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A B S T R A C T

The spectral and photophysical properties of two porphyrins, 5-(4-acetamidophenyl)-10,15,20-tris(N-
methylpyridinium-3-yl)porphyrin trichloride (1) and its Zn(II) complex 2 were investigated in different solvents
by absorption, steady-state and time-resolved fluorescence spectroscopy, and laser flash photolysis. The findings
were corroborated by computations at the TD-B3LYP/6-31++G(d,p) level of theory. The absorption spectra of 1
and 2 are the typical for porphyrins and their Zn complexes with the Soret bands at ≈ 420 nm and 430 nm, re-
spectively, and the Q-bands at 515–650 nm, and 560–605 nm. Smaller differences in the absorption spectra com-
pared to the symmetric porphyrins were assigned to more pronounced HOMO and HOMO-1 energy levels split-
ting in the asymmetric molecules. The temperature dependence of the absorption spectra with hypsochromic
shifts suggests the formation of H-aggregates. The emission spectra are situated at 600–700 nm, and the vibronic
resolution of the spectra for 1 depends on the solvent and the excitation wavelength, which was assigned due to
the tautomerism by H-transfer within the porphyrin core. Quantum yields of fluorescence for 1 and 2 in
methanolic solutions are Φf = 0.072 and 0.051, respectively. Although, the steady-state fluorescence spectra do
not indicate that 1 and 2 form aggregates in methanolic and aqueous solutions (at <10-4 M), singlet decays mea-
sured by time-correlated single photon counting for both compounds were fit to multiexponential functions,
which was explained by formation of aggregates in more concentrated solutions. Furthermore, at very high con-
centrations of 1 in CH3OH (>10-4 M), the dynamic formation of aggregates was evidenced by new bathochromi-
cally shifted band in the emission spectrum and the growth kinetics in the time-resolved fluorescence measure-
ment. Triplet excited states of 1 and 2 were probed by laser flash photolysis. The triplets are populated with
quantum yields of intersystem crossing, ΦISC = 0.34 and 0.41, respectively and lifetimes of the triplet excited
states are in millisecond time-scale. Both triplets are quenched by O2 with the rate constants approaching diffu-
sion limits. Quantum yields for the singlet oxygen formation are 0.86 and 0.92 respectively, rendering por-
phyrins 1 and 2 applicable for photodynamic therapy.

1. Introduction

Porphyrins, as one of the most well-known groups of tetrapyrrole
macrocycles, both natural and synthetic ones, continue to be inten-
sively investigated owing to their favorable characteristics, such as spe-
cific optical and redox properties, stability, and possibilities to form
supramolecular assemblies and complexes with metal ions, which allow
for their various applications in biology, medicine, and materials sci-
ence [1–3]. One of the growing areas in which porphyrins are being re-
searched and applied is photodynamic therapy (PDT), especially since
their synthesis and purification methods have developed and improved

[4]. Porphyrins have the potential to be good photosensitizers (PSs) in
PDT because they strongly absorb light in the visible part of the spec-
trum and can undergo efficient intersystem crossing (ISC) to the triplet
excited state, which is responsible for the energy transfer to molecular
oxygen, resulting in singlet oxygen, the main cytotoxic agent required
for PDT [5]. Furthermore, their fluorescence can be used in diagnostic
imaging, thus porphyrins are also interesting as potential theranostic
agents [5]. Detailed spectroscopic analyses of porphyrins, and the col-
lection of information on the effects of the environment on their spec-
tral and physicochemical properties are pivotal for the design of new
PSs and the prediction of their properties, behavior, and activity in bio-
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logical systems [6,7]. This is also necessary for already approved PSs.
For example, the photophysical properties of the well-known and clini-
cally approved PSs, protoporphyrin IX (PPIX), pyropheophorbide-a
(PPa), and Photofrin, have been studied recently under different condi-
tions, such as different solvent, temperature, concentration, and pH [8].

Symmetric and asymmetric meso-substituted porphyrins, many of
which can be obtained by Adler-Longo and Lindsey methods using
monopyrrole, appropriate aldehydes and acid catalyst, are among the
most interesting synthetic porphyrins for PDT research because of their
stability, and modification and functionalization capabilities [4,9]. One
study showed that the larger the number of meso-phenyl substituents in
the porphyrin structure, the shorter the lifetime of the lowest singlet ex-
cited state and the higher the fluorescence quantum yield [10]. ISC
studies of meso-substituted porphyrins by pulse train fluorescence indi-
cated meso-methoxyphenyl groups as those responsible for high triplet
quantum yields, as opposed to substitutions with nitrophenyl groups,
which showed low triplet quantum yields [11]. As an important stan-
dard and reference molecule in photochemistry, meso-
tetraphenylporphyrin (TPP) has been extensively investigated, and
some recent spectroscopic studies have resulted in new insights such as
the dual fluorescence emission due to tautomerism [12]. In fact, re-
ported photophysical parameters for TPP and its zinc(II)-complex sig-
nificantly vary, thus both compounds were recently comprehensively
reviewed [13], showing the importance of reevaluation of data ob-
tained so far, and the need to collect data for new PSs as they are being
developed.

Among meso-substituted porphyrins, cationic ones are particularly
promising as PSs since their electrostatic interactions may be useful for
targeting mitochondria [14,15] in antitumour PDT, but also for com-
bating Gram negative bacteria [16] in antimicrobial PDT. Positive
charges and their distribution have been shown to be important for the
solubility of such porphyrins in aqueous media, but they also affect the
type of cellular uptake, localization in the cell and targeting organelles.
Commonly, tri- and tetracationic porphyrins have been shown to be sol-
uble in water, while for the dicationic ones cis-distribution of charges
seem to be more favorable than trans-, for both water solubility [17]
and easier penetration through membrane [18]. On the other hand, in a
study on Escherichia coli, only tetracationic porphyrin was shown to in-
ternalize as opposed to porphyrins with one, two and three positive
charges that only bind to the membrane of E. coli [16].

Cationic meso-substituted porphyrins are most commonly obtained
by quaternization of the nitrogen atom of amino and pyridyl groups
[19], and the main representative of this group is 5,10,15,20-tetrakis
(N-methylpyridinium-4-yl)porphyrin (TMPyP4), whose spectroscopic
studies, interactions with DNA and singlet oxygen production are very
well described in the literature [20,21]. Derivatives of TMPyP4 were
prepared with alkyl groups of different chain lengths (6, 10, 14, 18 and
22 C-atoms long), introduced instead of methyl groups on the pyridyl
nitrogen. The effect of lipophilicity on antimicrobial activity was stud-
ied, and photophysical properties were evaluated such as fluorescence
decay times and triplet excited state properties. Interestingly, fluores-
cence quantum yields measured in phosphate-buffered saline (PBS)
were very similar for all compounds (Φf = 0.017–0.022), except for a
very low value for C22 (Φf = 0.001), which is assumed to be due to low
solubility [22].

Considerably less literature data is available for meta-isomers of
pyridinium porphyrins such as 5,10,15,20-tetrakis(N-
methylpyridinium-3-yl)porphyrin (TMPyP3), whose spectroscopic
properties were analyzed in comparison to TMPyP4 and the ortho-
isomer by Vergeldt et al. [23]. Also less described in the literature are
asymmetric tricationic porphyrins, such as 5-(4-trifluorophenyl)-
10,15,20-tris(4-N,N,N-trimethylammoniumphenyl)porphyrin triiodide,
whose singlet oxygen yield was reported (Φ

Δ
= 0.42) and PDT activity

against Candida albicans [24].

Our previous studies and design of new PSs were based on the asym-
metric meso-tetraarylporphyrin structure in which the tricationic moi-
ety was obtained by quaternization of three pyrid-3-yl substituents,
while the aniline substituent at the fourth meso-position was used for
conjugation with a long alkyl chain via an amide bond to ensure ade-
quate lipophilicity [25]. Two series of tripyridylporphyrins, one quater-
nized by N-methylation, and the other by N-oxidation, have so far been
evaluated in PDT against several cancer cell lines, and their singlet oxy-
gen production was measured in relation to the 9,10-
dimethylanthracene (DMA) fluorescence quenching [25]. Although N-
methylated porphyrins with a long alkyl chain were the most effective
in PDT, all compounds proved to be good producers of singlet oxygen,
with measured values similar to the one of TMPyP4, however the low-
est value was measured for 5-(4-acetamidophenyl)-10,15,20-tris(N-
methylpyridinium-3-yl)porphyrin trichloride [25]. Therefore, a de-
tailed photophysical study of this PS and its zinc(II) complex presented
herein is important in order to evaluate their PDT potential and to un-
derstand better the impact of further structure modifications.

2. Materials and methods

2.1. General

All synthesis reagents were purchased from Sigma Aldrich (tetra-
butylammonium chloride and zinc chloride) or Alfa Aesar (ammonium
hexafluorophosphate) and used without further modification. Por-
phyrins, tetraphenylporphyrin (TPP) and zinc(II) tetraphenylporphyrin
(Zn-TPP) were purchased from PorphyChem. Zn(II) insertion was mon-
itored using aluminium TLC plates coated with 0.20 mm silica gel 60
with fluorescent indicator from Macherey Nagel. For HPLC analysis,
methanol HPLC grade from VWR Chemicals as solvent A and mili-Q wa-
ter with 0.1% trifluoroacetic acid (TFA) from VWR Chemicals as sol-
vent B were used in gradient analysis. Conditions of the analysis were:
0 min 30% A, 20 min 70% A, 22 min 100% A, 26 min 100% A, 27 min
30% A, 30 min 30% A. Prior to the analysis, samples were dissolved in
methanol and filtered through 0.22 µm (pore size) nylon filters.

NMR analysis was performed at the Laboratory for the NMR spec-
troscopy, Department of Chemistry, Faculty of Science at the University
of Zagreb, using Bruker Avance DPX 600. 1H NMR was measured at
600 MHz, while 13C NMR at 150 MHz, and all samples were dissolved
in methanol‑d4. To investigate the temperature effect on the structure,
1H NMR (400 Hz) spectra were recorded first at 25 °C, then at 5 °C, fol-
lowed by 50 °C, and then again at 25 °C. For these measurements of the
temperature effect, 5-(4-acetamidophenyl)-10, 15, 20-(3-pyridyl)
porphyrin (TPyP3-CH3) prepared previously by our group [25], was
used, dissolved in deuterated chloroform. High-resolution mass spectra
(HRMS) were recorded using MALDI TOF/TOF mass spectrometry in a
positive ion mode at the Laboratory for BioAnalytics, Ruđer Bošković
Institute, Zagreb. Samples were prepared by mixing with α-cyano-4-
hydroxycinnamic acid (CHCA) matrix prior adding to a MALDI plate.

2.2. Synthesis

5-(4-acetamidophenyl)-10, 15, 20-tris(N-methylpyridinium-3-yl)
porphyrin trichloride (1) was synthesized according to the previously
published procedure [25], and the obtained 1H NMR data was in agree-
ment with the previous ones (Fig. S2 in the SI):

1H NMR (CD3OD, 600 MHz): δ/ppm 2.35 (s, 3H, –CH3), 4.81 (s, 9H,
3x N-CH3), 8.04–8.13 (m, 2H, Ar-2,6-H), 8.20 (d, 2H, J = 8.0 Hz, Ar-3,5-
H), 8.59 (t, 3H J = 6.5 Hz, Py-5-H), 9.04 (br s, 8H, β-H), 9.40 (s, 3H, Py-
6-H), 9.47 (d, 3H J = 6.2 Hz, Py-4-H), 9.96 (s, 3H, Py-2-H).

Synthesis of zinc(II) 5-(4-acetamidophenyl)-10, 15, 20-tris(N-
methylpyridinium-3-yl)porphyrin trichloride (2) is a modification of a
method from Ezzedine et al. [26]. Porphyrin 1 (32 mg, 0.038 mmol,
1 eq.) was dissolved in water and pH was adjusted to 11 using 1 M
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sodium hydroxide. ZnCl2 (53 mg, 0.385 mmol, 10 eq.) was added to the
reaction mixture, which was stirred at room temperature for 1 h. The
progress of the reaction was checked using TLC (CH3CN:H2O:KNO3(sat.),8:1:1). A saturated solution of ammonium hexafluorophosphate
(NHPF6) in water was added to the reaction mixture until precipitation.
The precipitate was centrifuged, the supernatant removed, and fresh
H2O was added. The pellet was crashed by vortexing and then sonicated
for 5 min. After centrifuge (5 min, 14 000 rpm) the supernatant was re-
moved and the solid re-suspended in H2O. The crude product was col-
lected by filtration and dried in a desiccator overnight. The next day,
the crude product was re-dissolved in acetone and a saturated solution
of tetrabutylammonium chloride (TBAC) in acetone was added until
precipitation. The same purification procedure was repeated three
times using acetone. After filtration, the collected solid was dissolved in
methanol and precipitated using diethyl ether, for additional purifica-
tion of the product. Porphyrin 2 (Figs. S3–S5 in the SI) was finally col-
lected as a dark brown solid after filtration (31 mg, 90%);

1H NMR (CD3OD, 600 MHz): δ/ppm 2.32 (s, 3H, –CH3), 4.79 (s, 9H,
3x N-CH3), 8.00–8.05 (m, 2H, Ar-2,6-H), 8.16 (d, 2H, J = 8.3 Hz, Ar-3,5-
H), 8.53 (s, 3H, Py-6-H), 8.96 (d, 2H, J = 4.6 Hz, β3,7-H), 9.08–9.11 (m,
6H, β2,8,12,13,17,18-H) 9.31–9.36 (m, 3H, Py-5-H), 9.40 (d, 3H, J = 5.9 Hz,
Py-4-H), 9.88 (s, 3H, Py-2-H); 13C NMR (CD3OD, 151 MHz): δ/ppm 22.7,
111.6, 112.4, 118.1, 123.5, 125.5, 131.2, 131.9, 132.2, 133.7, 134.7,
137.8, 138.7, 143.4, 144.5, 147.4, 148.0, 148.0, 149.6, 150.0, 150.1,
151.5, 170.8; HRMS: Calcd for C46H37N8OZn [M+] 781.2382; Found
781.2407.

2.3. Spectroscopic analyses

For all spectroscopic analyses, porphyrins 1 and 2 were dissolved in
methanol (MeOH), HPLC grade, mili-Q water and 0.05 M sodium phos-
phate buffer (pH = 7.0), while TPP and Zn-TPP were dissolved in spec-
troscopic grade benzene and toluene. All measurements were per-
formed in quartz cuvettes with 1 cm path length. Additionally, for
analysis of the aggregates 0.1 cm quartz cuvettes were used. The
UV–Vis absorption spectra were recorded on a Cary Win 60 from Agi-
lent Technologies in a spectral range between 300 and 700 nm.

For the steady-state and time-resolved fluorescence measurements,
a FS5 Edinburgh Instruments spectrometer was used. Unless otherwise
stated, solutions were purged with N2 for 15 min, prior to the measure-
ments, which were conducted at 25 °C. In the steady-state measure-
ments, the samples were excited at 405 nm and 550 nm, and the emis-
sion was measured in the range between 550 and 800 nm. The fluores-
cence spectra were corrected with respect to the fluctuations of the Xe-
lamp intensity and with respect to the detection optics. The slits were
set to the bandpass corresponding to 2 nm for the excitation and 3 nm
for the emission. The absorbances of the solutions were adjusted to
<0.1 at the excitation wavelengths. For the measurements of fluores-
cence quantum yields, TPP in toluene (Φf = 0.11) [13] was used as a
reference compound (Eq S1 in the SI). For the measurements of more
concentrated solutions (>10-4 M) to probe for the aggregations, slits
were set to 1 nm for the excitation and 2.5 nm for the emission and
these solutions were not purged. Additionally, the effects of degassing
the solution were investigated. To study temperature effect on absorp-
tion and fluorescence spectra, the samples were heated up to 60 °C and
cooled down to 5 °C to analyze the changes before and after the heating
or cooling of the sample.

Fluorescence decays were obtained by time-correlated single photon
counting method (TC-SPC). A pulsed laser at 405 nm was used for the
excitation (pulse duration 60 ps) and the fluorescence signals were
monitored at 660 nm over 1023 channels, with the time increment of ≈
49 ps/channel. The width of the instrument response function at the
half intensity was 0.55 ns, which defined the resolution limits of the
setup used. The decays were collected until they reached 3000 counts in
the peak channel (or until 1000 counts for weekly emitting water and

buffered solutions). A suspension of silica gel in H2O was used as a scat-
tering solution to obtain the instrument response function (IRF). The
histograms were analyzed by a nonlinear least-squares deconvolution
method (Eq. S2 in the SI) using software implemented with the instru-
ment.

Nanosecond laser flash photolysis was used to determine the ISC
quantum yield, kinetics of triplet state depopulation, triplet–triplet ab-
sorption spectra, and quenching rate constants of triplet states of por-
phyrins 1 and 2 by molecular oxygen. The experimental setup consists
of a Nd:YAG laser (Quantel, Q-smart 450, 5 ns pulse duration, 10 Hz)
and a LP980 transient absorption spectrometer (Edinburgh Instru-
ments). The ground state absorbance of the samples was set to 0.2 at the
laser excitation wavelength of 266 nm, 355 nm or 532 nm
(6–15 mJ/cm2). Solutions were purged with high purity N2 or O2 for
20 min before measurements. All measurements were performed at
25 °C in 1 cm quartz cuvettes. The ground state absorption spectra of 1
and 2 were always measured before and after transient absorption spec-
troscopy (TAS) experiments to ensure that no photoproducts were
formed (Fig. S22). For the same reason, and to avoid triplet–triplet an-
nihilation, the laser energy at the excitation wavelength was kept low
(2 mJ).

The singlet depletion method was used to calculate the molar ab-
sorption coefficient for the triplet excited states of 1 and 2 at 450 and
460 nm maxima in MeOH. When using this method, care was taken that
the singlet and triplet excited states do not overlap in absorption at the
monitoring singlet and triplet wavelengths, and the molar absorption
coefficient was calculated then according to the Eq. S3 [27].

The ISC quantum yields of the porphyrins 1 and 2 were determined
by a comparative method according to the Eq. S4 [28].

2.4. Singlet oxygen production

The singlet oxygen (1O2) production was measured by a relative
method using the photodegradation of 1,3-diphenylisobenzofuran
(DPBF) [29,30]. This fluorescent dye reacts with 1O2 to give a non-
fluorescent endoperoxide (via [4 + 2] Diels-Alder reaction) and 1,2-
dibenzoylbenzene (DBB), so the production of 1O2 is proportional to the
decrease in DPBF fluorescence. Stock solutions were prepared in di-
methyl sulfoxide (DMSO) (10 mM) and further diluted in MeOH until
the final concentrations. In a 1 cm quartz cuvette, 1 mL of 10 µM por-
phyrin and 1 mL of 8 µM DPBF were mixed (final concentrations were 5
and 4 µM, respectively). The solutions were irradiated (with orange
light λ = 607 nm, 2 mW/cm2, or red light λ = 647 nm, 10.7 mW/cm2)
for 20 min under constant magnetic stirring, and a decrease in fluores-
cence of DPBF was measured at 451 nm (λex = 420 nm) every 60 s. The
control (DPBF only, with 1 mL of MeOH added instead of the porphyrin
solution) was measured in duplicate, and the measurements with por-
phyrins in triplicate. The results were calculated and presented as a per-
centage (%) of the decrease in DPBF fluorescence (see Eq. S12 and S13
in the SI), and as calculated quantum yield of 1O2 (Φ

Δ
) compared to the

literature value for TMPyP4.

2.5. Computation details

The ground state geometries of porphyrins 1 and 2, TMPyP3 as well
as TPP were optimized at the B3LYP/6-31++G(d,p) level of theory.
Solvent effects were included by CPCM model using methanol as sol-
vent. NoSymm option was used during all optimizations since 1 and 2
are asymmetrically substituted. Vibrational analyses were performed to
verify the true minimum nature (for the optimized structures see Fig. S6
– Fig. S8 and Table S1). The vertical excitation energies and their oscil-
lator strengths for 10 singlet excited states were calculated by means of
the time-dependent functional theory (TD-DFT) [31] using B97XD [32]
functional (Table S2). Selected functionals were successfully used for
the prediction of the trends in measured spectral properties of meso-
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substituted Zn(II) porphyrins with increasing number of phenyl groups
[33]. For a recent review on the performance of different density func-
tionals for calculation of the excitation energies in different molecules
see the reference [34] and references cited therein. All single point cal-
culations of vertical excited energies have been performed by using the
same basis set as previously used in the optimizations of geometries.
Simulation of spectra from the calculated excitation energies and oscil-
lator strengths (Fig. S9) was conducted by simple convolution fit with
Gaussian functions with a half-width of 0.2 eV by using in-house cre-
ated Perl script written by dr. Mario Barbatti during our recent collabo-
ration [35]. Porphyrins 1, 2 and TPP were optimized in the triplet T1state by unrestricted approach using B3LYP functional (Fig. S10) and
vertical excitation energies, and their oscillator strengths for 15
Tn ← T1 transitions (10 transitions in the case of TPP) were calculated,
in the same manner as for Sn ← S0 transitions, using ωB97XD func-
tional. Half-width of 0.25 eV was used for simple convolution fit. The
results are listed in the Table S3 and Fig. S12. The minima on the first
excited potential energy surface for molecules 1, 2 and TPP was
searched at the TD-B3LYP/6-31++G(d,p) level of theory. The opti-
mized excited state geometries are shown in Fig. S13 and energies are
given in Table S5. The DFT and TD-DFT electronic data were obtained
using Gaussian16 program [36], while Molden [37] program was used
for visualization of structures, plotting molecular orbitals and geometry
manipulations.

3. Results and discussion

Porphyrin 1 was prepared by methylation of asymmetric A3B por-
phyrin, TPyP3-CH3, and porphyrin 2 was prepared by zinc insertion
into porphyrin 1 using a modified method from Ezzedine et al. [26]
(Fig. 1). To investigate formation of rotamers for TPyP3-CH3, we per-
formed temperature studies of proton NMR. At room temperature the
signal for Ar-3,5-protons was very broad with three peaks (between
7.85 and 8.05 ppm) and overlapping with the amide NH signal (Fig. S1
in the SI). With temperature changes, the amide proton signal exhibited
a change of the chemical shift or broadened and could not be observed.
The signal for the Ar-3,5-H after cooling to 5 °C became more complex
and much sharper, indicating the mixture of conformers due to re-
stricted rotation around the C-N bond of the amide, while complete
broadening of the same signal after heating to 50 °C clearly pointed out
to faster chemical exchange between conformers. 1H NMR spectrum of
TPyP3-CH3 after cooling back to 25 °C showed that these changes were
reversible (Fig. S1). After N-methylation, these rotamers were more dif-
ficult to detect in the 1H NMR spectrum of porphyrin 1. However, tau-
tomerization of inner NH protons was more pronounced, which could
be observed in the spectrum as the lack of the signal belonging to those
NH protons (due to ring current effect this signal is usually shifted up-
field in the 1H NMR spectra at around −2 ppm), and a very broad signal

for β-protons (Fig. S2). After zinc insertion into porphyrin 1, the signal
for β-protons was no longer broad in the 1H NMR spectrum of porphyrin
2 (Fig. S3), which additionally confirmed the observed tautomerization
in porphyrin 1. Successful zinc insertion was also confirmed by mass
spectrum (Fig. S5).

When talking about 3-pyridylporphyrins, it is worth mentioning the
possible conformers regarding the position of the pyridyl nitrogen.
Tetrapyrrole macrocycle is planar and the pyridyl rings are out of that
plane, thus pyridyl nitrogen can be positioned above or below the
plane. Symmetric unalkylated meso-tetra(3-pyridyl)porphyrin (TPyP3)
in the crystal state has ααββ conformation [38]. However, there was no
evidence of the mixture of atropoisomers for TPyP3 in solution at room
temperature, based on 1H NMR spectra in CDCl3, while at lower temper-
atures conformation could not be assigned [38]. In summary, NMR ex-
periments indicated the existence of tautomers in 1 (with respect to the
pyrrole NH), which in addition to possible conformers (with respect to
the orientation of the pyridinium; see also Fig. S6–S8 in the SI for com-
parison of calculated structures of porphyrins 1, 2, TMPyP3 and TPP)
are expected to affect the spectral and photophysical properties.

3.1. Absorption properties of porphyrins 1 and 2

The absorption spectrum of free-base porphyrin 1 is characteristic
for etio-type porphyrins [39], showing a strong absorption band in the
region between 390 and 450 nm, known as the Soret or B band, and
four Q bands of different intensities in the region between 500 and
700 nm. Porphyrin 1 has the Soret band around 420 nm and four Q
bands between 515 and 645 nm (Fig. 2. left, Table 1). The Soret band
can be assigned to the excitation from the porphyrin ground state to
two singlet excited states the S3 and the S4 with high oscillator strengths
(for example, calculated oscillator strengths for molecule 1 in methanol
is 2.320 and 2.293 for the S3 and the S4, respectively). The calculated
vertical excitation energies (Eexc(S3) = 428 nm and
Eexc(S4) = 432 nm) are in excellent agreement with experiment (B
band maxima in MeOH at 422 nm). Q bands are associated to weak ab-
sorption from the ground state to the first and second excited states the
S1 and the S2. The corresponding calculated oscillator strengths are
0.011 and 0.015, respectively. It should be noted that all four lowest en-
ergy excited states exhibit strong configuration interaction (each state
has two leading configurations with almost equal weights) the typical
for porphyrins, what is well-known as 4 orbital/4 state Gouterman
model [40]. Furthermore, it is well-known that the position of the ab-
sorption maxima and their intensities depend on the substituents at the
meso or β-position of the porphyrin core, as well as on the solvents [39].
For example, Lopes et al. recently investigated the impact of different
groups (4-pyridyl, 2-thienyl and pentafluorophenyl) at the meso-
positions of three symmetric porphyrins and they showed that these
meso-substituents affect the vibronic progression [41]. A question

Fig. 1. Structures of porphyrins 1 and 2 used in this study, and their precursor TPyP3-CH3.
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Fig. 2. Comparison of the absorption spectra of porphyrin 1 (left) and porphyrin 2 (right) measured in MeOH, H2O and 0.05 M phosphate buffer (sodium phosphate,
pH 7.0).

Table 1
Absorption properties of porphyrins 1 and 2.
Porphyrin 1 λmax /nm (ε × 103 /M−1cm−1)

Soret (B) Qy(1,0) Qy(0,0) Qx(1,0) Qx(0,0)

MeOH 422 (267.11) 515
(17.66)

551
(6.15)

587
(6.04)

645
(1.53)

H2O 419 (281.81) 517
(15.72)

553
(4.10)

582
(6.16)

636
(1.32)

phosphate buffer,
0.05 M

419 (262.51) 517
(14.27)

553
(4.04)

581
(5.65)

637
(1.21)

Calc (MeOH) (S3) 432; (S4)428
(S2) 563 (S1) 616

Porphyrin 2 λmax /nm (ε × 103 /M−1cm−1)

Soret (B) Q(1,0) Q(0,0)

MeOH 432 (203.30) 560 (15.26) 602 (2.54)
H2O 431 (223.17) 560 (14.09) 600 (2.62)
phosphate buffer, 0.05 M 430 (213.05) 565 (13.48) 606 (2.34)
Calc (MeOH) (S3) 423; (S4) 423 (S2) 569

arises whether the similar effects may be expected in the case of por-
phyrins studied herein.

The absorption spectra of porphyrin 1 (Fig. 2. left) are similar to
those of symmetric TMPyP3. It can be noted that all Q bands for 1 have
small red shifts (1–7 nm) compared to those of TMPyP3 [23]. This find-
ing indicates that the substitution of one pyridinium by p-
acetamidophenyl substituent slightly perturbs electronic excitations
populating excited states. The HOMO orbital involved in the excitations
is partially delocalized on the substituents, both pyridinium and ac-
etamidophenyl rings. However, the delocalization is more pronounced
for the acetamidophenyl ring. Since the energy of HOMO-1 orbital is
not affected by the substitution due to localization only on the por-
phyrin ring, overall effect is an increase of HOMO/HOMO-1 splitting
(see Fig. 3). On the contrary, in symmetric porphyrins (such as TPP and
TMPyP3, Fig. 3) the splitting is much smaller.

Absorption spectra of zinc(II) complex 2 measured in three different
solvents are shown in Fig. 2 (right). The Soret band is red shifted for ca.
10 nm with respect to free-base porphyrin 1. The band also exhibits
hypochromic effect (Fig. 2 right, Table 1). Symmetrization of the por-
phyrin core upon complexation leads to a disappearance of two bands
in the Q region of spectra. Both changes are expected and are typical for
meso-substituted porphyrins such as Zn-TPP [33]. Disappearance of
peaks in the Q band can be easily rationalized by calculations, which
show that the first S1 and the second S2 excited states have degenerate
energies (Table S2, entries 11 and 12). However, theoretical prediction
for changes upon complexation in the Soret band is in opposite direc-
tion with respect to the experiment, which demonstrates that the mod-
eling of such fine shifts in porphyrin molecules is still very challenging
problem for TD-DFT methods.

Fig. 3. Energies of HOMO, HOMO-1, LUMO and LUMO + 1 molecular orbitals
of 1, 2, TPP and TMPyP3 at the wB97XD/6-31++G(d,p)//B3LYP/6–31++G
(d,p) CPCM(MeOH) level of theory.

Comparison of the absorption spectra of 2 with those of zinc(II)
complex of TMPyP3 can be made for water solution since Zn-TMPyP3
spectrum was reported in water only [42]. Porphyrin 2 exhibits
hypochromic effects in the spectra with a small bathochromic shift for
the Soret (4 nm) and the Q(1,0) band (4 nm) and larger bathochromic
shift for the Q(0,0) band (8 nm).

Solvation effects on absorption properties of porphyrins 1 and 2
were investigated in three different solvents, MeOH, water and 0.05 M
phosphate buffer. The absorption spectra of porphyrin 1 in water and
phosphate buffer are similar, whereas the spectrum of 1 recorded in
MeOH (Fig. 2, left, Table 1) exhibits hypsochromic shift of the Soret
band (2 nm) and Qy(1,0) band (4 nm), and pronounced hyperchromic
effects on the bands corresponding to Qy(1,0) and Qy(0,0). On the con-
trary, in the absorption spectra of 2, a bathochromic shift of the Soret
band (2 nm) for the spectrum in MeOH (compared to water and buffer)
was observed, with similar hyperchromic effects on the Q bands (Fig. 2,
right, Table 1).

It is generally well-known that porphyrins are prone to aggregation
in the ground and in the excited state [43,44]. To investigate the aggre-
gation properties, porphyrin 1 was dissolved in MeOH at concentration
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>10 µM and the solution was heated to 50 °C and then cooled back to
room temperature (25 °C). Upon cooling, a small blue shift was ob-
served that suggested formation of H-aggregates (Fig. S14). In addition,
absorption spectra of 1 in CH3OH at different concentrations are shown
in Fig. S16. However, we did not observe characteristic new bands that
would indicate the formation of H- or J-aggregates. Note that aggrega-
tion of porphyrins has been intensively investigated, and for tetra-ionic
porphyrins usually initiated by addition of surfactants [45–47]. Within
the scope of this study we aimed to probe if porphyrins 1 and 2 form ag-
gregates in solutions, without addition of surfactants as they are not
present in cells and in real systems for PDT.

3.2. Steady-state and time-resolved fluorescence analysis

Fluorescence spectra of porphyrins 1 and 2 were recorded in MeOH,
water, and phosphate buffer. In the fluorescence spectra of porphyrin 1
in MeOH, upon excitation in the Soret band (λex = 405 nm), the vi-
bronic structure is better resolved than in the spectra recorded in water
or buffer (Fig. S18), with distinct maxima at 651 and 716 nm, and a
shoulder at ≈ 610 nm. Upon excitation in the Qy(0,0) band at 550 nm,
the spectra change with the increased intensity of the bands at 610 and
650 nm (Fig. S19), corresponding to the Qx(0,0) and Qx(1,0). Such dual
fluorescence dependent on the excitation wavelength has been reported
for TPP and TPyP4, and ascribed to the tautomers formed by intramol-
ecular proton transfer in the porphyrin ring [12]. Similar changes de-
pendent on the excitation wavelength, albeit less pronounced, can be
seen for porphyrin 1 in the other two solvents.

Fluorescence spectra of 2, regardless of the excitation wavelength
and the solvent, are characterized by the presence of two distinct bands
at 615 and 663 nm, and a shoulder at ≈ 720 nm, observed in the
buffered more concentrated solution or in MeOH at lower concentra-
tions (Fig. S20). Such a bathochromically shifted band that is observed
at lower concentration of fluorophore is not likely associated to the for-
mation of aggregates. The tentative assignment of the emission at ≈
720 nm for 2 is the change of coordination around Zn with solvent com-
peting for the octagonal coordination sphere. Namely, the band at
720 nm in the emission spectra of Zn-porphyrins has been documented
in cases when complexation with pyridine nitrogen took place [48].
Nevertheless, the lack of dual emission for 2 (Fig. S19) upon excitation
in the Q bands agrees with the assignment of this dual emission in the
case of 1 to tautomers formed by NH proton transfer within the por-
phyrin.

Minima on the first excited state potential energy surface (PES) were
located for porphyrin 1, 2 and TPP using TD-B3LYP/6-31+G(d,p)
method. Optimized structures are shown in Fig. S13, while energies are
given in Table S5. Emission energies (vertical excitation energies on the
S1 optimized structures) are predicted to be 1.93 eV (643 nm), 1.98 eV
(627 nm) and 1.95 eV (636 nm) for 1, 2 and TPP, respectively. The S1state is characterized mostly as HOMO-LUMO transition with less pro-
nounced configuration interaction than in the case of the S1 state at the
FC point for all three molecules. Calculated values qualitatively repro-
duce the red shift of emission caused by the complexation with Zn(II)
ion (17 nm calculated vs. 53 nm experimental). The agreement was
slightly improved if the emission energies were recalculated with
wB97XD functional (660 nm and 622 nm for 1 and 2, respectively; cal-
culated red shift 38 nm). Unfortunately, shoulder at 720 nm observed
for 2 in MeOH at lower concentrations cannot be interpreted by the cal-
culations.

To investigate the propensity of 1 and 2 to form aggregates, fluores-
cence spectra were recorded (λexc = 405 nm) at different concentra-
tions and at different temperatures, after purging the solution with N2or not (for details see the SI). For 1, at concentrations >10-4 M in
CH3OH a strong fluorescence quenching and a bathochromic shift of the
Qx(1,0) band for ≈ 10 nm (Fig. S22) was observed, indicating formation
of aggregates, as suggested also from the temperature-dependent

UV–vis spectra. On the contrary, the steady-state fluorescence measure-
ments for 2 at rt do not show evidences for the aggregation.

Since the formation of H-aggregates was indicated by the absorption
measurements, the fluorescence measurements at 1 µM concentration
were also conducted at different temperatures. The spectra were
recorded after cooling to 5 °C, heating up to 60 °C and cooling back to
room temperature (25 °C). In the MeOH solution of 1 and 2, a small
hypsochromic shift can be seen after cooling (Fig. 4A and 4D), which
suggests formation of H-aggregates. In water and buffer, heating in-
duces pronounced changes in the spectra of 1 with the formation of two
well-resolved vibronic bands compared to the spectra recorded at 5 °C
(Fig. 4B and 4C). The impact of solvent (MeOH, MeOH: H2O (1:1) and
H2O) and temperature was previously investigated with symmetric
pyridylporphyrin isomers, showing similar effects [23], where it was
demonstrated that the resolution of vibronic structure in the spectra can
be achieved by use of MeOH, the temperature increase, by the addition
of surfactants, or by dilution to concentration below 10−7 M. The spec-
tral changes were linked to the mixing of the S1 state with the nearby
charge transfer (CT) state formed by charge translocation from the por-
phyrin ring. The mixing with the CT state is dependent on the solvent
polarity and degrees of freedom for reaching co-planarity of the por-
phyrin π-system [23]. On the contrary, porphyrin 2 is showing some mi-
nor differences in fluorescence spectra at 60 °C, with the increase of
band at 720 nm (Fig. 4D, 4E and 4F).

Fluorescence quantum yields for porphyrins 1 and 2 were measured
in MeOH, and for 1 also in water and buffer (Table 2). Since we ob-
served that the fluorescence decays become shorter in some cases upon
purging with N2 (vide infra), which was ascribed to the aggregation of
the solutions, ΦF in water and buffer was measured for air-saturated so-
lutions. Lower ΦF for the Zn-complex 2, compared to 1 is due to en-
hancement of the intersystem crossing quantum yield (vide infra, LFP
data), in accord with precedent literature [49]. The decay of fluores-
cence was measured by TC-SPC. None of the decays could be fit to a sin-
gle exponential function. A sum of two or three exponents was needed
to fit the data (Table 2), indicating more complex photophysics and/or
formation of aggregates.

The decay of fluorescence for porphyrin 1 was typically fit to a sum
of two exponents with a smaller contribution of the short decay (<2 ns,
up to 5 %) and larger contribution of the longer decay time (7–10 ns)
for all three solvents (Table 2, and Tables S6 and S7). Dual fluorescence
can in principle be assigned to the different tautomers formed by NH-
transfer reactions within the porphyrin core [12], the emission from S1and CT state [23], or due to the rotamers imposed by the rotation of the
pyridinium rings, or aggregation. Note that we observe changes of the
decay times and their contribution depending on the solvent, which
does not suggest that these different decay times are due to rotamers.
Namely, the longest decay time for porphyrin 1 (at 25 °C) was observed
in MeOH (10 ns), almost 3 ns longer compared to the decay times in
water or buffer (7.3 ns) (Table 2), with higher contribution of the short
decay time in MeOH (5 %, compared to 0 % in water or 1% in buffer).
MeOH and water are both protic solvents, and their change is not antici-
pated to affect rotamer equilibrium or tautomerism within the por-
phyrin core. Therefore, the observed dual fluorescence (two decay
times) is more likely due to 1 forming aggregates in MeOH and in
buffer, but not in water.

Further confirmation that dual emission arises from aggregation
was obtained by measuring decays of fluorescence for 1 in CH3OH at
high concentrations (Fig. S24 and Table S8). At concentration >10-4 M,
the fluorescence decay was fit to a sum of two exponents, giving a nega-
tive pre-exponential factor corresponding to a decay time of 5.9 ns, in-
dicating the formation of new species in the excited state. Conse-
quently, we assign the short decay time (≈ 5–6 ns) corresponding to the
non-aggregated molecules 1 that decay forming aggregates during their
excited state. Thus, at 660 nm where the aggregates emit, the negative
pre-exponential factor is an indication of the excited state process. On
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Fig. 4. Comparison of the temperature effect (5 °C, 25 °C and 60 °C) on the fluorescence spectra of porphyrin 1 (A, B and C) and 2 (D, E and F) (1 µM) in MeOH (A, D),
H2O (B, E) and 0.05 M phosphate buffer (C, F).

the other hand, the long decay time (8–9 ns) corresponds to the aggre-
gated molecules in the solution. Note also that at the concentrations
<1 μM where the molecules are not likely to be aggregated, the major
decay component with lifetimes ≈ 6–9 μs (Table 2 and Tables S6 and
S7) correspond to non-aggregated molecules that have longer lifetimes
compared to the concentrated solutions. The assignment is in line with
the assignment of decay times of free species and aggregates observed
for Protoporphyrin IX, Pyropheophorbide-a, and Photofrin [8], and
TMPyP4 [22]. However, some authors explained two-exponential fluo-
rescence decay due to the free porphyrin molecules in the solution and
molecules aggregated on the surfaces of the fluorescence cells [23].

Fluorescence decays for 2 were typically fit to a sum of three expo-
nents (Table 2 and Tables S9 and S10), with relatively small contribu-
tion of the longest decay time (<20 %) in all solvents. Note that for 2,
the multiexponential fluorescence decay may stem from pyridinium ro-
tamers or aggregation, but not from tautomers. Based on the measure-
ments under different conditions, we assign these different decay times
due to aggregation, although formation of aggregates did not result in
clear steady-state spectral responses. Since increase of the temperature
increases the long decay time and its contribution, it was tentatively as-
signed to the free dye in the solution, whereas two shorter decay times
probably correspond to the aggregated molecules (Table S9). The same

assignment that the short decay time is due to the aggregate comes
from TC-SPC measurements at high concentrations, where increase of
the concentration clearly increases contribution of the short decay com-
ponent (Table S11). Note also that reported values of singlet excited
state lifetimes for Zn-porphyrins are in the range 1–3 ns [50], suggest-
ing that the main decay component in our case with the decay times of
1.2–1.4 ns correspond to the non-aggregated molecules.

Different types of porphyrin aggregates have been described, such
as face-to-face dimers, cyclic arrangements of dimers, H- and J- aggre-
gates [43,45–47]. Some of the common features of aggregates are
broadened Soret band of lower intensity, bathochromic or hyp-
sochromic shift of the Soret band and Q bands, as well as emission life-
times (τ) that are usually up to 7 times shorter in comparison to por-
phyrins in monomeric forms showing multiexponential decays [43].
Furthermore, in the previous studies the aggregation was shown to be
dependent on the acid which was used to initiate the formation of the J-
type aggregates, characterized by a weaker and broader absorption,
and bathochromic shifts [44]. The different data obtained by steady-
state and time-resolved fluorescence measurements at some point seem
to suggest different conclusions with respect to the formation of aggre-
gates for 1 and 2. However, we can say that formation of H-type aggre-
gates in MeOH is indicated due to hypsochromic shifts in the absorption
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Table 2
Fluorescence properties of porphyrins 1 and 2 measured in MeOH, H2O and
phosphate buffer. Fluorescence decay times (τF) and fluorescence quantum
yield (ΦF).

Solvent Emission λmax /
nm

τF* (% of the decay)
/ ns

ΦF**

Q (1–
0)

Q (0–
0)

25 °C; N2

Porphyrin
1

MeOH 654 717 1.41 ± 0.06 (5%)
9.98 ± 0.03 (95%)

0.072
(N2)H2O 672 709 7.34 ± 0.01 (100%) 0.048
(AIR)

phosphate
buffer

670 710 0.6 ± 0.1 (1%)
7.29 ± 0.02 (99%)

0.062
(AIR)

Porphyrin
2

MeOH 614 663 0.21 ± 0.07 (3 %)
1.40 ± 0.01 (93%)
8 ± 3 (4 %)

0.051
(N2)

H2O 614 663 1.32 ± 0.01 (93%)
3.8 ± 0.4 (7%)

/

phosphate
buffer

615 663 1.31 ± 0.01 (85%)
6.1 ± 0.1 (15%)

/

*λex = 405 nm, λem = 650 nm.
** Quantum yield of fluorescence measured by use of TPP as a reference ΦF(TPP, toluene) = 0.11 [13].

spectra. Furthermore, very strong indication for the formation of aggre-
gates comes from the time-resolved fluorescence measurements, where
multi-exponential fluorescence decays were detected for almost all con-
ditions, with the characteristic shortening of the fluorescence decay
upon concentration increase and slower decays at higher temperatures.
Moreover, porphyrin 1 at very high concentrations >10-4 M forms ag-
gregates in the excited state, which was indicated by bathochromic shift
in the emission spectrum and clear formation kinetics (negative pre-
exponential factor) observed by TC-SPC measurement.

3.3. Laser flash photolysis (LFP)

The triplet–triplet absorption spectra of porphyrins 1 and 2 obtained
by LFP measurements are shown in Fig. 5 along with the decays at
triplet maxima 450 nm for 1 and 460 nm for 2. Theoretical simulation
of triplet to triplet absorption is shown in Fig. S12 and calculated ener-
gies and oscillator strengths for Tn ← T1 transitions for both porphyrins
are given in Table S3. From the comparison between the experiment
and calculations it can be concluded that the observed maxima at
450 nm for 1 correspond to the transition from the T1 to T14 calculated
at the energy of 419 nm with the oscillator strength of 1.228. Upon
complexation, the transition with maximum oscillator strength is red
shifted by 14 nm (T15 ← T1 for 2, f = 1.030) that is in excellent agree-
ment with the measured shift of 10 nm.

Experimentally, the triplet excited state lifetimes were determined
by fitting the triplet decays of 1 and 2 to a single exponential function.
The measured lifetimes of 0.77 ms for 1 and 1.1 ms for 2 are compara-
ble to literature values for TMPyP4 (0.17 ms) and Zn-TMPyP4 (2 ms)
analogues [51]. When the triplet decays of 1 and 2 were fit to a mixed
first- and second-order decay function that accounts for the self-
quenching due to triplet–triplet annihilation, the estimated lifetimes
were slightly longer, 1.8 ms for 1 and 1.7 ms for 2 (see Eq S5-S11 and
Figs. S27 and S28 in the SI). Both triplets, 1 and 2, are efficiently
quenched by O2, for which quenching rate constants were determined
(Table 3).

To calculate the quantum yields of ISC, the molar absorption coeffi-
cients for the triplet excited states of 1 and 2 at 450 and 460 nm in
MeOH were determined by the singlet depletion method using Eq. S3
[27]. The quantum yields of ISC were then calculated by the compara-
tive method [28] using TPP in benzene or Zn-TPP in toluene as stan-
dards according to the Eq. S4. All determined photophysical parameters
of porphyrins 1 and 2 obtained by LFP measurements are summarized

Fig. 5. Transient absorption spectra of porphyrin 1 and 2 in MeOH after laser
excitation at 266 nm. E266 nm = 2 mJ. A266 nm = 0.2. Inset: Corresponding time
profiles.

Table 3
Photophysical parameters of porphyrins 1 and 2 and reference compounds
TPP and Zn-TPP. Lifetime of the triplet excited state (τT), quantum yield of
the intersystem crossing (ΦISC), molar absorption coefficient of the triplet
state (εT-T), and quenching rate constant of the triplet excited state by O2 (kq(O2)).

Solvent τT / µs ΦISC εT-T / M−1cm−1 kq (O2) /
M−1s−1

TPP benzene 90 [52] 0.67 [52] 66 600 [52] /
Zn-TPP toluene 30 [53] 0.88 [53] 69 000 [53] /
Porphyrin 1 MeOH 767 8.5a 0.34

0.05
54 000 3400 1.3 × 109

Porphyrin 2 MeOH 1100
2.9a

0.41
0.06

129 000 13
000

5.1 × 109

a When the decay of triplet was fit to an equation accounting for the
triplet–triplet annihilation (Eq S11), the estimated triplet excited state lifetimes
were 1.8 ms for 1 and 1.7 ms for 2.
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Fig. 6. The fluorescence decrease of DPBF after 20-min irradiation with or-
ange light (λ = 607 nm, 2 mW/cm2), with porphyrin (1, 2 or TMPyP4), and
without porphyrin (DPBF only = control). The control measurement was
performed in duplicate, and the measurements with porphyrins in triplicate.
Data are presented as a mean of the measurements with standard deviation as
error bars.

Table 4
Calculated quantum yield of 1O2 (Φ

Δ
) for 1 and 2 in comparison to the litera-

ture value of TMPyP4.
Compound Φ

Δ

Porphyrin 1 0.86 0.07
Porphyrin 2 0.92 0.08
TMPyP4 0.77 [55]

in Table 3. Long triplet lifetimes on the ms scale and relatively high ΦISCindicate their potential use as photosensitizers in PDT.

3.4. Evaluation of singlet oxygen production

The 1O2 production of 1 and 2 was measured by a relative method
using DPBF that captures approximately 50% of the 1O2 produced, and
which is applied in alcohols or in water-alcohol mixtures due to its low
solubility in water [29]. It must be noted that DPBF is not exclusively
specific for 1O2, and it can react with various reactive oxygen species,
which results in the formation of non-fluorescent product 1,2-dibenzoyl
benzene [30]. In Fig. 6, the fluorescence decrease of DPBF after the irra-
diation is shown, without (as a control), or in the presence of por-
phyrins 1, 2 and TMPyP4. The irradiation with orange light
(λ = 607 nm) was chosen based on spectroscopic properties and simi-
lar absorption by all tested porphyrins at this wavelength (Fig. 2 and
Table 1). Both porphyrins 1 and 2 proved to be good 1O2 producers, de-
creasing the fluorescence of DPBF by >50%, similar to TMPyP4 (Fig.
6). The lower 1O2 production was measured for 2 compared to free-base
porphyrins 1 and TMPyP4 after irradiation with red light
(λ = 647 nm) (Fig. S29).

Based on the measurements of the fluorescence decrease of DPBF
(Fig. 6) and the available literature value for TMPyP4 in water
(Φ

Δ
= 0.77) [54,55], 1O2 production and quantum yields were calcu-

lated for 1 and 2 (0.86 and 0.92 respectively), which confirmed that the
compounds are promising candidates for further research in PDT (Table
4).

4. Conclusion

The spectral and photophysical properties of 1 and its Zn(II) com-
plex 2 were investigated in different solvents, which is important for
their applications in photodynamic therapy, as well as for the develop-
ment of novel PSs characterized by supreme properties. The absorption
spectra of 1 and 2 are the typical for porphyrins and the differences
compared to the symmetric porphyrins were assigned to more pro-
nounced HOMO and HOMO-1 energy levels splitting in the asymmetric
molecules, as indicated by computations. The absorption measurements
at different temperatures, as well as TC-SPC indicated that molecules
undergo aggregations in more concentrated solutions, most probably
forming H-aggregates. However, steady-state fluorescence properties
do not reveal significant aggregation in the solutions. In addition, 1 in
CH3OH at concentrations >10-4 M forms aggregates in the excited
state. Both porphyrin molecules relatively efficiently populate triplet
excited states ΦISC = 0.34 and 0.41, which have lifetimes in the mil-
lisecond time-scale. The triplets can be intercepted by O2, forming sin-
glet oxygen and reactive oxygen species, which is pivotal for their use
in PDT.
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