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The fates of sulfur-centered radical zwitterions were determined following triplet-sensitized electron transfer
from thioether-containing aromatic carboxylic acids. 4-Carboxybenzophenone was used as the triplet sensitizer
and four carboxylic acids, (phenylthio)acetic aclyi Sbenzylthioglycolic acidZ), 4-(methylthio)phenylacetic

acid 3), and 4-(methylthio)benzoic acid), were the electron-donating quenchers. Following laser-induced
electron transfer, the time development of the ensuing free-radical reactions was monitored by optical
spectroscopy. The reference spectra of the photoinduced transients were selectively generated by a
complementary pulse radiolytic method in order to determine extinction coefficients and spectral shapes. By
use of these reference spectra, the observed transient spectra from laser flash photolysis were resolved into
their components. From this information, concentration profiles and initial quantum yields of the radicals
were determined along with triplet quenching rate constants. The chemistry of the free radicals was discussed
with the aid of computations from density functional theory (DFT). DFT also was used to supplement the
spectral assignments as well as for computation of the thermochemistry of the free radicals. The sulfur-
centered radical zwitterions frofhand?2 decayed rapidly. Those frothdecayed intoCH,-S-GHs and CQ.

A majority of those from2 also decayed via decarboxylation but, in addition, through fragmentation. The
CHs-S+-CgH4-CH,-CO,~ radicals from3 could be observed directly for microseconds and decayed with
roughly equal probability through decarboxylation and deprotonation. TheSZHCsH,-CO,~ radicals from

4 were also observed directly but failed to decarboxylate because of the high energy of activation needed to
form the substituted phenyl radical.

Introduction One convenient detection method for monitoring sulfur radical

Free radicals and radical ions, having their unpaired spins cations is transient absorption spectroscopy. Unfortunately,
mainly on sulfur atoms, play unique roles in diverse areas of Sulfur radical cations from purely alkyl thioethers have only
chemistry. They are important intermediates for specialized Very weak absorptions in the near UV (even though they form
organic synthesis:3 In oxidative stres$,they are implicated ~ Strongly absorbing dimetswith two-centered, three-electron
in the early stages of oxidative attack associated with &ging Ponds with unreacted thioether molecul&&pn the other hand,
and with pathologies such as Alzheimer's dis¢aSailfur- monomeric sulfur radical cations from thioethers, containing
centered radicals are also involved in environmental is&tfes.  aromatic moieties, do absorb in the visibfe?> This feature of
Recently sulfur-centered radicals derived from co-initiators have aromatic thioethers makes them ideal precursors of sulfur radical
proven to be effective in photopolymerizatiofis. cations that can be used for probing mechanisms of electron-

Sulfur radical cations from thioethers are quite reactive, which transfer quenching of excited states (forming sulfur radical
raises the question of how oxidative damage can be stabilizedcations) as well as for monitoring the fate of the sulfur radicals.
in oxidative stres§.0n the other hand, it is the reactivity of In the present work we use this approach. Of particular
the sulfur radical cations that is important in photopolymeri- interest is the recent use of sulfur radical cations to produce
zation* In this regard, it is not the reactivity of these radical carbon-centered radicals that can initiate free radical polymer-
cations, themselves, that is important since they appear to bejzations. A water-soluble benzophenone, 4-carboxybenzophe-
only mild oxidants'* What is significant for effective free-  none (CB), is used as the photosensitizer, and four different
radical polymerization is the tendency for sulfur radical cations 4romatic thioethers are used as quenchers. Optical detection is
to deprotonaté? forming carbon-centered radical sites adjacent sed to follow the fate of transients produced in quenching
to the sulfur atoms. For initiating free-radical polymerization, eyents initiated by time-resolved laser flash photolysis. The
another mode of reactivity that is very important is the yansjent absorptions are characterized quantitatively by generat-
decarboxylation of sulfur-containing carboxylic acids. ing radicals from the aromatic thioethers by use of optically

*To whom correspondence should be addressed: e-mail marcinia@ detected pulse radiolysis. A similar procedure has been used

amu.edu.pl. for sulfur-containing aliphatic carboxylic acids.
T Adam Mickiewicz University. . - . .
* Notre Dame Radiation Laboratory. The mechanism describing the primary photochemical pro-
8 Institute of Nuclear Chemistry and Technology. cesses involved in the electron-transfer quenching of the triplet
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SCHEME 1
CB* + >S —» [CB - .- >8]
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CBH® + °CH,~S—CH,~

(or CH3=s—C*H-)

state of CB by sulfur-containing organic compounds has been
studied!” The general reaction mechanism is shown in Scheme
1. After an initial formation of a radical ion pair, there are three
main channels of its decay: (i) back electron transfer to form
the reactants in their ground states, (ii) proton transfer within
the radical ion pair to form the ketyl radical (CBHand an
a-alkyl thioalkyl radical, and (iii) escape of the ion radicals to
form CB~ and the sulfur-centered radical catiort*(Swhich

will stand for S-centered radical zwitterions in the present work;
see below). Further secondary reactions depend on the structur
of the sulfur-containing organic compounds u$édn the
present work, mechanisms of the free-radical reactions after the
triplet quenching events are elucidated.

Experimental Section

Materials. 4-Carboxybenzophenone was from Aldrich. (Phe-
nylthio)acetic acid 1), CsHs-S-CH-COOH; S-benzylthiogly-
colic acid @), CsHs-CH,-S-CH-COOH; 4-(methylthio)phen-
ylacetic acid 8), p-CHs-S-GH4-CH-COOH; and 4-(methyl-
thio)benzoic acid 4), p-CHs-S-GH4-COOH, were purchased
from both Aldrich and Lancaster. The deionized water was
purified in a reverse osmosis/deionization system from Serv-
A-Pure Co. There was a UV-irradiation unit in the circulating
section of this water-purification system. The water had a
resistance>18 MQ/cm and a total organic carbon (TOC)
content of<10 ppb.

Laser Flash Photolysis.The nanosecond laser flash pho-
tolysis and its data acquisition system have been previously
described in detail® The nitrogen laser provided 8 ns, 6 mJ
pulses at 337 nm. The transients were monitored with a pulsed
1 kW xenon lamp, having the monitoring beam perpendicular
to the laser beam. All experiments were carried out with a
gravity-driven flow system and a rectangular quartz optical cell
(0.5 x 1 cm). The monitoring light path length,was 0.5 cm.

A solution of CB (2 mM) at neutral pH was used as the
actinometer.

Pulse Radiolysis.A Titan Beta model TBS 8/16-1S linear
accelerator at the Notre Dame Radiation Laboratory provided
2—3 ns pulses of 8 MeV electrotsand the 10-MeV LAE 10
electron accelerator at the Institute of Nuclear Chemistry and
Technology in Warsa® provided 8 ns pulses. Transients were
also monitored by a pulsed 1 kW xenon lamp. The radiolysis
cell was quartz with the monitoring light path length of 1 cm.
A peristaltic pump drove the flow in the sample delivery system.
The data acquisition system allows for kinetic traces to be
displayed on multiple time scales and has been described
previously®20 Absorbed doses per pulse were on the order of
6 Gy (1 Gy=1J kg'1). Dosimetry was based on,8-saturated
solutions containing 1@ M KSCN, taking a radiation chemical
yield of G = 6.13 radicals produced per 100 eV of absorbed
energy (0.63%M J™%) and a molar extinction coefficient of
7580 Mt cm™® at 472 nm for the (SCN)~ radical?® An
absorbed dose of 6 Gy produces [(SEN) = 3.5uM in N,O-
saturated aqueous solutions basedzon 6.13.

e
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Computational Details. Density functional theory (DFT)
calculations were performed with the Gaussian98 electronic
structure software packatfeemploying the popular B3LYP
functional?® This hybrid functional comprises both loédand
nonlocaf® (gradient-corrected) exchange and correl&fidh
contributions mixed with a piece of exact (Hartrgeock)
exchange. The mixing parameters were derived from fits to
known thermochemistry of a well-characterized set of small
molecules. For open-shell systems (the transient radicals and
radical cations) spin-unrestricted DFT (UB3LYP) was em-
ployed. For structural studies the (heavy-atom) polarized split-
valence 6-31G* basis $8was used. DFT geometries are often
converged with modest basis sets. Vertical excited states were
located by use of time-dependent density functional response
theory within the random phase approximatf8i.D-UB3LYP
often performs well for valence states but can have difficulties
with Rydberg transitions due to the incorrect asymptotic
functional behavior. To locate the absorption maxima and
estimate the transition strength, diffuse functions were added
to the heavy atom basis, 6-8G*. The characteristics of the
charge distributions in the neutral and ionized species were
mapped with a natural population analysis from the NBO
componeri® of Gaussian98, and dipole moments were obtained
as expectation values. Solvent effects were modeled by self-
consistent reaction field theory with a polarized cavity métlel
with COSMO boundary conditior?.

Results and Discussion

Spectral Resolutions Aqueous solutions of CB and the four
guenchers were excited at 337 nm under flash photolysis. For
each solution, a set of kinetic traces was collected for a sequence
of monitoring wavelengths between 360 and 800 nm at 10-nm
intervals. For each individual kinetic trace acquired, the data-
acquisition system automatically generates 10 derivative, kinetic
traces on 10 distinct time scal&This redundancy of time
scales makes it relatively easy to assemble transient spectra at
convenient time delays following the laser pulse.

After the transient spectra were assembled, each of these
spectra was decomposed into component spectra associated with
the various transient species presg&ithese spectral resolutions
were made by fitting the reference spectra from, for example,
pulse radiolysis (see below) to the observed transient spectra
via a multiple linear regression of the foftn

AA() = Z (4)y (1)
where¢; is the extinction coefficient of thgth species and
regression parameters, are equal to the concentration of the
jth species times the optical path length of the monitoring light.
The sum in eq 1 is over all species present. For any particular
time delay of an experiment, the regression analysis included
equations such as eq 1 for eaglinder consideration. A sample
spectral resolution is shown in Figure 1.

By use of this spectral-resolution technique, concentrations
of the transients can be determined at any desired time delay
following the laser pulse. The resulting concentration profiles
for all four types offCB* quenching experiments are shown in
Figures 2-4. In these figures, extrapolations are made back to
time zero in order to make estimates of the initial quantum
yields. Relative actinometry is used with separate cells of CB
at a concentration such that the optical densities at 337 nm are
matched in the CB actinometry cell and the quenching solution
cell** For the quencherss-S-CH-CO,~ and GHs-CH,-S-
CH,-CO,, there was no problem with their absorbing the laser
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Figure 1. Spectral resolution of transient spectra following triplet Figure 4. Concentration profiles of product formation following triplet
quenching of CB by CE#S-GsHs-CH,-CO,~ (3) (5 mM) + CB (4 mM). quenching of CB by ChtS-CsH4-CH-CO;~ (3) (5 mM) + CB (4 mM)
Data were recorded 4 s after laser pulse for Ar-saturated aqueous N Ar-saturated aqueous solution, pH6.88, actinometry, [T} 24.6
solution, pH= 6.88; actinometry, [Tl 24.6 uM. UuM.
20— of these two anions is present at the concentrations used in the
sl ] guenching experiments. To get estimates of the light absorbed
M ] by CB in the presence of these latter two quenchers, an inner-
16 —\'*\._\\L\_ T filter effect® correction was made:
14 E
s I ] _ €ceCep 1 —exp{— 2.3(ecgCer T €qCo)l}
20 ] €calep T €Cq 1 — exp[—2.3¢5Cc5l}
§°r : ) ®)
= + o -CB L
§ sl <4 -CBH . . L -
s | % - Ceradical ] In eq 2,ecg andeq are the respective extinction coefficients (at
© 6 . 337 nm) of the ground states of CB and&p andcg are their
AL ] ground-state concentrations in the quenching experimeigs;
- the optical path length of the laser through the cell; &nid
2 i +——e—d < < < < ] the fraction of light absorbed by the ground state of CB in the
ol — e e presence of the quenchers. Initial quantum yields, computed

0,0 0,5 1,0 15 2,0 2,5 3,0 35 4,0

Time () from the concentration profiles extrapolated to zero time delay
ime (us

_ ' ' _ o and corrected for inner-filter effects, are reported in Table 1.
Flgure 2. Concentration proflles of product formation fO”OWIng trlplet For reference to the interpretations of these quantum y|e|ds (see

quenching of CB by Hs-S-CH-CO;™ (1) (20 mM) + CB (2 mM) in below), the previoush? measured quantum vyields of decar-
Ar-saturated aqueous solution, pH7.5; actinometry, [T 18.6uM. boxylazt’ion (CFE)Q forma?i)on) are alsoqlisted in 1¥able 1.

— T T T T T Reference Spectra from Pulse Radiolysidn an attempt to
or 7 characterize sulfur-centered radical zwitterions of the aromatic
. M ] thioether carboxylates, we employed a pulse radiolysis technique
I ] that was used previous?® to study radical cations from
121 - aromatic thioethers. Pulse radiolysis of water yields primary
s I species
2 ol -] P
I ° .CB - — e d
;g 6l < -CBH ] H,O ~~> e,, , "OH, H 3)
“‘5” 6 i | with relative yields of approximately 2.65:2.65:0.6, respectively.
© I . To form radical cations from thioethers, the SOradical was
4 . used as an one-electron oxidizing agent
r ) SO;” +R-S-R—S0? +R-S*-R (4)
0 I 1 n 1 " 1 n 1 1 1 " 1 " 1 "
0.0 05 1.0 1.5 20 25 30 35 40 where the radical anions, 30, were formed by scavenging
Time (us) hydrated electrons.g, by 2 mM SOg?~
Figure 3. Concentration profiles of product formation following triplet
quenching of CB by €Hs-CH»-S-CH-CO,~ (2) (20 mM) + CB (2 €q T+ 52082* — 5042* + S0, (5)
mM) in Ar-saturated aqueous solution, pH7.5, actinometry, [TE a

18.6uM. with ks = 1.2 x 109 M~1 57137 The hydroxyl radicals were
light; only CB absorbed the 337 nm laser beam in their presence.scavenged by the reactions witrt-butyl alcohol, which was
However,p-CHsz-S-CGsH4-CH-CO,~ and p-CHs-S-GH4-CO,~ present in large concentrations, 0.1 M, forming a relatively
both absorb significant fractions of the laser light when either unreactive C-centered radicaGH,C(CHs),OH:
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TABLE 1: Rate Constants for Quenching of the CB Triplet and Quantum Yields® Following CB Triplet Quenching in Water,

pH 7
quencher kq x 107° (M71 Sfl) (I)cozb Depr © Depy © Pgt e [T d
1, phenyl(thioacetic) acid 1.9 0.92 0.975% 0.10+ 19% e 0.93+ 119%
2, Sbenzylthioglycolic acid 15 0.57 0.88 6% 0.17+ 6% e f
3, 4-(methylthio)phenylacetic acid 1.9 040 0.714 49" 0.017+ 10% 0.90+ 7% ~0.5
4, 4-(methylthio)benzoic acid 1.9 <0.05 nd nd nd nd

ag =¢ x | (I=0.5cm)— g — data from spectra resolutiorr ¢; = a/l. From (T—T) absorption spectra, the actinometry is FF]AAszs/(€s3s
x 1) (es3s = 6250 Mt cm™) @; = ¢/[T] for the jth species® Quantum yield for formation of carbon dioxide, from steady-state measurements,
extrapolated to 0% CB conversion; estimated erset§%. ¢ Quantum yields for the formation of CB radical anion, CB ketyl radical, and S-centered
radical zwitterion, from laser flash photolysis extrapolated to the end of the flash; estimated from spectral re§qutarium yield for the
formation of C-centered radicals (decarboxylaté®; its lifetime is so short that is difficult to get initial yields for'S f Could not be detected.
9f, = 0.724, from inner-filter effect (eq 2), at 313 nif, = 0.897, from inner-filter effect (eq 2), at 337 niTaken at the maximum of the

growth/decay concentration profileNot determined.
‘OH + (CHZ),COH— H,0 + "CH,C(CH,),OH  (6)

The pH was adjusted to 5.5 with HCJGn order to keep the

concentration of protons low enough so that hydrated electrons

would react with NgS,0Og instead of with protons. The solutions
were degassed with nitrogen.

The dosimetry was again based on thiocyanate (see above)

However, the radiation yield for the formation of'Sthe sulfur
radical zwitterions, was taken to b&(S*) = 2.15. The
difference between thi& and G(SOy~) = G(eaq ) = 2.65 is
that SQ°~ reacts withtert-butyl alcohol and with the appropriate
acid via H-atom abstractiot: 1°

Sulfur Radical Zwitterions. The sulfur-centered radical
zwitterions are formally neutral radicals formed from sulfur-

(CBH"), C-centered radicals derived from the quencher (
alkylthioalkyl radicals), and sulfur-centered radical zwitterions
of the quencher or degradation products from these sulfur-
centered radical zwitterions (not shown in Scheme 1). The
absorption spectra of the radical anion of CB and its ketyl radical
have been previously well-characterized with extinction coef-
ficients (660 nm)= 7660 M~ cm~! for CB*~ and¢(570) =
5200 M1 cm™1 for CBH*.383% These spectra and the spectrum
of 3CB* were extended to 800 nm for this work by use of laser
flash photolysis.

The pulse radiolysis experiments to obtain reference spectra
of radicals derived from the sulfur radical zwitterions afHs-
S-CH-CO,~ have been reported recentfy.The prominent
transient absorption that was left on the microsecond time scale

containing carboxylate anions transferring their excess electron'Vas & species absorbing at 330 Hrithis species was assigned
to electron acceptors, but DFT calculations show that these 88 th€CHz-S-GHs radical. DFT computations (gas phase) show

neutral radicals have large dipole moments. In the gas phasehat the most intense transition ®@H,-S-GHs is at 345 nm
the computed dipole moments are 5.5, 5, and 5.1 D for the with an oscillator strengthff of 0.08. The next most intense

neutral radicals from compoundl 2, and 4, respectively.
Single-point DFT calculations of the solvent effect on the dipole
moments show that the dipole momentd.@nd?2 both increase
by another 50%, after solvation, whereas e¥eincreases by
20%. The free energy of solvatiolG) of the neutral radical

of 1is —10 kcal/mol; of2, —12 kcal/mol; and o#, —3 kcal/

transitions are at 298 nnfi€ 0.015). The behavior is consistent
with monomeric,a-aryl sulfur radical cations (or zwitterions
in this case) being formed that rapidly decarboxylate, leading
to the appearance of th€H,-S-GHs radical. If the yield of
the decarboxylation from the sulfur-centered radical zwitterion
is taken to be 100%, then the extinction coefficient©H,-

mol. The large dipole moments and significant solvation energies S-GsHs would bee(330 nm)= 5500 Mt cm2, taking G(CeHs-

support the notion that the neutral radicals are indeed

ST-CH,-CO,") = 2.15; see above. Our previouSlyeported

2witterionic and should have free radical chemistry reminiscent €Xtinction coefficiente(330 nm)= 4200 M* cm™*, was based

of true sulfur radical cations.
Quenching of 3CB* by CgHs-S-CH,-CO, ™. The rate con-
stant for the quenching oiCB* by CgHs-S-CH-CO,~ was

on G(CeHs-S-CH,-CO,™) = 2.65.
With the new reference spectrum ®@H,-S-GHs and the
reference spectra for CB and CBH, it was possible to

measured by varying the concentration of quencher and fitting reproduce the time-resolved transient spectra following the

the decay of the triplettriplet absorption ofCB* at 535 nm

quenching ofCB* by CsHs-S-CH,-CO,™ at pH 7.5. It was not

to single-exponential decays. The equation describing the Possible to resolve reliably any sulfur-centered radical zwitterion

pseudo-first-order decay is

Kobs= To ~ + k;[Q]

where kops is the reciprocal of the observed triplet lifetime
coming from single-exponential fits to the 535-nm kinetic traces,
70 is the triplet lifetime of CB in the absence of quencher, and

()

kq is the second-order rate constant for the quenching of the

triplet by the quencher, Q. The resulting rate constant ofx1.9
1°® M~1s71 (at pH 6.7) is quite large, which is suggestive of

triplet-state quenching via electron transfer. This rate constant

and others, measured in this work, are listed in Table 1.

component on any time scale. However, 16&l,-S-GsHs shows

a significantly large, extrapolated quantum yield of about 0.93;
see Table 1. The extrapolation is only approximate as can be
seen from the concentration profile in Figure 2. TaH,-S-
CeHs radical’s concentration profile shows that this radical has
formed quite rapidly within Jus of the laser pulse, which is
consistent with any initially formed gEls-S-CH,-CO,~ decay-

ing rapidly, as in the pulse radiolysis experiments:

CeHs5-S*-CH,-CO,” —"CH,-S-CH; + CO,  (8)

Furthermore, the large quantum vyield OEH,-S-GHs is

For electron transfer in aqueous solution, it might be expected consistent with the S-centered radical zwitterion being formed

that radical ions or their decomposition products would be

in the quenching event with a large quantum yield that matches

present in the transient spectra following laser pulses. The the large initial quantum yield of CB (0.97, see Table 1) and
species expected (Scheme 1), in this case, would be radicalthe large quantum yield of C{0.92) in previously reported

anions of CB (CB"), their protonated form, the ketyl radical

steady-state photolysis experimett#rgued another way, the
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large quantum yield of CB would indicate that a comparable performed between 400 and 800 nm. This is why onlyCB
amount of GHs-S"-CH,-CO,~ would be formed, and the large  and CBH show up in the final spectral mix; see Figure 3 for
steady-state yield of COwvould be consistent with this radical  the resulting concentration profiles.

decarboxylating, i.e., eq 8. The radical anion*CBersists well The guenching events following tREB*-sensitized oxidation
for hundreds of microseconds as can be seen in kinetic tracesof CgHs-CH,-S-CH-CO,~ are thus not too different from those
at 650 nm. with CgHs-S-CH,-CO,~ as the quencher. In both cases, it can

Quenching of3CB* by CgHs-CH-S-CH,-CO, . Triplet CB be inferred that S-centered radical zwitterions are formed

is also quenched quite rapidly byids-CH,-S-CH-CO,~ at pH because of the complementary high yields of radical aniors CB

7.2. The triplet quenching rate constankis= 1.5 x 10° M1 (see Table 1). It is plausible that the S-centered radical
S*l; see Table 1. Again this Suggests electron transfer is theZWitteriOnS are not seen in the laser flash eXperimentS because

likely quenching mechanism. of their rapid decay, which is analogous to the observations
and interpretation of the corresponding pulse radiolysis experi-

In preparation for resolving any transient spectra followin : .
prep g any p g ments. DFT calculations do show that decarboxylationgbfzC

rapid quenching of the triplet state, pulse radiolysis experiments i o . .
were performed to collect reference spectra. These experiment&#z's' éCHZ'tﬁOZ hlsthexgthelrmlc by 1t2 fk':;]allmqltln. the gras |
and the reactions involved were analogous to the ones described3S€- EVENn hougn the dipole moment ot the Zwitterions radica
above (see eqs-3). The purpose was to determine the spectra IS Iarge, the decarboxylation reaction is still exothermic in
of the S-centered radical zwitterionghds-CHy-S-CH,-CO;, ™, solution. . .
and the C-centered radiczCHy-S-CH-CeHs, formed following . However, thg decay modes of the.S-pentered radlcql zZwitter-
decarboxylation of the S-centered radical zwitterion. The lons may vary in the two cases as indicated bY the difference
resulting spectrum, following pulse radiolysis, shows transient in CO;, yields in Table 1. For §Hs-S-CH-CO,, the CQ

absorption only below 360 nm. There is a distinct band/shoulder q“a”t}im. yi?'d (0'92) is. very close to the.quantqm yield (0.97)
at 295 nm that is typical ob-(alkylthio)alkyl radicals. This of CB*~, indicating that its S-centered radical zwitterion decays

contribution to the transient spectra is likely due to 1Gél,- almost exclusively by_d_ecarboxylation. On the other han(_j, when
S-CH,-CgHs radical. The absorption continues upward at shorter CeHs-CHxS-CH-CO;™ is the quencher, the G@uantum yield
wavelengths even to 260 nm. In addition there is a very sharp (0.57) is significantly less than the quantum yield (0.83) ofCB

: - [Note that in the case of the aliphatic analogue,s&HCH,-
absorption feature at 315 nm that is likely due to the benzyl 7 - _
radical*CH,-CgHs; see below. These observations indicate that €O, ,_the quantum y"ild valugs f_or _Q@md CB™ are eque_ll
the sulfur-centered radical zwitterions eHE-CH,-S™+-CH,- _(CDCr?Z - 0|'86 anddce:- f 0'872’ mEI'lcatlnqtlrlat_riec%r_?foxylatlon
CO,7, are not stable on a time scale less than our time resolution.'bs the only reactlc()jn N CJ**S“ ﬁ Z'COZC' ] S_fc' e(r:e”‘ie
They either fragment or decay via decarboxylation [as observed etween Pco, and g in the GHs-CHyS™-CHz-CO;
for monomeric sulfur radical cations derived from 2-(methyl- radical coqld bie due 1o its m_crgased tendency to decay by
thio)ethanoic and 2;zhiodiethanoic acids}® fragmentatioff and deprotonation:

On the other hand, the radicalgHz-*CH-S-CH-CO,~ and C.H.-CH.-S"-CH.-CO.” —

CgHs-CH,-S*CH-CQO;,, potentially formed from the deproto- 6 2 2 2

nation of the sulfur-centered radical zwitterions, do not appear CeHs-"CH, + H" + S=CH-CQ,” (9)
to be present in the pulse radiolysis experiments because of the

lack of transient absorptions above 360 nm. DFT calculations C;Hs-CH,-S"-CH,-CO,” —

(in the gas phase) indicate thagHz-*CH-S-CH-CO,~ has . - +
transitions at 540 nmf (= 0.03) and 335 nmf(= 0.17) and CeHs"CH-S-CH-CO, +H" (10)
that GHs-CH,-S*CH-CO,~ has weak transitions at 486 nrn ( " B

=0.01) and 435 nnf( 0.01). The lack of any such transitions CeHs-CH-S™-CH,-CO,” —

suggests that deprotonations @Hg-CH,-S"-CH,-CO,~ lead- CgHs-CH,-S"CH-CQ,” + H (11)
ing to these radicals are not significant.

The spectral resolutions of the transient spectra following A plausible explanation for the difference in decarboxylation
triplet quenching by2 showed only CB~ and CBH. It is not yields in1 and?2 is the fragmentation in eq 9. This reaction is
too surprising that gHs-CH>-S™-CH,-CO,~ was not seen in also driven by the solvation of the proton on the right-hand
laser photolysis studies because its lifetime was too short-lived side of the reaction. The stabilization of the benzyl radical is
to be observed even in the pulse radiolysis experiments.also an enabling factor. This explanation has the added
However, the relatively large yield (0.57, see Table 1) of,CO advantage that the benzyl radical appears as a component in
in the steady-state, photosensitization experiniérsisggests the observed transient spectra from the pulse radiolysis experi-
that there should beCH,-S-CH,-CsHs radicals present in ments.
significant amounts. The issue is complicated in the laser flash No DFT-computed transitions of the deprotonated radicals
experiments because CB starts absorbing below 360 nm, whichin egs 10 and 11 were definitively identified in the transient
complicates spectral resolutions with ground-state bleaching of spectra following pulse radiolysis & (see above). However,
CB. The*CH,-S-CH,-CgH5s radical’s maximum (about 300 nm)  because the discrepancy in photoinduced decarboxylatién in
is shifted significantly to the blue from that 6€CH»-S-GHs Vs 2 is so prominent, it is important to take a closer look at
(Amax = 330 nm}¥® so as to put it out of the observed spectral deprotonations as alternate reaction pathways to decarboxylation.
range needed for reliable resolution of components. For instance,In general, the magnitude of the activation energy for depro-
the *CH,-S-CH,-CgHs radical absorbs only below 400 nm and tonation is dominated by the solvation of the reaction products,
then only weakly €200 M~t cm™1) above 360 nm. With such i.e., protons and anion radicals in egs 10 and 11. Since solvations
a weak absorption and such a small number of wavelengthsin eqgs 10 and 11 should be similar, the relative stabilization of
available, it was not possible to get reliable spectral resolutions the product radicals would be the determining factor in this case.
including*CH,-S-CH,-CgHs in the spectral mix. To getreliable A rough idea of the relative importance of the deprotonation
guantum yields for CB and CBH, the spectral resolutions were  of CgHs-CH,-S-CH,-CO,~ vs GHs-SH-CH,-CO,~ can be
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illustrated by looking at the relative stabilization energiasi}

of CgHs-"CH-S-CH-CO, ™~ vs GiHs-CH,-S=CH-CO, ™, the latter

of which might be considered to be representative gfi£S-
*CH-CO, from compoundl. DFT computations indicate that
CeHs-*CH-S-CH-CO,~ is more stable by 7 kcal/mol with
respect to @Hs-CH,-S-CH-CQO,~ in the gas phase and 3 kcal/
mol in solution. Although the relative stabilization energies do
slightly favor the GHs-*CH-S-CH-CO,~ radical compared to
the GHs-CH,-S<CH-CO,~ radical (and by analogy ¢Bis-S-
*CH-CQ,"), itis not sufficient to make a convincing rationaliza-
tion that would account for the observed decrease in decarbox-
ylation of 2 compared tol, particularly in the absence of
definitive evidence for the existence of the deprotonated radicals
in the observed transient spectra, see above.

On the other hand, the deprotonation sites, discussed above
could be operative in the collision complexé€sHs-CHy-S -
CH,-CO,™ ... CB}, whereby the S-centered radical zwitterions
could transfer a proton to CB forming CBH and a C-centered
radical:

{C¢Hs-CH,-S*-CH,-CO,” ...CB} —
C¢Hs—"CH-S-CH-CO,” + CBH" (12)

{CHs-CH,-S*-CH,-CO, ...CB™} —
CgHs-CH,-S“CH-CQ,” + CBH" (13)

The intrinsic deprotonation of the S-centered radical zwitterion
(egs 10 and 11) may not be important, that is, there is no clear
evidence of their presence in the transient spectra from pulse
radiolysis. However, the deprotonation ofHs-CHy-S'+-CH,-
CO, in the collision complex (egs 12 and 13) serves as an
additional source of C-centered radicals (Scheme 1) with a
guantum yield equal to that of the ketyl radical (CBirable

1).

Quenching of 3CB* by CH 3-S-CsH4-CH»-CO, . The rate
constant for quenchingCB* by CHz-S-GsHs-CH>-CO,™ in
neutral aqueous solution is 1.9 10° M~1 s™1. Anticipating
that electron-transfer transients would contribute to the transient
spectra following the quenching event, pulse radiolysis experi-

ments were performed to acquire reference spectra for the sulfur-

centered radical zwitterion, GF8+-CgH4-CH,-CO,~, and the
C-centered radicalCH,-CsH4-S-CH;, formed, as argued below,
from the decarboxylation of the sulfur-centered radical zwitte-
rion.

In pulse radiolysis experiments d, the characteristic

absorptions for monomeric radical cations were seen at 320 andS

560 nm. This particular S-centered radical zwitterion g€&t-
CeH4-CH,-CO,, lived for longer than 1@s (see inset to Figure
5). However, due to the necessarily low concentration (0.2 mM)
of its precursor, ChS-GH4-CH,-CO,~, the experimental
growth was only 9.3« 1(° s~ compared to its decay of 17
1 s71, on the basis of a growth/decay fit

AA= AA{expKyecayt) — XPCKyoun )} (14)
to the kinetic trace at 560 nm; see inset to Figure 5. A 560-nm
trace on a 2Qes time scale was also fit with similar rate
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Figure 5. Reference spectrum of GF-CeHs-CH-CO, 0 €560 =
7000 M cm™, recorded 23 us following pulse radiolysis of an N
saturated aqueous solution, pH 5.5, for 0.2 mMs&HGH-CH,-COO-
(3), 2 mM NaS;0s, and 0.1 Mt-BuOH. Inset shows experimental trace
for growth and decay of the GFB"-CsHs-CH,-CO,~ taken at 560
nm.
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The result is 7000 M* cm™! for CH3-S+-Ce¢H4s-CH-CO, ™,
under the following assumptions: (i) that only the" $adical
absorbs at 560 nm; (ii) that the scavenging reaction 5 is 100%
efficient, with G(SOy"~) = 2.65 radicals per 100 eV of absorbed
energy; and (iii) that scavenging reaction 4 is only 81% efficient
with G(S'™) = 2.15 radicals per 100 eV of absorbed enefyy.
Equations 14 and 15 come from the solution of the linear
differential equation for the kinetics:

€s6dS™) (15)

d[S*]

dt - kQTOWUISO4._] - kdeca)[S.+] (16)

with SO~ decaying exponentially, [SO]i = [SOs o
exp{ —Kgrown t}, @and with initial conditions [S@]i=0 = [SOs"]o
and [S™]—o = 0.

In the pulse radiolysis experiments, the kinetic trace at 320
nm is very long-lived and must include at least one extra species
in addition to the contribution from the'Sradical. An obvious
candidate is the radical from the decarboxylation of the S
radical, as mentioned above. Such a radical would be a
substituted benzyl radicalCH,-CgH4-S-CHs. The benzyl radical
itself has strong, sharp absorptiéhis this very region, which
upports the tentative spectral assignment. DFT calculations also
show a very strong transition at 315 nin=f 0.26) for*CH,-
CeH4-S-CHs; with a much weaker transition at 427 nf< 0.05).

The transient spectrum remaining at around L$QOafter the
electron pulse contains a weak absorption remaining in the
spectral regiord > 400 nm, which we also assign to theH,-
CeH4-S-CH; radicals, as argued below.

The 320-nm kinetic trace (in pulse radiolysis) showed an
additional time constant on the order of g6, indicating the
presence of a third radical, possibly the radical obtained from
deprotonation of CgtS*-CgHy-CH-CO,~. One such radical,
*CH,-S-GsH4-CH,-CO,, would be expected to have an absorp-

constants; this longer time scale gave a better sampling of pointstion spectrum similar to that for tt€H,-S-GsHs radicals, i.e.,

in the decay and a poorer sampling of points in the growth
section of its kinetic trace. From the fitting paramet®A, =
0.0106 at 560 nm, and the dosimetry ([8Qy = 1.53 uM),

the extinction coefficient(560 nm) was calculated:

little or no absorption fof. > 400 nm. DFT computations show
(gas-phase) transitions at 347 nin<0.03), 363 nmf(= 0.04),
368 nm { = 0.05), and 402 nmf & 0.01). A similar calculation
on CH:-S-GH4-*CH-CO,~ does show a relatively strong transi-
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tion with an oscillator strength of 0.05 at 415 nm and a much 0020 ———F———T———F——7T——T T T T

weaker one at 338 nm. (This radical might not be expected to I * % 80-120ns

arise directly from deprotonation of GF""-CgH4-CH,-CO, 0016 L **" o X S 118w

but it could be important in the triplet-quenching experiments; ' . x, * * * 14-16us

see below.) T, . xx aldtaded
From these considerations, the substituted benzyl radical from 0012 «, * * “

the decarboxylation of CHS-CgHs-CH,-CO,™ is the most L ) e .

likely radical remaining after 10@s following the radiolytic 3 x A X %

pulse. Byt = 100us, the CH-S*-CgHa-CH,-CO,~ radical has i .

disappeared (see inset to Figure 5), and at this delay time, two ot RAAPTH xx

lifetimes have lapsed for the third radical, probabGH,-S- 0004 %, e ‘e, fan ‘s

CsHs-CH,-CO;,~, absorbing at 320 nm. | fte et aamattiAt L Ceee saesetetet T,
Thus the spectral shape of the substituted benzyl radical is :tﬁﬂffﬁf':::::::::::.:;‘:;‘;;‘:A‘:i:::::;::

taken to be the transient absorption at K0 An estimate of 00 e

its extinction coefficient was made by use of the quantum yield 350 400 450 500 550 600 650 700 750 800

of CO; formation (see Table 1) and the preliminary estimates Wavelength (nm)

for the quantum yield of S from the triplet-quenching data. ~ Figure 6. Transient spectrum following 337-nm laser flash photolysis
The assumption is that"Scan decay into parallel channels, 0f CHyS-GHs-CH,-CO,™ (3) (12 mM), in Ar-saturated aqueous
deprotonation and decarboxylation. The radiolytic yielgub- solution, pH= 6._91, recorded at five different delays times; relative
stituted benzyl) can then be taken to be equal to 2 Hhiantum actinometry, [T]= 24.84M.

yield of COJ/quantum yield of $; namely, the results from
the triplet-sensitized photolysis experiments are used as a mean
of estimating the radiation yield of the substituted benzyl radical.
From this estimate of th&(substituted benzyl), the spectrum
of this radical was quantified.

For simplicity the spectral resolutions (from laser flash

photolysis) were carried out between 400 and 800 nm, which ox . : 11
) R - i ) ygen with a rate constant of approximatelg5.0° M1 s71,
avoids most of the complications with the C-centered radicals. computed from eq 7 with thiss measured in a pure oxygen-

Only the tail of the substituted benzyl radical needs to be . )

. - . saturated solution and, measured in an argon-saturated
considered above 400 nm. It also avoids the need of dlsentan-solution The near-infrared species should have also been
gling all three radicals derived fror8 in the spectral region ' P

below 400 nm. TheCHy-S-CeHa-CH,-CO,~ does not absorb guenched by oxygen if this absorption was due to the hydrated

above 400 nm, and the other two radicals can be separated oﬁelectron, but no such scavenging was observed. In addition, no
the basis of their distinctive time-dependent behavior and their enhanced decay rate was observed in _the— nm range
when the solutions were saturated withQ\N an excellent

slight spectral overlap, as long as only the spectral region above . )
40% nrr?is considere% The t?ansientyspectfum—a'ﬁ Esgafter scavenger of hydrated electrons. Both of these observations with

the electron pulse between 400 and 800 nm was taken as th&>Y9en and MO would argue against hydrated electrons being
true shape of S for compound3; see Figure 5. This time  'esponsible for the infrared transient.

grominent. Attempts to resolve these transient spectra were not
very successful, even after the short-lived, near-UV component
decays significantly. However, the bulk of the remaining
spectrum appears to be accounted for by ther&dical and a
species absorbing in the near-infrared. The short-lived transient
is likely due to triplet-triplet absorption. It is quenched by

interval is optimal not only because the absorption fromis Although we have not been able to identify the nature of the
maximal but also because $Ohas decayed and because the infrared transient, we were able to obtain a very rough spectral
C-centered radicals have yet to accumulate significantly. shape for it. This was possible because the lifetime of its decay

With the use of the newly obtained reference spectrum of (5-448) is much shorter than all the other radicals (except for
CHg-S*-CeHs-CH-CO,~ in Figure 5, the transient spectra, S*, which has a fitted decay time of 1/17 13 s~ from the
following 3CB* quenching events, were resolved into compo- inset of Figure 5). Therefore subtracting the observed transient
nents, i.e., CB", CBH, and $*, with 400-800 nm taken as a  SPectrum at a delay time= four lifetimes (4 x 5.4 us) from
region for spectral resolution. Our initial resolutions gave rough the transient spectrum &t= 5.4us leaves a difference spectrum
agreement between the data and the fitted spectra that werecontaining only " and the infrared transient. By use of this
reconstructed from the component reference spectra, each oflifference spectrum and the spectrum of & Figure 5, the
which was weighted with the regression parameters. The fits spectrum of the infrared transient was extracted iteratively. This
appeared to be skewed relative to the observed transient spectrwas done by starting with the assumption that the contribution
by the lack of any components that could contribute significant of S+ was the same as that of'Srom a preliminary spectral
absorption in the near-infrared spectral region. resolution at 5.4s, where the spectrum of the hydrated electron

Since CH-S-CgH4-CH,-CO,™ radicals are present and some Was used as a first approximation to the infrared transient’s
of the laser flux is being absorbed by the quencher (see above)spectrum. The resulting spectral shape of the infrared transient
it seemed prudent to determine whether the near-infraredis given as the dashed line in Figure 1; the scale is necessarily
contributions could be due to hydrated electrons from direct arbitrary since its concentration and extinction coefficient are
photoionization of the solute. A 12 mM neutral, aqueous solution unknown. With this near-infrared component, the concentration
of CH3-S-GsH4-CH,-CO,~ was photolyzed with 337-nm pulsed ~ profiles associated with CG#5-GsHs-CH-CO,~ quenching
laser excitation. The resulting transient spectra are shown in°CB* are presented in Figure 4 with one of the spectral
Figure 6. The contribution from theSradical is clearly present,  resolutions given in Figure 1. Only the shape of the unknown
particularly at 550 nm in the spectrum taken in the time window infrared transient is required to obtain quantitative results for
from 1 to 1.5us, i.e., note the similarity to the reference the other transients, each of which has known extinction
spectrum in Figure 5. In this same time window it can be seen, coefficients. In Table 1, all of the quantum yields of transient
in Figure 6, that the absorption in the near-infrared is still species in these experiments with the quenches-StsH,-
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CH,-CO,~ are computed on the basis of the light absorbed by CH;-S*-C;H,-CH,-CO,” —

CB only; see eq 2.

Analysis of the results, in Figure 4 and Table 1 for quencher

3, leads to the following conclusions: (i) CBis one of the
main primary photochemical product®{g- = 0.71); (ii) the
quantum vyield of CHS*-CsH4-CH,-CO,~ formation was
determined to b&g* = 0.90, in agreement with the value of
CB*~ formation; and (iii) decay of the S radical occurs on

the microsecond time scale, similar to its decay in pulse

*CH,-S-GH,-CH,-CO,” + H* (21)
or

CH,-S*-CgH,-CH,-CO,” —
CHy-S-GH,-"CH-CO,” + H' (22)

radiolysis (Figure 5). The lack of exact agreement in the yields \yith a combined efficiency (0.96- 0.40 = 0.50) similar to

of CB*~ and $* could be due to the*S formed in the direct
photolysis of3 as described above.

Although CBH could arise from H-abstraction viECB*,
H-abstraction via aromatic ketones is usually much sléitkan

the triplet quenching rate constants that we have observed in
this work. Thus it seems more probable that the H-abstraction

that for decarboxylation (0.40):

CH,-S*-C,H,-CH,-CO, —
CH,-S-GH,-"CH, + CO, (23)

products that we have observed come from electron transferAlthough the analysis was iterative, these final quantum yields

followed by proton transfer in the collision complex:

{CB" ... CH;S"-C{H,-CH,-CO, } —
CBH' + "CH,-S-GH,-CH,-CO,” (17)

or

{CB" ... CH;S"-C{H,-CH,-CO, } —
CBH' + CH,-S-GH,-"CH-CO,” (18)

The *CH»-S-GH4-CH,-CO,~ radical is ana-thioalkyl radical
such as*CHyx-S-GsHs. In the pulse radiolysis experiments
involving CHs-S-GH4-CH,-CO,, the yield of theser-thioalkyl
radicals or CH-S-GH4-*CH-CQO,~ radicals might be not as
prominent as it would be from a true sulfur radical cation
because of the lack of a driving force for deprotonation of the
overall neutral species, GFB"-CsH4-CH,-CO, ™. However, the

for the parallel processes, deprotonation vs decarboxylation,
support the assumptions made in determining the quantitative
spectrum of the CHS-GH4-*CH, radical (see above). The
deprotonated radicalsCH,-S-GsH4-CHp-CO, /CH3-S-GeHy-
*CH-CO,~ can be formed in reactions 21/22, unimolecularly,
and also within the collision complex, reactions 17/18, respec-
tively. The deprotonation reactions within the collision com-
plexes should correspond to the yield of CBaxtrapolated to
time zero. From Table 1 this value is 0.017. Thus if deproto-
nations were the only alternative decay channelstg e
overall quantum yield ofCH,-S-GH4-CH,-CO,~ and CH-S-
CeH4-*CH-CO,~ should be equal to the sum of the yield (0.50)
from unimolecular $ deprotonation (reactions 21/22) and the
yield (0.017) from intercomplex deprotonation (reactions 17/
18), i.e.,® ~ 0.52. The quantum yieldr{0.5, Table 1) of the
substituted benzyl radical computed from the maximum of its
growth/decay concentration profile in Figure 5 is consistent with
this number.

photochemical experiments, with the presence of the doubly Comparative stabilization (from DFT calculations) of the

charged radical anion, CB as its collision partner, CHS*-
CsH4-CH,-CO,~ might be induced to behave much more like a
true sulfur radical cation that deprotonates readily from its
o-carbons.

deprotonated radical€H,-S-GH4-CH,-CO,~ and CH-S-GsHy-
*CH-CQ;, ™ is 12 kcal/mol in favor of the latter. This should make
CHs-S-GH4-*CH-CQO; the likely product in the intercomplex
deprotonation (reaction 18) where there is an external base, i.e.,

The guantum yields in Table 1 can be discussed in the contextCB*~.

of quenching ofCB* via electron transfer within the collision
complex (see Scheme 1)

%CB* 4+ CH,-S-GH,-CH,-CO,” —
{CB"™ ... CH-S"-C4H,-CH,-CO, } (19)

followed by escape of the radical anion and S-centered radical

zwitterion from the collision complex

{CB" ... CH;S"-C{H,-CH,-CO, } —
CB'™ + CH,-S-C4H,-CH,-CO,” (20)

which is in competition with protonation within the collision

complex, followed by escape of radicals (eqs 17 and 18).

According to this mechanism, the quantum yidig" = 0.90
(from Table 1) for the formation of*S radicals should be the
same as the yield for the formation of CB(®cp- = 0.71).
The quantum yield of C@from steady-state photosensitization
experiment¥ was recomputed for inner-filter effects. The

On the other hand, in the unimolecular deprotonations
(reactions 21/22), it is not clear that the Evans/Polanyi“tule
(activation energies follow stabilization energies) would apply.
It is well-known that deprotonations are relatively facile at
carbons adjacent to cationic sulfur radical centers (reaction 21),
which is in contrast to a distant deprotonation on the other side
of the aromatic ring (reaction 22). Thus we expect that reaction
21 (formation of*CH,-S-GH4-CH,-CO,™) would be favored
over reaction 22 in unimolecular deprotonations of ;3" -
CeH4-CH-CO,.

Escape of the radicals in eq 20 involves the escape of a doubly
charged radical anion (CB) from a neutral radical with a large
dipole, CH-S-CgH4-CH,-CO,™. It might be expected that
escape of such a pair would be easier than in the usual case of
3CB* guenching when true radical cations are involved. From
Table 1 it is seen that all the quenchers in this study have much
larger quantum yields of CB than of CBH. This supports the
expectation that the iondipole collision complexes should be
relatively easy to separate, e.g., eq 20.

Quenching of3CB* by CH 3-S-CsH4-CO,~. The quenching

corrected quantum yield of 0.40 is less than the value of the of 3CB* by CHz-S-GH4-CO,~ is again quite rapid, 1.% 10°

quantum yield for the formation of*Sradicals (P = 0.90).
This indicates that in addition to decarboxylation, the sulfur-
centered radical zwitterions may undergo deprotonation

M~1s71, Pulse radiolysis was used to obtain reference spectra
of the sulfur radical zwitterion and its decay products. The
absorption spectrum in the range 48D0 nm is dominated
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Figure 7. Reference spectrum of GF*-CeHs-CO,™: €560 = 5200
M=t cm™, recorded 126140 us following pulse radiolysis of an N
saturated aqueous solution, pH 5.5, for 0.2 mM3z@EHGH,-COO™
(4), 2 MM NaS;0g, and 0.1 Mt-BuOH. Insets show experimental decay

Figure 9. Transient spectra following 337-nm laser flash photolysis
of CH;-S-GHs-CO,~ (4) (10 mM), in Ar-saturated aqueous solution,
pH = 7.32; [T] = 12.8uM, recorded after five different delay times.

traces at 560 nm (top inset) and 320 nm (bottom inset).

ylthiophenyl radical and C®The solution-phase dipole moment
of CH3-S"-CgH4-CO, is 6 D (from DFT), further stabilizing

T T T T 068 T T
015 |- A 40-60ns »=800mm this zwitterion radical to decarboxylation.
® 600-800ns . . . . .
B 35-4ps < o2 There is a significant transient absorption at wavelengths
ozl | ® 0.8 longer than 750 nm, which is the limit of significant absorption
. i s e—— from CB'~. Since CH-S-GH4-CO,~ absorbs approximately 9%
Time (s) ] of the laser photons at 337 nm, the possibility of photoionization
009 - =® o0 needs to be addressed. Pulsed, 337-nm direct excitation of a 10
® . mM solution of CH-S-GH4-CO,~ at pH 7.32 was performed.
% Aarg °® Bg gE_ o . . . . .
0,06 | 02" pun” . The resulting transient spectra are displayed in Figure 9. The
2, X E‘EAAAAA Tae absorptions decay uniformly over the entire displayed spectral
o_= 2 o0
**é ;;g” I bl . wuooee, range, indicating that there is only a single species present. There
0031 L4 . 8 R mees is some absorption in the vicinity of the hydrated electron’s
@%*3%5%53*"*& R — Aaltiny absorp'tion, but this absorpt?on dece}ys in the same pattern as
0.00 B R PR g on the main two bands. The entire transient absorption is quenched
L . I . L . I . L by pure oxygen. The oxygen quenching rate constant 0&2.3
400 500 600 700 800

10° M~1 s71 was determined, by use of eq 7, with the lifetime
(1/kopg9 measured at this single oxygen concentration (solution
purged with pure oxygen) and the lifetima) measured in an
argon-saturated solution. This is consistent with the transient
being the triplet-triplet absorption of the substrate.
. . o Further evidence indicating that the long-wavelength absorp-
by the absorption of the S-centered radical zwitterionsCH o was not due to hydrated electrons was given from transient
S'JT'CGH“'COZ_' With Amax= 560 Nm andkseo = 5200 M_—l cm ! spectra following quenching events when exactly the same
(Figure 7). The kinetic traces at 560 and 320 nm in the pulse composition system (10 mM i, pH 7.3) was saturated with
radiolysis are distinctly different (see insets to Figure 7). The N,O. The transient spectra were indistinguishable from the
decay at 560 nm is slow while the decay at 320 nm has a rapidly 5rgon-saturated solutions.
decaying component in addition to the long-lived decay. The  tpg triplet-sensitized experiments were also repeated with
extr§ rad|9al may be the depro.tc.)nated radiGit-S-GHo- N,O-saturated solutions. There were no detectable differences
CO,", having a computed transition energy of 295 nm from  peyeen these transient spectra and those in the argon-saturated
DFT (gas phasg)_vylth avery large qs_cnla_ltor streng[;_t# 0.4). solutions. The kinetic traces of the argon-saturated solutions
In the laser-initiated triplet-sensitization experiments, the ;.o it with various functional forms. At most of the
transient spectra following the quenching events are shown ir‘Wavelengths the decays were second-order, indicating a radical
Figure 8. No transient absorptions ascribable to decarboxylation 4y e of the species. However, the unknown transient absorbing
products were seen either in the pulse radiolysis of pH 5.5 pey6nd 750 nm decayed by a first-order process. The lifetime
aqueous solutions of G+5-CsH,-CO,™ (with Q'l M tert-butyl of the 800-nm kinetic trace of this transient wasiky(see inset
alcohol and 2 mM N&5,0g, N-saturated) or in the laser flash to Figure 8). Work is underway in these laboratories to
photolysis triplet-quenching experiments. This is consistent with i, estigate the nature of the infrared transients in compo@nds
the steady-state photosensitization experiniénist detected and4.
no CQO; see Table 1. The failure of the G¥B+-CgHy-COy™
radical to decarboxylate is likely related to the high energy of
activation needed to form the substituted phenyl radical that
would be the product from decarboxylation of &B*-CgHy- By observing complementary electron-transfer products in
CO,~. DFT computations indicate that, in the gas phase;-CH pulse radiolysis, steady-state photolysis, and laser flash pho-
S*-CgH4-CO,~ is 12 kcal/mol more stable than thpeemeth- tolysis, it was inferred that the sulfur-centered radical zwitterions

Wavelength (nm) -
Figure 8. Transient spectra following triplet quenching of CB by £H
S-GH4-CO;~ (4) (5 mM) + CB (4 mM) in Ar-saturated aqueous
solution, pH= 6.91; actinometry, [TE 16.3uM. Inset: Kinetic trace
at 800 nm.

Conclusions
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from 1 and 2 decayed rapidly (faster than our time resolution (14) loele, M.; Steenken, S.; Baciocchi, EPhys. Chem. A997 101,

] ; tarinne 2979-2987.
of a few nanoseconds). The sulfur-centered radical zwitterions (15) Korzeniowska-Sobczuk, A.: Hug, G. L.: Carmichael, 1.: Bobrowski,

from 1 decayed into the prOdUC&Hz'S'CﬁHs and CQ, that K. J. Phys. Chem. 2002 106, 9251-9260.

were observed in pulse radiolysis and steady-state photolysis, (16) Marciniak, B.; Bobrowski, K.; Hug, G. L.; Rozwadowski,JJPhys.
respectively. A majority (57%) of the sulfur-centered radical Chem.1994 98, 4854-4860. n

zwitterions (S*) from 2 also decayed via decarboxylation, and Phgltgjiz‘_’fégé 'gé B;’;gf‘;"g'é" K.; Kozubek, H.; Marciniak, Bhotochem.
in addition, they decayed through a fragmentation channel. DFT  (18) Thomas, M. D.; Hug, G. LComput. Chem. (Oxforc}998 22,

calculations of optical transitions of possible C-centered radicals 491-498.

derived from the S radicals of2 helped eliminate deprotonation (19) Hug, G. L. Wang, Y. Sctreich, C.; Jiang, P.-Y.; Fessenden, R.
jor d hannel for thet Sadicals of2. The CH- W. Radiat. Phys. Chenl999 54, 559-566. =~
as a major decay ¢ . (20) Mirkowski, J.; Wisniowski, P.; Bobrowski, K. INCT Annual Report

S+-CeH4-CH,-CO, radicals from3 could be observed directly 2000, Institute of Nuclear Chemistry and Technology, 2000.
for microseconds and decayed with roughly equal probability ~ (21) Janata, E.; Schuler, R. H. Phys. Chem1982 86, 2078-2084.

- : 22) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; ia, G. E.; R
through decarboxylation and deprotonation. ThesGH-CsHg- M.( A.,) Cﬂz‘;sém;n' Jr.“%f'gkrze*v%gkie%‘? o M'O?]‘t:gg;”ear'y(; A °Jbr'.°,'

CO,™ radicals from4 were also observed directly but failed to  sgratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M. Daniels, A.
decarboxylate because of the high energy of activation neededD.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,

i i tarioni M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
to form the substituted ph.e”y' r‘.”‘d'c"’.‘" The ZWItterlon.IC nature Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
of the sulfur-centered radicals in this work was indicated by p " : Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.:
their large dipole moments as computed by DFT. Ortiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,

P.; Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-
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