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The acid-base equilibria in 5,10,15,20-tetrakis(4-sulfonatophenyl)chlorin were studied in aqueous solution
and compared with the respective data for the corresponding porphyrin. The reduction of the pyrrole ring in
the tetrapyrrolic macrocycle noticeably influences both free base/monoprotonated and mono-/diprotonated
species equilibria. In strong acidic solutions protonation of 4-sulfonatophenyl groups takes place in addition
to protonation of the macrocycle core. The photophysical properties of all ionic forms are influenced by an
enhanced rate of internal S1 f S0 conversion, leading to about 50% and 90% deactivation through this channel
for the free base and diprotonated species, respectively. The enhancement of the rate of the radiationless
transitions is explained by an increased conformational flexibility of the chlorin macrocycle with respect to
that of a porphyrin. Structural volume change measurements with laser-induced optoacoustic spectroscopy
support this explanation. The contraction upon triplet state formation of the free base is about one-half of that
measured for the corresponding porphyrin. This contraction should be due to intramolecular structural
rearrangements of the macrocycle to adopt a minimum energy conformation in case of the chlorin. On the
contrary, for the more rigid porphyrin macrocycle the interactions of the molecule with the solvent environment
play a more important role. The diprotonated forms of both porphyrin and chlorin show a high radiationless
S1 f S0 conversion rate and seem to have a similar conformational flexibility. In agreement with previous
calculations, the conformational flexibility of the diprotonated forms appears to be higher than that of the
free base molecule.

Introduction

Selective accumulation of photosensitizer molecules in ma-
lignant tissues is at the basis of photodynamic therapy.1,2

Although the exact nature and the mechanism(s) responsible
for the selective uptake and retention of tetrapyrrolic photo-
sensitizers are not completely understood, there is mounting
evidence that the physiology of the whole tumor must be
considered rather than some special property of the malignant
cells.1 The pH value of several rapidly growing tumors is often
found to be substantially lower than that of normal tissue in
the same individual. In tumor tissue, the microvasculature is
substantially altered, leading to a reduced blood flow. This
causes tumor cells to undergo anaerobic glycolysis, producing
large quantities of lactic acid.3 Correlations between lactic acid
content and interstitial pH have been revealed in many tumors.4

Lower extracellular pH in tumors compared to that in normal
tissues is expected to be one of the factors contributing to the
tumor selective uptake of several photosensitizers.5-7 In addition
to the tumor tissue properties, the nature of the photosensitizer
should be taken into account, since distribution and cellular
uptake depend strongly on physicochemical properties of the
photosensitizer such as molecular structure, size, charge distri-
bution, and solubility.2 Thus, even small changes in the pH of

tissue can shift the acid-base equilibria between the various
photosensitizer ionic species. Acid-base equilibria shifts in the
photosensitizer molecule can vary its physicochemical properties
such as aggregation state, net charge, and lipophilicity. Forma-
tion of protonated species is accompanied by increase in the
lipophilicity of the molecule, which in turn leads to higher
cellular uptake.

The influence of the interstitial and cellular pH on the
selective distribution and uptake of the tetrapyrrolic photosen-
sitizers was the subject of numerous studies (refs 1, 5, 7 and
references therein), whereas the role of acid-base equilibria in
the photophysical properties of the photosensitizer has received
less attention. Several papers are known in this field,8-15 but a
detailed understanding is lacking of the role of acid-base
equilibria in the rearrangement of the photosensitizer structure,
in the possible changes in rate constants of intramolecular
processes such as fluorescence, internal conversion, and inter-
system crossing, and in the modulation of solute-solvent
interactions.

Tetrapyrrolic macrocycles undergo several protonation steps
involving both pyrrolenic (-N)) and pyrrolic (-NH-) nitro-
gens.16 The peripherical substituent groups can also be involved
in the acid-base equilibria in addition to those of the macrocycle
itself. So far, acid-base equilibrium studies for tetrapyrrolic
compounds have been mainly focused on the protonation of
the macrocycle core, whereas acid-base equilibria for periph-
erical substituents were not thoroughly considered. Tetraaryl-
substituted porphyrins have received much less attention than,
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e.g., hematoporphyrin IX (see refs 10, 11, 17) or deuteropor-
phyrin18 and its disulfonated derivative.11

In this paper we present the results of a study on the acid-
base equilibria in 5,10,15,20-tetrakis(4-sulfonatophenyl)chlorin
(TSPC4-) in aqueous solutions (Figure 1). The present work is
a continuation of the studies of acid-base equilibria in a series
of tetra-meso-aryl-substituted tetrapyrrolic compounds.19 In the
preceding paper the equilibrium between the free base (FB) and
the mono- and diprotonated (MP and DP) forms of 5,10,15,20-
tetrakis(4-sulfonatophenyl)porphine (TSPP4-) was described.
Special attention was given to the question of how changes in
themeso-aryl-substituent structure influence the solute-solvent
interactions as detected by laser-induced optoacoustic spectros-
copy (LIOAS). It was shown that the substituents’ variations
barely affect the value of the structural volume change upon
triplet state formation,∆TV. A contraction, i.e.,∆TV ) 16-18
Å3 and 4-5 Å3 upon triplet state formation of FB and DP forms,
respectively, was measured for all themeso-phenyl substituted
porphyrins.19 These contractions were proposed to be due to
water rearrangement in case of the FBs, whereas they should
be intrinsic to changes in the macrocycle in the case of the DP
forms, as well as in the case of the porphyrin Zn complexes.

Here we report on the analogies and differences in the acid-
base equilibria between TSPC4- and its porphyrin counterpart,
TSPP4-. The pKa values derived from absorption and fluores-
cence titrations show a considerable influence of the reduction
of the pyrrole ring. The additional protonation of the 4-sul-
fonatophenyl group results in noticeable changes of both

absorbance and fluorescence properties at strong acidic pH.
Radiationless internal S1 f S0 conversion plays a major role in
the deactivation of the excited species. The values of∆TV, as
measured by LIOAS, indicate that these structural alterations
in the tetrapyrrolic macrocycle have substantial influence on
solute-solvent interactions. The data are analyzed within the
framework of variations of the macrocycle conformational
flexibility.

Experimental Section

Chemicals. 5,10,15,20-Tetrakis(4-sulfonatophenyl)chlorin
(TSPC4-) was prepared by diimide reduction of the correspond-
ing porphyrin as reported.20 5,10,15,20-Tetrakis(4-sulfonatophe-
nyl)porphine (TSPP4-) was purchased from Porphyrin Products
(Logan, UT) and used as received. Evans blue (EB) was from
Aldrich (Deisenhofer), and bromocresol purple (5,5′-dibromo-
o-cresol-sulfonaphthalene, BCP) was from Fluka (Buchs, Swit-
zerland). Water was purified with a Millipore Milli-Q Water
System.

Solutions.The solutions were prepared in air-equilibrated 100
mM Na acetate buffer, and the pH value was adjusted with
0.1-2 M HCl solutions. All experiments were at 20( 2 °C
unless otherwise stated. The working concentrations were in
the range 0.1-30 µM for absorbance measurements, 2.5-30
µM for steady-state and time-resolved fluorescence, 4-5 µM
for transient triplet-triplet absorbance and singlet oxygen
phosphorescence, and 10µM for LIOAS experiments. Absorp-

Figure 1. Acid-base equilibria in 5,10,15,20-tetrakis(4-sulfonatophenyl)chlorin.
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tion spectra were taken with a UV-2102 spectrophotometer
(Shimadzu). For LIOAS experiments both sample and reference
solutions were dissolved in the same buffer and matched in
absorbance at the excitation wavelength,A(532) ) 0.06-0.10
((0.005), depending on the solution. For the measurements of
the fluorescence quantum yield,ΦF, and the quantum yield of
singlet molecular oxygen [O2(1∆g)] production,Φ∆, the absor-
bance of the solutions atλ(exc) wasA(540) ) 0.10-0.12 and
A(532)) 0.14-0.26, respectively. The signals were normalized
for the fraction of light absorbedf ) 1 - 10-Aexc, whereAexc is
the absorbance atλ(exc).

All measurements were carried out in air-equilibrated solu-
tions with the exception of theΦF determinations, for which
the solutions were bubbled with Ar for 20 min just before the
experiments.

Emission and Transient Absorption Data. Steady-state
fluorescence spectra were recorded with Spex Fluorolog equip-
ment as described.21 Time-resolved fluorescence was measured
with a single photon counting system (FLA 900, Edinburgh
Instruments, U.K.). Time-resolved phosphorescence of O2(1∆g)
by its near-infrared emission at 1270 nm was detected with a
liquid-nitrogen cooled Ge detector (EO817FP, North Coast) as
described earlier.22,23 TSPP4- (ΦF ) 0.06 at<30 mm and pH
) 7.824 andΦ∆ ) 0.6219) was used as the reference compound.

Transient triplet-triplet absorption measurements were per-
formed with home-built laser flash photolysis equipment using
the second harmonic of a Nd:YAG laser (JK Lasers, Rugby,
U.K., 11 ns pulses) as the laser source.25

LIOAS. The setup for laser-induced optoacoustic spectros-
copy (LIOAS) has been described in several publications (refs
19, 24, 26 and references therein). The second harmonic (532
nm) of a Q-switched Nd:YAG laser (Spectron Lasers, Rugby,
U.K., 8 ns pulses) was used as excitation source. The beam
was shaped by a slit (1.0 mm width) in front of the cuvette. All
experiments were performed with low photon fluence providing
at most excitation of 15% of the molecules within the excited
volume. The linearity of the LIOAS signal with excitation
energy was tested before the measurements. Bromocresol purple
(BCP) and Evans blue (EB) were used as the calorimetric
references providing the instrumental function for deconvolu-
tion.27 The ratio of thermoelastic parameters (cpF/â) of the
solutions (withcp the specific heat capacity,F the mass density,
and â the thermal expansion coefficient) was determined for
the range 10-25 °C, by a comparative method using BCP as
calorimetric reference in the buffered solution and EB in neat
water. The data for the buffer were thus obtained using the
equations already presented and the literature values for water.28

The structural volume changes were determined by applying
the several temperatures (ST) method24,26 and eq 1,

where æi is the amplitude of each of the single-exponential
components of the multiexponential function describing the time
evolution of the pressure wave after excitation,Ri ) qi/Eλ is
the fraction of absorbed energy emitted as heat during the
processi, Φi and∆iV are the quantum yield and the structural
volume change for processi, andEλ is the molar energy of the
laser pulse.

The LIOAS signal handling has been extensively described
in several articles.19,24,26,29-32 The triplet state lifetimes measured
by transient absorbance are more precise than those obtained
by deconvolution of the LIOAS signals due to the strong

correlation between the lifetimes and the amplitudes in the latter
method. Thus, for the analysis of the LIOAS experiments, the
triplet lifetime was fixed to the values measured by transient
absorbance in order to obtain higher precision in the amplitude
values (eq 1) derived from deconvolution.31

Results and Discussion

Absorption Spectra. Prior to measuring of the pH depen-
dence of the absorption and fluorescence spectra, the solutions
were checked for the presence of aggregates. It is known that
dimer formation (as a first step in the aggregation processes)
induces a red shift of all the visible bands with the Qx(0,0) band
shifting more than the Qy(0,0) band. Therefore, the Qx(0,0) band
strongly overlaps with the vibronic Qy(0,1) band and one of
the four Q-bands “disappears”.33 No spectral evidence of dimer
formation was found for the samples with chlorin concentration
from 0.1 to 30µM in 100 mM Na-acetate-HCl buffer in the
whole pH and temperature ranges. The temperature factor was
taken into account since the aggregation of water-soluble
tetrapyrrolic compounds is strongly temperature dependent.33

Figure 2 depicts the absorption spectra of 4.1µM solutions
in the 2.0-7.0 pH range. The maximum of the Soret band at
413 nm in neutral solution shifts to 434 nm upon acidification.
The positions of the maxima of the Soret and Q-bands in the
FB forms of tetra-meso-aryl substituted chlorins are very close
to those for the corresponding porphyrins.20,34

The most pronounced difference in the absorption spectra for
this group of porphyrins and chlorins is the increased absorbance
of the Qy-band in chlorin derivatives. The visible absorption
spectrum of FB TSPC4- consists of four bands centered at 516,
550, 575, and 645 nm. Upon acidification, the spectrum
gradually transforms into a two band spectrum peaking at 579
and 642 nm (characteristic of DP H2TSPC2-).

The spectral changes are complex. No isobestic points are
found in the whole spectral range studied. This indicates that
more than two (i.e., FB TSPC4- and DP H2TSPC2-) species
coexist in solution. A third (most probably the monoprotonated,
MP, HTSPC3-) species should be considered. Clear evidence
of the presence of the MP species is found by monitoring the
absorbance changes at 645 nm (Figure 3 d; details of the fitting
procedure are given below).

Upon decreasing pH from 7 to 5, the absorbance at 645 nm
decreases, but upon a further fall of pH an absorbance increase
is observed. Thus, from neutral to acidic solutions the MP
species is initially formed, leading to the decrease inA(645).
Further acidification induces formation of DP species with a
higher absorption coefficient at this wavelength, accounting for
the increase inA(645).

In strong acidic solution (pH< 2.5) an additional equilibrium
seems to appear. The spectral changes in this pH range are
clearly visible at several wavelengths within the Q-band region
(Figure 3c,d). The absorbance changes either accelerate (585
and 610 nm) or reverse the trend (515 nm). This fact complicates
the analysis of the spectral changes in terms of three species
because all of them are present in this pH range and all of them
could be considered to undergo an additional protonation.

The spectral changes associated with the additional protona-
tion step(s) are relatively small. This is due to the small
concentration of this further protonated species or/and to few
changes introduced by the locus of proton attachment at the
periphery of the macrocycle. We suggest that the new species
results from protonation of a SO3- group in thepara-position
of the phenyl ring. The spectral changes in such a case will be
small, since there is no conjugation between the chlorin

æi ) Ri +
Φi∆iV

Eλ
(cpF

â )
T

(1)
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macrocycle and the phenyl rings. The dihedral angle between
the macrocycle plane and the benzene ring is about 27° in the
DP species.35 The limited pH range did not allow an accurate
determination of this pKa. A value pKa ) 1.5 ( 1.5 was
estimated. In spite of the large uncertainty in this estimation,
one may argue that the value is close to pKa ) 0.7, known for
the dissociation of the sulfobenzene acid (C6H5SO3H).36 This
supports the idea that the transition SO3

- + H+ a SO3H in the
sulfonatophenyl substituents accounts for the spectral changes
found in the strong acid pH range.

It is known that additional spectral changes appear for the
corresponding porphyrin TSPP4- in concentrated H2SO4 (94 wt
%). The moderate (∼10 nm) bathochromic shifts of the Q-bands
now determined are of the same order of magnitude as those
found for both FB and DP forms of water-soluble porphyrins
and chlorins upon going from water to ethanol where counter-
ions associate with their parent ionized groups (11.5 and 6 nm

for TSPP4- and H2TSPP2-, respectively).37 It is likely that
association of the SO3- groups with Na+ ions, or their
protonation, leads to the same kind of spectral changes. The
electron withdrawing character of the SO3

- group (Hammett
constantσp > 0) facilitates protonation as well as association
with cations.

An alternative explanation would be protonation in the
â-positions of the pyrrole ring. However, TSPP4-, as well as
several other FB TPP compounds bearing electron withdrawing
substituents in the phenyl ringpara-position, do not show any
evidences of formation of proton adducts in theâ-positions of
the pyrrole ring.38 Bathochromic shifts up to 70 nm are
characteristic for the latter type of adducts, and this large shift
was not found upon pH decrease in H2TSPC2- solutions.

Steady-State Fluorescence.Steady-state fluorescence spectra
were measured in the pH range 1.5-7.4 (Figure 4). The
fluorescence spectrum undergoes dramatic changes of both

Figure 2. Absorption spectra of 5,10,15,20-tetrakis(4-sulfonatophenyl)chlorin as a function pH: (a) Soret band; (b) Q-bands. Concentration is 4.1
µM. Arrows indicate direction of spectral changes upon going from pH) 7.0 to pH) 2.0.
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shape and intensity upon acidification. The FB TSPC4- emission
spectrum has two peaks at 650 and 712 nm, whereas DP
H2TSPC2- has a broadened one-band fluorescence spectrum
with maximum around 668 nm. In the whole pH range no
isoemissive points were found. This again indicates that more
than two species in equilibrium should be considered and
contribution of the MP form should not be neglected. Decrease

of the fluorescence intensity at low pH indicates that both the
MP and DP forms have a smallerΦF than the FB form. A
smooth fall of the fluorescence intensity upon pH decrease and
the absence of changes in the fluorescence spectrum shape at
pH down to 4.5, where a detectable amount of HTSPC3-

molecules already exist, indicate thatΦF for HTSPC3- is <ΦF

for H2TSPC2-. ΦF ) 0.086 was calculated at pH) 7.4 for
TSPC4- by using the absorbance-normalized integrated emission
intensity. At pH 2.5, where the majority of the emissive species
are H2TSPC2-, ΦF as low as 0.015 was measured. The opposite
trend was observed in the corresponding porphyrin TSPP4-

where the DP species has a higherΦF than the FB.19,24

Time-Resolved Fluorescence.The fluorescence decay was
faster at low than at high pH at all wavelengths studied. Each
decay kinetics was well fitted with a sum of single-exponential
decay functions. Global analysis of the decays at various pH
values using a three-exponential fitting function and the separate
fitting of fluorescence decays at each single pH gave consistent
results. At all pH values three species were present, except for
extreme alkaline and acid pHs (Figure 5).

The individual lifetimesτ1 ) 8.5 ns,τ2 ) 0.5 ns, andτ3 )
3.5 ns were unaffected by pH changes. At pH> 7.0 only one
decay was observed withτ1 ) 8.5 ns. Thus,τ1 is assigned to
FB TSPC4-. A decrease in pH leads to appearance of decay
components with lifetimesτ2 ) 0.5 ns andτ3 ) 3.5 ns. At pH
) 4.0 the relative amplitude A3 (lifetime τ3 ) 3.5 ns) is about
40%, whereas the shortest component amplitude, A2, is <10%.
Therefore,τ3 ) 3.5 ns is likely to belong to DP H2TSPC2-. A

Figure 3. Absorption titration curves: (a)λ ) 413 (O) and 434 nm (b); (b) λ ) 400 (O) and 445 nm (b); (c) λ ) 515 (O) and 610 nm (b); (d)
λ ) 585 (O) and 645 nm (b).

Figure 4. Absorbance-normalized fluorescence spectra of 5,10,15,20-
tetrakis(4-sulfonatophenyl)chlorin as a function pH. Concentration is
5.5µM. Arrows indicate direction of spectral changes upon going from
pH ) 7.4 to pH) 1.5.
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minor quantity of the shortest component (τ2 ) 0.5 ns) indicates
the presence of MP HTSPC3- molecules.

Support for the interpretation above arises from the com-
parison with the corresponding porphyrin, for which a longer
component of 3.4 ns due to DP H2TSPP2- was found whereas
the shortest component (τ ) 1.3 ns) was assigned to MP
HTSPP3-.19 However, in the present case, even in strong acidic
solution both these components (τ2 ) 0.5 ns andτ3 ) 3.5 ns)
coexist and none of them reach 100% weight.

The possibility of aggregation in acidic solution is ruled out
since 10-fold dilution at pH) 1.5 does not affect the relative
weight of the fluorescence components. Should no other species
be in solution, the relative amplitude A3 should reach 100%
and a pH dependence of A2 would have a bell-like shape.
However, the pH dependence of A2 bears the features of two
protonation steps (Figure 5). The A2 value upon acidification
to pH ∼ 4.0 reflects the equilibria of the three species.

Upon further pH decrease, A2 is likely to reflect the species
appearing on further protonation found in absorbance and
steady-state fluorescence titrations. Since the pKa value for this
transition (SO3

- + H+ a SO3H) < pKa
3 for the formation of

the DP species, in strong acidic solutions the decay component
with lifetime τ2 ) 0.5 ns arises from DP H2TSPC2- with
additionally protonated SO3- group(s) rather than from MP
HTSPC3- species. This means that we deal with an accidental
coincidence of the fluorescence lifetimes (within the error of
the measurements) of these molecular species.

Acid-Base Equilibria. The titration curves measured for
TSPC4- reflect three sets of acid-base equilibria: (a) TSPC4-

a HTSPC3- equilibrium; (b) TSPC3- a H2TSPC2- equilibri-
um; and (c) SO3- + H+ a SO3H, i.e., equilibrium in the
sulfonatophenyl substituents of the macrocycle. The latter
appears in strong acidic medium and only slightly overlaps with
those involving both pyrrolenic (-Nd) nitrogens.

On the contrary, the pKa values for the TSPC4- a HTSPC3-

and HTSPC3- a H2TSPC2- equilibria should not be very
separated. They usually differ by no more than 2 pH units.8,10,11,16

This typical picture for tetrapyrrolic compounds complicates
the analysis of acid-base equilibria since a lower number of
inflection points than expected is observed in titration curves
when the pKa values are separated by less than 2 units,10,11 i.e.,
discrimination between pKa values for two separate FB/MP and
MP/DP equilibria is difficult. In fact, the highest possible
concentration of MP species varies strongly with∆pKa ) pKa

3

- pKa
4.39 Thus, if two protonation steps are separated by 4 pH

units, the maximum relative concentration of MP species
reached at pH) (1/2)(pKa

3 + pKa
4) is 98%, whereas for∆pKa

) 1 this value falls to about 61%.39

The Henderson-Hasselbalch eq 240 was used for the analysis
of the titration curves,

where a is the observable (i.e., absorbance, fluorescence
intensity, etc.);amax, amed, andamin refer to the species at high,
intermediate, and low pH, respectively; pK1 and n1 and pK2

and n2 are pKa values and Hill indices for two equilibria,
respectively, and have their usual meaning.

Absorbance titration curves measured within both the Soret
and the visible bands regions are presented in Figure 3. For all
wavelengths (with the exception of 645 nm) the absorbance
changes for two sequential FB/MP and MP/DP equilibria follow
the same direction, i.e., absorbance either decreases (400, 413,
515 nm) or increases (434, 445, 585, 610 nm). Absorbance
changes reveal only one inflection point rather than two,
indicating that∆pKa is rather small. At 645 nm the absorbance
initially falls upon pH decrease and then increases manifesting
the formation of DP species possessing higher absorbance than
the FB and MP molecules.

The absorbance titration curves fitted with eq 2 failed to
resolve the pKa values for the two protonation steps. The average
values 4.95( 0.15 are overall pKa

3,4 for two protonation
transitions (Table 1). Positive Hill indicesn )1.0-1.36 indicate
that more than one proton equilibrium is involved. The distinctly
lower value 4.4( 0.2 at 645 nm indicates that at 645 nm mostly
the equilibrium between MP and DP molecules is monitored.
The value should be assigned to pKa

4 rather than to pKa
3,4

averaged over two protonation steps.
A different approach was used to obtain independently pKa

3

and pKa
4 (Figure 6). Only the absorbance changes for pH in

alkaline and acidic extremes at two individual wavelengthsλ1

andλ2 were used.39 In these pH extremes the solution contains
mostly two species (FB and MP molecules at alkaline pH, and
MP and DP at acidic pH). Consequently, absorbance changes
at λ1 andλ2 taken in narrow pH intervals at alkaline and acidic
extremes should be inversely proportional to each other and
reflect the two FB/MP and MP/DP equilibria, respectively.

The intersection of two extrapolated lines in the plot ofA(λ1)
vs A(λ2) (Figure 6a) gives (albeit with a large uncertainty) the
value ofAMP at λ1. The valuesA(λ1) ) (1/2)(AFB + AMP) and

Figure 5. Plots of amplitudes Ai of the fluorescence decay curve
components as a function of pH.

a ) amin + (amed- amin)
1

10n1(pK1-pH) + 1
+

(amax - amed)
1

10n2(pK2-pH) + 1
(2)
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A(λ1) ) (1/2)(ADP + AMP) correspond to pKa
3 and pKa

4,
respectively. The pKa

3 and pKa
4 are the pH values corresponding

to theseA(λ1) values from the plot ofA(λ1) vs pH (Figure 6b).
This method was applied to four titration curves in the Soret

band region, and the resulting pKa
3 and pKa

4 values are listed
in Table 1. The averages over four wavelengths are pKa

3 ) 5.6
( 0.1 and pKa

4 ) 4.6 ( 0.1. The latter is in good agreement
with pKa

4 ) 4.4( 0.2 determined from the absorbance titration
curve at 645 nm. A value of∆pKa ) 1 indicates that the
maximum relative amount of MP species is about 61% at pH
) 5.1. An inflection point is observed within experimental
uncertainty at a pH corresponding to the average pKa

3,4 (Figure
3, all traces exceptλ ) 645 nm).

Fluorescence titration curves mainly reflect disappearance of
FB species (Figure 7a,b). This is due to the almost six times
largerΦF for FB than for the protonated molecules and due to
the strong overlap of the fluorescence spectra of all three species.
A pattern of the titration curve similar to that obtained through
absorbance titration was observed forΦF (Figure 7c). As already
stated, the small increase inΦF at low pH is due to additional
protonation at the periphery of the macrocycle and does not
affect the acid-base equilibrium in the macrocycle core. The
only inflection point found corresponded to that found also
during absorbance titrations. The absence of isoemissive points
made the evaluations difficult. The low fluorescence intensity
of the protonated species was at the basis of the large data
scatter.

Fitting of all these data with eq 2 resulted in an average pKa
3,4

) 5.4 ( 0.1. This value, attributed to pKa
3, is close to pKa

3 )
5.6 ( 0.1 derived from the absorbance titrations but systemati-
cally lower. Therefore, it is possible to speculate that the excited
singlet state of the FB TSPC4- is slightly more acidic than
ground-state S0, i.e., ∆pKa

3(S1-S0) ) pKa
3(S1) - pKa

3(S0) )
-0.2.

Transitions between different emissive species can also be
followed by plotting the pH dependence of the fluorescence
spectrum maximum (Figure 7d). Emission of FB TSPC4- also
dominates in this case. The peak position of the emission
spectrum bears the features of FB fluorescence at low pH (4.0).
The obtained pKa value should be attributed to the formation
of DP species sinceΦF of MP species is negligibly small (vide
infra). The measured pKa

4 ) 3.2 ( 0.1 is noticeably smaller

than 4.6( 0.1 found for the ground state (vide supra). The
difference between these two values∆pKa

4(S1-S0) ) pKa
4(S1)

- pKa
4(S0) ) -1.4 is larger than that obtained for equilibrium

of the FB TSPC4- and MP HTSPC3- molecules. The question
is whether DP H2TSPC2- has such an acidic excited singlet S1

state or the pKa
4 ) 3.2 is underestimated due to the domination

of emission by FB molecules. This is an open issue that should
be studied separately.

Changes in pH induce changes in the relative amplitudes Ai

of components in the fluorescence decay kinetics. A redistribu-
tion of molecules in the solution over three types of molecules
occurs at the various pHs since each of the species has its own
distinct decay rate, as shown above. The individual values of
pKa

3 and pKa
4 for FB/MP and MP/DP equilibria have been found

from analysis of pH dependencies of the preexponential factors
A i (Figure 5). The values pKa

3 ) 3.9( 0.15 and pKa
4 ) 3.7(

0.15 are different from those determined from steady-state
fluorescence and absorbance titrations.

The Hill indices are close to unity within experimental error
(Table 1) and are similar to those derived from absorption and
steady-state fluorescence titrations. However, the values of the
relative amplitudes Ai do not completely reflect the relative
population of species in the solution, because the different
absorbance of the various species should also be taken into
account in view of the lack of isobestic points. These measure-
ments should ideally be performed by excitation at the isobestic
point of all three species and need to be detected at correspond-
ing isoemissive points in the fluorescence spectra. There are
no such points in the present system, as already stated. The
obtained set of Ai values as a function of pH allows tracing
only the trend in the population of each species with a rather
large uncertainty. The contribution into the scatter of the Ai

values is given also by the relatively large uncertainty in the
three-exponential decay fit as well as by the necessity of taking
into account a fourth species at acidic pH. All these factors
contribute to the distortion of the relative amplitudes Ai in the
decay kinetics.

Fluorescence of Monoprotonated, MP, Species.Whereas
the emission spectra andΦF of FB TSPC4- and DP H2TSPC2-

can be readily obtained from steady-state fluorescence measure-
ments at extreme alkaline and acidic pH, the fluorescence
spectrum and yield of MP species are unknown. The spectrum
of each individual species can be reconstructed from time-
resolved fluorescence data in a pH range where the correspond-
ing decay components are detected. Favorable pH for recon-
struction of the MP molecule spectrum is about 4.0, since the
concentration is rather high and the strong component with
lifetime τ1 ) 8.5 ns does not dominate in the decay kinetics.
For reconstruction of the spectrum the decay kinetics was
measured at several wavelengths in the spectral range 600-
800 nm. The intensity of emission from each individual species
as a function of wavelengthIi(λ) is given by eq 3,

where 1/[t(λ)] is a period of time during which the decay kinetics
reaches the same peak intensity at all the wavelengths and other
values have their usual meaning. The values oft(λ) were in the
range of several minutes to exclude statistical effects of the
photon-counting acquisition system. The calculated spectra for

TABLE 1: p Ka Values and Hill Indices (Eq 2) for
Acid-Base Equilibria in
5,10,15,20-Tetrakis(4-sulfonatophenyl)chlorin

titration technique pKa n

Absorption
singleλ at 400 nm pKa

3,4 ) 5.0( 0.1 1.24( 0.10
pKa

3 ) 5.7( 0.2, pKa
4 ) 4.8( 0.2

413 nm pKa
3,4 ) 4.9( 0.1 1.36( 0.10

pKa
3 ) 5.5( 0.2, pKa

4 ) 4.6( 0.2
434 nm pKa

3,4 ) 4.7( 0.1 1.25( 0.10
pKa

3 ) 5.6( 0.2, pKa
4 ) 4.5( 0.2

445 nm pKa
3,4 ) 4.9( 0.1 1.26( 0.10

pKa
3 ) 5.5( 0.2, pKa

4 ) 4.6( 0.2
515 nm pKa

3,4 ) 5.1( 0.2 0.80( 0.10
585 nm pKa

3,4 ) 4.9( 0.2 1.04( 0.10
610 nm pKa

3,4 ) 5.1( 0.2 1.34( 0.10
645 nm pKa

4 ) 4.4( 0.2 1.00( 0.10

Fluorescence
singleλ at 650 nm pKa

3 ) 5.3( 0.1 0.91( 0.10
715 nm pKa

3 ) 5.5( 0.1 1.15( 0.10
ΦF pKa

3 ) 5.4( 0.1 1.00( 0.10
λmax pKa

4 ) 3.2( 0.1 1.15( 0.10
decay atλem ) pKa

3 ) 3.9( 0.2, pKa
4 ) 3.7( 0.2 0.87( 0.10,

650 nm 0.88( 0.10

I i(λ) )
1

t(λ)

A i(λ)τi

∑
i)1-3

A i(λ)τi

(3)
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each emissive species and the total reconstructed spectrum at
pH ) 4.0 are shown in Figure 8, together with the corresponding
steady-state spectrum for comparison.

The contribution from FB emission to the reconstructed
spectrum is the largest. The shapes of the various spectra are
very similar. DP molecules reveal a red-shifted spectrum with
practically the same band half-width. The intensity of the
emission from the MP species is about 50 times smaller than
that of the DP molecules. The spectrum of MP molecules has
a maximum at about the same wavelength as that of DP

molecules, but the shape of the spectrum is distinctly different.
MP species show one diffuse band with a half-width about twice
that of the DP and FB molecules. No vibronic band is observed.

The low fluorescence intensity of HTSPC3- indicates a very
low ΦF since its relative population is of the same order of
magnitude as the two other species. A simple approach to
calculateΦF

MP, based on the relative Ai values, cannot be
applied because the component relative intensities do not reflect
the true relative proportions of the species in the solution (vide
supra). However, having two fluorescence spectra measured at

Figure 6. Determination of separate pKa values for FBa MP and MPa DP equilibria: (a) absorbance at 434 nm vs absorbance at 413 nm; (b)
absorbance at 434 nm vs pH (see text for details).

Figure 7. Fluorescence titration curves (a) atλ ) 650 nm; (b) atλ ) 715 nm; (c) of fluorescence quantum yieldΦF; (d) of fluorescence spectrum
λmax.
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pH ) 4.0 (reconstructed from fluorescence decay kinetics and
steady-state measurements), it is possible to estimateΦF

MP.
Thus, ΦF ) 0.02 at pH) 4.0 is the value averaged over

three species (TSPC4- with a C1 contribution, HTSPC3- with
a C2 contribution, and H2TSPC2- with a C3 contribution), i.e.,
ΦF ) C1 × ΦF

FB + C2 × ΦF
MP + C3 × ΦF

DP, whereΦF
FB )

0.086 andΦF
DP ) 0.015, derived from the alkaline and acid

edges of the fluorescence quantum yield titration curve (vide
supra). On the other hand, the average fluorescence intensity
in the spectrum rebuilt from time-resolved fluorescence data is
the sum of the intensities due to emission of the three
componentsIΣ ) IFB + IMP + IDP, and all three are known.
From combination of the two equationsΦF

MP ) (3 ( 1) ×
10-4 is derived. In spite of the large uncertainity in this
estimation,ΦF

MP is distinctly lower (ca. 1/60) than the value
for DP H4TSPC2-.

Triplet State Properties. The quantum yield for triplet state
formation, ΦT, was determined using singlet oxygen time-
resolved phosphorescence and LIOAS. The formation efficiency
of the triplet states upon photoexcitation, detected in the whole
studied pH range, was found to depend strongly on the
protonation state.

Singlet oxygen quantum yield,Φ∆, measured by comparison
with a standard sample, is given by eq 4,

whereΦ∆
st is the quantum yield of the singlet oxygen production

by the standard, andI∆, I∆
st andf, fst are intensities of O2(1∆g)

phosphorescence and fractions of the excitation radiation
absorbed by the sample and standard solutions, respectively.
The intensitiesI∆ and I∆

st were determined from the biexpo-
nential decay of the O2(1∆g) phosphorescence as described
earlier.24 The singlet oxygen phosphorescence lifetime was
found to beτ∆ ) 3.7 ( 0.3 µs for all samples.

The ΦT value estimated fromΦ∆ affords a lower limit of
ΦT, sinceΦ∆ ) f∆TΦT, wheref∆T is the fraction of quenched
triplet states yielding O2(1∆g). In alkaline solutions for FB
TSPC4-, Φ∆ ) 0.41 ( 0.05, and at acidic pH the value for
H2TSPC2- is Φ∆ ) 0.12 ( 0.02.

ΦT was also calculated using the fraction of heat released
during the formation of the lowest T1 state,R1, measured with

LIOAS (eq 526),

whereR1 is the heat released upon formation of the triplet state
(eq 1, intercepts in Figure 9),Eλ ) 224.7 kJ mol-1, ET, andEF

are the molar energy of the laser pulse (532 nm), the lowest
triplet energy, and the fluorescence energy, respectively. The
R1 values were 0.936 and 0.646 for H2TSPC2- and TSPC4-,
respectively.EF ) 179 and 184 kJ mol-1 for H2TSPC2- and
TSPC4- were calculated from the respective peak fluorescence
wavelengths.

To estimateET it was assumed that sulfonation does not affect
the excited-state energy noticeably.41 We also noticed that the
shifts in the peak position of the phosphorescence spectra at 77
K and room temperature for tetra-meso-aryl-substituted por-
phyrins and chlorins are very small. Thus,ET ) 133.8 kJ mol-1

was estimated for FB TSPC4- as found for TPC at 77 K.34

The calculatedΦT ) 0.48( 0.05 is in reasonable agreement
with ΦT ) 0.41 estimated from O2(1∆g) photosensitization (vide
supra). Provided that the energy difference-5.4 kJ mol-1

between DP porphyrin is the same for chlorin,34,41 ET ) 116.6
kJ mol for H2TSPC2- is calculated.ΦT ) 0.10 ( 0.02 for
H2TSPC2- is in excellent agreement with the estimationΦT )
Φ∆ ) 0.12. This supports the above suggestion regarding a unity
efficiency for O2(1∆g) production upon triplet quenching.

Figure 8. Reconstructed fluorescence spectra at pH) 4.0: (O) FB
TSPC4-; (∆) MP HTSPC3- (multiplied by 50); (0) DP H2TSPC2-;
(b) overall spectrum for all three species. Solid line is the steady-state
fluorescence spectrum measured at pH) 4.0.

Φ∆ ) Φ∆
st

I∆

I∆
st

fst

f
(4)

Figure 9. First amplitude of the biexponential fitting versus the ratio
of thermoelastic parameters (eq 2) for (a) DP and (b) FB forms of
5,10,15,20-tetrakis(4-sulfonatophenyl)chlorin with BCP as calorimetric
reference.

ΦT )
Eλ

ET
(1 - R1 -

ΦFEF

Eλ
) (5)
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The ΦT drop with pH decrease parallels that found forΦF

and indicates that formation of H2TSPC2- leads to a strong
increase in the efficiency of radiationless deactivation through
internal S1 f S0 conversion, with akIC that strongly increases
as compared with that for TSPC4-.

The valuesτT ) 1.9 ( 0.1 µs and 2.0( 0.1 µs for TSPC4-

at pH)7.0 and for H2TSPC2- at pH) 3.0, respectively, in air
equilibrated buffer solution, obtained from both the treatment
of the O2(1∆g) phosphorescence kinetics and transient triplet-
triplet absorption decays were the same within experimental
error. The roughly estimated triplet state quenching rate constant
by molecular oxygen iskT ) 1/(τT[O2]) ) 1.9 × 109 M-1 s-1,
identical to the value for the corresponding FB and DP porphyrin
species.19,24

Efficiency of Nonradiative Deactivation of Excited States.
Data analysis (Table 2) shows that for both TSPC4- and
H2TSPC2- internal conversion S1 f S0 is the main channel of
deactivation. About one-half of the excited TSPC4- molecules
deactivate through this channel, as indicated by both the value
of ΦIC ) 1 - ΦF - ΦT, and the corresponding rate constant
kIC. Internal conversion accounts for about 90% of deactivation
in H2TSPC2-. On the contrary,ΦISC decreases from 45% to
about 10% from TSPC4- to H2TSPC2-. Comparison of the
corresponding rate constantskIC and kISC indicates that this
decrease is mainly due to a large increase inkIC. This rate
constant increases five times in going from TSPC4- to H2TSPC2-,
and no other channel can compete with it. Taken together, IC
and ISC are the main deactivation channels. The radiative
transitions explain less than 10% and 2% of deactivation,
respectively. The ratio ofΦF

FB/ΦF
DP is not equal to that of

emission rate constants. This means that decrease in theΦF is
mainly due to a dramatic enhancement of the internal conversion
rate rather than to a strong decrease in emission rate constant
kF upon formation of H2TSPC2-.

The energy gap between the S1 and ground S0 states is about
the same as for the porphyrin counterpart.19 Therefore, a simple
energy gap factor is unable to explain the substantially larger
value of IC for TSPC4- and the large increase in H2TSPC2-.
One of the reasons for such a behavior should lie in the structural
factors inducing a molecular symmetry lowering upon reduction
of one of the pyrrole rings. Thus, either different molecular
orbitals account for the electronic transition or changes in the
configuration interaction take place.

As for the triplet states, it was earlier proposed that different
molecular electronic orbitals are involved in the electronic
configuration of the lowest triplet states in tetraphenylporphyrin
and its reduced counterpart.42 The b1u orbital (in D2h symmetry
notation) participates in the formation of lowest T1 state one-
electron configuration in the porphyrins, whereas it is formed
with an au orbital in the case of the chlorins. Once formed, these
triplet states are very similar in both energy level and reactivity.
However, the values ofkISC for these two types of molecules
seem to be very different. Thus,kISC ) 5 × 107 s-1 for FB
chlorin and 6× 107 s-1 for FB porphyrin,19 but kISC decreases

for DP chlorin to ca. 3× 107 s-1 and increases for DP porphyrin
up to ca. 1.5× 108 s-1.19,24

Enhanced flexibility of the reduced macrocycle compared to
that of the porphyrin facilitates the motion along the potential
energy surface leading to the conformational substates with
increased probability of nonradiative deactivation of the excited
states.36 The importance of these factors is discussed extensively
for tetrapyrrolic compounds with a high degree of nonplanar
distortions.43-45 One of the prominent examples of such
influence is the diprotonation of the porphyrin molecule which
forces the molecule to adopt a saddle shape conformation with
extensive perturbation of the rates and yields of excited-state
deactivation. The perturbations correlate with the extent of
deviation from the macrocycle planarity.35,46 Changes in the
level of saturation of theπ-conjugation system of the chlorin
macrocycle due to the pyrrole reduction seem to enormously
increase the molecular flexibility, leading to an increase in the
internal conversion rate.

Structural Volume Changes.The only structural difference
between the molecules of TSPC4- and TSPP4- is the reduction
of the pyrrole ring. It is of interest to test whether structural
alterations of the tetrapyrrolic macrocycle have any influence
on the structural volume change upon triplet state formation,
∆TV. So far, it has been found that the type ofmeso-aryl-
substituents has almost no influence on the∆TV value. A
contraction of 16-18 Å3 and 4-5 Å3 upon triplet formation of
FB and DP forms was measured independently of substitution.19

Two sets of LIOAS measurements were performed in the
temperature range 10-25 °C for TSPC4- at pH ) 7.0 and for
H2TSPC2- at pH ) 3.0 and 7.0.

The plots of the fractional amplitudes of the prompt heat
releaseæ1 upon triplet state formation are shown in Figure 9.
The corresponding plots of fractional amplitudesæ2 for the
subsequent expansion due to the decay of the triplet state
revealed similar results (with opposite sign of the slope), but
the data scatter was very high (data not shown).

A value ΦT ∆TV ) - 0.24 mL mol-1 was found for DP
H2TSPC2- from the slope in Figure 9. Thus, with the average
value ofΦT ) 0.11, a contraction∆TV ) -2.2 mL mol-1 (-3.7
Å3) was calculated, close to those measured for DP forms of
several porphyrins in aqueous solution.19 Thus, the interaction
of the highly distorted macrocycle with the hydrated water shell
is of the same order of magnitude for both porphyrin and chlorin
molecules.

A similar procedure affordedΦT ∆TV ) -2.20 mL mol-1

for FB TSPC4-. With ΦT ) 0.45 a contraction∆TV ) -5.0
mL mol-1 (-8.3 Å3) was calculated, about one-half of that
found for the FB porphyrins, although the trend upon going
from DP to FB parallels that reported for porphyrins.

Following the model given in the preceding paper,19 the
contraction upon excitation should be due to the fact that the
two free nitrogen atoms in the macrocycle are more strongly
hydrogen bonded with the surrounding water molecules in the
triplet state than in the ground state. We find now that these

TABLE 2: Photophysical Properties of 5,10,15,20-Tetrakis(4-sulfonatophenyl)chlorin as a Function of Protonation Statea

protonation state ΦF Φ∆ ΦT ΦIC kF/107 s-1 kISC/107 s-1 kIC/107 s-1 τF/ns ∆TV/Å3

TSPC4- (FB) 0.086( 0.005 0.41( 0.05 0.48( 0.05 0.50( 0.06
(0.43)( 0.06

1.01 4.82
(5.65)

5.94
(5.11)

8.5( 0.15 -8.9
(-7.6)

HTSPC3- (MP) 0.0003( 0.0001 - 0.052 0.5( 0.15
H2TSPC2- (DP) 0.015( 0.005 0.12( 0.02 0.10( 0.02 0.87( 0.03

(0.89)( 0.03
0.43 3.43

(2.86)
24.7

(25.3)
3.5( 0.20 -3.3

(-4.0)

a The values of rate constantskF, kISC, andkIC are given with an accuracy of 10%, and those of structural volume changes∆TV with an accuracy
of 20%. Values ofΦIC, kISC, kIC, and∆TV were calculated using either O2(1∆g) luminescence or LIOAS data. The latter are given in parentheses.
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intermolecular interactions should be about 50% weaker for the
reduced macrocycle. Such a weakening is likely to be due to
the increased flexibility of the reduced macrocycle. It has been
shown that the potential energy surface of conformational
rearrangement is quite different for the various types of
tetrapyrrolic macrocycles.47 The gradient of this surface along
the coordinates that relate to distance to the center nitrogen is
smaller for a chlorin than for a porphyrin. The shallowness of
the conformational energy surface along this and other atomic
coordinates is what is meant by increased molecular flex-
ibility. 35,47 We assume that for the more flexible chlorin the
molecular rearrangement upon photoexcitation to adopt a
minimum energy equilibrium conformation occurs noticeably
by intramolecular conformational rearrangement and the inter-
molecular hydrogen bonding with the surrounding water mol-
ecules is less involved. On the contrary, for the less flexible
porphyrin, the contribution from intermolecular interactions
increases. This is also reflected in the fact that dimers appear
in the porphyrin at a lower concentration than in the equally
meso-substituted chlorin (compare present data with data for
TSPP4- 19). Thus, it is possible to propose that∆TV reflects to
some extent the molecular flexibility and in several cases serves
as its measure.

Conclusions

The acid-base equilibria in 5,10,15,20-tetrakis(4-sulfonatophe-
nyl)chlorin have been studied in aqueous solution. The reduction
of the pyrrole ring in the tetrapyrrolic macrocycle strongly
influences both FB/MP and MP/DP species equilibria. Values
of pKa

3 ) 5.6 ( 0.1 and pKa
4 ) 4.6 ( 0.1, respectively, are

obtained. Therefore, FB TSPC4- can be considered as more
basic and DP H2TSPC2- as more acidic than the corresponding
forms of the equally substituted porphyrin. Protonation of the
4-sulfonatophenyl groups occurs in strong acidic solutions. The
photophysical properties of all the ionic forms of the chlorin
are strongly influenced by an enhanced rate of radiationless
internal conversion S1 f S0. Thus, about 50% of FB molecules
and up to 90% of DP molecules are deactivated through this
channel. Such an increase in the radiationless transition rate is
explained by an increased conformational flexibility of the
reduced tetrapyrrolic macrocycle (i.e., dihydroporphyrin or
chlorin) as compared to the corresponding porphyrin. Support
for this hypothesis is found in the structural volume changes
measured with laser-induced optoacoustic spectroscopy. The
contraction of 8.3 Å3 per molecule upon triplet state formation
is about one-half of that for the corresponding porphyrin.
Intramolecular structural rearrangements of the macrocycle to
adopt a minimum energy conformation are favored in the
chlorin. Solute-solvent interactions are expected to be more
involved in the more rigid porphyrin macrocycle, at the expense
of intramolecular conformational rearrangements. The DP forms
of porphyrin and chlorin have a similar conformational flexibility
(for both ∆TV ) -4 ( 1 Å3 per molecule), and both of them
show strong radiationless internal S1 f S0 conversion rates.
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Abbreviations

DP diprotonated form

FB free base

LIOAS laser-induced optoacoustic spectroscopy

MP monoprotonated form

TSPC4- free base 5,10,15,20-tetrakis(4-sulfonatophenyl)chlorin

TSPP4- 5,10,15,20-tetrakis(4-sulfonatophenyl)porphin

ΦF, ΦT,
Φ∆

fluorescence, triplet, and singlet molecular oxygen produc-
tion quantum yield
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