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Abstract

Femtosecond and nanosecond laser flash photolysis was used to determine the photophysical and photochemical processes in aqueous sc
of Fe(lll) ion and 5-sulfosalicylic acid (SSA) containing the FeSSA complex and the free ligand. Excitation of the FeSSA complex in the charg
transfer bandX(nax=505 nm) is followed by an ultrafast relaxation to the ground electronic state with two characteristic times of 0.26 and 1.8 ps
The shorter time constant is ascribed to internal conversion to the vibrationally hot electronic ground state of FeSSA and the 1.8 ps time cons
is assigned to the vibrational cooling of the ground state. The UV irradiation of the solution (308 nm) leads to the excitation of both the free ligal
and the FeSSA complex. The latter relaxes rapidly and the free ligand undergoes intersystem crossing to the triplet state. This system under
an irreversible photochemical reaction originating from an electron transte©@- 2) x 108 M~1 s71) from the free ligand in the triplet state to
the FeSSA complex. This electron transfer is accompanied by an energy transfer between these sp{@éc3es@.2) x 10° M~1s™1),
© 2006 Published by Elsevier B.V.

Keywords: Sulfosalicylic acid; Iron complexes; Laser flash photolysis; Ultrafast processes; Triplet state quenching

1. Introduction SSA2*~ radical anion andHSSA2~ are protonated to form the 1
HSSA*~ radical anion andH,SSA™, respectively. 18
Processes involving complexes of transition metal ions with |n the present work, the photochemical and photophyss
organic acids are prominent among the photoreactions in najcal properties of aqueous solutions of Fe(lll) ion and 50
ural water[1]. The photochemistry of these complexes with sulfosalicylic acid (SSA) containing the FeSSA complex ane
Fe(lll) ions can contribute substantially to the balance of organighe free ligand were studied. The origin and the spectral and
compounds in aqueous systef@s9]. In recent workg10,11]  kinetic parameters of the primary intermediates have been deter-
we have studied the photochemistry of aqueous solutions of fmined. A study of such model systems can be highly important
sulfosalicylic acid (SSA), which refers to aromatic oxyacids andfor determining photochemical processes in natural water whieh
can serve as model compounds for investigating the photochergontains complexes of transition metals with organic acids. 2
ical properties of natural acids. The main photoactive form of
SSA over a wide pH range (1-10) is the dianion (HSSA

Excitation of HSSA~ (308 nm) leads to the population of the 2- Experimental 2
triplet state of the dianion"HSSA?~) and to the formation of ) )
the hydrated electron and of the SBA radical anion. The lat- For measurements on amicrosecond time scale, we employed

ter two species are formed as results of two-photon process v Set-up for laser flash photolysis using excimer XeCl laser

the excited singlet state of HS3A In an acid medium, the €xcitation (308 nm) with a pulse duration of 15ns and a mean
pulse energy of 20 n{d1]. Ultrafast processes were investigated:

by femtosecond laser flash photolysis on a set-up developed
* Corresponding author at: ul Institutskaja 3, ICK&C SB RAS, 630090 in the Departmgnt of PhySI.CaI Chemistry of the University ofs
Novosibirsk, Russia. Tel.: +7 3832 332385; fax: +7 3832 307350. Geneva[12]. Briefly, excitation was performed by a standards
E-mail address: pozdnyak@ns.kinetics.nsc.ru (I.P. Pozdnyakov). 1-kHz amplified Ti:Sapphire system (Spitfire, Spectra-Physics)

1010-6030/$ — see front matter © 2006 Published by Elsevier B.V.
doi:10.1016/j.jphotochem.2006.01.017
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connected to an optical parametrical amplifier in noncollinear
configuration which generates ultrashort (70 fs) pulses tunable
between 480 and 700 nm. For the experiments reported here,
both the pump and probe wavelengths were centered at 530 nm.
The absorption spectra were recorded using an HP 8453
(Hewlett Packard) spectrophotometer. The laser pulse power
was estimated using solutions of anthracene in benzene as a
relative actinometer. The extinction coefficient of anthracene
T-T absorption (TTA) in this solvent at 431 nm amounts to
e=4.2x 10* M~1cm™1 and the triplet yield igpt = 0.53[13].
5-Sulfosalicylic acid (99+%, Aldrich) and Fe(lll) perchlorate
hydrate (Aldrich) were employed without further purification.
The solutions were prepared using bidistilled water. FeSSA com- )
plex were prepared by mixing of stock solutions of Fe(lll) per- A5 S S E—
chlorate and SSA. Concentration of the complex was calculated
from absorbance at 505 nm using known literature absorption
coefficient of FeSSA;(505 nm) =1.8 ]_()3 M—Lcm1 [14,15]_ Fig. 2. Time profile of the bleach at 530 nm after excitation of the FeSSA
Working concentrations of Fe(III) ions and SSA were usu_c_omplex by a fem'tosec_ond pu_lse (530 nm). Solid line: b_est two-exponential
ally a_b_out 10* and 3>< 1074 M, accord?ngly. Unle_ss otherwise flltn?;?r“:r:;%%ozluégm 1""052 l\tﬂhe[s'gs;\;“:";e;i rfégo&?i:'u;_clt_'on' Cell thickness:
specified, all experiments were carried out with oxygen-free
samples at pH 3 and 298K in a 1 cm optical cell. Oxygen was ] ] )
removed by bubbling solutions with gaseous argon. band ¢.max=286 nm). The absorption band with a maximum at
297 nm Fig. 1) is typical of the free noncoordinated ligand. 7
Under stationary irradiation in the UV (308 nm) and visiblen
region (530 nm), the FeSSA complex does not exhibit any phe-
tochemical activity. A long irradiation with light in these regions:
fails to cause any changes in the optical absorption spectrum-of
, ) ._the solution. 75
Depending on the pH, the concentrations of Fe(lll) ions ) o4 \\5 consider the processes that occur under the flash exei-
and squosahcyhg acid, complexgs with one, two, an_d threetation of FeSSA complex in the long wavelength absorption
SSA molecules in the coordination sphere of Fe(lll) ion cany,nq st after excitation of the complex with a femtosecond
exist in aqueous solutior46]. In the present work, we have pulse f.ex=530nm), a bleach of the absorption at 530 nm was

chosen conditions that co_rrespond to reagent concentrat_ions Hbservedl{ig. 2). The absorption of the complex is almost com-
natural water and at which the FESSA monocomplex is theyetely recovered after about 5 ps, which is in fair agreement

main form of Fe(lll) ion. The FeSSA solutions are violet dueWith a photochemical stability of the complex under irradi-

to.a charge transfer ,(CT) band with a ma?(imum at 505NMyiqn in the visible region. The analysis of this time profiles:
(Fig. 1). In the UV region, FeSSA complex displays a strongery jtarative reconvolution of a biexponential function with thes:

instrument response function gives the time constart260fs
andr>=1.8ps. 86

Such biphasic dynamics is rather typical for ultrafast ground
state recovery upon CT excitati¢h7,18] Excitation inthe CT s
band is followed by an ultrafast internal conversion to the vibras
tionally hot electronic ground state, which is then thermalized by
vibrational cooling. Therefore the 260 fs component is ascribed

AAbsorbance x 10°*
n

-
o
T

Time / ps

3. Results and discussion

3.1. Ultrafast processes in the FeSSA complex

—5 to the internal conversion while the 1.8 ps is assigned to the

S vibrational cooling. 9

?F-’

o 3.2. The photochemistry of FeSSA in the presence of free 9
ligand %

Although FeSSA complex itself does not exhibit any phoss
tochemical activity, stationary irradiation (excimer XeCl lasery
L \ Lex=308 nm) of solutions containing both complex and frees
400 600 ligand initiates a rather effective disappearance of the FESSA
Wavelength / nm complex absorptiorHig. 3. The flash excitation (excimer XeClicwo

Fig. 1. Optical absorption spectra of HSSAdianion (1) and FeSSA complex |aser,Aex=308 nm) is followed by the buildup of the absorpso
(2) in agueous solution. tion band with a maximum at 440 nn¥i@. 4). A study of
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Fig. 3. Stationary photolysis (XeCl laser, 308 nm) of an aqueous solutions of ) o
FeSSA (1.3« 104 M) and SSA (3.0< 10-4 M). (1-4) Absorption spectra of Fig. 5. Dependence 6H,SSA™ absorption at 440 nm after the excitation pulse

the solution after 0, 50, 100, and 150 pulses, respectively. (l). and values of the_bleaching gt 505 nm aftepsq2) on the [Fe(Il)]/[SSA]
ratio. The concentration of SSA in all cases was:280~* M; only the concen-

tration of Fe(lll) was varied.
the spectroscopy and photochemistry of SSA aqueous solutions
indicates that this band is due to the absorptior ld§SSA™
[11], which results from the absorption of light by the free, non-
coordinated HSSA". When HSSA™ is excited into the singlet
S; state (308 nm), the triplet state BHSSA~, which has a
T—T absorption band with a maximum at 470 nm, is populateq%

with aTquantuzm _yield ,Of/’TZO'34 [11]. In acid solution (pH The relation between thEH,SSA- T-T absorption band 1
3), theTHSSA?™ is rapidly protonated to form theH,SSA”, 440 nm) and the excitation of the free ligand is confirmed hy

whose band shifts to 440 nm and has an absorption coefficie ! decrease of the band intensity with increasing concentratien

I
of 6.2x 10°M~*cm* [11]. of the Fe(lll) ion.Fig. 5shows the dependence of amplitude af«

The absorption_o’f'HZSSA— decays within about s with 4, optical density at 440 nnA(D*9) after the excitation pulse 12
asimultaneous buildup of a broad bleaching band (negative OPtsy the [Fe(lIN)/[SSA] ratio. When this ratio is close to unity;2s

cal density) at 505 nmH(g. 4) caused by the decreased FeSSA,j the concentration of the noncoordinated ligand is minimak,

the T-T absorption band dH,SSA™ actually vanishes. The 1z
amount of the FeSSA complex disappearingis@fter excita- 12
tion, determined from the amplitude of the bleaching at 505 nma
(AD®%), passes through a maximum with the ratio of concems:
trations [Fe(ll)]J/[SSAp ~ 1:4 and tends to zero in the absence:
of a free ligand in the solutiorHg. 5). These data clearly indi- 133

absorption. After the disappearance®f,SSA™ (50us), the s
spectrum still contains an absorption band at 400 Rig.(4),
which belongs to the HSSA™ radical[11]. For this radical, we s
et pK,=3.1[11]. Therefore, at pH 3, itis partially (45%) in thews
eprotonated form (SSA™). 120

NS cate that under irradiation in the UV region, the FeSSA complex
5 disappears because of reactions with the intermediates formed
% upon photolysis of the noncoordinated ligand. 136
% 3.3. The mechanism of FeSSA photoreduction 187

As mentioned above, excitation (308 nm) of the free ligane
(the HSSA) at pH 3 leads to the formation dfH,SSA™. 13
At high laser pulse intensity, a second photon absorption
by the excited singlet state of HS3A results in the pho- 1.

200 55(; 500 toionization of this ion with the appearance of the hydrated

Wavelength / nm electron and of HSSAX radical anion[10,11] In acid i

. . . o medium, the hydrated electron converts into a hydrogen atem
Fig. 4. Transient absorption spectra after excitation at 308 nm of an aqueou@{ - HY =2 1010 M-1g1 19

solution of FeSSA complex (6:810-5M) and SSA (2.9< 1074 M). (1-5) (€aq” +HT)=2x s19). 145

The spectra after 0, 1.6, 4, 8, andd8after the pulse; (6) inverted absorption Thus, the species that can react with the FeSSA complexadn

spectrum of FeSSA complex. oxygen-free solutions at pH 3, afé¢1,SSA™ and the hydro-
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S
x10°/ 8"
I~

N
obs

k

ak * 4 8

10° x Concentration / M

o] J 40 l 80 0 0 5 10

. 2
Intensity / mJxcm AAbsorbance x 102

Fig. 6. Dependence on the laser pulse intensity: (1) amount of FeSSA di
appeared at 5@s after laser pulse, (2) initial concentration GH,SSA™,

(3) initial concentration of hydrated electron (flash photolysis of H3SAt

pH 10), respectively. (1-2) [FeSSA] = 1:210~* M, [SSA]=3.1x 1074 M. (3)
[SSA]=1.3x 1074 M, pH 10. All data normalized to 100% absorption of non-
coordinated HSSA dianion. Solid line: best linear fit of (2).

ﬁfig. 7. Dependence of thigpsof TH2SSA™ disappearance on the initial absorp-
tion amplitude at 440 nm (variation of laser pulse intensity) at different con-
centrations of FeSSA complex. (1-6) 0, 0.7, 1.4, 2.7, 3.8, anck 3G * M

of FeSSA, the initial concentration of SSA in all cases wasx1183M;

cell thickness: 2mm. The solid lines are the best linear fits of (Egwith
2k3=1.84£0.2x 1° M~1st ande*40=6.2x 1M~ em2.

. . wherek, = (1.7£0.2) x 10*s™! and Z3 = (1.84£0.2) x 1
gﬁn atom. The é/leld %FT.ZSSAI‘ ’ |.er.], tlhe prodluct' of or?te- ThogM_l s~1 are the rate constants bf,SSA™ disappearance 1
photon process, depends linearly on the laser pu sel_nten5| Y. u%onthefirstand second order reacti@@)sand (3) respectively 1s
appearance of electron (and hydrogen atom, accordingly) from

wo-ohot leads t dratic d d fthe vi 1], kg=rate constant of H,SSA™ quenching by the com- is:
0-photon process leads 1o a quadralic dependence o€ yi€ig, ragga A p#40= optical density off H,SSA™ absorption s
of these species on the laser pulse inter{&i®y. Fig. 6 presents

: X at 440 nm just after the pulse antf*®=absorption coefficient
the dependence of concentrations'®f,SSA™ just after the J P P .

pulse and the amount of disappearing FeSSA aftersson the of the triplet state at 440 nm: o
laser pulse intensity. At the same figure dependence of initiallH,SSA™ — SOH,SSA™ (2) s
concentration of hydrated electron on the laser pulse intensity _ T _ s, _ s _
obtained by flash photolysis of HS8A solutions at pH 10 is  12SSA™ + TH2SSA™ — Z1HSSA™ + P H,SSA (3) s
also presented. For comparison all data was normalized to 100% The first order reactio(®) is probably due to the presence ofs:
absorption of noncoordinated HSSAdianion. either residual oxygen with a concentrationdf0—6 M or other s
The hydrated electron appears in the process of two-photoppurities that quench the triplet state, as it has lifetime abowt
ionization of HSSA~ at pH 3 as well as at pH 10. This process o 6's in the absence of the quenchi@]. Reaction(3) is the
does not depend on pH of aqueous solution so the primary yielg_t annjhilation, which leads to the appearance of “delayed
of the electron at pH 3 should be the same as at pH 10. Itis clearly,orescence for many systef29]. 162
seen, that yield of hydrated electron (hydrogen atom) is not suf- Fig. 7represents good linear fits of experimental data by Egs
ficient to provide observed changes of FeSSA concentration ar‘(Q) for all concentration of FeSSA used. The dependence of the
one can neglectreaction of the complex with this species at pulsgtercepts of the linear plots fig. 7 on the FeSSA concentra-1ss
energy less than 40 mJ/€nin case of H,SSA™ and theamount  tion allows the determination of a rate constant TeLbSSA™ 10
of disappearing FeSSA, we observe the practically linear depe'@{uenching by the complexd=(2.2+0.2)x 10° M~1s1). 107
dence on pulse intensity, which indicafé$, SSA™ (the product The quenching of the triplet states of organic molecules ky
of one-photon process) as a partner in the reaction with the comnordinated compounds was first revealed in 1858. It is 0
plex. Indeed, quenching dH>SSA™ by the FeSSA is clearly  assumed that the quenching can follow two mechanisms related
demonstrated by increase of the observed rate consgi@gt ( to either energy or electron transfe2]. For example, the rate zo:
of T-T absorption disappearance at 440 nm with increasing thgonstant of energy transfer to acetylacetonate complexes, Cr()

concentration of the complex in the solutidfid. 7). and Ni(ll), increases until reaching a plateau (bekyy), if 20
In this case of quenching the observed rate constant of T-fhe energy of the donor triplet statér) exceeds the energy o
absorption disappearance at 440 nm can be written as of the lower excited electronic state of the compléky( for 2o
N Cr(ly) [23,24]. A new jum'p Qf the rate ponstant ﬁs observeebs

kobs = (k2 + kq[FESSA])+ 3 o L when the triplet energy coincides with higher excited states of
€ the complex. 208
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The quenching of triplet states of organic molecules by lan-
thanide complexes is accompanied by metal ion luminescence .
[25]. Such sensibilized luminescence is considered a direct evi-
dence of energy transfer. For lanthanide complexes, the energy
transfer rate constants were also observed to sharply vary with 10
changes in the triplet energy of the dorj@b]. The theory of
energy transfer between the triplet state of organic donor and
coordination compounds is given [i26].

More recently, systems where both energy and electron trans-
fer occurs in competition have been found. For example, it was
shown by Wilkinson and Tsiamj&7] that when the triplet states
are quenched by the Cr(hfacjomplex, the rate constantis large
(~10° M~1s~1) even though the donor triplet energy is substan- ofe
tially lower than the energy of the lower excitéﬂg state of the
quencher. The analysis shows that for almost all the donors used
[27], AGe < 0 and electron transfer is operative. In the study of 0
Chow et al[28], the authors have studied the quenching of the
triplet states of aromatic ketones by the Ni(agagymplex. The
appearance of ESR bands of the Ni(l) ion during the photolysigig. 8. Dependence akD5 (the amount of disappearing FeSSA complex at
of solutions containing Ni(acagnd benzophenone confirms 50p.s) onAD* (the initial amplitude of H,SSA™ absorption at 440 nm). The
the occurrence of electron transfer from the triplet state of th&©lid line: the best fit of Eq6) with ks =9 x 1°M 5™,
donor to the complex. The quenching rate constants are close
to the diffusion limit and for various donors are in the range ofwhere ¢ = 6.2 x 1M~tcm™ [11] and 5% = 1.8 o
(0.2-6)x 1°M~1s71, x 10°M~1ecm™1 [14,15] are the absorption coefficients Ofs:

The complex of bivalent copper, Cu(acacdxhibits a d—-d  TH,SSA™ at 440nm and of the FeSSA complex at 505 N
transition in the range of 10,000 crhand effectively quenches respectively. The sum of constantss (+ ks) = (2.240.2) s
the triplet states of donors with higher enerf39,30] For x 10°M~1s~1 has been determined above from the change
the lower Er values, the constant decreases by two to threén the rate of disappearance dH,SSA~ absorption in s
orders of magnitude. In this case, the quenching is causethie presence of FeSSA. Thus, in E(p), the k4 value 2
by energy transfer. However, the Cu(hfacgjomplex with is the only unknown. The best linear fit of Eq6) to 2
the same d-d state energy effectively quenches by electrahe experimental dependence afD®%° on AD*0 (Fig. 8) s
transfer donors with a very low triplet energy such as penwas obtained withks=(9+2)x 1®M~1s~1. In this case, o
tacene Er=8000cnT?!, k=0.6x 10° M~1s™1) or B-carotene  ks=(1.3+0.2)x 10°M~1s1, that means practically equalzm
(Er=6300cm!, k=0.41x 10°M~1s71), probability of electron and energy transfer from thé,SSA~

Thus, the quenching dH>SSA™ can occur by both electron to the complex. The quantum yield of FeSSA disappearanee
transfer(4) leading to FeSSA reduction and energy trang@r  o(—FeSSA) =p7(ka/(ka + k5)) = 0.14+ 0.04 is in fair agreement 27
In the latter case, the physical quenching causes no changesviith that calculated from the initial part of the dependence af

103 % ADSKJ'nm

0 5 10
1 02 % AD440 nm

the oxidation state of the Fe(lll) ion: AD®% on the laser pulse intensity(—FeSSA)=0.15:0.03
(Fig. 6) using Eq.(7): 276
FeSSA} TH,SSA™
2t e 2o 2 AD>%Viy Nq
— Feyg?t + HSSA(SSA2* ™) + HSSA (4)  p(-FeSSA)= =g @)

where! is the length of optical celVj the irradiated voluméy, 2

FeSSA+ THySSA™ — FeSSA+ HoSSA™ (5)  the Avogadro constant ardis the number of quanta absorbed:s
by noncoordinated dianion of SSA. This agreement gives an
additional evidence that FeSSA complex disappears mainly-in
reaction withTH,SSA™. 28
It worth noting, that stationary measurements (excimer Xetd

= laser,Aex =308 nm) of the quantum yield of FeSSA disappeats:
(ka + ks)[FESSAL> (k2 + k[ THSSA])) one should observe ance giveps;~ 0.03. A substantial decreasegg as compared zs

. 505 . . .

gr(])?:\rn?ea?tee r;dgg::se d(l)jiDto trggegir::;g)ee;?aaggczlf ?:irlssg,X)aénWith the quantum yield of the complex disappearance in flash
. . o experiments is determined by reactions between the Fe(ll) ien

AD*0 (optical density of'HoSSA~ absorption just after the P y (11

In reaction (4), the Fe(ll) ion is given in the hydrated
form because it fails to form complexes with sulfosalicylic
acid in an acid mediuni31]. In conditions when"H,SSA-
disappears predominantly in reactiorfd) and (5) (i.e.,

and the HSSA™ and SSA*~ radical anions: 288
pulse):
S0 Fea? " +HSSA™ — FeSSA+ HT 8) =
ADSOS — & ks A D0 (6)
440 \ k4 + ks Fea? ™ +SSA>*~ — FeSSA (9) 20
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These reactions cause a reverse reduction of a certain amouht Conclusions a2
of the FeSSA complex thus decreasing the final quantum yield.
On the other hand, the disappearance of the FeSSA complex Femtosecond laser flash photolysis shows that excitation
absorption upon stationary photolysiBid. 3) indicates that of the FeSSA complex in the CT band.{ax=505nm, sz
some SSA*~ and HSSA™ radical anions disappear in other iex=530nm) leads to an ultrafast relaxation processes with twe

reactions, e.g., recombination proceqd4s: characteristic times 260 fs and 1.8 ps. The shorter time constant
is likely to correspond to the internal conversion to the vibras

2HSSA'™ — products (10) tionally hot electronic ground state of FeSSA and the 1.8 ps time
constant corresponds the vibrational cooling of the ground state.

2SSK*~ — products (11) When the solution contains both FeSSA and noncoordinated

Despi o dius f IehT~6.7A HSSA?~ ligand, UV irradiation causes a photoreduction of the:
espite a small Onsager radius for water €/ekT= 6.7 A), complex. This process is due to the electron transfer from the

the existence of charges in reactiqg spgcies can give large "3Bncoordinated ligand in the triplet state to the FeSSA comas
constants for reactions of the species with the different charge lex. The energy transfer between these species, which failssto

(B) and(9), as compared with reactions of the partners with th cause any photochemical reaction, competes with the electsen

same chargeg10) and (11). This difference in constants can transfer. As applied to photoprocesses in natural water, the data

def}rﬁ:‘?grt:]zt?::gtfu&]eyiic';;fg“?Sggn?iizf;f?ﬁ)rgjéts Ofobtained allow us to define one of the important mechanismssof
: . > “active photodegradation of organic compounds in anaerobic cen-
the HSSA~ and SSA*~ radicals in the nearest UV region P ¢ g P

. X . : : ditions, i.e., the photoreduction of transition metal complexes
provides the existence of isosbestic points at 311 and 3441 ¢ 1 the electron transfer from the long-lived triplet states af
upon the stationary photolysis of FeSSAd. 3). In the pho- organic aromatic acids -
tolysis of the noncoordinated HS3A anion, 3-(2-carboxy- '
4-sulfo-phenoxy)-sulfosalicylic acid is the main photoreaction
product[11]. Irradiating the FeSSA and HSS$A solutions
is likely to give the same final product (the same origin of
intermediates).
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