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The rate constants for the reactions of nitrobenzene with the hydroxyl radica) é0H hydrated electron
((€7)ag) in water have been measured from room temperature t6@0@sing electron pulse radiolysis and
transient absorption spectroscopy. The diffusion-limited reaction of nitrobenzene witly, €xhibits
temperature-insensitive activation energy up to 300 indicating that the activation energy for electron
diffusion remains high over this range. The)g reactivity is explained as a long-range electron transfer,
and the results are interpreted in terms of extended Marcus theory and Smoluchowski relationships. At 380
°C, the rate constant has a density dependence similar to that previously reported forgthecéwenging
reactions. The reaction rate of nitrobenzene withr @Hery insensitive to temperature from room temperature

up to 300°C, in agreement with previous studies. Above 300 the rate constant increases as the critical
temperature is approached and exceeded. Time-resolved electronic absorption spectra of the nitrobenzene
radiolysis transients reveal complex kinetics involving multiple absorbing species.

. Introduction The reaction of nitrobenzene with-(gqforms a nitrobenzene

. . - radical anion
Recent designs for more economic and thermally efficient

water-cooled nuclear reactors would operate the primary cooling CeHsNO, + (€ ) CeHsNO,™ (1)

loop at higher temperatures and pressures that exceed the critical h has b h be diffusi lled
point of water (374°C, 221 bar)}—23 The radiation-induced The process has been shown to be diffusion-controlled at

chemistry of water remains largely unknown under these temperatures up to 2002 A m.otivation.fo.r th? current work
conditions, and most of its reactions have been measured onlywa‘S to_determlne Wheth_er reactlo_n_ 1 eXh'b'.tS d|ffu3|on_- Cof‘tr‘?”ed
up to 250°C (or less) Water radiolysis has crucial implications _behawor up to supe_rcrltl_cal condlt_lo_ns, which CO.UId give insight
for the corrosion processes occurring in the primary cooling into the electron diffusion coefficient over this temperature
loop of the reacto?:56 This manuscript is the second in a series ange: The present study extends previous measurements up to

that addresses the radiation-induced chemistry of water at400°C and reports the density dependence of the reaction rate

supercritical temperatures and pressures and provides represerfit 380°C. JPSt above the_critical temperature.
P P D b P The addition of Ok to nitrobenzene forms the nitrohydroxy-

tative data for the reactivities of radiolytically produced speties. lohexadienvl radical
Hydrated electrons ((8ag and hydroxyl radicals (Ot} cyclohexadienyl radica
represent two of the primary species formed in water radiolysis. CeHsNO, + OH" — C;H-NO,(OH") (2)
It is therefore necessary to understand their individual reactivities o ) ) )
and roles in water radiation chemistry. To date, few experiments A récent pulse radiolysis study examined this reaction up to
have been carried out to discern their reactivities in supercritical 390 °C and showed that the rate constant is very insensitive to
water. We perform pulse radiolysis followed by transient temperature up to 350C.}2 Above the critical point, the rate
absorption to follow the kinetics of (8.qand OH scavenging ~ constant was shown to increase approximately two-fold. The
by nitrobenzene. Nitrobenzene has been shown to be reactiveCsHsNO2(OH?) product has a strong visible absorption in the
toward both speciels27 Experimentally monitoring the reactions 400 nm region, making reactio2 a useful reference to gauge
of (e7)ag and OH with nitrobenzene is easy because both against OH reactivity with other species. We have repeated
reactions are characterized by strong visible absorption changegrevious measuremetitsto confirm reported rate constants
(discussed below). This makes nitrobenzene a convenientin Preparation for a study of the OH- H; reaction. Time-

reference partner for competition kinetic studies of other OH resolved spectra of the nitrobenzene radiolysis transients reveal
scavengers. complex kinetics involving multiple absorbing species. Most
notably, it appears thattdtom addition to nitrobenzene strongly
T Work performed under the auspices of the Office of Science, Division interferes with the measurement of Gkihetics at temperatures
of Chemical Science, US-DOE under Contract No. W-31-109-ENG-38. above 300°C.
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20 MeV electron linac accelerator. The sample cell and flow tubing. The capillary tubing was immersed in a controllable
system were described in our previous publicatibffsA temperature bath. The bath temperature was adjusted to change
Faraday block on a shutter placed before the sample cell wasthe water viscosity. With a fixed flow rate controlled by the
used to check the charge per pulse (dose) periodically to ensureHPLC pumps, this viscosity adjustment regulates the sample
similar pulse amplitudes over the course of a day. Typical dose pressure. System pressure and temperature were continuously
fluctuations over a day wer&5% and shot-to-shot variations  monitored during the experiments via a piezoelectric pressure
were +2%. transducer (Omega PX02 series) and thermocouples. Normal
Analyzing light was obtained from a 75 Watt xenon arc lamp, system stabilities werg-0.2°C and+0.1 bar. System flow rates
pulsed for~300us. The lamp pulse was timed so that the linac were generally 2.62.5 mL/min, adjusted as necessary to set
pulse coincided with the most stable, flattest portion of the lamp the proper pressure. Each time the nitrobenzene concentration
response. For (94 SCavenging experiments, the decay of the was changed, the system was flushed fer3min to ensure
(€7)aq @bsorption spectrum was monitored. Because thixde  adequate time for sample renewal in the flow system and sample
absorption spectrum is sensitive to both temperature and densitycell.
wavelengths for electron scavenging experiments were chosen Previous supercritical water oxidation experiments have
to coincide with the absorption maximum at each temperature. shown that nitrobenzene decomposed in supercritical water at
(The red shift and width of the (§.q spectrum at elevated 440 °C;3132 however, its stability was confirmed under the
temperatures will be the subject of a future publicafidn.  present concentration and temperature conditions. Spectra of
Wavelengths were selected using 10 nm bandwidth interferencenitrobenzene samples were taken after passing through the
filters (Andover Corporation) and ranged from 750 to 1200 nm. sample cell with both BD and Q present at various temper-
A germanium photodiode (Germanium Power Devices GMP566) atures and were compared to spectra taken before heating. No
was used for detection. The small correction needed for its non-degradation of the nitrobenzene was observed up to°@)0

single-exponential response has been described in 8&Tdie even in the presence of,0
wavelength for Ok scavenging experiments was 400 nm and
was isolated using a 40 nm bandwidth interference filter. Time- |Il. Results and Discussion

resolved spectra of the nitrohydroxycyclohexadienyl radical were drated El . hi . fi
acquired from 400 to 520 nm using 10 nm bandwidth interfer- A Hydrated Electron Scavenging.In this section, we first
ence filters and a silicon photodiode (EG&G FFD-100) and from present the_ e_xper_|me|_1tal Kinetic results and data gnaly3|s of the
320 to 390 nm using a monochromator (Photon Technologies (e_)aq. reactivity with nitrobenzene. We then explain the)g
SID-101) and photomultiplier (Hamamatsu R1913). reactivity in terms of long-range electron transfer. The results

The flow system and sample cell have been described are interprete_d in terms of extended Marcus theory and
previously’28 Details pertaining to these experiments and slight Smoluchowski relationships.

modifications to the flow system are given below. Two sample _1' Kinetics. A Survey of hydrated _electron scavenging by
reservoirs were used simultaneously in)g scavenging nitrobenzene (reaction 1) was carried out as a function of

experiments, one containing deionized water (18.2-b, Lergper%[urle up to 4gm by_mo_nit(:]ring the _dicayé)f tr:le(;ntense
Barnstead Nanopure system) and the other a solution of Nydrated electron absorption in the near-infrared. All data were

nitrobenzene (Sigma-Aldrich, 996) in water. The nitrobenzene collected at a pressure of 24@50 bar except at 400, where
concentration was verified via UV/Vis absorptioebds.snm= the pressure was 300 bar, and at 38Qwhere data were taken

7800 M-cm-1). Both water reservoirs contained M KOH at a series of pressures. In the limit of high nitrobenzene

(diluted from Sigma-Aldrich 0.991 N standard) to eliminate concentration, the production of nitrobenzene anion occurs via
(€")aqScavenging by protons and were continuously purged with pseudo-first-order kinetics and the observed rate depends linearly

ambient pressures of Ar. For Odcavenging reactions, KOH ~ ©N the nitrobenzene concentration. The apglied dose was
was not added, and both reservoirs were initially saturated with 2diusted to give (§aq concentrations of-5 x 10" M, and aél

N,O or O for ~30 min and kept sealed with a slightly nitrobenzene concentrations used were greater thanlg-
pressurized headspace over the course of experiments, givin to ensure pseudo-first-order kinetics. Five nltrobenzeng
N0 and Q concentrations of 0.024 and 0.0013 M, respectively. concentrations were run at each temperature/pressure state point,

N,O and Q serve as electron and electronétom scavengers as well as a zero concentration. The fitted rates were plotted
respectively. NO was used for all measurements up to 225 ' versus initial concentration (concentration at room temperature
and @ was used for all measurements at 3@ and above before heating and pressurizing) and showed a linear concentra-

Use of NO in these experiments has the added advantage oftion dependence. The slope divided by the density of water at
rapidly generating additional OHia each temperature was taken as the reaction rate constant.

Typical fitted kinetic data taken at 30C are shown in Figure
1, and the corresponding pseudo-first-order plot showing the
concentration dependence of the fitted rate is shown in the inset.
- _ i The decays shown are the Jg, transient absorption at 900 nm.

0" +H,0—OH + OH (4) Nitrobenzene concentrations range from 4.4.0°6 to 2.2 x
1075 M, corresponding to the longest through shortest observed
and thus is preferred for use below 3WD. As discussed below,  decay rates (O concentration trace not shown on plot). The curves
the switch is made to at 300 °C and above to aid in  were fitted starting approximately 35 ns after the linac pulse to
scavenging the greater yield of ldtoms in this temperature  avoid minor distortions from linac noise and spur recombination
range’ chemistry.

In all experiments, the concentration of nitrobenzene was An Arrhenius plot for reaction 1 is shown in Figure 2, and
controlled by changing the scavenger solution flow rate relative fitted rate constants are given in Table 1. Vertical error bars
to the pure water flow rate using two independent HPLC pumps reflect statistical errors arising from the fits shown in Figure 1,
(Alltech 301). System pressure was maintained by restricting and most are on the order of the data point size. We have
the system output flow with a length of stainless steel capillary extrapolated an Arrhenius fit of data taken up to X@ by

N,O + (€ )gq— O + N, ©)
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Figure 1. Sample fitted data for hydrated electron scavenging by .
nitrobenzene at 30UC and 250 bar. Nitrobenzene concentrations range Figure 3. Effect of density on the rate constant for hydrated electron
from 4.4x 10°t0 2.2 x 10°5 M, corresponding to the longest through ~ Scavenging by nitrobenzene at 38D, just above the critical temper-
shortest observed decay rates (0 concentration trace not shown in rawture of 374°C.

data). Inset: pseudo-first-order plot illustrating the concentration

dependence of the observed hydrated electron scavenging rate at 30 ABLE 2: Fitted Rate Constants for Density Dependence of

ydrated Electron Scavenging by Nitrobenzene at 380C

°C.
rate constant
Temperature (C) pressure (bar) density (g/én M-sh) x 1012
190 0.107 9.72£ 0.02
400 300 200 150 100 60 40 15 0150 916 0.04
—_ ! ! L L S — 230 0.209 7.0% 0.04
- 1| e . 235 0.295 5.48 0.07
~# 1074, . 240 0.383 3.9% 0.02
! . 250 0.451 5.74- 0.12
2 6] 275 0.506 8.92- 0.33
\: 44 305 0.538 11.24 0.40
g - 325 0.554 13.33% 0.43
N -
g 2 The density dependence of the rate constant at €8s
o 1 illustrated in Figure 3. Fitted rate constants are reported in Table
O 10 8‘; 2. Data were obtained at nine different pressures ranging from
8 61 190 to 325 bar, corresponding to a density range of-0QL35
é o] g/ce. Because this represents a region where water is highly
I T T T compressible, the density is very sensitive to minor pressure
1.5 2.0 25 3.0 and temperature changes. Horizontal error bars are given to

indicate possible density fluctuations. A sharp drop in the rate
constant is seen as we proceed from the highest density down
to ~0.40 g/cnd. Continuing to yet lower densities, the rate
Figure 2. Arrhenius plot for the reaction of nitrobenzene with hydrated ~constant increases again. A very similar trend has been observed
electrons. An Arrhenius fit to previous détdaken up to 100°C is previously for reactions betweenTgq and other hydrophobic
extrapolated to higher temperatures and superimposed for comparisonspecies in supercritical water. The behavior was ascribed to the

Temperature'1 (K'l) x10°

TABLE 1: Fitted Rate Constants for Hydrated Electron

Scavenging by Nitrobenzene (Reaction 1)

potential of mean force separating the')ig from the hydro-
phobic species in a compressible flditlVe do not ascribe the
behavior to (e),q diffusion because the reaction of Etoms

t?g;p (Mrﬁfg_%ozsi?pfo t?g;p (Mr?fs_%OQS{?EO with OH™ has the same density dependence well below the
diffusion limit.”

28 3.53+0.04 250 83.4£3.2 2. Electron-Transfer ModelPrevious reports have demon-

;’g gigi 8;2 ggg ﬂi‘l‘ strated thqt there are few_reactions that are truly diffusion
100 14.0+ 0.2 350 122+ 3 controlled in water over a wide temperature rafge3*Many

150 247+ 0.7 380 113+ 3 reactions that appear to be diffusion-limited near room-temper-
175 33.0+:1.4 400 85.3t 3.2 ature become limited by some small activation barrier as the
200 457+ 1.0 temperature is increased. Reaction 1 was claimed to demonstrate

“diffusion-limited” behavior up to 200C,2° but this claim was

Freeman and co-workéfsand superimposed it for comparison. made without knowledge of the (g diffusion rate. The
Clearly, our measurements agree quite well with the previously activation energy for (€)aq diffusion in water measured up to
reported activation energy up t6200°C. From 175°C up to 100°C is 20.3 kJ/mof2 The same activation energy applies to
the critical region, the new data exceed the extrapolated the diffusion-limited bimolecular recombination of two electrons
Arrhenius values. Above the critical temperature, the rate up to 150°C.34 Consequently, it can be assumed that the
constants cross over and then undershoot the extrapolation. diffusion-limited activation energy for a reaction involving g,
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~ [ The long-range electron-transfer reaction of’)gg with

g 1.0 - nitrobenzene can be viewed in terms of the){gmoving from

= its solvent potential well into a potential well centered on the
8 0.8 nitrobenzene. Such a process can be analyzed in terms of
s extended Marcus theory. The result of Marcus theory and its
S extensions incorporating quantum vibrational degrees of freedom
E 0.6 1 is an electron-transfer rate expression taking the $#&rf

g 0.4 H - Y2 & (AG + A + nhw)?

= WRT) = — Ze —exg————

g 0.2 1 h kT & nd 40k T

& 00- (6)

I I I J I I whered is the solvent reorganization enerdis, is the electronic

0 50 100 150 200 250 300 coupling matrix element for reactants a and b, &@ is the

T C free energy of the electron-transfer reaction. The weighted sum
emperature ( ) is termed an effective FranelCondon density of states for the

Figure 4. Temperature dependence of the average reaction distanceacceptor ground state with the vibrationally excited state of the
for hydrated electron scavenging by nitrobenzene, calculated using theproduct and is taken over quantized vibrational states of the
Smoluchowski equation with measured reaction rates. Data by Freemamproduct with energiesyhv. The S terms are HuangRhys

et al?? below 100°C (squares) and the current data (triangles) up to  g|ectron-vibration coupling constants for each vibrational mode

300°C are shown, along with fits obtained with eq 9. The solid curve A2 . . . .
is the fit to data obtained by Freeman and the dashed line is the best\VX/hereS_. A%ZhandA is the dlmenS|(_)nIes_s mode displacement.
fit to both data sets, assuming temperature independenaeaati 3. (R, T) is dependent on the reaction distarR¢hrough the

coupling matrix element, which behaves exponentially as
should be 20.3 kJ/mol up to 150C and also at higher

temperatures if the (9.4 diffusional activation energy remains Hab2 = a expBR— Ry) (7)
constant. Analysis of the data points in Figure 2 from room

temperature up to 100C gives a 2\’7&"“9 of 17.6 0.8 kJ/mol,  Here, o is the coupling matrix element for a doreacceptor
similar to previous report§:242627The slope remains nomi-  pair at van der Waals separati®g andp is a constant scaling

nally the same within error limits up to 15€. It was argued  the distance dependence. The distance dependence of the rate
by Schmidt et af? that reaction 1 is a diffusion-limited, long- 5 4150 manifested through the reorganization energy. Assuming
range electron transfer process, which accounts for its activationgpherical initial (i) and final (f) states, the solvent reorganization
energy slightly below 20.3 kJ/mol in the low-temperature region energy can be expressedas

(see below). There is an apparent increase in the activation

energy of reaction 1 from 158C up to where the rate begins 1 1\/ 1 1 1
turning over near 306C, and fitting the slope from 150 to 300 A= (_ N G_J(E or. ﬁ) (8)

°C gives a value of 20.& 1.1 kJ/mol. These values suggest ' f

essentially diffusion-limited behavior for reactlon.l from.room whereeq andes are the optical and static dielectric constants
temperature up to 30TC. Above 300°C, we have insufficient of the solvent, respectively.

€opt

information to make this assertion. _ The basics of Marcus theory demonstrate that an electron-
Assuming a diffusion-limited reaction, from the experimental  angfer rate will be maximized when the barrier for the process
data, we can calculate the average reaction distRaeeach is minimized. The rate maximizes whexG + 4 + nhw = 0
temperature using the Smoluchowski equatigh and, under this condition, is governed solely by the Franck
k = 47RD (5) Condon factors and coupling matrix element (at a distd®)ce

For most systems displaying large changes in free energy, a
wherek is the diffusion-limited rate constant at each temperature combination of multiple internal vibrational modes and solvent
andD = D, + Dy is the relative diffusion coefficient of reactants modes can almost always provide the required energy matching
a and b. Diffusion coefficients for (@, are extrapolated from  and maximize the rate.
data below 100C .33 On the basis of previous measuremeéiits, The reaction free energy of nitrobenzene with)ggat room
nitrobenzene diffusion coefficients are assumed to follow temperature is known to b&G = —2.38 eV3345 Calculated
Stokes-Einstein behavior in water, scaling d&(T), where values ofAG; are available for (€)aqfrom 0 to 250°C .46 If we
n(T) is the temperature-dependent viscosity of water. Figure 4 assume thaAG; for nitrobenzene is constant up to 300, we
illustrates the calculated reaction distance for both the currentcan estimate the change in free energy for reaction 1 with
data and data obtained by Freeman &t Alote that the shortest ~ temperature. The temperature-dependgatis shown in Figure

reaction distance estimated is0.7 nm at 100°C. The 5. Also illustrated in Figure 5 is the temperature dependence of
nitrobenzene radius may be estimated as a constant 3.6 A fromi (eq 8) at infiniteR, taking into account changes in dielectric
the van der Waals’ equation of state for benz&n&.temper- constant and (8.4 radius with temperature. If we assume that
ature-dependent (& radius in the 2.44.0 A range can be  the electron-transfer rate for reaction 1 is maximized and, hence,
estimated from moment analysis modeling of the){gabsorp- —AG = 4, then we can solve for values Bfthat gived — AG

tion spectr&? where the radius becomes larger with increasing = 0 at each temperature. The result is shown in Figure 6. This
temperature. The large average reaction distances stronglyplot illustrates that allowing—AG = A at all temperatures
suggest that reaction 1 occurs as a long-range reaction of arequires unphysically large values fBr To obtain sensibl&®
solvent-separated pair even up to 3@rather than a traditional ~ values, the solvent reorganization energy must be lower,
diffusion-limited reaction that occurs upon “contact” of the dictating that reaction 1 must occur in the Marcus inverted
reactants. region @ < AG) at all temperatures.
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Figure 5. Temperature dependence of the free energy change (dashed'9Ure 7. Sample fitted data for Otfadical scavenging by nitroben-

line) and solvent reorganization energy at infinite reaction distance (solid 28N &t 225C and 250 bar. Nitrobenzene concentrations range from
Iine; for reaction 1. g 9y ( 5.73x 10“to0 2.82x 1072 M, corresponding to the longest through

shortest observed rise rates.

transfer reactions were obtained with= 2.5 x 10'¥ s1 and

B =0.75 AL, The raw data and fitted curve corresponding to
these values are shown in Figure 4, indicated by the squares
and solid line, respectively. The triangles correspond to the new
data taken up to 308C, and the dashed line illustrates the best
possible fit to both data sets, given by the valges: 1.6 x

101 st and 8 = 0.90 AL A more reasonable fit could be
obtained by introducing a temperature-dependgnhat de-
creases with increasing temperature. Thg4gdiffusion coef-
ficient values are unknown above 180, and our extrapolation

to higher temperatures is also a possible source of error. The
data require either a decreasgfior an increase of the already
very high (€)qqdiffusional activation energy between T5nhd
300°C.

B. Hydroxyl Radical Scavenging.In this section, we first
give an overview of the experimental kinetic and transient
spectral results of OHadical reactivity with nitrobenzene. A
kinetic model is then presented and used to assign the observed
) S spectral features and fit the kinetics. We then compare these

By convention, to say that a reaction is diffusion-limited yegyits to those of ref 12, pointing out both similarities and
implies that it occurs with unit probability upon contact of the  giscrepancies.
reactants. For a long-range electron-transfer reaction, contact 1 Queriiew of Data.Directly monitoring changes in OH
need not occur. Nonetheless, diffusion still takes a role in concentration as it reacts with nitrobenzene (reaction 2) is
determining the rate. The combined diffusion and distance- gifficult because of its deep ultraviolet absorption and low
dependent reaction can be solved in the framework of the gxtinction coefficient €225 nm= 500 M1 cm~1).19 The nitro-
Smoluchowski equation by invoking the radiation boundary hydroxycyclohexadienyl radical has an absorption maximum at
condition#’#8 An exponential distance dependence is assumed 400 nm and a moderate extinction coefficient of 5660M
for the electron-transfer probabilitp(r) = a. exp(-/r) (i.e., cmL13 Therefore, we monitored the concentration increase of
the behavior oHar?), andR is replaced by the reaction product rather than the concentration decrease of

the OH radical. The OHMradical can add to nitrobenzene in
Ko(¥) — YKi(%) three different positions to form three isomers. Data showing

p—
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Figure 6. Optimum reaction distance for reaction 1 calculated via eqs
8 and 9, based on settingAG = 1 to achieve a barrierless electron
transfer.

2 1/a\V
R*_ﬁ[0'577+ ln’ﬁ(D) 2‘_,_ [o(X) — y1,(X) ©) the differences in absorption spectra for these isomers are
unavailable to our knowledge and their spectra are assumed to
with coincide. The reaction follows pseudo-first-order kinetics in the
presence of excess nitrobenzene. Nitrobenzene concentrations
_ 2fo)\12 ap _axb used ranged from X 1074 to 6 x 102 M, and initial OH
X_B(B) exp(— 7) and Y=7>%" concentrations upon radiolysis were5 x 1076 M, giving

conditions well within the pseudo-first-order limit.
Here a is the diffusional “distance of closest approach”, and A study of hydroxyl radical scavenging by nitrobenzene
lo,1 andKy 1 are modified Bessel functions of the first and second (reaction 2) was carried out as a function of temperature up to
kind, respectively. This equation had been previously applied 400°C. All data were collected at a pressure of 250 bar except

to rate constant data obtained below 19022 where the
parameters. andj were iterated to give the best overall fit to

the reaction distance. Typical values for long-range electron-

at 380 and 400C, where the pressure was 300 bar. Sample
fitted kinetic data taken at 228C are shown in Figure 7. The
growth in the data represents the formation of the nitrohydroxy-
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cyclohexadienyl radical product transient absorption at 400 nm. /r/ﬂ“\\

Nitrobenzene concentrations range from 5307 to 2.82
x 1072 M, corresponding to the longest through shortest |
observed rise rates. Although the rise rate would follow pseudo- o
first-order kinetics in the absence of interfering reactions, we
chose to fit the data with a system of differential equations
(described below).

Time-resolved transient absorption spectra were obtained in
the wavelength range of 32620 nm nearly every 25C from
150° up to 400°C. Two examples are shown in Figure 8 (note
the longer time scale compared to Figure 7) where the top panel
(8a) shows data collected at 226 and the bottom panel (8b)
shows data at 358C. At 225°C, the initial product absorption
is observable with an absorption maximum at 415 nm. The 0.00 -

003+ |

0.D.

0.02 1

0.01 4

absorption shows a slight blue shift with temperature, shifting e
to 405 nm at 350C and 400 nm at 408C. As discussed below, > 25 doo 375 3%
the absorption decays via second-order kinetics up to°225 (es5) s00 475 430 (nm)
and at higher temperatures decays with a small first-order g wa\re'lﬂﬁgjh

component as well. The transient spectra indicate a residual
absorption remains at longer times that is immediately observ-
able after the linac pulse at all wavelengths and temperatures.

A maximum for this absorption is not observed within the il
wavelength range studied; however, its intensity increases 0
toward shorter wavelengths. Under all conditions, the residual 0.014 -
absorption does not decay on the experimental time scale. Its 0.012 4
relative intensity becomes greater with increasing temperature. & 10 -
The transient spectra also indicate the growth of another feature < 0,008 -

in the 330 nm region with anv40 us time constant. The )
intensity of this feature increases toward shorter wavelengths, il |
and the absorption maximum is not observed within the 00
measured wavelength region. The growth rate does not appear 0.002 -
to be temperature-dependent, but the absorption either intensifies 0.000 -

or red shifts with increasing temperature. The signal-to-noise
ratio in this wavelength region is insufficient to determine S > _;2'540
whether this feature decays by first or second-order kinetics. i = 500 475 430 gt (no)

2. Kinetic Model and Spectral AssignmenBased on the b Wavelen
feature§ observed in the trans[ent spectra and o'ther. data exIStIngiigure 8. Time-resolved transient absorption spectra in the region of
in the literaturé:® a model to fit the observed kinetics at 400 the GHsNO,(OH") product absorption at (a) 225 and (b) 33D and

nm is described by the reaction set: 250 bar.
CeHsNO, + (), CeHsNO,™ Q) display similar absorptions for both the Oldnd H radical
complexes at room temperatufe>2 Furthermore, the room-
CeHNO, + OH' — C;HNO,(OH") ) temperature addition rate constants are similar for nitroben-

zene3® On the basis of existing fast electron radiolysis yield
measurement&®* H* atoms should account for20% of the

CeHsNO, + H™ — CeHsNO,(H) (10) total radiolysis products at 30TC. The percentage is smaller
at lower temperatures and has a value-@0% at 200°C. With
2C;H;NO,(OH") — products (11) this percentage of Hatoms available to react, the total
nitrobenzene complex product absorption should 4120%
CgHsNO,(OH") — products (12) CsHsNO2(H*) at all temperatures beloyv 30C. However, the
N-O present in these experiments rapidly convert3(go OH
o radicals (reactions 3 and 4), nearly doubling the*@idld. This
2CgHsNO,(H’) — products (13) decreases the amount of possible absorption §ysKO,(H*)
to <15% (much less at lower temperatures). At 3@ and
CeHsNO,(H") — products (14)  above, Q was added to the nitrobenzene solution to act as an
H* atom scavenger for two reasons: (1) the relative radiolysis
OH’ + OH — H,0, (15) yield of H* atoms increases substantially at higher temperatures

and (2) preliminary studies of the reaction of ONth H, gas
The observed absorption near 415 nm is assigned to the productising reaction 2 as a competition partner demonstrattdin
of reaction 2 and, at higher temperatures, reactions 2 and 10.reactivity with nitrobenzene above 300.5° Rate constant data
CeHsNO,(OH*) has been previously reported to absorb at this for H* atom scavenging by £s available up to 225C.2> On
wavelength, and the wavelength shift with temperature roughly the basis of an extrapolation of these data and our concentration
correlates with prior dat& No temperature-dependent spectral of O,, we estimate that +Hatom scavenging should occur with
data are available fordElsNO,(H®). However, it has been known  a <7 ns time constant in the 30C° C region, ensuring that we
for decades that aromatic molecules including nitrobenzene only observe the gHsNO,(OH*) product. The loss of §Hs-
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Figure 9. Predicted hydrated electron scavenging rates fe® N

(squares), @(circles), and nitrobenzene (patterned area). The patterned 1.6 20 12'4 y 2.8 3 32
area corresponds to the range of nitrobenzene concentrations used at - -

each temperature.® and Q molal concentrations were constant for Tempel’ature (K ) x10

all experiments. Figure 10. Arrhenius plot for the reaction of nitrobenzene with OH

radicals.
NO,(OH*) and GHsNOx(H*) is described by a combination of

reactions 1314, accounting for the observed combined first TABLE 3: Fitted Rate Constants for Hydroxyl Radical
and second-order decay kinetics. Reactions 11 and 13 are>cavenging by Nitrobenzene (reaction 2)

expected to dominate the product decay at lower temperatures, temp rate constant temp rate constant
where the data show mostly second-order behavior. © (M~'s™) x 10°° (©) (M~'s!) x 10°°
The observed residual absorption is assigned to the nitroben- 50 3.6+£0.1 275 2.7+0.2
zene radical anion formed in reaction 1. The nitrobenzene anion 100 4.1+ 0.2 300 2.9:0.2
has been studied at room temperature via spectroelectrochem- 150 4.0+ 0.2 325 6.3 0.6
istry .56 It displays an intense, narrow UV absorption band at ggg g'gi 8'% ggg 1{(3)'% 1'8
325 nm but has other overlapping bands throughout the visible og5q 28402 400 16.4f 6.2

spectrum with weaker intensity. On the basis of the measured

rate constants for reaction 1 (see Figure 2), nitrobenzene will dinitrobiphenyl has been shown to occur in the 300 nm regfion.
compete with @ and NO to scavenge (§aq and eventually On the basis of Woodward'’s rules for substituted organics, it is
become the dominant scavenger at the highest temperaturesikely that dinitrodihyroxybiphenyl would be red-shifted30
recorded. Figure 9 shows the expected range of rates fiyg(¢  nm compared to dinitrobiphenyl because of the presence of two
scavenging (reaction 1) based on the upper and lower nitroben-hydroxyl groups. However, the observedlO us rise time for
zene concentrations used during the*@Hdition experiments.  the growth of this feature does not correlate with th&0 us
Also displayed are the expected Jg, scavenging ratés’ for decay of the radical species absorption unless an additional
02 and NO in the temperature ranges where they were each intermediate species is involved which is not observed in this
used in these experiments. By taking the ratio of th® N  wavelength region. Because the UV absorption for this feature
scavenging rates to the maximum nitrobenzene rates, it can bds significantly removed from the kinetics monitored at 400 nm,
determined that nitrobenzene will scaveng#0% of the (€)aq its presence is ignored in the data fitting.

in the presence of O at all temperatures. Up t895% of the Several simplifications were made to the reaction scheme for
(e7)agWill be scavenged by nitrobenzene in the presence,of O fitting the growth kinetics, i.e., the rate of reaction 2. The
at and above the critical temperature, and up-85% may be experimental data were truncated at®us after the linac pulse,
scavenged at sub-critical temperatures. This correlates well withand the decay of the product absorption was fit using first-order
our experimental observations, where the residual absorptionkinetics. Although the decay of the product absorption follows
notably increases as the temperature is raised and the switch iSome combination of first and second-order kinetics, simulations

made at 300°C from using NO to less soluble @ The show that the second-order kinetics can be approximated by a
nitrobenzene radical anion is very long-lived (100’s:.sf) at first-order decay within the first half-life. In the presence of
all temperatures. N0, the radiolysis yield of Hatoms below 300C is <15%

Reaction 15 is included in the modeling to account for of the total species formed. This yield increases above°@)0
possible loss of OHby a competing bimolecular recombination  but in this range, we have added in & an M atom scavenger.
reaction. The rate constant for reaction 15 is extrapolated from Therefore, the gHsNO,(H*) complex is thought to account for
available data below 21%C.25 Inclusion of this low activation <15% of the total product yield under all conditions, and its

energy reaction in the modeling affects the fitted ratesb96 reactions are neglected. Hence, the fit incorporates pseudo-first-
and becomes less important with increasing temperature. order growth of the @HsNO,(OH) species and first-order
The growth of the feature in the 330 nm region with-40 decay, along with possible bimolecular recombination of the

us time constant could be due to the eventual formation of OH* radicals. The presence of the nitrobenzene radical anion is
dinitrodihyroxybiphenyl and dinitrobiphenyl product species modeled via a baseline offset immediately after the linac pulse.
formed through reactions 11 and 13, where the reactions proceed An Arrhenius plot of the extracted growth rate constants is

as a dimerization of the radical species. We were unable to find shown in Figure 10 and the rate constants are given in Table 3.
spectral data for dinitrodihyroxybiphenyl, but the absorption for The data points shown represent an average of the fitted rate



Pulse Radiolysis of Supercritical Water. 2.

60
50
40
30
20
10

mO.D.

Time (us)

Figure 11. Sample data showing thessNO,(OH") product growth

and decay at (a) 15%C and (b) 300°C and 250 bar at 400 nm. Note
the two different time scales for a and b. The decays at®Gsfbllow
nearly second-order kinetics and at 3@Wshow a mixture of first and
second-order behavior. The residual absorption in b at long times is
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TABLE 4: Fitted Second-Order Rate Constants for the
Decay of the GHsNO,(OH*)/CgHsNO,(H*) Product

Absorptiona
temp rate constant temp rate constant
© (M7s™) © (M7s™)

50 7.0+1.0x 10 300 2.8£0.7x 104
100 2.1+ 0.4x 10% 325 1.1+ 0.3 x 10*
150 1.9+ 0.4 x 10% 350 1.9+ 0.5x 102
225 6.8+ 2.1x 10%

2 Note: values above 225C are suspect due to presence of an
additional first-order decay.

absorption lifetime decreases substantially as the temperature
is raised. The half-life decreases fronY us at 150°C to ~3

us at 300°C at the highest measured doses. Figure 11b illustrates
the kinetics at 300C and clearly displays the greater baseline
offset at higher temperatures because of higher concentrations
of the nitrobenzene radical anion. The need for a first-order
component becomes apparent in Figure 11b, as the fit to the
decay is poor compared to Figure 11a. The second-order rate
constants were fitted askk, and fitted second-order rate
constantsK) are given in Table 4. The extinction coefficient
was taken as 5560 M cm! and was assumed to be
independent of temperatuteAn Arrhenius fit to the data up

to 225°C gives 15.8+ 0.2 kJ/mol, very close to the 15.0 kJ/
mol activation energy for self-diffusion in water, as predicted
by the slope off/5(T) for water from room temperature up to
225 °C. An Arrhenius fit from 228 to 350 °C gives a
ridiculously high activation energy of 6& 13 kJ/mol, again
indicating the need for a first-order component in this region
and possibly a decrease in the extinction coefficient of the
product absorption. Where the second-order decay probably
represents a dimerization of the initial products to form

due to the nitrobenzene radical anion, which does not decay on the dihydroxydinitrobiphenyl and dinitrobiphenyl compounds, the

experimental time scale.

first-order decay may indicate some decomposition of the initial
products.

constants obtained for the five nitrobenzene concentrations run 3. Comparison to Prior Result§wo aspects of the experi-
at each temperature. The error bars shown represent one standarents reported in ref 12 may explain the disagreement with

deviation of this average. As previously reportéd? the rate
constant is insensitive to temperature up to 3@ It then

our data at higher temperatures. First, the data of ref 12 were
fit using a simple single-exponential growth to a plateau where

increases gradually as the critical temperature is approached andve used a more complete differential equation model incorpo-
surpassed. In ref 12, this increase was not observed until therating the multiple kinetic features at hand. Second and more
critical temperature was reached. Reference 12 reported only aimportantly, H atoms formed via radiolysis were not scavenged

factor of ~2 increase relative to the rate below 3@) whereas
our results show a factor of6. In addition, ref 12 showed a
clear dip in the rate constant at 276 which we do not observe.

in ref 12.
Approximating the growth kinetics by fitting a simple single-
exponential rise to a plateau is most accurate in the limit where

Possible reasons for these discrepancies are discussed belovihe product decay is very slow compared to the growth. As

It was not our purpose to extensively study the decay of the

evidenced by data shown here, the decay of the product

product species, so long time scale data are not available at allabsorption becomes faster at higher temperatures. AtCG50

of the temperatures listed in Table 3. However, with the product

the decay half-life is~50 us, whereas in the supercritical region,

growth rates in hand, the available long time scale data wereit is ~500 ns. The faster product decay at higher temperatures

also fit to discern the decay rate of the product absorption.

will affect the apparent growth rate if the decay is not

Second-order kinetics dominate the product absorption decayincorporated into the data fitting. Consequently, the need for
at all temperatures, but the presence of a small first-order decayincorporating the decay time becomes more crucial as the decay

also becomes apparent above 225 Fitting the entire decay

times approach the rise times, i.e., at higher temperatures. Fitting

to concurrent first and second-order decays does not give goodsample data at 380C with just a single-exponential growth
results for the first-order decay rate constant because ofshows a~30% difference in the extracted rate constant when

fluctuations in the baseline at longer times, and we merely

compared with fits using the differential equation model. The

approximated the decay with the dominant second-order kineticserror becomes smaller with decreasing temperature and by 275
and residual absorption. Figure 11a shows kinetic data at 400°C shows only a~15% difference. At 50C, the same results

nm collected at 150C. The three traces represent three applied

are obtained with both fitting models.

radiation doses, where the largest dose corresponds to the highest It has been previously demonstrated that the radiolysis yield
change in O.D. As expected for a second-order decay, theof H* atoms relative to (€.q becomes greater with decreasing

absorption lifetime decreases as the initial amount of signal

water density and increasing temperatUielow 300°C, the

increases, and all three traces coincide at long times. The productatio of H atoms to (€)aqis <0.5, but by 35C°C, it is ~1.1.



12278 J. Phys. Chem. A, Vol. 106, No. 51, 2002 Marin et al.

The radiolysis yield increase of Otlfadicals from 300to 350 (e7)aq is relatively insensitive to temperature up to 3€0,

°C is only ~5%5° This implies a greater overall contribution indicating that the activation energy for electron diffusion
of H* atoms to the radiolysis yield at higher temperatures. With remains relatively high over this entire range. The estimated
relatively more Matoms available, the relative yield of theHG- reaction radii at each temperature suggest a long-range electron-
NO,(H*) product versus gHsNO,(OH*) should increase. There-  transfer mechanism. The energetics of the reaction guarantee
fore, the product growth observed at 400 nm will no longer be Marcus inverted region behavior. Above 30C, the rate
solely due to GHsNO,(OH) if no H* atom scavenger is present.  constant continues to increase, but the reaction has a smaller
The observed growth should follow pseudo-first-order kinetics, activation energy. Just above the critical temperature, the rate
but should be biexponential because two species are beingconstant displays a density dependence similar to that previously

formed. If the rate constants for formation ofHgNO,(H*) and reported for other (€)aq Scavenging reactions involving hydro-
CeHsNO,(OH) are similar within a factor of-3, separation of phobic species.

the two growth terms will be impossible with typical signal- The rate constant for the reaction of nitrobenzene witlt OH
to-noise levels, and the growth will appear as a single is insensitive to temperature from room temperature to°&90
exponential. The rate constant for formation aHeNO,(H") confirming previous results:12 The product nitrohydroxy-

at room temperatubéis 2.3 x 10° compared to 2.5< 1(° for cyclohexadienyl radical absorption near 400 nm decays by

CsHsNOo(OH"). Because the rate constants are so similar, second-order kinetics, and the reaction has approximately
separation of the two species at room temperature is impossiblediffusion-limited activation energy. Above 30T, the rate
without use of a scavenger. If the rate constant for formation constant for Oiaddition to nitrobenzene increases as the critical
of CeHsNOx(H®) decreases at elevated temperatures relative to point is approached and exceeded. Time-resolved electronic
that for GHsNO,(OH), this could explain the discrepancy absorption spectra of the nitrobenzene radiolysis products reveal
between the rate constants reported here and in ref 12.multiple absorbing species exhibiting complex kinetics. The
Dramatically decreasing rate constants for addition of the second-order decay of the product at 400 nm becomes compli-
muonium atom (an unstable light isotope of hydrogen) to cated by a first-order component, and the absorption of the UV-
benzene in this temperature range has in fact been observed bwbsorbing product becomes stronger. Hydrogen atom addition
Ghandi et af? to the nitrobenzene becomes much more important above 300
To explain the behavior of the reaction 2 rate constant up to °C, necessitating the use ok @s a scavenger for-Hatoms to
200 °C, Ashton et al! proposed a model that breaks down isolate the Okaddition reaction. The signals become smaller,

reaction 2 into three steps and the very high reaction rate of nitrobenzene with){e
dictates that the nitrobenzene radical anion absorption cannot
CgHzNO, + OH" — [C;HNO,(OH")] , (16) be ignored. For all of these reasons, we recommend nitrobenzene

as a competition partner for Olradical kinetic studies only up
[CeHsNO,(OH)], — CgHNO, + OH' (17) to ~300°C.
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