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Abstract

Nanosecond laser flash photolysis (XeCl, 308 nm), optical spectroscopy, fluorescence, and time-resolved chemically induced nuclear
polarization (CIDNP) were used to determine photophysical and photochemical processes for 5-sulfosalicylic acid dianién)(iHSSA
aqueous solutions and frozen matrices. The triplet—triplet absorption (TTA) band with a maximum at 470 nm was recorded under excitation
in the region of the long-wave absorption band of dianigpa = 300 nm). For high laser pulse intensities, a two-quantum formation of
an aquated electron is observed. CIDNP in solutions and flash photolysis in frozen matrices, with preliminary excitation to populate T
state, indicate that photoionization occurs during absorption of a second quantum by an excited sstgtet $he spectral and kinetic
characteristics of the excited states of dianion and aquated electron were determined.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction laser flash photolysis was publishfidl]. The photochem-
ical and photophysical processes have been studied for

Organic acids (R-CgH) are a class of compounds abun- 5-sulfosalicylic acid (SSA) in aqueous solutions in the

dant in natural watefrl]. The main source of organic acids is framework of the program for studying photochemical trans-

the digestion of residual plants by microorganisms in water formations of various compounds in natural water. SSA was

and soil. These acids can form complexes with many tran- used because of its better solubility in water as compared

sient metals whose photochemistry can contribute substan-with SA. The spectral and kinetic characteristics of primary

tially to the balance of organic compounds in wdge6]. To intermediate states and species are examined in the study.

determine the processes initiated by solar radiation in nat-

ural water, it is necessary to study primary photochemical

reactions for coordination compounfis8] including those 2. Experimental details

with oxyacids as ligands. It is important to note, however,

that aromatic acids have their own strong absorption bands We employed a set-up for laser flash photolysis using ex-

in UV range and can be subjected to photochemical transfor-cimer XeCl laser excitation (308 nm) with a pulse duration

mations under solar radiation in a free noncoordinated state.0f 15ns and a mean pulse energy of 20 mJ. For details see
Salicylic acid (2-hydroxybenzoic acid) (SA) and its [13]. The spectrum and kinetics of SSA fluorescence were

derivatives (SAD) belong to aromatic oxyacids family and measured on a PRA spectrofluorimeter with photon count-

can serve as model compounds, which demonstrate theing. The optical spectra were recorded using an HP 8453

photochemical properties of natural oxyacids. SA and SAD “Hewlett Packard” spectrophotometer.

are known to luminescence in the blue spectrum range In the numerical calculations of the kinetic curves of the

[9,10-12] However, the photophysical and photochemical appearance and disappearance of intermediate optical ab-

properties of these molecules are poorly characterized. Itsorption, differential equations were solved by a special pro-

was not until recently that the spectrum of triplet—triplet gram using the fourth-order Runge—Kutta method. The laser

absorption (TTA) of SA in organic solvents recorded by pulse power was estimated using solutions of anthracene

in benzene. The TTA of anthracene in this solveni at
* Corresponding author. Tek+7-3832-332385; fax:+7-3832-342350. 431 nm has the absorption coefficient 42,000 Mt cm?
E-mail addressplyusnin@ns.kinetics.nsc.ru (V.F. Plyusnin). for the quantum yield of formatiop = 0.53 [14].
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SSA (Aldrich) and 2,2dipyridyl (DP; Aldrich), as a ¥ COOH
triplet energy acceptor, were employed without repurifica- 4r 5"3 OH
tion. Doubly distilled water was used to prepare solutions. l: = H3SSA
All experiments were carried out in oxygen-free solutions. - ; : SOsH
Oxygen was removed by bubbling solutions with gaseous IE
nitrogen. Aqueous 4 M Mg(Clg), solutions, which form 0
at 77 K the transparent glassy matrices, were used to study E
processes at low temperatures. >
The effects of time-resolved photo-chemically induced o
nuclear polarization (CIDNP) were determined on a set-up -
based on an NMR DPX-200 Bruker spectrometer and ex- .
cimer Lambda Physik EMG-101 (XeCl, 100 mJ, pulse dura-
tion: 15 ns) lasefl5]. The optical part of the set-up supplied T A\
~25% of laser energy to a sample. 1

3. Results and discussion 02(‘)0 250 300 - 350
Wavelength / nm

3.1. Optical spectra of SA and SSAs
Fig. 1. Optical absorption spectra of SSA ions in aqueous solutions at
The optical absorption spectra of SA and SAD are deter- 298K. (1) bSSA~ monoanion (HCIQ, pH = 1); (2) HSSA~ dianion
mined by themr-system of an aromatic ring interacting with (NaOH, pH= 10); (3) SSA" trianion (NaOH, pH= 13).
an additionahr-bond on the €0 group of an acid residue.
Indeed, if the benzene absorption band is centered to 250 nmlong-wave absorption band with a maximum at 300 nm
in agueous solutions, SA has a fairly strong absorption bandwith an extinction coefficient of about 2800 Mcm—1.

at 300 NM fmax = 303nm,e = 3500 M~ tcm™1) [16,17] In the far UV range, there are two absorption bands with
Introducing substituents into SA red-shifts the absorption maxima at 235 nms(= 8500 M~ cm™1) and 210 nm4 =
band[9]. 41,000 M~ cm™1). At high pH (>12), the optical spectrum

The fluorescent properties of SA and SAD have been exhibits a new absorption band with a maximum at 260 nm
studied in a series of polar (water, ethanol, dimethyl- (¢ = 14,200 M 1cm~1), which corresponds to acid trian-
formamide, chloroform) and nonpolar solvents (benzene, jon (SSA-). Thus, in aqueous solutions, over a wide pH
n-heptane, isooctane, methylcyclohexane). In the groundrange (4-10), the SSA is in the form of dianion HSSA
state, there is a strong intramolecular hydrogen bond be-whose photophysics and photochemistry are described in
tween carboxyl and hydroxyl SA groups. A fast (6Q14]) this paper.
intramolecular proton transfer giving rise to a tautomer
form occurs upon SA excitation. This accounts for a large 3.2. Laser flash photolysis of aqueous solutions of
Stokes shift of SA fluorescence band and its derivatives. In dianion HSSA~
polar aprotic and nonpolar solvents, the fluorescence band
maximum is observed at 450 ni®,10,12] For proton polar Excitation of the oxygen-free aqueous solutions of dianion
solvents, such as water and ethanol, the fluorescence bantiSSA2~ by a laser pulse (308 nm) gives rise to intermediate
maximum for SA and SAD moves to a short-wave range absorption consisting of three bands with maxima at 310,
(400 nm) with an increase in lifetime (from 1 to 6-8ns) 470, and 720 nmHKig. 2a). The bands at 470 and 720nm
and fluorescence quantum yigld]. This is due to proton  decay at substantially different ratésd. 2b), which indicate
transfer to a solvent in the ground state, which results in the formation of several intermediate species after the laser
the formation of an anion of the corresponding acid whose pulse. The band lifetime at 470 nm decreases sharply in the
photophysical parameters differ from the characteristics of presence of oxygen, which is evidence that the band belongs
a neutral molecule. to HSSA~ absorption from the triplet state. The TTA band

Fig. 1shows the optical SSA spectra in aqueous solutions of a neutral form of SA in cyclohexane has a maximum at
with different pH. SSA has three acid protonsz@5A) 440 nm[11]. The shift of 30 nm is due to the introduction of
that can dissociate in aqueous solutions. Thets@roup a substituent into a ring (S group), the change in acid
proton dissociates over a wide pH range (0-14) for COOH form (neutral SA form and dianion HS$A), and the use
and OH groups, § = 2.9 and 11.8, respective[\L8]. Over of another type of a solvent (water versus organic solvent).
the pH range from 0 to 10, there are actually no consid- Based on data from pulse radiolysis, it is known that a
erable changes in absorption spectrum due to the similarwide band with a maximum at 720 nm belongs to the absorp-
parameters of the spectra obSSA™ and 5-sulfosalicylic tion of aquated electron {g~) [19-21] In Fig. 2a, the dot-
acid dianion (HSSA") ions. These particles display a ted line shows theg~ spectrum fronj19]. The dependence
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Fig. 2. Laser flash photolysis of aqueous H$SAolution (15x 104 M).
The cell thickness: 1cm, temperature: 298K, pH10.0, laser pulse
intensity: 60 mJ/cr (a) Intermediate absorption spectra (1)-(5): 0, 1.6,
6, 16, and 48.s after the pulse. The dotted line shows thg espectrum
from [19]. (b) Kinetic curves at 470 and 720 nm.

of the yield of the HSSA~ TTA and &q on laser pulse
intensity is shown inFig. 3. The TTA (470 nm) increases
linearly at low intensity and starts to approach saturation
with intensity exceeding 100 mJ/@miThe @4~ absorption
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Fig. 3. Dependence of the optical density of the H3SATA (470 nm)
and g~ absorption (720 nm) on laser pulse intensity in aqueous HSSA
solution (12 x 10*M) at pH = 100. The cell thickness: 1cm,
D3ps = 0.23, temperature: 298 K. Symbols—experimental data, solid
curves—numerical solution of differential equations for reactions (1)—(4)
and (10).

155

yield (720 nm) is small at low intensities of the laser pulse
and starts to increase substantially in the region >40 nfJ/cm
This indicates a two-quantum process of aquated electron
formation.

The slope in the initial part of the dependence of the triplet
state yield on laser pulse intensitifig. 3) determines the
productp(7) e3’° = (3.0 + 0.2) x 16M~tcm1, where
1'% is the extinction coefficient of the TTA band with a
maximum at 470 nmKig. 2a). Thus, the quantum yield of
the appearance of the triplet state of dianion H8SAan
be calculated after determination of th® value.

3.3. The spectrum and kinetics of H$SAluorescence
in aqueous solution

The first excited singlet Sstate is populated during ex-
citation of dianion HSSA" in the region of the long-wave
absorption band (300 nm). For low laser pulse intensities,
when the gq~ yield is small, the g state either relaxes ra-
diatively (k) or nonradiativelyKy,) to the ground gstate or
transfers to the triplet Tstate kisc) via intersystem crossing

S (1)
S8 s 4 @)
S8 S (3)
$1 Ty )

The radiative relaxation fromSto & is recorded in the
form of a short-living luminescence in the blue region. The
fluorescence band maximum is located at 404 Rig.(4a).
Note that for SA in aqueous solutions at pH7, the lumi-
nescence maximum is at 405 rifr2] and corresponds to the
anion HSA™ emission. Thus, the presence of a gS@roup)
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Fig. 4. HSSA~ dianion luminescence in aqueous solution: (a) spectrum;
(b) kinetic curve of luminescence disappearance at 400 nm.
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in the dianion HSSA™ has almost no effect on the lumines- curves at 470 and 350 nm can be described by the following
cence spectrum. Intersystem crossing to the triplestate scheme:

is followed by the appearance of the TTA band with a max- 5 2 kyq o 3

imum at 470 nmFig. 2a). The lifetime of dianion HSSA HSSA™™ + DP—= "HSSA™ (So) + “DP ®)

fluorescenceHig. 4b) is 7 = 6.3 £ 0.1ns, which deter- 3 _ k1

mines the sum of the rate constantsil= ki, + knr + kisc = DP="DP(S0) 6)

~1

(1.6 +0.03) x 10°s 1. 3pp 4+ 3pp X 1DP(So) + 'DP(Sy) @
1 3 3

3.4. Determination of HSSA TTA coefficient DP(Sp) — “DP  (¢("DP)) (8)
The constank; = (4.2 +0.2) x 10°M~1s1 was deter-

The absorption coefficient of the dianion HS%ATTA mined from the dependence bggg on the DP concentra-

band was determined by the method of triplet-triplet en- ion The quantum yields(3DP) = 0.29 + 0.02 and the
ergy transfer. As an acceptor, we used DP with a known \,5),es for the rate constanits = (8.1+ 1.0) x 103s ! and
TTA spectrum (the band with a maximum at 350 nm ks = (1.740.2) x 10° M~ s~1 were measured based on the

. . . _l _l
and an absorption coefficient of x80*'M~tcm dependence of the yield of DP triplet absorption at 350 nm
[22]). The weak absorption of DP at 308nm (~ and value o%222 on the laser pulse intensity in the absence

B p— i ;
3x 10PM~*cm™), as compared with HSSA absorption of HSSA~. The calculated and experimental kinetic curves

— Loy i ;
(i E)PZ x 1°M~tem )’I IS a:jndqt_her reason Lor Lhe ch_0|ce at 350 and 470 nm obtained for the different initial DP con-
° as an acceptqr. n addition, its wea a SorpF|on a centrations and with variations in laser pulse intensity were
308 nr2n allows us to d_lrec_tly populate the D.P tr_|plet (without compared to find the absorption coefficient of the HESA
Hsls(f‘ ()jandl determllne It stspt(:]ctral and k|n§,_t|c P arz?_r%estirs. TTA band. The system of differential equations was solved

hdeed, a faser puise Into e aqueous dianion for a set of reactions (5)—(8). As fixed parameters, we used
solution with DP is followed by the formation of a new ab- '\ -1 a5 of constante,—ks, and the ratio between ex-

sorpti'on ;)andhwith aLmE_xim_um a; 359”'?_1@' 5@' T?‘e in- tinction coefficients at 350 and 470 nm for the TTA bands
set Fig. ) shows the kinetics of optical density change at (845730/8350 — 0.04 and 470/8%50 — 50). The ratio be-

o _ by =
470nm (HSSA" triplet) and 350 nm (DP triplet). The7 ob- feen absorption coefficients was determined from the ratio
served rate constant of HSSATTA d|sappearancekgbS

; o ) . between the signal amplitudes for the corresponding wave-
increases with increasing DP concentration. Thesg resu,ltslengths during flash photolysis of the DP and HESAolu-
cpnﬂrm the T-T energy tr.ansfer. At low !aser pulsg mtgnsr tions separately. The absorption coefficientof TTAat470 nm
ties and small concentrations of HS3Atriplet, the kinetic was varied. Its value\#m — (6.74+05) x 18M~tcm1,
allows us to bring into agreement all calculated and ex-
perimental kinetic curves. The solid lines kig. 5b show
calculations with the above parameters.

The above produgi(7) 3'°and the absorption coefficient
were used to calculate the quantum yield of the H3SA
triplet stategp(7) = 0.454+0.05. The value of the Tquantum
yield and the g state lifetime make it possible to determine
the sum of the constants of radiative and nonradiativesS
S transitionskiy +knr = (8.841.0) x 10’ s~1 and constant of
intersystem crossinkisc = (7.2+0.7) x 10’ s~1. Note that
for the HSSA~ dianion, the T quantum vyield in aqueous
solutions exceeds by order of magnitude that for the neutral
forms of SA and SSA in organic solvertsl].

» o ©
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1 3.5. Excited state from which the SSA ions

5 are photoionized
350 400 450 500
Wavelength / nm The laser pulse duration is 15 ns. Therefore, the HSSA
dianion absorbing a light quantum during this pulse is first
Fig. 5. Determination of the absorption coefficient of HSSATA band in the excited singlet state (6 ns) and then in the triplet state.
at470nm. (a) Intermediate absorption spectra arising from flash photolysis Thys, the two-quantum HS<A photoionization and &
in aqueous solution (pH:= 10, temperature: 298 K) of HS$A dianion formation at great laser pulse intensities can occur upon

(1.9 x 10*M) and DP (51 x 10~>M); (1)—(5): 0, 1.2, 2, 4, and 12s .
after the laser pulse. (b) Kinetic curves at 470 nm (H&S#iplet) and second quantum absorptlon from both thea®d T; states.

350nm (DP triplet); solid lines—calculations by the scheme of reactions 1 he time-resolved chemical nuclear polarization method
(5)—(8) with the parameters given in the text. was employed to determine the multiplicity of the state from
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Fig. 6. Determination of the multiplicity of the state of HSSAdianion
photoionization’H NMR spectra (200 MHz) of 10® M HSSA2~ in water

(pH = 10) at 298K. (a) Initial compound; (b) photo-CIDNP spectrum
with 1us delay between laser flash and probing pulse. Numbering of
proton signals corresponds to structureTable 1

which ionization occursrig. 6 shows the CIDNP spectrum
recorded during HSSA photolysis in BO (pH = 10) 1ps
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Table 1
Calculated HFC constants of HSSA and CIDNP effects of different
protons of HSSA~

Intermediate Position Calculated CIDNP
HFC (mT) (rel. int.)
(o)
s o3 1 -0.876 A (2.02)
- 2 0.727 E (1.17)
S0, OH 3 0.403 E (1.00)
2 1

The signs of the HFC constants for the HSSArad-
ical anion were calculated as follows: the geometry was
optimized by the AM1 method (HyperChem 6); the HFC
constants were calculated for optimized geometry using the
INDO method (UHF), which was parametrized for calcu-
lating magnetoresonance parameters (spin Hamiltonian pro-
gram)[27]. The calculated results are summarizedable 1
Taking into account the fact that the nuclear polarization ac-
tivity is proportional to the value of HFC constant, and the
polarization sign depends on the HFC sign, we conclude that
although the absolute values of the HFC constant are slightly
overestimated, the calculation correctly describes the spin

after the laser pulse. This spectrum demonstrates integraldensity distribution in the HSSA™ radical anion.

polarization on all protons of the primary HS3Adianion.

According to the rules of CIDNP effects sign analysis,

The CIDNP effect sign depends on a number of parameterswe conclude that in solution, the polarization observed was

and is commonly given as a simple relation (Kaptein's rule)
(23]

TIhet= e Aga 9

wherel het describes the net CIDNP effectS;et > 0 corre-
sponds to the absorption aii{le; < 0 corresponds to emis-
sion effects. The other parameters are= +1 for a triplet
precursor angk = —1 for a singlet radical (or ion radical)
precursorg = +1 for geminate recombination products, and
¢ = —1 for escape producta\g is the sign of theg-factor

formed in the pair of the HSSA radical anion and the
aquated electron, resulting initially from the singlet state
(u < 0). Thus, the HSSA dianion is ionized upon the
second quantum absorption by the singlesgte.

Additional data on the multiplicity of the state from
which &g~ is photoionized and formed, were obtained
by experiments on flash photolysis of HSSAions in a
low-temperature (77 K) glassy matrix (the aqueous 4M
Mg(ClOg), solutions were frozen)Fig. 7a (spectrum 1)
shows the optical HSSA spectrum in this matrix, which

difference between paramagnetic intermediates containingalmost coincides with the spectrum in a solution. The

the polarized nuclear and radical partneris, the sign of the

stationary photolysis by laser pulses gives rise to the ab-

hyperfine coupling constant of a nucleus in the paramagneticsorption band of the aquated electron with a maximum at
intermediate. In this case, the polarization sign sensitivity to 550 nm Fig. 7a, spectrum 2).

the multiplicity of the geminate pair precursor of HSSA

After a laser pulse, the flash photolysis of a low-tempera-

radical anion and aquated electron is of importance. Whenture matrix containing HSSA ions, like aqueous solu-

the HSSA~ concentration is<10~3 M and the time delay is

1 us, the polarization observed corresponds mainly to gem-

inate processes, and as a resul; +1.
The g-factor of aquated electron in water is 2.0[22].

tions, leads to a TTA with a maximum at 470nm and the
aguated electron absorption (a broad band with a maximum
at~620nm Fig. 7a, spectrum 3)). A shift of the absorption
band maximum of g~ to a short-wave spectrum in frozen

In other agueous solutions and frozen matrices, the value ofaqueous solutions of various salts, as compared with liquid

g-factor for an electron varies from 1.9999 to 2.0[@3],
i.e., is smaller tharge = 2.0023 (a free electrog-factor).
For the SA radical HAS g = 2.00476[26], i.e.,g > ge
which is typical of many organic radicals and radical ions.
If the parameters of the spin Hamiltonian of radical HAS
and HSSA™ are similar, then for HSSX we also geg >

ge- Therefore, theAg parameter for the geminate pair of
HSSA*™ and gq~ in (9) will be positive.

water, is typical[19]. The additional shift of maximum of
40-70 nm upon transition from nanosecond time ranges to
the long-time ranges is known from the data on pulse radiol-
ysis[19,28,29]and is ascribed to the deepening of a trap in
which an electron is localized. It is worth noting that most
electrons in a matrix are not stabilized. By the time a sta-
tionary spectrum is recorded-(0s), only 5% of electrons,
formed just after the laser pulse, remdtig. 7b shows the
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80 (Fig. 7c). At 77 K, the lifetime of the triplet state of HSSA
5 ions in a matrix reaches-0.6 s whereas the fluorescence
X continues to decay in the nanosecond range. The great dif-
ference in the lifetimes of Tand § states in the frozen
m matrix was used to determine the multiplicity of the state
from which the two-quantum ionization occurs. A consider-
able portion of HSSA ions were transferred into the triplet
state by several laser pulses supplied to a sample at 0.1s
intervals (frequency: 10 Hz). A change in absorption at 470
or 650 nm was recorded during the last pulse in a series of
Lz , , oM . ‘ . . pulses. If the T state is the main source o, the yield
400 600 800 0 200 400 600 800 of electrons should increase substantially after preliminary
(@) Wavelength / nm (b) Time / ps conversion of the HSSA ions into this state.
18 14 Fig. 7d shows the amplitude of the absorption signals of
161 1, ] HSSA?~ T state and of & versus the number of laser
470 nm . _h‘k pulses absorbed by the sample. The amplitude corresponds
H to a change of absorbanc&D) per pulse. A series of pulses
were produced with intervals of 10 s when the triplet state
arising from the previous series decayed completely. The
6 R value of AD is observed to decrease with increasing hum-
ber of pulses absorbed by the sample because of a decrease
. in HSSAZ~ concentration and the accumulation of photoly-
»  650nm . S 2"."'.,5% sis products. The governing factor is that the supply of pre-
Ly - 0 4 liminary pulses leads to a decrease in the yield of both the
0

N

60

=01

40 3
650 nm

AAbsorbance*10”
AAbsorbance*10°

20+

-
N

-
o
T
| 8

AAbsorbance=10°
AAbsorbance*10?

QN B O @
[
N

20 40 60 6 80 160 180 200 triplet (AD470) and the aquated electronDgso). From the
value of optical density at 470 nnA(D470 > 0.15 at the be-
ginning of photolysis), we estimate thg $tate population
Fig. 7. Photolysis of HSSA dianion (39 x 10-3 M) in frozen aqueous after three preliminary pulses to the time the registration
4M Mg(ClOq)2 solution in the cell of a thickness of 0.049cm at 77K. (a) pulse is supplied. If the absorption coefficient of the TTA
Optical absorption spectra: (1) initial HS8Aspectrum; (2) the spectrum band does not change significantly upon transition from so-

after 100 laser pulses (10 Hz, 60 mJ®mecorded 10s after irradiation; lution to frozen matrices. then. taking into account the rate
(3) absorption spectrum following laser pulse (increase in five times) ! ! 9

upon flash photolysis. (b) Kinetics of the change in optical absorption Of triplet state decay, approximately 25% of HSSAons

of an aquated electron at 650 nm. (c) Dependence of the optical densityare converted into thejTstate during the three preliminary

of HSSA~ TTA (470nm) and g~ absorption (650 nm) on laser pulse pulses.

int(insity. (d) .A change in the value of TTA aF 470nm ((1) gnd (2)) and Therefore, the strong CIDNP signal recorded for HESA

€aq  absorption at 650nm ((3) and (4)) during 1 pulse with the total . . .

number of pulses absorbed by the sample. (1) and (3)—measurement aftelsomtlons and a decr.ease m_ the aquateq electron yl,eld upon

each pulse (the time between pulses 10s); (2) and (4)—upon transfer oftransfer of a substantial portion of HS3Aions to the triplet

a series of 4 pulses to a sample with an interval of 0.1s (measurementState by preliminary pulses in frozen matrices, indicate that

using the last fourth pulse, an interval between the series of 10s). for these species, the photoionization occurs upon the second
light qguantum absorption by the excited singlat Sate.
HSSA~ in this state is the source of both thgye and the

nonexponential kinetics of electron absorption disappear- T; triplet.

ance at 650 nm. The complex kinetics probably is due to both

the absorption shift to the short-wave spectrum and the elec-3.6. Two-quantum processes of aquated

tron disappearance in the geminate and bulk recombinationelectron formation

with the HSSA™ radical ion involving tunnelind28,29].

The reaction between thg£ and the primary HSSA ion The two-quantum process of electron formation involv-

can make an additional contribution. As illustrated below, ing the singlet $ state can be realized by several ways.

in liquid solutions, this reaction substantially determines the Transition from the & state to the highly excited singlet

kinetics of electron disappearance. In this case, the reactionSy state[30] can cause molecule ionization resulting in a

product is represented by the HSSA radical ion, and the  “dry” electron. In aqueous solutions, this electron relaxes

absorption band with a maximum at 416 nm arising along in 100-300fs into the p-state in a trap formed by polarized

with eaq~ absorption, can belong to this radical idfid. 7a, solvent molecules. By 250-540fs it is completely stabilized

spectrum 2). in the ground s-statf81-34] Electron tunneling from the

The yield of triplet and electron absorption in a matrix Sy state into the closely located trap is also possjBH.
is also nonlinearly dependent on the laser pulse intensity The latter process is energetically more advantageous due to

(c) Intensity / mJcm” (d) Number of Pulses
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electron transition to the hydrated state. In a frozen matrix, [42,43]), the mean electron range prior to thermolization
the orientational relaxation of solvent molecules is frozen is 11-13 A[39]. This exceeds the Onsager radius for wa-
out. Therefore, an electron can be captured by ready trapster (. = ¢?/¢ekT = 7 A at 21°C) by only 4-6A. Under
only. Since the concentration of these traps close to HSSA  these conditions, about 40% of electrons decay upon gemi-
ions can be low, the electron yield in a low-temperature ma- nate recombination of electron and cation in 60—-8(B83.
trix decreases. The remaining electrons escape into the bulk of the solvent
The ionization potential of most benzene derivatives in and decay via slower reactions. Thus, the ionization quan-
the gas phase is in the range of 7.5-9.988]. In an aque- tum yield at nanosecond times reaches 0.6. In nonpolar sol-
ous medium, ionization potentials are 2—2.5 eV lower due to vents with a large Onsager radiug & 250-300 A), almost
the interaction of an electron and a cation with the medium all electrons formed during two-quantum processes decay
[37,38] Thus, the two-quantum ionization upon absorption upon geminate recombinatig#4]. In more polar alcohols,
of quanta with a wavelength of 308 nm (8.05eV) can lead 30-50% of electrons escape geminate recombination. This
to the formation of electrons with energy exceeding the ion- effect depends on excess energy above the ionization thresh-
ization threshold by 0.5-3.0eV. old. In aqueous solutions, the yield of electrons into the bulk
The excitation can also be transferred by the HESA  of the solvent increases from 60 to 80% with increasing ex-
ions from the & state to a water molecule. The excited wa- cess energy from 1.5 to 3.5 €80,34,45]
ter molecules are either ionized with the formation of an
H,O** radical cation and an electron or, alternatively, dis- 3.7. Optical spectrum, which accompanies aquated
sociate into a hydrogen atom and ¥@H radical. In addi-  electron formation
tion to the indirect excitation of water through thg State
of HSSA~ ions, the direct two-quantum population of the In the case of HSSA ionization, aquated electron for-
excited state of water molecules is also possible. The exis-mation should be accompanied by the HSSAadical an-
tence of these processes is verified by recording the absorpion formation. This species can display an optical absorption
tion of the aquated electron in pico- and femtosecond exper-spectrum in the nearest UV region. If the process of energy
iments on two-quantum ionization of pure wagt—34,39] transfer to water contributes significantly to the process of
However, according to estimates based on the coefficient of Sy state disappearance, then water ionization gives rise to
two-photon absorption at 308 nm.4@x 10-12m/W [40]), a an aquated electron and a primarg®t™ radical cation,
fraction of absorbed quanta is less thamm36or a nanosec-  which rapidly transfers a proton to a water molecule to form
ond pulse £ ~ 15ns,/ = 20-50mJ) in a 1cm cuvette. In  an *OH radical. When the amount of transferred energy is
addition, the nanosecond flash photolysis of pure water in- insufficient for ionization, the excited water molecule disso-
dicates the absence of aquated electron absorption. ciates into artOH radical and a hydrogen atom. In a gemi-
The mechanism of aquated electron formation, therefore, nate reaction with HSSA dianion, these particles can form
can be explained by either ionization or by energy trans- HSSACOH)?~ and HSSA(H)?~ radical ions that can also
fer to water from the § state of the HSSA™ dianion. In absorb in the nearest UV region. The rate constant of the
[41], the acceptors of an electron (&dion) and an*OH reaction betweehOH radical and SA ion (HSA) is, by an
radical f-butanol) were used to show that the efficiency order of magnitude, larger than that of the reaction between
of energy transfer from theSlevel to water during irra-  a H* atom and this ion (2 x 101 and 14 x 10° M~1s71,
diation of aqueous thymine solutions by picosecond pulsesrespectively{46]). If the relative reactivity of SSA and SA
(266 nm) exceeds ionization efficiency by an order of mag- ions is the same, then HSSAH)?~ radical ion formation
nitude (quantum yields are 6.5 and 0.65%, respectively). In is more probable than HSSAtH~ formation.
our study (308 nm), the energy of two-quantais 1.3eV lower  Additional spectrum (except for the spectra of TTA and
and the long-wave absorption band of the H&SAon is €aq_ ), Which should belong to the radical ions of HSSA
shifted to the red spectrum by 0.63 eV when compared with or HSSA¢OH)?—, can be determined by comparing absorp-
thymine. In view of this energy change, the absolute and tions arising at high and low laser pulse intensities. At high
relative probabilities of both processes can change substaniaser pulse intensity, the pulse is just followed by HESA
tially. For thymine solutions, the laser pulses of picosecond in the triplet T; state, an aquated electron, and one of these
duration are necessary to realize the two-quantum processespecies (radical ions of HSSA or HSSA¢OH)Z ™). At low
due to the short lifetime of the Sstate (1.2 pg30]). The laser pulse intensities, the HS3Aion in the triplet state
fast radiationless processes decrease not only the lifetimeis mainly formed as a result of a drastic decrease in the
but also the quantum yield of thymine fluorescence ()0 probability of two-quantum processes. To obtain the addi-
In the case of HSSA, the long lifetime of the $ state tional spectrum, the spectra ofe and of normalized TTA
(6.3ns) allows even the nanosecond pulses to initiate theshould be subtracted from the total spectrum recorded at
two-quantum processes. high pulse intensity. It is also necessary to take into account
For the two-quantum ionization of pure water by fem- a decrease in the HS$A dianion absorption (bleaching in
tosecond pulses at a wavelength of 312nm with an ex- the region of the band with a maximum at 300 nm). In the
cess energy of 1.5 eV above the ionization threshold (6.5 eV case of HSSA™ ionization from the § state, the amount
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10 20 CIDNP signal on the HSSA protons, which results from
the geminate recombination of the HSSAradical ion and
the aquated electron. It is important to note, that reactions of
16 the radical products of excited water molecule decay should
lead to the disappearance of HSSAgiving no polarization
and CIDNP effect.

12
3.8. Calculations of the dependence of the yield of T

state andeaq~ on laser pulse intensity

The data on the dependence of the TTA apg eyields
on laser pulse intensityF{g. 3 can be used to estimate
the absorption coefficient of the second quantum absorption
from the § state. The exact contribution of energy trans-
fer from the S, state of the HSSA™ dianion to water re-

. : 9 mains unknown. Therefore, we assumed it was zero. In this
400 600 800 instance, we used reactions (1)—(4) to describe the data on

Wavelength / nm the yield of the T state and &~ and took into account the

second quantum absorption by the singlesgte followed

Fig. 8. Optical spectra of intermediate species arising from flash photolysis DY HSSA~ ionization from the highly excited 8 state:

of aqueous HSSA solution (pH= 10). (1) Aquated electron spectrum Iy

taken from[19]; (2) TTA spectrum recorded at low laser pulse power. S1— Sy — HSSA™ + eaq7 (10)

Absorption coefficient is determined from triplet-triplet energy transfer

to DP; (3) HSSA™ radical ion spectrum. The method of the production Comparing the calculated and experimental values for the

is described in the text. yield at different laser pulse intensitiggig. 3), we estimated

the product of the absorption coefficient by the ionization

quantum yield ¢ ¢3%°). This product will not change even

though there is a considerable contribution of energy transfer

to water. In this instance, the quantum yield will be only

redefined.

The yields were calculated by solving a set of differen-
tial equations corresponding to reactions (1)—(4) and (10),
and describing the appearance and disappearance of the
forming excited states and species. We took into account
the total optical density of the sample, the relative fraction
. . i of the absorbed light of each species, and the inhomoge-
the HSSA.%. ion Sy state, the spectrum iig. 8 will bezf neous distribution gof the absorbped quanta in the solutign.
superpqsnmn of the speptra of HSSAand .HSS.A(OH) As fixed parameters, we used the constaktsH knr) and
radlc_al ions. Fro_m studies on pulse I’adIO|E/SIS _of aqueous ke, the absorption coefficients of the HSSAbands in
splunons of SA, it fo_IIows that the HSAOH)_ radical ion e ground £%) and triplet €470 and £3%8) states, the ab-
displays an absorption band at 375 nm with the extinction _ So T T

sorption coefficients of the aquated electref??) and the

coefficients = 0.95x 103M~1cm~1 [46]. It is also known HSSA~ radical ion €2%). Th lues have been d
that the position of the maxima of radical absorption bands ' ™ radica |on_(9R - 'Nese vajues nave been _ete_r-
mined above. The time dependence of laser irradiation in-

arising from a reaction between &0@H radical and benzoic . q ibed using th ) ith a width
acid depends weakly on the introduction of a sulfo group tensity was described using the gaussian curve with a widt

as a substituerfé7]. Thus, the spectra of HSSTQH)2- of 15ns at a half-height. The time range of calculation was
and HSA¢OH)~ radicals can be close to one another and 50_1_00 ns with step in an mte_rvals of 1-10psFig. 3cal-

the HSSAOH)2~ radical ion can make some contribution culation is represented by solid curves. The best agreement
to the additional absorption is shown Fig. 8 (the shoul- between the experimental and calculated data, in terms of

: ; 08 _
der with a maximum at 380—-390 nm). However, according the Ieajt—squlares fit, was obtamedémgl = (1.5£0.3) %
to the values of the absorption coefficients of the shoulder 1°M~tem™.
at 380-390 nm of the HSSADH)?~ band, this contribution Thus, the minimum absorption coefficient of absorption
cannot exceed 40%. In addition, the existence of the addi-from the § state i3 > 1.5x 10°M~*em ™. If, at times
tional strong band at 290 nm allows us to make the assump-around 50 ns, the ionization quantum yieldpproaches 0.6
tion that the HSSA ionization from the § state, when due to geminate recombination, then the extinction coeffi-
results in the formation of a HSSA radical, is dominant.  ciente28 will increase to 25 x 10*M~tcm™. For a laser
This conclusion is verified by the presence of the strong pulse intensity of 80 mJ/cfrand an initial optical density at

of decayed dianions in theyState is equal to the sum of the
concentrations of the triplet and the aquated electrign.8
shows the HSSA™ radical anion spectrum calculated by
this method. The short-wave band has a maximum at 290 nm
and an extinction coefficient 8.3+ 1.0) x 1M ~1cm1.
For the long-wave band manifesting itself as a shoulder, the
maximum is localized at 380—390 nm and has an extinction
coefficient of(2.5+ 0.5) x 106M~1cm™1.

If energy transfer to water contributes to the relaxation of
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308 nm of 0.23, the £~ yield equals approximately 12% curves in this figure is due to the reactions
of the number of all the quanta absorbed. €aq” +€aq” + 2H0 — 2H* + 20H" (12)

3.9. Reactions of the disappearance gfstate,eaq”, and €aq  +HSSA™ — HSSA™ () (13)

HSSA™ radical anion Reaction (13) occurs in the absence of energy transfer to

o water from the & state, otherwise it is necessary to add the
In the presence of oxygen, the kinetics of aquated elec- reaction between the electron and the HSSM)?~ radical
tron disappearance is accelerated substantially due to thgg,
h'gg ratle c?nstant of reaction of these species=(2 x Averaging the data from solutions with different HSSA
1_01 M~ s for neutral pH[48]). For oxygen concentra-  concentrations gives the total rate constapt + kiz =
tions of approximately & x 10~4M in water [49], the ob- (1.8+0.3) x 10°°M~1s~1. From the experiments on pulse

served rate constant of£ disappearance should be25 radiolysis of watef48], it follows thatki> = (1.140.14) x
106 S_l. In other WordS, the electron should decay within loloM_l S_l. Therefore, for the rate constant of electron
200 ns. Experiments on the aqueous H8S8olutions con-  recombination with HSSA~ radical we can estimatkys

taining oxygen verified that electron disappearance occurredig pe (7.0 + 3.0) x 10°M~1s~L. The cut-off on the ordi-

at 200 ns. Thus, in the presence of oxygen, the main channehate for the straight lines iRig. 9 depends linearly on the
of electron disappearance is the reaction HSSA?~ concentration and corresponds to the reaction of
(11) electron capture by dianion HS3A

€aq +02— O
€aq  +HSSA*™ — HSSA3- (14)

In oxygen-free solutions, the,g lifetime increases sub- ) P
stantially, which allows us to record other electron reactions. With a rate constant of14 = (27+0.1) x 1°M~*s™t,
The observed disappearance rate constgt)(obtained yvhlch, with respect to the equal charges of reacting species,
by treating the kinetic curves of electron absorption disap- 1S close to the diffusion rate constant. -
pearance (720 nm) in oxygen-free solutions depends on the Thg characterlstlc lifetime of the HSSA Q|an|on tnplgt
initial value of q~ absorption and the HS$A dianion ~ Stateis, in the presence of oxygen, approximatelg1This

concentration Kig. 9a). The slope of thekops o [€aq ] lifetime allows us to estimate the constant of triplet state
quenching by oxygerko, = 4.5 x 10° M~ts~L. This value

is close to the diffusion limit in water. In oxygen-free so-
lutions, the kinetics of triplet absorption disappearance is
substantially determined by the second-order kinetic law.
The linear dependence of the observed consteat)(on
triplet concentrationKig. 9) indicates that the triplet de-
cays mainly as a result of T-T-annihilation

®
Q
s

|

k, *=10°/s"
SIS
& I\)\w

SHSSAZ™ + 3HSSAZ — IHSSAZ (S1)+1HSSAY (Sy)

0 : ‘ : (15)
0 2 4 6 . . . - . :
. 6 This reaction results in a dianion HS3Ain the excited $
@) [e aq]*10 ™M state that can convert back into a triplet. Taking this effect
into account, the slope/) of the straight line irFig. % can
- 12} be described by the equation
0
ol A = 2k15(1 — Skise/ (Kir + knr + kise)) = 2k1s(1 — 2o(T))
2 (16)
*
g 4 The quantum triplet yielg(7) has been determined above.
=~ Therefore, the data ifrig. 9 can be used to estimate the
R T constantkis = (6.0 £ 0.3) x 1M ~1s™1. The cut-off on
] the ordinate .yt = 4.0 x 10°s™1) corresponds to triplet
(b) [T,1+10°/M quenching by uncontrolled impurities.

Fig. 9. Observed rate constanksys) of the processes of the disappearance
of aquated electron and HS3Aion T; state. The cell thickness: 1cm, 4. Conclusions
pH = 100, temperature: 298K. (a) Dependence of g0 at 720 nm

on aquated electron concentration for different H&SA&oncentrations; .
(1)~(4): [HSSA] x 10° = 35, 6.7, 14.7, and 22 M, respectively. (b) The laser flash photolysis was used to record the TTA

Dependence of the?’% at 470 nm on the initial concentration of Ftate band (470nm) of the HSSA in aqueous solutions. The

obs

for [HSSA?"] = 1.5 x 1074 M. extinction coefficient of this band was determined using the
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triplet—triple energy transfer to DP. We demonstrated that at [17] H.V. Meek, C.V. Banks, Anal. Chem. 22 (1950) 1512.
high laser pulse intensities, an aquated electron forms from[18] A.K. Babko, A.T. Pilipenko, Photometric Analysis: General Infor-

two-quantum processes. An analysis of the time-resolved

CIDNP effect and the flash photolysis of HS3Aions in

frozen matrices shows that photoionization occurs upon ab-

sorption of second quantum by the excited singlettate.
The rate constants of;State relaxation, and the quantum

yields of a triplet and an electron were determined. A com-

mation and Apparatus, Khimiya, Moscow, 1968, p. 387 (in Russian).

[19] AK. Pikaev, S.A. Kabakchi, I.E. Makarov, B.G. Ershov, Pulse
Radiolysis and its Application, Atomizdat, Moscow, 1980, 280 pp. (in
Russian).

[20] S.O. Nielsen, B.D. Michael, E.J. Hart, J. Phys. Chem. 80 (1976)
2482.

[21] B.D. Michael, E.J. Hart, K.H. Schmily, J. Phys. Chem. 75 (1971)
2802.

parison of the numerical calculations of the yield of the 22] Y.P. Tsentalovich, O.B. Morozova, A.V. Yurkovskaya, P.J. Hore, J.

aquated electron of the TTA with experimental data allowed

Phys. Chem. A 103 (1999) 5362-5368.

us to estimate the absorption coefficient of absorption from [23] K.M. Salikhov, Yu.N. Molin, R.Z. Sagdeev, A.L. Buchachenko, Spin

the S state at a wavelength of 308 nm. The high yield allows
us to use the nanosecond laser flash photolysis of HSSA

in aqueous solutions as a convenient source of an aquate

electron.

Acknowledgements

The work was supported by the Russian Foundation

Polarization and Magnetic Effects in Radical Reactions, Academiai
Kiado, Budapest, 1984, 419 pp.
4] A.C. Avery, J.R. Remko, B. Smaller, J. Chem. Phys. 49 (1968) 951.
5] A.K. Pikaev, Solvated Electron in Radiation Chemistry, Nauka,
Moscow, 1969, 457 pp. (in Russian).

[26] P. Neta, R.W. Fessenden, J. Phys. Chem. 78 (1974) 523.

[27] N.E. Polyakov, A.l. Kruppa, V.S. Bashurova, R.N. Musin, T.V.
Leshina, E.S. Hand, L.D. Kispert, J. Photochem. Photobiol. A 129
(1999) 37.

[28] A.K. Pikaev, Modern radiation chemistry, in: Solids and Polymers:
Applied Problems, Nauka, Moscow, 1987, 448 pp. (in Russian).

for Basic Research (grant nos. N 02-03-032797 and N [29] G.V. Buxton, H.A. Gillis, N.V. Klassen, Can. J. Chem. 54 (1976)

03-03-33134) and the Ministry of Education of Russian
Federation (“Universities of Russia”, UR.05.01.002).

References

[1] E.M. Thurman, Organic Geochemistry of Natural Waters, Martinus
Nijhoff/Dr.  W. Junk Publisher/Kluwer Academic Publishers,
Dordrecht/Boston/Lancaster, 1985, 610 pp.

[2] Y. Zuo, J. Hoigne, Atm. Environ. 28 (1994) 1231-1239.

[3] Y. Zuo, J. Hoigne, Environ. Sci. Technol. 26 (1992) 1014-1022.

[4] B.S. Faust, R.G. Zepp, Environ. Sci. Technol. 27 (1993) 2517-2522.

[5] W. Feng, D. Nansheng, Chemosphere 41 (2000) 1137-1147.

[6] I.P. Pozdnyakov, E.M. Glebov, V.F. Plyusnin, V.P. Grivin, Yu.V.
Ivanov, D.Yu. Vorobyev, N.M. Bazhin, Pure Appl. Chem. 72 (2000)
2187-2197.

[7] V. Balzani, V. Carassiti, Photochemistry of Coordination Compounds,
Academic Press, London, 1970, 432 pp.

[8] J. Sykora, J. Sima, Photochemistry of Coordination Compounds,
Elsevier, Amsterdam, 225 pp.

[9] L. Kozma, I. Khornyak, |. Eroshtyak, B. Nemet, J. Appl. Spec. 53
(1990) 259-265 (in Russian).

[10] P.B. Bisht, M. Okamoto, S. Hirayama, J. Phys. Chem. B 101 (1997)
8850-8855.

[11] H.-C. Ludemann, F. Hillenkamp, R.W. Redmond, J. Phys. Chem. A
104 (2000) 3884.

[12] G.S. Denisov, N.S. Golubev, V.M. Schreiber, Sh.S. Shajakhmedov,
A.V. Shurukhina, J. Mol. Struct. 436—-437 (1997) 153.

[13] V.P. Grivin, I.V. Khmelinski, V.F. Plyusnin, L. Blinov, K.P. Balashev,
J. Photochem. Photobiol. A 51 (1990) 167.

[14] R.H. Compton, T.U. Gratton, T. Morrow, J. Photochem. 14 (1980)
61.

[15] I.M. Magin, V.S. Shevel'’kov, A.A. Obynochny, A.l. Kruppa, T.V.
Leshina, Chem. Phys. Lett. 357 (2002) 351-357.

[16] L. Lang, Absorption Spectra in the Ultraviolet and Visible Region,
vol. 1, Academiai Kiado, Budapest, 1966, p. 93.

367.

[30] A. Reuther, D.N. Nikogosyan, A. Laubereau, J. Phys. Chem. 100
(1996) 5570-5577.

[31] A. Migus, Y. Gauduel, J.L. Martin, A. Antonetti, Phys. Rev. Lett.
58 (1987) 1559-1562.

[32] VY. Kimura, J.C. Alfano, P.K. Walhout, P.F. Barbara, J. Phys. Chem.
98 (1994) 3450-3458.

[33] F.H. Long, H. Lu, K.B. Eisenthal, Phys. Rev. Lett. 64 (1990) 1469.

[34] R. Laenen, T. Roth, J. Mol. Struct. 598 (2001) 37-43.

[35] J.M. Wisenfeld, E.P. Ippen, Chem. Phys. Lett. 73 (1980) 47-49.

[36] D. Line, Handbook of Chemistry and Physics, 77th ed., CRC Press,
Boca Raton, NY, 1996.

[37] D. Grand, A. Bernas, E. Amouyal, Chem. Phys. 41 (1973) 73.

[38] A.A. Oraevsky, D.N. Nikogosyan, Chem. Phys. 2 (1983) 1208 (in
Russian).

[39] H. Lu, F.H. Long, R.M. Bowman, K.B. Eisenthal, J. Phys. Chem.
93 (1989) 27-28.

[40] D.N. Nikogosyan, A.A. Oraevsky, V.T. Rupasov, Chem. Phys. 77
(1983) 131.

[41] D.N. Nikogosyan, A.A. Oraevsky, V.S. Letokhov, Phys. Chem. 58
(1984) 1425-1427 (in Russian).

[42] J.L. McGowen, H.M. Ajo, J.Z. Zhang, B.Z. Schwartz, Chem. Phys.
Lett. 231 (1994) 505-510.

[43] A. lwata, N. Nakashima, Y. Izawa, C. Yamanaka, Chem. Lett. 21
(1993) 1939-1940.

[44] Kh.S. Bagdasaryan, Two-quantum Photochemistry, Nauka, Moscow,
1976, p. 128 (in Russian).

[45] Y. Gauduel, S. Pommeret, A. Migus, A. Antonetti, J. Chem. Phys.
93 (1989) 3880-3882.

[46] C.B. Amphlett, C.E. Adams, B.D. Michael, Adv. Chem. Ser. 81
(1968) 231-250.

[47] P. Neta, L.M. Dorfman, Adv. Chem. Ser. 81 (1968) 222-230.

[48] G.V. Buxton, C.L. Greenstock, W.P. Helman, A.B. Ross, J. Phys.
Chem. Ref. Data 17 (1988) 559.

[49] V.E. Kogan, V.M. Fridman, V.V. Kafarov, Handbook of Solubility,
vol. 1, No. 1, USSR Academy of Sciences, Moscow, 1962, p. 87 (in
Russian).



	Photochemistry of sulfosalicylic acid in aqueous solutions
	Introduction
	Experimental details
	Results and discussion
	Optical spectra of SA and SSAs
	Laser flash photolysis of aqueous solutions of dianion HSSA2-
	The spectrum and kinetics of HSSA2- fluorescence in aqueous solution
	Determination of HSSA2- TTA coefficient
	Excited state from which the SSA ions are photoionized
	Two-quantum processes of aquated electron formation
	Optical spectrum, which accompanies aquated electron formation
	Calculations of the dependence of the yield of T1 state and eaq- on laser pulse intensity
	Reactions of the disappearance of T1 state, eaq-, and HSSA- radical anion

	Conclusions
	Acknowledgements
	References


