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The pulse radiolysis technique has been employed in studying charge-transfer reactions of a@gnic C

and cationic @0, species in supercritical carbon dioxide (sgLOver a range of reduced densitigs—

0.36-1.5 and at a reduced temperaturelpf= 1.03. The absorption spectrum measured in the visible region

with a maximum around 700 nm is assigned to the dimer cati@yC The pressure dependence of charge-
transfer reactions was examined using dimethylaniline (DMA), benzoquinone (BQ), and oxygen as charge
acceptors. The reaction rates of DMA with cations, and BQ with anions are at or near the diffusion-controlled
limit. The rates decrease an order of magnitude with increase of pressure. The reacti®gofvith oxygen

is much slower with an almost constant rate over the pressure range examined. The measured rate constants
of electron-transfer reactions are analyzed in terms of the diffusion constants of reactants inssuCthe
dependence of measured and theoretical values on the bulk density is discussed.

Introduction In this paper, we report on the nature of charged species

In the past few years there has been considerable effort tof@rmed upon pulse radiolysis of scG@nd their reactions with
study chemical reactions in supercritical fluids, both for scientific Substrates over a wide range of pressures from 64 to 120 bar at
and technological reasons. Recently, an issueCbhémical the constant temperature of 40Q (a reduced temperature of
Reviews (Vol. 99, no. 2, 1999) was dedicated to the summary _Tr = _1.03). T_h|s range o_f pressures results_, in S|gn|f|cant changes
of various physicochemical properties, theoretical and compu- In fluid density, dielectric constant, and viscosity of seCall
tational studies, and chemical reactions in supercritical fluids. Of Which influence charge-transfer reactions and thus chemical
The characteristics of chemical reactions in the supercritical "€activity.
fluids arise from inhomogeneity in solutsolvent attractive
interaction. The local solvent density of supercritical fluid may
be significantly greater than the bulk density of fluid. Unusual Materials. All chemicals were of the highest purity com-
microscopic solvation of solutes (sometimes referred to as the mercially available and were used as purchased. Thevz®
clustering of solvent molecules around the solute molecule) in SFC grade-diptube and was purchased from Scott Specialty
these systems affects the kinetics of energy and charge-transfeGases. The gas passed through a dry ice trap to remove a trace
reactions:—3 Fast techniques of flash photolysfsand pulse amount of water.

radiolysi€*” have been employed to examine both radical and  Methods. Experiments were performed in a stainless steel
electron-transfer reactions to determine the effects of solvation high-pressure cell. Two Suprasil windows (1 cm thick) were
and solvent reorganization energies. . . mounted to the cell using Teflon O-rings. The cell has an optical
We recently began studying the formation of radicals and path of 5 cm and effective diameter of 1.2 cm. All experiments
radical ions from the pulse radiolysis of supercritical carbon were done at constant temperature of 468.0.1°C (a reduced
dioxide (scCQ). The possibility of using scC£n reprocessing  temperature of 1.03) as monitored with a temperature controller
spent nuclear fuel (UgP raises the question of the nature, yields (Omega, model CN 1001RTD). Pressure in the cell was adjusted
and overall reactions of radiolytically generated species in ysing a HPLC (JASCO, model PU-980) pump and monitored
scCQ. Although there has been considerable previous work with a Cole-Parmer digital pressure meter (model 7350-38). The
on the radiolysis of gaseous and liquid £ the reactions  experimental arrangements were similar to those described
of radiolytic products would differ under conditions of super- previously’-#
critical fluids. In addition, pulse radiolysis provides an excellent  py|se radiolysis experiments were performed at the Argonne
tool for generating charged species (both positive and negative20 MeV linear accelerator with electron pulses of 30 ps or 4
ions) and examining electron-transfer reactions. In supercritical ns. For optical detection, both a monochromator (PTI, model
fluids, fluctuations in solute/solvent homogeneity both in space 102) and photomultiplier (Hamamatsu R928) for wavelengths
and time might have a significant effect on reactions, especially pelow 450 nm and interference filters (bandwidth 10 or 40 nm)

Experimental Section

charge-transfer reactions. and silicon photodiode (EG&G, FND 100) for longer wave-
* Corresponding author. Fax: 630-252-4993. E-mail: Dimitrijevic@ lengths (45_0 to 1000 nm)_ Wer.e used. The ele(.:tron pulses v_vere
anlchm.chm.anl.gov. collinear with the analyzing light beam, but in the opposite

TWork performed under the auspices of the Office of Basic Energy direction. Dose in the cell was measured using aerated solutions

Sciences, Division of Chemical Sciences, US-DOE under Contract W-31- of thiocyanatésyleand ferrocyanidé5 The radiation distribution
109-ENG-38. . .
* Permanent address: Division of Quantum Energy Engineering, Hok- IN the cell was explored by detecting the changes at 320 nm of

kaido University, Sapporo 060, Japan. irradiated Plexiglas (poly(methyl methacrylat&))The plates
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of Plexiglas were calibrated with the Fricke dosiméfdt.was
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presented. The spectrum is given ir Gnits, whereG is the

found that the dominant effect was the scattering from the front radiation chemical yield (number of molecules per 100 eV

window. Detailed descriptions of the experimental setup and
observed dose distribution were published elsewheFae
average dose absorbed in a sample was Gyand 27.p Gy
for 30 ps and 4 ns pulses, respectively, wheis the density
of scCQ in g/cn®. The dose varied by less than 10% from day
to day.

Solid samples such gsbenzoquinone anp-chloranil were

absorbed energy) ards the extinction coefficient in Mt cm2.

The absorption was corrected for the contribution from Suprasil
window absorption. The spectrum corresponds well to the
benzoquinone anion radical (BY previously reported®3°
When 1 bar of sulfur hexafluoride was added into the system,
no absorption due to BQwas observed. The $cavenges
both anions and thermal electrons, which are precursors of

dissolved in ether and kept as stock solutions. The desiredcarbon dioxide anion clustets Therefore, the observed spec-

volume of stock solution was added to the open cell at a
temperature of 40.1C. After evaporation of the ether, the cell
was sealed, evacuated and finally filled with £&@/hen making
samples of\,N-dimethylaniline, the cell was purged with GO
gas for approximately 10 min, after which the flow was
decreased anbl,N-dimethylaniline was injected into the cell
using a syringe. The cell was then immediately closed and
pressurized with C® Gaseous additives were added in the

trum is a result of electron-transfer reaction from anionic species
(presumably (C@),") to BQ.

Both the yield and the rate of BQformation depend on the
pressure of C@ An inset of Figure 1 demonstrates how the
density of the supercritical fluid alters the kinetics of charge-
transfer reactions. The rate constant of reaction 1 was determined
as a function of pressure of GOy measuring the pseudo-first-
order rate as a function of the concentration of BQ from 0.2 to

evacuated cell to the desired pressure, and then the cell was; 5 M. An example of the optical absorption signals observed

pressurized with C@ Carbon monoxide (AGA, 99.993%) was
passed through a liquid nitrogen trap in order to remove
impurities.

at 320 nm for different concentrations of BQ is presented in
Figure 2a. The rate of formation of benzoquinone anion
depended linearly on BQ concentration for all pressures from

The kinetic data were analyzed using a nonlinear least-squaress3 14 120 bar (see an example in Figure 2b.). Nonlinear least-

fitting routine for optical absorption signals. The PVT relation-
ships of scC@were calculated using the BWR eq 19.

Results and Discussion

squares fitting was applied to fit the pseudo-first-order growth
and decay of the BQ transient absorption signals. Values
determined for the rate constants are presented in Table 1. The
BQ~ decays within a few microseconds. The transient absorption

The radiolysis of gas-phase carbon dioxide has been theof an intermediate product in BQdecay with an absorption in

subject of many investigatiot8:14 The initial processes as well
as charge neutralization and iemolecule reactions are well-

the UV and a tail toward the visible region is also presented in
Figure 1. We were unable to identify the final reaction products

known, and a quantitative numerical model that includes reaction because the relevant optical spectra are not known. Possible

rates and yields has been postulated@he primary process in

routes for disappearance of the radical aniomB@ay involve

radiolysis of gaseous carbon dioxide, besides excitation, is reactions with cationic species, dimerizatiSmr carboxylation

ionization of CQ to give electrons and positive ions @Qand/

or fragmented ions of C£: CO*, C*, O, although with much
lower yields). Similarly, the ionization of scGQuill result in

the formation of the electrons and €Qons as primary species.
However, their distribution and subsequent fate will be different
from that in the gas phase.

Anionic Species, Reduction of Benzoquinonét is known
that CQ is an efficient electron scavenger in liguiland a
poor one in low-pressure gaséd he lifetime of electron bound
to CO, molecule might be less than 18 s due to autoioniza-
tion/autodetachment,as long as it retains the linear equilibrium

which is known to occur in carbon dioxidéThe second-order
rate constants of the charge-transfer reaction decrease with
increased pressure (density) of s¢C&s shown in Figure 2c.
That the yields of BQ are affected by kinetics parameters and
not by the differences in the energy deposited by ionizing
radiation is demonstrated in Figure 2c, where maximum values
of optical densities of BQ are normalized to the unit density.
The energy deposited by ionizing radiation in the sample, and
thus concentration of radicals, depends on the density. The
ionization events are well separated over the entire density range
and do not affect the kinetics of charge-transfer reaction 1.

geometryz® On the other hand, supersonic beam experiments Therefore, only the changes in bulk density of supercritical
have shown an efficient attachment of an electron to carbon carbon dioxide influence the rate of B@ormation. Details of

dioxide clusters, resulting in the relatively long-lived cluster
anions (CQ),~ (n = 2)22-25 |t is shown that energetically the
most stable structure of dimer (G2 corresponds to the bent
CO,™ anion solvated by nearly a linear G&27"We have tried

to observe absorption spectra of negative species in neabscCO
but we were unable to detect any transient absorption that could

be attributed to anions in the range of 25000 nm. Instead,

to examine the formation and reactions of negative cluster
species (C@),~ upon pulse radiolysis of scGQOwe probed the
reduction ofp-benzoquinone (BQ).

(CO,),” +BQ—BQ +nCOo, 1)

The relatively high solubility of BQ in scCO(range of
millimolar concentrations) and its high electron affinig’(=

the kinetics will be discussed later.

Though we observed electron-transfer to BQ, it is not clear
what type of cluster anions (GIp~ are the electron donors. In
the gas-phase cluster experiments, negatively charged clusters
of carbon dioxide have been observed by low-energy electron
attachment to the neutral clusters. The negative ion cluster size
distribution was found to be electron energy depende®iThe
larger clustersr( > 4) are formed with near zero energy
electrons, while the smaller clusters such as dimers are only
produced above a threshold energy of about 1.5 eV. In radiolysis
experiments, ions, radicals, and secondary electrons are created
by the interaction of the high-energy ionizing particle with the
electrons of the molecules in the system. There is considerable
energy in the exciting secondary electron {1®0 eV). This
electron can then go a considerable distance in the solution

—0.54 V vs SCE) enable electron-transfer reaction 1 to occur. before it loses all of its energy and is thermalized. After an
In Figure 1, the absorption spectrum recorded 60 ns after anelectron has lost its excess energy, its motion is diffusive. The
electron pulse in a solution of 0.2 mM BQ in 78 bar s¢© thermalized electron can attach to a neutral cluster and form a
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Figure 1. Absorption spectra in &units observed®) 60 ns and ) 7.7 us after the electron pulse in solution of 0.2 mM benzoquinone in 78 bar
CQO,. Dose 2.1 Gy per pulse. Inset: transient signals detected at 320 nm of 0.2 mM solutions of BQ at different pressuses of CO

cluster anion. It is known that GOmolecules form neutral  recorded at 30 ns after the pulse is presented in Figure 3.
clusters under supercritical conditiohdt is also known that Although not resolved completely, the spectrum resembles that
CO; neutral clusters exhibit a wide size distribution, and the of a Chr anion radical in MTHF and DMSO solventéwith a
distribution changes with pressure and temperature. Therefore,somewhat broader peak at 450 nm. The generation of a singlet
in scCQ a wide range of cluster anions could occur. If one excited state of chloranil as a result of some ion-neutralization
considers a fast reaction kinetics observed in electron transferreaction gives a possible explanation for the fast formation of
and a slow diffusivity of larger clusters, it is likely that at least Ch~ anion. It has been shown that both singlet and triplet
at low pressures the major donor of electrons is a small clusterchloranil are able to capture electron from solvent, such as
like a dimer (CQ);. acetonitrile3435By analogy to acetonitrile solvent, the oxidation
We intended to study the rates of the electron-transfer reactionof CO, may occur, although the ionization potential of gas-
from the solvent anion to a series of solutes as a function of phase CQ(13.77 eV) is larger compared to acetonitrile (12.2
the redox potential of the solute. The low solubilities of many eV). Other possibilities include deactivation of excited states
electron scavengers in scg@oupled with the short lifetime  to give both chloranil cations and anions. We have not studied
of the CQ anion, limited the number of systems that we could the possible reactions in detail because they were beyond the
study. We attempted to study the reductiorpathloranil (Ch), scope of this work.
but the experimental results were not straightforward. Specif- Cationic Species, GO4™. In contrast to the anionic species,
ically, the formation of chloranil anion radical (Ch was we have been able to observe the absorption spectrum of the
complicated by excitation of chloranil molecules. The™Ch cationic species and have assigned it to th® cation. In
anions were formed during the rise time of our detection system Figure 4, the absorption spectrum 0fGZ+ cation measured
(3—4 ns), too fast to be a result of electron-transfer reaction 1, within 10 ns after the electron pulse in neat se@Opresented
even though chloranil has very high electron affinig® (= together with the photodissociation spectrum observed previ-
—0.02 V vs SCE). Addition of Sfrevealed a superposition of  ously in the gas-phase cluster experimeéhtshe photodisso-
optical signals of different transient species. The spectrum ciation spectrum of cationic species decreases sharply at longer
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Figure 2. (a) Difference transient signals detected at 320 nm in solutions containing 0.2, 0.4, and 1.2 mM benzoquinone. All solutions are at 104
bar CQ. The step at approximately 5 ns is due to Cerenkov light and arises from the data treatment technique used. The Cerenkov signal from
independent experiment is also presented. (b) Pseudo-first-order rate of formation cdtBiQ4 bar C@ (c) Rate constants of the reaction
between anion and BQD), and normalized yield of BQ(A) as a function of density of scGO

TABLE 1: Rate Constants for the Electron-Transfer
Reactions with lonic Species

Onsager relationship, in terms of possible scattering of electrons.
We have shown that the general shape as observed in Figure

density kgg 101 koma 10t Koxygend O1° 4c can be expected.

(g/cn?) (M~ts)? (M~tsh)P (M™ts e The transfer of electrons from,N-dimethylaniline (DMA),
0.168 3.8-0.2 4.18+ 0.02 6.7+ 1.3 reaction 2, and oxygen, reaction 3, tpQg"t cations was
0.284 25+0.1 3.5+0.2 8.7+ 0.2 examined by following the decay of the optical absorption of
8-2;2 oléosi 8-%3 ii 8-8% i-?é 8-2 the cationic species at 700 nm. The kinetics were pseudo-first-
0707 0.34¢ 0.01 0.63% 0.03 441 0.4 order over the range of the concentration examined—(0.8

a Rate constants for reaction 1Rate constants for reaction 2Rate
constants for reaction 3.

wavelengths compared to the absorption spectrum. This is not
surprising as quantum efficiency for photodissociation might

mM for DMA and 0.5-3.6 mM for Q).

C,0," + DMA —DMA™ + 2CQ, (2)

c,0,"+0,—0," +2C0o, (3)

well be expected to decrease at low photon energies. The

transient species absorbing in the visible does not react with

electron scavengers, such as@Rd BQ, while it reacts with
electron donors. This further confirmed the identity ofOg"
cation. The amount of £0,4™ cation formed was not proportional
to the density of scCgXsee Figure 4c). In our previous pager,

In Figure 5, the changes in absorption signals gd£ with
the addition of oxygen are presented. The inset illustrates the
linear dependence of the rates on the concentration, which was
observed throughout the whole range of densities, both for
oxygen and DMA. The measured rate constants for reactions 2

we discussed in detail the influence of the geminate recombina-and 3 are listed in Table 1, and their dependence on density of

tion of electrons with positive ions (probably GQ as precur-
sors for GO4") and their escape probability given by the

CO, will be discussed below. In the case of dimethylaniline,
the product of reaction 2 was detected at 460 nm, where DMA
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Figure 3. Difference transient spectra observéy) 80 ns and {) 4.7 us after the electron pulse in solution of 0.1 mM chloranil at 104 bas.CO
Dose 5 Gy per pulse. Inset: transient signals detected at 320 nm in the absence (a) and in the presence @ys¥ $8 Gy per pulse.

cation absorbg’ Interference from the DMA triplet absorption,  any residual absorption at the end of the reaction &, with
whose spectrum is very close to that of the cation, prevented CO. The photodissociation spectrum ob@z* ion has a
resolution of the signal growth at 460 nm. maximum around 460 nm, but the cross section is 2 orders of

We have found that carbon monoxide also reacts witb,C magnitude less than for,O,4" cation3® At present, we cannot
cations by observing the decay of the 700 nm absorption upondistinguish between possible reactions of cations with CO in
the addition of CO. In gaseous GQhe following reactions  scCQ. Further investigations on the reactions of CO in sgCO
have been proposéd: are required.

Reaction Kinetics. The rate of electron-transfer reactions
between anions with benzoquinone and cations with dimethyl-
C.Ot +CoO—C.O." +co 5 aniline decreased with the density of scO@ee Table 1). The

2=3 2=2 2 ©) observed rate constants on the order 3£ M1 s are typical
C,0," + CO—CO" + 2CO (6) for diffusion-controlled reactions in supercritical fluids. Diffu-
sion-controlled reactions in supercritical fluids fall between two

Our experiments have shown that the dependence of the ratdimiting conditions, that of the liquid and of the gas phase. In
of reaction with CO was not linear with the carbon monoxide low-pressure gases, the diffusion-controlled limit is independent
concentration (see Figure 5, inset). This suggests a complexof density and equals the collision rate constant given by the
mechanism similar to the one postulated for the gas phase, orkinetic theory of gases. In liquid solutions, the rates can be
some additional bimolecular process. We had no means to reveamodeled effectively with the Smoluchowski equation. Between
such a complex mechanism other than to look for the absorptionthese two limiting conditions, which can be clearly distinguished
of possible cations (fO0s™, C;O,*, or CO") and could not detect ~ when rates are presented as a function of inverse reduced

C,0,”+CO—C,0," + CO, (4)
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Figure 4. (a) Absorption spectrum in &units of GO4™ observed 10 ns after the electron pulse in neat sc&Q04 bar 4£). Dose 18 Gy per
pulse. The photodissociation spectrum from ref 36 is also preserfedl() Difference transient signals detected at 700 nm for 90 and 104 bar
CQ.. (c) Changes in the yield of 04" cation absorption with density of scGO

density38 lay the values for diffusion-controlled reactions in  such conditions. For scGQthere are considerable experimental
supercritical fluids. The small changes in pressure in the near-data on diffusion coefficients of specific solutes. Several
critical region make significant changes in the solvent viscosity, methods have been proposed to predict or correlate the diffusion

and thus, the rate of reactions. coefficients in supercritical fluids resulting in empirical or
To estimate the upper limit of the rate of barrierless reactions semiempirical equatiori$:*°The various methods are based on
in supercritical fluids, one can apply the Stokd&snstein law, the StokesEinstein equation, a hard-sphere model, a free-
eq7, volume model, or molecular dynamics results for the Lennard-
Jones fluids. To estimate infinite dilution diffusion coefficients
Kqirr = 8KgT/31 (7) we used eq 9°
wherey; is viscosity of fluid andkg is the Boltzman constant. D,, = (A x 10 %)(V,* — B)(T/M,)*? 9)

Alternatively, if diffusion coefficients for both reactive species,
Da andDg, are known, one can evaluate the diffusion-controlled which takes into account GOnolar volumeV; calculated by
rate constant using the Smoluchowski eq 8, whrigreaction the BWR equation, temperatufeand molecular mass of solute

distance andN is Avogadro’s number. M2. The exponenk expresses the dependence on the reduced
density,pr = p/pe, While constant$\ andB include values for
Kqir = 47N(D, + Dg)R (8) the critical pressure and molar volume of £Qhe equation

has been shown to correlate values within 10% average absolute
In principle, the Smoluchowski equation can be used in error for liquid and solid solutes and reduced densities between
calculating the diffusion-controlled rate constants in supercritical 0.21 and 2.3° Using this method we estimated diffusion
fluids. The problem arises in determining accurately the coefficients for BQ and DMA in scCg while for the GO4*
diffusion coefficients of reactants and the reaction distance underand GO, ions, diffusion coefficients of the neutral molecules
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Figure 5. Difference transient signals detected at 700 nm in 80 bar ofi€@e presence of oxygen. Concentrations efa@ (a) 0, (b) 0.55, (c)
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(C,0.4) were calculated. As discussed earlier, we do not know densities, this assumption cannot be far wrong because the
the size of a cluster anion. Assuming a dimer anion gQ calculated diffusion-controlled rate is in good agreement with
we obtain an upper limit for the diffusion-controlled rate the experimental rate. Kimura et‘@lhave shown that a large
constant between anions and BQ, because diffusivity of ions is negative ionp-naphthoquinone anion, diffuses more slowly than
generally less than that of neutral molecules of the samé*size. the parent molecule in scGQand that the ratio of diffusion
The reaction distance &= 6.5 A used in calculating diffusion-  constant of the anion to the diffusion constant of neutral
controlled rate constants was approximated as a sum of themolecule is 0.45 at reduced density of 2 and 0.7 at reduced
donor and acceptor radii. In Figure 6, both the experimental density of 1.2. These results are consistent with our experimental
and calculated values are presented. The correlation betweenesults where the rates show a comparable drop over a similar
experimental and values calculated using diffusion coefficients density range for DMA+ C,O4" reaction. A larger drop is seen

is good for reaction of DMA with cations, reaction 1, for reduced for the BQ+ C,O,4~ reaction. This could be due to an increased
densitiesp; < 1, where solvation and local density effects are clustering so that the better description of electron donor is
pronounced. Larger discrepancies are observed for high densitie§CO,),~ rather than just the dimer. The increased clustering
of scCQ and for the reaction of BQ with anions where would lead to a lower mobility at higher densities. It has been
calculated values present the very upper limit for diffusion- shown that even in low-pressure gaseous, Qd&nsity up to

controlled reactions. 0.1 g/cn?) the mobility of cationic and anionic species decreases
The difference between the predicted and the measured rata¥ith increasing densit§?
constants for the reactions of DMA with,G," and BQ with Another explanation could be that a (9 species may be

C,04~ can be attributed to either (or both) of two causes, formed that will be more stable than the dimer anion. This
diffusion constants are lower than predicted at higher densitiesalternative explanation assumes that the clustering of solvent
or the reactions are no longer diffusion-controlled at higher molecules around the (G~ makes it better solvated and more
densities. The diffusion rate constants were calculated assumingstable. The reaction would then become slower because there
the cation/anion was 0, and it is not clear how accurate that is less excess energy and the electron-transfer process becomes
assumption is, particularly at higher densities. However, at low less probable. A similar effect could also occur for the cations,
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Figure 6. Rate constants for the reaction af)(C,O,~ with benzoquinone andO," with (O) dimethylaniline and %) oxygen. Dotted lines

connect the experimental values. Full lines represent calculated values of rate constants for diffusion-controlled reactions accordinglt®.eqs 8 an
Inset: ratio of the experimental to calculated rate constants.

although such an explanation does not appear to be necessary The essential result of the Marcus theory and its extensions
for the cation reactions because the rates are well explainedcan be expressed in terms of a rate (W) given in the férm

from the changes in mobility. 1 5
At present, it is not possible to distinguish between the _ |V|2 (AG+ E, + nw)
different possibilities. Better information on how the diffusivity - zs(of'f) ex (10)
h \EK;T|] 5 4E KT

of charged entities is altered in supercritical fluids will be critical

to understanding the fundamental origins of these effects. Theyhere AG is the free energy of the electron-transfer reaction,
use of transient (microwave or dc) conductivity might make'lt E is the so-called solvent reorganization eneryyjs the
possible to measure cation and anion mobilities as a function g|actronic matrix element for electron transfer, &@,n) is

of density of scC@ the Franck-Condon factor. The sum is taken over quantized
The reaction of oxygen with 04" is not diffusion-controlled vibrational states of the product with energigs.

in gas-phase carbon dioxidand it is well below the diffusion In terms of this rate expression, energy of the reaction of

limit in scCO, over most of the density range we have studied C,0,* with DMA is much greater than the minimum energy

(see Figure 6). Energetically, reaction of@* with O, is less requirement, i.e~AG > E;2” and at any given energy, many

favorable than the reaction of cation with DMA because of the excited electronic and vibrational states of the product can be

difference in @ and DMA ionization potentials of about 5 €¥. found to satisfy the energy matching criteriddG = —nw,

Still, the difference in @ and CQ ionization potentials is 1.7  which optimizes the electron-transfer probability. In the case

eV, so the transfer of positive charge tg © very favorable. of O, reaction with GO4*, a similar argument might apply.

Both of these reactions are exothermic electron-transfer reac-However, Q has only a single vibrational degree of freedom
tions, and one could look to the Marcus electron transfer theory and there are no allowed electronic states available. Thus, the
for clues as to the difference between them. electron-transfer for the reaction betweesOg" and G will
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be less efficient and may not occur at each encounter. We note (10) Anderson, A. R.; Dominey, D. ARadiat. Res. Re 1968 1, 269.

that there is still a factor of 2 variation in the rate of the oxygen

reaction over the density range we investigated. The origin of

this variation will be difficult to interpret until ionic mobilities
are known with certainty.

Conclusion

In this paper, we have shown that short-lived radical ions
C.04" and (CQ),~, are generated upon radiolysis of scCO
The charge-transfer reactions of (g with BQ and GO4"
with DMA are at or near the diffusion-controlled limit faf <

(11) Willis, C.; Boyd, A. W.; Bindner, P. ECan. J. Chem197Q 48,
951.

(12) Yoshimura, M.; Chosa, M.; Soma, Y.; Nishikawa, W.Chem.
Phys.1972 57, 1626.

(13) Willis, C.; Boyd, A. W.Int. J. Radiat. Phys. Cheni976 8, 71.

(14) Kummler, R.; Leffert, C.; Im, K.; Piccirelli, R.; Kevan, L.; Willis,
C.J. Phys. Chem1977, 81, 2451.

(15) Schuler, R. H.; Patterson, L. K. Phys. Chem198Q 84, 2088.

(16) Buxton, G. V.; Stuart, C. Rl. Chem. Soc., Faraday Trank995

' 91, 279.

(17) Fowler, J. F.; Attix, F. H. Solid State Integrating Dosimeters. In
Radiation Dosimetry-Instrumentation2nd ed.; Attix, F. H., Roesch, W.
C., Eds; Academic Press: New York, 1966; Vol. 2, p 241.

(18) Fricke, H.; Hart, E. J. Chemical Dosimetry.Radiation Dosimetry

1 and exhibit strong dependence of the rates on the bulk densityinstrumentation 2nd ed.: Attix, F. H., Roesch, W. C., Eds: Academic
of scCQ. Considering the reasonable approximations we used Press: New York, 1966; Vol. 2, p 167.

for calculating the diffusion-controlled rates, the correlation

(19) Cooper, H. W.; Goldfrank, J. Gdydrocarbon Process. Petrol.
Refiner1967 46, 141.

between theoretical and experimental values for rate constants 20y ‘sauer, M. C.; Jonah, C. D. Chem. Phys1992 96, 5872.

is shown to be good fas, < 1. At higher densities, the decrease
in mobility of radical ions coupled with possible changes in

solvent reorganization energy alters the reaction rates. On the

(21) Rossi, A. R.; Jordan, K. DOl. Chem. Phys1979 70, 4422.

(22) Klots, C. E.; Compton, R. Nl. Chem. Physl977, 67, 1779.
(23) Fleischman, S. H.; Jordan, K. D. Phys. Chem1987, 91, 1300.
(24) Stamatovic, A.; Leiter, K.; Ritter, W.; Stephan, K.; Mark, T.D.

other hand, the rate of electron-transfer reaction betwegn O Chem. Phys1985 83, 2942.

and GOyt is below the diffusion-controlled limit. Changes in
the bulk density of scC®have little effect on the rate of
reaction.
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