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The rate constant for the self-recombination of hydroxyl radic&ldd}] in aqueous solution giving 4@,

product has been measured from 150 to 36(by direct measurement of th@H radical transient optical
absorption at 250 nm. The values of the rate constant are smaller than previously predicted by extrapolation
to the 200-350 °C range and show virtually no change in this range. In combining these measurements
with previous results, the non-Arrhenius behavior can be well described in terms of the Noyes
equationkyps * = kaet - kgirr 2, using the diffusion-limited rate constaki estimated from the Smoluchowski
equation and an activated barrier rétg nearly equal to the gas-phase high-pressure limiting rate constant
for this reaction. The aqueou®H radical spectrum between 230 and 320 nm is reported up toG50

A weak band at 310 nm grows in at higher temperature, while the stronger band at 230 nm decreases. An
isosbestic point appears near 305 nm. We assign the 230 nm band to hydrogen-Quthdadical, and the

310 nm band is assigned to “fre@®H. On the basis of the spectrum change relative to room temperature,
over half of the’OH radicals are in the latter form at 35C.

I. Introduction at elevated pressures and temperatures. Because of their

) ] ) relevance to the corrosion issue, the reactions
The hydroxyl radical *OH) is arguably the most important

free radical species in oxidation processes of technological ‘OH + "OH — H,0, (1)
importance. It is a primary chain carrier in flame chemistry,

and the main actor in water-solvent-based “advanced oxida- and

tion processes?.It is a primary product of water radiolysis

with ionizing radiatior? photolysis with UV photon$,or even *OH + H,0, —~ HO," + H,0 2)
bubble collapse in sonolystsThe importance of the species ) o )

has stimulated many, many studies of its reactions in the received significant attentiol.

gas phaseand in aqueous solutichtl® To our knowledge, Temperature studies of reaction 1 in the gas phase cover a

however, few connections have been established betweenVide range of conditions beginning from the low-pressure

the reaction rates oOH in the gas phase and in condensed !IMit,* through the falloff range, and to high-pressure limiting
phases. Can we use gas-phase and ab initio results to accuratel |U$§5116(|;1?)_ U.rgjta'zl(pec(tfd klaehawortcr)]f the stl)r_np![e a;ssomatloln
predict reaction rates in solution, and particularly water? tﬁac 'Otf' CI) twg. 57720r?: Icals qus.t. € slu {eg 0 sfe\:ﬁra
The present study makes the first direct connection between eoretical studies. rom ab Initio caicuiations ot the

gas-phase and aqueous solution reaction rates for the importan otential energy surface fo_rzEDZ I be_comes clea_lr that during
S . - ) he approach of tweéOH radicals, at first dipoledipole forces
self-recombination ofOH radicals, giving hydrogen peroxide

are dominant, and a weakly hydrogen-bonded HOHO metastable

product. o intermediate forms. This intermediate isomerizes over a small
In water-cooled nuclear power plan®H self-recombination  potential barrier into HOOH to finally form hydrogen peroxide

is a primary source of corrosive hydrogen peroxide and oxygen i, its singlet electronic ground state. Besides the ground state
molecules. The need to model radiation-induced chemistry in there are electronically excited potentials that interact with the
reactor heat transport piping has stimulated the present study ground-state potential in a complicated manner. To investigate
In particular, one would like to predict feasibility of reactors whether excited electronic states contribute to the kinetic
cooled with supercritical water (SCW), because this can behavior, Fulle et & performed measurements of high-pressure
significantly improve economics of the power generation over limiting rate constants for reaction k; ... In the temperature
present-day reactot$?Recent studies on SCW-cooled nuclear range 2068-700 K they measured saturated laser-induced
reactors involve still unresolved questions about the water fluorescence (SLIF) ofOH radicals in a helium bath gas up to
radiolysis mechanism and the water radiolysis product yields 100 bar. In the conclusion of their studies they reported no

temperature effect between 200 and 400 K on the high-pressure

*To whom correspondence should be addressed. E-mail: bartels@ limiting rateki », and even a slight negative temperature effect
hertz.rad.nd.edu. Phone: (574) 631-5561. Fax: (574) 631-8068. on the rate coefficients between 400 and 700 K. At that time
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the negative temperature effect was explained as underestimation Back pressure

of the high-pressure limit due to an insufficient range of bath

gas pressures used in the experiment. However, in a subsequent

review about quantitative analysis of association reactions in

the atmosphere, Trék presented detailed analysis of the

temperature dependence of capture rate constants for reaction Lens pair

1 and concluded that reaction 1 should have a very weak i

negative temperature coefficient over the range-B800 K.
Knowledge of the gas-phase high-pressure limiting rate

constants can benefit the analysis of partially diffusion-limited

condensed-phase reaction rates when observed rate constants

follow the Noyes equatiof?22

Kobs = Kact "+ kit @)

Herekopsis the observed rate constant in the condensed phase
at a given temperaturé, is the hypothetical limiting reaction
rate in absence of a diffusional concentration graciémtnd

kyirt is a diffusion-limited reaction rate determined on the basis
of the Smoluchowski equation:

Kqitt = po4nRD (4)
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Figure 1. Experimental setup for measuring high-temperature pres-
surized water UV transient absorption.

whereD = Da + Dy is the relative diffusion coefficient of  scattering of the abundant longer-wavelength light in a single
reactants a and R is the reaction distanc,is a spin statistics  monochromator, and interference from the intense Cerenkov
factor, andq is Y/, for identical reactants bu_t unity otherwise. light emitted in the UV region. To overcome these problems in

The earlier temperature_stud|es of reactlon_l up to '_ZDO the present work, an optical system was set up to provide
were performed by measuring the decay@ifl radical transient optimum performance in the UV (Figure 1).

absorption in the deep U%:26 The latest work by Elliot et The light source used was an XBO 150 W/S xenon arc lamp
al** reports a rate constant of £010° M~*s*at25°Cand  (Osram G.m.b.H., Germany). The arc was intensified ap-
average activation energy of 7.0 kJ mblin a later review,  proximately 30-fold using a transistorized pulser designed to

Elliot*® concluded that either an Arrhenius equation or the Noyes produce a flat-topped 30@s light pulse. By means of a
equation (3) describes the data to within the experimental error, magnesium fluoride coated parabolic reflector (PTI-033-
and essentially the same value is given by either equation whenggpg-A), the arc was imaged through the absorption cell and
extrapolated to 308C (within 10%). This extrapolation suggests  syprasil lens pair onto the entrance slit of a double mono-
a slight increase of the reaction 1 rate constant over the rangezpromator (DH-10, Instruments, SA. Inc.). Gratings with
of temperature 200350 °C*. _ o 1200 groove/mm blazed for maximum efficiency at 250 nm
In the present investigation, th®H radical recombination  \yere ysed; the measured scattered light at 225 nm was less than
has been studied at temperatures up to 350using pulse 39, The entrance, intermediate, and exit slit widths were set
radiolysis. The system chosen to study this reaction was g 0.25, 1, and 2 mm, respectively, giving a half-maximum
N,O-saturated water. Radiolysis produces mariyi radical intensity bandwidth of 4.8 nm (for all slits being 2 mm, the
and € aq with a smaller amount of tatom?” In the presence  pandwidth increases to 8 nm). The light emerging from the
of N2O, solvated electrons are quickly converted®®i radicals monochromator exit slit was directed onto the photocathode of
via reaction 5, giving the desire@H radical as ca. 90% of the 5 gojar-blind photomultiplier (Hamamatsu R1319).
_ . _ Pulse radiolysis/transient absorption experiments were carried
€ aq T N0+ H,0—"OH + N, + OH ®) out using 420 ns pulses from the Argonne Chemistry
. Division’s 20 MeV electron linac accelerator. A lead shield was
total at room temperature. To extract second-order recombina-¢q g1 cted to reduce the X-ray interference on the photomul-
tion rate constants, an absolute concentration scale must bgjyjier gperation. The average dose per pulse was monitored by
established via the free radical extinction coefficients. In the charge integration on a thick copper shutter that could be
sections below we describe first the work required to establish | ereq in front of the cell. The sample cell, flow system, and
the extinction coefﬂ_ments at high temperature, and the_n the pasic experimental setup and characteristics were described in
procedure followed in analyzing the rate constants. We d'scussprevious publicationg29To improve the signal-to-noise ratio,
Fhe changes in the®OH .radi.cal spectrum with temperature and signals were averaged over 30 consecutive traces. Due to
interpret the recombination rates by comparison with the (.o qiant absorption of sapphire windows after the pulse of
gas-phase results. electrons (see section 11B), blank traces for a given dose and
temperature were collected in the empty cell purged with
flowing argon gas. These blank traces were subtracted from the
At wavelengths 250 nm and below, microsecond kinetic corresponding traces collected for aqueous samples at the same
spectrophotometry becomes difficult because the intensities oftemperature.
the available analyzing light sources are low, and optical Samples were prepared by saturating water wigh KAGA
transmission losses are high, both from the sapphire of the Gas, Ultra-High Purity grade) at ambient conditions resulting
SCW cell windows and from the water absorption in this region in a final concentration of pO of 2.5 x 102 molal (m). The
at higher temperaturé$These adverse conditions lead to a high solution was then pumped with the high-pressure liquid
photodetector shot noise level, poor spectral purity due to chromatography pump at flow rates from 1.6 to 2.0 mL/min

Il. Experimental Section
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TABLE 1: G Values and Extinction Coefficients for 600 600
Primary Absorbing Species Applied in Data Analysis
G(X) (mol J1) x 1077 € (dm®* mol~t cm™?) - 400

temp(C) e€a H  *OH °*OH H HO/Or~ H0, B

25 286 057 290 535 30 1880 22 -~ 400 H‘% 2004

150 3.32 0.71 3.82 465 57 1810 39 g

200 3.43 0.85 4,03 425 68 1760 45 =2

225 348 093 413 390 73 1523 48 2 0 L——1——

250 350 1.04 424 364 78 1415 52 £ 0 200 400

275 349 120 435 331 84 1262 55 = Temperature (°C)

300 3.44 1.43 446 296 89 1082 58 S 200

325 3.33 1.77 459 260 95 871 62

350 313 225 473 224 100 720 65 ]
through the preheater and then into the high-temperature,
corrosion-resistant, hastelloy C-276 c&llAuxiliary cartridge 0——T— T T ' 1
heaters compensated any heat loss inside the insulated cell 240 280 320 360
housing. To minimize light scattering, the temperature of the Wavelength (nm)
solution introduced to the cell was kept within @8 of the Figure 2. *OH radical spectrum change vs temperatur@®) 30 °C;
destination set point temperature. All the measurements were(O) 200 °C; (@) 300 °C; (d) 350 °C. Extinction coefficients were
performed at the same pressure 250.2 bar. calculated from measurdd x € on the basis o6("OH) for the given

temperature as described in the text. Inset: change¥%im for*OH
radicals vs temperature.

Ill. Results
We present results that were obtained after many iterations 250 nm is shown in Figure 2 (inset). The values®H radical
of fitting both kinetics and spectra of the several species extinction coefficient are also summarized in Table 1.
involved. First we present the spectra and extinction coefficients  H*. The room-temperature*tatom extinction coefficient at
and describe how they were extracted. Then we describe the250 nm is less than or equal to 30-Mcm™1. 33 The shape of
salient kinetics observations and the analysis approach that waghe spectrum is known to remain the same up to 260
followed. Finally, we show the rate constants needed to fit the essentially an exponential decrease toward the’4dfithe
kinetics. amplitude changes with temperature, its contribution to observed
A. Extinction Coefficients. *OH. The prompt (ca. 108120 absorption is expected to be more pronounced above®’G00
ns after radiolysis) UV transient radical spectru x ¢) was where the ratids(H*)/G(*OH) increases. At 350C the H atom
measured in BD saturated water at ambient temperature as well yield reaches up to 30% of the total yield WH radicals in
as at higher temperatures. This spectrum is dominate®bly our system, and uncertainty of its extinction coefficient can

absorption but includes contributions from &toms, HO,, and impact the measured rate of reaction 1. This absorption has been
HO»/O»*~. The G values for'OH and H were calculated on identified as a red shift of those water molecules in the
the basis of data reported previously by Lin et’aup to immediate solvation shell of the H atotfiThe absorption edge
350 °C. From the totalG(*OH + e 54 + H*) reported by of water itself shifts to the red by 0.5 eV from room temperature
Lin et al. we subtracted the sum dB(H*) and G(e ag to 350°C,?” and a similar shift may be expected for the H atom

determined in our laboratory from gas product analysis in absorption. If a 0.5 eV shift occurs, the® ldtom extinction
irradiated NO-saturated aqueous solutions of phenol and coefficient will reach a value of about 190 M cm™! at
EtOH-ds.32 These numbers are tabulated in Table 1. The 250 nm (at room temperature this is the extinction coefficient
values of HO, were taken fromy radiolysis experiments  at 230 nni®). The values between room temperature and 350
reported up to 300C and were extrapolated up to 38Q.13 °C were scaled with the temperature according to this assump-
The measured absorption at room temperature was cor-tion and are summarized in Table 1.

rected for H atom absorption using the spectrum reported by  H,O,. Hydrogen peroxide, whose extinction coefficient at
Nielsen et aP3 At higher temperatures spectra were corrected 250 nm is roughly 22 M! cm~1,33:34 needs to be included in

for H* atom absorption assuming the same red shift as was foundthe fitting as it is a final product ofOH decay. The apparent
for the absorption edge of water itself (see beldWVe also increase of the relative final absorption (see section B) implied
made a small correction forJ@, absorptiod®3*assuming that  that the hydrogen peroxide UV spectrum also becomes more
its spectrum also red shifts with the temperature. Figure 2 showsintense or shifts to the red at elevated temperature. This spectrum
resulting spectra ofOH radicals in the range of 3850 °C. is very difficult to measure accurately at elevated temperature
All spectra were obtained at the same dose withiB% because hydrogen peroxide catalytically decomposes on metal
deviation in day to day experiments. The spectrum obtained atoxide surfaces. We estimate the®j extinction coefficient by
room temperature agrees very well with the spectra recordedassuming a red shift of the J8, absorption spectrum with
previously by Nielsen et &8 and other$:3® With an increase  temperature similar to that of water. The result is consistent
in temperature we observed an apparent decrease of absorptiowith the magnitude of the product absorption at 250 nm. The
at the wavelength of our interest, i.e., 250 nm. However, above values are summarized in Table 1. It has subsequently been
300 °C we observed a sudden increase of the absorption atpointed out to us that the long-wavelength (longer than 230 nm)
250 nm and shorter wavelengths. After correction for the red- tail of H,O, absorbance in the gas phase does increase
shifting H atom absorption, it became obvious that with the substantially with temperatufé,and this may also contribute
increase of temperaturé®H absorption continuously decreases to the liquid-phase result.

at the wavelength of interest. Therefore we collected also HO./Oz~. As a product of reaction 2, the effective extinction
G x e values at 250 nm for all remaining temperatures in the coefficient of this radical at neutral pH was expected to be very
experimental range. The change of extinction coefficient at important for data analysis. We have measured the effective
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Figure 4. UV absorption spectral time evolution for,8 aqueous

2 0 2 4 6 8 1012x10° solution after a 10 ns electron pulse at 380 (®) 60 ns after electron
Time (s) pulse; © 2 us after electron pulse;a) 10 us after electron pulse.

. . . . ) Inset: same spectra normalized at 250 nm. The relative absorption
Figure 3. Comparison ofOH radical 250 nm absorption decay profiles  yeocrease is especially pronounced near 310 nm.

recorded at 228C (upper) and 350C (lower) with global fit traces

superimposed. .
penmp The product absorption comes from one of the two mecha-

extinction coefficient for H@/O,*~ in the temperature range nisms mentioned above. We tested both. Fitting reaction 2 with
30—-350 °C in neutral water containing 5.2 10-2 m H, and room-temperature hydrogen peroxide extinction coefficient
6.5 x 1074 m of oxygen38 The change of effective extinction ~ required larger rate constants f@H + H,O, than one would
coefficient at 250 nm with temperature is summarized in Table expect from Arrhenius extrapolation of literature d&ahat
1. With the increase of the temperature we observed gradualapproach led tok, being almost 3 times higher than the
decrease of the extinction coefficient from roughly 1880 to extrapolation at 350C, and the temperature dependence in the
720 M~tcm L This is the result of the shifting from ionic form  entire experimental range deviated distinctly from the previous
to protonated form, as thekg value of the radical is expected results?> On the other hand, forcing Arrhenius behavior of
to change from 4.8 at room temperature to about 7.05 at reaction 2 and allowing for peroxide absorbance adjustment led
350°C.39 (This room-temperature value is roughly 15% lower to roughly 3 times larger kD, extinction coefficient at 350C
than the number reported by Bielski et'%it pH= 6 but agrees than at room temperature. This result is not impossible if the
with the later Elliot and Buxton observatiof§.More detailed ~ Spectrum red-shifts, as was already discussed. (It has now also
analysis of H@/O,~ spectral changes with temperature have been pointed out to us that the gas-phase absorption,0$ H
been presented in a paper dealing with the reaction*afith ~ increases with temperature in this wavelength regiprior
0,.38 either explanation of the product absorption, the temperature
B. Data Analysis. Initially, we analyzedOH decay traces  dependence of reaction 1 was basically the same and the
using the simplest model possible. We applied just the two numbers shifted only $815%. From this exercise we conclude
reactions (1) and (2), and we were able to achieve reasonablytha'[ we are able to achieve good estimation of the rate of the
good global fitting for data collected in the entire experimental Second-order decay ¢®H radicals, but the experiment cannot
temperature range. The first observation resulting from collected deliver exact information about temperature changes of the rate
data was that on increasing temperature to 350ve saw a  coefficients for reaction 2.
gradual increase in the product absorption after completion of It is worth noting that an additional obstacle comes from
reaction 1. A comparison of signals collected at 225 and 350 uncertainty in the sapphire transient absorption contribution at
°C is presented in Figure 3. With an increase of the temperaturehigher temperatures. As mentioned in the Experimental Section
the ratio between initial and final signal amplitude decreases, all the measurements in the SCW cell required subtraction of
suggesting that either the,8, product extinction coefficient  sapphire absorption signals. The signal amplitude from sapphire
increases with temperature or the rate constant for reaction (2)windows at longer times after the electron pulse increases
is higher than extrapolated from d&aollected in the tem- dramatically with temperature, and at 350 it is comparable
perature range 25150 °C. (The*OH radical spectrum was  with the transient absorption signal amplitudes resulting from
already corrected for temperature, as explained above.) the irradiation of aqueous solutions. The comparison of sapphire
To check that the UV signal observed afte&H decay does  absorptions at temperatures varying from 200 to 38@or two
not arise from theOH but rather from the products, i.e., both commercial sapphire windows is presented in the Supporting
H,O, and HQ*/O»~ radicals, we performed an experiment Information. One can expect that if the temperature of the
showing the time evolution of the spectrum at 38C. sapphire windows in the empty cell differs enough from the
Figure 4 presents the result of this experiment. Proceeding fromtemperature of the sapphire windows with the fluid in it (the
time zero after the electron pulse toward longer times, we thermocouple placed in the cell does not touch the window
observed a gradual decay of the spectrum. However, in the surface but rather the liquid phase in the center of the cell and
region of 310 nm we found almost complete decay of the band indirectly the body of the metal cell), an error could result in
that is related to the gas-phas®H radical absorptiotd the corrected residual absorption at longer times after the pulse
(see Discussion below). This seems to confirm that the product of electrons. Therefore we exchanged sapphire windows and,
absorption completely dominates by i6. instead of commercial synthetic sapphire windows (ESCO
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Products), we used heat exchange method manufactured vacuum-

UV-grade sapphire windows (HEM VUV sapphire, Crystal
Systems) that were expected to have a lower level of both
impurities and crystal defectd In fact, the transient absorption
profile of vacuum-UV-grade windows in the deep UV was much

more convenient for transient absorption measurements at >
elevated temperatures (The comparison of the transient absorp-

tion signals of the two different types of sapphire windows at
350 °C is shown in Supporting Information along with

some other data comparing the two types of windows).
Where inexpensive commercial windows show increase of
absorption after the pulse, the vacuum-UV-grade windows
show a small bleaching with no apparent change in the
transmittance level on the time scale of experiment. To compare

how this difference affects our data at the highest temperatures,

we performed a series of tests. The resulQifl decay analysis

at 300-350°C showed that, by using either vacuum-UV-grade
or commercial grade windows, we were able to obtain compa-
rable results fork;. However, signals related to the product
formation, i.e., several microseconds after the electron pulse,
differed enough to change by 100% the numbers fgd4++ or

k. (depending on the fitting approach; see above) at 350
We concluded once again that the level of confidence for the
numbers reported for reaction 1 can be relatively high, but to
avoid the problem of sapphire absorption, the vacuum-UV-grade
sapphire windows should be used in the range-38&D °C.

Ultimately, we could not determine from fitting whether the
long-time absorption originates from,8, or the HQ*/O,*~
radical or both together. To settle the issue, we performed back-
to-back experiments at 30@ at neutral pH and at pk 11
(i.e., 103 m NaOH) where we expected to seg Orather than
HO; in the case of reaction (2) dominance. Thg Gxtinction
coefficient at 250 nm is twice as large as that of 8. The
result of the experiment shows no change, to within 5%, in the
product absorption aftefOH decay. It convinced us that the
final absorption originates mainly fromJ8, at this temperature.

C. Fitting Model. Even though we were able to fit our data
with a very simple model including only reactions 1 and 2, there
are certainly other processes contributing to the kinetics, and
the fitting parameters of the simple model may not give correct
rate constants. We built a more extensive fitting model that
accounts for all other reactions occurring during the water
radiolysis as well as including all extinction coefficients for the

other absorbing species present in the system. With extensive

testing, we converged on the following list as the only significant
processes in the JO-saturated water system on the time scale
of interest:

"OH + "OH— H,0, 1)

"OH + H,0, — HO," + H,0 )

€ g N;O + H,0—"OH + N, + OH~ (5)
"OH + H —H,0 (6)

HO, < 0, +H" @)

H +N,O—"OH+N, 8)
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Figure 5. Temperature dependence of reaction 1 rate constanfs: (
values reported by Elliot (®) experimental values from our studies;
(---) SACMICT limiting high-pressure gas-phase values reported by
Troe and Ushako¥ (—) diffusion-limited rate constants calculated
on the basis of the Smoluchowski equation wit= 1; (O) limiting

kact calculated on the basis of the Noyes eq 3 with use of gkggn
and kobs

TABLE 2: Fitted Rate Constants for Reaction (1)

temp €C) ks x 1071°(M~1s71) 4 20%
150 1.06
200 1.25
225 1.14
250 1.21
275 1.20
300 1.14
325 1.07
350 0.99

et. a2 up to 150°C. As explained above, the HOproduct
makes little contribution to the final absorbance at high
temperature, and our data are consistent with the Arrhenius
extrapolation. Reaction 6 rate constants were calculated as by
Elliot.1326 Reactions 77 and 8 were estimated as described
in our recent publicatiof® These reactions all represent minor
corrections to theOH recombination kinetics. The extinction
coefficients andG values were applied as stated above. For
studying second-order decay*@H radicals, three doses were
chosen for each temperature, varying from 11 to 70 Gy.
Figure 3 presents the experimental data collected ¥ N
saturated water at 250 nm with global fitting curves superim-
posed at two temperatures: 225 and 360 Figure 5 shows a
plot of the rate constant for reaction 1 studied in the range
150-350 °C. The new rate constants are summarized in
Table 2. The data points shown represent an average of the fitted
rate constants obtained for the set of fitting parameters varied
within their accuracy limits at each temperature. Th20%
error bars are indicative of the range of rate constants obtained
when the fit was “good”, but this is a qualitative rather than a
guantitative measure. The data below 2@0were obtained by
Elliot et al26 Our new measurements match quite well with the
previous results, when the extinction coefficients are adjusted
to common values. Above 20€C, the rate constant stays
basically on the same level around 1x210° M—1 s71, The

The reaction 2 rate constants were extrapolated using thevalue of this rate constant at 35C was overestimated by a

Arrhenius parameters determined previously by Christensen

factor of 2.5 by the best previous extrapolatidfs.



1840 J. Phys. Chem. A, Vol. 111, No. 10, 2007 Janik et al.

IV. Discussion spectra, one can see changes at 310 nm showing up already at
Althouah it was never our intention. we find that we h 90 °C, and becoming more pronounced at P8 It is there-
ugh 1t w verouri lon, we T We NAVe ¢ no surprise that we were able to record this change as well.

gathered significant new information on the UV absorption , )
spectrum ofOH radical in water during the course of our study. _ BY analogy with the band observed in the gas phase around
f 307 nm, and interstitialOH in crystalline ice at 280 nm, the

We first review this subject and provide an interpretation o

the spectrum changes consistent with our kinetics data. We thersiMPIest COQCIUSiO” is that the observed absorption at 310 nm
consider the new rate constant information for reaction 1 and 'S related to"OH radicals that are not hydrogen bonded, and

make a connection with high-pressure gas-phase measurement{1® 230 nm band corresponds to hydrogen-bor@#d With

-OH Radical Spectrum At room temperature tH@H radical increasing temperature the population of hydrogen-bonded
has a broad absorption band with a maximum around 230 nm'OH radicals should eventually decrease, and the 230 nm band
and a long-wavelength tail that extends beyond 320 nm even should decrease as the 310 nm band increases. This is actually
out to 400 nm. Our result, shown in Figure 2, corresponds well the case in our experiment, and it makes sense of our preliminary

to the results reported over the last 30 yeésRs®4546As we observation that the 250 nm extinction coefficient *GfH

were not able to extend our measurements below 230 nm atdecreasgs "j.u elevated temperature. Simple inspection of the
pectra in Figure 2 then suggests that at 360ess than half

higher temperatures, we cannot discuss any changes in the band . ) .
maximun® or the existence of an additional band described of *OH radicals are hydrogen bonded! This is also the conclusion
previously in the 188200 nm regiorf5 The most recent reached in a fully classical MD simulation e®H in SPC/E
studies by Alam et. 41 have shown no special features at Vater by Svishchev and Plugatyr.
190-250 nm of the*OH radical spectrum, in contrast to the =~ However, we still have the problem of the origin of the
spectrum reported by Czapski et¥%nd other researchefs. 230 nm band. We agree with Treinin and HaSiat 1.4 eV
This discrepancy has been neither resolved nor discusseds far too large a solvent shift for the intramolecutaf — 23 *
recently but is most likely explained by the larger spectral transition. The smaller but already very large 0.8 eV blue shift
bandwidth (not reported in the paper) in Alam’s experiment Of the lowest water band has its origin in a ground-state to
compared with the narrow bandwidth (0.95 nm) used edffier. Rydberg transition, where a very large condensation effect is
Nielsen et al. suggested this band below 200 nm was similar in plausible. As for the claim there is n@H/OD isotope effect
origin to the H atom absorptiorra red shift of the water ~ for the 230 nm band, this is not clearly supported by the
molecule absorption in the first solvation shell of the rad#®al.  published spectra. The comparison of spectra is made very
(Though it has not been noted in this context, a bound to difficult by overlapping bands in the deep UV, a difference in
unbound?[1 — 23~ transition should also be found in the spectrum shapes, and possible absorbance by other transients.
vacuum UV around 170 nif) It makes more sense that the 230 nm band is a charge-transfer
The 230 nm band observed witBH in liquid water is not band of*OH radicals that are hydrogen bonded to water, and
found for*OH in the gas phase, which only has one near UV thatthe 310 nm band corresponds@ which is not hydrogen
absorption band around 307 #7250 corresponding to bonded. Then the guestion remains, where is the intramolecular
a 2[T — 2=* intramolecular transition. In crystalline-B ice °[1 — 23" absorbance forOH that is hydrogen bonded to

two forms of*OH radical were reported. One was reported in Water? We suggest this is the origin of the weak long tail
the region above 200 nm very much [#@H dissolved in liquid ~ €xtending to 400 nm in the room-temperature spectfu@ur

H,O and was believed to be hydrogen-bond@H (in a experiments have not probed this spectral region, but we predict
substitutional positiont and the other with maximum at thatthe long tail will attenuate at higher temperature much like
280 nm was believed to BOH in “interstitial” positions®? the 230 nm band.

Treinin and Hayon argued that the apparent blue shift The sudden increase in the initial deep UV absorption below
(1.4 eV) of the 230 nm band in water relative to the 307 nm 250 nm observed above 30@ (one example is shown on
band in vacuum is too large to be explained by a solvation Figure 4) is not explained by our hydrogen-bonding inter-
effect33 They ascribe th&OH absorption at 230 nm to a charge- pretation. However, it can be understood on the basis of
transfer transition involving kO as donor andOH radical as three trends: (i) the Hhatom yield increases in the range 300
acceptor, much like the ‘Hatom absorption. Nielsen et al. 350°C by more than 60%; (ii) the thtom spectrum, originating
disagreed with this assessment and noted a small isotope effecwith water molecules in the solvation shell, can be expected to
on the 230 nm band folOH in HO relative to*OD in D,O, shift toward the red in the same manner agOHwith the
whereas isotope shifts for'latom vs D atom and for solvated ~ temperaturé® (iii) the *OH radical room-temperature band
electron deep UV absorption in the two solvents are quite observed at 180 nm could shift to the red in the same manner
apparent3 These authors instead compared D&l spectrum as the M atom. It has been found that the® UV absorption
with the (0.8 eV) blue shift of the UV spectrum of,@ on edge shifts by 0.5 eV from room temperature to 33D,
going from the vapor to liquid® This disagreement over the corresponding to roughly a 20 nm red shift in the B\If we
origin of the*OH spectrum has apparently not been discussed assume similar behavior for the® lditom, we estimate that at
further since that time. 350°C and 230 nm, the extinction coefficient of ekom would

Spectra have since been obtained at higher temperatures. Ibe 613 M1 cm™%. Comparing yields of Hand*OH at 350°C
their very first paper about high-temperature pulse radiolysis, and their extinction coefficients indicates that the initial absorp-
Christensen and Sehested repor@H spectrum changes from  tion at 230 nm originates roughly 50% from the &om and
20 to 200°C.*8 A decade later in their high-temperature analysis, 50% from*OH radicals. Using the shift of the’tdtom spectrum
Buxton and co-workers reporte@H?*! and*OD>* spectra and by 20 nm to correct the apparent initial absorption spectrum of
claimed no significant changes with temperature. However, these*OH radicals below 250 nm, we were able to recover a shape
published*OH radical spectra do show evidence of a change of the *OH spectrum at 350C that resembles very well the
with temperaturé! The spectra normalized at 250 nm very shape observed at lower temperatures. Nevertheless, kinetic
clearly?* show temperature-related differences in the 310 nm experiments performed above 300, among them measure-
region. Looking back again to Christensen and Sehedfed’'s ments of the 4+ O, reaction rates that are the subject of
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another articlé® lead us to the conclusion that a 0.5 eV shift In a preceding papéf,we reported a very similar result for
of the B atom spectrum is somewhat too high, as the fitting of reaction of H atoms with Q. Once the diffusion limit was
kinetic traces indicates that its extinction coefficient at 230 nm accounted for using the Smoluchowski equation and the Noyes
cannot reach values larger than those of*E radical. This equation, an activated rate constant in “perfect” agreement with
leads us to point (iii), that the absorption spectrum*©H the gas-phase high-pressure limit was found. In that system,
radicals changes not only in response to the hydrogen bondingthe result may be expected because botlatdm and @ are
but also because of a red shift of the third band below 200 nm, hydrophobic. The water solvent has very little effect on the
which could originate with the solvating water molecutes? intermolecular potential near the reaction “bottleneck” and
Another explanation for the deep UV result above 30D simply acts as a very efficient “third body”. (There is no barrier
could simply be a distortion error related to the broad mono- to reaction for approximately 4%pproach of Fwith respect
chromator bandwidth used at 230 nm. This was not expectedto the O-O internuclear axis, but for other angles a substantial
to affect the data at the time of experiment because thadtn barrier is present.) In the present case the close agreement of
spectrum was not expected to contribute much at 230 nm. gas-phase and aqueous-phase reaction rates is surprising. The

Further studies are clearly needed to clarify these spectrumgas-phase reaction path is expected to involve a metastable
changes in the deep UV. HO---HO hydrogen-bonded pair, with a transition state that

The evident spectral changes*6H radicals are reflected in involves rotation of the central ‘Hhtom out from between the
the determination ofOH radical absorption at the wavelength O atoms. In liquid water we can expe€@H to be hydrogen
of interest, i.e., 250 nm. The changes of extinction coefficient Ponded to water much of the time, and other angles of approach

for 250 nm versus the temperature from our experimental data ProPably dominate. The good agreement indicated in Figure 5
are presented in Figure 2 (inset). Given insufficient information Means that the barrierless inner reaction channel for oxygen
about the M atom spectrum, one might expect a systematic XY9en approach dominates in both phases, and that this channel
underestimation of theOH extinction at 250 nm. In this IS not strongly perturbed by the water solvent.
eventuality, the rate constants obtained here will be lowered The most surprising aspect of the comparison with the gas-
by at most 25% at 350C and deviate less than this at lower phase result is the slightly negative temperature dependence of
temperatures. kacw in apparent agreement with the gas-phase negative tem-
*OH Radical Recombination. Our reaction rate measure- Perature coefficient. In the gas phase this behavior comes
ments fall within 20% of numbers reported previously up to Primarily from the statistical factor foffly, and Iy, spin-—
200°C by Elliot et al26 When we correct the previous results Orbit states of theOH_radlcaI?7 The spin-orbit splitting is
for the *OH absorbance changes vs temperature as describedt39 €M%, with ?I13; being lower in energy. The ground singlet
above, we have an excellent match between the data sets. Thétate of HO, product correlates with a pair of separatét,
Noyes eq 3 was used to correlate the previous data, assuming©H radicals. At very low temperatures orfifl, is populated,
that thekac rate constant follows an Arrhenius IdExtrapola-  and*a of the collisions will correlate with the singlet ground
tion of this fit does not match our experimental numbers above State, the rest correlating with repulsive triplet excited states.
200 °C. It seems somewhat surprising that the studied rate At higher temperatures[ly, becomes populated, resulting in

constant does not change above 2a0and remains basically ~ @ larger percentage of nonreactive collisions. In the limit of
unchanged up to 358C. KT> 139 cn1l, the statistical factor will react;s. The negative

temperature coefficient comes from this transition of the
limit for reaction 1 from the Smoluchowski equation, using statistical factor betweet, at very low temperature aridh at

relative diffusion coefficienD = 4.6 x 107° m? s™* at room very high temperature. o

temperature, and scaling the temperature dependence by the ratio HOW can _the same statlstlc_al fe_lctor apply to the agueous-
of T/viscosity. The reaction distand® is assumed to be 4.4  Phase reaction? If th&H radical is hydrogen bonded, this
A.,13 independent of temperature. (We note immediately that Should quench the orbital angular momentum, and the-spin
these estimates could be up to 25% off.) Isol&[ddOH radical ~ Orbit states’Ily, and [Tz, are no longer eigenstates of the

is characterized by a large spinrbit splitting of 139 cm?, potential. We have to expect that this is the situation in liquid
due to the orbital angular momentum about the internuclear Water much of the time, in between brief moments when the
axis50 Hydrogen bonding is expected to quench this angular hydrogen bond breaks ar®H exists as a freely rotating
momentum and the resulting spiorbit coupling. However, the ~ mMolecule. (The UV absorption spectrum discussed above
fluctuations of hydrogen bonding within liquid water probably Suggests that such moments do occur, and are even very
result in a very fast and large modulation of the local magnetic common at higher temperature and lower densities.) When the
field in the*OH radical; this can be expected to cause very fast ‘OH radical breaks free of hydrogen bonds, the probability of
spin relaxation within the radical encounter pair and justifies forming ?Ily; or ?I1s; eigenstate is dictated by the Boltzmann
the use of a spin factgt = 1. In Figure 5 we plot the estimated factor for the given temperature. It would seem that the only
diffusion limit along with the observed rate constants from this Way to get exactly the same temperature-dependent statistical
study and from the earlier study of Elliot et?lUsing the Noyes factor for both gas- and aqueous-phase rate constants is if the
equation, we then deduce the rate conskaitwhich is plotted reaction path involves breaking hydrogen bonds to both radicals,
in Figure 5 as the open circles. The dashed line in Figure 5 momentarily producing th&1y; or ITs2 Spin—orbit eigenstates
represents the limiting high-pressure gas-phase values calculate@f the free*OH. Note that this is consistent wifh = 1 used

by Troe and Ushako?:57 One can see that the calculateg above in the Smoluchowski equation, because essentially each
Corresponds very well to the ||m|t|ng high_pressure VaerS, re-collision of an encounter pair could giVe a new random pair
with nearly the same magnitude,and above 20G0the same  Of [1u or 2ITg; states.

weakly negative temperature dependence. By tweaking the It seems just as likely that the weak negative temperature
estimate ok to a lower value, we could get nearly the same dependence in our data above 2@ is due to other factors
negative temperature coefficient over the whole temperature (not the least of which could be experimental error), producing
range. a serendipitous resemblance to the gas-phase result. If the

We follow the previous approathn estimating the diffusion
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