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The rate constant for the reaction of hydrogen atom¥\{lith hydroxide ions (OH) in aqueous solution has

been measured from 100 to 300 by direct measurement of the hydrated electron){geproduct growth

rate. In combining these measurements with previous results, the reaction is observed to display Arrhenius
behavior in two separate temperature regions1@ and 108-330 °C, where the data above 10Q show

an obvious decrease in activation energy from 38.9.6 to 25.44+ 0.8 kJ mot™. The value of the rate
constant is smaller than that estimated previously in the-300 °C range. The very unusual activation
energy behavior of the forward and backward reactions is discussed in the context of transition state theory.

I. Introduction wherek; andk-; respectively represent the rate constants for

o o ) ~the forward and reverse reactio#fs, is the equilibrium constant
To make predictions of the radiation-induced chemistry in for H+ atom ionization,

the primary heat transport system of nuclear reactors, it is
necessary to understand the kinetics of many important reactions H = (e ), + Ht ©)
over the range of reactor operating temperatures. In recent years, a
rate consta.nts.for several V|t.al reactions have been deteriihed. andK,, corresponds to the ionic product for water dissociation
In our continuing study of high-temperature and pressure water
radiation chemistry, we have reexamined the very unusual —t -

. ' . A H,O=H"+ OH 4
reaction of the hydrogen atom {Hwith the hydroxide ion 2 ()

(OH") in the 106-300°C temperature range. Kw andKy have been measured from room temperature up to

The equilibrium process 10006 and 250°C,'® respectivelyt”-18 A polynomial for Ky
has been reported as a function of temperature just above the
H*+OH == (e )y + HO Q) liquid/vapor coexistence pressudfeand ref 16 gives an equation

for Ky that includes both its temperature and density depen-

is of critical importance in both radiation chemistry and nuclear dence. With knowledge oKy andKy, values fork, can be
reactor engineering as it determines the lifetime and limiting Calculated reliably up to 258C. However, knowledge df, as

concentration of the hydrated electron((g) in water. Since & function of temperature merely defines the temperature
both the H and hydrated electron free radicals are highly dependence of the ratia/k-1, and does not explicitly assign

reactive, the equilibrium constant has been determined by V&lues to eithekj ork—p.

separate measurements of the forWdré and reversg—13 Previous measurements E'gngth's laboratory examlqeftbnl
reaction rates. Determination of their temperature dependenceroom temperature to 98C* _and fm”? 200 to 380°C,

has allowed the evaluation of the Jg, solvation thermodynam- demonstrating that the Arrhenl_us behavior observed below 100
ics 9111415 °C cannot be extrapolated to higher temperatures. In the current
paper, we have measurk&gdfrom 100 to 300°C, filling in the

gap where data were missing between 100 and ZD@&nd
reconfirming the overall non-Arrhenius behavior of the rate
constant. We find that the activation energy suddenly decreases
ﬁ _ Ky @) near 100°C. Given prior knowledge oKj, the rate constant

k, K for the back reaction between gy and HO can also be
calculated. Transition state theory is used to explore the
thermodynamics of the forward and backward reactions.

The equilibrium constant for reaction K, can be expressed
as

K, =
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20-MeV electron linac. The high-temperature/pressure sample
cell, flow system, and basic experimental setup and character- 5 - a ; jlw,,,ﬁ‘_,.,i«u-_,.z,k,,,s,_,,,,
istics were described in previous publicatid8. Normal W LR L
temperature and pressure stabilities wer®.2 °C and+ 0.1 4 -
bar, respectively. Analyzing light from a pulsed 75-W xenon

lamp (Photon Technology International) was selected using a 3 -
40-nm bandwidth interference filter (Andover Corporation) with

a center wavelength corresponding to the maximum absorption 9
of (e7)aq Because the (§aq absorption spectrum is sensitive

to both temperature and density, wavelengths were chosen to 1 -
coincide with the absorption maximum at each temperature. (The
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red shift and width of the (8.4 Spectrum at elevated temper- .

atures will be the subject of a future publicatipA germanium ) 0 m

photodiode (GMP566, Germanium Power Devices, Inc.) was O T T T T T T

used for detection. The inherent biexponential transient response E b

of the photodiod® was accounted for in the data fitting as a 6

convolution with the (€)aqabsorption. Kinetics were measured

from 100 to 30C°C in steps of 50C. Unfortunately, data could

not be acquired at temperatures higher than 3Q) as 4

significant corrosion began to occur in the sample cell under

alkaline, hydrogenated water conditions, altering the)«g

kinetics. 2
Standardized 0.991 M potassium hydroxide (KOH) solutions

(Aldrich, used as received) were diluted to the appropriate

concentration in deionized water (18.2¢Mcm, Barnstead ()-m

Nanopure system). Alkaline water samples were kept under T

nitrogen or argon at all times to avoid contamination by T T T T T T
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carbonate ions arising from possible carbon dioxide absorption, o) 0 o) 4 6 8
and were purged with Argon for at least 30 min prior to ; X
collecting data. Pressurized hydrogenated water samples were Time (/JS)

repared in our laboratory-built gaquid saturator. Details . . .
prep y gasq Figure 1. Formation of (€)aqat 150°C and an OH concentration of

of th|§ quICe have been previously publistied. a) 3.00x 10“ m and (b) 1.50« 10~ m. The signal is acquired at the
Individual control over the hydrogenated water and KOH ayelength peak of the (Jq absorption spectrum. The three traces

solution flow rates was achieved with two separate HPLC pumps correspond to three applied radiation doses. Fits to the kinetics are
(Alltech 301). In all experiments, the hydrogen concentration superimposed as solid lines.

was kept at a constant 0.024 mol®gm) in the sample cell.

Four different KOH solutions were used to give total OH  room temperatufé). This growth is followed by a second-order
concentrations of 1.0& 1072, 4.00x 1073, 1.50x 1073, and decay arising from reaction 7. At low radiation doses, the
3.00 x 107* m in the sample cell (solution concentrations second-order decay rate is suppressed, allowing the hydrated
considered reliable within 2%). System total flow rates were electron to live for many tens of microseconds. In the limit of
generally~1.8 mL/min, adjusted as necessary to achieve an high hydrogen concentratiorr0.010 M), reaction 6 becomes

experimental pressure of 250 bar. fast compared to reaction 1, and thus the growth oj4gis
The radiolysis of water by photons, high-energy electrons,  |imited by the rate of reaction 1. Nonetheless, knowledge of
neutrons, or recoil ions can be represented by the reaction 6 rate constart) is essential to properly ascertain
adiation - the reaction 1 rate constar), especially in the limit of very
H,O———H, OH', (€ )9 (H+)aq, H,0,, H,, HO, high OH™ concentrations+0.01 M), where the reaction 1 rate
(5) approaches that of reaction 6. Valueskafwere previously

determined in our laboratory up to 35C.2

Since k > k-1, k; can be determined by merely examining
the growth rate of (€)ag Which under conditions of hydroge-
dnated, alkaline water and low doses of radiation, could be
described as a first-order growth atop the prompt{egnerated
directly by radiolysis (see Figure 1). However, a wide range of

Water radiolysis is kinetically complex, and entails some 50
competing reactions involving the water decomposition species
shown abové?23Many of these are second-order recombination
reactions, which can be suppressed by carrying out pulse
experiments using low radiation doses. Moreover, in hydroge-
nated alkaline water, the transient absorption from4gcan

be approximated by just three dominant reactions: OH™ concentrations was used in these studies to ensure
confident fits to the reaction 1 rate constant. Over this entire
H,+ OH — H' + H,0 (6) range, the observed pseudo-first-order growth o)4gis not
preserved, as contribution of the reaction 6 rate becomes
H +OH = (e*)aq + H,0 (1) increasingly important. At the highest OHoncentrations, the
reaction 6 and reaction 1 rates are not well-separated, and
(€ )agT (€ )q=20H +H, (7 therefore the (€)aq rise time is no longer purely limited by

reaction 1. Furthermore, the intrinsic secondary response of the
The rate constant for reaction 1 is easily measured by monitoring photodiodé? used in the experiment coincides with the time
the growth of (€)ag Which has a strong absorption in the red scale of the acquired kinetic data, and must be included as an
and near-infrared spectral regions{x = 18 400 M~tcm1 at instrument response convolution.
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The data were fit using a differential equation model that TABLE 1: Values of the Reaction 1 Rate Constant as a
incorporates all of the known recombination reactions as well Function of Temperat#re, Acquired frong Global Fits to the
as yields of water radiolysis species at high temperature, as(€ )a Kinetics at Each Temperature and OH"

assembled by Ellio#? High-temperature rate constants for Concentration®

reaction 6 were taken from ref 2. The model is coupled to a temperature‘C) rate constarky (M~*s™)
fitting routine based on Gaus®ewton minimization, incor- 100 5.01x 108
porating modifications from the traditional Marquardteven- 150 1.34x 10°

berg approachk*25The program is set up to specifically fit the ggg i';gx 1@
(e7)aq kinetics by iterating the reaction rate constants of our 300 8:59§ 10

choice, while keeping all other (known) parameters fixed. o
A sensitivity analysis for all the radiolysis rate constants  Uncertainties are=10%.

confirmed that for the radiation doses and Otbncentrations

used in these studies, onlty, ks, andk; need be examined in Temperature (C)

detail, as individual changes to other rate constants in the model 300 200 100 50 0

negligibly affect the fittedk; value. Yet, use of the full model 1 l 1 L l

and incorporating all the reactions modestly benefits the quality 10 e

of the fit as a whole, and gives us more confidence that the 10 ®

model is indeed reproducing the experimental data. Rate

constants for the remaining reactions were left fixed to the values =

provided by Elliot!® The value ofks was also fixed based on ~ ~“ ]

its previous determinatioh.The reaction 7 rate constant is 9

known to decrease with increasing temperature over the tem- ~ 10

perature range considered here, but reliable values of the rate

constant are not yet available. (Reaction 7 will be examined in

greater detail in the future.) Consequently this parameter was

fitted along withk;. Global fits tok; and k; were performed

over all applied doses for a given temperature and-OH

concentration. The reaction 1 rate exceeds that of reaction 7 by

a factor of ~50 so that their rate coefficients are relatively

uncorrelated. The fitted values kg are not significant here as

a proper determination d& requires data to be acquired on a 7

much longer time scale than used in these measurements. 10

Nonetheless, fitted values at lower temperatures were within J I J |

35% of rate constant values previously repofed. 1.5 2.0 2.5 3.0 3.5
Becagse the/? surface for this system _of_equations is not Temperature-l (K-l) X103

guadratic, the least-squares standard deviation does not provide

a meaningful error estima®é25 The 2 surface of the system Figure 2. Arrhenius plot for the reaction 1 rate constaat Three

was mapped out by changing and fixing the value of each sets of data are presented: current data (squares), previous low-

¢ it ti | th timizi Il oth temperature data acquired from pulse radiolysissEPR and optical
parameter near Its optmum value, then reoptimizing all other spectroscopy (triangles) and high-temperature data acquired from pulse

parameters. The change needed to doyBlés a reasonable radiolysis/optical spectroscopy (circles). Error bars for the current data
estimate of the error in the fitted parameter, so long as two are on the order of the point size. Arrhenius fits (solid lines) to regions
parameters do not have very large covariance. In all cases thisabove and below 108C are shown by solid lines.

error is well below 10% and no large covariance is observed.

We take 10% as a conservative estimate of the rate constandata slightly undershoot previous results over the-28@0 °C

10

Rate Constant (M

uncertainties, rather than reporting the entire analysis. temperature range. (Below 30C, H* atoms account for less
than 20% of the total radiolysis yield, giving weak experimental
Ill. Results and Discussion signals in the previous study. Above 300, the H atom yield

rapidly increased, allowing reliable measurements in this range.
« 104 m and 1.5x 10-3 m are shown in Figure 1, with fitted The quality of the current data is not so dependent on the initial
cUIves superimioosed. The data reflect the grOV\;th ot H* atom yield.) On the basis of our fitting sensitivity analysis,
900 nm, and the three different traces acquired at each we can confidently report that errors in the fittdvalues are
concentration correspond to three applied doses. The subsequent 107 ‘:’)‘t every temperature, whereas previous errors were up
decay of (€)aqdue to reaction 7 occurs on a time scale of tens 10~ 50% at 200°C. Note that at 300C and above, where the

of microseconds in all cases, and was not examined in theseH" atom yield becomes sizable, the data agree within 20%. The
experiments. Applied doses generated){gconcentrations of ~ SOlid lines in Figure 2 represent Arrhenius fits in thedB °C
~(20—-130) x 10°° m. As expected from pseudo-first-order and 106-330°C temperature ranges, where the latter incorpo-
behavior, an increase in Ottoncentration gives an increase rates two previously obtained data points at 328 and €30
in the growth rate of (€)aq Fitted values ok; as a function of Data at still higher temperatures and lower density do not show
temperature are given in Table 1. the same Arrhenius behaviand consequently are not included
An Arrhenius plot ofk; is shown in Figure 2 (squares) in the Arrhenius fits. Compared to the low-temperature data,
alongside data previously reported. Triangles indicate low- current results exhibit a smaller activation energy. An Arrhenius
temperature data acquired from pulse radiolysis/EPR and opticalfit to data from 100 to 330C gives an activation energy of
spectroscod® and circles indicate high-temperature data 25.4 4 0.8 kJ mol! and a prefactor of 1.7& 0.36 x 10%?
acquired from pulse radiolysis/optical spectrosche new M~1 s where previous low-temperature results gave values

Typical data taken at 150C and OH concentrations of 3.0
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Figure 3. Temperature dependence of equilibrium constantsK{a)
(dashed line) and,, (solid line), (b)K1. The~ 30% increase observed
at 100°C for Ky and Ky is due to data acquisition at two different
pressures. Note that theaxis for panel a is a log scale and that for
panel b is a linear scale.

of 38.2+ 0.6 kJ mot! and 1.27+ 0.27 x 104 M1 s
respectively.
Figure 3 shows (aKw, Ku, and (b)K; as a function of

temperature, given the pressures specifically used in our

experiments. It was noted by Shiraishi etathat Ky closely
parallels the temperature dependence Kgf because both
equilibria involve a neutral molecule dissociating into ions. In
Figure 3,K,, and Ky suddenly increase by 30% at 10C

Marin et al.
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Figure 4. Temperature dependence of the Gibbs free energy of
activation as acquired via transition state theory for (a) reaction 1 and
(b) reaction—1.

+ 1.3 kJ mof! and a prefactor of 2.6% 0.83x 1P s™1, where
below 100°C these parameters are 33:10.6 kJ mof! and
5.844 1.41 x 10° s71, respectively.

Following the standard methods of transition state thébry,
a measured rate constant can be represented by

oo KeT p(AG*)
~ch AT RT,

0

(8)

wherekg is Boltzmann’s constant) is Planck’s constanR is

because the data below this temperature were obtained at 1 bathe gas constan, is temperature in K¢, (=1 M) is the ratio

pressure, whereas those above 2@0were acquired at 250

of standard state concentrations for the transition state/reactant

bar. Available data from the water ionic product dictates this equilibrium?28 andAGT is the difference in free energy between
increase for higher densities. Although pressure-dependent datahe transition state and reactants. We follow the usual assump-

are not available foKy, the same trend as fdt, is assumed.
The availableky datd® were acquired near the water gas/liquid
coexistence pressurpgbey. Since our data were collected at a
pressure of 250 bar, we multiply the mol&}; values by the
ratio Ky(250 bar)Ky(peoey to add a smalKy density correction.
Values of Ky at peoex @above 250°C are extrapolated using
Shiraishi’'s equatiod® The plot shows thaK; is relatively
insensitive to temperature, and at the lowest @dncentration
used in these experiments (3.6010~* m), the equilibrium
ratio of the concentrations of (qto H* should be in the range
of 450-1200, allowing direct determination @&f.

On the basis of th&; values, the rate constant for the reverse
of reaction 1 k-1) can be obtained via eq 2. Again, Arrhenius

tion that all species reaching the transition state irreversibly form
product and therefore set the transmission coefficigntunity.

The free energy of activation breaks down into the entr@y (
and enthalpyH) of activation viaAG' = AHT — TAS'. Thus,
with rate constants in hand\G' can be obtained for both the
forward and reverse of reaction 1, antfandAS' can also be
obtained.

Figure 4 shows the temperature dependenca®f for the
forward and reverse reactions, respectively. Note A@t for
the forward reactionAG'(1)) is fairly temperature-insensitive,
changing by only~6 kJ mol ! over the entire temperature range,
whereasAG' for the backward reactionAG'(—1)) changes
significantly, increasing by- 48 kJ moi™. The forward reaction

fits can be performed on two regions of data above and below is dominated by enthalpy, while the back reaction has a large

100 °C with different activation energies, though in this case
the cause of the change at 10CQ is merely the implicit
dependence df-; onk; as we have calculated it here. A fit to
the data from 100 to 33%TC gives an activation energy of 22.1

entropy component. The most curious aspect of the activation
thermodynamics is the sudden change in the slop&®@f(1)

at about 100°C. Nominally the activation entropy of reaction

1 changes sign from positive to negative at this point. At 25
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°C, AHT and ASf have values of 35.7 kJ mdl and +16.8 J actually involves nonadiabatic transitions between coupled
mol~1K~1 respectively, whereas at 10Q these values are 22.3  proton and electron states, the simplgT/coh prefactor will

kJ mol! and —20.6 J mofK =1 It is straightforward to add no longer apply. In this case a quantum treatment might be
additional temperature dependence to the thermodynamics byapplied to the proton transfé$3”or a Marcus-type theory with
fitting AG'(1) with a AC, term, as was done by Shiraishi et a Fermi golden rule rate expression could be more appropri-
al’® for the equilibrium. However, since the temperature ate383° As we are unable to qualitatively explain the rate
dependence akGT(1) is not quadratic (see Figure 4), this yields constant result via (adiabatic) transition state theory, we lean
unphysically large values foAC, and still does not give  toward this (nonadiabatic) explanation, and invite others to take
reasonable fits, given the very sudden change in slopeGif up the challenge of elucidating the reaction mechanism.

for reaction 1.

It is unclear why there should be two separate Arrhenius Acknowledgment. We thank Dr. Sergey Chemerisov for
regions for reaction 1. The properties of water and the solvent maintaining and operating the linac accelerator used in this work.
structure are not dramatically changing in this temperature range.We are grateful to Dr. Khashayar Ghandi, Prof. Paul W.
The experimental pressure change between 98 and°C00 Percival, and Prof. Sharon Hammes-Schiffer for helpful dis-
should not have greatly affected the thermodynamics. This leadscussions. Work at Argonne National Laboratory and at Notre
us to examine in more detail the assumptions we have made inDame Radiation Laboratory was performed under US-DOE
applying transition state theory to the problem. Nuclear Energy Research Initiative Grant M2SF02-0060.

A first basic assumption is that we are dealing with a single
elementary reaction with a transition state bottleneck, and not References and Notes
with a short-lived intermediate and a back reaction. Inthe latter (1) takanashi, K. J.; Ohgami, S.; Koyama, Y.; Sawamura, S.; Marin,
case, reaction 1 would actually be a consecutive process withT. w.; Bartels, D. M.; Jonah, C. DChem. Phys. LetR004 383 445-

two rate constants determining the overall reaction rate such as#50- _
(2) Marin, T. W.; Bartels, D. M.; Jonah, C. @hem. Phys. LetR002

371, 144-149.

. ks L (3) Marin, T. W.; Cline, J. A,; Bartels, D. M.; Jonah, C. D.; Takahashi,
H"+ OH <= intermediate= (e ), + H,0  (9) K. J. Phys. Chem. 2002 51, 12270-12279.

(4) Cline, J. A.; Takahashi, K.; Marin, T. W.; Jonah, C. D.; Bartels,

; ; ; D. M. J. Phys. Chem. 2002 106, 12260-12269.
Assuming different Arrhenius parameters for each step of the (5) Lundstrom. T.: Christensen, H. SehestedRédiat. Phys. Chem.

reaction, it is possible that the rate-determining step of the 5004 69, 211-216.
reaction is dependent on the temperature lyywbuld become (6) Lundstrom, T.; Christensen, H.; SehestedRidiat. Phys. Chem.
less thank, at 100 °C. One might imagine that the excess 200?7?4M§?h_e333o'n M. S.: Rabani, 3. Phys. CherL665 69, 1324 1335
eleptron becomes Iocghzed on an intermediate of the foy®H (8) Han, P.. E;artels,' D M. i:hys_ Chem1990 94, 7994-7999.
which then splits to give the +hnd OH" products. However, (9) Han, P.; Bartels, D. MJ. Phys. Chem1992 96, 4899-4906.
this possibility was considered in a previous publication and  (10) Fielden, E. M.; Hart, E. Jirans. Faraday Socl967 63, 2975~

iemi 2982.
?Asm'ssed Ifor the ;e;ng;sratu(;e e bE'°tV.V 10222;""-“?9 of (11) Schwarz, H. AJ. Phys. Cheml992 96, 89378941,

€ equivalence o and optical reaction r inter- (12) Swallow, A. JPhotochem. Photobioll968 7, 683-694.
mediate allowing the exchange of protons would be detected (13) Hart, E. J.; Gordon, S.; Fielden, E. M. Phys. Chem1966 70,
as an additional spin relaxation rate in the EPR experiment. 15%41)533- N R. ML Phys. Cheml966 70, 770-774

H H H ortner, J.; oyes, K. M. yS. e A .

Perhaps this EPR experl_ment should be repeatgd for h|gher (15) Shiraishi, H.. Sunaryo, G. R.: Ishigure, K. Phys. Chem1994
temperatures, but the existence of a short-lived intermediategg 5164-5173.
seems very unlikely. (16) Marshall, W. L.; Franck, E. Ul. Phys. Chem. Ref. Daf81, 10,

A second assumption is in setting the transmission coefficient, 295-304.

. : - (17) The water solvent is taken to have unit activity at all temperatures
«, equal to unity, independent of temperature. This factor and pressures. The density of water changes as a function of temperature,

accounts for both the possibilities of quantum mechanical decreasing approximately 25% over the range-i800 °C. Thus, theKy
tunneling and for the contributions of solvent friction. At lower molal equilibrium constant is multiplied by the water density (in kghL

temperatures, tunneling can be essentially ruled out experimen-2"d theK,, molal ionic product is multiplied by the water density squared
’ to convert to molar units. This ensures consistency of units between our

tally. Previous experiments showed absolutely no kinetic isotope reported equilibrium constants and rate constants. Corrections for changes
effect when H in reaction 1 was replaced by deuterfim in the water concentration as a function of temperature are obtained from
measurements up to 10Q, and at most a 30% isotope effect  the %at%eq#a:'ovr\‘/ 9fK5rtate’ given ”:t.mf 1]?W er and SteaBoringer
exists between Hatom and the unstable light isotope muonium, Veﬁlag): Badtel g oo Arroperties of Tater and Steaipringer
where muonium shows a higher rate constant above @@93° (19) Eliiot, A. J. Rate Constants and G-Values for the Simulation of
but lower below 100°C3! The reaction enthalpy is overall the Radiolysis of Light Water over the Range-800 °C. AECL, 1994.
positive, so in general there is no place at lower energy on the |ns(t$3r)nT2%|§)%h$ihl3'3K4'5—cslg]§6J' A.; Bartels, D. M.; Jonah, CRav. Sci.
barrielr for 'the H atom to tunnel toward. The 'small apparent "(21) Bartels, D. M.; Takahashi, K. Cline, J. A.; Marin, T. W.; Jonah,
muonium isotope effect then could be assigned to energy C. D.J. Phys. Chem. Ain press.
differences of the reactants, i.e., zero p&irdnd solvation 73(%%)()80_%”961,53-/\-:30”6*1, C. D.; Bartels, D. Rev. Sci. Instrum2002
energleﬁ. Another scenario to give a value less than unity is (23) Draganic, I. G.: Draganic, Z. DThe Radiation Chemistry of Water
the contribution of temperature or pressure-dependent Kréfners academic Press: New York, 1971,
or Grote-Hynes$® type solvent friction. This could conceivably (24) Levenberg, KQ. Appl. Math.1944 2, 164—168. _
vary over the temperature range studied due to physical  (25) Press, W. H. Flannery, B. P.; Teukolsky, S. A.; Vetterling, W. T.

y . hp | 9 dch P phy . _Numerical Recipes2nd ed.; Cambridge University Press: Cambridge,
rearrangements in the water solvent and changes in its propertiesg, gjand, and New York, 1992,
One would have to postulate a greater friction at higher  (26) Christensen, H.; Sehested, X.Phys. Cheml1986 90, 186.
temperature. However, this behavior should tend to cause the 825) Stel_nfegi, Ji_l.; Era}lncrEscoi J. S.(;1 gi’:};e, m.GfE?Sn;lcal Kinetics

H H an ynamicsrPrentice Rall: nglewoo ITrs, y .

heavier isotope to have the larger rate constant. —— Toalo inon oy Chem. Educi978 55 509-510.
Finally, we have also made the assumption that semiclassical (29) Ghandi, K.; Addison-Jones, B.; Brodovitch, J. C.; Kecman, S.:

transition state theory applies to the reaction. If the reaction McKenzie, I.; Percival, P. WPhysica B2003 326, 55—60.



1848 J. Phys. Chem. A, Vol. 109, No. 9, 2005 Marin et al.

(30) Ghandi, K. Muonium Chemistry in Sub and Supercritical Water. (36) Hammes-Schiffer, SAcc. Chem. Re001, 34, 273-281.

Thesis, Simon Fraser University, 2002. (37) Kim, S.Y.; Hammes-Schiffer, S. Chem. Phy2003 119, 4389~
(31) Ng, B. W.; Stadlbauer, J. M.; Walker, D. @.Phys. Cheml984 4398.

88, 857—860. (38) Brunschwig, B. S.; Sutin, NCommun. Inorg. Cheni987, 6, 209—
(32) Roduner, E.; Percival, P. W.; Han, P.; Bartels, D. MChem. 235.

Phys.1995 102 5989-5997. (39) Bixon, M.; Jortner, J. Electron TransferFrom Isolated Molecules
(33) Gai, H. D.; Garrett, B. CJ. Phys. Chem1994 98, 9642-9648. to Biomolecules. InElectron Transfer-From Isolated Molecules to Bio-
(34) Kramers, H. APhysica (The Hague}94Q 7, 284—304. molecules, Part 1Advances in Chemical Physics, Vol. 106; Wiley: New

(35) Grote, R. F.; Hynes, J. T. Chem. Phys198Q 73, 2715-2732. York, 1999; pp 35-202.



