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The reactions of hydrated electron¢ with various radicals have been studied in pulse radiolysis experiments.
These radicals are hydroxyl radicaD), sulfite radical anion*§0;~), carbonate radical anion (GO),

carbon dioxide radical anionGO,"), azidyl radical (N3), dibromine radical anion (Br), diiodine radical

anion (b°7), 2-hydroxy-2-propy! radicalC(CH;s),OH), 2-hydroxy-2-methyl-1-propyl radical*(tH,)(CHs).-

COH), hydroxycyclohexadienyl radicaldsHsOH), phenoxyl radical (§Hs0°), p-methylphenoxyl radicalg:
(HsC)CeH40), p-benzosemiquinone radical anigr@QCsH4O" ), and phenylthiyl radical (§HsS’). The kinetics

of e, was followed in the presence of the counter radicals in transient optical absorption measurements.
The rate constants of thg.e reactions with radicals have been determined over a temperature rang&®f 5

°C from the kinetic analysis of systems of multiple second-order reactions. The observed high rate constants
for all the 4~ + radical reactions have been analyzed with the Smoluchowski equation. This analysis suggests
that many of the g~ + radical reactions are diffusion-controlled with a spin factol/gfwhile other reactions

with *OH, *N3, Br,'~, 17, and GHsS' have spin factors significantly larger thaf. Spin dynamics for the

e, /radical pairs is discussed to explain the different spin factors. The reactionsQ#ititNs, Br,*~, and

I~ have also been found to have apparent activation energies less than that for diffusion control, and it is
suggested that the spin factors for these reactions decrease with increasing temperature. Such a decrease in
spin factor may reflect a changing competition between spin relaxation/conversion and diffusive escape from
the radical pairs.

Introduction theory!*12and we have recently applied this mechanism to a

. ) ) _number of radical pairs involving.g to explain their CIDEP
The population of the electron spin states of radicals in patterns

solution can transiently deviate from that under thermal equi-

librium as a result of spin-selective chemistry and spin dynamics any evidence of a triplet pathway fog + CsHsO" reaction.

_of radical pairs. _Such a process_is g_enerally known as chemically-l-he aq is a highly reducing species with a reduction potential
induced dynamic electron polarization (CIDEP)The observa- of —2.87 V (versus NHEJ3 15 and GHsO" is an oxidizing

tion of inverted CIDEP in the reaction of hydrated electraig®®  aqical with a reduction potential f0.79 V16 Thus, the free
with phenoxyl radical (€HsO7) and some other radicals has  gnergy difference for the reaction to form the ground singlet
long been a puzzl&.® Two explanations are possible. The initial  giate of phenolate iAG = —3.66 eV. Because the energy of
explanatiodwas that reaction of uncorrelated radical pairs might e excited triplet state of phenolate is about 3.45%eWe
produce the excited triplet state of the phenolate anion, leaving reaction could form the triplet state. When the reaction took
singlet pairs, and invert the sense of the CIDEP to A/E (ESR pjace at a diffusion-controlled rate to form the ground singlet-
absorption at low magnetic field, emission at high field). state product, only/, of the radical pair encounters would be
Subsequent ESR observations gf eand GGHsO" were made  effectivel” and the overall rate constant would reflect that fact.
in the laser photolysis of phenoldtend interpreted as inverted  f the product were triplet, then the rate could be three times as
CIDEP for the geminate pairs on the basis that the dissociatingfast, or if spin were not important, then product could result
state was a singlet. If so, the energy ordering in the radical from every encounter at four times the rate. This statistical factor
encounter pairs (g /CeHs0") must be triplet below singlet.  will be termed the spin factor in this paper. A careful
More recently, Bussandri and van Willigen clearly showed that examination of the rate constants should allow one to distinguish
the &g /CsHsO" geminate pair is singlétsuggesting the latter  the difference. While apparent success has been achieved in
explanation of the inverted CIDEP for this radical pair. In the elucidating the mechanism of the inverted CIDEP as described
meantime, Kobori et al. have demonstrated the influence of above® such investigation of reactions betwegg eand GHsO®
electronic interaction between the radical ion pair states and or other radicals is desirable in fundamental understanding of
the charge-recombined product states on the energy orderingadical-radical interactions.

of the radical ion pair statés10 This interaction is closely Very little is known about reactions betweeg eand reactive
associated with reorganization energy in electron-transfer radicals in general, in stark contrast with a compilation of large
kinetics data for g reactions with nonradical (i.e., stable)
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radical reactions requires an analysis of complex kinetics that Also, Z andZg are the charge numbers for the two reactants,
results from various first- and second-order reactions, in contraste is the elementary charge,is the dielectric constant of the
to a standard analysis of pseudo-first-order kinetics used for medium, ¢p is the vacuum permittivityks is the Boltzmann

€q 1 nonradical reactions. constant, and is the temperature.

The pulse radiolysis of agueous media generatgs, e Usually, the spin factor is assumed to He for radica-
hydroxyl radical {OH), hydrogen atonrtK), hydrogen peroxide  radical reactions; i.e., only singlet radical pairs réd¢g 5!
(H20,), and molecular hydrogen @Has primary specie¥.Thus, However, another value has also been considered. For example,
e.q decays by second-order reactions with these radiolysis Buxton and Elliot have used a spin factor*ffor the*H + *H
products. Among the primary species, the yields gf end reaction but argued for a value of unity for th@H + *OH

*OH are much larger than those of the others. Therefore, thereaction where rapid spin relaxation is possf§l@he present
e.q decay is largely influenced by reaction wiBH. The rate analysis suggests that, while spin factors fgr eeactions with
constants of the.g + *OH reaction have been determined from some radicals ar¥4, those with other radicals are much larger
the analysis of the g decay curves in this complex kinetic  than'/, at room temperature and may change with temperature.
systen?1=23 These radicals ar®H, N3, Br>~, 1,'~, and GHsS'. Large spin
This second-order analysis method is, however, not limited factors can be attributed to unique spin dynamics caused by
to the study of the g~ + *OH reaction. If a solute that is inert  the counter radicals. Detailed discussion will be given about
to &g but reacts efficiently withOH is added into the aqueous  the spin dynamics in thesgg reactions.
system, therftOH can be quickly converted to a secondary . .
radical through the reaction with the solute, and thg decay Experimental Section
profile reflects the reaction with the secondary radical. Thus, ~ Transient optical absorption measurements were carried out
the second-order analysis of such a system leads to determinatiowith an 8 MeV, Notre Dame LINAC, Titan Beta, TB-8/16-
of the rate constant of the,£ reaction with the secondary ~ 1S° Details of the experimental setup have been given
radical. Indeed, the,g + *H reaction has been investigated in ~ elsewheré? The duration of the electron beam pulses was
the radiolysis of an aqueous solution of,kvhere*OH reacts ~ several nanosecondd 1 kW, pulsed high-pressure Xe lamp
with H, to form*H.2122|t is possible to study the,g reactions ~ was used as a probe light source. Light of appropriate
with other radicals by using other hydroxyl scavengers. It should wavelength was selected by a monochromator, and cutoff filters
be mentioned that geminate recombination processes,for e were used for observations at longer wavelengths to eliminate
following photoionization and photodetachment in aqueous the second-order response of the monochromator. A program
solutions have recently been a subject of experimental studiesin the National Instruments LabWindows environment was used
using ultrafast laser techniqu&s?3 A study of homogeneous  t0 control the experiments and data processing. Typically, time

kinetics in the systems involving bothqe and radicals will traces of optical absorption from 10 pulse radiolysis events were
certainly help better understand these photoinduced eventsaveraged to achieve a better signal-to-noise ratio.

as well as radiation-induced evedfs# on the fast time Highly pure water from an EOnly system was used for the
scale. preparation of sample aqueous solutions. The resistivity of the

In this report, we present our research g4 @eactions with water was>18 MQ cm, and the total organic content in the
a number of radicals using pulse radiolysis. The radicals studiedwater was less than 20 ppb. Sodium borate, potassium hydrox-
are*OH, sulfite radical anion*§0;™), carbonate radical anion  ide, potassium iodide, 2-propanol, 2-methyl-2-propanol, and
(COs™), carbon dioxide radical anionGO,™), azidyl radical benzene were obtained from Fisher Scientific Co. Potassium
(*N3), dibromine radical anion (BY), diiodine radical anion  thiocyanate, sodium formate, sodium sulfifgcresol, ben-
(177), 2-hydroxy-2-propyl radical*C(CHs),OH), 2-hydroxy- zenethiol, and methylviologen dichloride hydrate were from
2-methyl-1-propyl radical (CH,)(CHs),COH), hydroxycyclo- Aldrich Chemical Co. Sodium azide and hydroquinone were
hexadienyl radical*CsHgOH), CsHsO*, p-methylphenoxyl radi- from Fluka. Potassium bromide and phenol were from J. T.
cal (p-(HsC)GsH40), p-benzosemiquinone radical aniop-( Baker Chemical Co. Potassium carbonate was from Matheson
OGsH40), and phenylthiyl radical (§1sS). The rate constants ~ Co. All the chemicals were used without further purification.
of the @4~ reactions with the radicals were determined over a ~ Sample aqueous solutions were typically prepared at-pH
temperature range of-575 °C. Very high rate constants were 9.2 at room temperature with 0.5 mM sodium borate in 4 L
found for the g, reactions with all the radicals, and the glass bottles. Aqueous solutions of phenols were made to be
observed rate constants were analyzed with the SmoluchowskipH ~ 11 with potassium hydroxide to have the phenols in their
equation. The Smoluchowski equation is often used to evaluatedissociated forms. For the measurements of rate constants of

the diffusion-controlled rate constanig;s.4” €aq reactions with radicals, the aqueous solutions were purged
of dissolved oxygen by bubbling with N\gas. NO gas was
Kyit = 4roN,DR 1) used instead for the measurements of the rate constants of radical
self-reactions. The sample solutions were drawn through the
Here, o is the spin factorNa is the Avogadro’s numbeb is optical cell with a peristaltic pump on the exit side. The
the mutual diffusion constant, armRls is the effective reaction ~ connection between the glass bottle of the sample solution and
distance, the optical cell was made with glass tubing with O-ring joints
to minimize the permeation of ambient oxygen. Sample solutions
R = Rer[ exp(RJ/R) — 1]*1 @) flowed continuously throughout the measurements so that every

electron beam pulse hit a fresh portion of the solutions. The
when both reactants are charged to effect repulsive interaction.flow rate was typically 30 cfimin and was fast enough to

The Onsager radiusR() is thoroughly flush the cell between radiolysis pulses (a cycle time
of about 6 s). The cross-section of the irradiated portion of the
7,7 cell was typically more than 10 mm in diameter, while the cross-
=—— 3) section of the probe light was less than 4 mm in diameter. The
dreegks T

optical path length of the cell was 10 mm.
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A glass heat exchange unit was inserted before the optical ' " " i
cell to control the temperature of the sample solutions. A mixture X
of ethylene glycol and water was circulated through the heat
exchanger from a constant temperature bath. Bottles of the
sample solutions were also immersed in hot or cold baths to
help control the temperature. In the case ofONsaturated
solutions, the sudden heating of the solution inside the heat
exchange column resulted in the formation efdN\gas bubbles
that could interfere with the transient optical absorption
measurements. To prevent this problem, a bubble trap was
inserted between the heat exchanger and the optic&Pdetis
unit was further covered by a chamber filled with §bs, thus
contamination of the sample solution by ®@as minimal. The
temperature of the sample solutions was measured with a
thermocouple attached to the outer wall of the optical cell.
During measurements at a particular temperature, the temper-
ature was steady t&-0.5 °C.

The dosimetry for pulse radiolysis experiments was carried
out with an NO-saturated, neutral aqueous solution of 10 mM
potassium thiocyanate. The value for the product of the radiation
chemical yield of (SCN)~, and its optical absorption coefficient
(Ge) in this system has been reporféé’ With a G value of
6.14 (molecules produced per 100 eV of energy absoffed),
the absorption coefficient is estimated to be 8300t M at
472 nm?2° Typical doses in the measurements were in the range
from 7 to 22 Gy. time (us)

Measurement of the,g concentration and its time depen- Figure 1. Time profiles of the optical absorption at 600 nm in the
dence was made using the optical absorption at 600 nm. ThisPulse radiolysis of Btsaturated, borate-buffered water at 7.9 G (
wavelength was chosen as a compromise between the magnitud@nd 22 Gy ©) at 20°C () and 72C (b). The solid lines are the fitted
of the absorption coefficient and the sensitivity of the detection curves. Note the different time scales.
system (photomultiplier). The optical absorption coefficient of TABLE 1: Temperature Dependence ofG Values for
€xq has been reexamined recerithf? The absorption peak red-  Primary Species in Water Radiolysi$
shifts as temperature increa$@§! The absorption coefficient

AOD

AOD

. - ! primary species G value (molecules/100 eV)
at its peak wavelength has been determined as a function of — 3
temperatur@® The absorption coefficient at 600 nm was %‘H g'gii g’igi igsg
determined by taking the ratio of absorbances at the peak H 0.54+ (1.28x 10°9T
wavelength and 600 nm at each temperature. The absorption H, 0.43+ (0.69x 10°3)T
coefficient so determined and that estimated from the thiocy- H20, 0.72— (1.49x 10T
anate dosimetry were in good agreement to within 5%. aErom ref 62.T is in units of°C.

A few laser photolysis experiments were performed on

cresolate and hydroquinone dianion to analyze tfje- radical reactions of the radiation chemical species in pure water involves

. . . . . i i .23

reaction rates at various temperatures in a fashion similar to 10 reactions important forag decay processés? Table 1

the radiolysis experiments. A flat optical cell with 2 mm inner !iStS the yields of the species, representing the yields after the
spacing and an excimer laser at 308 nm were used in thesecOMPletion of the inhomogeneous spur reactions at about 100
experiments. Transient optical absorption spectra were recorded?S after the radiolysis pulsé.Table 2 gives the rate constants
for an Ar-saturated aqueous solution ok6L0-4 M p-cresol at at 298 K and apparent activation ener§ider the 10 reactions.

pH 13 and an Btsaturated aqueous solution ofs310°4 M The apparent activation energies have been calculated for the
hydroquinone dianion at pH 13. The transient spectra could be at€ constants over a temperature range from room temperature

accurately fit by equimolar contributions from the absorption [0 @bout 75°C. Some of the reactions shown in Table 2 have
spectra of g~ andp-(HsC)CsHaO" or p-OCsHO". been studied above 10C, and the apparent activation energies

tend to decrease at higher temperatures. Thereaction with
proton, another radiolysis product, is not listed in Table 2. The

Results and Discussion ; - ; oo -
system is basic (pH- 9) such that this reaction is negligible.

Reaction of g4~ with Hydroxyl Radical. Transient optical Curve fitting of the transient optical absorption gfewas
absorption measurements were first conducted to test how theimplemented with numerical integration of a set of differential
method of kinetic analysis for theg reaction witirOH worked equations representing the reactions in the system (Table 2).

in our hands. Very careful attention to the experimental details The Marquardt algorithm was adopfédto carry out nonlinear
(particularly the avoidance of impurities) is necessary in this least-square fitting simultaneously for two time profiles at
work. Figure 1 shows the time profiles of the optical absorption different dose levels at each temperature. Usually, the portion
at 600 nm in the pulse radiolysis obfsaturated, borate-buffered  of decay curves betweenl and 4 to 1Qus after the electron
water at 7.9 and 22 Gy for both 20 and 7@2. The distinct beam pulse was used for the fitting processes. Besides the data
time profiles at the two dose levels clearly indicate that € provided in Tables 1 and 2, the temperature dependendé,of p
decays mainly by second-order processes. of watef® and [K, of borate buffef® was taken into account in
Kinetic analysis was performed in order to determine the rate the kinetic model. It was found that better fits to the data were
constant of the g~ + *OH reaction. The kinetic model for the  obtained when a first-order decay constant fgf avas added
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TABLE 2: Rate Constants and Apparent Activation decay were significant, then their rate constant for the ¢
Energies for Reactions of Primary Species in Water *OH reaction would have been lower than reported and closer
Radiolysis to that of Elliot and Ouellette. Neither of the two groups
k(M~ts™) Eapp employed a statistical method such as the Marquardt algorithm
reaction at298 K (kJ mol™) for the optimization of the fitting parameters. We note that the
€q t+eq —HA 6.4x 10° 20.3 value of the first-order rate constant determined in the current
"OH + *OH — Hz0;° 46x 10 9.6 work (~1 x 10* st at 20°C) is quite similar to that of Elliot
gzq: i !"HZ%;’;OH +OH™ %gi 1% 12'3 and Ouellette. Both Elliot and Ouellette and Christensen et al.
.H“+ “OH— szob 1.6 % 1010 9.1 used hlgh-pressure syste_msl@ MPa) to extend their study to
*OH + H,0, — *O,H + H,0° 3.0x 107 14.0 above 100°C. This condition is not expected to change the
*OH + H, — *H + H0f 3.9x 10 19.0 kinetic behavior, and Christensen et al. demonstrated that the
: i '(I;H—> H2* o g.ix ig %g.z rate constants determined at 10 MPa were equal to those
. - e + Hy A . .
*H+ Hzoz—ng + HO 3.6 x 107 211 determined at 1 atm.

o _ The source of thesg™ first-order decay is not clear. Reaction
2Refs 23 and 60. The apparent activation energy was derived from \yith residual oxygen (@ is always a possibility. However,

X o~ b . .
the rate constants in the temperature range o130 °C. ° Ref 52. careful measures were taken to remove it from our solutions,
The apparent activation energy was calculated from the observed rate

constants over the temperature range of80°C. ¢ Ref 93.4 Ref 22. and it is doubtful that @was present at a very significant
eRef 164.f Ref 165.9 Ref 166." Ref 167.| Ref 168. concentration. The £xoncentration in our experimental system
was checked by transient optical absorption measurements in
TABLE 3: Optimum Values for Kinetic Parameters in the pulse radiolysis of an Msaturated aqueous solution of
Radiolysis of Pure Water methylviologen (M\2+) and sodium format&’ The analysis led
Kobs (€ag~ +"OH)  kKovs(first-order)  oR  R(A) with to the conclusion that the &&oncentration was much less than
T(°C) M~*s e ) AP o= 1 uM. The pseudo-first-order rate constant for thg e+ O,
8.7 2.37x 10w 5.15x 10® 7.19 28.8 reaction, therefore, is less than the value fountl,x 10* s™2.
20.2 2.98x 10%° 1.63x 10¢ 6.37 25.5 Another possibility is impurities from the borate buffer.
22-2 i-ggx igﬁ i-%gx igi g?g %g-g However, the high purity of borate used in our measurements
571 6:211 1010 1:051 10° 540 216 is against this possibility, especially when the borate concentra-
71.8 8.07x 100 8.69x 10° 5.17 20.7 tion was not high (0.5 mM). It should also be remembered that

L the purity of the water was also very good.
aThe second-order rate constants have statistical erro#sl6f6. . . .

b Product of the spin factor and the reaction distance for the cross- ~Because the origin of the,¢ first-order decay is not clear,
radical reaction estimated from the Smoluchowski equafiéteaction a question arises as to whether it is valid to include the
distance in the case of a spin factor'bf corresponding rate constant as a fitting parameter in the analysis.

The effect of this parameter on the analysis was assessed by

determining the fraction of the,g decay by the first-order
e Process over the time interval used in the analysis. The
contribution was typically<5% at the higher dose an€10%
at the lower dose of the overallg decay. Thus, the presence
of the first-order decay term in our analysis does not greatly
affect the outcome of the optimization of the rate constant for
the 4 + *OH reaction. The fit of the calculated curves to the

dently investigated the.g + °OH reaction in the pulse data is significantly improved when the first-order reaction is

radiolysis of pure water. The rate constant at room temperature'nCIUded'

determined in the present study is in good agreement with those Reactions of g~ with Secondary Radicals.With a rela-
from the two groups. On the other hand, our rate constant attively high concentration of arOH scavenger, radiolytically
higher temperature (8.9 10:°M-1sLat 71°C) is very close  ProducedOH will be rapidly converted into a secondary radical.
to that from Christensen et al. (84 101 M1 s71 at 75°C) Thus, the rate constants of thgjereaction with the secondary

while it differs considerably from that determined by Elliot and radical can be determined from the analysis of the decay
Ouellette (5.0x 101° M~! 571 at 75°C). The reason for this kinetics. The scavenger must have a high rate constant with
discrepancy is not clear. Christensen et al. used silicate buffer"OH but must not react efficiently with,g". Table 4 lists the
(~10 mM) instead of borate buffer used in this studyO(5 *OH scavengers used in our study together with corresponding
mM) and by Elliot and Ouellette1 mM). Although the silicate ~ secondary radicals. The analysis method is basically identical
buffer sets the pH of the System S||ght|y h|gher than that for with that for the eXperimentS on pure water, but additional fac-
the borate System, the difference should have no Signiﬁcant tors must be taken into account. These include the reactions of
effect on the kinetic behavior. A relatively high concentration “OH as well asH with the scavengers, the self-reactions of the
of silicate in the work of Christensen et al. might have resulted Secondary radicals, and any optical absorption by the secondary
in more g, decay due to reactions with impurities. On the radicals. Details involved in these additional considerations are
other hand, they used relatively high dose levels from 16 to 58 Provided in the Supporting Information, and only the parameters
Gy so that any first-order reactions were relatively less important €ssential for the kinetic analysis are given here. The rate
(see below). Elliot and Ouellette used dose levels comparableconstants of theOH and*H reactions with the scavengers at
to ours. They conducted kinetic analysis with two fitting 298 K and apparent activation energfesre given in Table 4.
parameters inc|uding a first-order term as in our Study_ On the The analogous information on the self-reactions of the Secondary
other hand, Christensen et al. did not consider a first-order decayradicals, obtained from our experiments, is shown in Table 5.
term, which may be reasonable in light of the relatively high ~ Transient optical absorption measurements were conducted
doses used in their experiments. However, if the @rst-order in the pulse radiolysis of Nsaturated, borate-buffered aqueous

as another fitting parameter to account fgg ereactions with
any impurities. The rate constant faze + *OH and the first-
order rate constant for,g¢ decay were so determined. Th
results of the curve fitting are shown in Figure 1 as solid lines.
The fit to the data is excellent. Table 3 lists the rate constants
for the 4 reaction with*OH as well as the first-order decay
constants.

Elliot and Ouelletté® and Christensen et &.have indepen-
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TABLE 4: Rate Constants and Apparent Activation T ' T '
Energies for Hydroxyl Radical and Hydrogen Atom 0.08+
Reactions with Scavengers

k(OH+ S) k(H+S) 0.06+

(M~ts™) (M~is™
at 298 K; at 298 K; O 0.04
scavenger (S)/secondary radicaEqpp (kJ mol1)?2  Eapp (kJ mol?)2 91
(CHz),CHOH/C(CHs),0OH 2.3x 10 5P 1.0x 1 22.0 0.024
(CH3)sCOH/(CH2)(CH3),COH  6.3x 1(% 10°
HCO, /*CO,~ 3.6x 10% 8.5 2.1x 10¢
SOZ "SOs~ 5.1x 10% 0.00
CO#/COs™ 4.0x 1% 23.6 T . y .
CeHe/*CsHsOH 78x 1% 10¢ 1.1x 10%19.1°
Br=/Bry~ i i
(P i i
N /Ns 1.2 x 10% 1.9x 10° 0.06
CsHsO/CgHs0O" 4.3 x 10°m n
p-(HsC)CsH4O™ / p-(HsC)CsH4O 4.3 x 10°M n
p-~OCsH4O /p-OCeH,O 4.5x 10°m n 0.04
CeHsS /CeHsS 4.3 x 10°m n
2 An activation energy of 10 kJ mol was assumed for reactions [m)

whose activation energies have not been repobtef 169.¢ Ref 170. (<31 0.02
dRef 18.¢Ref 171.'Ref 172. In our experiment, G& was in
equilibrium with HCQ~. The*OH reaction with HC@ was also taken
into account in our analysi§.Ref 173. The apparent activation energy 0.00
was estimated over a temperature range ef 2D°C. " Ref 174.' The
*OH reactions with the halide anions lead to formation of the dihalogen : ; : ;

radical anions in multiple steps. See Supporting Informatidine *H 0 2 4 6 8
reactions with the halide anions were neglected in our analysis. See time (us)

Supporting Informationt Ref 175.' Ref 176.™ The rate constants . ) ) . . .
Figure 2. Time profiles of the optical absorption at 600 nm in the

represent the reactions oN3 with the phenolate anions. For . ] A
P ° P pulse radiolysis of an Nsaturated, borate-buffered aqueous solution

p-(HsC)CeH4,O~ and GHsS™, the rate constants were assumed to be o
identical with that for GHsO~ (ref 175). The rate constants for the ~ ©f 10 mM 2-propanol at 8.0 Gy) and 22 Gy ©) at 21°C (&) and 73
°C (b). The solid lines are the fitted curves. Note the different time

reactions of By~ with the phenolate anions are also available (ref 177).

" In the system ofN3 as an oxidantH reacted with N~ preferably. In scales.
the system of Bf~ as an oxidantH reactions with the phenolate anions i i . i
were taken into account. These reactions were treated &4 thaction
with CgHs. 0.03
TABLE 5: Rate Constants and Apparent Activation
Energies for Self-Reactions of Secondary Radicals 0.02+
radical Kops(Mts7) at298 KR Egpp(kJ mol) 8
*C(CHs),OH 1.4x 10¢° 13.9+ 0.9 < 0.014
(*CHy)(CH3),COH 1.2x 10° 12.0+ 0.5
*CO, 1.0x 1@ 8.24+ 0.67
SOy~ 1.0x 1 10.6+ 0.7 0.00
*CeHsOH 1.5x 10° 20.8+ 15 ) , ) )
Bry~ 4.3x 10° 9.78+ 0.47 0 5 10 15
P 6.4x 10° 143+ 0.9 .
“Na 7.8 10° 15.0+ 0.4 time (us)
CeHsOr 2.6 x 10%® 18.4 Figure 3. Comparison of thefg decay curves in the pulse radiolysis
p-(H3C)CeHAO 1.7x 10 18.4+0.8 of Np-saturated, borate-buffered watet) @nd an N-saturated, borate-
CeHsS 6.1x 10° 176+ 1.1 buffered aqueous solution of 10 mM 2-propar®) @t the same dose

. level t room temperature.
aThe second-order rate constants have statistical erro#s16fs. evel (8 Gy) at room temperature

b 3 . . . . . .
Value from ref 94.° Assumed to be the same as fB(H3C)CGeH4O" €.q reactions in the two cases is evident in the slower decay in

the 2-propanol system, whex®H is replaced byC(CHs),OH.
solutions of hydroxyl scavengers{10 mM). A more alkaline Table S3 in Supporting Information gives, for the various
condition (pH~ 11) was established for the phenol systems to temperatures, the rate constants for the eeactions with all
ensure that the phenols were in their dissociated forms, while the secondary radicals as well as thg €efirst-order decay
the carbonate system served as its own buffé, (p0.3)° constants.
Figure 2 displays the time profiles of the optical absorption at Comments on the first-order decay terms are in order. With
600 nm in the pulse radiolysis of an N¥aturated, borate- relatively high concentrations of scavengers, the concentrations
buffered aqueous solution of 10 mM 2-propanol at 21 and 73 of impurities are inevitably higher in the scavenger systems than
°C together with fitted curves. The rate constant of the & in pure water. Thus, there is more chance fg g@eactions
*C(CHg),OH reaction was found to be 49 10° M~1s 1 at 21 with impurities. Another point is that som®H scavengers have
°C. This rate constant is much smaller than that for the ¢ moderate reactivity with g~. For instance, & reacts with
*OH reaction at room temperature. Figure 3 comparesdite e benzene (gHg) with a rate constant of 1.& 10’ M1 st at
decay in N-saturated, borate-buffered water alone with that also room temperaturé Thus, in an aqueous solution of 1 mMHG,
containing 10 mM 2-propanol, both at 7.9 Gy of radiolysis at the g4 reaction with GHg leads to a pseudo-first-order decay
room temperature. The difference in the rate constants of thewith a rate constant of 1.8 10* st at room temperature. This
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TABLE 6: Diffusion Constants, Radii, and Spin Relaxation 1.7 x 109 m? s71, respectively, at room temperature from the
Times of Radicals at 298 K conductivity measurements in pulse radiolysis experim@nts.
radical D (m?s™) R(A) T(S) Polarographic measurements have been conducted to determine
- 49x 10% 55 8 x 10-5% the diffusion constant 0OH to be 2.0x 107° m? s~ at room
*OH 2.1x 10°% 1.7m <1 x 10°% temperature in pulse radiolysis experimefitShe diffusion
*C(CHs),0OH 1.0x 10°% 2.8 2.7x 10°% constants of the other radicals have never been reported.
(*CH2)(CH5),COH 8.8x 10;? 2.2 ~1 x 1CTZZ Therefore, their diffusion constants were estimated from those
gg; 1;1 igge %-Z; ;%i ig; of molecules of similar size and structure, as listed in Table 6.
COs 12 109 16 1x 10 Because the diffusion constant fegeat room temperature will
“CeHsOH 1.1x 10-% 3.1 ~1 x 10°62 dominate in determining the mutual diffusion constants, the latter
Bry~ 1.6x 10" 2.2 will be quite accurately known from the precisely measured
I~ 1.6x 107" 2.4 value for gq."*
Ns 1.8x 102'9 2.0 . The other factor in the Smoluchowski equation is the reaction
g—s(|l_|-|53%)C6H40' é%i igm g'g, :i i ig& distance. Usually, the reaction distance is taken to be the
p-OCH.O"~ 9.5 x 10-1% 3 2.0 x 10-6aa summation of the radii of the two reactants. However, the e
CeHsS 1.1x 10°% 3.1 reactions studied here are electron-transfer reactions. It is
2Refs 70 and 712 Ref 72.¢ The diffusion constants of the parent possible that the.g” reactions occur at rathef long distances.
alcohols (refs 178 and 179)Ref 69.¢ The diffusion constant of S@ Indeed, th'ere gre a few examples Qf?fea}CF'O”S that have
(ref 180)." The diffusion constant of HC® (ref 180).9 The diffusion long reaction distanced.”® Therefore, it is difficult to assume

constant of GHg (refs 181 and 182)! The average of the diffusion  certain reaction distances a priori in the Smoluchowski analysis
constants of the corresponding halide anion and trihalide anion (ref of the g4 reactions.

183)." The diffusion constant of i (ref 180).) The diffusion constant Instead, tentative reaction distances will be determined from
8‘;?61';55(5"'%&?(1&2 v?;g elsSti4rz({;;2§ ?r'gr‘ﬁﬁz gﬂ?féﬁgﬂtﬁﬁ'ﬁ% (ref the Smoluchowski equation with the rate constants measured
186).™ The radius was estimated for,& molecule from the density in the experiments, aspin factor 4, and the _mutua_l d|ffu5|0_n
(ref 180)." The radius was estimated for (§CHOH from the molar constants. The reaction distances so determined will be reviewed
volume in aqueous solution (ref 18P)The radius was estimated for ~ to see whether or not theg reactions with the radicals are
(CH3)sCOH from the molar volume of (CHCHOH in aqueous indeed diffusion controlled with a spin factor &f.

solution (ref 187) and an additional contribution of the{Efroup (refs The Smoluchowski analysis can be implemented immediately
188 and 189)° The radius was estimated for HgGrom the hydration  for the g4~ reactions with neutral radicals. When the counter
enthalpy (ref 190)! The radius was estimated for $O from the radical is charged, the observed rate constant has to be corrected

hydration enthalpy (ref 190).The radius was estimated for HGO T . . S
from the hydration enthalpy (ref 1909The radius was estimated for for the ionic strength first. The ionic strength correction is made

cyclohexanol from the density of the pure liquid (ref 180Jhe radius with the extended DebyeHuickel theory’*
was estimated for the corresponding dihalogen from the crystallographic

data (ref 191)" The radius was estimated forNfrom the hydration log ky = log Ky — lezA\/T/(l + BR\/I) 4)
enthalpy (ref 190)? The radius was estimated for from the molar S
volume of GHg in aqueous solution (ref 192) and an additional A= (F3/4JINA|n 10)([)/2)1/2(660kBNAT)_3/2 (5)

contribution from the corresponding substitution group (refs 188 and
189).% Ref 193.% Ref 78.Y Ref 194.2 The relaxation time was estimated B = (2F%/ N, T)H2 6
from the ESR line width (refs 76, 9799, and 195-198). % Ref 144. = (2F pleegkgNaT) (6)

value is consistent with the first-order rate constant determined Here, ko is the corrected rate constakgpsis the observed rate
from the analysis in the benzene system (see Supportingconstant,Z; and Z, are the numbers of charge of the two
Information). This finding may indicate the ability of our reactantsl is the ionic strengthR is the reaction distancg, is
analysis to discriminate between second-order and first-orderthe Faraday constans is Avogadro’s numberp and e are
decays. Also, the first-order rate constants in the solutions of the density and dielectric constant of the mediwgjs the
phenolatep-cresolate, hydroquinone dianion, and benzenethi- vacuum permittivity,kg is the Boltzmann constant, aridis
olate are likely to reflect the reactions afye with the solutes. the temperature. The ionic strength correction requires the
Analysis with the Smoluchowski Equation. The eq- reaction distance, so an iterative procedure must be invoked to
reactions with all the radicals have large rate constants (seeobtain it.
Supporting Information), and it seems probable that these Table 7 shows the reaction distances at room temperature
reactions are diffusion controlled. An attempt is made in this derived from the Smoluchowski equation. All the reaction
section to analyze the rate constants at room temperature withdistances are either comparable to or longer than the summation
the Smoluchowski equation. The temperature dependence of theof the radii of the two reactants (see Table 6). Some of the
rate constants will be considered in the next section. The reactions have rather long reaction distances of up10 A.
physical parameters involved in the Smoluchowski analysis, i.e., These reactions may be long-range electron transfer (see also
mutual diffusion constants, reaction distances, and spin factors,discussion below). Such a reaction distance is not unusual for
are discussed below. €yq reactions. For instance, it has been reported that the reaction
Usually, radicat-radical reactions are assumed to take place distances of the .g~ reactions with nitrobenzene, molecular
to form singlet products. Under this assumption, the spin factor bromine, and molecular iodine are 8.5, 10, and 11 A, respec-
in the Smoluchowski equation (eq 1) should %e!” For the tively.”173However, some reaction distances in Table 7 are even
initial analysis, a spin factor df, will be used, but this question  larger. There does not seem to be any precedent for such long
will be examined in depth later. reaction distances for rapid bimolecular reaction in solution.
The mutual diffusion constants (i.e., the summation of the These systems involv®H, *Ns, Br,*~, 1,°~, and GHsS". Some
diffusion constants of the two reactants) can be evaluated ratherassumption made in the analysis of these systems must be
precisely for our g~ + radical systems. The diffusion constants wrong. In light of the accuracy of the estimate of the mutual
of e, and*CO,~ have been determined to be 4910° and diffusion constant, only the values of the spin factor can be in



Reactions of Hydrated Electron with Various Radicals J. Phys. Chem. A, Vol. 111, No. 13, 2002533

TABLE 7: Summary of Hydrated Electron Reactions with Various Radicals

Kobs (M1 s7%) Eapp R(A) at 298 K AG reorganization
radicals at 298 Kk (kJ mol 1P with o = /,° (eVv) energy (eVy
*‘OH 3.2x 101° 16.3+ 1.0 24.2 —4.76 3.3
*C(CH;).OH 5.3x 10° 20.2+1.1 4.7 2.6
(*CHy)(CHs),COH 5.6x 10° 23.1+1.0 5.1 -2.30 2.6
‘COy 5.6 x 10° 209+ 0.3 7.7 —1.59 4.4
°SO; 6.3x 10° 195+ 1.1 8.5 —3.60 3.8
COs~ 49x 10° 1794+ 1.1 7.1 —4.46 3.1
*CsHsOH 1.1x 109 176+ 1.2 9.7 —2.85 3.1
Bry~ 1.9x 10% 16.0+ 2.5 19.0 —4.50 2.7
1~ 2.8 x 10% 104+ 1.0 26.1 —-3.90 2.6
*N3 2.4 x 101 1524+ 1.1 18.9 —4.20 2.9
CgHsO® 1.1x 10w 20.84+ 25 9.7 —3.66 2.2
p-(H3C)CeH40" 1.3 x 10w 19.9+ 1.8 10.9 —3.56 2.2
p-OCsH4O"~ 6.2x 10° 221+25 9.1 —2.90 2.3
CeHsS 3.1x 10% 225+ 3.8 27.3 —3.56 2.2

aRate constants at 298 K were obtained from the linear fitting ofkleg T-. Where appropriate, the rate constants were corrected for ionic
strength as explained in the text. A tentative reaction distance of 10 A was assumed for the ionic strength correction in the systeraadf Br
I~ radicals. Typically, the second-order rate constants have statistical errar$086. For the phonolate systems, the error bars4s28%.
b Apparent activation energy. The error is from the least-squares fitting procédeaction radius under the assumption of a spin factdt,of
dFree energy difference for the reactions determined from the reduction potentials of the reactants. For the reduction potentials,-s&8 refs 13
(€ag ), 199 ¢(OH and Bp'~), 200 (¢(CH,)(CH3),COH,*CO,~ and*CgHsOH), 201 and 202°60;7), 203 (CQ" "), 204 (k*7), 205 (N3), 16 (GHsO" and
p-(H3C)CeH40O), 206 -OCsH4O "), and 141 (GHsS) © Solvent reorganization energies were estimated from eq 8 with reactant radii from Table
6 and reaction radii shown above. For systems where Y,, a tentative reaction radius of 10 A was used for the estimation. See Supporting
Information for further comments and additional contributions of internal reorganization energies.

guestion. The spin factor would have to be significantly larger spin factors of much larger thaf, (that is, the apparent reaction
than Y/, in those systems in order to bring the values of the distances in Table 7 are-10 A) have been found in the.&

reaction distance down to plausible ones near 10 A. reactions with all of these radicals. The spin relaxation mech-
If triplet radical pairs instead of singlet pairs were engaged anisms of these radicals will be discussed below.
in reaction, then the spin factor would B This interpretation Both *OH and*N3 are linear, and their unpaired electron

is hard to accept because no triplet state of the reaction productsesides in a degenerateorbital in vacuunY” The spin-orbit

is easily accessible in these systems (but see the discussion focoupling provides a connection of the spin to the molecular axis
the g4 reaction with GHsS' in the next section). Alternatively,  so that molecular tumbling will cause spin relaxation. In aqueous
the spin factor could approach unity if rapid singi¢tiplet solutions, the degenerate orbitals can be dynamically perturbed
conversion took place during radieafadical encounters. Two  and the degeneracy removed by the interaction with water
situations are possible. If one (or both) of the two reactant molecules surrounding the radicals. The orbital angular mo-
radicals had a fast spin relaxation rate, then the singtetlet mentum is thus quenched. All of these effects can contribute to
conversion for the radical pairs would also be fast. Alternatively, the spin relaxation. Unfortunately, no analytical treatment of
the radical pair could undergo singtdtiplet interconversion this spin relaxation mechanism has been reported to estimate
by the heavy atom effect. The interconversion must take place the relaxation time. Nevertheless, fast spin relaxation of these
within the radical pair lifetime in order to produce large spin radicals has been inferred in the literature.

factors. In the case ofOH, a spin relaxation time in solution of1
An estimate of the relevant time scale can be made with the ns has been estimated from spin population transfer during
theory of Brownian motion. It takes a time G¥6D for the two *OH reaction in time-resolved ESR measureméhithe ESR

molecules whose mutual diffusion constanDiso diffuse apart spectrum ofOH has been observed in ice at low temperaitig.

by a mean distance of’® For the present purposes, the initial The solid matrix restricts the motion of the solvent molecules,

radical pair can be one with a triplet (or nonreactive) spin state while the degeneracy of ther orbitals is removed by a

in contact. With a mutual diffusion constant like that of the preferential hydrogen bonding. It has been found that the

€,q /*OH radical pair, it would take 24 ps at room temperature anisotropic g-factor of *OH is sensitive to the solvating

to reach a mean-square separation of 10 A. If the singligtiet environmen®? Recently, spectroscopic investigations@fH—

interconversion occurred in that time, then reaction would be H,O complex in the gas phase and in argon matrices have been

possible because the reaction distances can be of that magnitudeeported, and they provide important information about its
Most of the radicals studied in this work have spin relaxation molecular as well as electronic structd?es’

times near Jus (Table 6) and should react with a spin factor of ~ Fast spin relaxation 0Nz has been discussed in reference

4. The spin relaxation times ofCO,” and CQ'~ can be to photochemical systeni&. Photolysis of dye molecules

estimated to be on the order of 10 ns from their broader ESR produced their excited triplet states, which were subsequently

linewidths’® These spin relaxation processes are still slow quenched by bimolecular reactions with azide anion. The

compared to the radical pair lifetime, so the spin factors for quenching process possibly involved charge transfer, but the

reactions with these two radicals are also most likely té/he yields of °N3 and the radical anion of the dye molecule were
The spin relaxation times of five of the radicals are unknown found to be small. The quenching could indeed form geminate

because no ESR spectrum has been observed for these radicafzirs of the radical anion of the dye afds. These geminate

in aqueous solutions at room temperature. These radicals arepairs would initially be triplet, reflecting the spin multiplicity

*OH, *N3, Br>’7, I’7, and GHsS'. It is likely that the spin of the precursor, the triplet state of the dye molecule. However,

relaxation rates of these radicals are so fast that the ESR spectrafficient spin relaxation ofN3 could convert the triplet geminate

become too broad to be detected. It is interesting to notice thatpairs into singlet rapidly before the two radicals would separate



2534 J. Phys. Chem. A, Vol. 111, No. 13, 2007

Ichino and Fessenden

by diffusion. Then, the subsequent back reaction of the singlet factor for the GHsO* self-reaction is very close té/, as
geminate pairs to form the ground singlet state of the dye expected. The difference in the spin factors may arise from a
molecule and azide anion could ensue, and the escape yield oflifference in the spin relaxation rate of the two radicals.

*N3 would be diminished. This quenching by azide anion was

Fast spin relaxation of §1sS' was also proposed in magnetic

compared with that by nitrite anion. Nitrite anion also quenched field effect studie$% Photosensitization of dipheny! disulfide
the triplet states as efficiently as azide anion did, but a large produced the excited triplet state, from which the sutfsulfur

yield of nitrite radical {NO,) resulted from the quenching
reaction. TheNO, is a bent species, and there is no definite
orbital angular momentum available for the radical. Thus, the
*NO, and the dye radical anion in the triplet geminate pairs
formed in the quenching reaction would most probably diffuse
apart without fast conversion into singlet pai?#\ similar type

of spin—orbit effect has been reported in the quenching of the

bond cleavage took place to generate a gemingkt&€ pair
inside a micellar cage. The rate constant of the recombination
reaction of GHsS was found to be independent of external
magnetic field up to 1 T. In the case of carbon-centered organic
radicals, recombination of triplet geminate radical pairs usually
decelerates upon the application of external magnetic field
because the removal of the degeneracy of the triplet sublevels

excited states of organic molecules by halide anions as®¥ll.  due to the Zeeman effect suppresses the hyperfine mixing
It is interesting to note that no ESR spectrum has been detectechetween the triplet and singlet radical pai*$1%8The absence
for *N3 even in low-temperature solid matric€Azidyl radical of a magnetic field effect for the ¢ElsS° pairs was ascribed to
is a neutral species, and its unpaired electron resides in afast spin relaxation of the radical.
nonbonding degenerate orbital. Strong perturbation by sol- Dihalogen radical anions are radicals’’ Thus, their spin
vating molecules may be absent in such a system because ofelaxation mechanisms have contributions from spin-rotation,
the lack of energy gain through the perturbation. hyperfine anisotropy, and quadrupole anisotr#ffyAnalysis
The analysis of the rate constants of the self-reactions with of these mechanisms suggests that spin-rotation is the most
the Smoluchowski equation also supports fast spin relaxation effective!1%111put that relaxation times in the range of-10
of *OH and"Ns. In contrast with the g~ reactions with radicals, ns are likely for B~ and b~ and are not short enough to affect
the two reactants must be in contact for the self-reactions of the spin factor very much.
*OH and*N3 to take place. Thus, the reaction distances for the  |n addition to spin relaxation of individual radicals, there is
self-reactions can be reasonably estimated. With the rate constanslso the possibility of singlettriplet conversion in the radical
determined in the experiments (see Supporting Information), pair from the heavy-atom effect. Steiner and Winter studied the
the mutual diffusion constant, and the reaction distance, the reductive quenching of the excited triplet state of thionine by
Smoluchowski analysis can provide estimates of the spin factorshalogen-substituted aniliné® They found that the yield of the
for the self-reactions. Such an analysis yields spin factors of aniline radical cation decreased as the atomic number of the
0.81 and 0.64 for the self-reactions*@H and"Ns, respectively, halogen increased while the quenching rate constant was almost
in aqueous solution at room temperature. These large spin factorgonstant irrespective of the type of halogen substituent. They
are in accord with the idea that efficient spin relaxation operates explained this observation with the spiarbit coupling effect
for the two radicals. We note that Elliot et al. have discussed of the halogen group. A triplet exciplex composed of thionine
the "OH + *OH reaction under the assumption that the spin radical and aniline radical cation is formed immediately after
factor is unity and argued that the rate is about a factor of 2 the quenching reaction. This triplet exciplex can possess
less than that predicted for diffusion contP&p3 electronic overlap with the ground singlet states of thionine and
The spin relaxation mechanism foglzS may be analogous  aniline through the spinorbit coupling operator. As the atomic
to those forOH and*Na. It is useful to compare the electronic  number of the halogen increases, so does the-spinit
structure of GHsS with that of GHsO*. Resonance Raman  coupling coefficient. Therefore, the electronic coupling becomes
spectra have been measured for these two radicals in aqueoulfrger with the atomic number of the halogen. When the
solution, and the structure of the two radicals has been electronic coupling is large enough, the triplet exciplex decays
discussed* % The C-0O bond in GHsO* has a bond order of  to form the ground singlet states of thionine and aniline before
1.5, indicative of the delocalization of the unpaired electron over the two radicals separate from each other by diffusion.

ther system of the aromatic ring. On the other hand, theSC

The heavy-atom spinorbit coupling effects have been

bond in GHsS' has a single-bond character, and the unpaired observed not only in a number of photochemical geminate

electron in GHsS is likely to be localized on the sulfur atom.
The narrow line width of the ESR spectrum o§HgO* in

processed® 122 put also for bimolecular reactions between
halogen-substituted aniline radical cation and an organic radi-

aqueous solution at room temperature suggests that the spircal'® Thus, it is possible that, during diffusive encounters of

relaxation time is around 4s "% ESR spectra of gHsS" have

€q and Bp"~ or Iy, triplet pairs could be electronically mixed

never been unequivocally observed in agueous solution at roomwith the singlet ground state of the product (Bor 17) and

temperaturé:1°° ESR spectra have been reported foHES
deposited on a cold fingé?1-1%5The highly anisotropig-factor

found in the spectra also indicates a high degree of the

localization of the unpaired electron on the sulfur. If the unpaired
electron of GHsS' were totally localized on the sulfur atom,

they react before the two radicals separate from each other by

diffusion.

The spin factors for the self-disproportionation reactions of
Bry*~ and b*~ can be estimated to be 0.83 and 1.03, respectively,
at room temperature from the Smoluchowski analysis of the

then the unpaired electron would be in a sulfur-degenerate 3prate constants (see Supporting Information). Thus, it is probable
orbital in the absence of solvent perturbation. In this view, the that the effect of heavy-atom spiorbit coupling operates also

unpaired electron in 1S would also be subject to spin
orbit coupling, analogous t¥OH and*Ns.

for the self-disproportionation reactions. Indeed, the unusual

magnetic field effect observed for the self-disproportionation

The analysis of the rate constants of the self-reactions of reaction of Bg*~ has been attributed to this effeéég

CeHsS and GHsO® in aqueous solutions (see Supporting
Information) with the Smoluchowski equation yields spin factors

It is helpful to use a theoretical model developed by Mints
and Pukho¥?* to analyze the relationship between the spin

of 0.53 and 0.29, respectively, at room temperature. The spinrelaxation rate and the enhanced spin factors. They derived an
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Figure 4. Arrhenius plots of the rate constants (corrected for ionic s

trength) of theeactions with various radicals as marked: *@H, *Ns,

*OCsH,O~, COs7; (b) I, Brz*~, PhO (Brz~oxidation, v), PhO (*N3 oxidation, A), *CH,C(OH)(CHy)z; (c) *CeHsOH, *SG;~, *C(OH)(CHg)z; (d)
PhS, HsCCsH4O, *CO,™. For HCGsH4Or, three sets of data are included: oxidation by B(O), oxidation by*Ns (O), and photo-oxidation).

analytical expression for the spin factai) from the stochastic
Liouville equation, which incorporated phenomenological spin
relaxation of the reactant radicals.

o= 1 ktPQ
2 kr(P + Q) + 2PQ

()

where
T =ab/D
P:Z.M
2+ /2x
Q=1++y
X:i.b_z
21, D
1

T,D

Here,k is the rate constant of the radical pair reactiois the
radical pair lifetime,a is the thickness of the reaction layér,
is the reaction distanc®, is the mutual diffusion constant, and

a=2 A andk =3 x 10'2s71, then the spin relaxation tim&8
(or singlet-triplet conversion times) can be estimated to be 0.8,
9, 5, 40, and 6 ps for these radicals, respectively.

Temperature Dependence of the Diffusion-Controlled
e.q Reactions.Table 7 lists the apparent activation eneriies
for the g4 reactions with radicals obtained from an Arrhenius
fitting of the rate constants, as shown in Figure 4. The rate
constants for temperatures below about°C7were discarded
in derivation of the apparent activation energies because it has
been found that the Arrhenius plot ofqe diffusion is quite
linear over the temperature range of-1/ °C but has a curved
profile below 15°C.7071 The data for the Arrhenius plots are
given in Table 3 for*OH and in Table S3 of Supporting
Information for the other radicals. In the cases of charged
counter radicals, the plots were made with the rate constants
after corrections for the ionic strengths.

Many of the apparent activation energies in Table 7 are about
20 kJ mot?® within 43 kJ mol-L. Such a value is expected if
the g4 reactions are diffusion-controlled for the following
reason. As mentioned previously, the diffusion gf @s much
faster than that of the counter-radicals at room temperature.
Therefore, the mutual diffusion constant in the Smoluchowski
equation is dominated by the diffusion constant f et room
temperature. The activation energy gfediffusion is 20.25+

T: and T, are the longitudinal and transverse spin relaxation 0.08 kJ mot?! over the temperature range from 15 to°7&7%71
times of the counter radical. This expression assumes that theAlthough the activation energies for diffusion of the other

spin relaxation of g~ is much slower than that of the counter

radicals are not known, values for various related stable species

radical. Also, hyperfine interaction and Zeeman interaction are are not larger than 20.25 kJ mélP3 Thus, the g, diffusion

ignored (see ref 17).
Assuming reaction distances 8 A for the eq~ reactions
with *OH and*N3 and 10 A for those with §HsS, Bry*~, and

should dominate the mutual diffusion constant over the whole
temperature range in our study. If, among the factors on the
right-hand side of the Smoluchowski equation (eq 1), only the

I,*~, the spin factors can be evaluated to be 0.76, 0.59, 0.68, mutual diffusion constant is a function of temperature, then the
0.48, and 0.65 for these reactions, respectively, at 298 K, apparent activation energy of a diffusion-controlled reaction
according to the Smoluchowski analysis (Table 7). If these spin should be equal to the activation energy of the mutual diffusion,
factors are substituted in eq 7, with a reasonable assumption ofwhich must be close to that ofg diffusion.
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The analysis of the rate constants at room temperature independence of the observed rate constants ofthe@actions
the last section has led to the conclusion that tiye eeactions with *OH, *N3, Bry*~, and b~. It is very difficult to give
with some radicals are diffusion controlled with a spin factor quantitative estimates on such an effect because it requires a
of 1/4. These systems ar80;~, COz*~, *CO,~, *C(CHs),0H, precise analytical form of the reaction probability as a function
(*CHy)(CHz),COH, *C¢HgOH, CsHs0*, p-(HsC)CsH4O", and of reaction distanc&1330n the basis of the behavior of the
p-OCsH4O . All of these reactions have apparent activation e,y + CsHsNO, reaction’* however, the activation energies
energies within=3 kJ mol? of 20 kJ mof. Thus, both the of 10—16 kJ mot for *OH, *N3, Br*~, and b~ seem too low
magnitude of the rate constant at room temperature and theto be explained by this effect alone.

temperature dependence of the rate constant suggest that these We propose that the spin factors for these reactions also

reactions are diffusion controlled with a spin factor'af change with temperature. Such an effect could arise from a
Some apparent activation energies in Table 7 are significantly competition between diffusive separation and spin dynamics
smaller than 20 kJ mot. These cases are ftbH, *Ns, Bro*", during &4~ + radical encounters. The radical pair lifetime can

and b The relatively small apparent activation energies seem pe assumed to be inversely proportional to the mutual diffusion
to imply that these &~ reactions are not diffusion controlled.  constant P).48 The temperature dependencel»fs such that
However, the large values of the rate constant (or apparentit changes by about a factor of 3 between 25 and@Go the
reaction distance in Tgble 7) suggest otherwise. If the intrinsic radical pair lifetime should decrease by about that factor.
rate constants do not interfere with the observed rate constants, ag explained in the last section, for the systems involving
either (or both) the reaction distance or the spin factor must be .4 and*N, rapid singlet-triplet conversion is most probably

temperature deper_1dent. induced by fast spin relaxation of the radicals during their
Schmidt et al. discussed the temperature dependence of they,counter with g. Because the relaxation mechanisms of these
rate constants of tha reaction with nitrobenzene g8:NO), radicals have never been analytically clarified, it seems impos-
where the spmlfactor IS not an issue ("OE": 11).71~1125The rate sible to estimate the temperature dependence of their spin
constant of this reaction is 3.& 10> M™% s™* at room relaxation. However, if the spin relaxation were only weakly
temperature, and the activation energy is 17 kJHheb to  teherature dependent (o, in the line narrowing region, actually
100°C.**" The Smoluchowski analysis indicates that thg'€  gjower at higher temperature), then the spin factor could change
+ CeHsNO, reaction is diffusion controlled, but this electron i temperature. At higher temperatures, diffusive separation
transfer hasla rather long reaction distance of 8.5 A at room triplet radical pairs would be more rapid and could be faster
temperaturé: An important factor in this electron-transfer  yhan the spin relaxation processes. A lower spin factor at higher
reaction is a rather large free energy chang@) of —2.38  temperature would lead to a lower effective activation energy.

71 ) ion i i . WO, . : -~
eV." Thus, the long-range reaction is most probably assisted thjg explanation is in agreement with our experimental findings
by the solvent reorganization enerdy.

qualitatively.
eZNA 1 1 1\/1 1 The same argument can gpply to the dihalogen radical anion
out ™ Zre. (ZT " ﬁ)(e_ - e:) (8) systems. As discussed earlier, effective singtéplet conver-
0\<'A B op sion for g4 /Br>*~ or I,*~ radical pairs operates only during the
Here, e is the electric charge\a is Avogadro’s numbereo is radical pair lifetime because substantial electronic overlap

between the radicals is required. Therefore, as the radical pair
lifetime gets shorter at higher temperature, there is less singlet
and static dielectric constants. triplet conversion, which means a lower spin factor for the

When a reaction probability is an exponential function of "€actions. _
reaction distance, an analytic solution of the diffusion equation ~ The temperature dependence of the spin factor can be
is availablel22130 Then, the effective reaction distance is a discussed based on the formulation by Mints and PuRftov.
function of the mutual diffusion constant, and a larger diffusion Figure 5 shows Arrhenius plots of the second-order reaction
constant makes the effective reaction distance shorter. Therate constants, with spin factors evaluated according to eq 7. It
analysis by Schmidt et al. concludes that the reaction distanceshould be pointed out that only the mutual diffusion constant
for the g~ + CsHsNO, reaction decreases from 8.5 A atroom is temperature dependent in this model with an activation energy
temperature to 7.3 A at 80C7! This change partially of 20.25 kJ mot?. Nearly linear Arrhenius plots were obtained
compensates for the increase in diffusion rate, reducing the Over our temperature range, and the apparent activation energy
apparent activation energy to 17 kJ mbt3! In general, the for the second-order reaction was indeed lowered to about 16
influence of diffusion on the effective reaction distance for kJ mol* due to the temperature dependence of the spin factor.
bimolecular reactions has been demonstrated in the analysis offThe very low value of 10.4 kJ mot for 12~ probably cannot
fluorescence quenching systef?s. be explained by this process alone and suggests that both the

Some g + radical reactions have rather long reaction Spin factor and the reaction distance are changing with tem-
distances at room temperature, and there is a chance that theperature. If this is so, then changes in spin factor may also be
may have temperature_dependent reaction distances. For ianVO|Ved for the other radicals with activation energlies S|gn|f|-
stance, theg™ + *CsHsOH reaction has a long reaction distance cantly lower than 20 kJ mot.
of 9.7 A at room temperature, and the apparent activation energy  This analysis of the spin dynamics for thg;e+ radical

the vacuum permittivityra and rg are the radii of the two
reactantsR s the reaction distance, aagh andes are the optical

is 17.6 kJ mot?, slightly smaller than that of.g diffusion. reactions parallels that for geminate back electron-transfer in
For the g4 reactions withp-(HzC)CsH4O® and p-OCsH4O", photogenerated triplet radical pairs of Ru(kgy)and methyl-

the reaction distances are 10.9 and 9.1 A, respectively, but bothviologen radical cation (M¥+).134135The viscosity dependence
apparent activation energies are 20 kJThalithin experimental of the radical yield of the photochemical reaction has been
error. It should be mentioned that all of these reactions have explained by competition between spin relaxation, which
large magnitudes oAG (Table 7). converts the geminate triplet pairs into singlet pairs from which

It is possible that the temperature dependence of the averagéback electron-transfer ensues rapidly and diffusive separation
reaction distance contributes to some extent to the temperatureof the radicals occurs. The same idea applies to the comple-
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' ' ' ' ' mol~1.143 The spin relaxation time foiH is at least 1Qus14
The Smoluchowski analysis suggests that the ¢ *H reaction
1E114 - is indeed diffusion controlled with a spin factor Hf.

The self-reaction of g~ is another example. The rate constant
(2K) of the g~ + g~ reaction is 1.0x 10*° M~1 s~ at room
temperaturé®®® The temperature dependence of the rate
constant has an apparent activation energy of 20.3 k3'nupl
to 150 °C, but then the reaction slows down at higher
temperature$359The Smoluchowski analysis suggests that the
reaction is diffusion controlled with a spin factor 8f up to
) \ . . . 150°C. The kinetic behavior above 15C seems to originate

26 28 30 32 34 36 38 from the reaction mechanism, i.e., formation of a transient

1000/T (K™ species in the course of the reactf@i*>

Figure 5. Arrhenius plots of second-order rate constants fgr & . The §p|n factor for thee@ + Oz reaction hqs been discussed
radical reactions calculated according to egs 1 and 7. Only the diffusion N the literature’ The ground state of £s a triplet. Therefore,
constant has been assumed to be temperature dependent in thesat random encounters betweeg,eand Q, there are prob-
calculations. Parametrizations of eqs 1 and 7kare3 x 10?s %, a abilities of /3 to form doublet pairs anél; to form quartet pairs.
=2A b=8A D=60x 10°m?sat 298 K with an activation ~ Because the product of the reaction, the ground state of the
energy of 20.25 kJ mot, and the spin relaxation times, assumig  gyneroxide radical anion, is doublet, the proper spin factor for
= T, of 1 ns (@), 100 ps (b), 10 ps (¢), and 1 ps (d). The upper and ypiq reaction appears to B, Schmidt et al. discussed that two

lower lines represent temperature-independent spin factors of 1 and . -
114, respectively. The apparent activation energies over the temperatureOf the four substates of the quartet pair could convert into the

interval 0-100°C (/T = 0.00268-0.00366) are 18.3, 16.9, 16.2, and  doublet pair states during the encounter through the zero-field
16.9 kJ mot?, for curves (a) through (d), respectively. The vertical splitting Hamiltonian for Q.”? Their conclusion was that the
position of a curve at a particular temperature relative to the lines for correct spin factor for the reaction should Bg, and the
spin factors of/, and 1 represents the spin factor at that temperature. temperature dependence of the reaction distance was considered
to explain the observed rate constants, £.901° M1 s71 at
mentary magnetic field dependence of the radical yield, where yoom temperature, and its apparent activation energy of 13.1
the rate of the spin process is varied while the diffusion rate is kj mol® over a temperature range of 2200°C. However, if
constant. A theoretical analyﬁgindicates that such an effect the Spin conversion rate had the r|ght magnitude, then there
of spin dynamics can be observed only when the geminate could be a competition between spin conversion and pair
reaction is controlled by diffusiot?® Diffusion control is separatiort#® In light of our findings in the present study, it is

k(M's™)

1E10+

O TO

assumed also in our analysis of homogeneays ¢ radical quite possible that the spin factor also affects the temperature
reactions. An analogous viscosity dependence has been foungjependence of this rate constant.
for geminate systems where heavy-atom sirbit coupling Buxton and Ellio$29 examined theOH + *OH and*H +

effects are importari.’ It should be mentioned that detailed  -OH reactions in aqueous solution over a temperature range of
theoretical analysis of the spin dynamics in radical pair geminate 20—-200°C and analyzed the observed rate constaggs,with

recombination has been reported recehtly!3° the following equatior?
In the previous section, the spin relaxation afHeS was
discussed with respect to spiorbit interaction, analogous to Kope "= Koo "+ Ky (9)
*OH and°Ns. The apparent activation energy for thg e+
CsHsS reaction was found to be around 22 kJ miqiTable 7). Here, kact is the intrinsic reaction rate constant, agk is the

This value is quite different from those for thgse reactions diffusion-controlled rate constant. In their estimate of the
with *OH and*Ns; and suggests that the spin factor remains diffusion-controlled rate constants, a spin factor of 1 was used,
approximately constant (0.68 at room temperature and a reactionrassuming fast spin relaxation o©OH. Although this is a
distance of 10 A) regardless of temperature. possibility, the spin factor may change for these reactions over
These observations may indicate that the excited triplet statethe temperature range. If the observed rate constants are taken
is formed in the g~ + Cg¢HsS reaction. The energy of the in the Smoluchowski equation, then the resultant spin factor
excited triplet state of the benzenethiolate aniogH§S ) was will be 0.81 and 0.54 at room temperature for ted + *OH
determined to be 3.1 eV from the phosphorescence measuremerdind*H + *OH reactions, respectively. Their analysis assumes
for CsHsS™ in a frozen aqueous matrix at 77 The AG for that the activation energy of the diffusion-controlled rate
the g4~ reaction with GHsS' to form the GHsS™ ground state  constant is that of water self-diffusion, 17.6 kJ mollt should
is 3.56 eV, estimated from the reduction potentials gf e be remembered that the diffusion constanttéf(7.7 x 10°
(—2.87 VY315 and GHsS (4+0.69 V)14 Thus, it is possible m? s71)72:142.143is much larger than that ©©H (2.0 x 1079 n?
energetically that the reaction proceeds to yield the excited triplet s71)72 at room temperature and the activation energytbf
state, although there is not a large driving force for this reaction. diffusion has been reported to be 12 kJ mdf3 Thus, their
Now that temperature dependence of thegg & radical analysis of the'H + °*OH reaction should be viewed with
reactions has been analyzed, we briefly discuss a few othercaution. On the other hand, it is interesting to note that good
relevant systems reported in the literature. As mentioned in the agreement between the gas phase and aqueous solution has been
Introduction, the rate constants of thge+ °H reaction has observed with respect to kinetics of tf{@H + *OH reaction in
been reported:?2 The rate constant is 2.4 10°°M~1 st at their analysi$®
room temperature and its apparent activation energy is 14 kJ So far, our analysis of the,g + radical reactions has
mol~1 over a temperature range from 20 to Z%0?2 Contrary assumed that the intrinsic rate constdat.(n eq 9) is much
to our g4~ + radical systems, the diffusion constantef 7.7 larger than the diffusion-controlled rate constdqfi). One can
x 107° m? s 172142143j5 |arger than that of g at room argue that the relatively low apparent activation energies found
temperature, but it has a smaller activation energy of 12 kJ for the g4 reactions wititOH, *N3, Br*~, and b*~ may reflect
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a contribution ofkac to Kops in €q 9. We briefly discuss this  hydroxide anion (OH).3°42 For the kinetic analysis, they
possibility below. adopted a model that assumes a weak mutual interaction between
It is clear in Table 7 that the,g reactions with"OH, *Ns, the two reactants. After the geminate pair is formed in the
Bry'~, and b~ are all highly exoergic. Even though a large shallow potential well, the two reactants can either react to form

solvent reorganization energy (eq 8) is possibi€ €V) when the parent OH or escape diffusively. This kinetic analysis
these electron-transfer reactions take place at a long distanceallowed them to derive an effective reaction radius of 5.6 A for
(~10 A), they most likely lie in the Marcus inverted region. In  the &q—"OH geminate reaction. Then they compared this value
the inverted region, the electron-transfer rate decreases as thevith an effective reaction radius for the homogeneous &
magnitude of the free energy differenc®Q®) increased47-149 *OH reaction derived from eq 1 using a spin factor of 1, and
Also, because nuclear tunneling may be activationless in the mentioned that there is good agreement between the two values.
inverted region, the electron-transfer rate in the inverted region Furthermore, from the geminate kinetic analysis over a tem-
is not as temperature dependent as in the normal régfotb! perature range of-897 °C, they found that the effective reaction
These considerations cast doubt on the assumgdigr K. distance for the geminate reaction is independent of temperature.

Generally, it is very difficult to characterize electron transfer On the basis of these observations, they concluded that the
in the inverted region from bimolecular reactions because of homogeneous,g + *OH reaction is diffusion-controlled, and

the interference of diffusiof?? 15 Particularly, for g;~ reac- they questioned the low activation energy found by Elliot and
tions, only one system has been reported that reveals the rateuelletté3 for the bulk reaction.
decre?fe in the inverted regiéit.The @q~ reaction with Ru- While we certainly recognize a logical point in their
(bpy)s®" to form the ground state of Ru(bpy) hasAG = comparison of geminate and homogeneous kinetics, we note a
—4.14 eV, but the reaction can also form the charge-transfer fey counter arguments. They adopted a geminate kinetic model,
excited state with\G = ~2.03 eV. The rate constant of the  pased on Shushin’s formulatiéf-15*where the two reactants
former reaction has been found to b& x 10° M~* s™*, at feel a weak, but significant, mutual interaction. Without such
most, at room tempeératuie, ‘i"h”e the latter reaction has a rateap jnteraction, they were unable to fit the time dependence of
constant of 2.0« 100°M~ts™t o the @q~ survival probability?® In earlier attempts to fit the
Arguments against the possibility of the contributionkgf geminate dynamics following photodetachment fromGitd
to kops can be made by observing the behavior of thg'e |- golutions of the diffusion equations were sought only with
reactions with nitrobenzene {8sNO;) and methylviologen  gjther the absorbing boundary condition or the radiation
dication (MVZ") over a wide range of temperature, 20@00 boundary conditiod>3° It is questionable whether or not a

o 93,126 i i i = — . . . .

C.#"*Both reactions are highly exoergidG = —2.38 and  genyine physical picture of the geminate system can be
—2.43 eV, respectively). The observed rate constants have beenenrqquced when the dependence of the reaction probability on
analyzed with the Smoluchowski equation, and diffusion con- {he reaction coordinates is ignored. It is well recognized that
trol of the reactions is maintained, even at h'gzh lemperatures, gitficulties in solving the diffusion equations arise when specific
with the observed rate constant ofl x 102 M™% s™%. forms of reaction probability as a function of reaction coordi-
A_pparently, the_ true rate constants for t_hese reagtlons_ are mUChhates have to be taken into accol5e169n the model that
higher than this value. If the.¢” + radical reactions in our iareq account of the mutual interaction, the effects of the
study have similarly large intrinsic rate constants, then they will yist4nce dependence of the reaction probability could be folded
not affect the observed rate constants. It should also bejy ye rate constant for the geminate pairs within the potential
mentioned that there appear to be little correlation betvkggn well to some extent. However, it is uncertain how the effects
an_lo_lhAGf_(T?bIe Z)' f the.a- . ith the dihal of long-range electron-transfer reaction are reflected in the

e Tinal products of the.§ reactions with the dihalogen parameters of such a model. Another point, which is obvious

rgdlcal anions are the correspondlng'hahde anions. However, ;4 probably important, is complete neglect of spin dynamics
simple electron transfer leads to an intermediate state beforein their analysis

the final products are formed. They have also studied photodetachment from sulfite ion
e + Xy = Xzz— X (10) (SQZ—) in ziq.ueogs solgtio?ﬁ"‘?L'Jnlike the aq‘/'OI_—| gemina_ltt_a
pair, the g; /*SO;~ geminate pair does not experience efficient
It has been reported that formation of intermediate states affectsfast decay on the order of 10 ps, indicative of rather large initial
the temperature dependence of thg @eactions with NG, separations of the two radlcgls. The absen(_:e of fast decay
NOs-, and NO .9 The Arrhenius plots of the rate constants for completely prgcludes comparison of the geminate anq homo-
these reactions curve down toward higher temperatures, presum@&neous kinetics. The present study of the & "SO;™ reaction
ably as a result of the equilibrium between the reactants andmdmates .that the homogeneous reaction is diffusion-controlled
the corresponding intermediate states. This mechanism mayWith a spin factor ofts.
influence the apparent activation energies for the seactions It is interesting to consider the ultrafast dynamics of photo-
with Bro~ and b*~. It should be remembered, however, that ionization of indole at this point. Kohler and co-workers found
very large observed rate constants for the two reactions suggesto decay of geminate,g/indole radical cation pair up to 100
that such an equilibrium (eq 10) would not affect the observed ps after a monophotonic photoionization event induced by a
rate constant very much, at least at room temperature. femtosecond laser pulse (260 nff)This result is consistent
Homogeneous versus Geminate ReactionRecent experi- with an earlier study by Mialocq et al. who used a picosecond
mental studies of ultrafast dynamics following photodetachment/ lasert®! They concluded that the reaction rate betwegn and
photoionization in aqueous solution have addressed questionghe indole radical cation is rather slow such that it would not
pertaining to kinetics of geminate,g/radical pairs. In this be diffusion-limited if they random-encountered. This proposi-
section, comments will be made on comparison of geminate tion seems at odds with the results of the present study. The
dynamics and homogeneoug e+ radical reactions. reduction potential of the indole radical cation has been reported
Bradforth and co-workers have studied geminate reaction to be+1.24 V62163and the magnitude okG for this reaction
between g and *OH following photodetachment of the is not larger than those for a number gfereactions studied
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in this paper. Thus, on the basis of our study, the eeaction material is available free of charge via the Internet at http://
with the indole radical cation would be most likely to be pubs.acs.org.
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