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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 S- S 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
S; — S 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 tissue can shift the acitbase equilibria between the various

Selective accumulation of photosensitizer molecules in ma- photosens.it'izer ionic species. Ad@ase eqyilibria shifts in the .
lignant tissues is at the basis of photodynamic thefepy. photosensitizer mplecule canvary its physmor_:heml_c_al_ properties
Although the exact nature and the mechanism(s) responsibleSUch @s aggregation state, net charge, and lipophilicity. Forma-
for the selective uptake and retention of tetrapyrrolic photo- tion of protonated species is accompanied by increase in the
sensitizers are not completely understood, there is mountingliPophilicity of the molecule, which in turn leads to higher
evidence that the physiology of the whole tumor must be cellular uptake.
considered rather than some special property of the malignant The influence of the interstitial and cellular pH on the
cells! The pH value of several rapidly growing tumors is often selective distribution and uptake of the tetrapyrrolic photosen-
found to be substantially lower than that of normal tissue in sitizers was the subject of numerous studies (refs 1, 5, 7 and
the same individual. In tumor tissue, the microvasculature is references therein), whereas the role of adidse equilibria in
substantially altered, leading to a reduced blood flow. This the photophysical properties of the photosensitizer has received
causes tumor cells to undergo anaerobic glycolysis, producingless attention. Several papers are known in this fieldput a
large quantities of lactic acitiCorrelations between lactic acid  detailed understanding is lacking of the role of acidhse
content and interstitial pH have been revealed in many tufhors. equilibria in the rearrangement of the photosensitizer structure,
Lower extracellular pH in tumors compared to that in normal in the possible changes in rate constants of intramolecular
tissues is expected to be one of the factors contributing to the processes such as fluorescence, internal conversion, and inter-
tumor selective uptake of several phOtOSGnSitii—e}‘m addition System Crossing, and in the modulation of soldelvent
to the tumor tissue properties, the nature of the photosensitizerjnteractions.

should be taken into account, since distribution and cellular : .
- . . Tetrapyrrolic macrocycles undergo several protonation steps
uptake depend strongly on physicochemical properties of the Py y 9 P P

» ) .~ ~involving both pyrrolenic £ N=) and pyrrolic -NH—) nitro-
hotosensitizer such as molecular structure, size, charge distri- ; : : .
Eution and solubility. Thus, even small changes in theng of genst® The peripherical substituent groups can also be involved

in the acid-base equilibria in addition to those of the macrocycle
* Author to whom correspondence should be addressed. Fa@ (208) itself. So far, acid-base eqL_Jlllbrlum studies for tetrapyrr_ollc

306 3681. E-mail: braslavskys@mpi-muelheim.mpg.de. compounds have been mainly focused on the protonation of
TInstitute of Molecular and Atomic Physics of National Academy of  the macrocycle core, whereas aclhse equilibria for periph-

Sci . ) 4 ’ .
e erical substituents were not thoroughly considered. Tetraaryl-

* Max-Planck-Institut fu Bioanorganische Chemie (formerly Strahl- . ' - X
enchemie). substituted porphyrins have received much less attention than,

10.1021/jp056896h CCC: $33.50 © 2006 American Chemical Society
Published on Web 02/23/2006



5,10,15,20-Tetrakis(4-sulfonatophenyl)chlorin J. Phys. Chem. A, Vol. 110, No. 10, 2008415

Figure 1. Acid—base equilibria in 5,10,15,20-tetrakis(4-sulfonatophenyl)chlorin.

e.g., hematoporphyrin IX (see refs 10, 11, 17) or deuteropor- absorbance and fluorescence properties at strong acidic pH.
phyrint® and its disulfonated derivativé. Radiationless internal;S~ S, conversion plays a major role in
In this paper we present the results of a study on the-acid the deactivation of the excited species. The valuedf, as
base equilibria in 5,10,15,20-tetrakis(4-sulfonatophenyl)chlorin measured by LIOAS, indicate that these structural alterations
(TSPCX) in aqueous solutions (Figure 1). The present work is in the tetrapyrrolic macrocycle have substantial influence on
a continuation of the studies of acithase equilibria in a series  solute-solvent interactions. The data are analyzed within the
of tetramesearyl-substituted tetrapyrrolic compountfdn the framework of variations of the macrocycle conformational
preceding paper the equilibrium between the free base (FB) andflexibility.
the mono- and diprotonated (MP and DP) forms of 5,10,15,20-
tetrakis(4-sulfonatophenyl)porphine (TSPPwas described. Experimental Section
Special attention was given to the question of how changes in
themesearyl-substituent structure influence the sotuselvent Chemicals. 5,10,15,20-Tetrakis(4-sulfonatophenyl)chlorin
interactions as detected by laser-induced optoacoustic spectrostTSPC™) was prepared by diimide reduction of the correspond-
copy (LIOAS). It was shown that the substituents’ variations ing porphyrin as reporte#.5,10,15,20-Tetrakis(4-sulfonatophe-
barely affect the value of the structural volume change upon nyl)porphine (TSP#’) was purchased from Porphyrin Products
triplet state formationA7V. A contraction, i.e. AtV = 16—18 (Logan, UT) and used as received. Evans blue (EB) was from
A3and 4-5 A3 upon triplet state formation of FB and DP forms, Aldrich (Deisenhofer), and bromocresol purple (gj#romo-
respectively, was measured for all tnesephenyl substituted ~ 0-cresol-sulfonaphthalene, BCP) was from Fluka (Buchs, Swit-
porphyrins!® These contractions were proposed to be due to zerland). Water was purified with a Millipore Milli-Q Water
water rearrangement in case of the FBs, whereas they shouldSystem.
be intrinsic to changes in the macrocycle in the case of the DP  Solutions. The solutions were prepared in air-equilibrated 100
forms, as well as in the case of the porphyrin Zn complexes. mM Na acetate buffer, and the pH value was adjusted with
Here we report on the analogies and differences in the-acid 0.1-2 M HCI solutions. All experiments were at 28 2 °C
base equilibria between TSPCand its porphyrin counterpart,  unless otherwise stated. The working concentrations were in
TSPP~. The K, values derived from absorption and fluores- the range 0.£30 uM for absorbance measurements, 230
cence titrations show a considerable influence of the reduction uM for steady-state and time-resolved fluorescence5 4M
of the pyrrole ring. The additional protonation of the 4-sul- for transient triplettriplet absorbance and singlet oxygen
fonatophenyl group results in noticeable changes of both phosphorescence, and B! for LIOAS experiments. Absorp-
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tion spectra were taken with a UV-2102 spectrophotometer correlation between the lifetimes and the amplitudes in the latter
(Shimadzu). For LIOAS experiments both sample and reference method. Thus, for the analysis of the LIOAS experiments, the
solutions were dissolved in the same buffer and matched in triplet lifetime was fixed to the values measured by transient
absorbance at the excitation wavelengt{532) = 0.06-0.10 absorbance in order to obtain higher precision in the amplitude
(£0.005), depending on the solution. For the measurements ofvalues (eq 1) derived from deconvolutigh.

the fluorescence quantum yiel®g, and the quantum yield of

singlet molecular oxygen [§'Ag)] production,®,, the absor- Results and Discussion

bance of the solutions d{exc) wasA(540)= 0.10-0.12 and
A(532)= 0.14-0.26, respectively. The signals were normalized
for the fraction of light absorbefi= 1 — 10 %ex, whereAey is

the absorbance diexc).

All measurements were carried out in air-equilibrated solu-
tions with the exception of thég 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. Time-resolved fluorescence was measured
with a single photon counting system (FLA 900, Edinburgh
Instruments, U.K.). Time-resolved phosphorescence,¢#Q)

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 thg@0) band
shifting more than the (0,0) band. Therefore, the,,0) band
strongly overlaps with the vibronic {®,1) band and one of
the four Q-bands “disappeard No spectral evidence of dimer
formation was found for the samples with chlorin concentration
from 0.1 to 30uM in 100 mM Na-acetate-HCI buffer in the
whole pH and temperature ranges. The temperature factor was
taken into account since the aggregation of water-soluble

by its near-infrared emission at 1270 nm was detected with atetrgpyrrolic compounds s strqngly temperature depgnﬁent.
liquid-nitrogen cooled Ge detector (EO817FP, North Coast) as . Figure 2 depicts the absorption §pectra of Ab solutions

described earliet?23 TSPP~ (®r = 0.06 at<30 mm and pH in the 2.6-7.0 pH range. The maximum of the Soret band at
= 7.8%and®, = 0.629 was used as the reference compound 413 nm in neutral solution shifts to 434 nm upon acidification.

. . ; . The positions of the maxima of the Soret and Q-bands in the
Transient triplet-triplet absorption measurements were per- . -
i . . . .~ FB forms of tetramesearyl substituted chlorins are very close
formed with home-built laser flash photolysis equipment using

i 4
the second harmonic of a Nd:-YAG laser (JK Lasers, Rugby, ° 'T’T]ZS:;(];(;; tﬁgn%%r;izzoé}?fg]r%npcﬂ?: }[/r:iqibsor tion spectra for
U.K., 11 ns pulses) as the laser soufte. P P P

LIOAS. The setup for laser-induced optoacoustic spectros- this group of porphyrins and chlorins is the increased absorbance

. . - of the Q-band in chlorin derivatives. The visible absorption
copy (LIOAS) has been described in several publications (refs ;
19, 24, 26 and references therein). The second harmonic (53455pectrum of FB TSP€ consists of four bands centered at 516,

. 50, 575, and 645 nm. Upon acidification, the spectrum
nm) of a Q-switched Nd:YAG laser (Spectron Lasers, Rugby, ¥ ' . ' ;
U.K). 8 ng pulses) was used as exE:itF;tion source. The gegmgradually transforms Into a two band spe_ctrum peaking at 579
was shaped by a slit (1.0 mm width) in front of the cuvette. All angh642 nmt (clhar:acterlstlc of DPZIiBPCil )'. besti int
experiments were performed with low photon fluence providing € Spectral changes are complex. N0 ISobestic paints are
at most excitation of 15% of the molecules within the excited found in the whqle spectral range studied. Thlsilndlcatgs that
volume. The linearity of the LIOAS signal with excitation more than two (i.e., FB TSPC and DP HTSPC") species

energy was tested before the measurements. Bromocresol purpl opexEtTlgsgytlon. A_th|rdh(m(IsttbprobabI_)(/jtheén%nloproto_r:jated,
(BCP) and Evans blue (EB) were used as the calorimetric ! ) species should be considered. Clear evidence

references providing the instrumental function for deconvolu- of the presence of the MP SPECIES 1S f°””‘_’ by monitoring the
tion2” The ratio of thermoelastic parameters(8) of the absorbance changes at 645 nm (Figure 3 d; details of the fitting

solutions (withc, the specific heat capacity,the mass density, procedu:je are given belfow). he absorb 6

and 8 the thermal expansion coefficient) was determined for , JPON decreasing pH from 7 to 5, the absorbance at 645 nm
the range 1625 °C, by a comparative method using BCP as _decreases, but upon a further fall of pH an absort_)ance increase
calorimetric reference in the buffered solution and EB in neat 'S ob.seryeq.. Thus, from neutrql to acidic solutions the MP
water. The data for the buffer were thus obtained using the SPECIes IS _|n_|t_|ally for_med, leading to the decreasa‘\_(ﬁ45)_.
equations already presented and the literature values for Hater. F_urther aC|d|f|(_:at|on mt_jgces formatlon of DP species W'th a
The structural volume changes were determined by applying higher absorption coefficient at this wavelength, accounting for

the several temperatures (ST) metHedand eq 1, the increase i_rA_(645). ) . o
In strong acidic solution (pH 2.5) an additional equilibrium

dAV/c seems to appear. The spectral changes in this pH range are

iR V[ CpP e P ;

@ =05+ (_) (1) clearly visible at several wavelengths within the Q-band region
E, \B/r (Figure 3c,d). The absorbance changes either accelerate (585

and 610 nm) or reverse the trend (515 nm). This fact complicates
where ¢; is the amplitude of each of the single-exponential the analysis of the spectral changes in terms of three species
components of the multiexponential function describing the time because all of them are present in this pH range and all of them
evolution of the pressure wave after excitation,= g/E; is could be considered to undergo an additional protonation.
the fraction of absorbed energy emitted as heat during the The spectral changes associated with the additional protona-
procesd, ®; andA;V are the quantum yield and the structural tion step(s) are relatively small. This is due to the small
volume change for processandE; is the molar energy of the  concentration of this further protonated species or/and to few
laser pulse. changes introduced by the locus of proton attachment at the
The LIOAS signal handling has been extensively described periphery of the macrocycle. We suggest that the new species
in several article$?24.26.2932 The triplet state lifetimes measured results from protonation of a SO group in thepara-position
by transient absorbance are more precise than those obtainedf the phenyl ring. The spectral changes in such a case will be
by deconvolution of the LIOAS signals due to the strong small, since there is no conjugation between the chlorin
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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
uM. Arrows indicate direction of spectral changes upon going from=pf.0 to pH= 2.0.

macrocycle and the phenyl rings. The dihedral angle betweenfor TSPP~ and H,TSPE~, respectively}’ It is likely that
the macrocycle plane and the benzene ring is abouirithe association of the S groups with Na ions, or their
DP specie$® The limited pH range did not allow an accurate protonation, leads to the same kind of spectral changes. The
determination of this .. A value Ky = 1.5 £ 1.5 was electron withdrawing character of the $Ogroup (Hammett
estimated. In spite of the large uncertainty in this estimation, constants, > 0) facilitates protonation as well as association
one may argue that the value is close K= 0.7, known for with cations.
the dissociation of the sulfobenzene acidHESO;H).3¢ This An alternative explanation would be protonation in the
supports the idea that the transitionsSG H™ = SO;H in the B-positions of the pyrrole ring. However, TSPPas well as
sulfonatophenyl substituents accounts for the spectral changeseveral other FB TPP compounds bearing electron withdrawing
found in the strong acid pH range. substituents in the phenyl ringara-position, do not show any

It is known that additional spectral changes appear for the evidences of formation of proton adducts in ffwpositions of
corresponding porphyrin TSPPin concentrated k8O, (94 wt the pyrrole ring®® Bathochromic shifts up to 70 nm are
%). The moderate~10 nm) bathochromic shifts of the Q-bands characteristic for the latter type of adducts, and this large shift
now determined are of the same order of magnitude as thosewas not found upon pH decrease iR’ PG~ solutions.
found for both FB and DP forms of water-soluble porphyrins  Steady-State Fluorescencé&teady-state fluorescence spectra
and chlorins upon going from water to ethanol where counter- were measured in the pH range +B4 (Figure 4). The
ions associate with their parent ionized groups (11.5 and 6 nmfluorescence spectrum undergoes dramatic changes of both
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Figure 4. Absorbance-normalized fluorescence spectra of 5,10,15,20-

tetrakis(4-sulfonatophenyl)chlorin as a function pH. Concentration is
5.5uM. Arrows indicate direction of spectral changes upon going from
pH= 7.4 to pH= 1.5.

shape and intensity upon acidification. The FB T$P&nission
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of the fluorescence intensity at low pH indicates that both the
MP and DP forms have a smallég 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 HTSPC
molecules already exist, indicate thhg for HTSPC™ is <df

for H,TSPC~. ® = 0.086 was calculated at p& 7.4 for
TSPC™ by using the absorbance-normalized integrated emission
intensity. At pH 2.5, where the majority of the emissive species
are HTSPC~, @ as low as 0.015 was measured. The opposite
trend was observed in the corresponding porphyrin *SPP
where the DP species has a higldas than the FB-%24

Time-Resolved Fluorescencelhe 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 lifetimesr; = 8.5 ns,72 = 0.5 ns, and; =
3.5 ns were unaffected by pH changes. At pH.0 only one

spectrum has two peaks at 650 and 712 nm, whereas DPdecay was observed with = 8.5 ns. Thusz; is assigned to
H,TSPCG~ has a broadened one-band fluorescence spectrumFB TSPC~. A decrease in pH leads to appearance of decay

with maximum around 668 nm. In the whole pH range no

components with lifetimes, = 0.5 ns andr; = 3.5 ns. At pH

isoemissive points were found. This again indicates that more = 4.0 the relative amplitude #£(lifetime 73 = 3.5 ns) is about
than two species in equilibrium should be considered and 40%, whereas the shortest component amplitudgisA<10%.
contribution of the MP form should not be neglected. Decrease Therefore;rz = 3.5 ns is likely to belong to DP HSPCG. A
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100 F— = HTSPC~ equilibrium; (b) TSPE~ == H,TSPC~ equilibri-
: um; and (c) S@ + H* == SG:H, i.e., equilibrium in the
80 sulfonatophenyl substituents of the macrocycle. The latter
< 60 s appears in strong acidic medium and only slightly overlaps with
‘T . those involving both pyrrolenic{N=) nitrogens.
< 40F On the contrary, thel, values for the TSPE = HTSPCG-
E and HTSPE& = H,TSPC~ equilibria should not be very
20¢ separated. They usually differ by no more than 2 pH ($iftd1.16
ok This typical picture for tetrapyrrolic compounds complicates
the analysis of acidbase equilibria since a lower number of
20 inflection points than expected is observed in titration curves
e Three speces when the K, values are separated by less than 2 uSitsj.e.,
15[ — 100% - (A+A,) discrimination betweenky, values for two separate FB/MP and
C MP/DP equilibria is difficult. In fact, the highest possible
R b concentration of MP species varies strongly wibK, = pK3
<O — pK2.32 Thus, if two protonation steps are separated by 4 pH
C units, the maximum relative concentration of MP species
St reached at pH= (1/2)(pKa3 + pK) is 98%, whereas foApK,
: ] = 1 this value falls to about 61%6.
U A D I I IR, i The HendersonHasselbalch eq®?was used for the analysis
1 2 3 4 5 6 7 8 of the titration curves,
00F T T
a=apnt (Bmeq ™~ ami );4‘
in ed in. 1011(pK1—pH)+ 1
N 1
<?n (amax a‘me(pld-lz(pKZ,pH)_i_ 1 (2)
where a is the observable (i.e., absorbance, fluorescence
intensity, etc.)Amax ames aNdamin refer to the species at high,
intermediate, and low pH, respectivelyKpand n; and K,
and np are Ky values and Hill indices for two equilibria,
respectively, and have their usual meaning.
Figure 5. Plots of amplitudes Aof the fluorescence decay curve Absorbance titration curves measured within both the Soret
components as a function of pH. and the visible bands regions are presented in Figure 3. For all

wavelengths (with the exception of 645 nm) the absorbance
minor quantity of the shortest component = 0.5 ns) indicates  changes for two sequential FB/MP and MP/DP equilibria follow
the presence of MP HTSPCmolecules. the same direction, i.e., absorbance either decreases (400, 413,

Support for the interpretation above arises from the com- 515 nm) or increases (434, 445, 585, 610 nm). Absorbance
parison with the corresponding porphyrin, for which a longer changes reveal only one inflection point rather than two,
component of 3.4 ns due to DR, FSPF~ was found whereas indicating thatApK, is rather small. At 645 nm the absorbance
the shortest component (= 1.3 ns) was assigned to MP initially falls upon pH decrease and then increases manifesting
HTSPP~.1° However, in the present case, even in strong acidic the formation of DP species possessing higher absorbance than
solution both these components & 0.5 ns andr; = 3.5 ns) the FB and MP molecules.
coexist and none of them reach 100% weight. The absorbance titration curves fitted with eq 2 failed to

The possibility of aggregation in acidic solution is ruled out resolve the 5 values for the two protonation steps. The average
since 10-fold dilution at pH= 1.5 does not affect the relative  values 4.95+ 0.15 are overall K4 for two protonation
weight of the fluorescence components. Should no other speciegransitions (Table 1). Positive Hill indices=1.0—1.36 indicate
be in solution, the relative amplitudesAhould reach 100%  that more than one proton equilibrium is involved. The distinctly
and a pH dependence of;Avould have a bell-like shape. lower value 4.4: 0.2 at 645 nm indicates that at 645 nm mostly
However, the pH dependence of Aears the features of two  the equilibrium between MP and DP molecules is monitored.
protonation steps (Figure 5). The, Aalue upon acidification The value should be assigned t& rather than to K.2*
to pH ~ 4.0 reflects the equilibria of the three species. averaged over two protonation steps.

Upon further pH decrease»As likely to reflect the species A different approach was used to obtain independerily? p
appearing on further protonation found in absorbance and and K;* (Figure 6). Only the absorbance changes for pH in
steady-state fluorescence titrations. Since tgvalue for this alkaline and acidic extremes at two individual wavelengths
transition (SQ~ + H* = SOQ;H) < pK2 for the formation of and/, were used? In these pH extremes the solution contains
the DP species, in strong acidic solutions the decay componentmostly two species (FB and MP molecules at alkaline pH, and
with lifetime 7, = 0.5 ns arises from DP HSPC~ with MP and DP at acidic pH). Consequently, absorbance changes
additionally protonated S© group(s) rather than from MP  ati; andi; taken in narrow pH intervals at alkaline and acidic
HTSPC~ species. This means that we deal with an accidental extremes should be inversely proportional to each other and
coincidence of the fluorescence lifetimes (within the error of reflect the two FB/MP and MP/DP equilibria, respectively.
the measurements) of these molecular species. The intersection of two extrapolated lines in the ploAgt;)

Acid—Base Equilibria. The titration curves measured for vs A(L,) (Figure 6a) gives (albeit with a large uncertainty) the
TSPC reflect three sets of aciecbase equilibria: (a) TSPC value of AMP at 1;. The valuesA(l;) = (1/2)(A™8 + AVP) and



3420 J. Phys. Chem. A, Vol. 110, No. 10, 2006 Kruk and Braslavsky

XA_ELIEL péa \_{ablqes_, and Hill Indices (Eq 2) for than 4.6+ 0.1 found for the ground state (vide supra). The
cia—base equiibria in . difference between these two valutsK(S;—So) = pKa(S1)
5.10,15,20-Tetrakis(4-sulfonatophenyl)chlorin — pKaA(Sy) = —1.4 is larger than that obtained for equilibrium
titration technique Ka n of the FB TSP~ and MP HTSP&  molecules. The question
Absorption is whether DP HTSPC™ has such an acidic excited singlat S
single/ at 400 nm  K>#=5.0+£0.1 1.244+0.10 state or the Kz* = 3.2 is underestimated due to the domination
13 pKa = i-gi 8-% K =4.8+0.2 364 010 of emission by FB molecules. This is an open issue that should
nm PK3= 55502, Ki=46402 be studied separately.
434 nm K34=4.7+0.1 1.25+ 0.10 Changes in pH induce changes in the relative amplitudes A
pKa® =5.6+0.2, Ks* = 4.5+ 0.2 of components in the fluorescence decay kinetics. A redistribu-
445nm Ks4=4.9+£01 ~ 126+ 0.10 tion of molecules in the solution over three types of molecules
515 nm pf&; gii 8:3’ We'=4.6+02 0.80+ 0.10 occurs at the various pHs since each of the species has its own
585 nm 34=49+02 1.04+ 0.10 distinct decay rate, as shown above. The individual values of
610 nm S4=51+0.2 1.34+0.10 pKzE and (K* for FB/MP and MP/DP equilibria have been found
645 nm Ka=4.4+0.2 1.00+0.10 from analysis of pH dependencies of the preexponential factors
Fluorescence A (Figure 5). The valueska® = 3.9+ 0.15 and K = 3.7 &
?i{lglel at650 nm Kaz=g-§ig-i giéi 8-%8 0.15 are different from those determined from steady-state
nm a® = O. . . . H i
o oKP— 54401 1004 0.10 quorescgnF:e gnd absorbance tltr.atlon.s._ .
Amax pK#=3.2+ 0.1 1.15+0.10 The Hill indices are close to unity within experimental error
decay atlem= pKS2=3.940.2, K =3.7+0.2 0.87+0.10, (Table 1) and are similar to those derived from absorption and
650 nm 0.88£0.10 steady-state fluorescence titrations. However, the values of the
relative amplitudes Ado not completely reflect the relative
A(d) = (1/2)(A°" + AMP) correspond to K.® and pKa, population of species in the solution, because the different
respectively. The lgs® and (K" are the pH values corresponding  absorbance of the various species should also be taken into
to theseA(41) values from the plot oA(11) vs pH (Figure 6b).  account in view of the lack of isobestic points. These measure-

This method was applied to four titration curves in the Soret ments should ideally be performed by excitation at the isobestic
band region, and the resulting(f and g,* values are listed  point of all three species and need to be detected at correspond-
in Table 1. The averages over four wavelengths &g g 5.6 ing isoemissive points in the fluorescence spectra. There are
+ 0.1 and [Ka* = 4.6 + 0.1. The latter is in good agreement no such points in the present system, as already stated. The
with pKg* = 4.4+ 0.2 determined from the absorbance titration optained set of Avalues as a function of pH allows tracing
curve at 645 nm. A value ofApK, = 1 indicates that the  only the trend in the population of each species with a rather
maximum relative amount of MP species is about 61% at pH |arge uncertainty. The contribution into the scatter of the A
= 5.1. An inflection point is observed within experimental yajyes is given also by the relatively large uncertainty in the
uncertainty at a pH corresponding to the average@p(Figure  three-exponential decay fit as well as by the necessity of taking
3, all traces except = 645 nm). into account a fourth species at acidic pH. All these factors

Fluorescence titration curves mainly reflect disappearance of contribute to the distortion of the relative amplitudesiithe
FB species (Figure 7a,b). This is due to the almost six times gecay kinetics.

larger @ 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 observeddey (Figure 7c¢). As already
stated, the small increase @ at low pH is due to additional
protonation at the periphery of the macrocycle and does not

affect the acie-base equilibrium in the macrocycle core. The .
q Y resolved fluorescence data in a pH range where the correspond-

only inflection point found corresponded to that found also . d i detected. F ble oH f
during absorbance titrations. The absence of isoemissive pointsIngl ecay components are detected. Favorable pti for recon-

made the evaluations difficult. The low fluorescence intensity struction Of the_ MP molequle specirum is about 4.0, since the
of the protonated species was at the basis of the large dat concentration is rather high and the strong component with
scatter ifetime 71 = 8.5 ns does not dominate in the decay kinetics.

Fitting of all these data with eq 2 resulted in an averaggh For recogstf[uctlon ?f the IS pe“fg“m ttT]e decag/ I|<|netlcs g\é)%s
= 5.4+ 0.1. This value, attributed tokg3, is close to K2 = measured at several wavelengins in the spectral range

5.6+ 0.1 derived from the absorbance titrations but systemati- 800 nm. The intensity of emissign frpm each individual species
as a function of wavelength(1) is given by eq 3,

cally lower. Therefore, it is possible to speculate that the excited
singlet state of the FB TSPC is slightly more acidic than

Fluorescence of Monoprotonated, MP, SpeciesVhereas
the emission spectra amef of FB TSPCG~ and DP HTSPC~
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-

ground-state & i.e., APKS(S1—So) = pK3(S1) — pK3(So) = ) 1 Al @)
—0.2. W =————""—

Transitions between different emissive species can also be ) Z Az
followed by plotting the pH dependence of the fluorescence i=1-3

spectrum maximum (Figure 7d). Emission of FB T3P@lso

dominates in this case. The peak position of the emission where 1/{(4)] is a period of time during which the decay kinetics
spectrum bears the features of FB fluorescence at low pH (4.0).reaches the same peak intensity at all the wavelengths and other
The obtained K, value should be attributed to the formation values have their usual meaning. The valuegfwere in the

of DP species sinc®r of MP species is negligibly small (vide  range of several minutes to exclude statistical effects of the
infra). The measuredia* = 3.2 4+ 0.1 is noticeably smaller ~ photon-counting acquisition system. The calculated spectra for
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each emissive species and the total reconstructed spectrum atolecules, but the shape of the spectrum is distinctly different.
pH = 4.0 are shown in Figure 8, together with the corresponding MP species show one diffuse band with a half-width about twice
steady-state spectrum for comparison. that of the DP and FB molecules. No vibronic band is observed.
The contribution from FB emission to the reconstructed  The low fluorescence intensity of HTSPCindicates a very
spectrum is the largest. The shapes of the various spectra aréow ®f since its relative population is of the same order of
very similar. DP molecules reveal a red-shifted spectrum with magnitude as the two other species. A simple approach to
practically the same band half-width. The intensity of the calculate ®£YP, based on the relative jAvalues, cannot be
emission from the MP species is about 50 times smaller than applied because the component relative intensities do not reflect
that of the DP molecules. The spectrum of MP molecules has the true relative proportions of the species in the solution (vide
a maximum at about the same wavelength as that of DP supra). However, having two fluorescence spectra measured at
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fluorescence spectrum measured at$H.0.

pH = 4.0 (reconstructed from fluorescence decay kinetics and
steady-state measurements), it is possible to estifhdte.
Thus, & = 0.02 at pH= 4.0 is the value averaged over
three species (TSPC with a C; contribution, HTSPE&™ with
a C; contribution, and HTSPC~ with a Cz contribution), i.e.,
dPr=C; x (I)FFB + Cy x (DFMP + Cs x (I)FDP, WheretprB =
0.086 and®P = 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
componentds = IFB + IMP 4 |DP and all three are known.
From combination of the two equatiorBgM? = (3 & 1) x
10 is derived. In spite of the large uncertainity in this
estimation,®MP is distinctly lower (ca. 1/60) than the value
for DP H,TSPC.

Triplet State Properties. The quantum yield for triplet state
formation, @1, 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», measured by comparison
with a standard sample, is given by eq 4,
stlA fSt

st f

o, = I 4)

A
IA

where®,%is the quantum yield of the singlet oxygen production
by the standard, anid, 1,5t andf, fst are intensities of g*Ag)
phosphorescence and fractions of the excitation radiation
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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.

LIOAS (eq 59),

30 35

El

whereq; is the heat released upon formation of the triplet state
(eq 1, intercepts in Figure 9%, = 224.7 kJ mot?, Er, andEr
are the molar energy of the laser pulse (532 nm), the lowest
triplet energy, and the fluorescence energy, respectively. The
ay values were 0.936 and 0.646 for FSPC~ and TSPC-,
respectively.Er = 179 and 184 kJ mot for H,TSPC~ and
TSPC™ were calculated from the respective peak fluorescence
wavelengths.

To estimateer it was assumed that sulfonation does not affect
the excited-state energy noticeabhWe also noticed that the

P, =

- q)FEF) (5)

E;

absorbed by the sample and standard solutions, respectivelyshifts in the peak position of the phosphorescence spectra at 77

The intensitieda and [,5 were determined from the biexpo-
nential decay of the @'Ag) phosphorescence as described
earlier?* The singlet oxygen phosphorescence lifetime was
found to bery = 3.7 + 0.3 us for all samples.

The @t value estimated fron®d, affords a lower limit of
®+, since®, = fATd+, wheref,T is the fraction of quenched
triplet states yielding €f*Ag). In alkaline solutions for FB
TSPC™, ®, = 0.41+ 0.05, and at acidic pH the value for
H,TSPC~ is ®, = 0.124 0.02.

®1 was also calculated using the fraction of heat released
during the formation of the lowest; Btate,o;, measured with

K and room temperature for tetraesearyl-substituted por-
phyrins and chlorins are very small. Thig, = 133.8 kJ mot*
was estimated for FB TSPC as found for TPC at 77 R4

The calculatedbr = 0.48+ 0.05 is in reasonable agreement
with @1 = 0.41 estimated from §'Ag) photosensitization (vide
supra). Provided that the energy differene®.4 kJ mof?
between DP porphyrin is the same for chloir{l Er = 116.6
kJ mol for HLTSPCG™ is calculated.®t = 0.10 + 0.02 for
H,TSPC~ is in excellent agreement with the estimatidp =
®, = 0.12. This supports the above suggestion regarding a unity
efficiency for Gy(*Ag) production upon triplet quenching.
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TABLE 2: Photophysical Properties of 5,10,15,20-Tetrakis(4-sulfonatophenyl)chlorin as a Function of Protonation State

protonation state D Dy Dr D¢ ke/10' st kisd/107 st kic/107 st 7e/ns ATVIA3
TSPC~ (FB) 0.0864+ 0.005 0.4+ 0.05 0.48+0.05 0.5 0.06 1.01 4.82 5.94 85+0.15 —8.9
(0.43)+ 0.06 (5.65) (5.11) (—7.6)
HTSPC~ (MP)  0.00034 0.0001 - . 0.5+ 0.15
H,TSPC~ (DP) 0.015+ 0.005 0.12+-0.02 0.10+0.02 0.87+0.03 0.43 3.43 24.7 35+£020 -33
(0.89)= 0.03 (2.86) (25.3) (—4.0)

2 The values of rate constarks kisc, andkc are given with an accuracy of 10%, and those of structural volume chandewith an accuracy
of 20%. Values of®c, kisc, kic, and A1V were calculated using either,®\g) luminescence or LIOAS data. The latter are given in parentheses.

The @+ drop with pH decrease parallels that found fbg
and indicates that formation of ISPG~ leads to a strong

increase in the efficiency of radiationless deactivation through

internal § — S, conversion, with &c that strongly increases
as compared with that for TSPC

The valuest = 1.9+ 0.1us and 2.0+ 0.1 us for TSPCG~
at pH=7.0 and for HTSPC~ at pH= 3.0, respectively, in air

for DP chlorin to ca. 3« 107 st and increases for DP porphyrin
up to ca. 1.5x 10° s1.19.24

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’® The importance of these factors is discussed extensively

equilibrated buffer solution, obtained from both the treatment for tetrapyrrolic compounds with a high degree of nonplanar
of the Oy(*Ag) phosphorescence kinetics and transient triplet ~ distortions?*~4> One of the prominent examples of such
triplet absorption decays were the same within experimental influence is the diprotonation of the porphyrin molecule which
error. The roughly estimated triplet state quenching rate constantforces the molecule to adopt a saddle shape conformation with

by molecular oxygen i&r = 1/(z71[02]) = 1.9 x 10° M~1s71,
identical to the value for the corresponding FB and DP porphyrin
speciesd24

Efficiency of Nonradiative Deactivation of Excited States.
Data analysis (Table 2) shows that for both T3PG&nd
H,TSPC internal conversion S— S is the main channel of
deactivation. About one-half of the excited TSP@nolecules

extensive perturbation of the rates and yields of excited-state
deactivation. The perturbations correlate with the extent of
deviation from the macrocycle planarit§*é Changes in the
level of saturation of ther-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.

deactivate through this channel, as indicated by both the value Structural Volume Changes.The only structural difference

of ®c = 1 — & — 1, and the corresponding rate constant
kic. Internal conversion accounts for about 90% of deactivation
in HTSPCG~. On the contrary®sc decreases from 45% to
about 10% from TSPE to H,TSPC~. Comparison of the
corresponding rate constarkg and kisc indicates that this
decrease is mainly due to a large increasegin This rate
constant increases five times in going from T4P© H,TSPC-,

between the molecules of TSPCand TSPP- 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,
A1V. So far, it has been found that the type mfsearyl-
substituents has almost no influence on theV value. A
contraction of 16-18 A% and 4-5 A3 upon triplet formation of

and no other channel can compete with it. Taken together, IC FB and DP forms was measured independently of substittftion.

and ISC are the main deactivation channels. The radiative

transitions explain less than 10% and 2% of deactivation,
respectively. The ratio ofbe™8/®LP is not equal to that of
emission rate constants. This means that decrease glie

Two sets of LIOAS measurements were performed in the
temperature range 25 °C for TSPCG~ at pH= 7.0 and for
H,TSPCG~ at pH= 3.0 and 7.0.

The plots of the fractional amplitudes of the prompt heat

mainly due to a dramatic enhancement of the internal conversionreleasep; upon triplet state formation are shown in Figure 9.
rate rather than to a strong decrease in emission rate constanthe corresponding plots of fractional amplitudes for the

ke upon formation of HTSPC~.
The energy gap between the &hd ground Sstates is about
the same as for the porphyrin countergitherefore, a simple

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 @1 AtV = — 0.24 mL moi* was found for DP

energy gap factor is unable to explain the substantially larger
value of IC for TSP@~ and the large increase in,FiSPC~. H,TSPC~ from the slope in Figure 9. Thus, with the average
One of the reasons for such a behavior should lie in the structuralvalue of®t = 0.11, a contractiohtV = —2.2 mL mol? (—3.7
factors inducing a molecular symmetry lowering upon reduction A3) was calculated, close to those measured for DP forms of
of one of the pyrrole rings. Thus, either different molecular several porphyrins in aqueous soluti§iThus, the interaction
orbitals account for the electronic transition or changes in the of the highly distorted macrocycle with the hydrated water shell

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 counterpd?tThe b, orbital (in Do, symmetry
notation) participates in the formation of lowest State one-
electron configuration in the porphyrins, whereas it is formed
with an g orbital in the case of the chlorins. Once formed, these
triplet states are very similar in both energy level and reactivity.
However, the values dfisc for these two types of molecules
seem to be very different. Thuksc = 5 x 107 s1 for FB
chlorin and 6x 107 s~ for FB porphyrinl® but kisc decreases

is of the same order of magnitude for both porphyrin and chlorin
molecules.
A similar procedure affordedt AtV = —2.20 mL mof?
for FB TSPCG~. With & = 0.45 a contractiom\tV = —5.0
mL mol~! (—8.3 A3 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 paptthe
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
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intermolecular interactions should be about 50% weaker for the LIOAS laser-induced optoacoustic spectroscopy

reduced macrocycle. Such a weakening is likely to be due to MP monoprotonated form

the increased flexibility of the reduced macrocycle. It has been TSP@-  free base 5,10,15,20-tetrakis(4-sulfonatophenyl)chlorin

shown that the potential energy surface of conformational Tspp- 5 10,15,20-tetrakis(4-sulfonatophenyl)porphin

rearrangement is quite different for the various types of ¢_ ¢,  fluorescence, triplet, and singlet molecular oxygen produc-

tetrapyrrolic macrocycle¥. The gradient of this surface along Dy tion quantum yield

the coordinates that relate to distance to the center nitrogen is

smaller for a chlorin than for a porphyrin. The shallowness of

the co_nforma_tlonal energy surface a_llong this and other atomic pofarences and Notes

coordinates is what is meant by increased molecular flex-

ibility. 3547 \W me that for the more flexibl hlorin th (1) Spikes, J. D.; Straight, R. C. Photodynamic Therapy of Tumors
Iy | € assume ,? 0 eh ,? € et tl.)e Ct 0 d te and Other Diseaseslori, G.; Perria, C., Eds.; Libreria Progetto Editore:
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