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Abstract

Nanosecond laser flash photolysis, absorption and fluorescent spectroscopy were used to study the influence of pH on the photophysical and
photochemical processes of 5-sulfosalicylic acid (SSA) in aqueous solutions. Information on the excited singlet state intramolecular proton transfer
(ESIPT) of the SSA ions could be deduced from the dependence of the quantum yield and the spectral maximum of SSA fluorescence on the pH of
the medium. The main photochemical active form of SSA at pH < 10 is the dianion (HSSA?™). Excitation of this species gives rise to the HSSA?~
triplet state, to the SSA*>~ radical anion and to the hydrated electron. In a neutral medium, the main decay channels of these intermediates are
T-T annihilation, recombination and capture by the HSSA>~ dianion, respectively. A decrease of pH leads to an increase of the second-order rate
constants of disappearance of both HSSA?™ triplet state and SSA*>~ radical anion due to their protonation.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Organic acids (R—-CO;H) are a class of compounds abundant
in natural water [1]. These acids can form complexes with many
transient metals (including Fe(IlI)) whose photochemistry can
contribute substantially to the balance of organic compounds in
water [2-9]. It is worth noting that aromatic acids have their own
strong absorption bands in the UV range and can be subjected
to photochemical transformation under solar radiation in a free
noncoordinated state.

Salicylic acid (2-hydroxybenzoic acid) (SA) and its deriva-
tives (SAD) are considered as representatives of the complexing
functional groups in humic substances [10] and can serve as
model compounds for investigating the photochemical proper-
ties of natural acids. In the ground state SA and SAD present
by two rotamers A and B (Fig. 1A) [11-13]. Rotamer A is more
thermodynamically stable than B (enthalpy difference is 14 and
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10kJ/mol in case of SA and methyl salicylate (MS) [14,15]) due
to an intramolecular hydrogen bond. Excitation of rotamer A in
the gas phase and in non-polar solvents gives rise to an ultrafast
(~60fs in case of MS [13]) excited state intramolecular proton
transfer (ESIPT) from the hydroxyl to the carboxyl group result-
ing to the formation of a tautomeric form of the acid (Fig. 1B).
This accounts for the large Stokes shift of SA fluorescence and
its derivatives (Aem ~440nm [11-13,16]). Rotamer B cannot
undergo ESIPT and has fluorescence band with maximum at
330 nm.

In protic polar solvents, such as water and ethanol, the flu-
orescence band maximum of SA and SAD moves to shorter
wavelength (400 nm). This is accompanied by an increase of life-
time (from 1 to 6-8 ns) and fluorescence quantum yield [16—19].
This is due to proton transfer to the solvent in the ground state,
which results in the formation of the anion of the correspond-
ing acid whose photophysical properties differ from those of
the neutral. It is also assumed that in protic polar solvents, the
excited state of the neutral and anion forms of SA have zwit-
terionic and anionic character, respectively (Fig. 1B). In polar
solvents, the formation of the proton-transferred instead of the
tautomeric form of SA upon excitation is energetically favored
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Fig. 1. Primary photoprocesses of the neutral form of salicylic acid in non-polar
(A) and polar (B) solvents.

by solvation. According to theoretical calculations on the SA
anion, the activation energy for the intramolecular proton trans-
fer from the hydroxyl to the carboxyl group, which can account
for the increase of the fluorescence quantum yield of SA in polar
solvents [16], amounts to 4 kJ/mol only [14].

In [20], we have studied the photochemistry of 5-
sulfocalicylic acid (SSA) in neutral aqueous solutions. In these
conditions, the main form of SSA was the HSSAZ™ dianion.
SSA was chosen because of its better solubility in water com-
pared to SA. Excitation of HSSAZ~ (308 nm, XeCl laser) gives
rise to the triplet state of the dianion, to the hydrated electron
and to the HSSA®™ radical anion. The last two species result
from two-photon processes.

In the present work, we report on our investigation of the
photophysical and photochemical properties of SSA over a wider
pH range (0-10). We expanded the pH range because in natural
water, the concentration of the various forms of organic acids and
their photoprocesses depend on both their initial concentrations
and the pH of the medium.

2. Experimental

A laser flash photolysis set-up (ELI-94 excimer laser operated
at 308 nm with pulse duration of 15 ns and mean pulse energy of
20 mJ) was used. The probe light source was a xenon arc lamp
DKSSh-150. An increase of the light intensity by a factor of
about 100 was achieved by an additional current pulse (~150 A,
~1ms). A fraction of probe light was sent to a photodiode with
a quartz plate and was used as feedback signal to stabilize the
light intensity.

The excitation and probe light beams were directed to
the sample with a small angle (=2°) through a diaphragm
(2 x 7Tmm). After the sample, the probe light passed through
a monochromator (MDR 23) equipped with a photomultiplier
(FEU-84). The transient absorption signal was amplified (up to
256 times) and then directed to a 8 bit-ADC with 1024 counts
and a time resolution of 50 ns. With this PC-controlled set-up,
absorption changes as small as 5 x 10~* could be measured.

The fluorescence spectra were measured on a Varian CARY
Eclipse spectrofluorimeter (Aex =300 nm). The absorption spec-
tra were recorded using an HP 8453 spectrophotometer. The
NMR spectra were obtained with a DPX-200 Bruker spectrom-
eter (200 MHz). Chromatographic analysis was performed using
a HPLC SP8800-20 “Spectra-Physics” chromatograph (column
4 x 150 mm, Lichrospher RP-18, 5 pum; UV-detector: recording
wavelength 220 nm; solvents: A-water, B-acetonitrile; gradient-
linear: O min-0% B, 20 min-85% B; flow rate: 1.0 ml/min, injec-
tion 50 wl).

The fluorescence quantum yield of SSA was determined
as described in [21] using solutions of anthracene in ethanol
(¢=0.27) and quinine bisulfate in 1 M HySO4 (¢ =0.546) as
standards. The laser pulse power was estimated using solu-
tions of anthracene in benzene. The extinction coefficient of
anthracene T-T absorption (TTA) in this solvent at 431 nm
amounts to £=4.2x 10*M~'cm™! and the triplet yield is
¢r=0.53 [22].

SSA (99+%, Aldrich) was employed without further purifi-
cation. The solutions were prepared using bidistilled water.
Unless otherwise specified, all experiments were carried out with
oxygen-free samples in a 1 cm optical cell at 298 K. Oxygen was
removed by bubbling solutions with gaseous nitrogen.

3. Results and discussion
3.1. SSA photophysics

The absorption spectra of SAD are determined by the -
system of the aromatic ring interacting with the additional
m-bond on the C=0 group of the acid residue. Indeed, if the
absorption band of phenol in aqueous solutions is centered at
270nm (e =1.5 x 103 M~ cm™!), SA has a fairly strong absorp-
tion band at 300 nm (Apax =303 nm, £=3.5 x 103 M~! cm”)
[23]. The absorption band of SA shifts to the red upon substitu-
tion [16].

SSA has three acid protons (H3SSA) that can dissociate in
aqueous solutions. The SO3zH proton has a pK, <0, while the
COOH and OH protons have a pK, of 2.9 and 11.8, respectively
[24]. Absorption spectrum of SSA (Fig. 2) does not exhibit sub-
stantial changes over the pH range of 0-10 due to the similar
spectral properties of HySSA™ and HSSA2~ ions (Table 1). At
pH > 12, the absorption spectrum exhibits a new band with a
maximum at 260 nm (g =1.56 x 10* M~ cm™"), which corre-
sponds to acid tri-anion (SSA3™). In non-polar solvents at high
concentration of SAD formation of dimeric species is observed
[11,25]. In aqueous solutions of SSA no evidence for formation
dimeric species was found in the range 1075-1072 M of SSA.
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Fig. 2. Absorption (A, B, C) and fluorescence (D, E, F) spectra of SSA ions
in aqueous solutions: (A, D) monoanion HySSA™ (HCIO4, pH=0.7); (B, E)
dianion HSSAZ~ (NaOH, pH=7.2); (C, F) tri-anion SSA3~ (NaOH, pH=13).
Inset: pH dependence of the quantum yield of SSA fluorescence.
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Table 1

Absorption and fluorescent properties of SSA ions

Species )\f}l’:x (nm) Emax )\1}"‘;‘}( (nm) Olum®
(x1073 M~ em™h)

H,SSA™ 302 2.8 440 0.011

HSSA2- 297 2.8 404 0.58

SSA3~ 302 33 391 0.26

2 Standard error &+ 20%.

All three forms of SSA exhibit large Stokes shift of fluores-
cence (Fig. 2, Table 1) indicating on ESIPT. The fluorescence
maximum shifts to shorter wavelength upon transition from the
mono-(H,SSA ™) to the di-(HSSAZ™) and further to the tri-anion
(SSA3™) forms of the acid (Fig. 2, Table 1). In the case of SA,
the fluorescence maximum moves from 440 to 405 nm [17,19]
when going from the neutral (H,SA) to the monoanion form
(HSA™). Thus, the addition of a SO3H group to the SA does
not affect the position of the fluorescence maximum. It worth
noting, that excitation spectra of individual SSA forms coincide
very well with absorption one. The pH dependence of the flu-
orescence quantum yield (¢g) of SSA exhibits a S-shape with
the inflection point at pH=2.9 (Fig. 2, insert). This value coin-
cides with the dissociation constant of the SSA COOH group
(pK3=2.9). Thus, the increase in ¢q with increasing pH is due
to the deprotonation of the carboxylic group of the acid.

Quantum yield of HSSA™ luminescence is more than one-
order lower comparing to the HSSA?~ and SSA3~ forms
(Table 1). This fact could be explained by formation of unsta-
ble zwitterion in excited singlet state of HoSSA™ due to proton
transfer from hydroxyl to carboxyl group of the ion. Similar
hypothesis was proposed in [19] to explain one-order decrease
of luminescence life-time upon transition from the monoanionic
to the neutral form of SA in aqueous solution. From the other
hand, large Stokes shift of fluorescence was observed even for
tri-anion SSA (Table 1) which has completely deprotonated car-
boxyl and hydroxyl groups. This fact allows one to conclude that
SSAin S state undergoes distortion of entire molecular skeleton
due to tautomerization rather than “localized” proton transfer.
The former process is assumed to take place in excitation of SA
derivatives in gas phase and non-polar solvents [11-13]. From
our steady-state data it is impossible to decide clearly which
process takes place in excited state of SSA. One needs to use
time-resolved fluorescence technique for better understanding
of photophysics of SSA in aqueous solutions.

The photochemistry of the mono- and dianion of SSA is con-
sidered further, because these species are dominant in aqueous
solutions over the pH range typical for natural water.

3.2. SSA photochemistry

In [20], it was shown that excitation of the HSSA2~
dianion (XeCl laser, 308 nm) gives rise to the triplet state
(Amax =470 nm, &£470=6.7 x 1M~ Tem™), to the hydrated
electron (Amax =720nm, £720 = 1.84 x 10* M~ cm~! [26]) and
to the HSSA®™ radical anion. The latter two are formed by
absorption of a second photon by the singlet state of HSSA%~

[20].
So—hv — S1—ESIPT — S|—hv — g T HSSA®*™ €))]

In addition to photoionization, which is only important
under high laser intensity (>40 mJ/cm?), the main decay chan-
nels of the HSSA?~ S| state are the intersystem cross-
ing to the triplet (T)) state (kisc=(5.4£0.9)x 107s7")
and the radiative (kir = (9.3 & 1.8) x 107 s~1) and nonradiative
(kor =(1.3 £0.3) x 107 s~1) deactivations. The rate constants of
these various processes have been determined from the life-time
of the S/l state of HSSAZ~ (ta=6.3ns [20]) and the quantum
yields of fluorescence (gjum=0.58, Table 1) and intersystem
crossing (¢1 =0.34). The ¢T value was calculated from the ini-
tial part of the plot of the triplet yield versus the laser pulse
intensity. It should be noted that the triplet quantum yield of
the HSSA2~ dianion in aqueous solutions exceeds by order of
magnitude the triplet quantum yield of the neutral form of SA in
organic solvents [12]. This is probably due to an enhancement
of nonradiative relaxation in the tautomeric acid form.

3.2.1. Spectrum and decay kinetics of the T} state of
HSSA?~

In oxygen-free neutral solutions, the maximum of the
HSSA2~ T-T absorption spectrum is at 470 nm (Fig. 3). The
observed decay rate constant (kops) of the HSSA2- T/1 state
depends linearly on the magnitude of the triplet absorbance at
470 nm (Fig. 4), thus allowing the determination of the rate con-
stant of T-T annihilation (2kr_t=(5.5£0.5) x 108 M~ s~ 1).

AD x 102
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Fig. 3. T-T absorption spectra of: (A) SSA dianion at pH=3 (1) and 10 (2)
recorded just after laser pulse excitation; (B) characteristic kinetic curves at 440
(1) and 470 (2) nm for pH =3 and 10, respectively. [SSA]=3.1 x 1074 M.
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Fig. 4. Dependence of the decay rate constant of the T-T absorption signal, kops,
(1) at 440 nm (pH=3) and (2) at 470 nm (pH = 10) on the initial optical density.
[SSA]=3.1 x 1074 M.

The small non-zero value of the intercept of the plot in Fig. 4
(king 5 x 103 s~1) corresponds to triplet quenching by residual
oxygen (ca. [02] & 10~° M). Decreasing the pH of the solution
causes a shift of the TTA maximum from 470 to 440 nm (Fig. 3)
and an increase of kqps (Fig. 4).

The COOH group of SSA has a pK, of 2.9 [24]. Therefore,
as the pH decreases, a fraction of the light is absorbed by the
SSA monoanion (HySSA™). As this species makes almost no
contribution to TTA of the sample, the decrease of the pH below
four results in a sharp fall-off (Fig. 5SA) of the TTA amplitude
at 440 nm (AD*?). The low yield of TTA of the SSA monoan-
ion is explained by a fast radiationless relaxation of the excited
singlet state of this species. This is supported by the low fluo-
rescence quantum yield of HSSA™ (Table 1). The fast excited
state relaxation of SSA monoanion makes a two-photon ioniza-
tion of H,SSA™ by a nanosecond laser pulse hardly probable.
Thus, the presence of H,SSA™ in the sample leads only to a
decrease in the amount of light absorbed by HSSA?~.

The most probable reason for both the shift in the TTA
band maximum and the acceleration of the decay kinetics with
decreasing pH is the fast (<50 ns) protonation of the hydroxyl
group of the SSA dianion in the T) state:

TH,SSA™ « THSSA%™ + HTK» )

The acid-base equilibrium constant K> can be determined
from the pH dependence of the ratio of TTA signal amplitudes

e e
8+ -~ * -
°
®
.
[3']
= .
X
<
]
®
L] .| 1 1
0 2 4 6
(A) pH

AD470 / AD440

=) pH
Fig. 5. pH dependence of: (A) AD*?; (B) the AD*"%/ AD*¥0 ratio. The solid line

in (B) is the best fit of Eq. (3) with 5?40 =62x 10°M~'em™! and pKy =3.5
([SSA]=2.6 x 1074 M).

at 440 and 470 nm (AD*"%/AD*) (Eq. (3)):

AD47O B ﬁ(gélﬂo/gaﬂo + Kz/[H+])
A D40 8340 (8?40/8340 + Kz/[H+])

3

where the subscripts «1>> and <«2>> stand for TH,SSA~
and THSSA?~, respectively. The absorption coefficients of
THSSAZ2~ were known [20] and the ratio 8‘1‘70 / 8‘1‘40 ~ (.55 was
determined from flash photolysis experiments at pH < 2. The best
fit of Eq. (3) to the experimental data (Fig. SB) was obtained
with ¢¥0 = (6.2 +£1.0) x 10°M~'cm™! and pK>=3.5+0.1.
The 8‘1&0 value was used to determine the T-T annihilation rate
constant of THySSA™ (2kt_t=(1.8 £ 0.2) x 10° M~ s~1). The
increase of this rate constant with decreasing pH of the medium
can be explained by the decrease of the charge on the SSA dian-
ion triplet state upon protonation.

3.2.2. Spectrum and decay kinetics of HSSA® ™~ radical
anion

In oxygen-saturated solutions, both the hydrated electron
and THSSA?~ populations decay rapidly (200ns), allowing
the absorption spectrum of the longer-lived HSSA®~ radical
anion resulting from HSSA?~ photoionization to be recorded
(Fig. 6A). In neutral solution, the HSSA®™ spectrum consists of
two absorption bands with maxima at 400 and 415 nm. As the pH
decreases, the bands move to longer wavelength (Fig. 6A) and
the decay rate constant of HSSA®*™ (kobs) increases (Fig. 6B).
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Fig. 6. (A) Transient absorption spectra obtained 1.6 s after laser excitation
of oxygen-saturated aqueous solutions of SSA (2.2 x 107* M) at (1) pH=2.5
and (2) pH="7. (B) Dependence of the observed decay rate constant kops of (1)
HSSA*~ (pH=2.5) and (2) SSA*2~ absorption on the initial optical density at
400 nm.

Since protonation of the HSSA®~ radical anion over the pH
range investigated is hardly probable (the pK, of the phenoxyl
radical is —2.0 [27]), the aforementioned results indicate a dis-
sociation of the radical carboxyl group in the neutral medium:

HSSA®*™ & SSA*?~ + HT K4 )

Thus, in neutral solutions, the radical anion exists in the
deprotonated form (SSA*2). Similarly to (Eq. (3)), the acid-
base equilibrium constant K4 can be found from:
AD43O _ gij(8§30/8230 + K4/[H+])

A D400 8200 (843LOO /8100 + K4/[H])

&)

where the subscripts 3> and «4>> stand for the HSSA®™
and SSA*?~ radical anions, respectively. 8‘3‘00 and 8100 were
determined by measuring the magnitude of the radical anion
absorption at 400nm (AD*%) (flash photolysis of HSSA>™
in oxygen-saturated solutions at various pH) and the con-
centration of hydrated electrons (flash photolysis of HSSA%~
in oxygen-free solutions, pH=7) at various intensities of
the excitation laser pulse (Fig. 7A). Variation of the pH
over a wide range (2.5-7) has almost no effect on the
value of the observed absorption coefficient of radical anion
at 400nm (gops =(2.740.3) x 10° M~ ecm™!), indicating a
390/63% ratio of about 1 (Fig. 7A). The &;70/&3 ~ 0.42
ratio was obtained by averaging experimental data for pH >4
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Fig. 7. (A) Dependence of AD*® on the hydrated electron concentration. Dark
circles: pH="7.0; empty circles: pH=3.5; dark triangles: pH=3.0; empty tri-
angles: pH=2.5. (B) pH dependence of the AD*3*/AD* ratio. The solid
line is the best fit of Eq. (5) with £3°0 =2.0 x 10° M~!em™! and pK4=3.1
([SSA]=2.3 x 1074 M).

(Fig. 7B). Thus, the only unknown in Eq. (5) are 8§30 and Kjy.
The best fit of Eq. (5) to the experimental data shown in Fig. 7B
indicates a pK4 = 3.1 £ 0.1, which is close to pK, of the carboxyl
group of SSA (pK,=2.9). This confirms the hypothesis of the
deprotonation of HSSA® ™ radical anion in a neutral medium.

The linear dependence of ks on the absorption amplitude of
HSSA®~ and SSA®*2~ at 400 nm (Fig. 6B) indicates that these
radicals decay mainly upon recombination with the rate con-
stants 2k= (2.8 £0.4) x 10° M~ ! s~ ! and 2k=(7 £0.4) x 108,
respectively. The intercepts of the linear plots in Fig. 6B
correspond to the reactions of HSSA®~ and SSA*>~ with
oxygen. In oxygen-saturated solutions, [02]~1.25 x 1073 M
[28] and the corresponding rate constants can be estimated as
(7+3)x 10°M~s! for HSSA®*~ and (5+4) x 100 M~ 57!
for SSA*~.

3.2.3. Decay kinetics of the hydrated electron

In oxygen-free neutral solutions, the population of
hydrated electrons decays mainly upon reaction with HSSA?~
dianion (k=2.7 x 10°M~!'s~! [20]) and SSA®?~ radical
anion (k=7 x 10°M~1s~! [20]) and upon recombination
(2k=1.1 x 101°M~1s~1 [29]). As the pH decreases, the main
decay channel of the hydrated electron is the reaction with
a proton, resulting in the formation of a hydrogen atom
(H* + e, — H*, k=2x 1019M~1s~! [29]). The hydrogen
atom most probably disappears upon recombination (2H®* — Hp,
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Fig. 8. (A) NMR spectrum and assignment of the product of HSSA?~ photolysis
obtained by evaporating the irradiated aqueous HSSA2~ solution (1.3 x 1073 M,
pH=9.5) and dissolving the dry residue in CD3OD. (B) Chromatogram of an
irradiated solution of HSSAZ~ (4.4 x 1073 M, pH=9.3).

2k=1.6 x 10'1°M~'s~! [29]) and in the reaction with SSA
(k=1.4 x 10° M~ s~ for the reaction of a hydrogen atom with
SA [30]).

3.3. Final products of the SSA photolysis

The NMR spectrum of an irradiated SSA dianion solution
displays not only the signals of primary SSA, but also many
lines corresponding to photolysis products. The strongest NMR
signal belongs to the dimeric product (P), which contains five
phenyl protons (Fig. 8 A). The existence of only one proton signal
in the high magnetic field region indicates that in the dimer, the
C—0 bond is the meta-position relatively to the carboxyl group.
The chromatographic analysis of irradiated HSSA%~ solutions
also indicated a single main photolysis product with a reten-
tion time exceeding that of SSA (Fig. 8B). Thus, the main
product of the SSA dianion photolysis is 3-(2-carboxy-4-sulfo-
phenoxy)-sulfosalicylic acid resulting from the recombination
of two HSSA®~ (or SSA®27) radicals.

4. Conclusions

The influence of the pH on the photophysical and photochem-
ical properties of aqueous SSA solutions has been investigated.
Similar to other SA derivatives SSA exhibits the large Stokes
shift of fluorescence indicating the intramolecular proton trans-

fer (or tautomerization) in the Sy state of SSA ions. This process
is responsible for the considerably lower photochemical activ-
ity of SSA monoanion compared with HSSA?~. Excitation of
HSSA2~ gives rise to the triplet state, to the SSA*2~ radi-
cal anion and to the hydrated electron. In neutral medium, the
main decay channels of these intermediates are the T-T anni-
hilation, the recombination and the capture by the HSSA?~
dianion, respectively. A decrease of pH results in an increase of
the second-order decay rate constants of HSSAZ™ triplet state
and SSA®2~ radical anion, because of their protonation in an
acid medium. '"H NMR was used to identify one of the final
products of dianion photolysis-3-(2-carboxy-4-sulfo-phenoxy)-
sulfosalicylic acid. The results indicate that the pH is an impor-
tant parameter, which controls the photochemical reactions of
aromatic acids in natural water.
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