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lonic and Neutral Species in Pulse Radiolysis of Supercritical C@ 1. Transient Absorption
Spectroscopy, Electric Field Effect, and Charge Dynamics
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Receied: June 25, 2002; In Final Form: August 22, 2002

Transient absorption spectroscopy was used to study the mechanism for radiolysis of dense, liquidlike
supercritical (sc) CQ(T = 41 °C, p = 0.84 g/cni). The 3506-1500 nm spectra are decomposed into the
contributions from the solvent radical cation, solvent radical anion, and a long-lived neutral product that we
associate with singlet carbon trioxide, gt\,). These three species are characterized by their optical spectra,
chemical behavior, kinetics, and the response of these kinetics to external electric field. The following
mechanism for radiolysis of sc G@ suggested: lonization of the solvent yiekdS pairs per 100 eV. Most

of these pairs are comprised of the solvent hole and a thermalized quasifree electron; the prompt yield of
CO; is <3% of the total ion yield. The electrons are trapped by the solvertd@0 ps. Because of high
electron mobility, most of this trapping occurs after the charges escape each other’'s Coulomb field. Because
of cross recombination of the electrons with nongeminate solvent holes, the lifetime of the quasifree electrons
is further reduced. A theoretical model that accounts for these dynamics is suggested. It is shown that di- and
triatomic molecules donate an electron to the solvent hole, and the resulting solute cations polymerize. Exotic
ion species, such as {§)," and (CO)*, can be produced this way. Using sc £@ovides an opportunity

to study such multimer cations in liquid solution.

1. Introduction

Having a critical densityo. of 0.468 g/cnd and a critical
temperaturdl; of 31 °C, supercritical carbon dioxide (sc GO
is a convenient, environment-friendly solvent for industrial
applications. Unfortunately, using this solvent for organic
synthesis is still a matter of trial and error because the reaction
mechanisms in supercritical fluids are poorly understood. Many
of these reactions involve short-lived intermediates, such as
carbonium cations. For some of these, pulse radiolysis is the
only practical way to generate sufficient concentrations of the
species to observe their dynamics by transient absorption

spectroscopy on a short time scale. For that and other reasons,

the mechanism for radiolysis of sc G@ of considerable
interest. In recent studies from this laboratory, pulse radiotysis
transient absorption spectroscépy and laser-induced dc
conductivity* have been used to unravel the chemistry occurring
after the ionization of supercritical G&olutions.

Two species were observed shortly afe5 nsfwhm pulse
of 20 MeV electrons:22 One of these species is the solvent
radical cation (also referred to as “solvent hole” and £z0
whose bell-shaped 750 nm band extends over the whole visible
region (Figure 2 in ref 1). The assignment of this band to the
cation was suggested by the fact that addition of electron
scavenger (Sfy increaseghe yield of the 750 nm band (Figure
4 inref 1), whereas pressurizing the solvéatreasethis yield
(Figure 5 in ref 1). The latter trend is consistent with a lower

aromatic amine$? CO? and Q,? and abstracts a proton from
H,.2 Because of rapid scavenging by impurity, a typical half-
time for the decay of the 750 nm band 4100 ns!~—3 Apart
from the solvent radical cation, Takahashi et abserved
another species, with a longer lifetime, that absorbed at-400
600 nm. This species was identified as the solvent radical anion,
(COYn~, which seemed consistent with the data on radiolysis
of O, and H solutions in sc CQ (see ref 3 for more detail).
The presence of (C,~ in the reaction mixture was also
suggested by delayed generatiopdifenzoquinone anion (BQ
in radiolyzedp-benzoquinone solutichApart from this delayed
formation, 56-80% of BQ~ was formed within the duration of
a 5 ns fwhm pulsé.Prompt formation of BQ? and a large
effect of Sk on the solvent radical cation yiéldguggest that
the solvent radical anion has a short-lived, mobile, reactive
precursor. In this work, we demonstrate that this precursor is a
metastable quasifree electrogs(¢. This conclusion is in accord
with a time-resolved dc photoconductivity study of Shkrob and
Sauef that demonstrated the involvement ofiein the
multiphoton ionization of aromatic hydrocarbons in scCO
According to their study, the recombination dynamics in dense
sc CQ (p/pe > 1.2) occurs in two distinct stages. In the first
few hundred picoseconds after the ionization event, the excess
negative charge is present as a conduction band electfon, e
that has high mobility #4e ~ 10-100 cn?®/Vs) and short
“natural” lifetime z (<200 ps). The lifetime-mobility product

UeTe €Xponentially increases with solvent densstyor 1.2 <

free cation yield because of a decrease of the thermalizationp/pc < 2 and approaches 256 10-9 cn?/V for p = 0.84 g/cnd

path of electrons at higher density. The solvent cation in sg CO
rapidly reacts, by charge transfer, with electron donors, such as

* To whom correspondence should be addressed. Phone: 630-2529516
Fax: 630-2524993. E-mail: shkrob@anchim.chm.anl.gov.
T Permanent Address: Division of Quantum Energy Engineering, Gradu-

andT = 41 °C. After the electrons are trapped by the solvent,
a long-lived &10us) solvent radical anion, (G, is formed,
which has a mobility of 1.6x 1072 cn?/Vs (under the same
conditions). This anion migrates by charge hopping that
accelerates as the solvent density increases. It hd 3mes
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and pressure dependencies for the mobilities of the elettron,
solvent radical aniof,and secondary ions (such as BEnd
CO47)*5were determined. Reactions qf eand (CQ),~ with

various electron acceptors were studied and the electron

photodetachment spectrum of (@@ was obtained. This
spectrum is similar to the photoelectron spectra of multimer
(COy)n~ anions f > 6) in the gas phasgit is different from

the photodetachement spectrum of £0in hydrocarbon
liguids’ For the solvent radical anion in sc GQhe onset of
electron photodetachment is at 1.76%¢Vs 1 eV for CQ~ in
isooctane); that is, the electron is deeply trapped by sc,CO

Deep trapping is also suggested by the fact that only solutes

with gas-phase electron affinityy2 eV exhibit diffusion-
controlled rates of reaction with (GIy—.* Gas-phase studies
of Johnson and co-workérsuggest that a €C bonded,Dyqg
symmetric (CQ),~ dimef89is the core anion in the (GO~
clusters § >14).

The blue-absorbing species observed by Takahash? it

Shkrob et al.

summarized and commented upon in the main text. The
Supporting Information discusses these data in more detail.

2. Experimental Section

The design of high-pressure optical cells used in this study
is given in section 1S.3 and Figures-1%S. Two cells were
used: (i) cell 1 with internal volume of 5 chand optical path
of 2.64 cm and (ii) cell 2 with internal volume of 13.4 émnd
optical path of 5 cm. In cell 1, two stainless steel electrodes
separated by 2 mm, with apparent difference51kV in the
potential, are immersed in the solution. The details of the optical
and electrical setups are given in section 1S.3 and Figure 4S.
The sc CQ solutions were pressurized and flowed using an
HPLC pump; the flow diagrams are given in Figures 5S and
6S, and the operation procedures are discussed in section 1S.3.
The pressure was measured with an accuraeyxtf mbar, and
the temperature was controlled4®.1 °C. The solvent density
and static dielectric constant were calculated using formulas
given in the literaturé Unless specified otherwise, the data

was associated with the solvent anion) exhibits a spectrum that,ere obtained under the “standard conditions™= 0.837 g/crA

is quite different from the photodetachment spectrum of4g0O

(which corresponds to a solvent pressure of 214 bar and a

obtained in ref 4. Furthermore, this species was found to reacteqyced density of 1.787), = 41 °C (T/T. ~1.03), and an

differently from the (CQ),~ anions observed in the photocon-
ductivity studies. In this work, selective scavenging and transient

external electric field of 25 kV/cm (for the electric field effect
experiments). For this density and temperature, the static

absorption spectroscopy in the presence of an electric field weregielectric constant = 1.513. Note that our “standard” density
used to separate spectral contributions from the light-absorbingis considerably higher than the “standard” density in the studies

species generated in pulse radiolysis of sc,Clhe “solvent
anion” observed by Takahashi et®dk shown to be a neutral
product with a lifetime>300 ms. This product is formed on

the time scale of ion recombination, over tens of nanoseconds.

of Dmitrijevic et all? and Takahashi et 81(0.837 vs 0.635
g/cm?). This is due to the difficulty of obtaining rapid, laminar
flow of sc CG, at the low density.

In most of our experiments, the analyzing light from a pulsed

Several possible candidates for this product are examined, andXe arc lamp was coaxial with the electron beam and traveled

COs(*Ay) is suggested as the most likely one. In addition to

in the opposite direction. A set of 40 nm fwhm band-pass

this product, the solvent radical anion was observed shortly afterinterference filters was used for waveleng#t) 6election at
the electron pulse and shown to have the same absorption0.33—1 um; for 1-2 um, a set of 10 nm fwhm band-pass filters

spectrum as the (G~ species observed in the conductivity
experiments of Shkrob and Saderhe absorption spectrum of
(COy)n™ in the 356-1500 nm region was obtained and the
extinction coefficient and the oscillator strength of the corre-
sponding electron transition determined. The nature of the
solvent radical cation and the solvent radical anion in s¢ CO
is further discussed in Part 2 of this wotk.

In sc CQ, electron attachment to the solvent could be either
dissociative (with the formation of CO and Por nondisso-
ciative (with the formation of the (C£)~ anion), depending
on the electron energy. The @nion very rapidly attaches to
CO, yielding a carbonate radical anion, @113 Though the
dissociative attachment requires3.6 eV higher energy (as
determined for gas-phase (@@clusters)! a significant fraction
of prethermalized electrons generated in radiolysis of s CO
have energies of 1020 eV. The involvement of C§ in the
radiolysis and laser photolysis of gaseous,CGd Q:CO,
mixtures has been postulated by several autidfarthermore,
the trapped C@ radical was observed, by EPR spectroscopy,
in y-irradiated solid C@at 77 K13 Although the formation of
CO;s in radiolysis of sc CQis likely, no clear spectroscopic
evidence for the formation of this species was obtained. In this
work, an upper limit of 3% for the initial fraction of the GO
anions in the electron radiolysis of sc €@ obtained.

was used. The kinetic traces were sampled and averaged at a
repetition rate of 0.3 Hz. The typical time sampling interval
was 0.2 ns per point. To obtain long-term kinetics (1800 4

s), cw light from the same Xe arc lamp was used. Cerenkov
light and radiation-induced transient absorbance from the cell
windows (Figure 13S) were subtracted from the kinetic traces
(sections 1S.2 and 1S.3), gividddD; vs the delay time. Short

20 MeV electron pulses from the Argonne linac were used for
radiolysis (Figure 11S(a)). If not specified otherwise, 7.6 ns
fwhm pulses of 6585 nC were used (trace ii in Figure 11S-
(a)), and the repetition rate of the pulses was 0.3 Hz. The
averagedoses absorbed by the sample in cells 1 and 2 were
0.81 and 0.88 Gy/nC, respectively. This dose was determined
using an aqueous thiocyanate dosimeter (section 1S.2 and Figure
10S)25 the distribution of the absorbed energy across the cell
was determined as described in section 1S.2 (Figure9%%

The time dependence of the dose deposition was obtained by
integration of the Cerenkov light signal.

For the field effect experiments (cell 1), the solution was
flowed; for scavenging experiments (cell 2), the solution was
static. In the latter experiments, the cell was refilled after the
exposure to 510 electron pulses. Accumulation of radiolytic
products rapidly shortens the lifetime of the solvent hole (section
1S.3 and Figure 16S), so that rapid removal of these products
is important in the flow experiments. The “natural” lifetime of

To save space, some data and experimental details are giverthe solvent hole is further limited to 15060 ns because of

in the Supporting Information. Figures #83S and sections
with a designator “S” after the number are placed therein. For

the presence of scavenging impurity in sc £Bat we used
(research grade, Scott Specialty Gases). This impurity is most

a general reader, it is not necessary to consult the Supportinglikely to be water (section 1S.3). The lifetime of the solvent

Information every time a reference to this material is given in

holes varies from one batch of GQo another; for “bad”

the main text, because the results obtained therein are brieflybatches, this lifetime is as short as-380 ns.
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The field-dependent kinetic traces were obtained by averaging [\'
50—200 kinetics with AODy,) and without AODy) the electric 1 ax10° ————+——
field for aflowing sc CQ solution (the typical flow rate was 2 1.5x10 24 ‘ ‘l ]
cm¥/min). The field was turned on and off several times during 1\ &
the acquisition. The time-dependent electric field effgtt on i 9
the solvent radical cation yield (observed for 900 nm) was 3 1.0 A \‘ 1
defined as & 4\ et
2 g 500 750 1000 nm
x(t) = { AOD,(t) — AOD(t)} /AOD(t) (1) s W
If not specified otherwise, the end-of-pulse field effggtat D10 R —
the maximum ofAODyx (4 = 900 nm) is given. Foid < 900
nm, only the difference kinetic AOD = AODgy, — AODyg, s L ) HEns
are given because several species contribute to the transient tme
absorbance. Figure 1. Decay kinetics of thd = 550 nm absorbance (10 ns to 2.5
s) observed in pulse radiolysis of neat sc Q@der our standard
3. Results conditions T = 41 °C andp = 0.837 g/cri). The flowing sample (6

cm®/min) in cell 2 was irradiated using 7.6 ns fwhm, 67 Gy pulses
In this section, transient absorban2e€dD;) kinetics in pulse from a 20 MeV linac. These kinetics are obtained using collinear
radiolysis of sc C@ with and without the external electric field, electron and light beams and spliced from several runs obtained using
are examined. Basic features of these kinetics are established pulsed Xe arc lamp (< 100 us, 250 MHz filter, 50Q load) or cw
(section 3.1), and transient optical spectra are decomposed intd' 9"t from the same lampt (~ 100 s, 2 MHz filter, 1 K2 load, see

tral tributi f | light-absorbi . _section 1S.3 for more detail). The “ripple” in the 2000 us time
Spectral contributions from several ight-absorbing SPECIes a5 is due to instability in the arc. The long-term kinetics are also

(section 3.1). A qualitative picture of the electric field effect in  shown separately in Figure 36S. The insert demonstrates the optical
sc CQ is presented, and the dynamics of the electric field effect spectrum of the stable light-absorbing product. This spectrum was
observed in radiolysis of neat sc @é&nd Sk and H solutions obtained by integration of the transient absorbance kinetics in thel0.5
are analyzed (section 3.2). This analysis is continued in section#s time window.
4.1, using the theoretical models given in the Appendix (sections
2S.2 and 2S.3). The yield of solvent cation as a function of recombination is complete in less thamd (see below). For
radiolytic dose is studied (section 3.3), and the implications of < 1 us, the yield of the long-lived absorbance (unlike that of
these dose dependencies for the mechanism of radiolysis of s¢he solvent radical anion and the solvent radical cation) does
CO, are discussed (section 4.1). Experiments in which the hot change in the presence of the electric field. No loss of this
solvent radical cation and/or anion are scavenged usi@ N  long-lived species on the millisecond time scale because of
0,, and CO are examined, and the formation of multimer solute discharge at the electrodes was observed in the electric'field.
ions is demonstrated spectroscopically (section 3S). Long-termAll of these observations (and the experiments discussed in
decay kinetics for a neutral product (associated with singlet CO sections 3.4 and 3S) suggest that the long-lived 550 nm band
in section 4.3) are obtained, and its chemical reactions with is from a stableneutral product. This product is formed
several solutes are studied (section 3.4). gradually, over several tens of nanoseconds (see below); there
3.1. Transient Absorption Kinetics: Basic FeaturesLong- is no prompt formation during the radiolytic pulse (sections 3.2
Lived Light-Absorbing ProducSave for a wider observation —and 3S). Therefore, this product contribute little to the short-
window (1 us to 5 s, Figure 1), the kinetics obtained in this time absorption spectra discussed below.
study were similar to the decay kinetics reported by Dimitrijevic ~ Decomposition of the Prompt SpectiEhe typical kinetics
et all2 and Takahashi et &lIn their studies, the kinetics were  obtained in pulse radiolysis of neat sc £® shown in Figure
followed over the first 200 ns only. Our results indicate that 2, and the evolution of the optical spectra as a function of the
the transient absorbance with an onset at 850 nm and a peak adbservation window is shown in Figure 3. At short delay times,
550 nm (Figure 1) observed by Takahashi et al. at the delay the spectrum is dominated by a bell-shaped band centered at
times >100 n$ and attributed by these authors to the solvent 750 nm. The same band was observed by Dimitrijevic éal.
radical anion was actually from a long-lived neutral product. and Takahashi et dland ascribed to the absorbance of the
The absorbance from this product is observed within the first solvent radical cation. In addition to this 750 nm band, there
100us after the electron beam pulse (Figure 1); at later delay also appears to be a shoulder at 4600 nm. The time profiles
times, it decays over hundreds of milliseconds (Figure 1 and for all decay kinetics observed at> 850 nm are identical.
Figures 35537S in section 3.4). No spectral evolution is Thus, the absorption spectrum in the red is dominated by a single
observed for this absorption band in the first 300after the species: the solvent radical cation. In the previous studies by
pulse. At later times, the spectrum changes, and a new Dimitrijevic et al.}? the decay kinetics of the solvent radical
absorption band in the red emerges (Figures 35S, 37Sa, and:ation were obtained at = 700 nm, where several species,
38Sh in section 3.4). Scavenging experiments suggest that moréncluding the neutral product, absorb the light. Consequently,
than one species contribute to the spectrum observed on theheir kinetic data were compromised, and rate constant measure-
submillisecond time scale (see section 3.4 for more detail). The ments were repeated in this work (Table 1 and Figures 23S
same long-lived absorbance was observed in experiments wher@nd 285-30S). In these measurements, the decay kinetics of
the electron and light beams were crossed at the éfgyle the solvent radical cation were obtained at-92000 nm, where
(Figure 14S); this detection scheme excludes the possibility thatno other species absorb.
this long-lived absorption is an artifact of the window absor-  The composite nature of the prompt spectra shown in Figure
bance subtraction. 3 becomes apparent when electron or hole scavengers are added
The exceedingly long lifetime of the absorbing specke3d0 to the solution. Addition of Sfincreases the yield of the solvent
ms) suggests that this species is not an ion, as the ionradical cation severalfold (Figure &)as this solute rapidly
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2¢10 2 - TABLE 1. Rate Constants for Electron/Proton Transfer to
) e the Solvent Hole in sc CQ (T = 41 °C, p/p; = 1.79)
(i) 900 nm solute IRas® eV rate constant, Mt s™1
()] (ii)) 700 nm
- (i) 550 nm H> 15.43 (8.1 0.5)x 10°¢
(v) 400 rm 0, 12.07 (3.88+ 0.2) x 10t0d
N,O 12.84 (3.95+ 0.4) x 10w0d
Cco 14.01 (1.26k 0.04) x 10d
N-CieHz4 < 9.5@ ~10M1

aThe gas-phase ionization potential for the monomer molecules; the
ionization potential for C@is 13.77 eV (ref 53)P IPgasfor n-undecane.
¢ Proton transferd Electron transfer.

6x10 2 2 S S = 5 =
S T WL T T O R S R i (a) i
Tns 10ns 100ns Tus [

time

Figure 2. Examples of the transient kinetics in pulse radiolysis of
neat sc C@(same conditions as in Figure 1). The kinetics were obtained
at (i) 950, (ii) 900, (iii) 700, (iv) 550, and (v) 400 nm from the same
flowing sample. The wavelengthl) selection was obtained using a
set of 40 nm fwhm interference filters. All kinetics far> 850 nm
exhibit the same time profile. The kinetics for< 850 nm exhibit a
plateau fort > 200 ns because of the formation of the stable product
(Figure 1). Note that the decay kinetics in the blue are considerably
longer than the kinetics in the red.

AODaqqn

2x10 %4

Cg UM
'S
1

T T T T T T

- 24 @® experiment
1 — theory
0- T T L T T T T
2
0.0 1.0 2.0x10
1 i [SFgl. M

Figure 4. (a) Progression of transient absorbance kinetics obtained at
A =900 nm from the S§solutions in sc C@ The Sk concentrations
o are (from bottom to top): 0, 0.48, 1.16, 2.1, 3.58, 6.9, 13.8, and 20.7
mM. At 900 nm, the absorption is from the solvent radical cation. Bold
lines drawn through the kinetics are the multi-trace least-squares fit
using eq 3 with parameters given in section 3.1. (b) Initial concentrations
Figure 3. Progression of transient absorption spectra obtained in pulse ¢, of the solvent radical cation plotted vs [$FThe solid line is a
radiolysis of neat sc C§same conditions as in Figures 1 and 2). The theoretical curve obtained using the Monte Carlo model discussed in
time integration windows are indicated in the figure. The prompt spectra section 2S.2 (see also section 4.1).
(9—24 ns window, filled circles) are dominated by the bell-shaped
absorbance band of the solvent radical cation that is centered at 7503_1 Thus, for [SK] = 0.17 M, the lifetime of the solvent radical

nm. Also, in the 406-500 nm, a shoulder from the bound-to-continuum ion is<0.3 ns- this lifeti . iderably sh h h
transition of the solvent radical anion is observed. At later delay times anion 1s<0.3 ns; this lifetime Is considerably shorter than the

(20200 ns), this shoulder increases relative to the bell-shaped signalduration of the 7.6 ns fwhm pulse. Furthermore, at this
because of slower decay of the solvent radical anion relative to the concentration of Sf the solute reacts withye faster than the
solvent radical cation. On the same time scale, the 550 nm band of theelectron trapping by the solvent occdrghat is, the yield of
stable product emerges (filled diamonds). This product dominates the the gglvent radical anions is very low. Consequently, these
spectra obtained fdr> 300 ns. Solid lines drawn through the symbols anions cannot be observed in the concentrategsBRitions.

are polynominal fits. i )

Figure 5 shows the prompt absorption spectra for neat sc CO
scavenges quasifree electrons, by dissociative attachment. Th@nd the 0.17 M SEsolution. These spectra were obtained by
resulting F anion has low mobility and recombines with the  integration of theAOD; kinetics in the 725 ns window and
solvent hole slowly (on the time scale of tens of nanoseconds). normalized atl = 750 nm. It is seen from Figure 5 that the
Consequently, addition of SElramatically increases the yield  two spectra coincide in the 650000 nm region and diverge
of the solvent holes observed on the nanosecond time scalein the 406-650 nm region. Because the prompt spectrum from
For example, addition of 7 mM of $fncreases the maximum  the Sk solution (trace ii, Figure 5) is dominated by the
AODggofrom 1.5x 1072to 5.8 x 1072 (Figure 4a) This increase  absorption of the solvent radical cation, it follows that the-400
can be simulated theoretically, using the equations given in 500 nm shoulder seen in the spectrum from neat sg @&ce
section 2S.2 (Figure 4b). From the photoconductivity experi- i, Figure 5) should be from a different species whose yield is
ments of Shkrob and Sautit,is known that the solvent radical ~ reduced in the presence of §Fhe subtraction of trace ii from
anion reacts with SFwith a rate constant of 2.1% 101°° M1 trace i in Figure 5 yields the spectrum of this “missing” species

—r r . 1 r . 1+ 1T 1
400 600 800 1000
wavelength, nm
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Figure 5. Prompt transient optical spectra<{25 ns window) obtained L I
in radiolysis of (i) neat sc C&(filled circles) and (ii) 0.17 M solution O

of Sk in sc CQ (open triangles). Trace ii was scaled down 3.6 times 1
to match the 900 nm absorbance in trace i. Trace iii (filled diamonds)
is the difference between traces i and ii. Trace iv (open circles) is the
prompt absorption spectrum observed in the 2.87 M solution.dhH

sc CQ.

(trace iii, Figure 5). In the following, it will be demonstrated 0
that this species is the solvent radical anion in sc,CO
Remarkably, a very similar spectrum (trace iv in Figure 5) was i : ' : ; =
obtained in ahole scavenging experiment described below. 400 600 800
Takahashi et a.showed that K reacts with the solvent wavelength, nm

radical cation in sc Cg) probably by proton transfer: Figure 6. (a) Prompt transient optical spectra~(Z1 ns window)
obtained in radiolysis of (i) neat sc G({illed circles) and (ii) 1.66 M
solution of H in sc CQ (filled triangles). Trace iii is the difference of
traces i and ii. Compare this difference trace with trace iv which a
scaled trace ii in Figure 5a. See Figures 24S to 27S for the kinetics
and later-delay spectra in the;Hsolution. Addition of hydrogen

f th | ths. the kineti . in Ei 245 selectively “removes” the 750 nm band of the solvent radical cation
(for other wavelengths, the kinetics are given in Figures from the absorbance spectra. (b) Transient absorbance spectra obtained

26S). As more K added to the solution, the lifetime of the i, the 20-50 ns window from a 1.66 M solution of Hn sc CQ (ii)
solvent hole is reduced (Figures 23S and 25S) and the presenceith and (i) without 25 mM @ (open circles and squares, respectively).
of other light-absorbing species becomes apparent (Figures 25Srace iii (filled circles) is the difference of traces i and ii. Oxygen
and 26S). When 1.66 M of hydrogen is added, the lifetime of selectively ‘removes” the signal of__t_he blue-absorbing solvent radical
the solvent hole is reduced to 7.4 ns, which is comparable to cation. The difference signal, race iii, has the same shape as the prompt
the duration of the. eIeptron pulse. As §hown in Figurgzs 258 ﬁi'%rr:alligut:ee5%??;”:%%”%2'%?”2;(;2'F'gure 6a, and the difference trace
and 26S, the\OD; kinetics observed in this 1.66 MJ$olution
are weighted sums of two contributions: (i) a signal from a
long-lived species (most clearly seen in the red) whose
concentration gradually increases with time over 300 ns and
(ii) a signal from a short-lived species (most clearly seen in the
blue) that decays over the same period of time (Figure 26S).
The former signal is from the staple Ilght-.absorblng product, addition of H selectively “removes” the signal of the solvent
Figure 1. Exactly the same generation kinetics for species i were . yical cation from the transient absorption spectra
observed in the @solutions (Figure 27S and section 3S), over ’
a wider spectral range, and the transient absorbance spectra Vhen electron acceptors, such asdd Sk, are added to the
obtained within the time period of generation00 ns) match ~ 1-66 M H solution, the blue-absorbing species is scavenged
the spectra of the stable product acquired on the microsecond(Figure 5, trace iii, and Figure 6b). This behavior is consistent
time scale (Figure 41S(b)). The decaying signal ii is from the with the radical anion being the species resppnsmle for the
solvent radical anion, as shown below. decaying absorbance/at< 750 nm. Because addition of oxygen
Figure 6a shows a comparison between the prompt spectradoes_”(’t change thg yield of the stgble Iight-absorbing product
(7—21 ns window) obtained in neat sc Qrace i) and the (section 3S _and !:|gure 40S therem)_, the subt_ra_lctlo_n of the
1.66 M H, solution (trace ii). The same absorbance that is SPectra obtained in the 1.66 MHolution (trace i in Figure
increased by addition of $Rbecause of higher yield of free ~ 6b) and the hydrogen solution with,@dded (trace ii in Figure
solvent holes) is removed by addition of kbecause of rapid 6b) ylelds the spectrum of the radical anion that is free from
elimination of the solvent holes by reaction 2). This point is the interference from the product absorbance. Indeed, the
demonstrated by subtraction of trace ii from trace i (Figure 6a) residual prompt spectrum (trace ii in Figure 6a) obtained-&1/
and comparing the difference trace iii to the normalized trace ii NS (when the product yield is small) is the same as the difference
in Figure 5 (trace iv in Figure 6a). The residual absorbance (trace trace iii (Figure 6b) obtained at 20 ns, when the product
ii, Figure 5) has the same spectrum as the difference trace iii in Yield is substantial.
Figure 6a; that is, the species eliminated by addition of SF Figure 7 demonstrates a comparison between the absorption
does not react with i The difference between the kinetics spectrum of the blue-absorbing radical anion (scaled trace iii
obtained in neat sc Cand the 1.66 M H solution yields the in Figure 6b) and the electron photodetachment spectrum of

T
1000

(CO,)," +H,—~H-+OCOH +(n—1)CQ, (2)

Our kinetic measurement (Figure 23S)lat= 900 nm gives a
rate constant of (8.3 0.5) x 10" M~1 s71 for this reaction

decay kinetics of the species scavenged by(Hgure 245S).
Unlike the AOD; kinetics shown in Figure 2, the time profiles

of these difference kinetics do not change with wavelength
(450-900 nm), as all of these are the decay kinetics of the
solvent radical cation. These spectral and kinetic data prove that
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Figure 7. Comparison between the electron photodetachment spectrum
of the solvent radical anion obtained in the time-resolved conductivity

experiment of Shkrob and Sauer (ref 4; open symbols) and the spectrum

of the blue-absorbing radical anion generated in pulse radiolysis of sc
CQ; (filled circles). The latter is a scaled trace iii in Figure 6b. The
extinction coefficients of the radical anios; were estimated by
comparison of traces i and iii in Figure 5a using the knevinfor the
solvent radical cation and assuming the same yield of the solvent radical

cation and the radical anion (see section 4.2). The cross section of

photodetachment is given as a product of the extinction coefficient and
quantum yieldp,q of the photodetachment.

the solvent radical anion obtained by Shkrob and Sailibese

two spectra are virtually identical. We therefore conclude that
the 406-500 nm shoulder observed in the prompt spectra from
neat sc CQis from the bound-to-continuum band of the solvent
radical anion. Further evidence in support of this species is given
in section 3.2, where the electric field dependence on the kinetics
is examined.

Decay Kinetics of the Satnt Hole.The decay kinetics of
the solvent radical cation can be observed, without interference
from other species, fot > 850 nm. For any dose, the kinetics
att > 20 ns can be fit by

AOD, = €",Lc, exp (kt)/(1 + kycyt) )
wheree™; is the extinction coefficient of the solvent radical
cation, L is the optical path of the celty is the initial cation
concentration (extrapolated te= 0), k; is the inverse “natural’
lifetime of the solvent hole, ankb is the rate constant for ion
recombination in the bulk (for example, Figure 8a). These
kinetics imply that the solvent hole decays by (i) homogeneous
ion recombination and (ii) pseudo-first-order scavenging reaction
with impurity to yield a secondary cation that recombines with
the anion at the same rate as the solvent radical cation (see th
discussion of the impurity in section 1S.3). Experimentally, the
“natural” lifetime of the solvent holet{ = k;71) varies from
one batch of C@to another; even for “good” batches, <

160 ns. Unless the solution is rapidly flowed through the cell,
this lifetime is further shortened because radiolytic products,
such as CO and Dthat accumulate in the solution react with
the solvent hole (Table 1, section 1S.3, and Figure 16S therein).
On the other hand, complete removal of these products is
difficult to achieve practically because using low repetition rates
makes the acquisition time exceedingly long whereas using flow
rates greater than 6 &min introduces turbulence and light
scattering.

Dimitrijevic et al12 and Takahashi et dlassumed that the
decay kinetics of the solvent radical cation are nearly expo-

Shkrob et al.
a
8x10 = - N (a) -
|
I L
-
n
g
g 4 | § -
= ]
N‘?¥
Il *.’5 ﬁi [
itk el
O-H ™ bl v WW
1 * T ' T L T ¥ T ¥ T * T ¥ T
0 200 400 600ns
time
average dose, Gy
2 2 9 s
2_ -
3 ] (V !
< 1 B
O-I T T T T T T =
0 20 40 60

pulse charge, nC

Figure 8. Transient absorbance kinetics at 900 nm for 7.6 ns fwhm
pulses with charges of 18, 27, 45.5, and 61.5 nC (nano-Coulombs).
The solution flowed at 6 cA#min through cell 1 (volume of 5 cf

and the repetition rate of the electron pulses was 0.05 Hz. Despite the
efficient removal of radiolytic products, the lifetime of the solvent
radical cation is ca. 160 ns. This lifetime becomes progressively shorter
at higher doses. Bold lines drawn through the kinetics are multitrace
least-squares fit obtained using eq 3 with parameters given in section
3.1. (b) Charge and dose dependence of the initial concentratioin

the solvent radical anions (obtained from the fit shown above).

sample, it becomes evident that for higher doses the decay is
faster (Figure 8a). The same shortening is observed i SF
solutions (Figure 4a). As explained above, addition of the
electron scavenger increases the prompt cation yield. This
increase has the same effect as changing this yield by increasing
the dose. Figure 4a shows the least squares multitrace fit of the
AODgqg kinetics obtained for several concentrations o§.3&

this simulation,etqgq ki, andk, were the same for all kinetic
traces; only the initial cation concentratiopwas varied. The
ecombination constark, was approximated by the Debye
ormula, k; = 1.1 x 10 uile, wherey; is the sum of ion
mobilities (in cn?/Vs) andk; is in M~1 s71, Usingu; ~ 0.016
cn?/Vs, one obtaingk, ~ 1.17 x 1019 M~1 s71. The entire set

of these kinetics was simulated usikg= 10" s, €tgg0 &

3270 M1 cm! and ¢, plotted in Figure 4b. Note that the
estimate foretgpy depends on the value assumed for the
recombination constant. The solid line drawn through the
experimental points focy in Figure 4b is the theoretical curve
obtained in sections 4.1 and 2S.2.

For neat sc C@irradiated using 2762 nC, 7.6 ns fwhm
pulses (cell 1), a multitrace fit obtained in a fashion similar to
Figure 4a yielddg = 6.37 x 10° s71 ande™gp0 ~ 3,000 M1
cm™; the initial cation concentratiortg are linear with the beam
charge (Figure 8b). From these simulations, it appears that the

nential. This is indeed the case when the solution is contaminatedcation yield in neat sc CQs ~1 uM (for a typical 60-70 Gy
by radiolytic products (section 1S.3) because scavenging reactiorpulse). Importantly, these simulations suggest that the solvent

with these products is faster than ion recombination in the bulk.
When these radiolytic products are removed by flowing the

radical cations generated in radiolysis of neat s¢ @0ombine
in bulk; that is, their geminate dynamics are short. The
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and the difference traces are solid bold lin®@AOD kinetics observed

at other wavelengths are shown in Figures 31S and 32Sa. The electric
field was 25 kV/cm.

wavelength, nm
Figure 9. (a) Transient absorbance kinetics at 900 nm observed in sc
CO; containing (from top to bottom) 10.2, 7.6, 5.1, 2.5,1.3, 0,8, 0.4,
0.2, 0.1, and 0 mM of-hexadecane. (b) Prompt transient optical spectra
(same window) observed (ii) with (open diamonds and filled squares)

and (i) without (open triangles and filled circles) 5.2 mM bf - - + .
hexadecane in sc GOOpen symbols are from the-hexadecane (i) The absorption band of the-CigH4™ is centered in the

solutions that contained 0.17 M gRhese traces were scaled down by near-IR, anq th.e speptrgl overlap with the 750 nm band of the
3.6 times to match the spectra obtained in the absence of the electrodCO2)n" cation is minimized?
scavenger. The 900 nm band is frewhexadecane (i) Aromatic radical cations rapidly dimeri&in sc CQ,
and the resulting kinetics are complex,

(iii) It is impossible to add more than 0.1 mM of these
aromatic compounds to sc G@ue to their low solubility,

(iv) Unless an electron scavenger (such ag) &added, the

conductivity studies of Shkrob and Satiatso suggested that
the charge separation in dense sc.Q@p. > 1.2) occurs
predominantly in the electrerhole pairs, in less than 200 ps.
Addition of hole scavengers shortens the 94800 nm solvent radical anion also reacts with the aromatic solutes, and
kinetics. Table 1 gives bimolecular rate constants fgr €D, the overlapping bands of the solute radical cation and solute
N0, and H under our standard conditions. These rate constants'adical anion are observed. Addition of Sffoes not simplify
were obtained from the plots & vs solute concentration. For the analysi¥ because the Sfadical (formed in the dissociative
O,, H, and CO, the solute cations (GQOCOH', and (CO)*) electron attachment to gFreadily oxidizes the aromatic

17
do not absorb at 900 nm, the concentration plots are linear, andSOIUte_S' . . .
the extraction ok; using eq 3 is straightforward. For0, the Unlike these aromatic solutes:hexadecane has high solubil-

solute cation rapidly dimerizes to yield the D), cation which ity in sc CQ; and does not react with (G~ (as shown by

absorbs at 900 nm (section 3S and Figure 39S therein). Eorour laser conductivity studiesand Sk, and its radical cation

this solute, biexponential fits were used to extract the scavengingOloes not dimerizé? When_ 5 mM of this So'”“? is added to neat
rate. sc CQ or 0.2 M Sk solution, a new absorption band centered

L . . . at 870 nm emerges in the transient absorbance spectra. The ratios

The AOD; kinetics obta|_ned_ in the 4060700 nm region are AOD,/AOD;° between the prompt spectra obtained witloD;)
no;at_)ly slower _th_an the kinetics observ_ed at 90600 nm? and without AOD;°% 5 mM n-hexadecane do not depend on
This is not surprising, as both solvent radical ions and the neutral ;o presence of SRcompare traces i and ii in Figure 9b). This
product contribute to the absorbance at4000 nm. As shown g ,qqests that the 870 nm band results from a species related to
in section 3.2, the decay kinetics of the solvent radical anion e solvent hole. Its spectrum is very similar to the spectrum
are slower than the kinetics of the solvent radical cation, as the gptained in pulse radiolysis of neathexadecané® the 800-
former species does not react with the impurity that scavenges10oo nm band observed therein is known to be from the
the solvent hole. corresponding radical cation. For the latter, Mehnert &t give

Extinction Coefficient for the Seént Radical CationThe an extinction coefficient of 9900 M cm~1 at 900 nm, and we
extinction coefficiente™; of the solvent radical cation was used this estimate for the-CigHz4" cation in sc CQ. Figure
measured by reacting this species with an electron donor,9a shows the progression of the 900 nm kinetics for several
n-hexadecane. Typically, such measurements are carried out byconcentrations offi-hexadecane. At lower concentrations, both
reacting the solvent hole with polycyclic aromatic solutes (such the decay kinetics of (C&," and the formation kinetics of
as pyrene and perylene) whose radical cations have narrown-CigHs4™ (which has 4.2 times higher extinction coefficient)
spectral lines with known extinction coefficieritdn this work, are observed. For intermediate concentrations, “flattop” kinetics
n-hexadecane was used instead, for the following reasons:  with a maximum that progressively shifts to shorter times for
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higher solute concentrations are observed. At higher concentradit is a natural consequence of (i) peculiarities of electron
tions, only the formation kinetics of the-CygHs4™ cation are dynamics in sc C@and (ii) the high-dose regime in which the
observed. transient absorbance measurements are carried out. The latter

The rate constant of hole scavenging is large, ca! WDt is necessary because of the low sensitivity of the technique to
s™1, which suggests that the main channel for this reaction is weak chromophores. The conductivity, €.§,and electrolu-
charge rather than proton transfer. In neat(fle maximum minescenc¥ measurements (related to the present technique)
AODgyq increases withrj-hexadecane] until the latter reaches use much lower doses and, consequently, are easier to interpret.
2-5 mM; at higher concentration, no further increase is However, these techniques do not allow for the discrimination
observed. In the SFsolutions, this saturation does not occur between several short-lived intermediates on the basis of their
becausen-hexadecane reacts with the solvent holes in the absorption spectra.

(relatively) long-livedgeminate{ (COz),* F'} pairs?° In neat Although Onsager's formula gives an upper estimate for the
sc CQ, the lifetime of the primary electrorhole pairs is short,  glectric field effect on the yield dfeeions, it does not specify
and scavenging of thgeminateholes is inefficient. From the  \yhen this effect is attained. The tempo of the charge separation
concentration dependence shown in Figure 9a and the spectrgs given in terms of the Onsager tinie= rc%Ds, whereDs is

given in Figure 9b, we obtain a decadic molar extinction the sum of the diffusion coefficients for geminate partriéfd.
coefficient of the solvent radical cation at the center of the 750 Nymerical simulations indicate that the time-dependent field

nm band of 3200k 140 M™* cm™, ande*goo ~ 2370+ 100 effect on the ion yield reaches Onsager’s valuetfgr> 10—

M~ cm™. Note that our estimate af’; is an upper limit: if 100 (section 2S.2). From the photoconductivity studies of
proton transfer to-hexadecane occurs as a side reaction, the gpirob and Sauéiit is known that the lifetime-mobility product
extinction coefficient idower. uete Of quasifree (conduction band) electrons in dense sg CO
Our estimate foe oo is 20% lower than the values extracted 5> 5, 10-% cn2/V. Using Einstein’s formulaDe = (KT/€) e
from the simulations of the decay kinetics (see above). This o the diffusion coefficientD, of the quasifree electron, we
does not suggest inconsistency. First, it is possible that our gpiain for the value of the ratiog/tc of the electron trapping
estimate otk; is too high. Second, the dose distribution in the {me e and the Onsager timeca. 5.5. In other words, because
cell is nonuniform, which causes a spread of the initial cation of rapid trapping of the conduction band electron by the solvent,
yields ¢o and recombination half-timeskfo)™* across the  the jifetime of the primary electrorhole pair is too short for
sample. Because eq 3 is formulated for @neragecation e electric field effect to delop fully. The degree of the
concentration, the extinction coefficient extracted using this (equction in the electric field effect is a function of the (known)
equation could be overestimated. Numerical simulations in tdte ratio and the (unknown) distribution of the electron
which the experimental dose distribution (Figure 7Sb and section {hermajization distances. Monte Carlo calculations in section
1S.2) and the dose dependence of the cation yield in Figure,g 5 ingicate that, for the thermalization distanee 0 nm

19S (section 2S.2) were used showed that the extinction opiained from the photoconductivity studies), this reduction is

Cosf;ii?]iegtu‘r:%ﬂg n?:teo;/oiresfi;nnadtigeass rg(lzjt(r:z ;i)%vi%l’n faure 40-60%, in agreement with experiment (see below).
g 750 P g In neat sc C@ the electron trapping times is short (<200

5, a “composite” spectrum of the solvent radical cation between ) L

5000 to 25 000 cm! can be obtained (Figure 1 of ref 10). The psy and the electron €scape 1S efficiery’c > 1).’ so that most

integration of this spectrum yields an oscillator strength of 0.153. of_the observed electric f|_eld effect_dgvelops n th_e short-lived
primary electron-hole pairs well within the duration of the

Apparently, the 750 nm band results from a strongly allowed . "
bggnd-to-ﬁound transition. In ref 10, we argue thatgtah)i/s band is 9eneration pulse. Though there could be an additional, delayed

from theX 2B, — A 2A, transition in theCz, symmetric (CQ);* increase i_n the field effect pecause of charge §eparat_ion
dimer cation. Following Dimitrijevic et a2 we suggest that dynamics in the secondary pairs (of the solvent radical cation

this dimer cation is the chromophore core of the solvent hole and the solver_lt radical anion), this aftergrpvv'_[h Is slow because
in sc CG the Onsager time of these secondary pairs is long, ca. 30 ns.

3.2. Electric Field Effect. Qualitative Picture.For the benefit Thus, most of the solvent radical cations recombine in the bulk
of the reader, a qualitative picture of the electric field effect on belfor_e thlshs?_(f:or_ldaryf eff(_act takes c:verr.‘ In corcljcintratea SF
the ion yield is given first. It is well-known that a static electric solutions, the lifetime of ¢ Is extremely short and the prompt
field (1-50 kV/cm) accelerates charge separation dynamics of electric field effect on the cation yield is negligible. Because

; ; 21— ) the mobility of F is low,* the Onsager time for th¢
geminate ion and electrethole pairs?'=23 The field pulls the - ' ) . .
charge carriers apart thereby increasing the free ion yield. (COp)n"} pair is long (78 nsf and the increase in the electric

For an isolated pair, the increase in the free ion yield FY field effect as a.function of th? delay Eme iS. extremely §Iow.
as a function of the electric field? is given by Onsagers 1he same applies to thgCO;™ (COpn"} pairs formed via
formula2l22 dissociative electron attachment (see the Introduction).
The qualitative picture discussed above pertainsatated
FYIFY _o =1+ by, (4) geminate pairs. In our system, the homogeneous recombination

of the ions occurs in less thanuk. Because the electrons are
where i = esrd2kT andr. is the Onsager radius, at which ~>10° more mobile than these ions, cross recombination of the
the Coulomb attractioe?/4meeqr. between the ions equals their  electrons and the holes is important. The “critical” concentration

thermal energykT (e is the elementary charge ang is the C. for this electror-hole recombination is given by {£=

permittivity of vacuum). Note thaBy, does not depend on the  (kentc) 1, where ke, is the corresponding Debye constant

initial charge distribution ané Y —o. (~4nrDs). Simple calculation shows th&; is a function of
Under our standard experimental conditionsz 35.2 nm rc only (section 2S.2). For our systei@g ~ 3 uM, whereas

and S, ~ 1.62. The experimental field effect on the prompt the typical yield of the solvent radical cations in neat s @O

yield of the solvent radical cation is—24 times lower. As 0.5-2 uM (section 3.1). Consequently, the cross recombination
discussed in section 1S.3, this reduction cannot be caused byconsiderably shortens the electron lifetime and reduces the
the loss of the electric field during the electron pulse. Rather, electric field effect. The same applies to the secondary geminate
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Figure 11. Dependence of the yieldt) of the solvent radical cation
(traces i and ii) and the electric field effeqdt) (traces iii [filled circles]

and iv [open circles]), eq 1, on the total yiai(t) of the electror-hole
pairs. The concentratioregt) andg(t) are given in units of “critical”
concentrationCer (sections 3.2 and 2S.2) which, under our standard
conditions, is 3.02«M. To obtaing(t), the Cerenkov light signal was
integrated and scaled using the total average dose (cell 1) obtained

AAQD;, norm.

using a thiocyanate dosimeter (section 1S.2). The yield of 5 ele€tron - 90130

hole pairs per 100 eV was assumed (sections 4.1 and 2S.3). Concentra- g
tionsc(t) were obtained from thAODggo kinetics assuming the optical 400 600 800 1000
path length of 2.64 cm and oo = 2370 M1 cm™%. Two sets of data wavelength, nm

_?_re shoy_vn. '(Ij'r_aces i angtiii_ Wzre c_)btaintled usingSS 7.6 nslfwh:rr: p;ulse. Figure 12. (a) PromptAOD. (open circles) andhAOD (filled circles)
races ii and iv were obtained using a longer (50 ns) pulse (that was o o' (1436 ns window) obtained in radiolysis of neat €@or

similar in shape to trace iii in Figure 115(a)). Traces v and vi are comparison, a scaled trace ii in Figure 5 is shown by empty diamonds.

theoretical results for the cation yield and electric field obtained using (b) Time evolution of normalizedd AOD spectra. The time integration
the semianalytical treatment of section 2S.2 with the parameters given, i dows are given in the plot; the spectra were normalized=at400

therein (see also section 4.1). Traces vii and viii are the correspondingnm The 750 nm band of the solvent radical cation progressively
o theoretical traces obtained using the lattice Monte Carlo model of decreases relative to the absorbance band of the solvent radical anion

section 25.3. in the blue. The neutral light-absorbing product does not contribute to
] N o the AAOD spectra. See also Figure 32S.
pairs, as the efficiency of cross recombination does not depend

on charge mobility. From this examination, it follows that the integration of theAAOD and AODy kinetics are compared
electric field effect decreases with the dose. We refer the reader(see also Figure 32S). Shortly after the pulse, A#%OD and
to section 2S for rigorous examination of this dose effect. AODy; spectra are similar (Figure 12a and Figure 32S). In the
Electric Field Effect in Neat sc COFigure 10a exhibits  blue, both of these spectra are different from the spectrum of
typical AODon, AODys, andAAQOD traces observed at= 900 the solvent hole shown in trace ii, Figure 5. Apparently, in
nm. Fort > 30 ns, these three kinetics are the same: the electric addition to the solvent radical cation, there is a blue-absorbing
field acts within the duration of the radiolytic pulse. The field ion whose yield is sensitive to the electric field. The corre-
effect yo on the cation yield attained by the end of the pulse sponding field effect is nearly the same as the effect on the
(where AODyf is maximum) linearly scales with the electric  cation yield and develops on the same fast time scale. The latter

field (Figure 15S(b)), in agreement with eq 4. Note that- means that this effect originates through the geminate dynamics
0.3-0.4, well below the estimate @k, ~ 1.62 from Onsager's  of the electror-hole pairs. Only the solvent radicahioncould
formula. Figure 15S(a) shows the dose dependengg.cdfo be such an ion. Thus, Figure 12a provides conclusive evidence

obtain this plot, the pulse duration was fixed and the charge that the blue-absorbing species is the solvent radical anion.

changed as indicated. In agreement with the arguments given within the experimental error, th&AOD kinetics obtained
above o systematically decreases with the dose increasing. In at 706-1500 nm (where the solvent radical cation predomi-

Figure 11, the time-dependent electric field effe@) (eq 1) nantly absorbs) are independent of wavelength, whereas for
observed within the duration of the electron pulse is plotted as < 550 nm (where both solvent ions absorb), these decay kinetics
a function of the accumulated yield of the electrdrole pairs,  pecome progressively longer at shorter wavelengths (Figure 33S-

g(t). The latter was obtained as specified in sections 3.3 and ()). A comparison between the 400 and 900AaxOD kinetics
1S.2. It is seen that the electric field effect rapidly decreases (Figure 33S(a)) indicates that, in the blue, the half-time of the
with g(t), from 0.8 in the beginning of the 7.6 nm fwhm pulse  decay is~2 times longer than in the red. Normalizad\OD
to ~0.3 by the end of this pulse. Again, such behavior is spectra shown in Figure 12b demonstrate that, at longer delay
consistent with the qualitative picture given above. times, the relative weight of the absorbance from the solvent
Figures 10b,c and 31S show th®D,; andAAOD kinetics radical anion increases as compared to the bell-shaped absor-
obtained forl < 850 nm. All of theseAAOD traces (unlike bance from the solvent radical cation (see also Figure 32S(b,c)).
the AODy traces) decay to zero in 26@00 ns, regardless of  Both of these trends can be accounted for provided it
the detection wavelength Apparently, the yield of long-lived  solvent radical anion has longer lifetime as compared to the
absorbance from the neutral product does not depend on thesolvent radical cation The half-life for the decay of thAAOD
electric field and this product does not contribute to A®€OD kinetics obtained at 400 nm is close tedqy)* estimated using
kinetics. In Figure 12, 4001000 nm spectra obtained by time eq 3.
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- —— 900nm - mM O.. In the latter solution, the absorbance signal is mainly from
#00am the neutral product whose gradual accumulation is observed over the
00 Tl first 400 ns after the pulse. The initial “spikef’ € 20 ns) is from the
0 40ti 80ns solvent radical cation that is rapidly scavenged by Frace iii is the
me

difference of traces i and ii; this trace yields the decay kinetics of the
solvent radical anions (the corresponding spectrum is shown in trace
iii, Figure 6b). Trace iv is th\AODsso kinetics observed in the 1.7 M

H> solution (with no oxygen added).

Figure 13. (a) AODys (trace i, dashed linehODq, (trace i, solid line)
and AAOD kinetics (trace ii) obtained at 900 nm from the 0.17 M
solution of Sk in sc CQ. For comparisonAAOD kinetics obtained

in neat sc CQ@ (under the same irradiation conditions) are shown in
trace iii. Unlike theAAOD kinetics in neat sc CO (Figures 31S and
33Sa), time profiles of thA AOD; kinetics in the SEsolution do not
change with the detection wavelendtlisee Figure 33S(b)). (b) Time
dependence of the field effect in the golution. Only 700 and 900
nm kinetics are shown.

electrons and solvent radical anions are converted ta~CO
within the duration of the electron pulse. At= 550 nm, the
absorption of the oxygen ions is small (section 3S), and the
signal shown in Figure 14, trace ii, is from the neutral product
(the “spike” att < 20 ns is from the solvent hole). Subtraction
Electric Field Effect in SEand H, Solutions.Addition of of the kinetics obtained in theg$olution with and without @
0.16 M Sk drastically reduces the lifetime ofse so that only yields the decay kinetics of the solvent radical anion (trace iii
secondary geminate pairs can contribute to the electric effectin Figure 14). That these kinetics are from the solvent radical
on the ion yield. Figure 13b confirms this prediction: addition @nion alone can be demonstrated by subtraction of the corre-
of SFs fully eliminates the prompt effect on the cation yield. SPonding spectra (as in Figure 6b): within the first 200 ns, these
Insteady(t) slowly increases over tens of nanoseconds, reaching difference spectra retain the same shape as the)¢{C@nion
~0.25 at 80 ns. Because of low intensity of th&Dy signal ~ Shown in Figures 5 and 6.
at longer delay times (Figure 13a), we cannot follow (g Because in the 1.75 M 4bolution the lifetime of the solvent
kinetics after 100 ns. As argued earlier, the slow increase in radical cation is<8 ns, this cation does not contribute to the
x(t) is due slow charge separation dynamics in the secondary AAOD kinetics after the first 30 ns. As the neutral product also
geminate pairs. Because this increase is countered by rapiddoes not contribute tAAOD, these kinetics are from the solvent
homogeneous recombination of the ions in the bulk, the radical anion alone. Figure 14 showsAOD (trace iv) and

maximum effect is small.

In this 0.16 M Sk solution, all AAOD kinetics (unlike the
correspondingAODys kinetics) have the same time profile

AODy kinetics (trace i) obtained in the 1.75 Mydolution at
550 nm. The apparent field effect is small because most of the
AODys absorbance is from the neutral product. Despite poor

regardless of the detection wavelength (Figure 33S(b)). This is signal-to-noise ratio, it is clear that theAOD kinetics, trace
understandable because RAOD spectrum is from the solvent  iv, are similar to the difference kinetics, trace iii. Using the latter
hole alone: the blue-absorbing solvent radical anion is not trace as a reference, the field effggton the anion yield is
formed in these Sfsolutions, and the neutral product does not close to the value of 0.4 observed for the field effect on the
contribute to theAAOD kinetics. cation yield. We conclude that the solvent radical anion decays
The promptAODy; spectra observed in the 6:2 M H, slowly, by recombination in the bulk. By contrast, the solvent
solutions can be decomposed into the sum of the absorbance&ole rapidly decays in a scavenging reaction with impurity.
from the solvent radical anion and (at lowes ¢ébncentrations) The result shown in Figure 14 completes our proof that the
a small residual absorbance from the solvent hole. At longer absorbance in the blue (which is superimposed on the bell-
delay times, the 550 nm band of the neutral product gradually shaped 750 nm absorbance band of the solvent radical cation)
appears (Figures 14 and 26S). For 700 nm, these formation is from thesolvent radical anion Here, we retrace the steps of
kinetics are superimposed on the decay kinetics of the solventthis proof: First, it has been shown that electron scavengers,
radical anion. This anion and its precursor, the electron, can besuch as S§ selectively react with the blue-absorbing species.
reacted with @ (section 3S and ref 4). Figure 14 shows the Second, it has been demonstrated that the residual absorbance
550 nm kinetics obtained in 1.75 MaHolution containing no observed in a solution containing g hole scavenger) is the
(trace i) and 25 mM @(trace ii). At this Q concentration, the ~ same as the absorbance that was removed by addition of these
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electron scavengers; that is, the blue-absorbing species is aABLE 2: End-of-the-pulse Products Ge*7so of the
radical anion. Third, the absorption spectrum of this anion was Sﬁg'sog/f“% :éeé%rGlggtg\e/ 552'52&%23'?&'15?25% (g:j/etﬂén
isolated and compared V\.”th th? electrpn phOtOdetaChm?mDecadic Molar Extinction Coefficient et of the Solvent

spectrum of the solvent radical anion obtained in the conductiv- Radical Cation at 750 nm (Given in Units of dr? mol -

ity experiments of Shkrob and Sauefhe two spectra are  cm™3), in sc CO, at T = 41 °C

virtually the same, which suggests that the blue-absorbing radical

pulsewidth ~ charge, average dose,

anion is the solvent radical anion (rather thansC@nd/or an ne nC GyP Getago Get o
impurity anion). Fourth, it has been shown that the electric field 36 322 951 1457
effect on the yield of this anion is formed on the same fast time 10 84 67 811 1223
scale as the field effect on the cation yield. This indicates that 20 123 90.2 677 1034

both of these effects originate through the geminate dynamics Nominal pulse width (see Figures 23S and 27S to 30S for actual

of the primary electrorthole pairs. The only radical anion th‘_”lt time profiles of these pulses)Average dose in cell 2, as determined
can exhibit such prompt electric field effect is the solvent radical sjng aqueous thiocyanate dosimeter.= 0.837 g/cr. @ p = 0.636

anion, as explained above. Fifth, it has been shown that theg/cn®.
decay kinetics of the solvent radical anion (because of ion
recombination in the solvent bulk) are longer that the decay dose g(t)Nonuniform distribution of radiolytic dose across the
kinetics of the solvent radical cation (that are mainly due to a cell does not change this power dependence (section 1S.2).
reaction with impurity) which accounts for increased weight of ~ Cation Yieldus Dose in Neat sc COAqueous thiocyanate
the blue-absorbing anion as compared to the red-absorbingwas used as a dosimeter to determinedieragedose absorbed
cation at longer delay times. by the sample (section 1S.2). The time profile gff) was
3.3. Dose Dependence and th& Values. Qualitative determined by integration of the Cerenkov light. Therage
Analysis.Let us summarize the observations of sections 3.1 and cation concentration was obtained from th®©Dgoo kinetics
3.2: lonization of the solvent results in the formation of short- using molar extinction coefficient of 2370 M cm™? (section
lived electror-hole pairs. The electric field effect originates 3.1) and the known optical path (Figure 34S(a)). Typical dose
through the recombination dynamics of these primary pairs. The dependencies of the cation yield are shown in Figures 11, 11S-
electric field acts to increase the separation of the geminate (b), 12S, and 34S(a). Regardless of the cell geometry and the
electron, thereby increasing free electron yield. Though quasifreeirradiation conditions (beam focusing, length, collimation, etc.),
electrons are rapidly trapped by the solvent, most of these all such dependencies are curvilinear (Figure 12S). The least-
electrons escape the Coulomb field of the solvent hole before squares fit of these plots (Figure 11S(b)) yie@$§] g with g
they are trapped, because of their extremely high mobility. The = 0.6074 0.006. This exponent is close fb= 1/2 given by
trapped electrons (solvent radical anions) then slowly recombineed 8.
with the solvent holes in the bulk; these secondary pairs Dimitrijevic et a2 estimated that fop = 0.635 g/crd and
contribute little to the formation of the electric field effect on T = 40.1°C, the produciGe*7s5o of the radiolytic yieldG of
the cation yield. Because of scavenging by impurity and the solvent radical cation (given in the number of species per
radiolytic products, the decay kinetics of the solvent holes are 100 eV of absorbed radiation) and the extinction coefficient of
faster than the decay kinetics of the solvent radical anions. ~ the cation at 750 nm was ca. 1300 Mcm™* (100 eV) 1.2
One more way to verify this mechanism is to study the dose Because the dose dependence is nonlinearGihvalues are
dependence of the cation yield. Assur@e= E + | is the dose- and time-dependent. The value reported by Dimitrijevic
concentration of the solvent radical catidB,and | are the  etal?was obtained at the end @5 nsfwhm, 27.5 Gy electron
concentrations of g and the solvent radical anion, respectively, pulse. We redetermined th@e*7so, atp = 0.636 g/cri andp
ke_n is the Debye constant for the electreimole recombination, = 0.837 g/cr, for three pulse durations (Table 2). As seen
andr. is the free electron lifetime (to the first approximation, from Table 2,Ge*750 decreases with the dose, as expected from
we assume that the geminate recombination is extremely rapid,the plot in Figure 11. Figure 34S(b) sho@s*7s0as a function
7dte >1). The generation rate of the primary pairs is given by of the absorbed dose. For a-%0 Gy dose, this quantity
G(t), and the free electron yield for the primary paitis Then, approaches 2000 M cm™* (100 eV) %, whereas for a 5660

we obtain the following system of kinetic equations Gy doseGeT7s50is 700 M~ cm™1 (100 eV) L. Given these time
dynamics, the only way to characterize the radiolytic yield is
dE/dt = ¢ G(t) — E/r, — k., EC (5) to simulate theentire Cvs g dependence theoretically and
compare it with the experimental dependence. To make such a
di/dt = E/z, (6) comparison, one needs to know the radiolytic yiéld, of the

primary electror-hole pairs. This yield was estimated using
(We neglect cross-recombination and scavenging reactions ofthe kinetics obtained in a concentrated; Sblution (where the

the ions that occur on much slower time scale). Becaus&(t) primary pairs have negligible lifetime), by findir@.- at which
<1, we let E/dt ~ 0, E ~ C, and| ~ C, to obtain both theAODgs andy(t) kinetics can be fit simultaneously. We
refer the reader to section 2S.3 for details of the simulation
dC/dt = ¢G(t)/(1 + CIC,) @) procedure. The net result is that there are-5.0.1 ionization

events per 100 eV. Using this estimate, a theoretical curve in
Figure 11 was obtained.
Though the experimental and theoretical dose dependencies
shown in Figure 11, 11Sb, and 34Sa are similar, the experi-
C+ 1/2[CZ/Ce'| = ¢, B G(t') dt' = ¢0(t) (8) mental plots varied with the exact procedure used to obtain the
data. For example, different dose dependencies were obtained
whereCe = (ke-nte) . For C > C,, the second term in eq 8 using cell 2 with and without the electron beam collimator
prevails andC(t) O g(t)¥2 Thus,for sufficiently large doses,  (Figure 12S and section 1S.2). These variations were due to (i)
the cation yield scales as the square root of the time-integrated nonuniform dose deposition and (ii) light reflection by the cell

which gives
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walls. The latter can be reduced by better collimation of the 4. Discussion

electron and light beams (section 1S.2). Calculations in section o ) . )

1S.2 (Figure 9S(b)) suggest that nonuniform dose deposition 4-1- Quantitative Simulation of the Charge DynamicsWe
results in ca. 12% loweeragecation concentration for agiven ~ Nave already given a qualitative picture for the ionization
averagedose as compared to the theoretical plot shown in Figure dynamics in sc C@ In this section, we demonstrate that these
195 (obtained for an infinitely thin sample). With this correction dynamics can be understood quantitatively, using the set of
in mind, we estimate that the cation yield is420% higher parameters obtained from the time-resolved conductivity stud-

o Co
than the theoretical values. We will continue the discussion of €S~ From these studies, it is known that under our standard
the dose dependence in section 4.2. conditions the ratio of lifetime. of the electron to the Onsager

- . . time t¢ of the electron-hole pair is~5.5 and the widthog of
3.4. Long-Term Kinetics and the Light-Absorbing Neutral the r2-Gaussian distribution of the electron thermalization

Producp After the first 1”?’ the solvent lons recombine, and distances is=10 nm. For this distribution, the free ion yield is
the residual absorbance is from a long-lived product whose ~5 6%

absorption band peaks at 550 nm. As pointed out in section

3.2, the initial yield of this light-absorbing product does not In section 25, the madel of Shkrob and Seisadapted for

depend on the electric field; nor is there an effect of the electric the present gxperlment. Itis sh.own bt an 'SOI.ated 'on pai,
the electric field effect on the yield of free cations is a function

field on the long-term kinetics<{1 s)1® Apparently, the product . ;
is a neutral species. The yield of the 550 nm absorbance is IinearOf two p_arar_1eters_. the/t; ratio a_nd the widttg of _the eIect_ron_
. o 1 1 thermalization distances. In Figure 18S(a), this electric field
with dose, yieldingGePsso ~145+ 10 M~ cm™! (100 eV) L. : . .
. . . effect (for 25 kV/cm) is plotted as a function gf = t¢/t. for
Neither the spectrum of this product nor the yield of the long- . .
. . several values dis. For a fixedzd/t;, the effect systematically
lived absorbance change with the flow rate of the sample and : AR -
. . . _decreases withg. The observed initial field effect on the yield
the repetition rate of the electron pulses, suggesting that neither

the product nor its precursor react with the radiolytic products of the solvent hole ie-0.8+ 0.05. Forrd/t ~ 5.46, this narrows
P - prect yiep the range of possible values fte to 10 £1 nm, in good
accumulated in the radiolysate.

o ] ) ) agreement with the estimate given in ref 4. Knowing bafh
Within the first 109;45, the spectra are time independent. gnqh; makes it possible to calculate the effect ofs S the

However, after the first 1 ms, a small shoulder at 750 nm cation yield. From the photoconductivity studfei,is known

gradually emerges (Figure 355(a)). On this millisecond time tnat in the presence of $Rhe lifetime of a free electron

scale, theAODssg signal slowly decays, decreasing by-280% decreases with [SFas 7d(1 + aJSFg), where the Sters

over the first 200 ms (Figure 35S(b), trace i and Figure 36S). \/glmer constantie ~ 6.7 x 103 ML, Using this dependence,

Addition of 0.2-0.5 M of Nz, Oz, and NO has no effect on it js possible to fit the plot of the initial solvent cation yield

these decay kinetics. By contrast, addition of CO changes the(Figure 4b) as a function of [SE using a single adjustable

kinetics drastically (Figure 35S(b)): thODssosignal decays — parameter: the initial cation yield in neat sc £@ee section

to a new steady level that is 4 times lower than that in neat sc 25.2 for more detail). This excellent agreement suggests that

CO; (this new absorbance was too small to obtain a good-quality our estimate for the electron thermalization distance in radiolysis
spectrum). The rate constant of the corresponding reaction isof sc CQ is correct.

770+ 30 M~1s1. Because the reaction with CO is inefficient As discussed in section 3.2, in neat sc.Ce formation

and reaction with @ does not occur at all, even prolonged  |inetics of the solvent radical cation and the electric field effect
radiolysis has little effect on the kinetics. Addition of hydrogen o the cation yield are strongly affected by cross recombination
has same effect as the addition CO, but the reaction is slower ¢t quasifree electrons and the solvent holes. This effect can be
(<200 Mt s7Y). simulated, using the lattice Monte Carlo model (section 2S.3)
On a longer time scale, the decay of the 550 nm absorbanceand/or the semianalytical theory (section 2S.2), assuming
lasts over hundreds of milliseconds (Figure 36S); even after 2 uniform space distribution of the electrehole pairs. Though
s, there is aAODsg signal that is~25% of the absorbance at  in reality this distribution is not uniform (as these pairs are
100 us. Though the kinetic traces can be fit by second-order clustered in radiolytic spurs)homogeneougecombination
kinetics with a time constant of 330 ms (Figure 36S(b)), in the prevails under the conditions of our experiment. The solid lines
low-dose regime (26120 Gy per single pulse), no changes in drawn in Figure 11 are the theoretical predictions for the field
the kinetics with the pulse dose were observed. Using a 30 Hz effect and the cation formation kinetics obtained using the
burst of 60 Gy pulses causes the accumulation of the productsemianalytical theory of section 2S.2 (the traces obtained by
on the observation time scale (Figures 37S and 38S). After 20 lattice Monte Carlo calculations, section 2S.3, are also shown
30 pulses, the yield saturates (Figure 38S). It is seen from thetherein). Note that no model parameters were adjusted in these
kinetic plots in Figure 37S(a) that in the high-dose regime the simulations; the only assumption made (for the comparison with
decay kinetics of the product become shorter as the total dosethe experimental data) was that the yield of the ionization is 5
(summed over the sequence of pulses) increases. The spectralectror-hole pairs per 100 eV. Good agreement with experi-
obtained on the millisecond time scale using the pulse bursts ment further supports our choice for the model parameters.
are composite: in addition to the 550 nm band observed at short  The estimate of5 (100 eV)! for the ionization yield can
delay times, a new 950 nm band emerges, see Figure 38S(b)be corroborated by fitting the solvent hol&DDggo, and the
For A > 600 nm, the accumulation kinetics are different from electric field kineticsy(t), for concentrated SfSolutions (Figure
the kinetics observed dt < 600 nm (compare traces ii and iii ~ 21S). Since the geminate recombination and cross recombination
in Figure 38S(a)). The formation of the 702000 nm band of the F and (CQ)," ions occur on the same time scale, lattice
can also be observed on the submillisecond time scale (FigureMonte Carlo simulations (section 2S.3) were used in these
37S(b)). TheAODggo kinetics are not complementary to the simulations. It turns out that these simulations can pinpoint the
AODssg kinetics, and the red-absorbing species is unlikely to ionization yield because the degree by which the cross recom-
be related to the 550 nm absorbing product. bination arrests the development of the field effect strongly



Pulse Radiolysis of Supercritical GO J. Phys. Chem. A, Vol. 106, No. 49, 2001867

depends on the ion pair concentration and so does the catiorthe electron photodetachmétre given as— ¢ps, Wheregyq
yield. Our simulations give an estimate of 5t10.1 pairs per is the quantum yield of photodetachment. An examination of
100 eV. Figure 7 suggests thapq ~ 1 where the comparison is possible.

In sum, the model used to simulate time-resolved conductivity Because the quantum yield of the electron photodetachment
in photoionization of sc C@solutions can also be used (with ~cannot exceed unity, there cannot be large deviations from parity
slight modifications) to simulate transient absorption kinetics Provided that our estimates fer, are correct.
in radiolysis of sc C@ including the electric field effect on Let us suppose that"; is underestimated, so thapg < 1
these kinetics. The same set of model parameters for electron(e*; cannot be overestimated as that would req@je> 1). In
and ion dynamics is obtained in both of these experiments. such a case, the parity argument does not apply and sorge CO

4.2. Dissociative Electron Attachmentln the simulations ~ @nions could be present in the reaction mixture. Note that the
discussed above, no provision has been made for the occurrenc€Tor ine™; cannot be large because kinetic analyses in section
of dissociative electron attachment in the course of ionization. 3-1 give a value that is just 20% greater than the estimate
This reaction would lead to rapid formation of the £Gnion. obtained in the scavenging experiment. In these kinetic analyses,
Since this molecular anion has low mobility (as compared to the quantity determined is the ratigle™; of the rate constant
the quasifree electron) a much greater fraction of the geminatekz of ion recombination and the extinction coefficiertt;,. To
{COs~ (COx),*} pairs can survive at the end of the radiolytic Obtaine’;, the Debye constant was used as an estimate. of
pulse as compared to th€CO,),~ (CO2),*} pairs. Thus, even ~ Because; cannot exceed this Debye constant, the er_r@f*un_
if the fraction of the former pairs is small, the increase in the Cannot be greater than 20%. However, this 20% error is unlikely
end-of-pulse concentration of the solvent hole could be large. & there would be a conflict with the dosimetry measurement:
To give an example, our simulations indicate that if 12% of If slowly recombining geminat¢ COs~ (CO,),"} pairs were
the ionization events resulted in the formation of C@nions ~ formed during the ionization, this would increase the apparent
in place of g~ the concentration of the solvent hole would Prompt yield of the solvent cations because more pairs can be

increase by 40% (section 2S.3 and Figure 22S). Note that theobserved on the nanosecond time scale. As explained in sections
estimate for the ionization yield in the §Bolution (section 3.3 and 1S.2, the yield of the cation absorbance=at900 nm

4.1) is that for thetotal yield, as there should be no difference 1S 10-t0-20% higher than the theoretical estimate after the latter

between the charge separation dynamics fof @@;~ (CO,).*} is corrected for the nonuniformity of dose deposition in the
and{F~ (CO,).*} pairs. Is there any evidence, direct or indirect, Sample. If ", were 20% higher, this discrepancy would
that the CQ@~ anions are present in the reaction mixture? disappear, and there would be no room for the increased cation

No spectroscopic evidence for the presence of the carbonate’ leld that needs be observed when a large fraction 0§CO

radical anion in the reaction mixture was found. This statement, anions 1s p.resent n th_e solution. ) .

however, is conditional on the assumption that the VIS spectrum _ If our estimate foe ™ is correct, this means that the increased
of COs~ in sc CQ and the corresponding extinction coefficients  Yield of the 900 nm absorbance is due to the increased yield of
are similar to those for aqueous €3¢ (and CQ- centers in the splvent radical catlon (as compared 'to the theoretical yield
carbonate mineralgy, where this species has been studied °btained in the model without the GOanions). Monte Carlo
previously. As shown in Part 2 of this studythe X 2B, — A c_alculatlons |nd|pate that 20% h!gher end-of-the-pulse cation
2A; band of the C@ anion in the visible is due to trigonal yield woulq require 5% of the |on|zat|.on events _to proceed via
distortion of thisC,, symmetric anion; the closer the unique the formation of C@". Because the field effect in tHeCO;~
O—C—0 angle is to 129 the weaker the absorption is. In sc  (CO2n'} pairs is slow to develop, higher fraction of the €0
CO,, this trigonal distortion is much weaker than in wakgr, ~ a@nion means lower prompt electnc_ field effect. A comparison
where CQ is hydrogen-bonded to the solvent, and £an between the theoreyqql and experlmental valugs for this field
sc CQ is likely to be a poor light absorbdf. Gas-phase effect brackets the initial fraction of the GOanions to less

experiments agree with this theoretical result: the photode- than 3%.

struction cross sections for the @@H,O anion are several In conclusion, though our measurements may be subject to
times larger than the cross sections for thesGOO; anion?® errors, these errors seem to be too small to accommodate large
Because C@ is a poor light absorber in sc GGand the prompt yield of the carbonate radical anion. The highest estimate

dissociative electron attachment is a minor channel (as suggestedhat can be placed for the prompt yield of this anion is around
by the simulations in section 2S.3), this species can easily escape 0% (relative to the yield of the solvent radical cation) which
detection by transient absorption spectroscopy: The weak implies that no more than-23% of the ionization events involve
absorption of C@ is swamped by much stronger signals from dissociative electron attachment.
the solvent radical cation, solvent radical anion, and the neutral  4.3. Light-Absorbing Product. In this section, we make an
product. Given that C® is formed both in the electron educated guess as to the possible nature of the neutral product
bombardment of (Cg), clusters! and iny-radiolysis of solid responsible for the long-lived absorption centered at 550 nm.
CO,, B it is likely that this species is also formed in sc £0  As we do not have evidence that this product is impurity related,
albeit at low yield. There are several reasons to believe thatwe will assume it is not. The following properties were
this yield is indeed low other than the fact that the absorbance established for this product: The product is extremely stable.
of CO;~ was missed in our experiments: It is formed rapidly (in 300 ns) but not promptly. The product

If both CO;~ and (CQ),~ anions were present in the reaction i not processed through the electrdrole pair, as there is no
mixture, there would be no parity between the yields of the Prompt electric field effect on its yield. Addition of £1N20O,
solvent radical anion and the solvent radical cation. Figure 7 Oz, and CO (1 M) does not change the formation kinetics.
shows a comparison between the electron photodetachment and he product slowly reacts with reducing species &id CO),
absorption spectra of the solvent radical anion. The extinction but it does not react with oxidizing species;(@d NO). The
coefficientse™; for the solvent radical anion were determined latter suggests that the product is in a high oxidation state.
using the coefficient™; obtained in section 3.1, assuming that The extremely long lifetimeX300 ms) of the neutral product
there is a parity between the ion yields. The cross sections for excludes excited molecular states. Only radicals and ground state
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molecules are suitable. The fact that in the high-dose regimein our study. Chemical behavior and light-absorbing properties
the decay kinetics of the product become considerably shorterof CO; are consistent with this association.
(section 3.4) suggests that it is a radical that decays by Formation of CQ. A possible mechanism for the formation

bimolecular recombination. Our search of the literature (e.g.,
ref 30) suggests that very few neutral, stablgdgCspecies
absorbing light in the visible are known. Among the few that
we found are “red graphite” (carbon suboxide polymer,
(C302)n),2%31 singlet carbon trioxide (C€),3273° and ozone
(03).14° Most of the other chromophores (for instanceQc
(32))** can be eliminated on the basis of their short lifetimes
and/or low oxidative states. The UWis spectrum of “red
graphite®! has striking resemblance to that of the product.
However, it is unclear how such a polymer could be formed on

of CQO; in radiolysis of sc CQ would be the dissociation of
COx* moleculed” generated either by the direct excitation of
the solvent or by charge recombination. The lowest-energy
dissociation channels of GO are COX 1X) + O(D),
COX 1) + O(S), and COAAI) + OCP) at 7.4, 9.6, and 11.5
eV, respectively’2 The COK =) + O(P) channel (at 5.45
eV) is spin-forbiddert’2c Still, such a dissociation can occur
for CO* molecules generated by the recombination of triplet-
correlated electronhole pairs. In the gas phase, thé@)(atoms
decay mainly by conversion to ground-staté®)@toms in two-

a submicrosecond time scale. The known chemical pathwaysbody collisions with C@molecules (2x 10-20 cm® molecules?

to this product are thermally induced polymerization gDg%-31
and prolonged/-radiolysis of CO*2

Ozone.Ozone has the merit of being actually observed in
radiolysis of sc C@*3 It is also generated in 248 nm laser
photolysis of Q in this liquid#* Both in radiolysis and
photolysis, ozone is formed in the reaction ofP)atoms with
0,.11243.44Ground-state oxygen atoms do not absorb light in
the visible and are stable for tens of microsecohds.

There are several reasons to exclude the ozongdo@s not
react with B and CO*® The visible (Chappius) band ofs@oes
not match the 550 nm band of the prodtfiThe extinction
coefficient in the Chappius band is extremely low: in the gas

s1).37.47 Alternatively, the OYD) atom complexes with a GO
molecule to produce C§{'A;) in a three body reactioff. At 1
bar of He, the complexation is 18lower than the deactivatidf.
In solid and liquid CQ, the complexation appears to be more
efficient32.33

Given that the solvent hole in sc G@ a (CQ);" dimer
(with binding energy of 0.6 eV#§ solvated by the supercritical
fluid (which adds—1 eV of the polarization energy), only CO-
(X1Z) + O(D,1S) dissociation is possible for GOformed by
charge recombination. Becaus85% of the electrorthole pairs
recombine in less than 50 psnost recombination events yield
singlet CQ* molecules whose dissociation yielgimgletoxygen

phase, the absorption cross section at the center of this band i€@toms. Simpleminded extrapolation of the gas-phase data (at 1

just 7 x 10721 cn?.A%aThough this cross section increasesi?
times in the condensed medf&,one would need th& values

bar) to supercritical fluid (200 bar) suggests that-20% of
the O{D) atoms can yield Cg@instead of converting to Gp).

in excess of 100 ozone molecules per 100 eV to obtain the Thus,;promptformation of CQ in radiolysis of neat sc CQs

observedGePsgy of ~145 M1 cmt (100 eV)l. A chain
reaction could provide large radiolytic yields. However, such a
reaction would take a long time, whereas the formation of the

possible. There could also be delayed formation of this species
because of generation of the excited £Qnolecules in
recombination of the solvent radical anion and the solvent radical

product is over in 300 ns. UV absorbance measurements of¢ation in the bulk.

Dimitrijevic et all do not support the high yield of £in
radiolysis of sc CQ@ (from Figure 1 in ref 1, we estimate that
the G value for ozone is<0.1 molecule per 100 eV).

COs (X 1A;) . Carbon trioxide is formed in the reaction of
the singlet O/D) atom with CQ.32737:45 The radical isCy,

symmetric, with a three-membered OCO ring and an exocyclic

carbonyl groug#37:38.39t is stable both in the gas ph&sand

in low-temperature matrixe®.3¢ CQO;z is known to occur in the
UV photolysis of Q in solid*353%liquid,3® and supercritical
CO..*In these media, it decays by bimolecular recombination
with the formation of C@ and Q. CO; does not react with ©
and Q;3233it has been predicted to react with CO (refs 37 and
38 and references therein).

Ab initio calculationg® suggest that thX A, state absorbs
in the visible (2.47 eV) via a transition to the first excitel (
1B,) state; the oscillator strength of 0.03 was obtained for this
symmetry-allowed transition. Jones and Taldlebtained the
VIS spectrum of C@by photolysis of Qin solid CO, (60—80
K). Their spectrum is similar to the spectrum of the neutral
product observed in radiolysed sc £€ave for a red shift in
the latter. A molar extinction coefficient ef11 M~* cm™t and
the oscillator strength of 3« 1074 were obtained by these
authors*® In light of the ab initio calculation& their estimate

appears to be excessively low, and the VIS spectrum reported

by Jones and TauBeis in doubt. ForePsso ~ 10 M1 cm™2,
the G value for the product would be13.5 radicals per 100
eV which is still too high. However, it seems likely that the
actual extinction coefficient for CQis at least 16-100 times
higher. Admittedly an exotic species, @@ppears to be the
most likely candidate for the light-absorbing product observed

Though plausible, this mechanism is inconsistent with our
results: First, the product is formed in a delayed fashion only;
there is no prompt formation. Second, when (GO and g;
are scavenged, the formation kinetics of the product do not
change. Third, if CQwere formed in the recombination of the
electron-hole pairs, there would be a negative electric field
effect on its yield.

We suggest that CQis formed by neutralization of C©.

In this scenario, the dissociation of @@roduces relaxed Gp)
atoms only, and the C{adicals are formed via the recombina-
tion of cations (X') with the CQ~. Because the electric field
effect in the{CO;~ X'} pairs takes long time to develop
(hundreds of nanoseconds), the field effect on the product yield
can be small. Ce does not react with i CO, and NO, and

the O™ anion transfer to @is very slow (4x 1 M1 s tin

the gas phaséy.Note that the formation kinetics of G@nirror

the decay kinetics of C§ which explains the time scale for
the delayed generation of the product. As discussed in section
4.2, our results do not exclude that the £@union is formed

in radiolysis of sc CQ provided that its initial yield is less
than 0.15 per 100 eV. Because all €@nions will eventually
recombine, the yield of COequals this initial yield (this is
another reason, why no electric field is observed). Thus, i CO
has an extinction coefficient o£10® M~ cm™%, there would

be sufficient concentration of GQo account for the observed
product absorbance.

5. Conclusion

Using pulse radiolysistransient absorption spectroscopy, the
mechanism for radiolysis of dense, liquidlike supercritical,CO
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has been studiedT(= 41 °C, p/p. = 1.79). Time-resolved is present in the reaction mixture shortly after the ionization
absorption spectra obtained in the 383600 nm region are  (as suggested by the dose dependencies obtained in section 3.3),
decomposed into the contributions from several species, on the(iii) that charge neutralization of GO yields CQ radicals, and
basis of their kinetic behavior, response to the electric field, (iv) that dissociation of C& molecules formed in the recom-
and reactions with added solutes. Three species have been showhination of the electrornhole pairs in sc C@yields mainly

to contribute to the absorption spectra obtained in neat sc CO OCP) atoms (as suggesed in refs 1 and 2). Disproving any one
the solvent radical cation, the solvent radical anion, and a long- of these assumption would falsify the suggested mechanism.
lived neutral product that we postulate is §&t;). A broad, Although our association of the light-absorbing neutral product
bell-shaped spectrum of the solvent radical cation centered atwith CO;zis tentative, it can be a starting point for further studies.
750 nm with an onset at 1/&m and an oscillator strength of  In particular, the IR bands of CQOin solid matrixes are
0.153 was isolated. In Part 2 of this serl@shis spectrum is known343536 so that this product could be identified by

shown to be due to a charge resonance #aofdthe (CQ)," resonance Raman spectroscopy.
core of the solvent hole. A very similar spectrum was obtained The effect of several scavengers, such ag 8, O,, CO,
for an isoelectronic speci€s(N.0),*, in sc CQ (section 3S). and NO has been studied (section 3S). Radiolysis of their

The UV—vis absorption spectrum of the solvent radical cation solutions yields many exotic ions that have previously been
is from a bound-to-continuum electron transition. A comparison observed only in the gas phase and in cryogenic matrices. It
between the absorption and electron photodetachment spectraappears that most di- and triatomic molecules that can donate
for this anion indicates that the quantum yield of the photode- an electron to the solvent hole form radical cations that rapidly
tachment is close to unity. polymerize. The resulting multimer cations exhibit charge
The following mechanism for electron radiolysis of sc£O  'esonance banéfsand can be observed by transient absorption
is suggested: The interaction of the electrons with the solvent SPectroscopy. This finding illustrates the extreme proficiency
causes its ionization with the total yield of 5:10.1 pairs per ~ ©f s¢ CQ to facilitate cationic polymerization.
100 eV. Most of these pairs are comprised of the solvent hole
and thermalized quasifree electron; the yield of dissociative
electron attachment (with the formation of €0in place of
the quasifree electron) is less than3o of the total ion yield.
The quasifree electrons are trapped by the solvent in less thang
200 ps to yield a solvent radical anion. Because of high electron
mobility, most of this trapping occurs after the charges escape
each other’'s Coulomb field. By addition of §Ft is possible
to dramatically shorten the lifetime of the quasifree electron
and increase severalfold the yield of the solvent radical cations.
For an isolated electrerhole pair, the ratiordt; of the
“trapping” time and the Onsager time of the electrtole pair
is ~5.54 Consequently, the electric field effect in such pairs
does not develop fully, reaching 480% of the maximum
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