using THF,
acetone, chloroform and DMF solvents, and their
transmittance values in this region were 65% (THF),
69% (acetone), 75% (chloroform) and 85% (DMF),
respectively. The transmittance values of films at 550 nm
were 76% (acetone), 84% (THF), 87% (chloroform) and
89% (DMF), respectively. Thicknesses of the films were
measured from cross-sectional SEM images and found
to be about 400 nm for films obtained from the solvents
of chloroform and DMF and about 850 and 1100 nm for
films obtained from the solvents of acetone and THF,
respectively.
Copyright © 2019 World Scientific Publishing Company

The molecular arrangement in the MPc thin films
remarkably affects the wavelength of the Q band [27,
32]. The arrangement of phthalocyanine molecules
examined in this study was observed to be similar to that
of dendritic metal phthalocyanine thin films prepared
with the spin-coating technique. The blue shift of the
Q band refers to the cofacial arrangement of the Pc
molecules and the red shift of the Q band refers to the
edge-to-edge interactions [27]. In this study, a blue shift
was observed in the transmittance spectra of CoPc and
NiPc while a red shift was observed in the transmittance
spectrum of ZnPc. These Q bands in the transmittance
J. Porphyrins Phthalocyanines 2019; 23: 139–141
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spectra may correspond to the cofacial arrangement for
CoPc and NiPc and edge-to-edge arrangement for ZnPc.
Optical energy band gaps of MPc films were calculated
according to an equation described in [33] by plotting
the graph of (ahν)2 vs. photon energy for MPc thin films
(Fig. 3). The calculated band-gap energy values for CoPc
ranged from 4.50 to 4.56 eV; while for ZnPc and NiPc
thin films these values varied between 4.47 and 4.55 eV
as a function of solvents (acetone, chloroform, THF,
DMF and DMSO). It has been observed that energy band
gaps of the films prepared using different solvents have
changed with respect to solvent type.
Morphological and structural studies
Scanning electron microscope (SEM) images of
NiPc films were investigated to see the effect of organic
solvents on surface morphology. Fig. 4 shows SEM
images of NiPc thin films prepared by using organic
solvents of acetone, chloroform, THF, DMF and DMSO.
These images show densely and almost uniformly coated
films on the substrate after evaporation of the solvents.
Although the surfaces of films prepared with chloroform,
THF and DMF are very similar to each other, the surfaces
of films prepared with acetone and DMSO organic
solvents differ from the surfaces of films prepared by
former solvents. NiPc films prepared with acetone have
erratic particles on the surface starting from 100 nm in
size and reaching several hundreds of nm in size. On the
surface of NiPc films prepared with DMSO, there are
spherical particles with a diameter of less than 100 nm.
However, the structure of the floor underneath the particles
is very similar for all films. X-ray diffractometry results
showed that the investigated MPc films were amorphous
in structure.

CONCLUSION
In this study, it has been found that the solvents used
to prepare MPc thin films have a significant effect on
the transmittance and characteristic peaks in the Q-band
region of the spectrum. There are studies showing that
the amount of absorption in the Q-band region can be
modified by the concentration of the solvent and can
be used for optical windowing purposes [30]. In this
study, it is seen that the use of different solvents is also
effective in this region. For three different metal ions (Co,
Zn, Ni), it was found that films prepared using different
solvents vary in the amount of absorption in the Q-band
region and different transmittance values are obtained in
the remaining parts of the spectrum. It is also seen that
the band-gap energies of films prepared from different
organic solvents change with respect to solvent type.
SEM images also show that the surface morphology of
the prepared films depends on the type of organic solvent
used.
Copyright © 2019 World Scientific Publishing Company
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Electrocatalytic behavior of single walled carbon nanotubes
with alkylthio-substituted cobalt binuclear phthalocyanines
towards oxidation of 4-chlorophenols
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ABSTRACT: This work describes the adsorption of synthesized cobalt mono (CoPc) and binuclear
phthalocyanines (CoBiPc) with single walled carbon nanotubes (SWCNT) to form SWCNT-CoPc or
SWCNT-CoBiPc as non-covalent conjugates onto glassy carbon electrodes (GCE). The cobalt complexes
and their SWCNT-conjugate-modified electrodes were studied for their electrocatalytic oxidation towards
4-chlorophenol. All modified electrodes showed improved catalytic current and stability towards the
detection of 4-chlorophenol. The best activity was observed for the SWCNT-CoBiPc2 system in terms
of current response and the SWCNT-CoBiPc1 system in terms of resistance to electrode fouling.
KEYWORDS: cobalt phthalocyanine, binuclear complexes, single-walled carbon nanotubes, cyclic
voltammetry, 4-chlorophenol, electrocatalysis.

INTRODUCTION
Chlorophenols constitute a major class of organic
pollutants that contaminate the ecosystem and accumulate
in the food chain [1–3]. Rapid industrial and agricultural
growth worldwide has led to further discharge of toxic
substances such as chlorophenols used as effluents.
Chlorinated phenols such as 4-chlorophenol and 2,4dichlorophenol are classified as priority pollutants by
both the European Union (EU) and the United State
Environmental Protection Agency (USEPA) [1, 4, 5].
Chlorinated phenols and in particular polychlorinated
phenols are more resistant to biotransformation in the
environment than the monochlorinated derivatives [6, 7].
Glassy carbon [8], platinum (Pt) [9–11] and gold (Au)
electrodes [12] have been used for electrooxidation of
chlorophenols. However, these electrodes are prone
to electrode fouling due to the polymerization of the
chlorophenol and polychlororinated phenols. Singlewalled carbon nanotubes (SWCNTs) have remarkable
electrical, chemical, mechanical and structural properties
*Correspondence to: Samson Khene, email: s.khene@ru.ac.za.
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and have found applications in various disciplines such
as electrochemistry [13], material science [14] and
surface science [15]. SWCNTs are ideal materials to use
in the fabrication of electrochemical sensors because
of their electrical conductivity, large surface area, low
surface fouling and ability to reduce overpotential
[16–19]. It has also been demonstrated that electrodes
modified with SWCNTs show enhanced sensitivity for
detection of various analytes [20–22]. Phthalocyanine
and binuclear phthalocyanine complexes have found
application in the remediation of halogenated aromatics
[23, 24] and lithium ion battery technology [25]. Cobalt
phthalocyanines (CoPc) are known to exhibit high
catalytic activity coupled with the ability to adsorb very
strongly on graphite and carbon based materials [26, 27].
Metallophthalocyanines (MPc) have been used
to functionalize SWCNTs, covalently [28] or noncovalently via p–p interaction) [26], in order to improve
the electron transfer process, in electrocatalysis.
In this work, two electrocatalysts (SWCNTs and
MPcs) are employed together with the aim of exploiting
their combined activities towards the detection of
4-chlorophenol. The cobalt complexes are adsorbed
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onto SWCNTs via p–p interaction in order to preserve
the hybridization structure (sp2) of SWCNTs and thus
their electronic structure. In a previous study [29], the
oxidation of chlorophenols on electrodes modified
with polymerized MPc derivatives showed extensive
electrode fouling. MPc-modified electrodes showed
less effect of the polymerization of chlorophenols
compared to bare glassy carbon electrodes [30]. This
was attributed to the high porosity of the polymerized
MPc layer, which allowed the passage of chlorophenol
molecules to the polymer film [31]. Thus, the aim of
this work is to reduce fouling by using a combination
of SWCNTs and cobalt binuclear complexes (CoBiPc).
Electrocatalytic activity of CoBiPcs will be compared to
their mononuclear derivatives (CoPc). It is hoped that the
binuclear complexes will show better catalytic activity
due to their larger structures, thus increasing the surface
area. The presence of the two electroactive metal centers
may also contribute to the enhanced electrocatalysis.
The combination of SWCNTs and cobalt complexes
is expected to give a more porous electrocatalytic
material compared to previously reported studies. The
porosity of the electrocatalyst is expected to drastically
encourage reduction in fouling of the electrode and to
improve the detection of chlorinated phenols. FT-IR,
Raman spectroscopy, UV-vis and TEM were used to
confirm the successful adsorption of the MPcs onto
the SWCNTs. Electrochemical methods such as cyclic
voltammetry and impedance spectroscopy (EIS) were
employed to investigate the effect of the SWCNTs and
for electrocatalysis.

CoPc1

143

EXPERIMENTAL
Materials and reagents
Single-walled carbon nanotubes (SWCNTs, 0.7–1.2 nm
in diameter and 2–20 mm in length) were purchased from
Sigma-Aldrich. Sodium hydroxide pellets and tetrahydro
furan (THF) were obtained from SAARCHEM and
4-chlorophenol (4-CP), ferricyanide (K3Fe(CN)6), ferro
cyanide (K4Fe(CN)6), pH 7.4 and pH 9.2 buffer tablets
were purchased from Sigma-Aldrich. Ultra-pure water of
resistivity 18.2 MW . cm was obtained from Milli-Q Water
Systems (Millipore Corp., Bedford, MA, USA). The
synthesis and characterization of cobalt 4-b-pentylthio
phthalocyanine (CoPc1), cobalt 4-b-pentylthio binuclear
phthalocyanine (CoBiPc1), cobalt 4,5-b-pentylthio phtha
locyanine (CoPc2) and cobalt 4,5-b-pentylthio binuclear
phthalocyanine (CoBiPc2) have been recently reported in
the literature [31] (see Fig. 1).
Equipment
UV-vis spectra were recorded on Shimadzu UV-2550
UV-vis spectrophotometer. Raman spectra were acquired
with a Bruker Vertex 70 — Ram II spectrometer (equipped
with a 1064 nm Nd:YAG laser and a liquid nitrogen
cooled germanium detector). Solid samples containing
KBr were employed for FTIR and recorded on a Perkin–
Elmer spectrum 100 ATR spectrometer. Transmission
electron microscope (TEM) images were recorded using
a JEOL JEM 1210 at 100 KV accelerating voltage.

CoBiPc1

CoPc2

CoBiPc2

R=

Fig. 1. Cobalt 4-b-pentylthio phthalocyanine (CoPc1), cobalt 4-b-pentylthio binuclear phthalocyanine (CoBiPc1), cobalt 4,5-bpentylthio phthalocyanine (CoPc2) and cobalt 4,5-b-pentylthio binuclear phthalocyanine (CoBiPc2)
Copyright © 2019 World Scientific Publishing Company
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Electrochemical methods
Cyclic voltammetry (CV) and electrochemical imped
ance spectroscopy (EIS) experiments were performed on
an AUTOLAB PGSTAT302N potentiostat/galvanostat
workstation interfaced to a proline desktop computer
equipped with NOVA software (version 1.10). A conven
tional three-electrode set up employed a glassy carbon
electrode (GCE) as a working electrode, a platinum wire
as a counter electrode and Ag|AgCl as pseudo reference
electrode. The potential response of the Ag|AgCl pseudo
reference electrode was less than the Ag|AgCl (3 M KCl)
by sf 0.015 ± 0.003 V. The glassy carbon electrode
surface was polished with alumina 1 mm, 0.3 mm and
0.05 μm respectively on a Buehler felt pad followed by
ultrasonication in ethanol and Millipore water for 30 min
to remove excess alumina particles.
Purification of single-walled carbon nanotubes
(SWCNTs)
The SWCNTs were purified by the following method
described previously in the literature [32–34]. Briefly,
SWCNTs (100 mg) were suspended in a mixture of
concentrated HNO3 : H2SO4 (1:3) and stirred at 70 °C
for 2 h. The SWCNTs were separated from solution and
washed with distilled water. The purified SWCNTs were
dried in the oven at 70 °C overnight. The acid treatment
resulted in a carbon nanotube with an acidic functional
group (SWCNT-COOH). The acid-treated carbon nano
tube will be referred to as SWCNTs in this text.
Preparation of the GC modified electrodes
The cobalt complexes, cobalt 4-b-pentylthio phthalo
cyanine (CoPc1), cobalt 4-b-pentylthio binuclear phthalo
cyanine (CoBiPc1), cobalt 4,5-b-pentylthio phthalocy-

anine (CoPc2) and cobalt 4,5-b-pentylthio binuclear
phthalocyanine (CoBiPc2), have been synthesized and
previously reported [31]. The sulfanyl substituents on the
complexes are stable enough not to undergo oxidation to
form sulfonyl. These complexes were used to functionalize
SWCNTs. SWCNT-MPc conjugates were prepared by
mixing 1 mg SWCNTs with 1 mg of CoPc1 or CoPc2
or CoBiPc1 or CoBiPc2 in THF (1.5 mL) followed by
ultra-sonication for 30 min. The resulting functionalized
SWCNT-CoPc1, SWCNT-CoPc2, SWCNT-CoBiPc1 and
SWCNT-CoBiPc2 were washed several times with THF to
remove excess cobalt complexes. The GCE was modified
by dropping 5 mL of colloidal solution of SWCNTs,
CoPc1, CoPc2, CoBiPc1 and CoBiPc2 followed by
drying for 40 min at 80 °C giving GCE+SWCNT, GCE+
CoPc1, GCE+CoPc2, GCE+CoBiPc1 and GCE+CoBiPc2;
respectively. Similarly, adsorption of the SWCNT-MPc
conjugate on the GCE surface was also done by placing
5 mL of the SWCNT-CoPc1, SWCNT-CoPc2, SWCNTCoBiPc1 and SWCNT-CoBiPc2 and allowed to dry for
40 min at 80 °C. The resulting electrodes are denoted as
GCE+SWCNT-CoPc1, GCE+SWCNT-CoPc2, GCE+
SWCNT-CoBiPc1 and GCE+SWCNT-CoBiPc2, respec
tively. The individual electrodes were thoroughly rinsed
with THF to remove excess catalysts used to modify the
electrodes [26].

RESULTS AND DISCUSSION
Characterization of SWCNT conjugates
UV-vis spectra. Figure 2 shows the ground absorption
spectrum of CoPc2 (A) and CoBiPc2 (B) adsorbed on
SWCNT in THF. The absorption spectrum of SWCNT
is observed as a broad feature that extends into the

Fig. 2. Ground state absorption spectra of CoPc2 (upper), SWCNT-CoPc2 (lower) (a) and CoBiPc2 (upper), SWCNT- CoBiPc2
(lower) (b) in THF

Copyright © 2019 World Scientific Publishing Company
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2851 cm-1 due to the pentlythio functional group. The
stretches from 400 to 1600 cm-1 are due to the Pc ring
system and are known to be the fingerprint region for
the complexes [35]. Figure 3c shows the IR spectrum
of the SWCNT-CoBiPc2 conjugate showing peaks
corresponding to both SWCNTs and CoBiPc2, further
confirming the successful adsorption CoBiPc2 on
SWCNTs. Similar trend were observed for other SWCNT
conjugates (Fig. S2).
Raman spectra. Figure 4 shows Raman spectra of
SWCNTs (A), CoBiPc1 (B) and SWCNT-CoBiPc1 (C).
The Raman spectra gives information about the extent
of functionalization of the SWCNTs. Figure 4a shows
the spectrum of SWCNTs with a band at 1593 cm-1,
labelled the G band, which is characteristic of SWCNTs
Fig. 3. IR spectra of SWCNTs (a), CoBiPc2 (b) and SWCNT[36]. The D band observed at 1288 cm-1 is attributed
CoBiPc2 (c)
to the disturbance on the hexagonal sp2 bonded lattice
of the nanotubes side walls [36]. Figure 4b shows the
spectrum of CoBiPc1 with peaks at 1599, 1447, 1271
near infrared region. In the conjugate (SWCNT-CoPcs)
and 1147 cm-1. The band at 1599 cm-1 is a result of
the absorption of the conjugate appears to be riding on
the displacements of the C–N–C bridge bonds of the
the broad absorption spectrum of the SWCNTs. The
phthalocyanine ring, and the value varies with the metal
main absorption bands of the cobalt complexes are still
ion size and structural effects identified from the crystal
observed in the conjugates, confirming the presence of
structure [36–38]. Similar Raman spectra were observed
the CoPc2 and CoBiPc2 on the SWCNT. Similar trends
for other conjugates (Fig. S3). The slight shift in the G
were observed in the respective complexes CoPc1 and
and D bands of the conjugates is attributed to changes in
CoBiPc1 (see Fig. S1 in the supporting information).
the SWCNTs structure, which are due to the change in
FT-IR spectra. Figure 3 shows the FT-IR spectra of
amount and type of the chemical groups attached to the
SWCNT (A), CoBiPc2 (B), and SWCNT-CoPc2 (C).
walls of the SWCNTs [39]. Similar behavior was also
Figure 3a shows a broad band around 3110 cm-1 (OH)
observed for other SWCNT conjugates (Fig. S3).
and around 1700 cm-1 due to the carbonyl (C=O) stretch
Microscopic characterization. Figure 5 shows the TEM
of the carboxylic acid. Figure 3b shows the IR spectrum
images of SWCNTs (A), SWCNT-CoPc1 (B), SWCNTof CoBiPc2 with aliphatic C–H stretches at 2922 and
CoPc2 (C), SWCNT-CoBiPc1 (D), and
SWCNT-CoBiPc2 (E) initially dispersed
through ultrasonication in absolute
ethanol. Figure 5b–5e shows ropes of
SWCNTs coated with aggregates of
CoPc1 (B), CoPc2 (C), CoBiPc1 (D)
and CoBiPc2 (E), respectively, thus
further confirming structural integrity of
the conjugates. The black spots seen on
the SWCNTs (A) prior to adsorption of
the CoPc are consistent with the fact that
carbon nanotubes are not 100% pure
because they consist of metal catalysts
used in their synthesis procedure and
difficult to remove [40].
Voltammetry studies. Figure 6A
and 6B show the CVs for the bare and
modified electrodes GCE+CoPc1 (A)
and GCE+CoBiPc1 (B), in [Fe(CN)6]3-/4and 0.1 M KCl. (See Fig. S4a
and S4b for GCE+CoPc2 and GCE+
CoBiPc2 modified electrode CVs). The
[Fe(CN)6]3-/4- redox couple is often used
to investigate the blocking properties of
modified electrode surfaces. Figure 6A
Fig. 4. Raman spectra of SWCNT (a), CoBiPc1 (b) and SWCNT-CoBiPc1 (c)
Copyright © 2019 World Scientific Publishing Company
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(a)

(b)

(c)

(d)

(e)
Fig. 5. TEM images of SWCNTs (a), SWCNT-CoPc1 (b), SWCNT-CoPc2 (c), SWCNT-CoBiPc1 (d), and SWCNT-CoBiPc2 (e)

shows the CV of bare GCE (a), GCE+SWCNTs (b),
GCE-CoPc1 (c) and GCE+SWCNT-CoPc1 (d) in 1 mM
[Fe(CN)6]3-/[Fe(CN)6]4- with peak separation (DEP) of
73 mV, 95 mV, 149 mV and 168 mV, respectively. The
increase in peak current observed for the GCE+SWCNTs
compared to the bare GCE shows that adsorption of
SWCNTs leads to an increase in electron transfer at the
electrode surface, confirming the inherent electronic
properties of SWCNTs [16, 21, 41].
In Fig. 6A and Table 1, a decrease in current and
increase in DEP value is shown for the GCE+CoPc1
(b) and GCE+SWCNT-CoPc1 (c) signifies the slowing
Copyright © 2019 World Scientific Publishing Company

of electron transfer. This could be attributed to the
film deposited onto bare glassy carbon electrode. A
much slower electron transfer was observed for the
GCE+SWCNT-CoPc1 (d), due to a further increase in
the film thickness (Fig. 6A). A similar behavior (i.e. a
decrease in current and an increase in DEP) was observed
for GCE+CoBiPc1 (DEP = 116 mV), GCE+SWCNTCoBiPc1 (DEP = 183 mV), GCE+CoPc2 (DEP =
190 mV), GCE+SWCNT-CoPc2 (DEP = 212 mV),
GCE+CoBiPc2 (DEP = 158 mV) and GCE+SWCNTCoBiPc2 (no DEp observed). The measured DEP and
general reduction in current observed for the CoPcs and
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CoBiPcs suggest deposition (via adsorption) of thin
films of CoPcs, CoBiPcs, SWCNTs and SWCNTMPcs onto glassy carbon surface and slowing of the
electron-transfer process. In Fig. 6B the irreversible
reduction peak observed around -0.30 V and -0.35 V
for GCE+CoBiPc1 (c) and GCE+CoBiPc2 (c)
electrode (see Fig. S4), respectively is assigned to
CoII/CoI process.
Figure 7 shows the CV of the bare (a),
GCE+SWCNT (b), GCE+CoPc1 (c), GCECoBiPc1 (d), GCE+SWCNT-CoPc1 (e) and GCE+
SWCNT-CoBiPc1 (f) in pH 7.4. Similar CVs
were observed for electrodes involving CoPc2 and
CoBiPc2 systems (see Fig. S4). The redox peak
due to the central metal ion oxidation CoIII/CoII is
observed at ~0.25 V for the electrode modified with
the cobalt complexes as well as for the electrodes
modified with the conjugates of SWCNT+CoBiPc
complexes. This confirms the adsorption of the
complexes onto the electrode surfaces. The observed
peak is absent in the bare GCE and the electrode
modified with SWCNTs alone.
Figure 8 shows a well-defined CoII/CoI reduction
peak observed at ~ -0.45 V for the modified
electrodes in a pH 9.2 buffer solution. Integrating
the individual reduction peak gave rise to the
electric charge (Q), which was used to calculate the
monolayer surface coverage. The surface coverages
of these complexes on the electrode surface were
determined using Equation 1.
Fig. 6. Comparative cyclic voltammetric profiles of CoPc1 (A)
and CoBiPc1 (B) with (a) bare GCE (red), (b) GCE+SWCNTs,
(c) GCE+CoPc1 or CoBiPc1, and (d) GCE+SWCNT-CoPc1 or
CoBiPc1 (blue), respectively, in 1.0 mM [Fe(CN)6]3-/4- and 0.1 M KCl
at a scan rate of 100 mVs-1

Q = nFAΓ (1)
where Q is the total charge (C), A is the geome
tric electrode surface area (0.079 cm2), n is the

Table 1. The summary of parameters obtained from cyclic voltammetry and electrochemical impedance
spectroscopy (EIS) experiments in [Fe(CN)6]3-/4Electrode

CV

EIS

Parameters

ΔE (mV)

Γ (mol . cm-2)

qEIS

RCT (kW . cm-2)

Kapp (× 10-7 cm . s-1)

Bare GCE

73

—

—

1.96

17.2

GCE+SWCNT

95

—

20.7

—

1.63

149

5.58 × 10

-12

0.57

4.53

GCE+CoPc2

190

5.61 × 10

-11

0.56

4.47

GCE+CoBiPc1

116

3.13 × 10-11

0.41

3.34

GCE+CoBiPc2

158

1.81 × 10-10

0.61

4.93

6.83

168

5.58 × 10

-12

0.65

5.56

6.06

GCE+SWCNT-CoPc2

212

2.49 × 10

-10

0.63

5.22

6.45

GCE+SWCNT-CoBiPc1

183

2.42 × 10-10

0.59

4.81

7.00

1.43 × 10

0.88

15.9

2.12

GCE+CoPc1

GCE+SWCNT-CoPc1

GCE+SWCNT-CoBiPc2

—

-10

7.44
7.54
10.1

* Γ — surface area of the monolayer on the electrode surface. qEIS surface covered or defect sites.
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bare GCE and GCE+SWCNTs in the potential window due
to the absence of the cobalt metal. Figure S5 shows CVs of
GCE+CoPc1 and GCE+CoPc2 alone.
Electrochemical impedance spectroscopy (EIS)
characterization. The bare GCE and modified GCE
were further investigated for electron-transfer properties
using electrochemical impedance spectroscopy (EIS) in
the presence of 1.0 mM [Fe(CN)6]3-/4- and 0.1 M KCl.
Nyquist and Bode plots were used to represent the
impedance data. At the higher frequency region of
the Nyquist plot, the electrode reaction is kinetically
controlled and the charge transfer resistance (RCT) is
represented by the semicircle. The semicircle is expected
to either increase or decrease due to the inhibition or
Fig. 7. Comparative cyclic voltammetric profiles of bare (a),
facilitation of the electron transfer by the monolayer
GCE+SWCNT (b), GCE+CoPc1 (c), GCE-CoBiPc1 (d), GCE+
formed on the electrode surface [43]. Figure 9 shows
SWCNT-CoPc1 (e) and GCE+SWCNT-CoBiPc1 (f)
the Nyquist plot of the different electrodes modified
with CoPc1 (A) and CoBiPc1 (B). Figure 9A shows the
bare GCE (a), GCE+SWCNT (b), GCE+CoPc1
(c) and GCE+SWCNT-CoPc1 (d). Similarly,
Fig. 9B shows that the Nyquist plots of the bare
GCE (a), GCE+SWCNT (b), GCE+CoBiPc1 (c)
and GCE+SWCNT-CoBiPc1 (d). (See Fig. S6
for Nyquist plots of CoPc2 and CoBiPc2).
The RCT value decreases from 1.96 kW
(bare GCE) to 1.63 kW upon modification
with SWCNTs (b) indicating the conducting
nature of the SWCNTs layer formed and its
ability to facilitate electron transfer. The above
observation is confirmed by the increase in
current observed in the CV of the GCE+SWCNT
electrode above. Table 1 summarizes the RCT
Fig. 8. Comparative cyclic voltammetry profiles of bare (a), GCE+SWCNT
(b), GCE+SWCNT-CoPc1 (c), GCE-SWCNT-CoBiPc1 (d), GCE+SWCNT- values measured for all the modified electrodes.
CoPc2 (e) and GCE+SWCNT-CoBiPc2 (f), respectively, in a pH 9.2 The RCT values for modification with CoPc1 and
CoBiPc1 were found to follow this trend: GCE+
buffer solution at a scan rate of 50 mVs-1
CoBiPc1 (3.34 kW) < GCE+CoPc1 (4.53 kW)
< GCE+SWCNT-CoBiPc1 (4.81 kW) < GCE+
number of electrons (n = 1) and F is Faraday’s constant
SWCNT-CoPc1 (5.56 kW). The above trend
(96485 C . mol-1).
suggests that GCE+CoBiPc1 and GCE+CoPc1 elect
The surface coverage values obtained are summ
a
rodes are better conductors of electrons compared
rized in Table 1 for the different electrodes modified
to when mixed with SWCNTs. The GCE+SWCNTwith CoPc1 or CoBiPc1 are for GCE+CoPc1 (5.58 ×
CoBiPc1 (4.81 kW) shows a better conducting surface
10-12 mol . cm-2), GCE+CoBiPc1 (3.13 × 10-11 mol . cm-2),
compared to GCE+SWCNT-CoPc1 (5.56 kW). Similarly,
GCE+SWCNT-CoPc1 (5.58 × 10-12 mol . cm-2) and GCE+
the RCT values for modification with CoPc2 and CoBiPc2
SWCNT-CoBiPc1 (2.42 × 10-10 mol . cm-2). Apart from
were found to follow this trend: GCE+CoPc2 (4.47 kW)
the GCE+SWCNT-CoBiPc1 electrode, the surface
< GCE+CoBiPc2 (4.93 kW) < GCE+SWCNT-CoPc2
coverage values are less than the reported value (1.0 ×
(5.22 kW) < GCE+SWCNT-CoBiPc2 (15.9 kW). The
10-10 mol . cm‑2) for the MPc lying flat on an electrode
above trend shows that GCE+CoPc2 and GCE+CoBiPc2
surface [42]. The surface coverage values (see Table 1)
(4.93 kW) electrodes have a better conducting surface
obtained for the different electrodes modified with
compared to those mixed with SWCNTs. GCE+SWCNTCoPc2 or CoBiPc2 are: GCE+CoPc2 (5.61 × 10-11 mol .
CoBiPc2 is found to have the highest charge resistance
cm-2), GCE+CoBiPc2 (1.81 × 10-10 mol . cm-2), GCE+
compared to all the electrodes studied in this work. These
SWCNT-CoPc2 (2.49 × 10-10 mol . cm-2) and GCE+
results corroborate with the CV obtained for this electrode
SWCNT-CoBiPc2 (1.43 × 10-10 mol . cm-2). Apart from the
in [Fe(CN)6]3-/4- above. The above result suggests that
GCE+CoPc2 electrode, the surface coverage values are in
SWCNTs alone show better conductivity, compared to
the same range as the reported value for MPc lying flat on
those mixed with CoPc1, CoPc2, CoBiPc1 and CoBiPc2.
an electrode surface [42]. No peaks were observed for the
The high charge-resistance values observed for mixed
Copyright © 2019 World Scientific Publishing Company
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to the electrode surface. The above is confirmed by the
observation of the [Fe(CN)6]3-/4- redox peaks in the cyclic
voltammograms of the modified electrodes.
The charge-transfer resistance values obtained were
further used to determine the apparent electron rate
transfer (kapp) using Equation 3:
kapp =

Fig. 9. (A) Nyquist plot resulting from bare (a), GCE+SWCNT
(b), GCE+CoPc1 (c) and GCE+SWCNT-CoPc1 (d); (B) bare
(a), GCE+SWCNT (b), GCE+CoBiPc1 (c) and GCE+SWCNTCoBiPc1 (d) in 1 mM [Fe(CN)6]3-/4- containing 0.1 M KCl

electrodes are attributed to be due to the long alkyl chain
substituents on the CoPcs and CoBiPcs macrocycle
and also a thin film that forms during the adsorption
of the MPcs and their SWCNT-MPc conjugates. The
slow electron transfer of the GCE+SWCNT+CoPcs or
GCE+SWCNT+CoBiPcs system is further confirmed
by the increase in peak-to-peak separation and decrease
in current observed in the CVs of the complexes for the
redox probe.
Equation 2 was used to determine the surface coverage
or defect sites for the different electrode systems by the
various thin films:
θ = 1−

RCT(Bare

GCE)

RCT(Modified GCE)

(2)

The obtained q values are summarized in Table 1,
showing the surface coverage values obtained for all
the electrode surfaces studied in this work. The surface
coverage for all the electrodes was found to be less than
1, thus confirming the presence of defects in the film
formed on the electrode surface. The presence of the
defects on the film allows for the permeability of ions
Copyright © 2019 World Scientific Publishing Company

RT
(3)
n 2 ACF 2 RCT

where C is a concentration of [Fe(CN)6]3-/4- (1.0 mM),
RCT is the charge transfer resistance from Table 1, A is
the geometric area of the electrode, n = 1, and R, T and F
have their usual meanings.
The kapp value obtained for the bare GCE electrode
was found to be 1.72 mcm . s-1, which increased upon
modification with SWCNTs (2.07 mcm . s-1) and decreased
upon modifying with GCE+CoPc1 (0.74 mcm . s-1), GCE+
CoPc2 (0.75 mcm . s-1), GCE+CoBiPc1 (1.01 mcm . s-1),
GCE+CoBiPc2 (0.68 mcm . s-1), GCE+SWCNT-CoPc1
(0.61 mcm . s-1), GCE+SWCNT-CoPc2 (0.65 mcm . s-1),
GCE+SWCNT-CoBiPc1 (0.70 mcm . s-1) and GCE+
SWCNT-CoBiPc2 (0.21 µcm . s-1). The GCE+SWCNTCoBiPc2 electrode had the lowest kapp value, and the
highest value was obtained for the GCE+SWCNTs.
Figure 10A shows the Bode plots for different elect
rodes modified with CoPc1 (A) and CoBiPc1 (B).
Figure 10A shows the bare GCE (a), GCE+SWCNTs (b),
GCE+CoPc1 (c) and GCE+SWCNT-CoPc1 (d). Similarly, Figure 10B shows the Bode plots of bare GCE
(a), GCE+SWCNTs (b), GCE+CoBiPc1 (c) and GCE+
SWCNT-CoBiPc1 (d) (see Fig. S7 for Bode plots
of CoPc2 and CoBiPc2). The observed shift of the
symmetrical peak towards the lower frequency (log f)
region values confirms the introduction of different
surface properties on the electrode surface upon
modification. The phase-shift values obtained for all the
modified electrodes studied are less than the ideal -90°
for a true capacitor, suggesting that these electrodes
behave like contaminated capacitors, further confirming
that the formed thin films are permeable to ions [21].
Electrocatalytic oxidation of chlorophenols. Electro
catalysis takes place when there is a shift in potential
towards lower potential values and/or an increase in
current when compared to the unmodified electrode.
The mechanism for the electrocatalytic oxidation of
chlorophenol is proposed as follows.
Chlorophenols exist in a deprotonated form in a
strong alkaline solution above the pKa of the –OH group
(9.14). Hence, the reaction mechanism will start with
the deprotonated chlorophenol. In the electrooxidation
of the deprotonated 4-chlorophenol there are likely two
competing processes taking place. The first process is
the dimerization of chlorophenols to form polymers. In
this process, the first step involves electrooxidation of
the deprotonated 4-chlorophenol (on the SWCNTs or
GCE) to form 4-chlorophenol radical [44, 45] which
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Fig. 10. (A) Bode plot for bare GCE (a), GCE+SWCNT (b),
GCE+CoPc1 (c) and GCE+SWCNT-CoPc1 (d); (B) bare GCE
(a), GCE+SWCNT (b), GCE+CoBiPc1 (c) and GCE+SWCNTCoBiPc1 (d) in 1.0 mM K[Fe(CN)6]3-/4- and 0.1 M KCl

is resonance stabilized. In this resonance-stabilized
form, the head-to-head coupling reaction via oxygen
atoms is made possible. The second process involves
electrocatalytic oxidation of deprotonated 4-chlorophenol
by CoII/CoIII redox reaction to form oxidized products
such as benzoquinones (see Scheme 1). The first step
(4), in this process, is the electrochemical oxidation of

Co +2

CoII to CoIII followed by axial ligation of deprotonated
4-chlorophenol to CoIII. Electrochemical oxidation of
4-chlorophenol occurs due to CoIII and simultaneous
reduction of CoIII to CoII (step 5). The presence of water
molecules from the electrolyte allows for the formation
of benzoquinone.
Figure 11 shows the response of the bare GCE (a),
GCE+SWCNTs (b), GCE+CoPc1 (c) and GCE+SWCNTCoPc1 (d) in the presence of 0.70 mM 4-chlorophenol in
a pH 9.2 buffer solution. Table 2 lists the peak potentials
and current densities for the electrooxidation of
4-chlorophenols on the various electrodes. The oxidation
potential of 4-chlorophenol is observed at GCE (0.56 V),
GCE+SWCNT (0.53 V), GCE+CoPc1 (0.56 V) and
GCE+SWCNT-CoPc1 (0.54 V).
The above results show that there was little or no differ
ence in the electro-oxidation potentials for 4-chlorophenols.
However, a substantial increase in current was observed on
the modified electrodes compared to the bare ones. The
following trend in increasing current was observed: GCE
(12.2 mA) < GCE+CoPc1 (18.9 mA) < GCE+SWCNT
(20.4 mA) < GCE+SWCNT-CoPc1 (23.4 mA). The above
results suggest improved electrocatalysis of 4-chlorophenol
on modified electrodes compared to the bare electrode. The
GCE+SWCNT-CoPc1 showed better electrocatalysis in
terms of high current response.
The results suggest that SWCNTs also exhibit
electrocatalysis on their own, as was also observed for
the bare glassy carbon electrode. An increase in current
for the GCE+SWCNT-CoPc1 electrode suggests a
synergistic effect of combining SWCNT and CoPc1,
resulting in improved current response. A similar
response (in terms of potential and current) to the above
was observed for GCE+CoPc2 (0.56 V, 20.4 µA) and
GCE+SWCNT-CoPc2 (0.55 V, 23.3 mA) (see Table 2
and Figs S8 and S9). However, GCE+CoPc2 showed
better current response compared to GCE+CoPc1 and
comparable response to GCE+SWCNTs electrodes. The
GCE+SWCNT-CoPc2 electrode also showed a similar
current response to GCE+SWCNT-CoPc1.
Similar results were observed for electrodes modified
with CoBiPc1 and CoBiPc2, which showed the following

(4)

Co 3+ + e-

+ H2O + Co3+

+ Cl- + 2H+ e- + Co2+

(5)

Scheme 1. Reaction mechanism for oxidation process of 4-chlorophenol by CoPc
Copyright © 2019 World Scientific Publishing Company
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Fig. 11. Cyclic voltammograms of bare GCE (a), GCE+SWCNT
(b), GCE+CoPc1 (c) and GCE+SWCNT-CoPc1 (d) in the
presence of 0.70 mM 4-chlorophenol in pH 9.2 buffer solution

results: GCE+CoBiPc1 (0.55 V, 21.6 mA), GCE+
CoBiPc2 (0.56, 22.7 mA), GCE+SWCNT-CoBiPc1
(0.56 V, 23.8 µA) and GCE+SWCNT-CoBiPc2 (0.55 V,
24.7 mA) electrodes. The major difference observed is the
improved current response obtained on GCE+SWCNTCoBiPc1 and GCE+SWCNT-CoBiPc2 electrodes, with
the latter showing the best response compared to all the
electrodes studied (see supplementary information for
the CVs of the above discussed electrodes).
In general, the peak potentials observed in Table 2
for 4-chlorophenol ranged between at 0.54 V to 0.56 V
are lower than reported for this analyte on GCE
in the literature [46, 47] at 0.62 V, using the same
reference electrode (Ag|AgCl), showing that the CoPc
complexes and their SWCNT conjugates have the
potential in terms of analysis of chlorophenols. The
SWCNT conjugates also showed improved catalytic
current compared to the already-reported electrodes
for the oxidation of same analyte concentrations with

151

GCE-b-NiPc(NH 2) 4-SWCNT(linked), GCE+poly-aNi(O)Pc(C10H21)8, GCE+b-NiPc(OH)4-SWCNT, GCEpoly-Ni(O)Pc and GCE-NiPc-SWCNT with peak currents
of 20 mA, 17 mA, 20 mA and 22.6 mA, respectively [48].
The reported electrodes [48] showed better catalysis in
terms of potentials when compared to the electrodes used
in this work and this is attributed to the difference in
central metal.
Electrode stability of the modified electrodes results
are presented in Table 2, showing percentage regeneration
of the electrode after rinsing in water. The following
current percentage were observed: GCE (64.5%) < GCE+
SWCNT-CoPc2 (65.5%) < GCE+SWCNT-CoBiPc1
(67.6%), GCE+CoPc2 (67.9%) < GCE+CoPc1 (68.3%) <
GCE+CoBiPc2 (68.8%) ~GCE+SWCNT (68.9%) =
GCE+SWCNT-CoBiPc2 (68.9%) < GCE+CoBiPc1
(69.9%) < GCE+SWCNT-CoBiPc1 (74.1%). The above
results suggest that GCE+SWCNT-CoBiPc1 is the most
resistant against electrode passivation by oxidation
products of 4-chlorophenol, hence showing good stability
towards electrode fouling. All the studied electrodes
performed better than the bare electrode. However, the
regeneration percentages were lower than that observed
for the GCE-SWCNT-NiPc-(C10H21)8 electrode, which
showed a regeneration percentage of 95% after rinsing in
water after use [48].

CONCLUSIONS
In conclusion, we have adsorbed the complex on
SWCNTs and fully characterized the conjugate with
UV-vis, FT-IR and Raman spectroscopy techniques,
as well as TEM. The cobalt complexes and SWCNTMPc conjugate films were used to modify GCE for
electrocatalysis of 4-chlorophenol. The stability of
the electrodes was studied. GCE-SWCNT-CoBiPc2
showed the best response in terms of current, towards

Table 2. The peak potentials and currents for the oxidation of 4-chlorophenols on the
various electrodes
Electrodes

4-CP/V

4-CP Peak current (µA)
(background subtracted)

% Regeneration

Bare GCE

0.56

12.1

64.5

GCE+SWCNT

0.54

20.4

68.9

GCE+CoPc1

0.55

18.9

68.3

GCE+CoPc2

0.56

20.4

67.9

GCE+CoBiPc1

0.55

21.6

69.8

GCE+CoBiPc2

0.56

22.7

68.8

GCE+SWCNT-CoPc1

0.55

23.4

74.1

GCE+SWCNT-CoPc2

0.55

23.3

65.5

GCE+SWCNT-CoBiPc1

0.56

23.8

67.6

GCE+SWCNT-CoBiPc2

0.55

24.7

68.9

Copyright © 2019 World Scientific Publishing Company
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4-chlorophenol electrooxidation. This can be attributed to
the bulky nature of the CoBiPc2 increasing the catalytic
sites and to the presence of two metal centers providing
two sites for the electrooxidation of the analyte. The
presence of SWCNTs improved the electrocatalytic
behavior of all the CoPcs and this can be attributed
to the synergistic effect with the SWCNTs. It is also
observed that SWCNTs alone can catalyze the oxidation
of 4-chlorophenols. GCE+SWCNT-CoBiPc1 gave the
highest regeneration % compared to other electrodes
studied in this work.
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ABSTRACT: Mechanical properties of six different binary ionic porphyrin crystals with variable
morphologies were measured and correlated with their structural properties. These solids were formed
from stoichiometric combinations of negatively charged tectons, meso-tetra(4-sulfonatophenyl)
porphyrin (TSPP), Cu(II) meso-tetra(4-sulfonatophenyl)porphyrin (CuTSPP), Ni(II) meso-tetra
(4-sulfonatophenyl)porphyrin (NiTSPP), and four different cationic tectons, namely, meso-tetra
(4-pyridyl)porphyrin (TPyP), tetra(N-methyl-4-pyridyl)porphyrin (TMPyP), Cu(II) meso-tetra(Nmethyl-4-pyridyl)porphyrin (CuTMPyP), Ni(II) meso-tetra(N-methyl-4-pyridyl)porphyrin (NiTMPyP),
and tetra(4-aminophenyl)porphyrin (TAPP). Crystal structures were determined from single crystal and
powder X-ray diffraction patterns. Scanning electron and atomic force microscopes (SEM and AFM)
provided topographical information. The common arrangement of the porphyrin tectons within the crystals
is consistent with alternating face-to-face molecular arrangement forming coherent columns along the
fast-growing long axis which are held together by electrostatic and p–p interactions as well as hydrogen
bonding. In acquiring the indentation data of the porphyrin crystals using AFM, stress was applied
perpendicular to the direction where ionic and p–p bonds dominate the packing. At indent loads ≤50 nN/
nm2, all the porphyrin structures deformed elastically. Young’s modulus (E) values for the different crystals
range from 6 to 28 GPa. In a broader perspective, this study highlights the extraordinary mechanical
behavior of porphyrin assemblies formed by ionic self-assembly. Judicious selection of charged porphyrin
synthons can yield crystalline materials with mechanical properties that combine the elastic characteristics
of ‘soft’ polymers with the stiffness of composite materials. Such high-performance materials are excellent
candidates for deformable optoelectronic devices.
KEYWORDS: porphyrin ionic crystals, Young’s modulus, mechanical properties, deformable materials,
AFM, SEM, XRD, incommensurate crystal structure, anisotropy, density.

INTRODUCTION
Organic molecular materials have become viable
alternatives to the well-established inorganic based tech
nology for energy-related applications including field
effect transistors [1], light emitting devices [2], and solar
cells and photodetectors [3]. The success of organic
materials can be largely attributed to the facile tuning of
◊
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their optical and electrical properties by chemical design.
Because these materials can also be printed or coated
unto pliable surfaces for application in high performance
deformable electronics, there is an increasing need for
developing nano- to micro-sized crystalline compounds
with high charge mobility and resistance to permanent
mechanical deformation.
The crystallinity of electroactive organics, typically
containing p-conjugated frameworks, can be controlled
by exploiting noncovalent interaction such as hydrogen,
p–p and electrostatic bonding [4, 5]. The type of
substituents that moderate the non-polar and weak
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electrostatic attraction include C–H···p, C–H···X,
O–H···X, and N–H···X, (X = halogen, O, N, and S)
[4, 6]. Ionic or Coulombic interactions involve coupling
between strong electron acceptors (e.g. –NO2, –COOH,
–SO3H, –CN) and electron donors (–NH2, –NR2, –OR,
–OH) [7–11]. All the above interactions are also directly
related to the mechanical properties (stiffness, strength
and toughness) of molecular structures [12–15]. For
deformable devices, one of the most relevant of mech
anical properties is the elastic modulus or stiffness,
usually obtained as the tensile or Young’s modulus,
E [16]. The elastic modulus quantifies the ability of a
material to store mechanical energy reversibly. Thus,
intrinsically, E depends on the type, number, and strength
of the intermolecular interactions and the packing
efficiency within the crystal structure. In addition, if the
crystalline solid is anisotropic, its Young’s modulus will
vary with the direction of the crystal lattice [13, 14]. The
modulus is often correlated to optoelectronic properties.
Establishing a quantitative structure–mechanical res
ponse relationship is, therefore, a critical element in
designing flexible crystalline molecular materials with
superior optoelectronic performance, efficiency and
lifetime. Such studies are still scarce especially for small
volume (nano to micro) molecular single crystals.
Here, we present a quantitative elastic properties
and structure correlation study of a series of ionically
self-assembled (ISA) [17–20] crystalline p-conjugated
solids fabricated from oppositely charged porphyrin
tectons (binary porphyrins, BP). These materials
are known to serve as active components in many
optoelectronic devices such as solar cells [21–24],
photovoltaics [1, 17, 25], and photosensors [26–30].
Until recently, reports of crystal structures of BPs were
rare because synthesized crystals were not suitable
for single crystal X-ray diffraction (XRD) [31–34].
However, by employing a newly developed crystal
growth algorithm by Adinehnia and coworkers, it is
now possible to efficiently produce nano- to millimetersized BP crystals in a controlled and reproducible
manner [28, 29, 33, 34]. Thus, this report is the first to
relate the elastic modulus of single crystal ionic BPs to
their molecular organization within the lattice of these
anisotropic crystals. A single mechanical propertystructure correlation study of an ionic BP reported
earlier by Esklesen et al. relied on a powder X-ray
diffraction-based molecular arrangement [35].
The series of ionic binary porphyrin crystalline systems
investigated are derived from stoichiometric combinations
of synthons depicted in Fig. 1. These include free-base
meso-substituted porphyrins where the tertaphenyl
group bears a –SO3H functionality and nitrogen-based
functionalities as well as metal (Ni and Cu) derivatives of
the TMPyP:TSPP system where a metal ion is present in
one or both of the synthons. The crystal structures of the
BP were determined from single crystal and powder x-ray
diffraction patterns while their structural morphologies
Copyright © 2019 World Scientific Publishing Company
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Fig. 1. Molecular structure of the meso-substituted porphyrin
ions with different core elements and different R groups
employed in this work. Acronyms identifying the R groups
are also used in naming the substituted macrocycles. For
convenience, we will frequently not list the two central protons
of the free bases. The actual ionic state of the tectons is identified
in the text as needed

were obtained by using microscopic techniques (AFM,
SEM, and optical methods).
Young’s modulus measurements were made using an
atomic force microscope, AFM, by applying a force to
the micro- and mm-sized crystals while measuring the
corresponding indentation. Both highly ordered pyrolytic
graphite (HOPG) and mica substrates were employed to
test if the elastic modulus values of the structures were
affected by the underlying substrate. Elasticity values
are related to the crystal structure and molecular packing
of the different porphyrin chromophores. Considered in
making these correlations are the electrostatic charges
of the tectons, the influence of BP core substitution, the
extent of p–p interactions and hydrogen bonding in the
crystal structure and the crystal densities.

EXPERIMENTAL
Materials and sample preparation
Porphyrin compounds were purchased from SigmaAldrich, Frontier Scientific and PorphyChem and used
without further purification. These compounds included:
meso-tetra(4-sulfonatophenyl)porphyrin, meso-tetra(4aminophenyl)porphyrin, meso-tetra(N-methyl-4-pyridyl)
porphyrin tetrachloride, and meso-tetra(4-pyridyl)por
phyrin, Cu (II) meso-tetra(4-sulfonatophenyl)porphyrin,
Cu (II) meso-tetra(N-methyl-4-pyridyl)porphyrin tetra
chloride, Ni (II) meso-tetra(4-sulfonatophenyl)porphyrin
and Ni (II) meso-tetra(N-methyl-4-pyridyl)porphyrin
tetrachloride. All solvents used were reagent grade.
Concentrated trace-metal grade HCl (Fisher Scientific)
and NaOH (J.T. Baker) were used for pH adjustment.
J. Porphyrins Phthalocyanines 2019; 23: 155–165
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Acetonitrile (J.T. Baker) and Nanopure (18.1 MΩ) water
were used in all syntheses. Porphyrin stock solutions (1
mM) were prepared by dissolving the porphyrin solid in
water and were used within in two weeks’ time. 2 mM
sodium hydroxide solution and 1 M HCl solution were
used to adjust the pH of the porphyrin solutions.
Detailed procedures for the ISA crystal preparation and
isolation are described elsewhere [30, 35, 36]. The different
porphyrin crystals were all prepared at 65 °C in neutral or
acidic (HCl) aqueous media from positive and negative
tecton ion combinations in 1:1 ratios. By controlling
the acidity/basicity of the reaction medium, one can
manipulate the charges (using pKa values) of the tectons
in solution and thereby influence the stoichiometry [18,
35]. The following solids were synthesized: H2TMPyP:
H2TSPP (pH 5,7), NiTMPyP:H2TSPP (pH 7), H2TMPyP:
NiTSPP (pH 7), CuTMPyP:H2TSPP (pH 7), H2TMPyP:
CuTSPP (pH 7), H2[H2TPyP]:H4TSPP (pH 3), and
H4TAPP:H4TSPP (pH 2.9 for sheaves; pH 3.6 for rods).
This notation reflects the numbers of protons associated
with the core nitrogens in the different tecton pairs. For
brevity, the abbreviated names for the tectons listed in
Fig. 1 are used in naming the BP crystals. Insoluble
crystalline solids were filtered from solution through a
0.1 mm pore size, 47 mm Teflon filter (from Membrane
Solutions), dried in air, and stored in the dark.
Elemental analysis on the crystals produced was
performed by Columbia Analytical Services in Tucson,
AZ. This data is available in Refs. 28 and 30.
XRD. For single crystal XRD evaluation, a Bruker
D8 VENTURE single crystal diffractometer equipped
with a Ga METALJET X-ray source (1.341398 Å) and
Photon 100 detector was used for data acquisition from
single crystal BP samples. The details of data collection
and structural refinement for the free-base and metallated
crystals are presented elsewhere [28–30].
Optical Microscopy. Procedure for image acquisition
of BPs was published elsewhere [28–30].
SEM. Binary porphyrin samples were deposited
from solution onto glass coverslips (10 mm diameter,
Ted Pella Inc.) and allowed to dry in vacuum overnight.
The glass pieces were affixed to an aluminum SEM stub
using double stick electrical conductive carbon tape
and were then coated with a thin layer of gold (5–7 nm)
using a Technics Hummer V sputter coater. Scanning
electron microscopy images were obtained with a FEI
Quanta 200F SEM at 10 mm working distance and
30 kV beam energy. The instrument working pressure
was 10-6 Torr.

AFM nanoindentation measurements. A Bruker
Multimode 8 AFM with a Nanoscope V controller, a J
scanner, and a lateral force probe holder were employed.
This instrument is capable of collecting PeakForce
quantitative nanomechanical mapping (PF-QNM) images
of surfaces and can perform indentation and record forcedisplacement curves. The Derjaguin–Muller–Toporov
(DMT) [37] model was employed to analyze the data
acquired with the Bruker Multimode AFM.
Samples for imaging and mechanical measurement were
prepared by drop-casting: 2 drops of a solution containing
the binary ionic porphyrin solid were deposited on a
freshly exfoliated HOPG or mica substrate. Three types
of antimony-doped silicon probes were used: RTESPA
525, RTESPA and TAP 150 from Bruker (see Table 1 for
cantilever specifications). The TAP 150 cantilevers proved
to be too soft for our samples. The ratio of indentation
depth to deflection (bending of the cantilever) was too
small, resulting in a poor signal to noise ratio. All the
measurements were, therefore, conducted with the stiffer
cantilevers.
Young’s modulus measurements were performed at
26 °C, an elevation of 775 m, and relative humidity of
15–25%. The density and viscosity of air were calculated
according to these values from the equations provided
by Tsilingiris [38]. Ambient humidity and temperature
required for density and viscosity calculations were
measured by a digital hygrometer/thermometer (VWR).
Deflection sensitivities of the cantilevers were calculated
from the slope of the unloading linear part of force–
displacement curves on a hard sample (sapphire, elastic
modulus: 441 GPa) [39].
In order to calibrate forces, the exact length dimension
of the cantilever is required. Because the cantilever is
stationed at an angle relative to the sample surface and
the overhead observation camera, both the apparent
(overhead) length and the tilt angle were measured
optically. The tilt angle was 13.6 ± 0.6° for instrument
used (Fig. S1). The resonance frequency and quality
factor of the cantilevers are also needed for force
calibration. These were obtained by the thermal tune
method (Bruker AFM multimode 8 software). The
quality factor was measured 5 times for each probe and
averaged. Cantilever dimensions, resonance frequency,
quality factors, density and viscosity of air at the room
temperature and humidity were all used for calculation
of force constants by the Sader method [40].
Hemispherical dull probes were prepared from
RTESPA and RTESPA-525 by applying excessive force

Table 1. Dimensions, force constants and resonance frequencies of cantilevers employed
Cantilever

Length (µm)

Width (µm)

Force constant (N/m)

Resonance frequency (kHz)

TAP 150

125

35

5

150

RTESPA

125

35

40

300

RTESPA-525

125

40

200

525
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while scanning at low speed over a hard sapphire
sample. A hemispherically shaped indenter is assumed
in the derivation of the DMT fit function. It is known
that an elastic modulus measured with a sharp tip is an
overestimate [41]. The radii of all probes were evaluated
using the tip check sample (Ti roughness) provided by
Bruker and the tip qualification module in the NanoScope
Analysis software version 1.5. Each probe was checked
before and after an indentation experiment to confirm that
the tip had maintained its integrity during the experiment.
Most reproducible and reliable BP indentation data was
obtained with tips having radius of curvature of no less
than 150 nm and ramping rates less than 0.3 Hz.
Density measurements. Experimental densities of
BP crystals were determined by floating the samples in
a mixture of two organic liquids, one liquid with density
lower than that of the crystalline solid and the other of
higher density. The low-density liquid was heptane
(0.683 g/cm3) and the high-density liquid was carbon
tetrachloride (1.594 g/m3). A few crystals were placed
at the bottom of the vial to which a measured amount
of the low-density solvent was added so that the crystals
sank to the bottom. Care was taken that no air bubbles
adhered to the crystals. The high-density solvent was
then gradually admitted until the crystals just began to
float (volume of the added liquid was recorded). At this
point, the density of the crystals and the mixture of the
two liquids are expected to be equal. A measured volume
of the mixed solvent is removed and its mass is measured
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by weighing the difference. The calculated density of the
mixed organic liquids is the density of the crystal system.
XRD densities of the crystals were determined using
the volume and the content of the unit cell of each
crystal, d = M/(V·NA), where M is the sum of the atomic
weights of the unit cell contents, V is the unit cell volume
and NA is Avogadro’s number. This density was then
corrected by adding the number of waters from the TGA
measurements (Figs S15–S17).

RESULTS AND DISCUSSION
Composition and morphology
All BP crystals studied had stoichiometric compositions of charged tectons and were fabricated with predi
cable sizes and morphologies by employing a growth and
nucleation model published earlier [36]. They include:
TMPyP:TSPP, NiTMPyP:TSPP, TMPyP:NiTSPP,
CuTMPyP:TSPP, TMPyP:CuTSPP, TPyP:TSPP and
TAPP:TSPP. Each crystal was examined by XPS (x-ray
photoelectron spectroscopy) to verify its stoichiometry
and the actual protonation of the porphyrin tectons;
spectra and analysis were published earlier [18, 20, 28, 29,
34–36]. We note that heating the BP solids up to 130 °C
did not modify their elemental charges or composition,
based on X-ray photoelectron spectroscopy, (XPS)
measurements [18, 20, 28, 29, 36]. Thermogravimetric
analysis (TGA) combined with XPS showed that the

Fig. 2. Optical microscopy images (a, c, e) and (b, d, f) scanning electron microscopy micrographs of microcrystals fabricated from
different ionic porphyrin combinations: (a, b) TMPyP:TSPP, (c, d) TPyP:TSPP and TAPP:TSPP (e, f). These materials have 1:1
stoichiometric ratios of positively and negatively charged porphyrins
Copyright © 2019 World Scientific Publishing Company

J. Porphyrins Phthalocyanines 2019; 23: 157–165

1st Reading

158

M. ADINEHNIA ET AL.

crystals experienced reversible loss of water from within
their crystalline channels at temperatures below 110 °C
and became amorphous with annealing above 125 °C
[29, 30]. Representative morphologies of BP crystals
obtained from optical and SEM imaging are depicted
in Fig. 2. The optical micrographs (Figs 2a, 2c and 2e)
indicate that the crystals are rod shaped up to 1 mm in
length while AFM images specify a height of >100
nm [28, 29]. Width-to-height aspect ratios of other BP
crystals grown scale with their length dimensions [28, 29,
36]. The [TMPyP]+4 and [TSPP]-4 ions and their metal
derivatives combined in neutral pH solutions formed
crystals with elongated hexagonal cross sections (Fig.
2b) [28]. SEM images of TPyP:TSPP (Fig. 2d) crystals
synthesized in a pH 3 solution show that the crystals have
rectangular cross sections and squared off ends; the larger
structures are hollow [30]. Eskelsen et al. determined
that the charge-neutral TPyP:TSPP solid can only result
from the combination of one [TPyP]+2 and one [TSPP]-2
ion, or from two [TSPP]-2 with one each [TPyP]+4 and
TPyP [35]. While both types of tecton groupings preserve
charge neutrality and stoichiometry in the solid state, the
latter combination was preferred by the authors [35].
The TAPP and TSPP monomers were reacted under
two different pH conditions: 2.9 and 3.6. Within this
hydrogen ion concentration range, the expected charges
on the TAPP and TSPP ions are +2 and ‑2, respectively
[35, 42]. Interestingly, the TAPP:TSPP crystals prepared
at pH 3.6, form rods with a rectangular cross sectional
geometry (Fig. 2f), while those synthesized at the lower
pH (2.9) have a sheaf-like, or hyperbranched structure
(Fig. S1) [20]. The TAPP:TSPP sheaves are composed of

bundles of intercrossing ribbons with no clear definition
of the growth origin at the core. The average single sheaf
bundle consists of ribbons 50 nm tall and 180 nm wide.
The size of the sheaves increases with elevated growth
temperature [20].

Crystal structures
Selected-area electron diffraction (Fig. S2) and
powder X-ray diffraction analysis were performed on all
the BP samples. Single crystal data obtained from high
quality TMPyP:TSPP and its metallated analogues indi
cate that these BPs all share nearly identical structural
geometry. (CSD reference codes for TMPyP:TSPP and
TMPyP:NiTSPP structures are AYULOX and ZETKUH,
respectively [28, 29, 34].) Similar results were
obtained from powder X-ray diffraction data (Fig. S3
in the Supporting Information). The free-base crystal
structure is shown in Figs 3a and 3b. The space group
was determined to be a monoclinic P21/c with unit cell
dimensions of a = 8.3049 (11) Å, b = 16.413 (2) Å, c =
29.185 (3) Å and volume = 3974.4 (8) Å3. The reliability
factor, R, equals 0.06, showing excellent agreement
between the crystallographic model and the experimental
X-ray diffraction data. There are five water molecules per
porphyrin ion pair and they are located in the channels
between the molecular stacks (not shown in the Fig. 2a).
The free-base (and metallated) porphyrin macrocycles
are planar and form coherent columns (Fig. 2b) of
alternating +4 and -4 charged tectons with their centers
slightly offset relative to each other.

Fig. 3. Crystal structure of: TMPyP:TSPP (a and b), TPyP:TSPP (c and d) and TAPP:TSPP (e and f) in two different orientations.
Projection a shows the direction normal to the crystallographic a axis; projections c and e depict the direction normal to the
crystallographic c axis; b, d and f show the direction normal to the crystallographic b axis (growth direction of the rods) with
alternating cationic and anionic porphyrin tectons within the columns. Atomic color codes: blue, N; gray, C; yellow, S; red, O.
Hydrogens are not shown. Absent also are the waters of hydration
Copyright © 2019 World Scientific Publishing Company
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The diffraction pattern from TPyP:TSPP single
crystals has characteristics of an aperiodic or
incommen
surate crystal structure [30] very similar
to the quasi-orthorhombic Imm2 system with lattice
parameters a = 26.71 Å, b = 20.16 Å and c = 8.61 Å
proposed earlier by Eskelsen et al. based on their
powder pattern data analysis [35]. The diffraction
pattern of the modulated TPyP:TSPP crystals consists
of two types of reflections: strong main reflections that
correspond to the basic structure, and weak satellite
reflections that correspond to the modulation wave. The
unit cell contains two porphyrin dimers. Preliminary
analysis of the lattice parameters provides a provisional
model structure presented in Figs 2c and 2d. Here, ionic
bonding, hydrogen bonding, and p–p interaction help
align the porphyrin macrocycles (alternating [TSPP]-2
diacid, [TPyP]+4 and [TPyP] partially deprotonated
free-base species) cofacially in columns along the
c-crystallographic axis. Note that the [TSPP]-2 diacid
adopts a saddled conformation. Water molecules are
present in the rod matrix (four waters per porphyrin
dimer) but, for simplicity, they were not included in
our crystal structure model. The solution and structural
refinement of the TPyP:TSPP crystal structure is still in
progress and will be reported elsewhere.
Powder X-ray diffraction patterns obtained from
TAPP:TSPP sheaves [20] and rods are nearly identical,
indicating that both morphological types have the same
molecular structural geometry (Fig. S4). Variation
in the peak intensity the of (002) reflection can be
attributed to the preferential orientation caused by
different growth conditions of the sheaves and the rods
of TAPP:TSPP. The sheaves are in fact homogeneously
single-crystalline. Electron diffraction images of the
same sample acquired sequentially starting at the
terminus of a sheaf and following along the single
nanoribbon revealed consistently similar spot patterns
[20]. TAPP:TSPP is a body-centered crystal system
that belongs to an orthorhombic Pnn2 space group with
unit cell dimensions of a = 31.88 Å, b = 15.45 Å and c =
7.98 Å; a = b = g = 90° (Figs 3e and 3f).
A common structural feature among the BP crystals
studied is that their primary growth direction is along
the a-axis (TMPyP:TSPP monoclinic system) or the
c-axis (TPyP:TSPP and TAPP:TSPP orthorhombic
systems) with the porphyrin macrocycles forming
coherent columns of alternating ionic tectons (Fig. 3).
Strong electrostatic bonding between the tectons plays
the dominant role in their organization, which can
be seen as attraction between alternating electrondeficient and electron-rich molecular ions resulting in
what can be referred to as an ‘aromatic donor–acceptor
interaction.’ Although the p-orbital overlap between
the ionic tectons is relatively weak judging by the
long interplanar distances, it contributes to the overall
columnar arrangement and robustness of the crystalline
assemblies.
Copyright © 2019 World Scientific Publishing Company
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Indentation measurements and elastic modulus
The small physical dimensions of BP crystals pose
a major challenge for accurate evaluation of their
mechanical properties. Atomic force microscopy,
because of its extreme force sensitivity (<0.05 nN),
shallow indentation depth (displacement sensitivity
<
~ 0.05 nm) and effective contact volume, is an effective
tool for quantifying the deformation behavior of
small volume materials [43, 44]. Elastic property
fitting models such as the Derjaguin–Muller–Toporov
(DMT) model are compatible with data acquired with
the Bruker Multimode AFM. The DMT model works
well for indentation experiments where the tip radius
is much greater than the indentation depth. Details of
extracting Young’s modulus values from experimental
measurements are outlined elsewhere [35].
High-quality millimeter-sized individual BP crystals
were subjected to quantitative mechanical tests to extract
their mechanical response. Indentation measurements
were made on three to six different samples of each BP
crystal and 20 different ramps at different trigger thresholds
were collected from each indent (trigger thresholds limits
forces on the sample and tip). Both HOPG and mica
substrates were used to test if the elastic modulus values
obtained from the ISA crystals were affected by the
underlying substrates. For crystals thicker than 100 nm
(height in the direction of indentation), the mechanical
response results using graphite and mica substrates are
identical. All the crystals tested were ≥100 nm thick and
mica was used as a substrate for all the measurements
presented. Maximum forces in all experiments was
chosen such that the localized deformation (indentations)
was generally restricted to indentation depths ranging
between 3 to 12 nm. This was to avoid the ‘skin effect’
so that that measured Young’s modulus would reflect
the bulk modulus [41]. Force displacement curves were
collected at different trigger thresholds (0.5 to 7 mN).
Twenty curves were collected at each trigger threshold to
achieve a statistically meaningful average.
Fig. 4a displays representative force–displacement
(F–d) curves for TMPyP:TSPP, TPyP:TSPP and
TAPP:TSPP. The load–unload curves are completely
reversible with virtually no hysteresis at loads of 3.0 mN
or less (Fig. 4b indicates that the samples undergo
primarily elastic deformation). A comparison of the
F–d results in Fig. 4a further shows that under the same
loading conditions the TMPyP:TSPP and the TPyP:TSPP
samples have significantly steeper indentation responses
and are therefore structurally stiffer than the TAPP:TSPP
crystal which has a shallower F–d slope and is expected
to be more flexible. Corresponding penetration depths,
d, at the same applied load are 6, 8, and 12 nm for
the TMPyP:TSPP, TPyP:TSPP and TAPP:TSPP,
respectively.
The AFM probe was aligned normally to the (200)
oriented facet (Fig. 5a), corresponding to one of the three
J. Porphyrins Phthalocyanines 2019; 23: 159–165
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Fig. 4. Representative AFM force (µN) vs. separation (nm) curves for TMPyP:TSPP, TAPP:TSPP and TPyP:TSPP on mica (a).
A typical approach–retract force curve shown here for TMPyP:TSPP (b). The red curve is the retract curve and the blue is the
approach. Zero separation is set at the point of maximum adhesion on the retract curve. The gray line is the DMT fitted curve, that
is used to extract Young’s modulus (0.2 Hz ramp, 500 mV trigger threshold, 200 nm ramp size, 4096 points per line, 12° x-rotate)

primary axes of the monoclinic unit cell of TMPyP:TSPP
and its metallated derivatives. The indentation direction
for the orthorhombic BP systems, TPyP:TSPP and
TAPP:TSPP, was normal to the crystal (100) plane.
Measurements of direction-dependent mechanical pro
perties of the BP samples were not performed because
the sizes of the crystals made physical manipulation
difficult. Four to seven indentations were made on three
to five different crystals very close in physical dimensions
for each of the BPs. At each indent location, data was
collected at several trigger threshold values ranging
from 0.5 to 7.5 mN; twenty force ramps were acquired
at each trigger threshold. Full data sets of DMT fits of
the average Young’s modulus for typical indentations of
each BP crystal and a tabular record of the measurement
details are available in the Supporting information
(Figs S8 through S14).
Although the Young’s modulus values extracted from
indentation experiments are very close in magnitude
and consistent at different tip forces for each BP
system, nevertheless, the elastic modulus varies slightly
according to the crystal quality, surface morphology and
size (Fig. S6), as expected for small volume samples. The
AFM topographic images of the crystals provide good
evaluation of the surface roughness allowing the selection
of those areas that are relatively flat and that do not have
sharp edges for indentation experiments, Fig. 5b. As an
example, consider a plot of E values as a function of
applied force for the three different TMPyP:TSPP crystals
presented in Fig. 5c. Here, not only the elastic modulus
of each crystal, C1, C2 and C3 is slightly different but the
E values obtained from indents located in different areas
on the same crystal also vary to a small extent.
Figure 6 presents Young’s modulus graphed as a
function of applied force for all seven BP crystals
investigated. Table 2 provides the average E values
Copyright © 2019 World Scientific Publishing Company

and their standard deviations for each BP system. The
average values of the elastic modulus in each graph in
Fig. 6 do not vary significantly at trigger forces above
1 mN. This gives us confidence in the accuracy and
precision of the E values acquired for the respective BP
crystals. The crystals with the highest elasticity are the
TMPy:TSPP (~25 GPa) and its metallated analogues
(~26 GPa for the Ni2+ and ~21 GPa for the Cu2+ systems).
Within the experimental error, the presence of a metal
ion in either of the free–base parent tectons did not
significantly influence the E values of the TMPyP:TSPP
based crystals. The TPyP:TSPP rods have a modulus of
15 GPa, while TAPP:TSPP crystals are more compliant
with E of 6.3 GPa. Esklesen et al. were the first to
measure the mechanical response of ionically selfassembled TPyP:TSPP nanocrystals [35]. These authors
reported a Young’s modulus value of 6.5 GPa which
significantly lower than E obtained for the millimetersized TPyP:TSPP crystals (15 GPa). Size-dependent
variation in elasticity was observed for the TMPyP:TSPP
crystals (Fig. S6 in the supporting information) and is
consistent with the Eskelsen result.
The elastic properties of the hyperbranched TAPP:TSPP
crystals (Fig. S2) were not examined extensively because
of their relatively small lateral dimensions (50 nm
height and 180 nm width). Furthermore, the individual
TAPP:TSPP branches tend not to lie flat on a substrate
but tend to bow and applying force on such structures
would produce inaccurate mechanical measurements
(Fig. S7).
Anisotropy in mechanical properties
To address the impact of anisotropy in BP crystals,
we employed a computational methodology to estimate
Young’s modulus values for the different crystallographic
J. Porphyrins Phthalocyanines 2019; 23: 160–165
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Fig. 5. Calculated crystal habit of TMPyP:TSPP (a) [28]. AFM images of
TMPyP:TSPP rods C1 and C2 with color-coded indent sites (b) and a plot
of Young’s modulus vs. applied force (c) at different locations on C1, C2
and C3 (not shown here). The indent sites are identified as P1 and P2. The
force curves were collected using a RTESPA 525 (k = 134 N/m) cantilever.
Each point on the plot is the average value resulting from fitting 20 ramps

facets of a model system, the hexagonal TMPyP:TSPP
crystal (Fig. 5a). To this end, we employed the
appropriate modules in Material Studio® 5.5 [45] (see
Supporting Information). Computed elastic moduli
obtained for the three orientations yielded: E(002) =
18.6 GPa, E(100) = 13.2 GPa, and E for (011) and (01–1)
facets equal to 9.2 GPa. The theoretical Young’s modulus
of the (002) oriented crystal face compares favorably
with experimentally determined E(200) value of 24.8 ±
3.5 GPa and is clearly the stiffest facet. The structural
origins of the high elasticity are the strong electrostatic
attractions between oppositely charged porphyrin tectons
that are oriented parallel to the a-axis (see Figs 3b
Copyright © 2019 World Scientific Publishing Company

Fig. 6. Average E plots of BP crystals deposited on mica as a
function of maximum tip force. RTESPA-525 cantilevers were
employed

and 5a). These strong directional interactions inﬂuence
elasticity because of their restorative character, i.e. they
can be readily stretched or reformed during indentation.
Additionally, weaker p–p interactions between adjacent
porphyrin ions within columns facilitate easy shearing of
J. Porphyrins Phthalocyanines 2019; 23: 161–165
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Table 2. Comparison of Young’s modulus and density values for different molecular materials
Material

Young’s modulus (GPa)

Polypyrrole films52
53

Polyester

54

Polyethylene

Measured Density (g/cm3)

1.2

1.48

2.4

1.37

3

0.97

XRD density* (g/cm3)

51

H2Pc (film)

4.9

1.52

CuPc (film)51

5.2

1.62

51

5.9

1.64

48,49

11.46

1.20

50

DAST

13.87

TMPyP: TSPP (rod)

24.8 ± 3.5

1.45 ± 0.03

1.34 + 0.12

TMPyP:NiTSPP (rod)

27.7 ± 2

1.49 ± 0.03

1.39 + 0.12

NiTMPyP:TSPP (rod)

22.4 ± 4

1.50 ± 0.02

1.39 + 0.12

TMPyP:CuTSPP (rod)

21.8 ± 1.5

1.49 ± 0.02

1.38 + 0.12

CuTMPyP:TSPP (rod)

21 ± 1

1.47 ± 0.03

1.38 + 0.12

15 ± 1.5

1.42 ± 0.03

1.17 + 0.06

TPyP:TSPP (nanorods)

6.5 ± 1.3

1.41 ± 0.03

1.17 + 0.06

TAPP: TSPP (rod)

6.3 ± 0.3

1.42 ± 0.05

1.40 + 0.06

ZnPc (film)
EBST

TPyP:TSPP (rod)
34

1.30

*XRD density for the BP was corrected by adding the mass of the appropriate number of waters determined from the TGA measurements.
Differences between the experimental and calculated densities are attributed to unresolved issue of the incommensurate crystal structure
of the TPyP:TSPP.

the molecular planes and provide ‘structural buffering’
during deformation. The intermediate stiffness calculated
for the (100) oriented facet can be attributed in part to the
highly coherent columns of porphyrins that are aligned
along the a-axis and the weak hydrogen between adjacent
TMPyP and TSPP ionic chromophores (see Fig. 5a and
Figs S3a and S3b).
In comparison to the (002) and (100) faces, the (011)
and (01–1) step and kink facets have the lowest stiffness
because the weak hydrogen bonds that provide the
primary linkages between the rows of porphyrin columns
aligned vertically along the b-axis are geometrically more
compliant than the rigid ionic bonds of the (002) facet
(Figs 3b and 5a). The (011) and (01–1) step and kink
crystallographic planes in the TMPyP:TSPP crystal can
be considered as slip planes. Typically, slip planes have
minimal attachment energy, the energy released when
a new layer is added to each face [43]. We calculated
attachment energies for the different crystallographic
faces of the hexagonal TMPyP:TSPP crystal earlier [28]
and for reference included these results in Table S1 (see
supporting information). The (100) plane has the highest
attachment energy, while (200) and (011) planes showed
the lowest attachment energy. High attachment energy
is typically associated with smaller crystallographic
d-spacing [43, 46]. The crystallographic face with the
lowest attachment energy represents the slowest growing
face and generally coincides with the primary slip plane of
Copyright © 2019 World Scientific Publishing Company

the crystal where only weak interactions persist between
molecular layers. In the TMPyP:TSPP crystal, these slip
planes correspond to sheets of porphyrin columns. These
layers are depicted in the AFM image in Fig. 7. Here,
the planes or steps have a height of approximately 2 nm,
which corresponds to the size of a porphyrin ionic tecton,
the building block of the coherent columnar assemblies.
In molecular crystals, fracture takes place either
through cleavage at a particular crystallographic plane
(brittle crystals) or when the shear stress reaches a level
where dislocation pile-up reaches a critical density. Then,
the crystal fracture usually occurs when the indenter axis
is normal to the slip plane [43]. This type of fracture was
observed in the case of a TAPP:TSPP nanorod (Fig. S15),
where excessive force (stress) above the elastic limit
applied to the (100) crystal face caused a permanent
deformation or brittle fracture of the crystal.
The anisotropic mechanical responses of the
TPyP:TSPP and the TAPP:TSPP crystals are expected to
follow similar trends as those of the TMPyP:TSPP system
because all these BPs share related geometric arrangement
of porphyrin tectons (i.e. columnar assemblies of the
alternating charged porphyrins). Thus, we would expect
the (100) facets of the TPyP:TSPP and the TAPP:TSPP
crystals to have the highest Young’s modulus followed
by the (001) and (010) faces, in that order. The observed
ranking of the BPs in elastic responses is TMPyP:TSPP
(and metallated analogues) > TPyP:TSPP > TAPP:TSPP
J. Porphyrins Phthalocyanines 2019; 23: 162–165
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modulus. Here, the weaker ionic coupling between the
porphyrin chromophores in this BP can be attributed to
the hyperporphyrin characteristics (charge delocalization
onto the peripheral aminophenyl substituents) of the
TAPP molecular ion [47, 48].
Table 2 compares the elastic modulus of different
molecular materials. Ionic crystals of 4-dimethylaminoN-methyl 4-stilbazolium tosylate (DAST) [49, 50] and
4-ethoxy benzaldehyde-N-methyl 4-stilbazolium tosylate
(EBST) [51] have reported values of Young’s modulus of
13.82 GPa and 11.46 GPa, respectively. Lower elasticity
of metal phthalocyanine (MPc) films [52] and polymers
[53–55] is attributed to their weak π–π and hydrogen
interactions.
E-Density relationship

Fig. 7. AFM image of a TMPyP:TSPP crystal surface revealing
layered growth. The inset is a cross sectional profile. Edges of
the layers are oriented perpendicular to the length of the rod
(fastest growing direction, marked by the arrow). The average
step height is approximately 2 nm which is nearly the size of
a porphyrin ion pair. CPK molecular model is included for
reference

Fig. 8. Bubble chart of the Young’s modulus E of different
families of materials vs. their density. Both x and y-axis are
scaled logarithmically. Chart is based on Fig. 4.6 in Ref. 15

(Table 2) and can be explained by inspecting the
nature and strength of the ionic bonding that directs
the assembly of these crystals. The H4[H2TMPyP]+4
and [H2TSPP]-4 ions and their metal derivatives that
combine to form the ISA crystals have higher valency
than the charged tectons that constitute TPyP:TSPP and
TAPP:TSPP, and therefore stronger interactions resulting
in higher elastic modulus. In general, the presence of
metal ions in the TMPyP:TSPP parent did not modify the
elastic modulus but did increase the density of this BP
system. The TAPP:TSPP crystal has the smallest Young’s
Copyright © 2019 World Scientific Publishing Company

Central to engineering functional molecular materials
is the ability to control their relative stiffness and strength,
often in combination with the density. Density and elastic
moduli reflect the mass of the atoms, their packing
and the stiffness of the bonds that hold them together.
Polymer densities and E values are less than those
of metals, but they can be strong because of their low
densities and their strength per unit weight is comparable
to that of metals. Ashby et al. provided a very useful
engineering Young’s modulus–density chart that gives
an overview of where families of different materials
and their members lie in the E–density space [15]. This
chart gives guidance for selecting materials for stiffnesslimited applications in which weight must be minimized.
Fig. 8 is modeled after that chart, showing only the major
families of materials. The ceramics and metals families
have high elastic modulus (>10 GPa) and densities
(>1.7 g/cm3). Polymers, by contrast, all have E < 10 GPa
and densities that close to 1 g/cm [3,15]. If one considers
the densities and elasticity of ISA porphyrins (Table 2),
they comfortably occupy a gap between composites
and polymers in Fig. 8. They are elastic yet stronger
than polymers and elastomers, lighter than metals and
ceramics, and are more flexible than most composites.
Thoughtful adjustments of the chemical composition
of the charged porphyrin synthons can yield crystalline
materials with mechanical properties that combine the
elastic characteristics of ‘soft’ polymers with the stiffness
of composite materials. Such high-performance materials
are excellent candidates for deformable optoelectronic
devices.

CONCLUSIONS
In this work we present the mechanical properties
of ionic binary porphyrins (photoresponsive organic
semiconductors [28–30]) acquired by AFM nano
indentation. This is the first reported study to relate
the elastic modulus of single crystal ionic BPs to
their molecular organization and to the direction of
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tectons within the lattice of these anisotropic crystals.
By acquiring a statically significant sampling of the
elastic compliance measurements we have obtained
reproducible values of Young’s modulus for seven
different BP crystals ranging from 6 to 28 GPa. All BP
samples underwent primarily elastic deformation. Their
load–unload responses are completely reversible with
virtually no hysteresis at loads of 50 nN/nm2 or less.
Calculations of directional anisotropic deformation
characteristics helped to explain the stiffness along the
different facets of BP crystals in terms of the operative
noncovalent interactions. Ionic functionalities on the
porphyrin tectons give rise to high stiffness and hence
inﬂuence the degree of mechanical anisotropy. The
elasticity and density properties of ISA porphyrins place
them between composites and polymers on a chart that
correlate these same properties for families of materials
ranging from foams to metals. BPs are flexible yet stronger
than polymers and elastomers, lighter than metals and
ceramics, and more flexible than most composites.
In view of the diverse structural and chemical variability
of ionic porphyrin building blocks, we anticipate that
there exists a vast opportunity for engineering ISA
porphyrin crystals with mechanical properties that
combine the elastic characteristics of polymers with the
stiffness of composite materials.
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ABSTRACT: Compound (4,4′-hex-3-ene-3,4-diyl)bis(4,1-phenylene)bis(oxy)diphthalonitrile 3 was
synthesized by the reaction of 4-nitrophthalonitrile 1 and diethylstilbestrol 2 in dry DMF in presence of
dry K2CO3. New mononuclear phthalocyanines 4–6 were obtained from compound 3 by addition of the
corresponding metal salts [Co(OAc)2 . 4H2O, Zn(OAc)2 . 2H2O and Cu(OAc)2]. The novel compounds
were characterized by elemental analysis and FT-IR, UV-vis, 1H-NMR and MALDI-TOF mass
spectroscopy techniques. The effects of four main groups of organic vapors on these novel compounds
were studied and discussed. The adsorption kinetics of alkanes (n-hexane and n-octane), alcohols
(methanol and 2-proponal), chlorinated hydrocarbons (dichloromethane and trichloromethane) and
amines (diethylamine and triethylamine) on 4–6 were examined using three adsorption kinetic models:
the Elovich equation, the pseudo-first-order equations and Ritchie’s equation. Results show that the
linear regression analysis with respect to the pseudo-second-order rate equations generates a straight
line that best fits the data of adsorption of alcohols and chlorinated hydrocarbons on Pc films. On the
other hand, the Elovich equation generates a straight line that best fits the data of adsorption of alkanes
and amines.
KEYWORDS: phthalocyanine, mononuclear, adsorption kinetics, amines, alkanes.

INTRODUCTION
Phthalocyanines (Pcs) and their metal complexes
have been the most studied class of functional organic
materials for almost a century. Their conjugated 18πelectron systems have rich electron transfer ability which
depend mainly on the metal centers and peripheral or
non-peripheral substituents. Their interesting physical,
chemical, biological and spectral properties have received
increasing attention for applications of Pcs as chemical
*Correspondence to: Esra Kakı, tel.: +90 2163479641, fax.: +90
2163478783, email: ekaki@marmara.edu.tr; Özer Bekaroğlu,
tel.: +90 2122852333, fax: +90 2122856386, email: obek@itu.
edu.tr.
Copyright © 2019 World Scientific Publishing Company

sensors, optical discs, laser dyes, electrocatalysis, data
storage, printing inks and display devices [1], have
received increasing attention due to their interesting
physical, chemical, biological and spectral properties
[1]. In recent years, applications of their complexes
have expanded to nonlinear optics [2, 3], liquid crystals
[4], gas sensors [5, 6], electrochromism [7, 8], solar cells
[9, 10], catalysts [11, 12] and photodynamic therapy
(PDT) [13, 14].
Pcs can be prepared by many different routes and at
different temperatures. Several formation mechanisms
have been postulated depending on starting compounds
and in some case on isolated intermediates: it is not
necessary that all routes proceed through a common
mechanism [1, 15]. In recent years, a new class of Pcs,
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ball-type, have been synthesized at high temperatures
in five minutes using solvent or without solvent. The
formation mechanism of these ball-type Pcs can be
explained according to the reaction route which proceeds
over monomer Pc in some cases first then by further
reaction in solvent using excess of metal salts [16a].
Due to strong intermolecular interactions between
the macrocycles, most of the peripherally unsubstituted
Pcs are hardly soluble in common organic solvents and
water. These interactions result in aggregation, which
causes difficulties in Pcs separation or identification and
minimizes their applications. For this reason, one of the
important aim of this investigation is to enhance solubility.
When functional groups such as alkyls, alkoxyls, crown
ethers and phenoxyls are bound in the peripheral benzene
rings of the phthalocyanine structure, solubility of Pcs
can improve exceedingly in protic or non-protic solvents
[17, 18].
Volatile organic compounds (VOCs) are composed of
several gasses: hydrocarbons, solvents and other organic
compounds, which usually cause respiratory difficulties
and irritation, and which have important effects on low
atmospheric cycles, agriculture, medicine and foods.
Therefore, the detection of VOCs has become a serious
task due to regulations in many countries in the world. Pcs
as a group of potential gas sensing materials, have become
a natural choice for the detection of VOCs because of
their open coordination sites for axial ligation, their large
spectral shifts upon ligand binding and their intense
coloration [19]. Previous investigations on Pc thin films
as gas sensing materials have revealed a high sensitivity to
the various organic vapors [5, 20–24]. Unlike the ensign
properties and the effect of environmental conditions on
the sensing performance of Pc-based sensors, adsorption
kinetics of organic vapors on novel metallophthalocyanine
thin films have not been widely studied.
Our research has been devoted mostly to face-toface or ball-type phthalocyanines for the past 15 years
and we pioneered research on those compounds, which
showed intrinsically more versatile chemical and physical
properties. Unfortunately, there papers in the literature
on this new class of Pcs are rare. It is well known that
depending on the organic groups of the peripheral or nonperipheral positions of phthalocyanines the electronic
properties change drastically. Therefore, changing bridged
compounds with electron-donating or electron-accepting
properties affects the chemical and physical properties
of the ball-type phthalocyanines on a large scale. The
electronic nature, stereo chemistry of the bridged
compounds and the reaction conditions have large effects
on the obtained Pcs’ structures and properties. For instance,
one can obtain direct ball-type, or four-substituted openor cross adjacent ring-formed Pcs [5, 16a,b], all of which
show different chemical and physical properties.
In the present paper, instead of the expected of balltype Pc, novel mononuclear Pcs have been prepared from
[(4,4′-hex-3-ene-3,4-diyl)bis(4,1-phenylene)bis(oxy)
Copyright © 2019 World Scientific Publishing Company
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Scheme 1. Synthesis of compounds 3,4,5 and 6

diphthalonitrile] (Scheme 1). This study also highlights
the adsorption kinetics of four main groups of organic
vapors on 4–6. Kinetic models evaluated include
the Elovich equation, the first-order rate equation of
Lagergren and Ritchie’s equation.
J. Porphyrins Phthalocyanines 2019; 23: 167–174
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EXPERIMENTAL
Materials and instruments
Our starting materials, 1 and 2, were commercially
available. FT-IR spectra were recorded by a Schimadzu
FTIR-8300 spectrophotometer. Electronic spectra were
recorded by a Schimadzu UV-1601 spectrophotometer.
Mass spectra were acquired by a Voyager-DETM PRO
MALDI-TOF mass spectrometer (Applied Biosystems,
USA) equipped with a nitrogen UV-Laser operating at
337 nm. Spectra were recorded in positive ion, linear
and reflectron modes with an average of 100 shots.
Elemental analyses were performed by the Instrumental
Analysis Laboratory of TUBITAK-Marmara Research
Centre. 1H-NMR spectra were recorded in CDCl3 with a
Mercury-VX 400 BB instrument.
Synthesis and characterization
[(4,4′-hex-3-ene-3,4-diyl)bis(4,1-phenylene)bis(oxy)diphthalonitrile] 3. 4-Nitrophthalonitrile 1 (0.693 g,
4.0 mmol) and diethylstilbestrol (DES) 2 (0.537 g,
2.0 mmol) were dissolved in 30 mL dry dimethylform
amide (DMF). After stirring for 5 min, dry potassium
carbonate (K2CO3) (1.656 g, 12.0 mmol) was added to this
solution with stirring. The reaction mixture was stirred at
room temperature for 24 h under a N2 atmosphere. Then the
mixture was poured into cold water (100 mL) and stirred.
The formed precipitate was filtered off and washed with
water until neutral. The product was obtained by column
chromatography with silica gel using chloroform (CHCl3)
as eluent. Yield: 0.9886 g (94%). Compound 3 is soluble
in CHCl3 dichloromethane (CH2Cl2), tetrahydrofuran
(THF), DMF, dimethylsulfoxide (DMSO), acetone
(C3H6O) and acetonitrile (CH3CN). Mp: 255 °C. Anal.
Calc. for C34H24O2N4: C, 78,44; H, 4,65; N, 10,76%.
Found: C, 78,21; H, 4,56; N, 10.93. FT-IR (nmax/cm-1):
827, 953, 1091, 1168, 1248, 1287, 1423, 1482, 1562,
1591, 1677, 2232, 2968. 1H-NMR (400 MHz, CDCl3):
dH, ppm 0.84 (t, J = 7.4 Hz, 6H), 2.20 (q, J = 7.4 Hz, 4H),
7.10 (d, J = 8.5 Hz, 4H), 7.31 (dd, J = 8.5 and 2.5 Hz, 2H),
7.31 (d, J = 8.5 Hz, 4H), 7.32 (d, 7.33, J = 2 Hz, 2H), 7.75
(d, J = 8.6 Hz, 2H). MS (MALDI-TOF): m/z 522 [M+H]+.
[2,10,16,24{tetrakis(4,4′-hex-3-ene-3,4′′-diyl)b is(4,1-phenylene)oxydiphthalonitrile}phthalocyaninato
cobalt(II)] 4, zinc(II) 5, and copper(II) 6. A mixture of
compound 3 (2.1 × 10-1 g, 0.40 mmol) and the metal salts
[1.0 × 10-1 g, 0.40 mmol Co(OAc)2 . 4H2O or 8.8 ×
10-2 g, 0.40 mmol Zn(OAc)2 . 2H2O or 7.3 × 10-2 g,
0.40 mmol Cu(OAc)2] were transferred into a reaction
tube. DMF (0.7 mL) was added to this reaction mixture
and the mixture was heated under dry N2 atmosphere in
a sealed glass tube for 10 min at 360 °C. After cooling
to room temperature, 4 mL of DMF was also added to
the residue to dissolve the product. The reaction mixture
was precipitated by adding acetic acid. After filtration,
Copyright © 2019 World Scientific Publishing Company

the crude product was washed with acetic acid, water
and methanol for 24 h in a Soxhlet apparatus, in order
to eliminate the unreacted starting materials. The solid
product was purified by column chromatography with
silica gel using CHCl3 as eluent. Compound 4 was dark
blue, 5 was blue and 6 was blue; all were soluble in DMF,
THF and DMSO.
Yield 4: 31 mg (15%). Mp > 350 °C. Anal. Calc. for
C136H98O8N16Co: C, 76,21; H, 4,61; N, 10,46%. Found:
C, 76,49; H, 4,53; N, 10,67. FT-IR (νmax/cm-1): 751, 854,
954, 1091, 1163, 1228, 1277, 1408, 1472, 1502, 1593,
1738, 1774, 2232, 2871, 2967. UV-vis (DMF): lmax/nm
(log e): 665 (4.529), 606 (4.067), 325 (4.465). MS
(MALDI-TOF): m/z 2145 [M + H]+.
Yield 5: 47 mg (23%). Mp > 350 °C. Anal. Calc. for
C136H98O8N16Zn: C, 75,98; H, 4,59; N, 10,42%. Found:
C, 75,63; H, 4,45; N, 10,61. FT-IR (nmax/cm-1): 744, 822,
1043, 1088, 1163, 1227, 1278, 1398, 1475, 1502, 1597,
1714, 1770, 2233, 2870, 2965. UV-vis (DMF): lmax/nm
(log e): 679 (4.542), 610 (3.837), 354 (4.153). 1H-NMR
(400 MHz, CDCl3): dH, 0.91 (t, J = 7.5, 24H), 2.20–2.30
(m, 16H), 7.05–7.20 (m, 16H), 7.30–7.40 (m, 32H), 7.80
(d, J = 8.5, 8H). MS (MALDI-TOF): m/z 2148 [M + H]+.
Yield 6: 36 mg (18%). Mp > 350 °C. Anal. Calc. for
C136H98O8N16Cu: C, 76,05; H, 4,60; N, 10,43%. Found:
C, 75,82; H, 4,69; N, 10,25. FT-IR (νmax/cm-1): 745,
821, 1090, 1163, 1226, 1277, 1404, 1474, 1501, 1594,
1714, 1770, 2233, 2871, 2964. UV-vis (DMF): lmax/nm
(log e): 677 (4.533), 611 (4.047), 337 (4.310). MS
(MALDI-TOF): m/z 2149 [M + H]+.
MALDI sample preparation
MALDI matrix 2,5-dihydroxybenzoic acid was pre
pared in THF-ACN-H2O (1:3:1, v/v/v) containing 0.2%
trifluoroacetic acid at a concentration of 5 mg/mL.
The MALDI samples were prepared by mixing sample
solutions (0.5 mg/mL in ACN-THF-H2O mixture (1:3:1,
v/v/v) having 0.3% trifluoroacetic acid) with the matrix
solution (1:10, v/v) in a 0.5 mL Eppendorf® micro tube.
Finally 0.5 mL of this mixture was deposited on the sample
plate, dried at room temperature and then analyzed.
VOC vapor sensing measurements
Metallophthalocyanine-based gas sensors were
prepared as reported previously [25]. Substrates were
10 × 10 mm2 glass slides with photolithographically
patterned gold interdigitated electrodes (IDEs); the IDEs
contained 10 finger pairs with a channel length of 50 mm
and a width of 50 mm. The 120-nm-thick sensor films
of MPcs were deposited on IDEs by the spin coating
method using a spinner (Speciality Coatings Systems
Inc., Model P6700 Series). The elipsometric technique
was used to measure the thickness of the Pc film. Because
of the good solubility of the compounds, DMF was used
as the solvent. Substrate temperature during deposition
was held constant at 25 °C to maintain constant film
J. Porphyrins Phthalocyanines 2019; 23: 168–174
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morphology across all sensors. The sensing properties of
the coating material were tested in a cylindrical chamber
of Teflon, 8 cm long and 4 cm diameter, through which
a gas could be passed. During sensing experiments, the
chamber temperature was maintained at 25 °C. Zero
grade air was used as the carrier gas, with a constant flow
rate of 100 standard cubic centimeter per min (sccm).
Analytes were chosen to span a range of organic vapors.
These included alcohols (methanol and 2-proponal),
amines (diethylamine and triethylamine), chlorinated
hydrocarbons (dichloromethane and trichloromethane)
and alkanes (n-hexane and n-octane). The variation of the
sensor currents were measured by applying a constant dc
bias of 1 V and monitoring the current using a Keithley
model 6517A electrometer.

RESULTS AND DISCUSSION

Fig. 1. UV-vis spectra of 4–6 in DMF at 3 × 10-5 M. Absorption
spectra of 4 (black), 5 (red) and 6 (blue)

Synthesis and characterization
The substituted diphthalonitrile compound 3 was
obtained by reaction between 4-nitrophthalonitrile 1
and diethylstilbestrol 2. In this reaction, dry K2CO3 and
dry DMF were used as a base and solvent, respectively.
Next, the complexes 4–6 were synthesized by heating
3 with Co(OAc)2 . 4H2O, Zn(OAc)2 . 2H2O or Cu(OAc)2,
respectively, under N2 atmosphere in a sealed tube
(Scheme 1).
All the new compounds obtained in this study have
been characterized by spectroscopic techniques such
as elemental analyses, FT-IR, 1H-NMR, UV-vis and
MALDI-TOF mass spectrometry. The spectroscopic data
of compounds 3–6 confirmed the proposed structures.
The IR spectra of compounds 3–6 showed CN group
peaks at 2232–2233 cm-1 as a single peak, Ar-O-Ar
peaks at 1250–1280 cm-1, aromatic C=C peaks at 1560–
1590 cm-1, C=N peaks at 1715–1737 cm-1, C=C peaks
at 1675 cm-1 and aliphatic CH peaks at 2870–2960 cm-1.
The UV-vis spectra of the phthalocyanine core is
dominated by two intense bands, a Q band in the visible
part of the spectrum around 600–700 nm, is attributable
to the π→π* transitions from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO) of the phthalocyanine ring.
The other bands (B) in the UV region at about 300–
400 nm were observed due to the transitions from the
deeper π levels to the LUMO. Electronic spectra of
the studied Pcs (4–6) in DMF are given in Fig. 1. The
UV-vis spectra of novel mononuclear Pcs (4–6) exhibited
Q-band absorption of the π→π* transitions at 610 and
680 nm. The ground-state electronic absorption spectra
of 5 and 6 showed monomeric behavior evidenced by
a narrow Q band at 675 nm, whereas the Q band of 4
is observed at 666 nm, which is broadened and blue
shifted, indicating H aggregation. Aggregation is usually
depicted as a co-planar association and is dependent on
Copyright © 2019 World Scientific Publishing Company

concentration. In the aggregation state, the electronic
structure of complexed Pc rings is perturbed, resulting
in alteration of the ground- and excited-state electronic
structures [26, 27]. This causes the broadening or split of
the absorption bands, especially at high concentrations
[28]. The B bands of these Pcs appeared in the UV region
at around 325–355 nm and were usually stronger than the
Q bands in the case of aggregation [26].
Positive ion and linear mode MALDI-TOF MS spectra
of cobalt, zinc and copper complexes were obtained and
are given in Fig. 2, respectively. 2,5-dihydroxybenzoic
acid MALDI matrix yielded intense protonated molecular
ion signals and low fragmentation under the MALDITOF MS conditions for these compounds. Positive ion
and reflectron mode MALDI-TOF MS spectra for zinc
complexes (Fig. 2b) were obtained successfully without
any fragmentation. Mass spectra of the cobalt and copper
complexes could be obtained only in positive ion and
linear modes. To increase the solubility, not only analytes
but also the MALDI matrix solution mixture (THF-ACNH2O), 1:3:1, v/v/v) were used, and trifuloroacetic acid
concentration was increased from 0.1% to 0.3%. Cobalt
and copper complexes showed up to 3 water adduct signals
showing the water sensitivity of these complexes in the gas
phase (Figs 2a and 2c). In the case of cobalt complexes,
the main intense fragmentations were because of the
dicyanophenyl leaving group. However, the intensities
of these fragmentation signals are very low compared to
protonated and water adduct signals. From these results,
it could be concluded that the metal complexes were
synthesized in correct routes in this study as designed.
Sensing properties and adsorption kinetics
In order to investigate the adsorption kinetics of four
main groups of organic vapors on thin films of 4–6,
J. Porphyrins Phthalocyanines 2019; 23: 169–174
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Fig. 3. Effect of 400 ppm dichloromethane vapor on the
conductivity of the 4–6 coated sensors

Fig. 2. Positive ion MALDI mass spectra of the complexes were
obtained in 2,5-dihydroxybenzoic acid MALDI matrix using
nitrogen laser (at 337 nm wavelength) accumulating 100 laser
shots. (a) C136H98CoN16O8 in linear mode, (b) C136H98ZnN16O8
in reflectron mode and (c) C136H98CuN16O8 in linear mode

response-recovery characteristics of the films towards
alcohols, amines, chlorinated hydrocarbons and alkanes
were carefully examined. As a representative result, the
effect of the 400 ppm concentrations of dichloromethane
vapor on the conductivity of the 4–6-based sensors
is shown in Fig. 3. It is obvious from Fig. 3 that the
interactions between the phthalocyanine film and the
dichloromethane vapor molecules cause a fast increase
of sensor current in the initial doping stage, followed by
a drift to the steady-state value.
After several minutes of exposure to dichloromethane
vapors, purging with dry air led to an initial fast decrease
followed by a slow drift, and the sensor current reached
its initial value after the dichloromethane vapors were
turned off, proving that the adsorption processes are
reversible. Although the origin of the VOC vapor response
of a Pc film is not yet fully understood, this effect can
be attributed to generating acceptor levels by vapor
adsorption. It is believed that adsorption take places at
the active adsorption sites on the sensing layer and the
magnitude of the sensor response is proportional to the
Copyright © 2019 World Scientific Publishing Company

Fig. 4. Response-recovery characteristics of the 6 to the same
concentration (400 ppm) of analyte molecules

number of the adsorption sites. The adsorption of a vapor
molecule at an active adsorption site leads to the creation
of an acceptor level near the band edge of the Pc. When
the number of trapped electrons reach a sufficient value,
the Fermi level shifts toward the valence band [29]. This
shift in the Fermi level causes a reduction in the speed of
the trapping process and the rate of increase in the current
slows down. The exposure of the sensor to a reference
gas (dry air in our case) leads to the desorption of the
adsorbed vapor molecules from the surface of the active
sensing layer, decreasing the acceptor concentration
and thus the sensor current. The same type of response–
recovery characteristics were also obtained for other
organic vapors investigated. Figure 4 shows the room
temperature response-recovery characteristics of the 6
coated sensors to the four main groups of analytes.
As one of the most important parameters of gas
sensors, sensitivity (S) has been attracting more and more
attention and much effort has been made to enhance the
J. Porphyrins Phthalocyanines 2019; 23: 170–174
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Fig. 5. Sensitivity of the sensors to four main groups of organic
vapors

sensitivity of gas sensors. Usually, sensitivity can be
defined as (Equation 1):
S=

1  ∆I 
(1)
Ci  I 0 

where DI is the changes in current at an organic vapor
concentration of Ci, I0 stands for the current of the device
in the reference gas. Figure 5 shows the sensitivity of the
sensors to the four main groups of analyte molecules.
Maximum sensitivity for the lower and upper limit
of analyte concentrations were obtained for amines.
Apparently, the sensor with 6 showed maximum
sensitivity for all analytes investigated. It was found that
the general trend for the order of the sensor sensitivity,
observed for the investigated compounds, is S (6) > S (4)
> S (5), except for methanol and diethylamine vapors.
It is well documented that the sensing mechanism
of VOC vapors by phthalocyanines is not well known.
More recent studies indicated that many elementary
physicochemical processes should be taken into
account to interperet the VOC vapor adsorption onto the
phthalocyanine thin film surface. For a particular gas,
the intensity and kinetics of the interactions between
the phthalocyanine films and the gas molecules are
related to the nature of the phthalocyanine compound
used as the sensitive material, the charge transport
process, the relative orientation and the separation of
adjacent molecules. According to Spadavecchia et al.
[30] the delocalized p-electron system, the presence
of heteroatoms and the central metal ion are important
features in the organic vapor/MPc interaction mechanism.
It is the current opinion that the central metal ion together
with the peripheral substituents acts as two different sites
of interaction with the analyte molecules. A primary
interaction involves the Pc metal and the heteroatoms on
the analyte molecule, while a secondary interaction is
Copyright © 2019 World Scientific Publishing Company
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determined by the peripheral substituents. It is also well
established that central metal ions have many influences
on the HOMO, LUMO and energy level structures of
the complexes, sequentially do the gas sensitivity. It was
reported by Bohrer et al. [31] and Park et al. [32] that
the detection of analyte molecules by phthalocyanines
is governed primarily by coordination to the metal
center. The interaction between the analyte and the
metallophthalocyanine surface produces a modulation in
the electronic levels of phthalocyanine available for p–p*
transitions. As results, a doping effect due to the adsorbed
analytes onto the phthalocyanine film is basically the
cause of the changes in the conductivity of the sensing
layer. These results demonstrate that the organic vapor
sensing properties of the [2,10,16,24{tetrakis(4,4′-hex3-ene-3,4′′-diyl)bis(4,1 phenylene)oxydiphthalonitrile}
phthalocyaninatocobalt (II)], zinc(II), and copper (II)
phthalocyanines are determined by the central metal ion.
This findings is consistent with previous observations
[33] that observed sensitivities of copper phthalocyanine
and nickel phthalocyanine films are different in spite of
their similar bond numbers, indicating the significant role
of the central metal ion in interaction mechanisms.
Comparisons of kinetic models
Many attempts have been made to formulate a
general expression describing the kinetics of sorption
on solid surfaces for gas-solid phase sorption systems.
However, little has appeared in the literature comparing
these different models for gas adsorption on solids. In
order to investigate the adsorption mechanism of the
four groups of organic vapors onto compounds 4–6, the
experimental data were modelled using the first-order rate
equation of Lagergren [34], the Elovich model [35] and
Ritchie’s equation [36], and an attempt has been made
to compare them in this work. The conformity between
the experimental data and the model predicted values was
expressed by the correlation coefficients (R2).
Elovich model
In reactions involving adsorption of gases on a solid
surface, the rate decreases with time due to an increase in
surface coverage. The Elovich equation was developed to
describe the kinetics of such type of activated sorption of
a gas onto solids [37]. The equation defining the Elovich
model is based on a kinetic principle assuming that the
adsorption sites increase exponentially with adsorption,
which implies a multilayer adsorption. This model has
been applied satisfactorily to some chemisorption data
and the equation is often valid for systems in which the
adsorbing surface is heterogeneous. It is expressed by the
relation (Equation 2):
dS
= ae-αS (2)
dt
J. Porphyrins Phthalocyanines 2019; 23: 171–174
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where S is the sorption capacity at time t, a is the initial
sorption rate and a is the desorption constant during
any one experiment. In the Elovich equation, constant
a is regarded as the initial adsorption rate because dS/
dt approaches a when S approaches 0 and it depends on
the activation energy. Constant a is related to a measure
of the extent to which the surface has been screened by
the potential barrier for successive adsorption. Assuming
that S = 0 at t = 0; S = S at t = t, integrating Equation 2
with these conditions gives Equation 3:
S=

1
ln[aα t + 1] (3)
α

By assuming that aat >>1, as suggested by Chien and
Clayton [38] , Equation 3 becomes Equation 4:
S=

1
1
ln(t ) + ln(aα ) (4)
α
α

By assuming that the change in the current is
proportional to the change in surface coverage [39], a
plot of DI vs. ln (t) should be a straight line. Figure 6
demonstrates the fitting of the adsorption kinetic
data and Elovich equation. The validity of the kinetic
models is tested by the magnitude of the regression
coefficient R2. It is important to note that for the Elovich
equation, the correlation coefficient is always less
than 0.98 for methanol, 2-propanol, dichloromethane
and trichloromethane which is indicative of a bad
correlation. This confirms that the Elovich model is not
appropriate to predict the adsorption kinetics methanol,
2-propanol, dichloromethane and trichloromethane
onto compound 6 for the entire adsorption period.
On the other hand, the Elovich equation provides the
best correlation for n-octane, n-hexane, diethylamine
and triethylamine sorption processes and also fits the
experimental data well with the regression coefficient
larger than 0.99.

Ritchie’s equation
Ritchie’s [36] equation is also widely used in the
adsorption of gas particles onto solid systems. Assuming
that the rate of adsorption depends solely on the fraction
of sites which are unoccupied at time t, Ritchie’s second
order equation based on adsorption equilibrium capacity
is expressed in the form Equation 5:
dθ
= b(1–θ)m (5)
dt
where θ is the fraction of surface sites which are
occupied by adsorbed VOC vapor, m is the number
of surface sites occupied by each molecule of the
adsorbed VOC vapor, and b is the rate constant. By
applying the boundary conditions: θ = 0 at t = 0 and θ =
qt/qe at t = t, the integrated form of Equation 5 becomes
Equations 6 and 7:
1
(1–θ)m–1

= (m –1) bt + 1

θ = 1 – e-bt

for m ≠ 1(6)

for m = 1
(7)

It is assumed that no site is occupied at t = 0. When
introducing the amount of adsorption qt at time t, then
Equation 7 becomes Equation 8:
qem –1
(qe – qt )m –1

= (m –1) bt + 1 (8)

If the VOC vapor adsorption is considered to be a
second-order reaction, then Equation 8 can be rewritten
as Equation 9:
1
1
1
=
+
qt bq e t qe (9)
According to Equation 9, if the adsorption processes
follows Ritchie’s equation, a plot of (1/qt) vs. 1/t should
be a straight line. Figure 7 shows (1/qt) vs. 1/t plots for
all analyte vapors at room temperature. As can be seen
from Fig. 7, the correlation coefficients, R2, are in the
range of 0.537–0.860 for all analytes investigated, which
is indicative of a bad correlation. This confirms that
Ritchie’s equation is not appropriate to use as a model
to predict the adsorption kinetics of these analytes’ vapor
onto compound 6.
The pseudo-first-order model

Fig. 6. Elovich plots for the adsorption of analytes on 6

Copyright © 2019 World Scientific Publishing Company

Lagergren [34] suggested a model for the sorption
system based on the adsorption capacity. This model
assumes that the rate of occupation of adsorption sites is
directly proportional to the number of unoccupied sites.
When adsorption is preceded by diffusion through a
boundary, the kinetics follows the pseudo-first-order rate
J. Porphyrins Phthalocyanines 2019; 23: 172–174
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To quantify the applicability of the first-order model,
the correlation coefficient was calculated from the
response-recovery characteristics of the sensors. Figure 8
shows a plot of the linearized form of the first-order model
for all analytes investigated. A considerable deviation
from the theoretical model is clear for n-octane, n-hexane,
diethylamine and triethylamine vapors, the pseudo-firstorder equations do not give a good fit to the experimental
data for the adsorption of these organic vapors on 6. The
low correlation coefficients for the first-order kinetic
model obtained for these organic vapors suggests that this
adsorption system is not a pseudo first-order reaction.

CONCLUSION
Fig. 7. Plots of Ritchie’s equation for sorption of the indicated
vapors onto the compound 6

Fig. 8. Pseudo-first-order sorption kinetics of analytes onto the
compound 6

equation of Lagergren and can be represented as follows
(Equation 10):
dqt
= kads (qe – qt ) (10)
dt
where qe and qt are the amounts of analyte vapor adsorbed
at equilibrium and at any time t, respectively. kads is the
first-order adsorption rate constant. Integrating Equation
10 for boundary conditions at t = 0 to t = t and qt = 0 to
qt = qt, results in the following (Equation 11):
  qe 

ln  
= kads t  (11)

  qe – qt 

which may be rearranged to (Equation 12):
log(qe – qt ) = logq e −

Copyright © 2019 World Scientific Publishing Company

kads
t (12)
2.303

The novel substituted diphthalonitrile compound 3 and
its mononuclear Pcs (4–6) have been synthesized for the
first time in this study. The complexes were characterized
by elemental analysis, UV-vis, IR and MALDI-TOF mass
spectroscopies. Spin-coated films of compounds 4–6
were used to sense four main groups of organic vapors
based on the changes in the electrical conductivity. It was
found that the interaction of the organic vapors with the
spin-coated films led to significant changes in electrical
conductivity. The response and sensitivity are dependent
on the central metallic ion, which shows the possibility of
changing the sensor sensitivity with minor modifications
of the synthesis process. Maximum sensitivity was
obtained with 6 coated sensors for all organic vapors
investigated. A comparative study of the applicability of
kinetic models of Elovich equation, Ritchie’s equation and
first-order model to describe the experimental adsorption
data of the analyte vapors on Pc compounds has been
carried out. Comparing the regression coefficients, R2,
shows that adsorption kinetics depend on the nature of
the reactant vapor molecules but are independent from
the metal ion of the sensing film. The results reveal that
the adsorption of alkanes and amines onto Pcs can be
successfully described by the Elovich equation. On the
other hand, it was found that the adsorption of alcohols
and chlorinated hydrocarbons on Pcs follow the firstorder rate equation of Lagergren.
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ABSTRACT: Tetraphenylporphyrins (TPPs) have been proposed for the treatment of retinoblastoma
by photodynamic therapy. Glycoconjugated compounds were synthesized for improving TPP solubility
and amphipathy, and to specifically target mannose receptors overexpressed at the surface of cells. The
efficiency of four TPP derivatives with different chemical structures was compared by phototoxicity
tests and flow cytometry experiments. Interestingly, the absence/presence and distribution of saccharide
moieties in the various compounds affected differently their mechanism of interaction with cancer cells
and their phototoxic efficiency. For glycodendrimeric TPP-1 and TPP-2 incubated with retinoblastoma
cells, a fast two-step uptake-equilibrium process was observed, whereas for a dendrimeric TPP
without saccharide moieties (TPP-1c) and a glycoconjugated compound with no dendrimeric structure
(TPP(DegMan)3) uptake was very slow. The difference in uptake profiles and kinetics between TPP-1c
on the one hand and TPP-1 and TPP-2 on the other hand would account for the interaction of the two
glycodendrimeric compounds with a mannose receptor. These TPPs encapsulated in endosomes would
induce less damage to cells upon illumination. TPP(DegMan)3 showed the highest phototoxicity, but its
efficiency was unaffected by pretreatment of cells by mannan. The penetration of this glycoconjugated
compound in cells and its phototoxic effect appeared independent of its interaction with a mannose
receptor. Thus, if glycoconjugation influenced TPPs behavior in solution and interaction with serum
proteins, phototoxicity was not necessarily related to upfront molecular recognition.
KEYWORDS: photodynamic therapy, glycoconjugated tetraphenylporphyrin, photosensitizer, mannose
receptor, retinoblastoma, flow cytometry.
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Photodynamic therapy (PDT) relies on the conjugated
effect of a photosensitizer (PS), molecular oxygen and
light [1]. Excitation by a laser of appropriate wavelength
of the photosensitizer injected into a patient, leads to
the local formation of reactive oxygen species that are
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strong oxidants and eventually cause tumor cell death
[2–4]. Two necessary conditions for successful PDT are
the accumulation of PS molecules in tumors and their
penetration into cells, either by passive diffusion or by
protein-mediated transport [5–8]. However, molecules
like porphyrins, which are among the most efficient
photosensitizers against cancer cells, are poorly soluble
in aqueous media and are often poorly selective with
respect to tumor cells.
PDT has been considered for the treatment of
retinoblastoma, a tumor of the retina affecting young
children [9–17]. A chlorin, (Foscan®), and a benzo
porphyrin derivative, Verteporfin (Visudyne®), have been
used with some success [9, 10, 18]. Their efficiency was
attributed to their binding to LDL and penetration into
cells by LDL-receptor-mediated endocytosis [10, 19].
Ligand-bearing PSs have been designed to improve PS
selectivity and specifically target cancer cells [20–23]. In
1989, Griegel et al. [24] suggested the existence of sugar
receptors at the surface of retinoblastoma cells, with
binding specificities for b-galactose and a-mannose.
More recently, two mannose receptors, MRC2 and
CD209 have been identified as specific targets for PDT in
Y79, WERI-Rb1 cells and primary human tumor tissues
[25]. Mannosylated photosensitizers are expected to
interact with these receptors and possibly penetrate, by
receptor-mediated endocytosis, into retinoblastoma cells,
provided that the positioning of the mannose moieties
in these compounds allows molecular recognition
[26, 27]. Some phototoxicity studies have shown
evidence that glycoconjugated tetraphenyl chlorins and
porphyrins could penetrate into Y79 and WERI-Rb1
cells by passive diffusion but also by protein-mediated
transport [28, 29]. The 5,10,15-tri{para-O-[2-(2-O-aD-mannosyloxy)-ethoxy]-ethoxy-phenyl}-20-phenyl
porphyrin [TPP(DegMan)3 in Fig. 1], showed very
low cytoxicity in the dark (IC50 > 10 mM) but high
phototoxicity in vitro on Y79 cells (IC50 = 0.35 mM ±
10%), compared to its counterpart without saccharide
moieties (TPP(DegOH)3, IC50 > 2 mM ± 10%) [29]. The
effectiveness of TPP(DegMan)3, confirmed in vivo on
retinoblastoma xenografts implanted in mice [30, 31],
was attributed to its mechanism of penetration into cells,
supposedly mediated by a mannose receptor. Indeed, the
uptake of this photosensitizer was strongly reduced when
cells were preincubated with mannosylated albumin [29].
Other compounds have been developed such as more
amphiphilic glycodendrimeric TPPs (Fig. 1), designed for
promoting both passive and receptor-mediated transport
[32]. Instead of having their saccharide moieties linked to
three different TPP phenyl groups via diethylene glycol
spacers, all three mannose moieties were grouped on
one dendrimeric branch, forming a sugar cluster. This
configuration was designed based on the observation
that some sugar receptors could be targeted with
multivalent carbohydrate ligands [33]. The dendrimeric
compounds exhibited similar fluorescence emissions and
Copyright © 2019 World Scientific Publishing Company

singlet oxygen yields as TPP(DegMan)3. Binding and
inhibition experiments in which liposome-embedded
dendrimeric TPPs interacted with immobilized Y79 cells
on the sensor of a quartz crystal microbalance (QCM-D)
gave evidence of the effective molecular recognition
of the glycodendrimeric porphyrins by retinoblastoma
cells [34]. The demonstration of this specific interaction
was possible because the embedding of the TPPs into a
vesicle membrane hindered the non-specific interactions
of the hydrophobic tetrapyrrolic macrocycle with the cell
membrane. Only sugar moieties and the spacers were
exposed at the surface of the nanocarriers. The same
approach could not be applied to TPP(DegMan)3 because
lipid vesicles containing this compound were unstable
due to the geometry of the molecule. Thus, in the present
work we compared the phototoxicity of TPP(DegMan)3
and the glycodendrimeric TPPs by phototoxicity tests
and examined their mechanism of interaction with cells
by flow cytometry measurements as a function of time.

EXPERIMENTAL
Material
TPP(DegMan)3 (Mw = 1413.61 g/mol) and the dendri
meric tetraphenylporphyrins TPP-1 (Mw = 1692.81
g/mol), TPP-2 (Mw = 1824.97 g/mol) and TPP-1c
(Mw = 1206.39 g/mol) were prepared as previously
described [29, 32, 35, 36]. TPP-1 and TPP-2 are manno
sylated and differ by the length of their spacer, a diethylene
oxide (n = 2) for TPP-1 and a triethylene oxide (n = 3)
for TPP-2. TPP-1c is the non-glycoconjugated control
for TPP-1. The chemical structures of the two studied
TPP derivatives are shown in Fig. 1.
Mannan from Saccharomyces cerevisiae and a-Dmannose were purchased from Sigma-Aldrich (Saint
Louis, MO, USA). Dulbecco’s phosphate buffered saline
(DPBS), Dulbecco’s modified Eagle’s Medium (DMEM)
and Fetal Calf Serum (FCS) were obtained from Lonza
(Vervier, Belgium). Dimyristoylphosphatidylcholine
was provided by Avanti Polar, methanol (analytical
grade, 99% pure) by Merck (Germany), and chloroform
(analytical grade) by Carlo Erba (Italy). Dimethyl
sulfoxide (DMSO) was purchased from Carlo Eber
(France), and 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) from Promega (France). Ultrapure water (g =
72.2 mN/m at 22 °C, resistivity 18.2 MΩ . cm) was
produced by a Milli-Q Direct 8 (Millipore).
Methods
Fluorescence spectroscopy. Porphyrin stock solutions
were prepared in DMSO (10-3 M) and then diluted in
DPBS. Final concentrations of the analyzed solutions
ranged between 100 and 600 nM. Emission spectra
J. Porphyrins Phthalocyanines 2019; 23: 176–184

1st Reading

MANNOSE DISTRIBUTION IN GLYCOCONJUGATED TETRAPHENYLPORPHYRINS GOVERNS THEIR UPTAKE MECHANISM

177

Fig. 1. Chemical structures of TPP(DegMan)3 and the dendrimeric porphyrins

between 600 and 800 nm in aqueous media were obtained
at 4 and 22 °C, using a SPEX spectrofluorimeter after
excitation at 405 nm in the Soret band of the absorption
spectra of the studied molecules.
Liposome preparation. DMPC liposomes (10 mM
dimyristoylphosphatidylcholine) were prepared according
to Bangham’s method [37], with modifications. DMPC,
alone or in mixture with a TPP at a 500/1 (phospholipid/
porphyrin) molar ratio was dissolved in 3 mL of a
chloroform-methanol (9:1 v:v) mixture. The solvent
was evaporated under reduced pressure, leaving a dry
lipid film. This film was then rehydrated by a phosphate
buffer. Glass beads and vortexing contributed to film
removal. The lipid or lipid-porphyrin suspension was
then extruded 15 times through a 200 nm pore diameter
polycarbonate membrane at 50 °C (Avanti Polar Lipids,
Alabama, USA). Vesicle size was assessed by dynamic
light scattering (DLS), using a Nano ZS90 (Malvern)
after 20-fold dilution of the liposomal suspension with
a buffer. The liposomes prepared using these conditions
had a mean diameter of 190 nm ± 10 nm (PDI < 0.3).
Phototoxicity test. Y79 (human retinoblastoma) cells
obtained from the American Type Culture Collection
(ATCC® HTB-18TM) were grown in DMEM Hi-Glucose
with 1% Na-Pyruvate, 1% L-Glutamine, 50 IU/mL
streptomycin and 5 IU/mL penicillin [38]. The cell
culture medium was supplemented with 20% FCS (v/v).
Prior to experiments, Y79 cells were collected, and
centrifuged for 5 min at 1000 g. The cell pellets were
suspended at a concentration of 6000 cells/µL in the
culture medium containing 10% FCS only. 96-well plates
were filled with 100 mL of the cell suspension per well
and maintained for 24 h at 37 °C with 5% CO2. Porphyrin
solutions were prepared in DMSO (10-3 M), diluted in
DPBS (10-5 M), and deposited in the wells at increasing
Copyright © 2019 World Scientific Publishing Company

concentrations. The plates were then incubated again for
24 h. In cytotoxicity tests, cells remained in darkness;
in phototoxicity measurements, they were illuminated
for 14 min in sterile conditions at wavelengths varying
from 590 to 640 nm and a fluence of 2 J/cm2. FCS was
then added to Y79 cells up to 20% final concentration,
and cells were maintained in the incubator for 72 h. An
MTS test was then performed [39, 40]. The absorbance
was measured at 500 nm, after 1 h reaction time. All
experiments were performed in triplicate. In competition
experiments, a-D-mannose or mannan were incubated
for 1 h with cells prior to addition of the porphyrin
derivatives.
Flow cytometry. TPPs uptake by retinoblastoma
cells was assessed by flow cytometry, using a BD
LSR Fortessa (Becton Dickinson, New Jersey, USA).
Data were analyzed using FlowJO version X software
(TreeStar, San Carlos, CA) and GraphPad Prism
5. Cells were cultured as described above. Prior to
experiments, they were centrifuged and re-suspended in
DMEM Hi Glucose without phenol red, with 2% FCS,
at a concentration of 500 cellules/mL. In experiments
conducted at 37 °C, cells were stored in an incubator with
5% CO2 before measurement. In experiments performed
at 4 °C, cells were placed on ice. At both 4 and 37 °C the
experiment duration was limited to 6 h. Stock solutions of
the porphyrin derivatives in DMSO (10-3 M) were diluted
in DPBS (10-5 M). Porphyrin concentrations ranged
between 100 and 600 nM, below their IC50, to avoid
phototoxicity. Cells were introduced into the cytometer
and identified by their size and complexity (FSC-A/
SSC-A). Dead cells were excluded from the analysis
based on their ability to take up propidium iodide, a nonpermeant fluorescent DNA stain. Further analysis was
performed on single cells based on the SSC-W/SSC-H
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gating strategy. Porphyrins were excited at 405 nm and
their fluorescence measured at different times at 655 ±
4 nm. Between measurements, the vials were stored at
room temperature and protected from light.
Competition experiments were performed at 37 °C
using the same protocol. Prior to the addition of porphyrins
(600 nM), Y79 cells were incubated for 15 min with
10 mM a-D-mannose. Fluorescence intensity measure
ments were then performed after 10 and 30 min, and
every hour for 4 h.

RESULTS AND DISCUSSION
The aim of this work was to assess the effect of
mannose conjugation to tetraphenylporphyrins on their
cellular uptake mechanism and their phototoxicity. Since
all studied compounds (except for TPP-1c) were grafted
with three mannose moieties, attention was focused on
the organization of these saccharides in the molecules.
We first studied the spectral properties of the various
TPPs, and then we assessed their phototoxicity and
uptake by retinoblastoma cells.
Assessment of TPPs spectral properties
Although all studied TPPs had the same chromophore,
their aggregation properties, and thus their fluorescence
spectra and intensities in aqueous media, could be
affected by the dendrimer, sugar and spacers. Therefore,
the spectral properties of all studied compounds were
analyzed beforehand, in different conditions.
First, the spectral properties of TPPs were determined
in an aqueous medium (DPBS) at various concen
trations [100–600 nM], at 4 and 22 °C. The fluorescence
spectra are compared in Fig. 2, at the lowest TPP
concentration. Generally, TPP-2 emitted lower fluore
scence intensity than TPP-1, despite its higher hydro
philicity. TPP(DegMan)3 exhibited the lowest. At
4 °C, the fluorescence intensity profiles and maximum
wavelengths did not greatly vary (Fig. 2b, and Table 1).
However, fluorescence intensities were all lower than
those recorded at 22 °C.
It seems, therefore, that the porphyrin derivatives
were not in the same state at 4 and 22 °C. It is possible
that at 4 °C they were less soluble and thus aggregated
more, which could explain the observed lowering in
fluorescence intensity.
For all studied compounds, fluorescence intensity
increased with their concentration (data not shown). To
determine whether these increments were proportional to
the concentration of TPPs in the medium, we compared the
fluorescence intensities at 655 nm, the wavelength used
in flow cytometry experiments. The data in Fig. 3 show
high correlation coefficients of the emitted fluorescence
with TPP-1 and TPP-1c concentrations, suggesting
linear dependence. For these two TPPs, this accounts for
the absence of phase transition and for the formation of
Copyright © 2019 World Scientific Publishing Company

Fig. 2. Fluorescence spectra for TPP-(DegMan)3, TPP-1c,
TPP-1 and TPP-2 in DPBS at 100 nM, (a) 22 °C and (b) 4 °C
Table 1. Maximal emission wavelengths (lem) at 4 and 22 °C in
DPBS, for TPP derivatives. Excitation wavelength lexc is 405 nm
4 °C

Porphyrins
(100 nM)

22 °C

l em1 (nm) l em2 (nm) l em1 (nm) l em2 (nm)
TPP-1

652

717

652

719

TPP-2

654

719

653

718

TPP-1c

654

719

654

718

TPP(DegMan)3

659

718

660

721

the same type of aggregates when TPP concentration was
increased in DPBS. This was important to check because
TPPs are poorly soluble in aqueous media. For TPP-2
and even more for TPP(DegMan)3, the correlation
coefficients were lower. The low correlation coefficient
for TPP(DegMan)3 may be related to greater error in low
fluorescence intensity measurements.
Since all compounds emitted different fluorescence
intensities in DPBS, it was also necessary to check their
J. Porphyrins Phthalocyanines 2019; 23: 178–184
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Fig. 3. Fluorescence intensities at 655 nm for TPP-1, TPP-2, TPP-1c, TPP-(DegMan)3 at various concentrations (22 °C)

behavior in a lipid medium in well-controlled conditions
using the cytometer. As a lipid model of a cell membrane
we used DMPC liposomes in which the porphyrins
were incorporated. Three independent experiments
were performed. There was a significant difference in
fluorescence intensity between unloaded liposomes
and liposomes containing either TPP-1c or TPP-1 in
their bilayers, but no significant difference between the
two TPPs-loaded liposome suspensions (Fig. 4). Thus,
in a lipid medium, all TPPs would emit comparable
fluorescence intensities.
This confirms that the differences in fluorescence
intensities observed in Fig. 3 were related to the
aggregation state of the TPPs in aqueous media.
Cytotoxicity and phototoxicity of
tetraphenylporphyrins
The cytotoxicity and phototoxicity of TPP(DegMan)3
were tested at concentrations varying between 0 and
2 mM. As expected from previous works, the cytotoxicity
of TPP(DegMan)3 was limited in darkness. Conversely,
when cells were illuminated, the concentration
reducing cell viability by 50% (IC50) was 0.35 mM, in
agreement with the literature [29]. Dendrimeric tetra
phenylporphyrins did not show any cytotoxicity in
darkness in the studied concentration range [0–7.5 mM].
After illumination, these molecules proved to be 10 times
less phototoxic than TPP(DegMan)3 (Table 2). Moreover,
no significant difference in phototoxicity was observed
between the glycodendrimeric compounds TPP-1 and
TPP-2 and the non-glycoconjugated dendrimer TPP-1c.
Copyright © 2019 World Scientific Publishing Company

Fig. 4. Comparison of the fluorescence of unloaded DMPC,
DMPC/TPP-1 and DMPC/TPP-1c liposomes (10 mM phos
pholipid). MFI = Mean Fluorescence Intensity

Table 2. Cytotoxicity of the TPPs following illumination at l =
590–640 nm for 14 min
TPP
IC50 (µM) ± 10%

TPP-1c TPP-1 TPP-2 TPP(DegMan)3
2.0

2.9

5.2

0.35

Several hypotheses could explain the different
phototoxicity results obtained with the various com
pounds, depending on the TPPs chemical structure:
(i) different aggregation extent in the cell culture media,
(ii) different propensity to bind to fetal calf serum (FCS)
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proteins [41–44], (iii) different uptake mechanism and
rate, and/or (iv) different intracellular localization for the
TPP(DegMan)3 and the three dendrimeric TPPs.
The two first hypotheses were verified in previous
works. Ibrahim et al. [45] analyzed the aggregation
extent of TPP-1c, TPP-1 and TPP(DegMan)3 in
aqueous media. Compared to the other compounds,
TPP-1c aggregated in PBS to the largest extent. This is
not surprising since this compound is devoid of sugar
moieties, and thus very hydrophobic. Both TPP-1 and
TPP(DegMan)3, especially the latter, showed strongly
altered absorbance profiles in the Soret-band region. The
chromatographic hydrophobicity index of the compounds
(CHI), as defined by Valko et al. [46], ranged in the order:
TPP-1c > TPP-1 = TPP-2 > TPP(DegMan)3 [47]. In
our experiments, TPP-1c was expected to aggregate
to the largest extent, and TPP(DegMan)3, to the least.
However, the lipophilicity of the TPP derivatives (logP)
ranged in the order TPP-1c (1.60) > TPP(DegMan)3
(0.02) > TPP-1 (-0.65) > TPP-2 (‑0.94). TPP(DegMan)3
did thus appear more lipophilic than expected from
its hydrophobicity index [47]. We observed a lower
solubility of this compound in DPBS, so TPP(DegMan)3
could have higher propensity to aggregate in aqueous
media than the dendrimeric TPPs.
A thorough analysis of the TPPs also demonstrated that
they bind differently to serum proteins [48, 49]. Uptake of
TPP(DegMan)3 is less sensitive to serum proteins than that
of dendrimeric porphyrins [49]. Both dendrimeric TPPs
and TPP(DegMan)3 preferentially bind to lipoproteins.
However, TPP(DegMan)3 binds to a larger extent to HDL
and dendrimeric TPPs to LDL. These results are supported
by Haylett and Moore’s comparison of the selective
binding of lipoproteins to porphyrins having different
hydrophobicity/hydrophilicity ratios [50].
The question arises of the relative affinity of TPPs
for serum proteins or membranes. The liposome/
solution partition coefficient (KL) is of the same order for
dendrimeric porphyrins and TPP(DegMan)3 [45, 51].
Liposome-albumin competition studies have shown that
all porphyrin derivatives partition preferentially into the
lipid membrane [45]. Therefore even if the dendrimeric
porphyrins have a strong tendency to bind to proteins,
they should be able to interact with cell membranes
as well. In 2012, Wang et al. published the results of
a phototoxicity study performed in modified Y79 cell
culture conditions [49]. In the protocol used, incubation
of the photosensitizers with cells lasted for only 4 h in
a reduced FCS (2%)-containing medium. The results
clearly separated the compounds into two categories:
on one hand, the non-glycoconjugated dendrimeric TPP
with no IC50 up to 1 mM at least, and on the other hand
TPP(DegMan)3 and TPP-1, with IC50 equal to 0.75 mM
and 0.50 mM for the former and the latter, respectively.
Thus, depending on the conditions used for cell cultures
and TPP incubation, the phototoxicity results could be
very different. In this previous study [49], TPP(DegMan)3
Copyright © 2019 World Scientific Publishing Company

and the glycodendrimeric TPP-1 and TPP-2 appeared
more phototoxic than the non-glycoconjugated TPP-1c.
Does this mean that the distinction between effective
and less effective compounds would depend on a
receptor-mediated interaction? As previously mentioned,
in aqueous media containing serum proteins, all TPPs
bind to lipoproteins. They can penetrate into cells
by diffusion or interact with lipoprotein receptors.
Mannosylated TPPs may additionally be recognized
by mannose receptors. Interaction with lipoprotein or
mannose receptors would result in TPPs endocytosis.
Different approaches (flow cytometry, viability tests and
physicochemical tests) were tried in order to answer this
question. They did not provide the same information, and
they could not be applied to all systems.
Assessment of TPPs cellular uptake
We used flow cytometry to compare the uptake of the
four studied photosensitizers. We measured the change
in mean fluorescence intensities (MFI) with time during
incubation of TPPs with Y79 cells at two temperatures
(4 and 37 °C). One advantage of flow cytometry is that
the drug-cell interaction process may be studied over
shorter periods of time than phototoxicity tests which
require 24 h incubation with cells and three additional
days before applying the viability test. Another
advantage of flow cytometry compared to phototoxicity
tests is that kinetics of interaction may be monitored
[52]. Flow cytometry cannot provide information on
the phototoxicity of the studied compounds, but it may
allow discrimination between molecular recognition
and nonspecific inter
action. When coupled to the
determination of subcellular localization, it allows
distinction of a protein-mediated transport process
from a simple diffusion mechanism. Flow cytometry
and phototoxicity tests are thus complementary.
We used the cytometer in a dynamic mode, as
described by Boulla et al. [53]. At 4 °C, endocytosis
and active transport were assumed to be blocked. The
concentration of FCS was 2%, to ensure the survival
of cells during the short period of experiments, without
interfering too much with TPP-cell interactions. The
mean fluorescence intensity (MFI)-time relationships
for TPP-1c and TPP(DegMan)3 are plotted in Fig. 5.
For both compounds, cellular uptake-time relationships
were almost linear at 37 °C for the whole duration of the
experiment. It is interesting to note that during the first
hour, the MFI was identical for all studied concentrations.
At 4°C, fluorescence intensities were almost null for
TPP(DegMan)3.
The glycodendrimeric TPP-1 and TPP-2 exhibited
a two-step kinetic of uptake at 37 °C (Fig. 6). These
uptake processes were much faster than those for TPP-1c
and TPP(DegMan)3. The MFI-time relationships in
Fig. 6 clearly show (i) an increase in the MFI of cells
when in contact with porphyrins as a function of TPP
J. Porphyrins Phthalocyanines 2019; 23: 180–184
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Fig. 5. Mean uptake kinetics for (a) TPP-1c and (b)
TPP(DegMan)3 at 37 °C (black symbols) and 4 °C (open
symbols). (Ú) 100 nM (for TPP-1c only); (l) 300 nM; (p)
400 nM; (u) 500 nM; (n) 600 nM. MFI standard deviations were
in the ± (a) [0–500] and (b) [0–100] range at 37 °C, and in the ±
(a) [0–100] and (b) [0–20] range at 4 °C

Fig. 6. Mean uptake kinetics for (a) TPP-1 and (b) TPP-2 at
37 °C (black symbols) and 4 °C (open symbols); (Ú) 100 nM;
(l) 300 nM; (p) 400 nM; (u) 500 nM; (n) 600 nM. MFI
standard deviations were in the ± (a) [0–500] and (b) [0–200]
range at 37 °C, and in the ± (a, b) [0–200] range at 4 °C

concentration; (ii) faster kinetics with increase in
concentration; (iii) stabilization of the fluorescence
intensity at 37 °C after 160 min for TPP-1 and 120 min
for TPP-2; (iv) lowering of fluorescence intensities, and
(v) apparent slowing-down of the uptake at 4 °C. At this
temperature the MFI was strongly reduced, but the profile
of the plots remained similar. The MFI-time relationships
were not linear, but the plateaus were delayed. This
indicates that binding of the two porphyrin derivatives to
the cell membrane still occurred although transport could
not occur. It is noteworthy that the measured fluorescence
intensity reflected the total amount of photosensitizer
(both internalized and bound to the membrane) being
taken up by cells.
Kinetics showing a plateau were normalized considering
the maximum MFI reached for each concentration as
100%, which allowed comparison of the two TPPs despite
their different fluorescence intensities (Fig. 7).
At 37 °C, uptake kinetics were identical for concen
trations ≥ 300 nM and 400 nM for TPP-1 and TPP-2,
respectively. At 4 °C, the interaction of the TPPs with
cells was not influenced by their concentrations.

The fact that TPP-1 and TPP-2 showed the same
behavior, clearly distinct from that of TPP-1c, would
account for the interaction of the glycodendrimeric
TPPs with a mannose receptor. The same behavior
was expected for TPP(DegMan)3. However, the MFItime profiles for this compound were completely
different. Uptake was much slower, suggesting either
passive diffusion or another receptor-mediated uptake
mechanism. The difference in molecular geometry
between TPP(DegMan)3 and the glycodendrimeric TPPs
could explain the observed differences.
To verify whether the uptake of glycodendrimeric TPPs
was mediated by a mannose receptor, competition assays
were performed. Interaction of TPP(DegMan)3, TPP-1
and TPP-1c with Y79 cells was studied at 37 °C following
pre-incubation of cells with excess α-D-mannose. The
same experiment was performed without mannose
incubation with cells. When TPP(DegMan)3 was added,
no difference in cell fluorescence intensity was observed
in the two conditions, confirming the mannose receptorindependent uptake mechanism for this compound. For
TPP-1, the expected decrease in fluorescence intensity
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Table 3. Cytotoxicity and phototoxicity effect of 2 µM
TPP(DegMan)3 on Y79 cells pre-treated or not by 1 mg/mL
mannan. Control is DMEM + 0.2% DMSO
Sample

Fig. 7. Normalized uptake kinetics for (a) TPP-1 and (b) TPP2, at 37 °C (black symbols), and 4 °C (open symbols). (Ú)
100 nM; (l) 300 nM; (p) 400 nM; (u) 500 nM; (n) 600 nM

was not observed (data not shown). In fact, for both
TPP-1 and TPP-1c, fluorescence intensity increased
when the cells were pre-incubated with mannose, as if
mannose favored interaction of those TPPs with tumor
cells. This experiment, repeated two times, gave the same
results, and thus remained inconclusive.
The fact that competition experiments performed
by flow cytometry were unsuccessful made us look for
other methods. We performed a viability experiment
with TPP(DegMan)3 after pre-treatment of cells with
mannan. Cells were incubated with 1 mg/mL mannan for
1 h prior to treatment with TPP(DegMan)3 at 2 mM. The
results showed that the pre-treatment of cells with the
polysaccharide did not affect the phototoxic efficacy of
the photosensitizer (Table 3).
The same experiment could not be repeated with
dendrimeric TPPs because their IC50 values were too
high. However, in previous works [34, 54], competition
experiments were performed using a quartz crystal
microbalance (QCM-D) and showed evidence of a
specific interaction between the glycodendrimeric TPPs
and mannose receptors at the surface of retinoblastoma
cells. Dendrimeric compounds embedded in the bilayers
of lipid vesicles exposed their saccharide moieties
Copyright © 2019 World Scientific Publishing Company

Cytotoxicity

Phototoxicity

Mean viability (%)

Mean viability (%)

Control

100.0 ± 30.3

96.7 ± 8.9

Mannan

129.9 ± 26.1

85.8 ± 12.6

TPP(DegMan)3

127.9 ± 16.4

0.0 ± 0.2

TPP(DegMan)3
  + Mannan

79.6 ± 24.0

0.0 ± 1.6

towards the aqueous medium and these saccharides
were specifically recognized by the mannose receptors.
The QCM-D experiments could not be applied to
TPP(DegMan)3 since, due to its geometry, this porphyrin
derivative was unable to form stable vesicles when
mixed with phospholipids. Recently, glycoconjugated
heterodimers were synthesized and embedded in
the bilayer of liposomes [55]. These compounds are
composed of a TPP(DegMan)3 linked to another TPP.
Thus, using a dimer exposing TPP(DegMan)3 at the
surface of a lipid vesicle, we could analyze the interaction
between this compound and Concanavalin A, a model
mannose protein. The results showed that the lectin
interacted much less with the glycoconjugated dimer
than with TPP-1 studied in the same conditions [35, 54].
Although porphyrin-receptor interaction could not be
investigated by the same method for all studied molecules,
the results tend to demonstrate that TPP(DegMan)3 was
recognized by mannose receptors to a much lower extent
than the dendrimeric TPPs. This could be explained by
the less-favorable configuration of sugar moieties in
TPP(DegMan)3 compared to the mannose cluster in
glycodendrimeric TPPs. If TPP(DegMan)3 does not
penetrate into cells via a mannose receptor, it remains
bound to lipoproteins and either diffuses through the
membrane thanks to its lipophilicity or is transported via
a lipoprotein receptor.
The last factor that can explain a difference in TPPs
phototoxicity is their subcellular location, because the
generation of singlet oxygen in different organelles
does not produce the same cellular response [56].
Photosensitizer location in cells is very dependent upon
their uptake mechanism [57–59]. Subcellular localization
is difficult to determine in retinoblastoma cells, due to
the large nucleus-to-cell size ratio. However, confocal
microscopy experiments showed a diffuse distribution
of TPP(DegMan)3 in the cytoplasm of HT29 (human
colon cancer) cells. This distribution accounts for the
intracellular penetration of TPP(DegMan)3 by passive
diffusion [60]. Conversely, for TPP-1 and TPP-2,
receptor-mediated endocytosis would lead to their
encapsulation in endosomes. Confined in these organelles,
TPP-1 and TPP-2 would cause much less damage upon
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illumination than photosensitizers located in mitochondria
or anywhere else in the cell. This would explain the weak
phototoxicity observed for TPP-1 and TPP-2.

CONCLUSION
The rationale of this work was to understand how
the presence of mannose residues and the geometry of
porphyrin derivatives influence their cellular uptake and
photodynamic effectiveness. Porphyrin derivatives are
poorly soluble and poorly specific. Glycoconjugation
supposedly improves their specificity for retinoblastoma
cells and their diffusion/transport through membranes
by increasing their amphipathy and/or allowing their
recognition by sugar receptors.
Our study showed that glycodendrimeric TPP-1
and TPP-2 penetrate into cells via a receptor-mediated
mechanism. Protein-mediated transport is saturable, and
confinement of the TPPs in endosomes limits cell damage
following illumination because the singlet oxygen
produced is only active at short distances. This would
explain the weak phototoxicity of these compounds.
Conversely, for TPP(DegMan)3, the assumption of an
interaction with a mannose receptor was challenged by all
experiments performed. Nevertheless, this photosensitizer
is extremely effective, both in vitro and in vivo, whereas
its counterpart with no sugar moieties, TPP(DegOH)3,
is not. Its high phototoxicity is attributed to its diffuse
distribution in cell cytoplasm. Thus, the phototoxic
efficacy of a glycoconjugated TPP in retinoblastoma cells
is not necessarily related to its interaction with a mannose
receptor. The presence and organization of the saccharide
moieties have a non-negligible effect on the solubility
of a tetraphenylporphyrin, its aggregation properties,
amphipathy, and interaction with serum proteins, which
in vivo influence its pharmacokinetics, and in vitro,
the extent of its penetration into cells. Whether the
positioning of the saccharide moieties also affects a TPP
subcellular location requires further studies.
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ABSTRACT: To improve conjugation between a central porphyrin core and its peripheral fluorenyl
antennae, we have introduced in the meso-tetrafluorenyl porphyrin (TFP-Bu) unit an ethynyl spacer at
the meso positions. By this means, we have synthesized and characterized a new meso-alkynyl fluorenyl
porphyrin (TAFlP). We discuss the effect of this extra extension of the p manifold on the optical
properties. This enlarged porphyrin core, TAFlP, is foreseen as a key building block for the design of
new dendrimers for theranostic applications. The constant improvement of porphyrin-based dendrimers
featuring conjugated fluorenyl dendrons is recalled herein and demonstrates the important role of the
central core structure in determining linear and nonlinear optical properties. Further improvement of
these properties seems possible with TAFlP-like structures based on observations made for dendrimers
recently obtained. This makes the exploration of such new molecular architectures appealing for
photodynamic therapy (PDT) and related applications.

KEYWORDS: porphyrin, fluorenyl, fluorescence, alkyne.
INTRODUCTION
There has been great interest in the synthesis of
porphyrin systems because the peripheral substituents
on the macrocyclic core can modulate the physical
properties at will. Consequently, they present wide
potential applications in different fields such as, for
instance, light-harvesting, organic light emitting diodes
(OLEDs) or switches. Porphyrin-based systems are
largely present nowadays, in many applied developments
encompassing by far the numerous bio-related studies
in which these macrocycles were initially involved [1a].
Stimulated by the fact that the unique photochemical
properties of the porphyrin core can be fine-tuned by
modification of the peripheral substituents, intense
*Correspondence to: Christine O. Paul-Roth, tel.: (+33) (0) 2 23
23 63 72, fax: (+33) (0) 2 23 23 63 72, email: christine.paul@
univ-rennes1.fr or christine.paul@insa-rennes.fr.
Copyright © 2019 World Scientific Publishing Company

research in fields more related to photophysics and
material sciences has been undertaken in recent decades.
Symmetrical A4-type porphyrins, substituted at the
four meso positions, are particularly interesting because
the molecules are easily accessible with good yields.
Also very appealing is the synthetic expansion of such
structures by introducing dendrons at these positions, and
the modification of these dendrons for light harvesting.
In this respect, many porphyrin-based dendrimers
have been recently synthesized. Their light-harvesting
properties can be optimized by connecting highly
absorbing dendrons to the central porphyrin core, with
the former acting as energy donors to the latter, overall
behaving like an antenna system [1b]. In particular,
some porphyrins bearing pendant linear oligofluorene
arms have been reported in this context [1c], and for
such assemblies, Fréchet [1d] demonstrated that the
antenna effect was facilitated in dendritic architectures
vs. linear ones. More recently, hyperbranched polymers
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Fig. 1. Molecular structures of TPP-cored porphyrin dendrimers TPP1-TPP3 and their reference TPP

containing porphyrins with fluorenyl arms have also
been synthesized for light harvesting [1e], while the
group of Okada and Kozaki investigated the use of a
series of multi-porphyrin arrays in conjugated networks
as light-harvesting antenna [1f]. In this field, we also
have recently reported efficient light-harvesting systems
in which 5,10,15,20-tetraphenylporphyrin (TPP) was
linked, via flexible ether bridges, to fluorenyl donor
moieties [1g, h]. One might wonder why there is such
interest in porphyrin-fluorenyl combinations. Actually,
Copyright © 2019 World Scientific Publishing Company

as we have discovered in collaboration with J.A.G.
Williams, that 5,10,15,20-tetrafluorenylporphyrin (TFP)
exhibits a high quantum yield (24%), demonstrating
the capacity of 2-fluorenyl units to strongly enhance
the emission quantum yield of the porphyrin core [1i].
Our aim was then to exploit further this capacity, and
a series of super porphyrins based on the small TPPcore was targeted. In the first family, the dendrons were
linked via ether bridges to the central core. Four, eight
and sixteen fluorenyl donor moieties were included in
J. Porphyrins Phthalocyanines 2019; 23: 186–195
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Fig. 2. TFP-cored porphyrin dendrimers TFP1, TFP2 and TFP3 and the corresponding reference compound TFP-Bu

these dendrons. Then, we wondered about improving
the light-harvesting mechanism by preserving some
p-overlap between the peripheral fluorenyl arms and the
central core [1j]. Indeed, porphyrin-based dendrimers
containing p-conjugated dendrons are expected to
present better energy transfer properties than systems
for which p-conjugation is disrupted, as indicated by
the work of Burn and Samuel on porphyrin dendrimers
Copyright © 2019 World Scientific Publishing Company

with stilbene dendrons for instance [1k]. The mesophenyl units of the TPP-core molecule have two easy-tofunctionalize positions (para and meta), accordingly the
corresponding dendrimers were then synthesized. The
optical properties of these porphyrin-based dendrimers,
featuring 2-fluorenyl containing dendrons with extended
p-manifolds on these positions were then studied (Fig. 1).
Such systems present increasing numbers of terminal
J. Porphyrins Phthalocyanines 2019; 23: 187–195
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fluorenyl units at their periphery, going from 4 to 8 to 16
(TPP1, TPP2 and TPP3, respectively). We have shown
that conjugation between the TPP porphyrin core and
the unsaturated dendrons is more effective in the parafunctionalized systems than in the meta-ones. This better
conjugation improves the photophysical properties of
the para-substituted compounds (TPP1) over the metasubstituted ones (TPP2, TPP3) [1l], encouraging us
to consider the 2,7-fluorenyl unit as a new spacer, in
replacement of the 1,4-phenyl unit.
Subsequently a series of related compounds in which
2,7-fluorenyl groups were connected directly to the meso
positions of the central porphyrin core (i.e. a dendritic
architecture featuring TFP instead of TPP as a central
core) and still possessing fully conjugated peripheral
arms incorporating fluorene units at both terminal and
internal positions was developed.
A versatile synthetic protocol allowed us to easily
introduce fluorenyl units as internal chromophores
(behaving also as antennae). The effect of this structural
variation on the photophysical properties of the resul
ting dendrimers was then explored. Dendrimers with
increasing generations going from 1 to 3, were called
TFP1, TFP2 and TFP3, respectively (represented
in Fig. 2) [1 m]. In terms of photophysical properties,
this TFP series exhibits remarkably high luminescence
quantum yields (20–24%) again thanks to a very efficient
energy transfer (ET) from the peripheral fluorenyl units
toward the central porphyrin core. This process is plainly
apparent for dendrimers TFP1 and TFP2, but contrasts
with the dual emission (blue and red) observed for the
big TFP3 compound featuring the largest dendrons at the
meso positions. Such a size limit to the ET was expected
considering the tilted conformation adopted by the inner
meso-fluorenyl groups bearing the peripheral dendrons.

In spite of that non-optimal p conjugation, the onephoton brightness of these compounds increases almost
linearly with the number of fluorenyl groups in the
peripheral arms, in line with the existence of the antenna
effect previously mentioned.1m To further improve
the photophysical performance of such dendrimeric
systems, with the aryl groups tilted conformations
should be replaced by another unit permitting to achieve
co-planarity between the central core and an aromatic
system of the peripheral dendrons. In particular, this
can be done by using a meso-substituted tetra-alkynyl
porphyrin as the central unit. We therefore turned our
interest toward meso-ethynylporphyrins.
The first porphyrins of this kind, substituted by one or
two alkynyl groups, were initially targeted as precursors
for the elaboration of conducting polymers [2–3], nonlinear optical (NLO) materials [4, 5], photosynthetic
models [6, 7] and enzyme mimics [8–10]. Most of these
alkynyl-meso-substituted porphyrins contained only
one or two ethynyl moieties. These macrocycles turned
out to present a strong bathochromic shift of their first
absorptions relative to tetraphenylporphyrin [11–15].
This is due to the direct conjugation of the 18p-electronic
system of the macrocycle over the alkynyl group to
the terminal aromatic moieties. As a result, the Soret
(B) band and Q bands are significantly altered [11]. In
consequence, the color of these porphyrins in solution
turns to a brilliant green departing from the typical red
color of tetraphenylporphyrin. Hence the trivial name
of Chlorophyrins was given for arylethynyl-mesosubstituted porphyrins [12–15]. In the tetralkynyl series,
in 1992, Anderson reported a tetra-substituted derivative:
5,10,15,20-tetra-trimethylsilylethynyl-porphyrin (H21)
(see Fig. 3) which was isolated in moderate yield (14%)
[11]. The same year, Hevesi obtained a closely related

Fig. 3. Molecular structures of reported meso-alkynyl porphyrins (H21, H22 and H23-R)
Copyright © 2019 World Scientific Publishing Company
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(a)

(b)
Fig. 4. (a) Structure of reference compound TFP-Bu and corresponding TFP-based dendrimers; (b) target compound: new mesoalkynyl fluorenyl porphyrin TAFlP allowing the design of new TAFlP-based dendrimers

compound (H22), but with methyl end-groups substituents
rather than TMS ones. This new tetra-alkynylporphyrin
was isolated with an even lower yield (around 1%)
[16]. Finally, the corresponding aryl-ethynyl derivative
(5,10,15,20-tetra-phenylethynyl)-porphyrin (H23-R) was
also reported the same year, with a yield of 2% by
Hevesi and coworkers [16]. Subsequently, Milgrom
reported the synthesis of related compounds with octyl
or nonyloxy chains appended in the para positions of the
four phenyl groups (H23-R) to increase the solubility of
these compounds [12]. These last porphyrins (H22 and
Copyright © 2019 World Scientific Publishing Company

H23-R) were synthesized with the aim of developing
highly conjugated porphyrin polymers and arrays by
assembling these building blocks together [12, 16].
Based on these tetra-alkynyl meso-substituted precur
sors, we believe that the related meso-tetra-alkynyl
fluorenyl porphyrin (TAFlP), composed of one central
porphyrin substituted at its meso positions by four
alkynylfluorenyl units, could constitute an interesting
platform for designing new dendrimers for theranostics
(Fig. 4). Indeed expanding the p manifold should
increase 2PA and bring about a red shift in emission
J. Porphyrins Phthalocyanines 2019; 23: 189–195
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and absorption. We have therefore synthesized TAFlP
porphyrin as a model compound to study its optical
properties and compare them to those of TFP-Bu taken
as reference. TAFlP porphyrin will also be compared
to known tetraalkynyl porphyrins H21, H22 and H23-R
(R = H, C8H17, OC9H19). This molecular assembly
might (i) possess the remarkable fluorescence yield and
brightness of TFP [1i] precursor and (ii) present a fully
conjugated and extended p manifold which will favor the
2PA and also redshift the 2PA and the emission. As usual
(see Figs 1 and 2) butyl chains will be connected to the
peripheral fluorenyl units (in the 9 position) to improve
the solubility of the compound in organic solvents.

RESULTS AND DISCUSSION
Synthesis and characterization
Two different methods for synthesizing TAFlP were
tested. The first attempt to isolate this molecule was done
via H21 [2a]. As shown in Scheme 1, one equivalent
of the commercial 3-(trimethylsilyl)-2-propynal and
pyrrole were dissolved in distilled CHCl3 under argon.
The reaction was conducted by adapting the reaction
protocol given by Anderson in the literature for H21 [11],
and it allowed the isolation of H21 with a low yield (14%)
[11]. Considering the large quantity of H21 required
for the next step and also the high cost of the starting
material (3-(trimethylsilyl)-2-propynal); this approach
was ultimately not pursued, and a second approach was
tested.
In the second approach, 9,9-dibutyl-fluorenyl-2propiolaldehyde 3 was synthesized first as a precursor
and then assembled to obtain the desired TAFlP under
Lindsey’s conditions (Scheme 2). The intermediate
alkyne 2 was prepared in three steps as described earlier
[1l], giving the precursor 3 by exchange of the terminal
proton and carboxylation [17]. The desired new mesoalkynyl fluorenyl porphyrin TAFlP was finally isolated
albeit with a low yield (3%). This second synthetic
approach (Scheme 2), using for each step well known
reactions and leading to isolation of the precursor 3 in
higher yields than the route first tested, was eventually

selected, in spite of its comparatively low final yield,
mostly for practical and cost-related reasons.
The new compounds were characterized by the usual
methods. The 1H NMR spectra of the known 9,9-dibutylfluorenyl-2-carboxaldehyde and of the new (9,9-dibutylfluorenyl)-2-propiolaldehyde (3) are shown in Fig. 5. We
observe that the aldehyde proton of new compound 3, at
9.46 ppm, is shifted to a higher field (+0.62 ppm) upon
the introduction of the alkynyl function. The multiplets
corresponding to aromatic, as well as n-butyl protons,
present similar shifts for 3 compared to 9,9-dibutylfluorenyl-2-carbaldehyde, but of lower magnitude.
The corresponding meso-alkynyl fluorenyl porphyrin
(TAFlP) was also characterized by 1H NMR. The
partial spectrum is compared to reference TFP-Bu
in CD2Cl2 (Fig. 6). As shown, the singlet at 9.69 ppm,
corresponding to eight b-pyrrolic protons is shifted
to a lower field compared to the corresponding signal
of TFP-Bu at 8.92 ppm. This could be because these
b-pyrrolic protons are further removed from ring currents
field of the aromatic units in the arms. An alternative
explanation is that they experience a smaller ring current
from the porphyrin cycle. The second explanation is also
supported by the fact that the singlet at -1.36 ppm of NH
protons is strongly shifted to a lower field compared to
that at -2.57 ppm for TFP-Bu. Thus it seems that the
combination of the alkynyl bridges and fluorenyl units
also causes a decreased electron density at the porphyrin
ring. On the contrary, the electron density of fluorenyl
arms seems to be partially increased, leading to signals
for aromatic protons (H1–5) at higher fields for TAFlP
than for TFP-Bu.
UV-vis absorption and emission spectra were next
recorded for the new porphyrin (TAFlP) in CH2Cl2
solution (HPLC level) at room temperature. Molecules
with similar structures, such as H21, H22 and H23-R
reported previously (Fig. 3) [9, 11–16] and TPP, TFP-Bu
were chosen as references to analyze the influence of the
triple bond introduction on the optical properties. When
compared to meso-tetra-alkynylporphyrins, the fluorenyl
rings of TAFlP extend the π manifold of the chromophore,
resulting in bathochromic shifts for all absorption bands
compared to H21, H22 and H23-R, but also compared
to TFP-Bu. TAFlP has several characteristic features

Scheme 1. Syntheses of intermediate H21, following Anderson’s work up (Ref. 11)

Copyright © 2019 World Scientific Publishing Company
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Scheme 2. Synthesis of the new 9,9-dibutyl-fluorenyl-2-propiolaldehyde 3 and of meso-alkynyl fluorenyl porphyrin TAFlP

in the UV-vis region (Fig. 7): (i) an intense Soret band
around 479 nm with a shoulder at 486 nm and two redshifted Q bands at 661 and 748 nm, characteristic of the
porphyrin macrocycle, and (ii) an extra absorption due
to alkynylfluorenyl antennae (AFl), around 250–400 nm
(lDendron = 319 nm) which corresponds to a p*←p transition
of the conjugated dendron. This strong absorption,
largely fluorenyl-based, is absent for reference TFP-Bu,
suggesting that the unconjugated meso-fluorenyl groups
of TFP-Bu absorb above 270 nm [1m], whereas those

Copyright © 2019 World Scientific Publishing Company

of the TAFlP conjugate with the porphyrin core appear
strongly red shifted and more intense.
When going from reference TFP-Bu to new porphyrin
TAFlP, a strong red shift (Dl = 53 nm) can be clearly
observed on the normalized absorption spectra for the
porphyrin-based bands due to the alkynyl bridges (Soret
band and Q bands in Fig. 7). It should also be noticed
that generally, free-base porphyrins have four obvious
Q bands, but for TAFlP, only two coalesced Q bands
with a hyperchromic effect are observed in the visible
region. In addition, there is a marked increase in the main
J. Porphyrins Phthalocyanines 2019; 23: 191–195
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Fig. 5. Comparison of complete 1H NMR spectra of 9,9-dibutyl-fluorenyl-2-carbaldehyde and new (9,9-dibutyl-fluorenyl)-2propiolaldehyde (3)

Fig. 6. The partial 1H NMR spectra of new meso-alkynyl fluorenyl porphyrin TAFlP compared to reference TFP-Bu

Copyright © 2019 World Scientific Publishing Company
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Fig. 7. Normalized absorption UV-vis spectra of TAFlP
and reference TFF-Bu in CH2Cl2 (HPLC grade) at room
temperature

Q band absorption (661 nm) relative to that of the B band
(479 nm), and the second Q band (748 nm) appears as
a smaller band on the right side of this main Q band
absorption.
We can notice that the derivative H23-H, which possess
similar ethynylaryl structures to TAFlP, presents similar
spectral profiles and shows only two Q-band absorptions
(Table 1). In contrast, the para-octyl-substituted derivate
of H23-R presents four Q bands but very strongly red
shifted and in this case, this red shift is even larger, going
up to Dl = 79 nm. The porphyrin H22 also presents four
classical Q bands in the visible region [12, 16]. Likewise,
the aryl rings of the tetra-phenylethynylporphyrin (H23H), by extending the porphyrin chromophore, resulting in
a bathochromic shift for the B- and Q-absorption bands
compared to those of porphyrin. Thus, compared to short
tetra-phenylporphyrin (TPP), the B band of porphyrin

193

H21 is red-shifted to 451 nm. Also, replacing the TMS
groups of H21 with aryl groups (H23-R), increases the
B- and Q-band red shifts even further.
The emission spectra of TAFlP and the reference
compound TFP-Bu were measured in CH2Cl2 (HPLC
grade) at room temperature. Upon excitation in their
Soret band, they both exhibit the characteristic porphyrin
emission peaks Q(0,0) (Fig. 8). The lowest energy
Q-band absorption is at 748 nm, while the corresponding
fluorescence band appears at 760 nm. The new tetrafluorenylethynylporphyrin spectra are also characterized
by small Stokes shifts (∼12 nm) but slightly larger
than for TFP-Bu derivatives (∼10 nm) [19] similar
to the shift reported in 1998 for 5,10,15,20 tetraarylethynyIporphyrinato zinc(II) complexes (13 nm)
[18]. The proximity of these two bands indicates that
the nuclear configurations of the ground and excited
states of TAFlP are nearly similar. Whereas reference
TFP-Bu emits a typical red luminescence, with two
Q bands (660 and 724 nm), for new TAFlP only a strong
single band Q(0,0) could be detected in the visible region
with a maximum at 760 nm with a large red shift (Dl =
100 nm) compared to TFP-Bu. This intense Q(0,0)
emission band has a part of its emission located in the
near infrared region (shadowed on Fig. 8). Thus, as
for absorption, the presence of the four ethynyl groups
results in a significant red shift in the fluorescence
peak maxima relative to TPP and TFP-Bu derivatives,
resulting in emissions located partly in the near infra-red
region of the spectrum. The detector of the Edinburgh
FS920 Fluorimeter (Xe900) can only collect the signal at
the maximum wavelength of 900 nm, so for the moment
eventually weaker emission band Q(0,1) could not be
detected and in consequence, the quantum yield of this
new porphyrin TAFlP is calculated but maybe under
evaluated. The fluorescence quantum yields, measured in

Table 1. Photophysical data of new meso-alkynyl fluorenyl
porphyrin TAFlP and reported H21, H22 and H23-R and
Refs TFP-Bu, TPP
Emission/nm

UV-vis absorption/nm
λSoret
419

515, 548, 592, 647

τ/ns

excited at λSoret

λQ bands

TPP

Φfl /%

Q (0,0)

Q (0,1)

TFP-Bu

426

520, 557, 593, 650

TPP

653

721

11

8.6

H21a

451

567, 606, 646, 710

TFP

663

730

24

8.0

H22a

446

517, 563, 602, 647, 708

TFP-Bu

660

724

20

8.2

H23H

463

621, 717

TAFlP

760

—

—

—

H23C8H17

466

599, 642, 673, 737

H23OC9H19

472

600, 653, 744

TAFlP

479 (486)

661, 748

a

a

Data from literature [11–16].
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temperature (298 K). UV-vis absorption spectra were
recorded on a BIO-TEK instrument UVIKON XL
spectrometer or on a Jasco V-570 spectrophotometer.
Steady-state fluorescence measurements were performed
on dilute solutions (ca. 10-6 M, optical density < 0.1)
contained in standard 1 cm quartz cuvettes using an
Edinburgh Instrument (FLS920) spectrometer in photoncounting mode. Fully corrected emission spectra were
obtained for each compound after excitation at the
wavelength of the absorption maximum, with Alex < 0.1
to minimize internal absorption.
Synthesis
Fig. 8. Comparison of emission spectra of TAFlP and reference
TFP-Bu in the visible region, upon excitation in their Soret band

CH2Cl2 for this new porphyrin TAFlP is found to be 24%
albeit similar to TFP (24%), and higher then TFP-Bu
(20%). In agreement with what had already been noted
earlier about fluorescence. Indeed it was proofed that
fluorescence quantum yield values are significantly
higher for the arylethynyl derivatives (ffl > 20%) and
are among the highest values observed for porphyrinic
species [19]. So, these measurements must be repeated
on a fluorimeter allowing detection further in the near IR
range.

EXPERIMENTAL
Materials
Unless otherwise stated, all solvents used in reactions
were distilled using common purification protocols [20],
except DMF and iPr2NH, which were dried on molecular
sieves (3 Å). Compounds were purified by chromatography
on silica gel using different mixtures of eluents as specified.
1
H and 13C NMR spectra were recorded on BRUKER
Ascend 400 and 500 NMR spectrometers at 298 K. The
chemical shifts are referenced to internal tetramethyl
silane. High-resolution mass spectra were recorded on
different spectrometers: a Bruker MicrOTOF-Q II, a
Thermo Fisher Scientific Q-Exactive in ESI positive
mode and a Bruker Ultraflex III MALDI Spectrometer at
CRMPO (centre regional de mesures physiques de l’Ouest)
in Rennes. Reagents were purchased from commercial
suppliers and used as received. Compounds 9,9-dibutyl-7((trimethylsilyl)ethynyl)-fluorene-2-carboxaldehyde and
2-ethynyl-9,9-dibutyl-fluorene (2), were synthesized as
described earlier [1l, 1m].
Spectroscopic measurements
All photophysical properties were performed with
freshly-prepared air-equilibrated solutions at room
Copyright © 2019 World Scientific Publishing Company

9,9-dibutyl-fluorenyl-2-propargylaldehyde (3). In a
Schlenk tube, a mixture of 9,9-dibutyl-2-ethynyl-fluorene
(2) (1.03 g, 3.41 mmol, 1 equiv) was dissolved in dried
THF (10 mL). The reaction medium was degassed by
the freeze-pump-thaw method three times and cooled to
-78 °C in a liquid nitrogen-acetone bath. At -78 °C, n-BuLi
(2.60 mL, 4.09 mmol, 1.2 equiv) was injected dropwise
to the previous mixture over 30 min. Then the system was
kept stirring at -78 °C for more than 3 h. Subsequently
dry DMF (0.53 mL) was injected in the medium and
the reaction was maintained under stirring at -78 °C for
another hour. The reaction was then removed from the
cooling bath and stirred overnight at room temperature.
Finally, saturated NH4Cl (aq.) was injected (for quenching
the reaction). The mixture was extracted with ethyl
acetate/water mixtures. After evaporation of the volatiles,
the residue was purified by silica chromatography using
heptane/CH2Cl2 (5:1) as eluent. The desired compound
9,9-dibutyl-fluorenyl-2-propiolaldehyde (3) was isolated
as a white powder (623 mg, 55% yield). 1H NMR
(400 MHz; CDCl3): dH, ppm 9.44 (s, 1H, HCHO), 7.77–
7.75 (m, 2H, H1,3), 7.64–7.62 (m, 2H, H4,5), 7.41–7.35
(m, 3H, H6,7,8), 2.03–1.99 (m, 4H, Ha), 1.13–1.04 (m,
4H, Hc), 0.67 (t, J = 7.2 Hz, 6H, Hd), 0.60–0.52 (m, 4H,
Hb). 13C{1H}NMR (400 MHz, CD2Cl2, ppm): d = 176.6
(CHO), 151.5, 151.1, 144.6, 139.7, 132.5, 128.5, 127.9,
127.1, 123.1, 120.5, 119.9, 117.2, 96.3, 88.8, 55.2,
39.9, 25.9, 23.0, 13.5. HRMS-ESI for C24H27O: m/z =
331.2060 [M]+ (calcd: 331.20619); for C24H26O: m/z =
330.1990 [M]+ (calcd: 330.19837).
Meso-alkynyl fluorenyl porphyrin (TAFlP). In a
two-neck flask, a mixture of 9,9-dibutyl-fluorenyl-2propiolaldehyde (3) (300 mg, 0.91 mmol, 1 equiv) and
distilled pyrrole (0.06 mL, 0.91 mmol, 1 equiv) were
dissolved in dried chloroform (60 mL) under argon.
After degassing the mixture with argon bubbling for
30 min, BF3 . OEt2 (0.02 mL, 0.16 mmol, 0.25 equiv) was
injected and the reaction was stirred in the dark for 1 h
under argon at -30 °C. Then p-chloranil (315 mg, 1.28
mmol, 0.75 equiv) was added as oxidant, and the reaction
was continued at room temperature. for another hour. At
last, NEt3 (2 mL) was injected, and the reaction medium
was kept stirring for several minutes. After evaporation
J. Porphyrins Phthalocyanines 2019; 23: 194–195
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of the volatiles, purification of the residual solid was
done by silica chromatography using a THF/heptane
(1:10) mixture as eluent. TAFlP was collected as a green
powder (10 mg, 3% yield). 1H NMR (400 MHz; CDCl3):
dH, ppm 9.69 (s, 8H, Hb-pyrrolic), 8.11 (d, 8H, J = 10.5 Hz,
H1,3), 7.96 (d, 4H, J = 7.6 Hz, H4), 7.88–7.85 (m, 4H,
H5), 7.51–7.43 (m, 12H, H6,7,8), 2.30–2.15 (m, 16H, Ha),
1.25–1.17 (m, 16H, Hc), 0.78 (t, 24H, J = 7.3 Hz Hd),
0.75–0.62 (m, 16H, Hb), -1.36 (s, 2H, NH). 13C{1H}NMR
(400 MHz, CD2Cl2, ppm): d = 151.3, 151.2, 142.4, 140.5,
131.1, 127.9, 127.0, 126.1, 123.1, 121.7, 120.1, 103.1,
55.4, 40.3, 29.7, 26.2, 23.2, 13.7. UV-vis (lmax, CH2Cl2,
nm): 319, 479, 661, 748. HRMS-ESI for C112H111N4:
m/z = 1511.8797 [M + H]+ (calcd: 1511.88033).
2.

CONCLUSIONS
3.

We have successfully synthesized and characterized
the new meso-tetra-fluorenylethynylporphyrin derivative
(TAFlP). Linear optical measurements reveal better
conjugation between the porphyrin core and the
peripheral fluorenyl-containing antennae, compared to
the TFP-Bu core. This results from the presence of an
yne linkage at the meso positions which allows more
planar conformations. We now look forward to using
similar central platforms for the design of new families
of dendrimers. We hope that the extended and more
conjugated π manifold, besides providing a desirable redshift for theranostic applications and high fluorescence
for imaging, will also enhance the 2PA of the central core
allowing for more efficient photosensitizers to be made.
For the moment, extensive studies of the NLO properties
of TAFlP are in progress to verify this point.
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ABSTRACT: The axial coordination properties of six zinc tetraarylporphyrins with seven different
nitrogenous bases were examined in CH2Cl2 for derivatives containing four b,b′-fused butano or benzo
groups and the equilibrium constants (logK) determined using spectral titration methods. The examined
compounds are represented as butano(YPh)4PorZn and benzo(YPh)4PorZn, where Por is the porphyrin
dianion and Y is a CH3, H or Cl substituent on the para-position of each meso-phenyl ring of the
macrocycle. The initial four-coordinate butano- and benzoporphyrins will axially bind one nitrogenous
base to form five-coordinate derivatives in CH2Cl2 and this leads to a 4–22 nm red-shift of the Soret and
Q bands. The logK values range from 1.98 to 4.69 for butano(YPh)4PorZn and from 3.42 to 5.36 for
benzo(YPh)4PorZn, with the exact value depending upon the meso and b-substituents of the porphyrin
and the conjugate acid dissociation constants (pKa) of the nitrogenous base.
KEYWORDS: zinc butanoporphyrins, zinc benzoporphyrins, axial coordination reactions, nitrogenous
base, equilibrium constants.

INTRODUCTION
Synthetic zinc porphyrins are one of the most studied
metalloporphyrin derivatives, in part because they
have wide potential applications in the fields of solar
cells [1–5], nanomaterials [6, 7] and supramolecular
chemistry [8–13]. Among the examined compounds
are the zinc tetrabenzoporphyrins which possess an
extended conjugated system [14–19] and have attracted
particular attention due to their unique UV-vis spectral
and electrochemical properties [20–23] as compared to
the non-b,b′-pyrrole fused derivatives.
◊

SPP full member in good standing
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The binding of a nitrogenous base to zinc porphyrins
has been widely used for molecular recognition as
well as for the synthesis of new types of porphyrin
chelation and nanostructures [24–34]. The monomeric
zinc porphyrins can bind only a single axial ligand to
form five-coordinate complexes in nonaqueous media
[35–51] and a number of zinc porphyrins with different
macrocyclic structures have been examined as to their
coordination reactions with different nitrogenous
bases. Numerous equilibrium constants for these ligand
binding reactions were determined by electrochemical
and/or spectral methods [40–43, 45–51]. However, the
axial coordination reactions of zinc tetraarylporphyrins
containing four b,b′-fused butano or benzo groups with
nitrogenous bases have not to date been reported and it
was not known how the butano and benzo groups of the
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porphyrin would affect the axial coordination reactions.
This is addressed in the present work, where six zinc
tetrabutano- and tetrabenzotetraarylporphyrins (Chart 1)
were examined as to their coordination properties with
seven different nitrogenous bases (Chart 2). The examined
porphyrins are represented as butano(YPh)4PorZn and
benzo(YPh)4PorZn, where Por is the porphyrin dianion
and Y is a CH3, H or Cl substituent on the para-position
of each meso-phenyl ring of the macrocycle. The utilized
nitrogenous bases (L) were 3-chloropyridine (3-CP),
3-bromopyridine (3-BP), 3-acetylpyridine (3-AP), pyridine
(Py), 4-picoline (4-Pic), piperidine (Pip) and 2-picoline
(2-Pic). UV-vis spectral changes were monitored during a
titration of the porphyrin in CH2Cl2 with each nitrogenous
base. The equilibrium constants (logK) of the reactions
were determined using standard equations described in
the literature [52] and the relevant complexation reactions
are shown as in Equations 1 and 2. Relationships between
equilibrium constants and the conjugate acid dissociation
constants (pKa) of the utilized nitrogenous base are
examined and the effects of butano and benzo substituents
of the porphyrin on the logK values are discussed, with
comparisons to the zinc porphyrins lacking b,b′-fused
substituents.



butano(YPh)4 PorZn + L 
(1)
 butano(YPh)4 PorZn(L)

197

Chemicals
Absolute dichloromethane (CH2Cl2) and the nitro
genous bases in Chart 2 were purchased from Aldrich or
Sigma-Aldrich and used as received. Zinc tetrabutano- and
tetrabenzotetraarylporphyrins were synthesized according
to a procedure in the literature [53].
Determination of equilibrium constants
A series of CH2Cl2 solutions containing different
concentrations of each nitrogenous base was prepared
and used as a standard titrant. Microliter quantities of
the above standard solutions were added gradually to a
specially constructed UV-vis spectral cell (path length =
1.0 cm) containing the metalloporphyrin in 6.0 ml CH2Cl2.
After each addition, the solution was thoroughly mixed
and the spectrum was recorded. The changes in spectra
were analyzed as a function of the concentration of
added nitrogenous base and the Hill equation was used to
calculate equilibrium constants (logK) as described in the
literature [52, 54]. All UV-vis spectral measurements were
carried out at room temperature (298 K).

RESULTS AND DISCUSSION

log K

log K


benzo(YPh)4 PorZn + L 
 benzo(YPh)4 PorZn(L) (2)

EXPERIMENTAL
Instrumentation
UV-vis spectra were recorded with a Hewlett-Packard
model 8453 diode array spectrophotometer.

(a)

Determination of logK
Spectral titration methods were utilized to characterize
axial coordination reactions of the Zn(II) porphyrin
with each nitrogenous base. Examples of the UV-vis
spectral changes obtained during the titration are shown
in Fig. 1 for titrations of butano(ClPh)4PorZn 1c with
3-bromopyridine (3-BP) and piperidine (Pip) in CH2Cl2.
As the reaction of 1c with 3-BP proceeds (Fig. 1a), the
Soret band red-shifts from 437 to 453 nm and the 565 nm
band decreases in intensity as a new band grows in at
581 nm. Similar spectral changes are seen during the

(b)

Chart 1. Structures of examined zinc tetrabutano- and tetrabenzotetraarylporphyrins
Copyright © 2019 World Scientific Publishing Company
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(a)

Chart 2. Structures of utilized nitrogenous bases

reaction of 1c with Pip as shown in Fig. 1b. The measured
spectral changes were analyzed as a function of the 3-BP
and Pip concentration at each step of the titration, thus
enabling calculation of logK for the axial coordination
reaction using the Hill equation.
For example, a diagnostic analysis plot of the measu
red absorption at 453 nm is shown in the inset of Fig. 1a
where a plot of log[(Ai–Ao)/(Af–Ai)] vs. log[3-BP] is
linear, with a slope of 1.0, indicating that a single base
molecule is added to the four coordinate porphyrin to
give the five-coordinate butano(ClPh)4PorZn(3-BP) as
the final product. An equilibrium constant of logK =
3.09 is then calculated from the zero intercept of this
plot. Similar spectral changes were obtained during the
titration of 1c with piperidine, giving logK = 4.69 for
the formation of butano(ClPh)4PorZn(Pip) in CH2Cl2
(Fig. 1b). Similar changes in the UV-vis spectra were
observed for the other butanoporphyrins (1a and 1b)
when the seven nitrogenous bases were used as titrant
in the CH2Cl2 solution. The calculated logK values are
given in Table 1.
Figure 2 shows examples of the spectral changes
obtained during a titration of benzo(ClPh)4PorZn 2c with
3-AP and 4-Pic. In each case, the final porphyrin products
of the titration are characterized by red-shifted Soret
and Q bands as compared to the spectrum of the initial
porphyrin in CH2Cl2. These types of spectral changes are
typical for formation of five-coordinate Zn(II) porphyrins
in nonaqueous media [41, 45–49, 54]. The slope of the
log[(Ai–Ao)/(Af–Ai)] vs. the log[3-AP] and log[4-Pic]
was 1.0 for both plots, confirming formation of the
five-coordinate porphyrins, benzo(ClPh)4PorZn(3-AP)
with logK = 4.51 and benzo(ClPh)4PorZn(4-Pic) with
logK = 5.19.
It was expected that the final UV-vis spectrum of each
five-coordinate porphyrin should vary with the porphyrin
structure but be independent of the nitrogenous base
used in the titration. This is the case as shown by spectra
in the dashed lines of Fig. 3 for butano(CH3Ph)4PorZn
and Fig. 4 for benzo(CH3Ph)4PorZn. A summary of the
spectral absorption maxima of the five-coordinate deriva
tives, butano(YPh)4PorZn(L) and benzo(YPh)4PorZn(L),
Copyright © 2019 World Scientific Publishing Company

(b)

Fig. 1. UV-vis spectral changes of butano(ClPh)4PorZn 1c during
the titration reactions with (a) 3-bromopyridine and (b) piperidine
in CH2Cl2 (the inset Hill plot used to calculate the number of axial
ligand and logK)

is given in Table 2. As seen in the table, the Soret and
Q bands of the five-coordinate butanoporphyrins are
red-shifted by 12–22 nm as compared to the porphyrins
lacking an axial ligand. A red-shift (4–16 nm) is seen for
absorption maxima of the five-coordinate porphyrins,
benzo(YPh)4PorZn(L) as compared to the starting fourcoordinate derivative, benzo(YPh)4PorZn.
Effect of the pKa on logK
It has long been known that the magnitude of equili
brium constants for the axial coordination reactions of
zinc porphyrins with nitrogenous bases depends upon
their pKa values. Generally, for a given porphyrin, the
order of logK is consistent with that of pKa values,
i.e. the larger the pKa value of the base, the larger the
logK for the ligand binding reaction [49, 50]. Linear
correlations are seen between the logK and pKa values
of the bases used in the current study as shown in Figs 5
and 6 for the currently investigated butanoporphyrins
and benzoporphyrins. Similar relationships have been
reported for zinc tetraphenylporphyrin (Ph)4PorZn [50],
J. Porphyrins Phthalocyanines 2019; 23: 198–205
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Table 1. Equilibrium constants (logK) for the axial coordination reactions between zinc porphyrins and nitrogenous
bases in CH2Cl2
pKaa

Nitrogenous base

(Ph)4PorZn
logK

a

logK (butano(YPh)4PorZn)

logK (benzo(YPh)4PorZn)

cpd-1a

cpd-1b

cpd-1c

cpd-2a

cpd-2b

cpd-2c

3-CP (1)

2.81

3.11

2.46

2.85

2.99

3.81

3.87

3.94

3-BP (2)

2.84

3.14

2.57

2.93

3.09

3.84

3.90

3.96

3-A (3)

3.18

3.31

3.04

3.17

3.22

4.37

4.42

4.51

Py (4)

5.29

3.82

3.28

3.41

3.68

4.52

4.87

5.09

4-Pic (5)

5.98

3.96

3.54

3.73

3.92

4.76

5.00

5.19

5.09

4.43

4.58

4.69

5.13

5.24

5.36

2.36

1.98

2.10

2.29

3.42

3.55

3.74

Pip (6)

11.1

2-Pic (7)

5.96

a

Data taken from Ref. 50.

(a)

(b)

Fig. 2. UV-vis spectral changes of benzo(ClPh)4PorZn 2c obtained during the titration reactions with (a) 3-acetylpyridine and
(b) 4-picoline in CH2Cl2 (the inset the Hill plot used to calculate the number of axial ligands and logK)

(OPP)Zn and (DPP)Zn [49] (where OPP and DPP are the
dianions of 2,3,5,10,12,13,15,20-octaphenylporphyrin
2,3,5,7,8,10,12,13,15,17,18,20-dodecaphenylporphyrin,
respectively). The slope of the logK vs. pKa plots range
from 0.199 to 0.219 for the butanoporphyrins (see Fig. 5)
and from 0.146 to 0.163 for the benzoporphyrins (see
Copyright © 2019 World Scientific Publishing Company

Fig. 6). Both sets of slopes are smaller than the slopes for
TPP (0.236), OPP (0.314) and DPP (0.268) derivatives
[49] under similar solution conditions.
It should be pointed out that the logK values for
reaction of the butano- and benzoporphyrins with
2-picoline (7) are much smaller than that for the
J. Porphyrins Phthalocyanines 2019; 23: 199–205
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Fig. 3. UV-vis spectra of butano(CH3Ph)4PorZn 1a obtained before (solid line) and after (dashed line) addition of nitrogenous bases
in CH2Cl2

Fig. 4. UV-vis spectra of benzo(CH3Ph)4PorZn 2a obtained before (solid line) and after (dashed line) addition of nitrogenous bases
in CH2Cl2
Copyright © 2019 World Scientific Publishing Company
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Table 2. UV-vis spectral data (lmax, nm) of butano(YPh)4PorZn(L) and benzo(YPh)4PorZn(L) (Y = CH3, H or Cl and
L = nitrogenous base) in CH2Cl2
Y

CH3

H

Cl

nitrogenous base (L)

none

butano(YPh)4PorZn(L)
Soret

Q

437

566

DBa

benzo(YPh)4PorZn(L)

DQb

DBa

Soret

Q1

Q2

457

605

650

DQ1b

DQ2b

3-chloropyridine (1)

452

584

15

18

471

613

655

14

8

5

3-bromopyridine (2)

452

582

15

16

471

614

655

14

9

5

3-acetylpyridine (3)

449

582

12

16

471

614

657

14

9

7

pyridine (4)

452

584

15

18

471

612

657

14

7

7

4-picoline (5)

452

585

15

19

471

613

657

14

8

7

piperidine (6)

453

586

16

20

472

614

656

15

9

6

2-picoline (7)

451

583

14

17

470

611

657

13

6

7

none

435

564

455

604

651

3-chloropyridine (1)

450

581

15

17

469

613

655

14

9

4

3-bromopyridine (2)

451

581

16

17

469

613

656

14

9

5

3-acetylpyridine (3)

448

580

13

16

469

613

656

14

9

5

pyridine (4)

450

583

15

19

469

613

657

14

9

6

4-picoline (5)

451

583

16

19

470

613

656

15

9

5

piperidine (6)

452

586

17

22

470

613

656

15

9

5

2-picoline (7)

449

581

14

17

469

612

657

14

8

6

none

437

565

457

604

654

3-chloropyridine (1)

453

581

16

16

471

615

660

14

11

6

3-bromopyridine (2)

453

581

16

16

472

616

660

15

12

6

3-acetylpyridine (3)

450

582

13

17

471

616

660

14

12

6

pyridine (4)

453

582

16

17

472

615

659

15

11

5

4-picoline (5)

453

584

16

19

472

615

660

15

11

6

piperidine (6)

454

587

17

22

472

616

660

15

12

6

2-picoline (7)

451

583

14

18

471

615

660

14

11

6

a

Red-shift (nm) for Soret band of the five-coordinate porphyrin as compared to the none axial ligand compound.
Red-shift (nm) for Q band of the five-coordinate porphyrin as compared to the none axial ligand compound.

b

reaction with 4-picoline (5), even though both bases
have essentially the same pKa values (see Table 1). This
behavior was previously observed for (Ph)4PorZn [50]
and can be attributed to steric hindrance by the methyl
group on the 2-position of the base. The difference
in equilibrium constants (DlogK) between 4-picoline
and 2-picoline was 1.60 for (Ph)4PorZn [50]. Similar
differences of DlogK (1.56~1.63) are seen for the
butanoporphyrins, but a smaller DlogK (1.34~1.45) is
seen for the benzoporphyrins.
Effect of porphyrin substituents on logK
As seen in Table 1, the smallest equilibrium constant
was seen for the meso-CH3Ph substituted compound (1a)
Copyright © 2019 World Scientific Publishing Company

and the largest was seen for the meso-ClPh derivative
(1c) of the butanoporphyrins when a specific nitrogenous
base was utilized as the titrant. It is also the case for
the benzoporphyrins. For example, the logK value for
formation of benzo(CH3Ph)4PorZn(3-CP) is 3.81 but it
is 3.94 for formation of benzo(ClPh)4PorZn(3-CP). This
result indicates that the porphyrins containing electronwithdrawing meso-ClPh substituents favor generation
of the five-coordinate derivatives in CH2Cl2 solutions
containing nitrogenous bases.
Finally, linear relationships are also obtained between
the logK values for ligand binding and the sum of
the Hammett constants (4s) for groups on the mesophenyl groups of the porphyrins. An example is given
in Fig. 7 which illustrates the plots of 4s vs. logK of the
J. Porphyrins Phthalocyanines 2019; 23: 201–205
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Fig. 5. Plots of logK for (a) butano(CH3Ph)4PorZn 1a and
(b) butano(Ph)4PorZn 1b and (c) butano(ClPh)4PorZn 1c vs. pKa
of the nitrogenous bases (1–7) which are identified in Table 1

butanoporphyrins and benzoporphyrins reacting with
piperidine, pyridine and 3-chloropyridine in CH2Cl2. The
slopes of the plots in Fig. 7 range from 0.160 to 0.321
for the butanoporphyrins and from 0.081 to 0.350 for the
benzoporphyrins. Similar plots were earlier constructed for
a series of meso-aryl substituted zinc porphyrins titrated
with pyridine and gave a slope of 0.188 in benzene [42].
From the values of logK in Table 1, one can see
that the b,b′-fused butano and benzo groups of the
porphyrins exert a significant effect on the equilibrium
constants of the porphyrins. The logK values decrease
in the order: benzo(YPh)4PorZn > (YPh)4PorZn >
butano(YPh)4PorZn, when the same nitrogenous base is
used as the titrant in CH2Cl2.
A correlation is also seen between the logK for pyridine
binding and half-wave potentials for the first reduction
and first oxidation of the butano and benzoporphyrins
in pyridine. Linear relationships are observed for both
Copyright © 2019 World Scientific Publishing Company

Fig. 6. Plots of logK for (a) benzo(CH3Ph)4PorZn 2a,
(b) benzo(Ph)4PorZn 2b and (c) benzo(ClPh)4PorZn 2c vs. pKa
of the nitrogenous bases (1–7) which are identified in Table 1

series of porphyrins (Fig. 8). As seen in the figure, much
larger slopes (~0.30) are seen in the plots involving the
butanoporphyrins than in those for the benzoporphyrins
where the slopes are ~0.12, thus, suggesting that pyridine
binding is more sensitive to the reduction and oxidation
of the butanoporphyrins.
Except for the pKa of the base and substituents of the
meso and b-pyrrole positions of the porphyrins, other
factors such as the solvent utilized for the ligand binding
reactions, the charge of the porphyrins and the method of
calculating logK may also have an effect on the measured
binding constants. This is seen by the data in Table 3
where the logK values determined by different methods
for a number of the zinc porphyrins titrated with pyridine
in different solvents are summarized. As seen in the
table, a logK value of 3.58 is determined for (Ph)4PorZn
by a calorimetric method, but logK = 3.72–3.78 values
were determined by spectroscopic methods in the same
J. Porphyrins Phthalocyanines 2019; 23: 202–205
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Table 3. Binding constants (logK) for axial reactions of various
zinc porphyrins with pyridine in different solvents
Porphyrin

Solvent

logK

Method

Ref.

(Ph)4PorZn

benzene

3.72

UV-vis

42

(Ph)4PorZn

benzene

3.78

UV-vis

45

(Ph)4PorZn

benzene

3.58

calorimetry

40

(Ph)4PorZn

CH2Cl2

4.04

UV-vis

49

(Ph)4PorZn

CH2Cl2

3.84

UV-vis

41

(Ph)4PorZn

CH2Cl2

3.82

UV-vis

50

(Ph)4PorZn

CCl4

4.30

calorimetry

40

(Ph)4PorZn

CHCl3

3.61

calorimetry

40

(Ph)4PorZn

Fig. 7. Plots of logK for the coordination reactions of
(a) butano(YPh)4PorZn 1a–1c and (b) benzo(YPh)4PorZn 2a–2c
with 3-chloropyridine, pyridine, piperidine vs. the Hammett
substituent constants (4s), Y = CH3, s = -0.17; Y = H, s = 0.0;
Y = Cl, s = 0.23 [55]

Fig. 8. Plots of pyridine binding constants (logK) vs. half-wave
potentials (E1/2) for the first oxidation and first reduction of
butano(YPh)4PorZn 1a–1c and benzo(YPh)4PorZn 2a–2c in
pyridine (potentials taken from Ref. 53)

benzene solvent. When CH2Cl2 was used as a solvent,
slightly larger logK values (3.82–4.04) were obtained for
(Ph)4PorZn as compared to those determined in benzene
for the same compound.
As compared to the logK of 3.82 [50] for neutral
(Ph)4PorZn, its singly oxidized form [(Ph)4PorZn]+ has
a bigger value of logK (3.98), while its singly reduced
form [(Ph)4PorZn]- has a smaller value of logK (2.06)
Copyright © 2019 World Scientific Publishing Company

cyclohexane 4.40

UV-vis

43

[(Ph)4PorZn]+

CH2Cl2

3.98 Electrochem

50

[(Ph)4PorZn]-

CH2Cl2

2.06 Electrochem

50

(p-CH3OPh)4PorZn

benzene

3.69

UV-vis

42

(p-CH3Ph)4PorZn

benzene

3.72

UV-vis

42

(m-CH3Ph)4PorZn

benzene

3.80

UV-vis

42

(p-FPh)4PorZn

benzene

3.91

UV-vis

42

(m-CH3OPh)4PorZn

benzene

3.84

UV-vis

42

(p-ClPh)4PorZn

benzene

4.04

UV-vis

42

(m-FPh)4PorZn

benzene

4.09

UV-vis

42

(m-ClPh)4PorZn

benzene

4.14

UV-vis

42

(m-BrPh)4PorZn

benzene

4.19

UV-vis

42

(p-tBuPh)4PorZn

CH2Cl2

3.73

UV-vis

46

(p-HOPh)(p-tBuPh)3PorZn

CH2Cl2

3.71

UV-vis

46

cis(p-HOPh)2(p-tBuPh)2PorZn

CH2Cl2

3.69

UV-vis

46

(p-HOPh)3(p-tBuPh)PorZn

CH2Cl2

3.67

UV-vis

46

(p-HOPh)4PorZn

CH2Cl2

3.65

UV-vis

46

butano(CH3Ph)4PorZn

CH2Cl2

3.28

UV-vis

tw

butano(Ph)4PorZn

CH2Cl2

3.41

UV-vis

tw

butano(ClPh)4PorZn

CH2Cl2

3.68

UV-vis

tw

benzo(CH3Ph)4PorZn

CH2Cl2

4.52

UV-vis

tw

benzo(Ph)4PorZn

CH2Cl2

4.87

UV-vis

tw

benzo(ClPh)4PorZn

CH2Cl2

5.09

UV-vis

tw

(OPP)Zn

CH2Cl2

4.15

UV-vis

49

(DPP)Zn

CH2Cl2

4.66

UV-vis

49

Br8(Ph)4PorZn

toluene

4.84

UV-vis

38

[50]. This is consistent with that the porphyrin having a
positive charge being easier to accept a donor, while the
negatively charged porphyrin is harder to accept a donor
to form the five coordinate complex.

CONCLUSION
Zinc tetrabutano and tetrabenzotetraarylporphyrins
can axially bind one nitrogenous base to formation of
J. Porphyrins Phthalocyanines 2019; 23: 203–205
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five-coordinate derivatives, leading to a 4–22 nm red-shift
of the Soret and Q bands in UV-vis spectra of the porphyrin
in CH2Cl2. The equilibrium constants (logK) for the
coordination reactions were determined for each porphy
rin. The logK values follow the order: benzo(YPh)4PorZn >
(YPh)4PorZn > butano(YPh)4PorZn, while the order for the
nitrogenous bases is: 3-chloropyridine < 3-bromopyridine
< 3-acetylpyridine < pyridine < 4-picoline < piperidine.
This is consistent with the order of pKa values for these
nitrogenous bases. The pKa value of 2-picoline is the same
as that of 4-picoline but its logK values are much smaller
than that of 4-picoline due to steric hindrance by methyl
group at the 2-position.
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ABSTRACT: Antibiotic resistance is an increasing healthcare problem worldwide. In the present
study, the effects of antimicrobial photodynamic therapy (APDT) of ZnPc and ZnPc-integrated
TiO2 nanoparticles (ZnPc-TiO2) were investigated against Staphylococcus aureus. A light emitting
diode (LED) (630–700 nm, 17.4 mW/cm2) was used on S. aureus at different light doses (8 J/cm2 for
11 min, 16 J/cm2 for 22 min, 24 J/cm2 for 33 min) in the presence of the compounds under the minimum
inhibitory concentration values. Both compounds showed similar phototoxicity toward S. aureus when
high light doses (16 and 24 J/cm2) were applied. In addition, the success of APDT increased with an
increasing light dose.
KEYWORDS: antimicrobial photodynamic therapy (APDT), phthalocyanine (Pc), TiO2 nanoparticles,
Staphylococcus aureus.

INTRODUCTION
Today, antibiotic-resistant microorganisms are one
of the most important factors in the spread of infectious
diseases around the world. Therefore, the discovery of
new medications and methods to fight against these
pathogens has become important [1]. Antimicrobial
photodynamic therapy (APDT) is a non-invasive method
that demonstrates efficacy against infectious diseases.
The APDT mechanism involves the excitation of a
photosensitizer (PS) with visible light of an appropriate
wavelength. Subsequently, highly reactive and cytotoxic
◊
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singlet oxygen species are produced from the exited
PS. These formed oxygen species cause bacterial cell
destruction through cytotoxic activity [2, 3]. In other
words, the irradiated PS turns into a long-lived excited
triplet state which transfers charge (type I) or energy
(type II) to molecular oxygen or substrate. Reactive
oxygen species (ROS) such as hydroxyl radicals are
directly produced after the triplet-state PS reacts with
oxygen which immediately kills the microorganisms by
oxidative burst [4–9]. Related studies in the literature
show that ROS affects the outer part of the cell wall and the
DNA structures of microorganisms [10]. Moreover, vital
functions of the cells such as lipid peroxidation inhibition
of enzymatic systems and agglutination of proteins are
affected by ROS through various mechanisms [11, 12]. In
addition, this method does not cause antibiotic resistance
conditions on microbial cells, making it desirable for
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clinical use [13–15]. Also, this method can be repeated
frequently, unlike other treatments [16, 17].
The efficacy of APDT for different microorganisms
generally depends on the type, concentration, and charge
of PS and class of microorganisms. Microorganism cell
walls vary in terms of structural architecture, permeability
and binding capacity of the external molecules [18]. For
microorganisms, the outer part of the cell wall acts as a
passage for the PS through the cytoplasmic membrane.
For this reason, APDT is considered to be a more
effective approach in Gram-positive bacteria, where the
outer cell wall is less complex [19]. In contrast, Gramnegative bacteria include peptidoglycan, negativelycharged lipopolysaccharides, lipoproteins, and porin
proteins on the outside of the cell wall. These outer cell
wall structures act as a physical and functional barrier
to penetration [20]. APDT is related to the accumulation
of PS in microbial cells. Especially in Gram-negative
bacteria, the charge of PSs is significantly important in
terms of penetration on the cell wall structure for the
success of APDT.
Studies in the literature have shown that cationic
charges of PSs are more effective [21–23]. In addition,
this accumulation occurs faster in microbial cells and
could selectively bind to these microorganisms while PS
accumulation is slow in normal mammalian cells [24].
Nevertheless, in APDT, PS can be administered locally
to the infectious site. In addition, blood circulation may
be impaired in burned or damaged tissue. If an infection
occurs in such tissues, systemically used antibiotics may
not reach the infection site at an adequate concentration.
Systematic administration of antibiotics to the body by
oral routes enables them to metabolize in microorganisms,
making them effective in the area of infection. However,
antibiotics cannot be used directly without identification
of the microorganism through microbiological tests.
In contrast, APDT can be applied to microorganisms
conveniently without further microbiological and
serological tests [25].
High fluorescence and singlet oxygen quantum yield
of Pcs are main reasons for their use in APDT. It has
been shown that the metal at the center of a Pcs has a
significant impact on the efficiency of APDT. Among the
Pcs containing central metals such as Zn, Cu, and Mg,
Pcs containing zinc showed the best efficiency for APDT
applications [10]. Zinc (II) phthalocyanines (ZnPcs)
have attracted great attention as photosensitizers due to
their strong absorption in the near-infrared region, their
excellent singlet oxygen generating efficiency, their
high photostability, and their low dark toxicity and fast
clearance. Features of ZnPcs such as solubility in water/
lipid and ionization constant [16, 18, 26] are also important
for photoinactivation on the cell. Studies in recent years
indicate that ZnPcs can be functionalized as efficient
PS agents against Gram-positive and Gram-negative
bacteria [27–34]. Also, antimicrobial efficiency of ZnPcs
has been tested as in vivo animal models for clinical
Copyright © 2019 World Scientific Publishing Company
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trials [35, 36]. In our previous studies it is observed that
synthesized ZnPc has highly promising PDT agent for
cancer treatment [23, 35, 37–39]. For this reason, we have
examined APDT efficiency of synthesized ZnPc and
ZnPc-TiO2 in this article. In addition to Pcs impact on
APDT, titanium dioxide (TiO2) nanoparticles have been
used in PDT due to their chemical stability, photocatalytic
potential and optoelectronic properties. TiO2 nanoparticles
(NPs) are widely used under UV irradiation [40]. It is
known that the antimicrobial effect of TiO2 is a result of
photoactivation of the ROS generated [41]. It is also a
non-toxic, biocompatible, low-cost and readily available
material. When induced by UV light, TiO2 nanoparticles
can react with hydroxyl ions or water to form strong
oxidative radicals (e.g. HO2*) [42–44]. It has been shown
that TiO2 nanoparticles can be used successfully in PDT
applications because of these properties. However, the
disadvantage of using sequestered TiO2 nanoparticles in
PDT is their limited penetration [45]. To overcome this
disadvantage, researchers have developed many different
strategies. One of these strategies is to increase visible
light absorption through use of TiO2 nanoparticle in the
PDT [46, 47]. For this reason, it is thought that TiO2
nanoparticles are most effectively used in combination
with the preferred dyes which are photocatalytic in
PDT applications. In this study, we aimed to determine
the in vitro efficacy of ZnPc and ZnPc attached to
TiO2 nanoparticles (ZnPc-TiO2) using light-emitting
diodes (LEDs) in APDT on the selected microorganism
S. aureus.

RESULTS AND DISCUSSION
MIC values of compounds
The minimum inhibitory concentration (MIC) value
is the lowest concentration that inhibits the growth of
visible bacteria. The MIC values were determined as
in our previous study [48]. For this purpose, the MIC
values of ZnPc and ZnPc-TiO2 were determined by
the microdilution method with 12 serial dilutions (1/2)
of high to low concentrations (2048 mg/ml–1 mg/ml) on
S. aureus. As a result, MIC values of ZnPc and ZnPc-TiO2
were determined to be 128 and 512 µg/ml, respectively.
In contrast, it is observed that TiO2 nanoparticles alone
showed no inhibitory effect on the studied bacteria in
the 1–2048 mg/ml concentration limits. Concentrations
of 16, 32 and 64 mg/ml, under the MIC values of the
compounds, were selected for future experiments.
Effect of dark toxicity
Dark toxicity experiments were carried out to
determine the toxic effects of the compounds in
specific concentrations (the highest concentration being
64 mg/ml) and the growth of bacteria without light
irradiation. For this purpose, 64 mg/ml ZnPc and
J. Porphyrins Phthalocyanines 2019; 23: 207–212

1st Reading

208

A. TUNÇEL ET AL.

ZnPc-TiO2 were added to the bacterial suspensions and
left to incubate at 37 °C for 24 h. After the incubation
period, optical density levels of the bacterial suspensions
at 600 nm were measured by spectrophotometry.
According to these results, the compounds did not when
inhibit bacterial growth and had no bactericidal effects
compared to the control group.
Uptake of compounds in S. aureus
The uptake of compounds on S. aureus was accomp
lished by the alkaline lysis method described by Gao
et al. [49]. This procedure resulted in rapid pyrolysis in
bacteria. Firstly, we adjusted concentrations (16 mg/ml,
32 mg/ml, 64 mg/ml) under the MIC values. After the
compounds were incubated with bacteria for 30 min,
their uptakes were determined by fluorescence spectro
photometer measurements. The maximum uptake of
ZnPc and ZnPc-TiO2 in S. aureus was observed on
the highest concentration (64 mg/ml). Therefore, noninhibitory (64 mg/ml) concentrations of each compound
were selected for the further experiments (Fig. 1). Uptake
levels of ZnPc and ZnPc-TiO2 in S. aureus were almost
equal to each other when concentrations of 32 mg/ml
and 16 mg/ml were used. These different concentrations
did not affect the uptake levels. However, when the
highest concentration (64 mg/ml) was used, the uptake
ratio of ZnPc was found to be higher than ZnPc-TiO2.
Our findings are similar to the results of our previous
study [48]. This uptake result can be explained by the
lipophilicity of ZnPc. It is known that the lipophilicity
of Pcs assists them penetrate outer cell walls in bacteria

[38, 50]. We previously demonstrated that ZnPc is more
lipophilic than ZnPc-TiO2 [37].
APDT efficiency
ZnPc and ZnPc-TiO2 were tested in the presence
and absence of light as experimental and control groups,
respectively. The effect of light on the viability of S. aureus
without the addition of ZnPc and ZnPc-TiO2 was
presented as another control group, as shown in Table 1.
It was displayed that neither ZnPc/ZnPc-TiO2 without
light treatment nor the light treatment without compounds
exhibited antibacterial activity in our procedure. Different
light doses were applied on APDT capacities on S.
aureus (Table 1) at a certain concentration (64 mg/ml)
in order to investigate APDT efficacy. Colony-forming
units (CFU) were observed on S. aureus after applying
64 mg/ml ZnPc and ZnPc-TiO2 on different light doses
(8 J/cm2 for 11 min, 16 J/cm2 for 22 min, 24 J/cm2 for
33 min). According to the results, APDT application did
not affect the S. aureus bacterial cell viability at the low
light dose (8 J/cm2). This result can be explained by the
electrostatic attraction between the bacterial cells and
nanoparticle charges, which is a crucial determinant for
APDT efficiency [51]. In addition, Marugán et al. [52]
found that bacteria have a self-protection ability and can
regenerate themselves after being affected by ROS. For
these processes, a certain amount of cumulative ROS
damage is required for the photoinactivation of bacteria.
When the control groups were compared with APDT
groups, the cell viability on S. aureus decreased with
increasing light dose from 8 J/cm2 to 24 J/cm2 in both used.
The uptake values of the Pcs were different. Therefore, in
comparison to ZnPc and ZnPc-TiO2, the uptake value
of ZnPc-TiO2 was lower than ZnPc on S. aureus. On
the other hand, results of the APDT study shows that cell
viability was similar for both compounds on S. aureus.

Table 1. Colony forming unit/ml (CFU/ml) values
of S. aureus after treatment of ZnPc and ZnPc-TiO2
with different light doses
Compounds

Light dose

Light (-)

Light (+)

2

>10

>103

2

>10

100

2

>10

100

2

8 J/cm

>10

>103

16 J/cm2

>103

100

24 J/cm2

>103

100

8 J/cm

>10

3

>103

16 J/cm2

>103

>103

24 J/cm2

>103

>103

8 J/cm
ZnPc
Fig. 1. Dose-dependent cellular uptakes of ZnPc and
ZnPc-TiO2 in S. aureus. Bacteria were incubated for 30 min
with various concentrations (64, 32 and 16 mg/ml) of
ZnPc and ZnPc-TiO2. The samples were washed and
dissolved in lysis buffer I (50 mM glucose, 25 mM TrisHCl, 10 mM EDTA) and lysis buffer II (0.2 M NaOH, 1%
SDS). The samples were incubated and centrifuged, and
the fluorescence of the supernatant was measured on a
fluorescence spectrophotometer. The data was the mean of
three replicates and the standard deviations
Copyright © 2019 World Scientific Publishing Company

16 J/cm

24 J/cm
ZnPc-TiO2

2

Control

CFU/ml
3
3
3
3
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However, cell viability in the presence of ZnPc-TiO2
should be higher than ZnPc due to the low uptake of
ZnPc-TiO2 on S. aureus. In this study, a positive effect
of TiO2 on APDT was observed (Table 1). Cai et al. [53]
suggested that TiO2 nanoparticles (NPs) were effective
due to the oxidative stress in the presence of UV light,
and this caused bactericidal activity on the Gram-positive
and Gram-negative bacteria. On the other hand, Gogniat
et al. [54] showed the that the nanoparticles interacted
with the bacterial cell membrane. And then the cell
membrane oxidation was catalyzed by ROS. Furthermore,
recent reports indicated that after photoactivation, TiO2
nanoparticles cause oxidative stress, and Gram-negative
bacteria can develop resistance against this oxidative stress
[55–57]. It is known that bacterial cells produce natural
antioxidant enzyme metabolites. These metabolites
present in almost every aerobic organism, catalyzing the
breakdown of hydrogen peroxide to protect cells [58]. This
mechanism detoxifies the bacterial cell in the presence of
hydrogen peroxide. These findings in the literature may
be the answer why there is no difference in APDT of
S. aureus with ZnPc and ZnPc-TiO2. Another suggestion
is that ZnPc-TiO2 nanoparticle phototoxicity may be
directly related to the bacterial cell wall configuration
and the peptidoglycan content of the microorganism.
In Gram-positive bacteria, peptidoglycan content in the
cell wall is thicker than in Gram-negative bacteria. Thus,
S. aureus as a Gram-positive bacterium was susceptible
in our results. Nanoparticles are capable of penetrating
bacterial cells and disrupting bacterial cell wall integrity
[59] and thus uptake can be achieved by penetration. In
addition, the outer and plasma membranes in the bacterial
cell selectively allow diffusion of smaller molecules
through the lipid bilayer while preventing diffusion of
macromolecules [60]. In other words, diffusion of the
compound decreases with the increased molecular size.
The both compounds diffuse after penetration through
the cell wall of S. aureus. The diffusion rate of ZnPc is
greater, thus directly affecting uptake. These explanations
support our data when the differences in uptake of the
compounds are evaluated. As a result, all these results
confirm that the cell wall structure is the major factor in
resistance to nanoparticles.

209

ZnPc-TiO2 have APDT potential and might be promising
APDT agents.

MATERIAL AND METHODS
Synthesis of photosensitizers
Zinc (II) 9,10,16,17,23,24-hexa(4´-tert-butylphenoxy)2-[2´-(4´´-carboxyphenyl)ethynyl] phthalocyaninato (2-)N29, N30, N31,N32 ZnPc are shown in Fig. 2 and
ZnPc integrated TiO2 nanoparticles (ZnPc-TiO2) were
synthesized according to the previously reported method
[37, 38]. Both compounds were dissolved in dimethyl
sulfoxide (DMSO) to a final concentration of 64 mg/ml
and were stored in the dark at 4 °C before use. When the
experiment was done, both stock solutions were diluted
and kept in the dark until use.
Bacterial growth condition and determination
of MIC values
Gram-positive bacteria Staphylococcus aureus (ATCC
29213) were used in antibacterial activity tests. The strain
was stored at -80 °C in brain–heart infusion broth (Merck)
including glycerol. The bacterial strain was grown on
Mueller-Hinton agar (MHA) (Merck) at 37 °C for 24 h
of incubation. The minimum inhibitory concentrations
(MICs) of ZnPc and ZnPc-TiO2 against Gram-positive
bacteria were determined by the microdilution method
according to the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) criteria [61]. Fresh
colonies were taken by sterile swabs and suspended in
sterile physiological saline. The cell density of the bacterial

Statistical analysis
Statistical comparisons were evaluated using t-tests,
and p < 0.05 values were considered statistically
significant.

CONCLUSIONS
Uptake of PS in the bacteria is the major factor
influencing effectiveness of the APDT process. In this
study, synthesized ZnPc and ZnPc-TiO2 and their
APDT efficiencies were evaluated. It is observed that
the compounds show photoinactivation against Gram
positive (S. aureus) bacteria. In conclusion, ZnPc and
Copyright © 2019 World Scientific Publishing Company

Fig. 2. Molecular structure of ZnPc
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suspension was adjusted to 0.5 McFarland turbidity
(approximately 2 × 108 CFU/ml) using a densitometer
device (Bioscan, DEN-1), and the suspension was diluted
in the rate of 1/100. The Mueller–Hinton II broth (cation
adjusted) (Merck) was pipetted into the wells of sterile
96-well microplates. Sterility and growth control were
checked on each microplate. After 16–20 h of incubation
at 37 °C, the minimum concentrations that inhibited the
bacterial growth were determined as MIC values.
Uptake of the compounds in bacteria
The alkaline lysis method [49] was used for deter
mining the uptake of ZnPc and ZnPc-TiO2 in bacteria.
The bacteria strains were grown on MHA at 37 °C
for 24 h. Then colonies were taken and suspended in
phosphate-buffered saline (PBS). The optical density of
the bacterial suspensions was adjusted to 0.5 McFarland
using a densitometer device, and the suspensions were
diluted 100-fold. The bacteria were added to the sterile
tubes and incubated with different concentrations (16,
32 and 64 mg/ml). The compounds were held at 37 °C
for 30 min. Then the bacterial suspensions were washed
twice with PBS, re-suspended in lysis buffer I (50 mM
glucose, 25 mM Tris-HCl, 10 Mm EDTA) and incubated
for 2 min at room temperature. Lysis buffer II (0.2 M
NaOH, 1% SDS) was added to the tubes, and the samples
were incubated for 3 min at room temperature. The
samples were centrifuged at 9000 rpm for 10 min, and
the fluorescence of the supernatant was measured on a
fluorescence spectrophotometer (Varioskan, ThermoScientific) (excitation wavelength: 370 nm, emission
wavelength: 500–700 nm).
Dark toxicity studies
The bacteria were grown on MHA at 37 °C for 24 h.
Fresh colonies were taken and suspended in sterile
PBS. The optical density of the bacterial suspensions
was adjusted to 0.5 McFarland using a densitometer
device, and the suspensions were diluted 100-fold. The
bacteria were added to the wells of sterile 96-well micro
plates containing tryptic soy broth (TSB) medium and
64 mg/ml of the compounds. After the incubation at
37 °C in the dark for 24 h, the optical density levels of
the suspensions were measured via spectrophotometer at
600 nm, and the mean values were evaluated.
APDT procedure
The bacterial strains were grown on MHA at 37 °C
for 24 h. Fresh colonies were taken by sterile swabs
and suspended in PBS. The turbidimetric method
was used to measure the optical density (OD). The
bacterial suspensions were adjusted to 0.5 McFarland
(approximately 2 × 108 CFU/ml) and diluted 100-fold.
The bacterial suspensions were incubated in the dark
Copyright © 2019 World Scientific Publishing Company

in the presence of 64 mg/ml (concentrations below the
certain MIC values) of ZnPc and ZnPc-TiO2 at 37 °C
for 30 min for the uptake of the compounds in microbial
cells. In addition, control groups were surrounded with
aluminum foil and incubated for the same period (30 min)
as the APDT groups. As previously reported, bacterial
cells complete for PS, and no effect can be observed
when the number of PS molecules per cell falls under
a certain threshold [16]. For this purpose, in all other
experiments, the ratio of Pc to cell number was controlled
to enable comparison. After the incubation for prevention
comparison, the samples were centrifuged twice for
5 min at 9000 rpm, and the pellets were resuspended with
sterile PBS to remove excess PS. After centrifugation,
1% of SDS solution in 0.1 M NaOH was added to the
pellets. This process prevents that microorganisms from
settling to the bottom. Hence light penetration decrases.
Each trial was repeated three times. Then, the samples
were transferred to the wells of 96-well microplates, and
the samples were irradiated at different light doses.
The bacteria cultures were illuminated by a white-lightemitting diode (LED) light source with a fluence capacity
of 12.6 mW/cm2. The S. aureus samples were exposed to
different light irradiation doses: 8 J/cm2 for 11 min, 16 J/cm2
for 22 min and 24 J/cm2 for 33 min at room temperature.
Temperature rise due to the irradiation process can be
prevented by cooling the test medium in order to avoid its
affecting the experiment [62]. Since no high-temperature
rise was observed, our experiment did not require a cooling
system. Following irradiation, the samples in 96-well
microplates were spread onto the MHA plates, and the
plates were left for overnight incubation at 37 °C. After
the incubation, bacterial colonies were counted and APDT
efficiency of Pcs was evaluated according to viable colony
formation. Each experiment was repeated three times. The
mean and standard deviation values were calculated, and
the results were evaluated.
Statistical analysis
In this study, GraphPad Prism software program was
used for statistical analysis. Each experiment was tested
in triplicate, and the mean values were represented.
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ABSTRACT: Five meso-tetraaryl open-chain pentapyrroles were synthesized and characterized as to
their electrochemistry and protonation reactions in nonaqueous media. The investigated compounds are
represented as (Ar)4PPyH3 where Ar = m,m-F2Ph, p-BrPh, Ph, m,p,m-(OMe)3Ph or p-MePh and were
characterized by UV-vis and 1H NMR spectroscopy, mass spectrometry and electrochemistry. Cyclic
voltammetry was used to measure redox potentials, while protonation involving the conversion of
(Ar)4PPyH3 to [(Ar)4PPyH5]2+ was monitored by UV-vis absorption spectroscopy. Equilibrium constants
for proton addition were calculated using the Hill equation. One of the pentapyrroles was also structurally
characterized. The electrochemical data, protonation constants and crystal structure were then compared
with data for previously examined pentapyrroles and analyzed as a function of the solvent properties and
nature of substituents on the meso-phenyl rings of the macrocycle.
KEYWORDS: open-chain pentapyrrole, synthesis, electrochemistry, protonation reactions, X-ray
analysis.

INTRODUCTION
Open-chain pentapyrroles (or pentapyrrotetrame
thenes) with meso-tetraaryl substituents were first
isolated as a major side product in the synthesis of
corroles, being obtained in high yield (11%, the same as
the target product) [1], and these molecules have since
attracted great attention as synthetic precursors for the
related sapphyrin macrocycles [1–8].
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Our own interest in open-chain pentapyrroles has
involved a characterization of their electrochemistry,
spectroelectrochemistry and acid-base properties in
nonaqueous media, as well as a study of their conversion
to the corresponding sapphyrins [5–8]. The open-chain
pentapyrroles were shown to undergo two reversible oneelectron reductions in CH2Cl2, PhCN or pyridine, with
the E1/2 values for these processes varying only slightly
with the utilized electrochemical solvent [5, 6]. However,
in contrast to the well-defined reductions of open-chain
pentapyrroles, the oxidation behavior of these compounds
was shown to vary as a function of the selected solvent.
Cations and dications of the pentapyrroles could be
generated and characterized prior to sapphyrin formation
in CH2Cl2 or PhCN [5] but this was not the case in
pyridine where deprotonation was proposed to occur after
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the abstraction of one electron in the basic solvent [6].
Additional oxidation processes were also observed in the
cyclic voltammograms of pentapyrroles with sterically
hindered or highly electron-withdrawing groups, and
it was suggested [5, 8] that this might be related to the
products formed in a proton-induced conversion to the
corresponding sapphyrins.
The acid-base properties of several open-chain
pentapyrroles were previously examined in our laboratory
and the equilibrium constants for proton addition to these
compounds were determined utilizing spectroscopic
monitoring of the reaction. Two protons could be easily
added to the open-chain pentapyrroles with the measured
logb2 for this reaction ranging from 8.1 to 11.0 [5, 8].
Two protons could also be abstracted with logb2 values
ranging from 5.1 to 6.4 [6]. Detailed studies of the protoninduced conversion of pentapyrroles to the corresponding
sapphyrins are described in the literature [7, 8].
In the present paper, a new series of open-chain
pentapyrroles containing different meso-aryl groups were
synthesized and characterized as to their spectral and
electrochemical properties in CH2Cl2, PhCN and pyridine
(Py). Their protonation reactions were also investigated.
A single-crystal analysis of one compound is given in the
present study and comparisons are made with an earlier
reported open-chain pentapyrrole structure. The five
newly investigated compounds are shown in Chart 1 and
are represented as (Ar)4PPyH3 where Ar = m,m-F2Ph 1,
p-BrPh 2, Ph 3, m,p,m-(OMe)3Ph 4 or p-MePh 5.

EXPERIMENTAL
Chemicals
All chemicals and solvents were of analytical grade.
Silica gel 60 (70–230 and 230–400 mesh, SigmaAldrich) was used for column chromatography. Absolute
dichloromethane (CH2Cl2, 99.8%) from EMD Chemi
cals Inc. and pyridine (Py, HPLC) from Sigma-Aldrich
Chemical Co. were used for electrochemistry without

further purification. Benzonitrile (PhCN, 99%) was
purchased from Sigma-Aldrich Chemical Co. and
distilled over P2O5 under vacuum prior to use. Tetra-nbutylammonium perchlorate (TBAP) was purchased
from Sigma-Aldrich and used as supporting electrolyte
without further purification.
Instrumentation
1

H NMR spectra were recorded with Bruker AV300,
AV400 or AV500 spectrometers (300, 400 and 500 MHz,
respectively) and CDCl3 was used as a solvent in each case
except when otherwise indicated. Chemical shifts (d) in
the 1H NMR spectra are given in ppm and are relative to
residual CHCl3 (7.26 ppm). MALDI/TOF mass spectra
were recorded on a Bruker Ultraflex Extreme MALDI
Tandem TOF Mass Spectrometer.
Cyclic voltammetry was carried out with an EG&G
model 173 potentiostat/galvanostat with a homemade
cell and a three-electrode system which consisted of a
glassy carbon working electrode (diameter = 3 mm), a
platinum wire counter electrode and a saturated calomel
reference electrode (SCE). The SCE was separated
from the bulk of the solution by a fritted-glass bridge
of low porosity which contained the solvent/supporting
electrolyte mixture.
Calculation of protonation constants
Equilibrium constants for the addition of protons to
the neutral pentapyrroles were determined by monitoring
the spectral changes in CH2Cl2 during titrations of the
compounds with trifluoroacetic acid (TFA) in CH2Cl2.
The acid titration reagents were prepared in CH2Cl2 with
different concentrations of TFA. Ten to one hundred
microliters of reagent were gradually added to a 4.0 mL
stock solution (about 10-5 M) of the investigated compounds
in CH2Cl2 and changes in the UV-vis spectra during the
titration were analyzed as a function of the concentration
of added acid. Equilibrium constants were calculated using
the Hill equation [9].
Synthesis

Chart 1. Structures of investigated compounds 1–5
Copyright © 2019 World Scientific Publishing Company

The investigated open-chain pentapyrroles were
synthesized from the corresponding aryl-aldehyde
(20 mmol, 1 eq.) and pyrrole (40 mmol, 2 eq.) according
to a previously published method [5, 8]. Purification and
characterization details for each compound are described
below.
(m,m-F2Ph)4PPyH3 1 was obtained in 5.3% yield
(114 mg, 0.138 mmol). The crude product was chrom
atographed on basic alumina with CH2Cl2/heptane (1/2,
v/v) to 100% of CH2Cl2 then on silica gel with CH2Cl2/
heptane (1/1, v/v) and on silica gel with toluene/pentane
(1/1, v/v). 1H NMR (500 MHz, CDCl3) d (ppm): 12.60
(s, 3H, NH), 7.00 (m, 4H, Ph), 6.90–6.79 (m, 8H,
Ph), 6.73 (s, 2H, H-pyrrolic), 6.58 (d, J = 4.5 Hz, 2H,
J. Porphyrins Phthalocyanines 2019; 23: 214–222
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H-pyrrolic), 6.52 (m, 2H, H-pyrrolic), 6.44 (m, J = 4.5 Hz,
2H, H-pyrrolic), 6.10 (m, 2H, H-pyrrolic), 6.06 (m, 2H,
H-pyrrolic). MS (MALDI/TOF): m/z 826.02 [M + H]+,
826.22 calcd for C48H28F8N5. HR-MS (MALDI/TOF):
m/z 825.2122 [M]+·, 825.2133 calcd for C48H27F8N5.
(p-BrPh)4PPyH3 2 was obtained in 2.3% yield (112 mg,
0.112 mmol). The crude product was chromatographed
on a short plug of silica gel with dichloromethane as
eluent. The second red fraction containing the desired
open-chain pentapyrrole 2 was passed through a second
plug of silica with a mixture of CH2Cl2/heptane (6/4, v/v)
and recrystallized in a mixture of CH2Cl2 and MeOH.
1
H NMR (300 MHz, CDCl3) d (ppm): 12.68 (br s, 3H,
NH), 7.57 (d, J = 9.0 Hz, 4H, Ph), 7.46 (d, J = 9.0 Hz,
4H, Ph), 7.33 (d, J = 8.5 Hz, 4H, Ph), 7.09 (d, J =
8.5 Hz, 4H, Ph), 6.66 (s, 2H, H-pyrrolic), 6.56 (d, J =
4.5 Hz, 2H, H-pyrrolic), 6.48 (m, 4H, H-pyrrolic), 6.40
(d, J = 5.0 Hz, 2H, H-pyrrolic), 6.02 (d, J = 4.0 Hz, 2H,
H-pyrrolic), 5.96 (d, J = 4.0 Hz, 2H). MS (MALDI/TOF):
m/z 992.87 [M]+·, 992.93 calcd for C48H31Br4N5. HR-MS
(MALDI/TOF): m/z 993.9421 [M + H]+, 993.9386 calcd
for C48H32Br4N5.
(Ph)4PPyH3 3 was obtained in 1.5% yield (53 mg,
0.078 mmol). The crude product was chromatographed
on silica with a mixture of CH2Cl2 and heptane (2/1, v/v).
The second red fraction containing the desired openchain pentapyrrole 3 was passed through a second plug
of silica with a mixture of CH2Cl2/heptane (2/1, v/v)
and recrystallized in a mixture of CH2Cl2 and MeOH. 1H
NMR (400 MHz, CD3COOCD3) d (ppm): 12.91 (br s, 3H,
NH), 7.50 (d, J = 4.5 Hz, 8H, Ph), 7.45–7.35 (m, 8H, Ph),
7.29–7.27 (m, 4H, Ph), 6.68 (s, 2H, H-pyrrolic), 6.61 (s,
2H, H-pyrrolic), 6.56 (d, J = 4.5 Hz, 2H, H-pyrrolic), 6.42
(d, J = 4.5 Hz, 2H, H-pyrrolic), 6.03 (s, 4H, H-pyrrolic).
MS (MALDI/TOF): m/z 682.90 [M+H]+, 682.30 calcd
for C48H35N5.
(m,p,m-(OMe)3Ph)4PPyH3 4 was obtained in 8.8%
yield (460 mg, 0.479 mmol) [4]. The crude product
was chromatographed on a short plug of silica gel with
2% THF in CH2Cl2 as eluent. The second red fraction
was collected and recrystallized in a mixture of THF
and ethanol (1:1) to afford a red/green solid. 1H NMR
(600 MHz, CDCl3) d (ppm): 12.62 (br s, 3H), 6.82 (s,
2H, H-pyrrolic), 6.73 (m, 6H, Ph, H-pyrrolic), 6.63–6.45
(m, 6H, Ph, H-pyrrolic), 6.43 (s, 2H, H-pyrrolic), 6.15
(d, J = 3.7 Hz, 2H, H-pyrrolic), 5.95 (m, 2H, H-pyrrolic),
3.95 (s, 6H, OCH3), 3.90 (m, 18H, OCH3), 3.81 (s, 12H,
OCH3). MS (MALDI/TOF): m/z 1042.37 [M + H]+,
1042.42 calcd for C60H60N5O12.
(p-MePh)4PPyH3 5 was obtained in 3.3% yield
(121.8 mg, 0.166 mmol). The crude product was chromatographed on silica with a mixture of CH2Cl2 and
heptane (4/6, v/v) and 100% of CH2Cl2. 1H NMR
(300 MHz, CDCl3) d (ppm): 12.82 (s, 3H, NH), 7.35 (d,
J = 8.0 Hz, 4H, Ph), 7.23 (d, J = 8.0 Hz, 4H, Ph), 7.12 (m,
8H, Ph), 6.64 (s, 2H, H-pyrrolic), 6.59 (d, J = 4.5 Hz, 2H,
H-pyrrolic), 6.50 (m, 2H, H-pyrrolic), 6.42 (d, J = 4.5 Hz,
Copyright © 2019 World Scientific Publishing Company
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2H, H-pyrrolic), 6.04 (m, 2H, H-pyrrolic), 5.94 (m, 2H,
H-pyrrolic), 2.43 (s, 6H, CH3), 2.39 (s, 6H, CH3). MS
(MALDI/TOF): m/z 738.29 [M+H]+, 738.36 calcd for
C52H44N5. HR-MS (MALDI/TOF): m/z 737.3515 [M]+·,
737.3513 calcd for C52H43N5.
Single crystal X-ray analysis and crystal data
Single clear dark violet plate-shaped crystals of
compound 2 were recrystallized from a mixture of
chloroform and methanol by slow evaporation. A
suitable crystal (0.36 × 0.21 × 0.17) mm3 was selected
and mounted on a MITIGEN holder oil on a Bruker D8
VENTURE (Cu) diffractometer. The crystal was kept
at T = 100 (1) K during data collection. Using Olex2,
[10] the structure was solved with the ShelXT structure
solution program [11] using the Intrinsic Phasing solution
method. The model was refined with version 2016/6 of
ShelXL using Least Squares minimization.
C49H32Br4Cl3N5, Mr = 1116.78, orthorhombic, Pbcn
(No. 60), a = 25.9378 (13) Å, b = 14.7363 (7) Å, c =
23.1798 (11) Å, V = 8859.9 (7) Å3, T = 100 (1) K, Z = 8,
Z′ = 1, m(CuKa) = 6.430, 49093 reflections measured,
7853 unique (Rint = 0.0541) which were used in all
calculations. The final wR2 was 0.0853 (all data) and
R1 was 0.0359 (I > 2s(I)). CCDC-1554869 contains the
supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

RESULTS AND DISCUSSION
Synthesis and characterization
The five open-chain pentapyrroles in Chart 1 were
isolated as side products in the synthesis of structurally
related triarylcorroles according to methods described in
the literature [5, 8]. The newly synthesized compounds
were then fully characterized by 1H NMR spectroscopy,
mass spectrometry (MS MALDI/TOF) and highresolution mass spectrometry (HRMS MALDI/TOF). The
molecular weights of the compounds were determined
by mass spectrometry and show, in each case, a perfect
match with the calculated molar mass. Characteristic
chemical shift data in the 1H NMR spectra also confirmed
the target compounds 1–5 to have the structures shown
in Chart 1.
Absorption spectra of the compounds 1–5 were
measured at a concentration of 10-3 M in CH2Cl2, PhCN
and pyridine containing 0.1 M TBAP (Fig. S11 and
Table S1). Two or three intense bands (e = ~104 cm-1 . M-1)
were present in the Soret region of the spectrum while one
or two broad bands of lower intensity (e = ~103 cm-1 . M-1)
are seen in the visible region.
The above spectroscopic properties are all consistent
with previously reported spectral data for similar
J. Porphyrins Phthalocyanines 2019; 23: 215–222
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compounds [5, 7, 8]. Additional detailed information on
the synthesis and characterization are given in supporting
information (Figs S1–S11) and in the Experimental
section.
Electrochemistry
The electrochemistry of compounds 1–5 was charac
terized by cyclic voltammetry in CH2Cl2, PhCN or
pyridine containing 0.1 M TBAP. Examples of cyclic
voltammograms for compound 4 in those three solvents
containing 0.1 M TBAP are given in Fig. 1 and a summary
of the measured half-wave potentials for reductions and
oxidations in each solvent are given in Table 1.
As shown in Fig. 1, two reversible reductions occur
in each solvent. Two reversible oxidations are also seen
in CH2Cl2 and PhCN, but this is not the case in pyridine
which reacts with the singly oxidized pentapyrrole as
previously described [6]. Regardless of the solvent,
two electrons can be abstracted from the conjugated
p-system of the pentapyrrole under the given solution
conditions.
The separation in E1/2 between the two one-electron
oxidations in CH2Cl2 or PhCN (0.22 V) are smaller than
the separation in pyridine (0.30 V) as seen in Fig. 1.
Moreover, the electrochemical HOMO–LUMO gap
(the potential difference between the first oxidation and
first reduction) decreases upon going from CH2Cl2 to
PhCN and then to pyridine. For example, in the case of
compound 4 (Fig. 1), the electrochemically measured
HOMO–LUMO gap is 1.32 eV in CH2Cl2, 1.25 eV in
PhCN and 1.13 eV in pyridine.

0.57

DE1/2 = Ssr

(1)

Examples of linear free energy relationships for the
pentapyrroles in the three electrochemical solvents are
given in Figs 3, S11 and S12 where the redox potentials
in the plots are listed in Table 1 for the newly investigated
compounds and in Table S1 for previously characterized
pentapyrroles with different meso-phenyl substituents
0.24 V

1.32 V

0.22 V
in CH2Cl2

Cyclic voltammograms for all five pentapyrroles
in each solvent containing 0.1 M TBAP are given in
Figs 2 (in DCM), S12 (in PhCN) and S13 (in pyridine).
As shown in Fig. 2, the redox potentials are negatively
shifted upon going from compound 1 (which has two
electron-withdrawing F atoms on the meso-phenyl rings)
to compound 5, which possesses p-Me electron-donating
groups on the meso-phenyl rings. The HOMO–LUMO
gap in CH2Cl2 averages 1.32 ± 0.04 V while the average
gap in the other two solvents, PhCN and pyridine is 1.24
and 1.09 V, respectively (Table 2).
The measured E1/2 values for each redox reaction of the
open-chain pentapyrroles can be related to the specific
electron-donating or electron-withdrawing substituent on
the four phenyl rings of the compounds by linear free
energy relationships [5, 8]. The relevant correlation is
given in equation 1, where r is the slope of the of E1/2
vs. Ss plot [12] and the values of s are taken from the
literature [12, 13]. The larger the value of r (given in
volts), the larger is the effect of the electron-donating or
electron-withdrawing substituents on the measured halfwave potentials for a given electron transfer reaction, in
this case the two one-electron reductions and two oneelectron oxidations of the pentapyrroles.

-0.97

0.35

-1.21

0.30 V
1.25 V

0.22 V
in PhCN

-0.92

0.33
0.55

1.13 V

0.30 V

in pyridine

-1.22

0.30 V
-0.88

-1.18

(0.25)
0.55
0.41
1.6

1.2

0.8

0.4

0.0
-0.4
Potential (V vs SCE)

-0.8

-1.2

-1.6

-2.0

Fig. 1. Cyclic voltammograms of (m,p,m-(OMe)3Ph)4PPyH3 4 in CH2Cl2, PhCN and pyridine containing 0.1 M TBAP. All current–
voltage curves were obtained on the first potential scan except for the oxidation in pyridine which shows the first (solid line) and
second (dashed line) potential scans
Copyright © 2019 World Scientific Publishing Company
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Table 1. Half-wave potentials (V vs. SCE) of (Ar)4PPyH3 derivatives 1–5 in CH2Cl2, PhCN and pyridine
containing 0.1 M TBAP
Solvent

X (Ar = XPh)

Ssa

Ox2

Ox1

DEox

Red1

Red2

DEred

H-L(eV)b

CH2Cl2

m,m-F2 1

2.72

0.77

0.57

0.20

-0.79

-1.05

0.26

1.36

p-Br 2

0.92

0.72

0.46

0.16

-0.88

-1.12

0.24

1.34

H3

PhCN

pyridine

0.0

0.58

0.33

0.25

-0.98

-1.16

0.18

1.31

m,p,m-(OMe)3 4

-0.12

0.57

0.35

0.22

-0.97

-1.21

0.24

1.32

p-Me 5

-0.68

0.49

0.31

0.18

-0.99

-1.20

0.21

1.30

2.72

0.77

0.56

0.21

-0.69

-0.99

0.30

1.25

p-Br 2

0.92

0.60

0.42

0.18

-0.83

-1.12

0.29

1.25

H3

0.0

0.60

0.35

0.25

-0.89

-1.19

0.30

1.24

m,p,m-(OMe)3 4

-0.12

0.55

0.33

0.22

-0.92

-1.22

0.30

1.25

p-Me 5

-0.68

0.51

0.29

0.22

-0.94

-1.21

0.27

1.23

m,m-F2 1

m,m-F2 1

2.72

0.73

0.42

0.31

-0.70

-1.00

0.30

1.12

p-Br 2

0.92

0.65

0.30

0.35

-0.78

-1.07

0.29

1.08

H3

0.0

0.60

0.24

0.36

-0.85

-1.12

0.27

1.09

-0.12

0.55

0.25

0.30

-0.88

-1.18

0.30

1.13

0.35

-0.90

-1.13

0.23

1.11

m,p,m-(OMe)3 4
p-Me 5

-0.68

0.56

c

0.21

Values of s were taken from Ref. [12]. b The HOMO–LUMO gap (potential difference between the first
oxidation and first reduction). c Half-wave potentials for the first oxidation were obtained from the second scan.
a

Fig. 2. Cyclic voltammograms of open-chain pentapyrroles 1–5 in CH2Cl2 containing 0.1 M TBAP
Copyright © 2019 World Scientific Publishing Company
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Table 2. Average potential differences between the first two oxidations (DEox),
the first two reductions (DEred) and the HOMO–LUMO gaps of compounds 1–5
in various solvents
Solvent

Ave. DEox (V)

DAve. DEred (V)

Ave. HOMO–LUMO gap (V)

CH2Cl2

0.21 ± 0.04

0.23 ± 0.05

1.32 ± 0.04

PhCN

0.22 ± 0.03

0.29 ± 0.03

1.24 ± 0.03

Pyridine

0.33 ± 0.03

0.28 ± 0.03

1.09 ± 0.04

Fig. 3. Plots of half-wave potentials vs. the sum of Hammett substituent constants (Ss) for open-chain pentapyrroles in CH2Cl2
containing 0.1 M TBAP
Table 3. Slopes of plots for E1/2 vs. Ss for the reversible redox
reactions of open-chain pentapyrroles of the type (Ar)4PPyH3
and related free-base meso-aryl porphyrins (Ar)4PorH2 having
similar meso-phenyl substituents
Compound

r (mV)

Solvent
Ox1

Ox2

Red1

Red2

(Ar)4PorH2a

CH2Cl2

65

—

73

64

(Ar)4PPyH3

CH2Cl2

76

67

67

55

PhCN

61

57

65

67

Pyridine

57

50

70

74b

Data for porphyrins were taken from Ref. 14. b The r value was
calculated without (p-MePh)4PPyH3 5.

a

As shown in Table 3, the calculated r values for the
two oxidations of the pentapyrrole are larger in CH2Cl2
(76 and 67 mV) than in PhCN (61 and 57 mV) or pyridine
(57 and 50 mV) and an opposite trend is seen in pyridine,
namely smaller effects of the substituents for oxidation
than for reduction. However, the range of r values in
Table 3 are similar to values observed for numerous
porphyrins and corrole redox reactions of tetraaryl
derivatives [15, 16] and this strongly suggests that there
is not a significant difference in substituent effects
between the electron-donating or electron-withdrawing
groups on the four meso-phenyl rings of the open chain
pentapyrroles and those on the four meso-phenyl rings of
free-base tetraphenylporphyrin.
Protonation reaction

[5, 6, 8]. The values of r which were calculated in each
solvent from E1/2 vs. Ss plots of the type shown in Fig. 3
are summarized in Table 3, which also includes data for
structurally related free-base porphyrins possessing four
substituted meso-phenyl groups [14].
Copyright © 2019 World Scientific Publishing Company

The open-chain pentapyrroles can add two protons in
a single step as written in equation 2.
β

2+
2


(Ar)4PPyH3 + 2H + 
 [(Ar)4 PPyH 5 ] (2)
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Fig. 4. UV-vis spectral changes of (Ph)4PPyH3 3 during the protonation in CH2Cl2 with TFA. The Hill plot for the calculation of
equilibrium constant is shown as inset

Scheme 1. Proposed overall mechanism for proton-induced oxidation reactions of open-chain pentapyrroles

An example of the spectral changes which occur
during protonation of compound 3 is shown in Fig. 4
and the Hill plot used for calculating the equilibrium
constant is given as an inset in the figure. The slope of
the diagnostic plot is 2.0 which confirms a two-proton
addition to the pyrrole nitrogens of this compound and
the presence of well-defined isosbestic points in Figure 4
is consistent with the absence of intermediates during the
conversion of (Ph)4PPyH3 to [(Ph)4PPyH5]2+.
The same types of spectral changes and slopes of 2.0
were seen for all five newly synthesized pentapyrroles
and a summary of the calculated equilibrium constants
for these and previously characterized pentapyrroles is
given in Table 4 where the measured logb2 ranges from
11.0 to 8.2, the exact value depending upon substituents
on the phenyl rings which influences the basicity of the
pyrrole nitrogens. Pentapyrroles with larger Ss values
have smaller logb2 values for the two-proton addition
reaction. That is to say, the electron-withdrawing groups
on the meso-phenyl rings make this protonation easier,
Copyright © 2019 World Scientific Publishing Company

a result which can be explained by the fact that the
electron-withdrawing groups on the meso-phenyl rings
pull electron density from the pyrrole nitrogens, thus
making them less basic.
We anticipated that a linear relationship would exist
between the measured logb2 and the Ss for all of the
pentapyrroles in Table 4 but this was not the case for all
compounds (see Fig. S16), indicating that the basicity
of the pyrrole nitrogens (and the measured logb2 values
for protonation) were affected not only by the electrondonating or withdrawing properties of the meso-phenyl
substituents but also by steric hindrance of these groups
when it occurred [5].
The known proton-induced oxidation reaction to
generate the closed-ring species [7, 8] was also studied for
compounds 1–5. Compounds 1–3 were partially converted
to the closed-ring sapphyrin derivatives, but this was not
the case for compounds 4 and 5 where no such conversion
occurred. The proposed overall mechanism of this protoninduced reaction and side reaction is given in Scheme 1.
J. Porphyrins Phthalocyanines 2019; 23: 219–222
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Table 4. UV-vis spectral data of [(Ar)4PPyH5]2+ and equilibrium
constants (logb2) for protonation reactions of open-chain
pentapyrroles containing different meso-substituents
X (Ar = XPh)

Ssa

m,m-F2 1

2.72

404

529

899

8.5

tw

p-CN

2.64

411

534

918

8.2

[8]

p-CF3

2.16

404

530

919

8.5

[8]

p-CO2Me

1.80

411

536

935

9.1

[8]

p-Br 2

0.92

407

505

894

9.0

tw

o,p-(Cl)2

1.72

403

514

876

8.1

[5]

p-Cl

0.92

404

526

914

9.1

[5]

p-F

0.24

400

524

915

11.0

[5]

H3

0.0

l/nm of
[(Ar)4PPyH5]2+

logb2b Ref.

401

526

930

9.6

tw

m,p,m-(OMe)3 4 -0.12

391

535

944

9.8

tw

p-Me 5

403

488, 524 926

9.9

tw

-0.68

Values of s were taken from Ref. [12]. Values were calculated
from the Hill plots. tw = this work.
a

b

According to previous studies, the meso-aryl
pentapyrroles with electron-withdrawing groups on the
meso-phenyl rings, especially those with steric-hindered
moieties, can easily be oxidized in air after protonation
and they then easily convert to mono-protonated
sapphyrins under facile conditions [7, 8]. However, in
the case of the pentapyrroles with electron-donating
groups on the meso-phenyl rings, no sapphyrins seem to
be generated from the open-chain compounds. Instead,
porphyrin products are obtained after the oxidations [8].
An unexpected phlorin byproduct was detected by Ka
and Lee during oxidation of a conjugated open-chain
pentapyrrole [17] but, if formed, this phlorin could be
easily converted under acidic conditions to a porphyrin
product as observed in our earlier above-mentioned study.

(a)

X-ray crystal structure analysis
A plate-shaped crystal of compound 2 (p-BrPh)4PPyH3
was obtained and a single crystal X-ray diffraction
experiment was carried out; the crystal structures are
given in Fig. 5. As shown in Fig. 5a, the tetrabrominated
molecule adopts a helix form which is maintained by
intramolecular hydrogen bonds (N1–N2 = 2.716 (4) Å,
N1–H…N2 = 123.7°, N3–N4 = 2.747 (4) Å, N3–H…N4 =
123.8°, N5–N4 = 2.793 (4) Å, N5–H...N4 = 123.9°). The
centrosymmetric structure contains both helix form
and right-and-left forms, which are present in the
crystal packing. Some disordered chloroform solvents
(18%/38%/44%) were found in the crystal structure and
some geometric parameters of disordered components
in each group were restrained by using EADP or SADI
restraints. Additional details (X-Ray experimental data
of compound 2 including Tables S3–S9) are given in the
Supporting information and the cif files.
A comparison between the structure of the
pentapyrrole (p-BrPh)4PPyH3 2 described in the
present work and a previously reported structure of
(p-CF3Ph)4PPyH3 [8] is given in Fig. 6. As seen in
the figure, the cores of the two similar pentapyrroles
(e.g. p-BrPh)4PPyH3 2 (in red) and (p-CF3Ph)4PPyH3
(in blue), are almost identical without the aromatic
groups. A superposition of both helicoidal skeletons of
these two molecules gives an RMSD of only 0.24 Å
with a maximum deviation in the two pyrrole alpha
carbon atoms being 0.53 Å, the main difference coming
from the orientation of the aromatic substituents on the
meso-positions of the molecule. This difference is due
to the slight difference in the crystalline stacking and
symmetry. Moreover, as seen in Fig. 6, the distance
between the two a-carbons next to N1 and N5 is larger
in the case of (p-BrPh)4PPyH3 2 (6.22 Å in red) than in
the case of (p-CF3Ph)4PPyH3 (5.67 Å in blue).
Table 5 compares the X-ray structure of compound
2 with structures for three other pentapyrroles earlier

(b)

Fig. 5. (a) ORTEP view of (p-BrPh)4PPyH3 2. Thermal ellipsoids plots are drawn at the 50% probability level. Disordered chloroform
and H-atoms not involved in the H-bond are omitted for clarity. (b) View of centroid angle planes P1–P2–P3

Copyright © 2019 World Scientific Publishing Company
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reported in the literature [8, 18, 19]. The reference code
in this table corresponds to the CCDC code. The torsion
angle between the three planes, as defined in Fig. 5b, helps
to evaluate the rolling-up and the hydrogen bonds. The
number of intramolecular hydrogen bonds differs from
one structure to another but has no obvious effect on the
other structural parameters. The torsion angle between
the P1–P2–P3 planes and the N1–N5 distance seems to
be mainly determined by the nature of substituents at the
b positions of the compound.
The N1–N5 distances, defined by the two nitrogen
atoms located at the two extremities of the pentapyrroles,
vary from 3.450 Å to 4.294 Å, the shortest distance being
measured for the pentapyrrole-bearing methyl groups at
the b-pyrrolic positions and without any aryl substituent
groups at the meso-positions. The molecular configuration
of the pentapyrrole can be tuned by the choice of the
substituents at the meso-positions. By looking at the
alpha-carbons (alpha C–C distances of each pyrrolic ring
at the two extremities of the pentapyrrolic chain), we note
that the CapyrN1–CapyrN5 distances vary from 5.007 A
to 6.219 A, the longest distance being measured in case
of compound 2.

Fig. 6. Superimposition of the X-ray structure of (p-BrPh)4PPyH3
2 (in red) with previously reported structure of pentapyrrole
(p-CF3Ph)4PPyH3 (in blue) [8]

Table 5. Comparisons of four known open-chain pentapyrrole structures
Reference code

Compound 2

Structure

Br

CUPBIZ (a)/(b) [15]
Br

Cl
Cl

N
H

N
H
N

N
H
N

H
N

N
H

Cl
N

N
H
N

Cl

Br

LEHNUK [8]
F3C

Cl
N
H

N

Cl

GATSUP 01 [16]

H
N

Cl

CF3

N
H
N

N
H

N
H
N

N
H
N

Cl
F3C

Br

CF3

X-ray

P1–P2–P3 (°)
N–H...N (Å) &
angle (°)

43.1

47.8/47.5

2.718

123.7

2.361/2.213 123.2/123.2

2.747

123.8

2.211/2.126 120.5/120.8

2.793

123.9

2.256/2.543 123.4/135.9

43.2
2.148

42.0
126.0

2.238

122.2

2.240

121.6

2.364/2.514 126.9/127.1
H bonds

3

4

2

4

N1–N5 (Å)

4.294

3.787/3.781

3.450

3.628

CapyrN1…
  CapyrN5 (Å)

6.219

5.879/5.905

5.007

5.675

meso substituent

p-bromophenyl

o,o′-dichlorophenyl

none

p-trifluoromethylphenyl
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CONCLUSIONS
The aryl substituents on the four meso-positions of
the open-chain pentapyrroles can affect the electron
transfer behavior of these pentapyrrolic species. At the
same time, it will also change the basicity of the central
pyrrole nitrogen. This may result from both the electronic
structure (substituent effects) and the molecular
configuration (steric effects), the latter of which requires
further study in the future.
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ABSTRACT: The generation of singlet oxygen (SO), primarily by using a combination of light
and photosensitizers in the presence of a dissolved gas, finds applications in both chemistry and
medicine. The efficiency of its formation can be enhanced by immobilization of the photosensitizers.
In this work, we have explored the covalent functionalization in suspension of hexahedral slab-like
polysilicon microparticles (mP, with a largest dimension of three microns) with a model photosensitizer,
5-(4-isothiocyanatophenyl)-10,15,20-(triphenyl)porphyrin (ITC-P), and evaluated the singlet oxygen
generation of this photosensitizer in solution and after immobilization (ITC-P-mP) in suspension. The
SO-detection experiment on the functionalized microparticles was performed using a hydrogel as the
matrix supporting the microparticles (to avoid their settling), and revealed that ITC-P-mP in suspension
is capable of generating SO more efficiently than free ITC-P in solution.
KEYWORDS: hybrid material, porphyrin immobilization, monolayer, microparticles in suspension,
photoexcitation, singlet oxygen production, hydrogel.

INTRODUCTION
Hybrid materials obtained by the combination of
micro- and nano-technology are considered as extremely
relevant to science and technology, in particular for
applications in biomedical science, catalysis and waste
treatment [1–3]. Advances in micro- and nano-fabrication
methods have provided new means of fabricating microand nano-devices for drug and gene delivery [4–6], tissue
engineering [7], biosensors [8, 9] and diagnostic systems,
◊

SPP full member in good standing.
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for proteins [8], DNA microarrays [10] and microfluidic
circuits for biochemical sample preparation [11].
The achievement of (bio)chemical functionality
relies on the use of different materials as substrates for
the formation of self-assembled monolayers (SAMs)
[12], with gold [3, 13] and silicon [9, 14] being the most
widely used and studied because of the ease of using
thiol and silane connectors, respectively, to be attached
onto the corresponding surfaces to form well-organized
SAMs and also because the substrates are biocompatible
and chemically stable materials. Some of the most
important challenges concerning SAM usage are to select
a methodology to obtain a well-organized SAM, to find a
simple method to characterize and quantify the monolayer
[15] and, more significantly, to be able to correlate
chemical synthesis, characterization and function of the
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new material. In addition, SAMs have been synthesized
to produce biosensors, super-hydrophilic/hydrophobic
surfaces, charged surfaces or to endow substrates with
several properties [16, 17]. Thus SAMs provide great
potential in surface design of monolayers for bioactive
coating for biomedical devices such as drug delivery and
sensor systems [18–21].
Our interest in these systems stems from their potential
as platforms to perform varying functions, a main one
being the generation of singlet oxygen (SO), for various
reasons: the chemistry of SO plays a key role in many
bio-chemical processes, and it is central to many new
phenomena both in chemistry and biology, generating
applications in many fields ranging from organic synthetic
chemistry [22] to biomedical science [23]. Its generation
is most frequently induced by using a combination of
light and photosensitizers, often with high SO quantum
yields [24, 25]. In particular, porphyrins are effective
photosensitizers that have been increasingly studied
on account of their numerous applications in different
areas such as photochemistry, molecular recognition
[26], sensors [27], molecular machines [28] or in
photodynamic therapy (PDT) [29]. Different vehicles
such as gold nanoparticles [30], silica nanoparticles [31]
and polymeric microparticles [31] containing porphyrins
have been reported for use in PDT. The enhanced
generation of SO from immobilized photosensitizers
has been observed in polymerized zinc porphyrazine
nanospheres [32]. On the other hand, SO generated
from immobilized porphyrins and phthalocyanines can
be used to degrade pollutants [33]. By way of example,
a porphyrin immobilized on silica gel was shown
to degrade metoprolol via reaction with SO through
different kinetics (exponential rather than pseudo first
order for a solution analogue) but to a lesser degree than
the dissolved photosensitizer [34]. When coated onto
nanoparticles, SO generation can be impaired compared
with freely dissolved porphyrins [35], and therefore the
platform and linking are clearly a determining factor in
the properties of the hybrid materials.
In recent years we have worked on (bio)chemical
functionalization of microfabricated silicon-based micro
particles and studied their applications in biology. We
have reported on the adhesion of lectin-functionalized
encoded microparticles to the zona pellucida of embryos
for tagging purposes [8, 9, 14], on the internalization of
silicon oxide microparticles in HeLa cells as intracellular
pH sensors [36], as well as on the interaction of multimaterial microparticles with different types of cell
lines [3]. We have also explored the phototoxicity of
photosensitizer-functionalized iron oxide [37] and gold
nanoparticles [38–40] as potential carriers of use in PDT
[41]. All our previous findings suggest that polysilicon is
an excellent platform to prepare hybrid materials through
its chemical modification because it is robust, easy to
functionalize, biocompatible, and a common material in
the semiconductor industry that allows a wide variety of
Copyright © 2019 World Scientific Publishing Company

designs for the functional devices [42]. For this reason,
in this work we explore the covalent immobilization of
a selected photosensitizer on microfabricated polysilicon
microparticles with the aim of assessing its potential as a
SO generator. The compound 5-(4-isothiocyanatophenyl)10,15,20-(triphenyl)porphyrin (ITC-P) was chosen as
photosensitizer, and a thiourea porphyrin derivative was
also synthesized and envisaged as a solution model of the
immobilization. ITC-P was immobilized on previously
amino-functionalized polysilicon microparticles in
suspension, and characterization of the functionalization
was carried out using fluorescence spectroscopy and
microscopy. The efficiency of the new hybrid material for
generating SO was assessed for the photosensitizer both in
solution and after immobilization on the silicon devices.

RESULTS AND DISCUSSION
Microfabrication of polysilicon microparticles (mP).
The fabrication process of the polysilicon micro
particles (mP) is shown schematically in Fig. 1, and is
based on a method previously described [43]. Briefly, a
four-inch (100) p-type silicon wafer is used as a substrate
(Fig. 1a). Then, a 1 mm thick silicon oxide layer that
acts as a sacrificial layer was deposited onto the silicon
wafer by Plasma Enhanced Chemical Vapor deposition
(Fig. 1b). A 0.5 mm polysilicon layer was deposited by
chemical vapor deposition (Fig. 1c). A photoresist layer
was spun on the wafer followed by a photographic step
(Fig. 1d and 1e). The chips were patterned by polysilicon
dry etching (Fig. 1f). The photoresist was removed by
plasma etching (Fig. 1g) and finally the chips were
released from the wafer by etching the sacrificial silicon
oxide layer in hydrofluoric acid (HF) 50% (Fig. 1h)
and were suspended in ethanol using ultrasound. The
chips were filtered using a 5 µm filter and centrifuged at
14000 rpm for 5 min. More than 150 million devices for
each four-inch wafer were obtained with controlled and
reproducible shapes and dimensions. Figure 1 also shows
optical microscopy images of the mP before (Fig. 1i) and
after release (Fig. 1j) from the wafer.
The dimensions of the free mP are 3 × 3 × 0.5 μm3, as
represented in Fig. 2a, making them easily identifiable
even under an optical microscope. Figure 2b shows a
SEM image of these mP, which were the substrates used
for chemical functionalization in suspension.
Synthesis and characterization of the porphyrin
conjugate TUEE-P
The two porphyrin derivatives used in this work
are shown in Scheme 1. 5-(4-Isothiocyanatophenyl)10,15,20-(triphenyl)porphyrin (ITC-P) is commercially
available and was selected to be immobilized on mP,
whereas its thiourea derivative TUEE-P was chosen as
a model because of its higher solubility and stability in
J. Porphyrins Phthalocyanines 2019; 23: 224–233
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Fig. 1. Polysilicon microparticle (mP) fabrication process. (a) Silicon wafer as a substrate. (b) Silicon oxide (sacrificial layer)
deposition. (c) Polysilicon (device layer) deposition. (d) Photoresist deposition. (e) Photolithographic step. (f) Polysilicon dry etching
(chips patterning). (g) Photoresist removing. (h) Sacrificial etching and chips release. Microscopy top views of the microparticles
(i) before and (j) after release. Scale bar 5 mm

solution. For its synthesis, ITC-P was made to react
with 2-(2-aminoethoxy)ethanol at room temperature
for 2 h to give TUEE-P, as shown in Scheme S1
(Supporting information). The yield of the reaction was
low mainly because of the difficulty of its separation
by column chromatography, but the reaction was not
further optimized. The characterization of the conjugate
TUEE-P can be found in Figs S1–S2.
Immobilization of ITC-P on polysilicon
microparticles (mP)
The self-assembled monolayer (SAM) of ITC-P on
the surface of mP was prepared using covalent bonding
because of its strength and stability. The formation of
SAMs relies on silicon chemistry procedures, based
on the formation of covalent Si−O bonds. The silane
reagent incorporates the desired alkyl chain to assist in
a good packing of the SAM, with a functional group
appropriate for posterior modification and linkage to
the porphyrin ITC-P. In this work, the selected spacer
consisted of an eleven-carbon-atom alkyl chain, and
an amino group was chosen as the terminal group to
form thiourea-type bonds that are stable in biological
conditions. Thus, the immobilization of ITC-P follows a
3-step protocol based on (a) surface activation by piranha
Copyright © 2019 World Scientific Publishing Company

solution followed by basic treatment, (b) reaction with
11-aminoundecyltriethoxysilane (AUTES) in ethanol for
2 h, and (c) reaction of the amino-functionalized surface
with ITC-P in acetone overnight, to finally form ITCP-mP, where the porphyrin is linked to the surface through
a thiourea bond (Scheme 1). The concentration of both
the silane linker and ICT-P may influence the outcome
of the functionalization of ITC-P-mP. The choice of
concentration is based on our previous experience on
the functionalization of similar polysilicon materials [8],
with an excess of reagents being used to promote optimal
coverage of the surface. The main difficulty associated
with functionalization results from the fact that the mP
are in suspension, which requires gentle but continuous
shaking to avoid aggregation or breaking the particles in
order to ensure the uniformity of the functionalization.
Purification by centrifugation is associated with
loss of some mP at each chemical step. For this reason,
the number of particles was counted manually using a
Neubauer chamber, and we estimate that throughout the
functionalization process shown in Scheme 1 the particle
loss was ca. 90%, i.e. a typical sample would start the
process with 1,500,000 mP and by the end of the process
would contain 150,000 ITC-P-mP.
The amount of porphyrin immobilized on ITCP-mP was determined indirectly by UV-vis absorption
J. Porphyrins Phthalocyanines 2019; 23: 225–233
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Fig. 2. Description and characterization of the polysilicon microparticles (mP). (a) Representation showing the lateral dimensions
of one individual mP. (b) Scanning electron microscopy image of the released mP. (c) Brightfield (left) and fluorescence (right)
microscopy images of porphyrin labelled polysilicon hexahedrons (ITC-P-mP). (d) Representation of the cross-sections taken for
the fluorescence intensity analysis and (e) Profile of the fluorescence intensity on one ITC-P-mP. (f) Ideal representation of an
overall porphyrin functionalized ITC-P-mP

spectroscopy after obtaining a calibration curve for
ITC-P in acetone (e = 440,000 M-1 . cm-1), which is
shown in Fig. S3. Thus, surface functionalization was
estimated by calculating the difference between the
initial concentration of ITC-P in the solution used for
the chemical functionalization and the amount remaining
in the supernatant. A calibration curve for TUEE-P in
acetone (e = 342,000 M-1 . cm-1) was also obtained, which
is shown in Fig. S4.
The presence of the porphyrin on ITC-P-mP, indicating
successful immobilization, was assessed by fluorescence
microscopy and spectroscopy. The functionalized microparticles ITC-P-mP show bright fluorescence observed
due to the presence of the porphyrins on their surfaces.
Fluorescence emission spectra of the model TUEE-P
and also ITC-P-mP are shown in Fig. S5. Both spectra
were recorded following excitation at 415 nm in acetone
solution and suspension, respectively, and their comparison
indicates that there is no a significant difference upon
immobilization, since the reduction in the fluorescence
intensity associated to ITC-P-mP is related to the smaller
content of the porphyrin in the sample (0.62 mM) compared
to the free porphyrin TUEE-P in solution (9 mM).
Furthermore the fluorescence microscope images
of ITC-P-mP show homogeneous coverage of the
chromophores on the silicon surface on each particle, as
can be seen in Fig. 2c. To further analyze the homogeneity
of the functionalization, the intensity of the fluorescence
was measured for 20 representative particles after defining
four cross sections, as illustrated in Fig. 2d. Figure 2e
shows the fluorescence intensity profile of one particle
Copyright © 2019 World Scientific Publishing Company

alongside the 4 cross sections with respect to the lateral
dimension of the surface of the particle. The results indicate
homogeneous fluorescence intensity, and no significant
differences were observed between the microparticles
with immobilized porphyrins ITC-P-mP. However, a
striking characteristic is that the perimeter of the flat-lying
objects is clearly brighter than the center of the hexahedral
slabs, indicating, therefore, a higher concentration of
the fluorophore in these regions at this orientation with
respect to the objective. It is believed that the reason for
this effect is that at any point on the surface of the slab, in
principle, one would expect to observe fluorescence from
a maximum of two chromophores, one on the top side of
the particle and the other on the bottom side (assuming the
polysilicon of this thickness to be partially transparent).
On the edges of the particle, however, the whole area can
be functionalized and rather than having two layers of
porphyrins, there are expected to be at least several dozen
(as the edges are 500 nm deep), even allowing for partial
coverage. This fact can be appreciated from the schematic
drawing of the functionalized particle shown in Fig. 2f.
The observed relative intensity of the edge and face areas
varies slightly according to the focal plane, but all the
profiles of fluorescence intensity across the particles show
a predominance of fluorescence at the edges.
Singlet oxygen generation
Singlet oxygen generation was examined using the
acid-functionalized anthracene probe 9,10-anthracenedylbis(methylene)dimalonic acid (ADMA) that has been
J. Porphyrins Phthalocyanines 2019; 23: 226–233
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Scheme 1. Stepwise immobilization of ICT-P on mP to yield porphyrin functionalized ITC-P-mP

employed for this purpose previously with other
chromophores [39]. In the presence of SO, ADMA is
converted into an endoperoxide (see Fig. S6), leading to a
decrease in the fluorescence emission of the molecule due
to photobleaching. The emission decay of ADMA can be
easily followed using fluorescence spectroscopy (Fig. 3).
To study SO production, after a control was irradiated with
only ADMA (Fig. 3a), the photosensitizer was irradiated
in the presence of ADMA with a solar simulator (xenon
lamp with 495 nm filter) as the light source. Initially we
aimed to compare the decay of ITC-P either in acetone
solution or in suspension when immobilized on the
microparticles ITC-P-mP, and the results are shown in
Fig. S7. Fluorescence emission spectra were recorded every
10 min, in the range of 390–550 nm, and the SO production
was determined by the decrease of the emission intensity
Copyright © 2019 World Scientific Publishing Company

of the ADMA. The porphyrin ITC-P shows effective SO
generation upon irradiation using a solar simulator, since it
was observed that after 1 h the decay of the fluorescence
of ADMA in the presence of ITC-P was significant (ca.
50%). There is a short induction period (ca. 10 min), after
which the fluorescence of the anthracene probe molecule
decays steadily. Instead, when the porphyrin-functionalized
microparticles ITC-P-mP were suspended in acetone under
the same conditions as ITC-P with ADMA and light used
to generate SO, a rapid generation of SO was observed by
quenching of the fluorescence of the anthracene derivative
(ca. 20%), but this value held steady after just 10 min. We
interpreted this effect as being a result of possible binding
of the acid group of the ADMA to either the porphyrin base
or more likely to unreacted amine groups on the surface
of the microparticles. However, when the experiment was
J. Porphyrins Phthalocyanines 2019; 23: 227–233
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performed in the presence of a base (NaOH), no difference
was observed (data not shown).
An additional factor that hinders a ready observation
of the generation of SO by the microparticles is that they
settle in non-viscous solutions, i.e. they settle to the bottom
of the cuvette being used for the measurement. This effect
was also seen when the particles were suspended in
water with a solution of the sodium salt of the anthracene
derivative.
Therefore, we sought a medium where the particles
could be immobilized and yet still generate SO that
would diffuse to react with ADMA. We chose a
supramolecular gelator that forms a hydrogel when an

ethanol solution of the small molecule is mixed with
an aqueous solution. In this case, the sodium salt of
ADMA in water was mixed with an ethanol solution of
gelator, and a transparent gel formed with the particles
held in the matrix of nanometer fibers in the colloidal
suspension. A solution in acetone of ITC-P has the
same macroscopic appearance as when ITC-P-mP is
incorporated within the gel (see Fig. S8).
Figure 3 shows the time-dependent decay of the
ADMA emission spectra following irradiation of
ADMA, ITC-P, TUEE-P and ITC-P-mP. Control
samples containing ADMA either in acetone solution
(Fig. 3a) or incorporated in the gel (Fig. 3b) without any

Fig. 3. Fluorescence intensity decay in the emission spectra of ADMA after irradiation: (a) ADMA only in acetone, (b) ADMA only
in gel, (c) ITC-P in acetone solution (9 mM), (d) TUEE-P in acetone solution (9 mM), (e) ITC-P-mP (equivalent to ca. 0.49 mM of
immobilized ITC-P) encapsulated in the supramolecular hydrogel
Copyright © 2019 World Scientific Publishing Company
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porphyrin when irradiated under the same conditions
as described above (see also Experimental Section)
showed a negligible decay in the ADMA fluorescence
emission. This result confirms that SO was produced
by the porphyrin derivatives, alone or loaded in
the mP, upon irradiation, and it also proves that the
chemical integrity of ADMA is maintained both in
solution and in the gel. It was observed that the decay
of the emission of ADMA was high upon irradiation
of acetone solutions of ITC-P (Fig. 3c) and TUEE-P
(Fig. 3d), as well as of ITC-P-mP within the gel
(Fig. 3e). Indeed, irradiation of this sample ITC-P-mP
with the solar simulator caused a very significant
generation of SO, evidenced by the decrease of the
fluorescence of the ADMA. The sample was stable even
in the light beam for several minutes, although because
of opacity arising in the gel, the mixture was heated
and the gel reformed between certain fluorescence
measurements and further irradiation. Therefore the
gel has a role of immobilizing the microparticles, but
at the same time allowing solvent and oxygen to diffuse
through the sample. It is established that gels contain
liquid that can move through the network of fibers
generated by the gelator. Therefore, this kind of system
is a useful one for immobilizing small particles so that
their photoreactivity can be studied.
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A summary of the progressive decay of the ADMA
emission band at l = 430 nm upon irradiation of all
samples is shown in Fig. 4a, indicating the percentage of
the ADMA that had been converted to the endoperoxide.
After 1 h following irradiation of the samples, the levels
of ADMA decay for ITC-P in acetone, TUEE-P in
acetone, and ITC-P-mP in the gel were 48%, 48%, and
65%, respectively, indicating the much faster and more
efficient generation of SO by the porphyrin immobilized
in ITC-P-mP. Further irradiation up to 2 h induces levels
of decay for TUEE-P in acetone and ITC-P-mP in the
gel of 70% and 80%, respectively, indicating that SO
after 1 h is generated at a slower rate for ITC-P-mP. All
the progressive values shown in Fig. 4a are much higher
than those previously reported for similar porphyrins
immobilized in gold nano- or microparticles in aqueous
solutions [38, 44], and they are especially remarkable in
the case of ITC-P-mP, given the fact that the hydrogel
dispersion contains a high content of water.
To be able to compare the SO production of the different
samples, the maximum rate of ADMA photobleaching
was normalized using the corresponding concentration of
the photosensitizer and following Eq. (1).
(% IF431 at t = 0 min) − (% IF431 at t = 60 min)
(1)
60 min × [porphyrin](µ M)

Fig. 4. Generation of singlet oxygen. (a) Progressive decay of the ADMA emission band at l = 430 nm upon irradiation of samples
ADMA only in acetone (purple), ADMA only in gel (green), ITC-P in acetone solution (orange), TUEE-P in acetone solution
(blue), ITC-P-mP encapsulated in the supramolecular hydrogel (red). (b) Percentage rate of ADMA photobleaching of the porphyrin
in solution ITC-P and TUEE-P and functionalized ITC-P-mP calculated based on the concentration of photosensitizer on the
particles
Copyright © 2019 World Scientific Publishing Company
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The calculated % rates of ADMA photobleaching
for the three analyzed samples are shown in Fig. 4b.
ITC-P-mP in the gel (% rate of ADMA photobleaching
of 2.6% FI/(min.mM)) produce SO in a much more
efficient manner than either ITC-P or TUEE-P in
acetone (0.1% FI/(min.mM)), something extremely
significant considering the much lower concentration
of porphyrin needed to quantify the effect. This last
observation also clearly indicates the enhancement in
SO production induced by the immobilization of the
porphyrin onto the microparticles (ITC-P-mP) in an
aqueous environment.
The reaction of the SO with ADMA follows a firstorder decay in the case of the homogeneous solution of
TUEE-P (see Fig. S9a) as a result of the excess of the
reagent. In contrast, the microparticles in the gel follow
second-order kinetics (see Fig. S9b), as has also been
observed in silica gel hybrid systems [34], although in
the present case the conversion and rate of reaction are
far greater.
In conclusion, we have shown that the immobilization
of ITC-P in hexahedral polysilicon microparticles
in suspension proceeds with homogeneous coverage
of the chromophore on the silicon surface on each
particle, ensuring the homogeneity of the suspensions of
functionalized microparticles, as shown by fluorescence
microscopy. The emission properties of the porphyrin
do not seem to be affected upon immobilization, as
indicated by fluorescence spectroscopy. More import
antly, the immobilization of the photosensitizer on
polysilicon microparticles at a micromolar concentration
improves the SO generation with respect to more
concentrated solutions of the parent photosensitizing
agent. The difficulty of measuring SO generation of the
functionalized microparticles ITC-P-mP in suspension
is overcome by incorporating them in a hydrogel that
acts as a framework to immobilize the particles while
enabling diffusion of oxygen and reagent whereby the
photoreaction proceeds extremely effectively, as well
as providing an aqueous environment where the SO is
produced with high efficiency. The enhancement in
SO generation induced by this type of hybrid material
makes it an attractive candidate to be used in different
applications when efficient SO production is required.

EXPERIMENTAL
General methods
Solvents. All solvents were purchased and dried
through prepacked desiccant columns: dichloromethane
(DCM) from Sigma-Aldrich, chloroform, methanol and
ethanol from Fisher, and acetone from VWR.
Commercially available reagents. 2-(2-Aminoethoxy)
ethanol, ammonium hydroxide (20%), 9,10-anthracenedyl-bis(methylene)dimalonic acid (ADMA), hydrogen
Copyright © 2019 World Scientific Publishing Company

peroxide, sodium sulfate anhydrous and sulfuric acid
(96%) were purchased from Sigma-Aldrich. 11-Aminoun
decyltriethoxysilane (AUTES) was purchased from
Alfa Aesar, and 5-(4-isothiocyanatophenyl)-10,15,20(triphenyl)porphyrin (ITC-P) from Porphychem. Water
used in the functionalization experiments was HPLC
grade produced by a Milli-Q plus system from Millipore
(Milli-Q water).
Measurements. Melting points were measured using a
Stuart SMP20 melting point apparatus. 1H NMR spectra
were recorded using a Bruker AV400 (400 MHz) using
CDCl3 as solvent, and the chemical shifts are expressed
in parts per million (ppm) relative to the central peak
of the solvent. IR spectra were recorded using an
ALPHA II Platinum ATR single reflection diamond ATR
module (Bruker). Thin layer chromatography (TLC)
was performed on Merck silica gel plates coated with
a F254 fluorescent indicator. Column chromatography
was carried out on silica gel 60 (Aldrich, technical
grade, 230–400 mesh). UV-vis absorbance spectroscopy
was measured in acetone using a Cary 5000 UV-vis
spectrophotometer (Agilent), using quartz cuvettes
with a 1 cm path length. Brightfield and Fluorescence
images of the particles were acquired using a Nikon
Eclipse Ti-U fluorescence microscope. lEx = 405 nm
lEm = > 620 nm (40 × objective, 1 second excitation).
Fluorescence spectroscopy was measured using a FLS
980 spectrometer (Edinburgh Instruments) equipped
with a front face sample holder and a longpass filter
at 600 nm. The fluorescence emission spectra were
recorded in right angles using quartz cuvettes with a
0.2 cm path length.
Synthesis and characterization
Preparation of TUEE-porphyrin conjugate (TUEEP). A solution of 2-(2-aminoethoxy)ethanol (5 mg,
0.05 mmol) in DCM (2 mL) was added to a solution
of 5-(4-isothiocyanatophenyl)-10,15,20-(triphenyl)porphyrin (ITC-P) (20 mg, 0.03 mmol) in DCM (10 mL),
and the reaction mixture left to stir under argon
atmosphere at room temperature for 2 h. After this
time, the reaction mixture was extracted with water (3 ×
10 mL), the organic phase dried over anhydrous sodium
sulfate, and the solvent evaporated under reduced
pressure. The resulting residue was purified using silica
gel chromatography with chloroform/methanol (90:10)
as the eluent, to give TUEE-P (3.8 mg, 16.3%), mp
209 °C. UV-vis (Acetone): lmax (nm) 415, 512, 544, 599.
1
H NMR (400 MHz, Chloroform-d): d 8.78–8.90 (m, 8H,
pyrrole-H), 8.25–8.17 (d, 2H, J = 7.8 Hz, HAr2’,6’), 8.17–
8.08 (m, 6H, HAr2,6), 7.76–7.63 (m, 9H, HAr3,4,5), 7.57 (d,
2H, J = 7.8 Hz, HAr3’,5’), 3.99 (m, 2H, CH2–OH), 3.81 (t,
2H, CH2–O), 3.70 (m, 2H, CH2–NH), 3.63–3.56 (t, 2H,
CH2–O), -2.85 (s, 2H, pyrrole-NH). IR (solid) nmax 3313,
3051, 3023, 2922, 1700, 1595, 1472, 1441, 1348, 1348,
1123, 1071, 965, 797, 724, 699 cm-1.
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Chemical functionalization of microparticles
(ITC-P-mP)
The polysilicon microparticles (mP) used in this study
were prepared as described elsewhere [43].
Surface activation. Polysilicon microparticles (ca.
1.6 million particles) were treated with piranha solution
(500 mL) H2SO4/H2O2 (7:3) for 1 h and then washed with
milliQ water (3 × 700 mL) using centrifugation (5700
RPM, 15 min). The particles were then treated with a
basic solution (500 mL) H2O/NH4OH/H2O2 (5:1:1) and
then washed with milliQ water (3 × 700 mL) and once
with absolute ethanol (700 mL) using centrifugation after
each step (5700 RPM, 15 min).
Surface functionalization. A 1% solution of
11-aminoundecyltriethoxysilane (AUTES) in absolute
ethanol (500 µL) was added to the particles and
gentle shaking was maintained for 2 h using a vortex.
Subsequently the particles were washed with ethanol
(3 × 700 µL) and once with acetone (700 mL) using
centrifugation (5700 RPM, 15 min).
A solution of ITC-P (10 µg, 0.015 µmol) in acetone
(500 mL) was prepared and the mP immersed in this
solution overnight. The particles were then washed with
acetone (5 × 700 mL) and chloroform (2 × 700 mL) using
centrifugation (5700 RPM, 15 min). The washings were
retained for analysis.
Calculation of amount of ITC-P immobilized on
(ITC-P-mP). A calibration curve for ITC-P in acetone
was obtained (see Fig. S4), consisting of solutions of
ITC-P in acetone with known concentrations (0.3, 1, 2,
3, 4, 5 mM), and the extinction coefficient of the ITC-P in
acetone was calculated. The supernatant from chemical
functionalization of the mP was dried and then dissolved
in acetone (2.5 mL). The absorbance of this solution
at 415 nm was measured using UV-vis absorption
spectroscopy and fitted in the calibration curve of
ITC-P to obtain the concentration in the supernatant.
The amount of immobilized ITC-P on the particles was
calculated by subtracting the amount of porphyrin in the
washings from the initial amount of porphyrin in the
ITC-P solution used for the chemical functionalization.
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Singlet oxygen generation
Singlet oxygen production of ITC-P and TUEE-P
was measured by monitoring the fluorescence decay
of 9,10-anthracenedyl-bis(methylene)dimalonic acid
(ADMA) in acetone solution in the presence of ITC-P
or TUEE-P (9 mM). The molar ratio of ADMA and
porphyrin was kept constant (2.2:1) for each sample.
A 600 mL cuvette containing the sample was irradiated
using a xenon lamp with 495 nm filter at 0.3 sun
(30 mW/cm2) for 2 h and the fluorescence emission spectra
of ADMA were recorded between 390 and 550 nm (λex =
380 nm) at regular intervals using a FLS 980 spectrometer
(Edinburgh Instruments).
For measurement of SO generation from microparticles,
a gelator (a 1,3:2,4-Dibenzylidene-D-sorbitol derivative
[45]) was used to keep the microparticles suspended
throughout the irradiation period. A 15 mM solution of
DBS-derivative (300 µL, 4.5 µmol) in absolute ethanol
was added to a 600 mL cuvette containing 157,000 micro
particles in 172 mL of MilliQ water. To this, 7.5 µL of
ADMA (80 µM) stock solution in 0.3 mM NaOH was
added and the volume made up to 600 mL with 120 µL
absolute ethanol. The sample was then irradiated as
previously described and emission spectra recorded.
To ensure that there was no optical interference of the
gelator with the fluorescence measurements, the gel was
heated until clear before each measurement was taken. A
control for this procedure was obtained in the absence of
particles to ensure no effect of the gelator on fluorescence
measurements.
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Supporting information

Microparticles characterization
Counting mP in suspension. Particles were counted
manually by adding 10 µL of particle suspension to a
Neubauer chamber and counting the particles in each of
the four quadrants. An average of each of the quadrants
was then used to calculate the total number of particles.
Fluorescence analysis. Images of fluorescent particles
acquired using a Nikon Eclipse Ti-U fluorescence
microscope were analyzed using ImageJ software.
Four cross sections of each particle (20 particles) were
analyzed and relative values of the fluorescence were
obtained relative to the intensity of the non-functionalized
background.
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A full list of one Scheme (Scheme S1) and nine
Figures (Fig. S1–S9) are given in the supplementary
material. This material is available free of charge via the
Internet at http://www.worldscinet.com/jpp/jpp.shtml.
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