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Transient absorption spectroscopy was used to study the mechanism for radiolysis of dense, liquidlike
supercritical (sc) CO2 (T ) 41 °C, F ) 0.84 g/cm3). The 350-1500 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, CO3(1A1). 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 CO2 is suggested: Ionization of the solvent yields≈5 pairs per 100 eV. Most
of these pairs are comprised of the solvent hole and a thermalized quasifree electron; the prompt yield of
CO3

- is <3% of the total ion yield. The electrons are trapped by the solvent in<200 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 (N2O)2+ and (CO)n+, can be produced this way. Using sc CO2 provides an opportunity
to study such multimer cations in liquid solution.

1. Introduction

Having a critical densityFc of 0.468 g/cm3 and a critical
temperatureTc of 31 °C, supercritical carbon dioxide (sc CO2)
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 CO2 is of considerable
interest. In recent studies from this laboratory, pulse radiolysis-
transient absorption spectroscopy1-3 and laser-induced dc
conductivity4 have been used to unravel the chemistry occurring
after the ionization of supercritical CO2 solutions.

Two species were observed shortly after a 5 nsfwhm pulse
of 20 MeV electrons.1,2,3 One of these species is the solvent
radical cation (also referred to as “solvent hole” and (CO2)n

+)
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 (SF6) increasesthe yield of the 750 nm band (Figure
4 in ref 1), whereas pressurizing the solventdecreasesthis yield
(Figure 5 in ref 1). The latter trend is consistent with a lower
free cation yield because of a decrease of the thermalization
path of electrons at higher density. The solvent cation in sc CO2

rapidly reacts, by charge transfer, with electron donors, such as

aromatic amines,1,2 CO,2 and O2,2 and abstracts a proton from
H2.3 Because of rapid scavenging by impurity, a typical half-
time for the decay of the 750 nm band is<100 ns.1-3 Apart
from the solvent radical cation, Takahashi et al.3 observed
another species, with a longer lifetime, that absorbed at 400-
600 nm. This species was identified as the solvent radical anion,
(CO2)n

-, which seemed consistent with the data on radiolysis
of O2 and H2 solutions in sc CO2 (see ref 3 for more detail).

The presence of (CO2)n
- in the reaction mixture was also

suggested by delayed generation ofp-benzoquinone anion (BQ-)
in radiolyzedp-benzoquinone solution.2 Apart from this delayed
formation, 50-80% of BQ- was formed within the duration of
a 5 ns fwhm pulse.2 Prompt formation of BQ-2 and a large
effect of SF6 on the solvent radical cation yield1 suggest that
the solvent radical anion has a short-lived, mobile, reactive
precursor. In this work, we demonstrate that this precursor is a
metastable quasifree electron (eqf

-). This conclusion is in accord
with a time-resolved dc photoconductivity study of Shkrob and
Sauer4 that demonstrated the involvement of eqf

- in the
multiphoton ionization of aromatic hydrocarbons in sc CO2.
According to their study, the recombination dynamics in dense
sc CO2 (F/Fc > 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 electron, eqf

-,
that has high mobility (µe ∼ 10-100 cm2/Vs) and short
“natural” lifetime τe (<200 ps). The lifetime-mobility product
µeτe exponentially increases with solvent densityF for 1.2 <
F/Fc < 2 and approaches 2.5× 10-9 cm2/V for F ) 0.84 g/cm3

andT ) 41 °C. After the electrons are trapped by the solvent,
a long-lived (>10µs) solvent radical anion, (CO2)n

-, is formed,
which has a mobility of 1.6× 10-2 cm2/Vs (under the same
conditions). This anion migrates by charge hopping that
accelerates as the solvent density increases. It has 3-10 times
greater mobility than any other ion in sc CO2.4 Temperature
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and pressure dependencies for the mobilities of the electron,4

solvent radical anion,4 and secondary ions (such as F- and
CO4

-)4,5 were determined. Reactions of eqf
- and (CO2)n

- with
various electron acceptors were studied and the electron
photodetachment spectrum of (CO2)n

- was obtained.4 This
spectrum is similar to the photoelectron spectra of multimer
(CO2)n

- anions (n > 6) in the gas phase;6 it is different from
the photodetachement spectrum of CO2

- in hydrocarbon
liquids.7 For the solvent radical anion in sc CO2, the onset of
electron photodetachment is at 1.76 eV4 (vs 1 eV for CO2

- in
isooctane);7 that is, the electron is deeply trapped by sc CO2.
Deep trapping is also suggested by the fact that only solutes
with gas-phase electron affinity>2 eV exhibit diffusion-
controlled rates of reaction with (CO2)n

-.4 Gas-phase studies
of Johnson and co-workers6 suggest that a C-C bonded,D2d

symmetric (CO2)2
- dimer6,8,9 is the core anion in the (CO2)n

-

clusters (n >14).
The blue-absorbing species observed by Takahashi et al.3 (that

was associated with the solvent anion) exhibits a spectrum that
is quite different from the photodetachment spectrum of (CO2)n

-

obtained in ref 4. Furthermore, this species was found to react
differently from the (CO2)n

- anions observed in the photocon-
ductivity studies. In this work, selective scavenging and transient
absorption spectroscopy in the presence of an electric field were
used to separate spectral contributions from the light-absorbing
species generated in pulse radiolysis of sc CO2. The “solvent
anion” observed by Takahashi et al.3 is 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.
Several possible candidates for this product are examined, and
CO3(1A1) is suggested as the most likely one. In addition to
this product, the solvent radical anion was observed shortly after
the electron pulse and shown to have the same absorption
spectrum as the (CO2)n

- species observed in the conductivity
experiments of Shkrob and Sauer.4 The absorption spectrum of
(CO2)n

+ in the 350-1500 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 sc CO2

is further discussed in Part 2 of this work.10

In sc CO2, electron attachment to the solvent could be either
dissociative (with the formation of CO and O-) or nondisso-
ciative (with the formation of the (CO2)n

- anion), depending
on the electron energy. The O- anion very rapidly attaches to
CO2 yielding a carbonate radical anion, CO3

-.11-13 Though the
dissociative attachment requires≈3.6 eV higher energy (as
determined for gas-phase (CO2)2 clusters),11 a significant fraction
of prethermalized electrons generated in radiolysis of sc CO2

have energies of 10-20 eV. The involvement of CO3- in the
radiolysis and laser photolysis of gaseous CO2 and O2:CO2

mixtures has been postulated by several authors.12 Furthermore,
the trapped CO3- radical was observed, by EPR spectroscopy,
in γ-irradiated solid CO2 at 77 K.13 Although the formation of
CO3

- in radiolysis of sc CO2 is 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 CO3

-

anions in the electron radiolysis of sc CO2 is obtained.
To save space, some data and experimental details are given

in the Supporting Information. Figures 1S-43S and sections
with a designator “S” after the number are placed therein. For
a general reader, it is not necessary to consult the Supporting
Information every time a reference to this material is given in
the main text, because the results obtained therein are briefly

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 1S-3S. Two cells were
used: (i) cell 1 with internal volume of 5 cm3 and optical path
of 2.64 cm and (ii) cell 2 with internal volume of 13.4 cm3 and
optical path of 5 cm. In cell 1, two stainless steel electrodes
separated by 2 mm, with apparent difference 1-5 kV 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 CO2 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 accuracy of(50 mbar, and
the temperature was controlled to(0.1°C. The solvent density
and static dielectric constant were calculated using formulas
given in the literature.14 Unless specified otherwise, the data
were obtained under the “standard conditions”:F ) 0.837 g/cm3

(which corresponds to a solvent pressure of 214 bar and a
reduced density of 1.787),T ) 41 °C (T/Tc ≈1.03), and an
external electric field of 25 kV/cm (for the electric field effect
experiments). For this density and temperature, the static
dielectric constantε ) 1.513. Note that our “standard” density
is considerably higher than the “standard” density in the studies
of Dmitrijevic et al.1,2 and Takahashi et al.3 (0.837 vs 0.635
g/cm3). This is due to the difficulty of obtaining rapid, laminar
flow of sc CO2 at the low density.

In most of our experiments, the analyzing light from a pulsed
Xe arc lamp was coaxial with the electron beam and traveled
in the opposite direction. A set of 40 nm fwhm band-pass
interference filters was used for wavelength (λ) selection at
0.33-1 µm; for 1-2 µm, a set of 10 nm fwhm band-pass filters
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 (100µs to 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), giving∆ODλ vs the delay timet. 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 65-85 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);15 the distribution of the absorbed energy across the cell
was determined as described in section 1S.2 (Figures 7S-9S).
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 5-10 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
the solvent hole is further limited to 150-160 ns because of
the presence of scavenging impurity in sc CO2 that we used
(research grade, Scott Specialty Gases). This impurity is most
likely to be water (section 1S.3). The lifetime of the solvent
holes varies from one batch of CO2 to another; for “bad”
batches, this lifetime is as short as 30-50 ns.
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The field-dependent kinetic traces were obtained by averaging
50-200 kinetics with (∆ODon) and without (∆ODoff) the electric
field for a flowing sc CO2 solution (the typical flow rate was 2
cm3/min). The field was turned on and off several times during
the acquisition. The time-dependent electric field effectø(t) on
the solvent radical cation yield (observed forλ > 900 nm) was
defined as

If not specified otherwise, the end-of-pulse field effectø0 at
the maximum of∆ODoff (λ ) 900 nm) is given. Forλ < 900
nm, only the difference kinetics,∆∆OD ) ∆ODon - ∆ODoff,
are given because several species contribute to the transient
absorbance.

3. Results

In this section, transient absorbance (∆ODλ) kinetics in pulse
radiolysis of sc CO2, with and without the external electric field,
are examined. Basic features of these kinetics are established
(section 3.1), and transient optical spectra are decomposed into
spectral contributions from several light-absorbing species
(section 3.1). A qualitative picture of the electric field effect in
sc CO2 is presented, and the dynamics of the electric field effect
observed in radiolysis of neat sc CO2 and SF6 and H2 solutions
are analyzed (section 3.2). This analysis is continued in section
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
radiolytic dose is studied (section 3.3), and the implications of
these dose dependencies for the mechanism of radiolysis of sc
CO2 are discussed (section 4.1). Experiments in which the
solvent radical cation and/or anion are scavenged using N2O,
O2, and CO are examined, and the formation of multimer solute
ions is demonstrated spectroscopically (section 3S). Long-term
decay kinetics for a neutral product (associated with singlet CO3

in section 4.3) are obtained, and its chemical reactions with
several solutes are studied (section 3.4).

3.1. Transient Absorption Kinetics: Basic Features.Long-
LiVed Light-Absorbing Product.Save for a wider observation
window (1 µs to 5 s, Figure 1), the kinetics obtained in this
study were similar to the decay kinetics reported by Dimitrijevic
et al.1,2 and Takahashi et al.3 In their studies, the kinetics were
followed over the first 200 ns only. Our results indicate that
the transient absorbance with an onset at 850 nm and a peak at
550 nm (Figure 1) observed by Takahashi et al. at the delay
times>100 ns3 and attributed by these authors to the solvent
radical anion was actually from a long-lived neutral product.
The absorbance from this product is observed within the first
100 µs after the electron beam pulse (Figure 1); at later delay
times, it decays over hundreds of milliseconds (Figure 1 and
Figures 35S-37S in section 3.4). No spectral evolution is
observed for this absorption band in the first 300µs after the
pulse. At later times, the spectrum changes, and a new
absorption band in the red emerges (Figures 35S, 37Sa, and
38Sb in section 3.4). Scavenging experiments suggest that more
than one species contribute to the spectrum observed on the
submillisecond time scale (see section 3.4 for more detail). The
same long-lived absorbance was observed in experiments where
the electron and light beams were crossed at the 90° angle
(Figure 14S); this detection scheme excludes the possibility that
this long-lived absorption is an artifact of the window absor-
bance subtraction.

The exceedingly long lifetime of the absorbing species (>300
ms) suggests that this species is not an ion, as the ion

recombination is complete in less than 1µs (see below). Fort
< 1 µs, the yield of the long-lived absorbance (unlike that of
the solvent radical anion and the solvent radical cation) does
not change in the presence of the electric field. No loss of this
long-lived species on the millisecond time scale because of
discharge at the electrodes was observed in the electric field.16

All of these observations (and the experiments discussed in
sections 3.4 and 3S) suggest that the long-lived 550 nm band
is from a stableneutral product. This product is formed
gradually, over several tens of nanoseconds (see below); there
is no prompt formation during the radiolytic pulse (sections 3.2
and 3S). Therefore, this product contribute little to the short-
time absorption spectra discussed below.

Decomposition of the Prompt Spectra.The typical kinetics
obtained in pulse radiolysis of neat sc CO2 is shown in Figure
2, and the evolution of the optical spectra as a function of the
observation window is shown in Figure 3. At short delay times,
the spectrum is dominated by a bell-shaped band centered at
750 nm. The same band was observed by Dimitrijevic et al.1,2

and Takahashi et al.3 and ascribed to the absorbance of the
solvent radical cation. In addition to this 750 nm band, there
also appears to be a shoulder at 400-500 nm. The time profiles
for all decay kinetics observed atλ > 850 nm are identical.
Thus, the absorption spectrum in the red is dominated by a single
species: the solvent radical cation. In the previous studies by
Dimitrijevic et al.,1,2 the decay kinetics of the solvent radical
cation were obtained atλ ) 700 nm, where several species,
including the neutral product, absorb the light. Consequently,
their kinetic data were compromised, and rate constant measure-
ments were repeated in this work (Table 1 and Figures 23S
and 28S-30S). In these measurements, the decay kinetics of
the solvent radical cation were obtained at 900-1000 nm, where
no other species absorb.

The composite nature of the prompt spectra shown in Figure
3 becomes apparent when electron or hole scavengers are added
to the solution. Addition of SF6 increases the yield of the solvent
radical cation severalfold (Figure 4),1 as this solute rapidly

ø(t) ) {∆ODon(t) - ∆ODoff(t)}/∆ODoff(t) (1)

Figure 1. Decay kinetics of theλ ) 550 nm absorbance (10 ns to 2.5
s) observed in pulse radiolysis of neat sc CO2 under our standard
conditions (T ) 41 °C andF ) 0.837 g/cm3). The flowing sample (6
cm3/min) in cell 2 was irradiated using 7.6 ns fwhm, 67 Gy pulses
from a 20 MeV linac. These kinetics are obtained using collinear
electron and light beams and spliced from several runs obtained using
a pulsed Xe arc lamp (t < 100 µs, 250 MHz filter, 50Ω load) or cw
light from the same lamp (t > 100 µs, 2 MHz filter, 1 kΩ load; see
section 1S.3 for more detail). The “ripple” in the 10-100 µs time
interval is due to instability in the arc. The long-term kinetics are also
shown separately in Figure 36S. The insert demonstrates the optical
spectrum of the stable light-absorbing product. This spectrum was
obtained by integration of the transient absorbance kinetics in the 0.5-1
µs time window.
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scavenges quasifree electrons, by dissociative attachment. The
resulting F- anion has low mobility4 and recombines with the
solvent hole slowly (on the time scale of tens of nanoseconds).
Consequently, addition of SF6 dramatically increases the yield
of the solvent holes observed on the nanosecond time scale.
For example, addition of 7 mM of SF6 increases the maximum
∆OD900 from 1.5× 10-2 to 5.8× 10-2 (Figure 4a) This increase
can be simulated theoretically, using the equations given in
section 2S.2 (Figure 4b). From the photoconductivity experi-
ments of Shkrob and Sauer,4 it is known that the solvent radical
anion reacts with SF6 with a rate constant of 2.15× 1010 M-1

s-1. Thus, for [SF6] ) 0.17 M, the lifetime of the solvent radical
anion is<0.3 ns; this lifetime is considerably shorter than the
duration of the 7.6 ns fwhm pulse. Furthermore, at this
concentration of SF6, the solute reacts with eqf

- faster than the
electron trapping by the solvent occurs;4 that is, the yield of
the solvent radical anions is very low. Consequently, these
anions cannot be observed in the concentrated SF6 solutions.

Figure 5 shows the prompt absorption spectra for neat sc CO2

and the 0.17 M SF6 solution. These spectra were obtained by
integration of the∆ODλ kinetics in the 7-25 ns window and
normalized atλ ) 750 nm. It is seen from Figure 5 that the
two spectra coincide in the 650-1000 nm region and diverge
in the 400-650 nm region. Because the prompt spectrum from
the SF6 solution (trace ii, Figure 5) is dominated by the
absorption of the solvent radical cation, it follows that the 400-
500 nm shoulder seen in the spectrum from neat sc CO2 (trace
i, Figure 5) should be from a different species whose yield is
reduced in the presence of SF6. The subtraction of trace ii from
trace i in Figure 5 yields the spectrum of this “missing” species

Figure 2. Examples of the transient kinetics in pulse radiolysis of
neat sc CO2 (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 wavelength (λ) selection was obtained using a
set of 40 nm fwhm interference filters. All kinetics forλ > 850 nm
exhibit the same time profile. The kinetics forλ < 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.

Figure 3. Progression of transient absorption spectra obtained in pulse
radiolysis of neat sc CO2 (same conditions as in Figures 1 and 2). The
time integration windows are indicated in the figure. The prompt spectra
(9-24 ns window, filled circles) are dominated by the bell-shaped
absorbance band of the solvent radical cation that is centered at 750
nm. Also, in the 400-500 nm, a shoulder from the bound-to-continuum
transition of the solvent radical anion is observed. At later delay times
(20-200 ns), this shoulder increases relative to the bell-shaped signal
because of slower decay of the solvent radical anion relative to the
solvent radical cation. On the same time scale, the 550 nm band of the
stable product emerges (filled diamonds). This product dominates the
spectra obtained fort > 300 ns. Solid lines drawn through the symbols
are polynominal fits.

TABLE 1: Rate Constants for Electron/Proton Transfer to
the Solvent Hole in sc CO2 (T ) 41 °C, G/Gc ) 1.79)

solute IPgas,a eV rate constant, M-1 s-1

H2 15.43 (8.1( 0.5)× 107 c

O2 12.07 (3.88( 0.2)× 1010d

N2O 12.84 (3.95( 0.4)× 1010d

CO 14.01 (1.26( 0.04)× 1010d

n-C16H34 < 9.56b ∼1011

a The gas-phase ionization potential for the monomer molecules; the
ionization potential for CO2 is 13.77 eV (ref 53).b IPgasfor n-undecane.
c Proton transfer.d Electron transfer.

Figure 4. (a) Progression of transient absorbance kinetics obtained at
λ ) 900 nm from the SF6 solutions in sc CO2. The SF6 concentrations
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
c0 of the solvent radical cation plotted vs [SF6]. The solid line is a
theoretical curve obtained using the Monte Carlo model discussed in
section 2S.2 (see also section 4.1).
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(trace iii, Figure 5). In the following, it will be demonstrated
that this species is the solvent radical anion in sc CO2.
Remarkably, a very similar spectrum (trace iv in Figure 5) was
obtained in ahole scavenging experiment described below.

Takahashi et al.3 showed that H2 reacts with the solvent
radical cation in sc CO2, probably by proton transfer:

Our kinetic measurement (Figure 23S) atλ ) 900 nm gives a
rate constant of (8.1( 0.5) × 107 M-1 s-1 for this reaction
(for other wavelengths, the kinetics are given in Figures 24S-
26S). As more H2 added to the solution, the lifetime of the
solvent hole is reduced (Figures 23S and 25S) and the presence
of other light-absorbing species becomes apparent (Figures 25S
and 26S). When 1.66 M of hydrogen is added, the lifetime of
the solvent hole is reduced to 7.4 ns, which is comparable to
the duration of the electron pulse. As shown in Figures 25S
and 26S, the∆ODλ kinetics observed in this 1.66 M H2 solution
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 stable light-absorbing product,
Figure 1. Exactly the same generation kinetics for species i were
observed in the O2 solutions (Figure 27S and section 3S), over
a wider spectral range, and the transient absorbance spectra
obtained within the time period of generation (<300 ns) match
the spectra of the stable product acquired on the microsecond
time scale (Figure 41S(b)). The decaying signal ii is from the
solvent radical anion, as shown below.

Figure 6a shows a comparison between the prompt spectra
(7-21 ns window) obtained in neat sc CO2 (trace i) and the
1.66 M H2 solution (trace ii). The same absorbance that is
increased by addition of SF6 (because of higher yield of free
solvent holes) is removed by addition of H2 (because of rapid
elimination of the solvent holes by reaction 2). This point is
demonstrated by subtraction of trace ii from trace i (Figure 6a)
and comparing the difference trace iii to the normalized trace ii
in Figure 5 (trace iv in Figure 6a). The residual absorbance (trace
ii, Figure 5) has the same spectrum as the difference trace iii in
Figure 6a; that is, the species eliminated by addition of SF6

does not react with H2. The difference between the kinetics
obtained in neat sc CO2 and the 1.66 M H2 solution yields the

decay kinetics of the species scavenged by H2 (Figure 24S).
Unlike the∆ODλ 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
addition of H2 selectively “removes” the signal of the solvent
radical cation from the transient absorption spectra.

When electron acceptors, such as O2 or SF6, are added to the
1.66 M H2 solution, the blue-absorbing species is scavenged
(Figure 5, trace iii, and Figure 6b). This behavior is consistent
with the radical anion being the species responsible for the
decaying absorbance atλ < 750 nm. Because addition of oxygen
does not change the yield of the stable light-absorbing product
(section 3S and Figure 40S therein), the subtraction of the
spectra obtained in the 1.66 M H2 solution (trace i in Figure
6b) and the hydrogen solution with O2 added (trace ii in Figure
6b) yields the spectrum of the radical anion that is free from
the interference from the product absorbance. Indeed, the
residual prompt spectrum (trace ii in Figure 6a) obtained at 7-21
ns (when the product yield is small) is the same as the difference
trace iii (Figure 6b) obtained at 20-50 ns, when the product
yield is substantial.

Figure 7 demonstrates a comparison between the absorption
spectrum of the blue-absorbing radical anion (scaled trace iii
in Figure 6b) and the electron photodetachment spectrum of

Figure 5. Prompt transient optical spectra (7-25 ns window) obtained
in radiolysis of (i) neat sc CO2 (filled circles) and (ii) 0.17 M solution
of SF6 in sc CO2 (open triangles). Trace ii was scaled down 3.6 times
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 of H2 in
sc CO2.

(CO2)n
+ + H2 f H + OCOH+ + (n - 1)CO2 (2)

Figure 6. (a) Prompt transient optical spectra (7-21 ns window)
obtained in radiolysis of (i) neat sc CO2 (filled circles) and (ii) 1.66 M
solution of H2 in sc CO2 (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 H2 solution. Addition of hydrogen
selectively “removes” the 750 nm band of the solvent radical cation
from the absorbance spectra. (b) Transient absorbance spectra obtained
in the 20-50 ns window from a 1.66 M solution of H2 in sc CO2 (ii)
with and (i) without 25 mM O2 (open circles and squares, respectively).
Trace iii (filled circles) is the difference of traces i and ii. Oxygen
selectively “removes” the signal of the blue-absorbing solvent radical
cation. The difference signal, trace iii, has the same shape as the prompt
signal in the H2 solution, trace iii in Figure 6a, and the difference trace
iii in Figure 5a, in the SF6 solution.
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the solvent radical anion obtained by Shkrob and Sauer.4 These
two spectra are virtually identical. We therefore conclude that
the 400-500 nm shoulder observed in the prompt spectra from
neat sc CO2 is 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 SolVent Hole.The decay kinetics of
the solvent radical cation can be observed, without interference
from other species, forλ > 850 nm. For any dose, the kinetics
at t > 20 ns can be fit by

whereε+
λ is the extinction coefficient of the solvent radical

cation,L is the optical path of the cell,c0 is the initial cation
concentration (extrapolated tot ) 0), k1 is the inverse “natural”
lifetime of the solvent hole, andk2 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 the
discussion of the impurity in section 1S.3). Experimentally, the
“natural” lifetime of the solvent hole (th ) k1

-1) varies from
one batch of CO2 to another; even for “good” batches,th <
160 ns. Unless the solution is rapidly flowed through the cell,
this lifetime is further shortened because radiolytic products,
such as CO and O2, that 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 cm3/min introduces turbulence and light
scattering.

Dimitrijevic et al.1,2 and Takahashi et al.3 assumed that the
decay kinetics of the solvent radical cation are nearly expo-
nential. This is indeed the case when the solution is contaminated
by radiolytic products (section 1S.3) because scavenging reaction
with these products is faster than ion recombination in the bulk.
When these radiolytic products are removed by flowing the

sample, it becomes evident that for higher doses the decay is
faster (Figure 8a). The same shortening is observed in SF6

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
∆OD900 kinetics obtained for several concentrations of SF6. In
this simulation,ε+

900, k1, andk2 were the same for all kinetic
traces; only the initial cation concentrationc0 was varied. The
recombination constantk2 was approximated by the Debye
formula, k2 ) 1.1 × 1015 µi/ε, where µi is the sum of ion
mobilities (in cm2/Vs) andk2 is in M-1 s-1. Usingµi ≈ 0.016
cm2/Vs, one obtainsk2 ≈ 1.17× 1010 M-1 s-1. The entire set
of these kinetics was simulated usingk1 ) 107 s-1, ε+

900 ≈
3270 M-1 cm-1 and c0 plotted in Figure 4b. Note that the
estimate for ε+

900 depends on the value assumed for the
recombination constant. The solid line drawn through the
experimental points forc0 in Figure 4b is the theoretical curve
obtained in sections 4.1 and 2S.2.

For neat sc CO2 irradiated using 27-62 nC, 7.6 ns fwhm
pulses (cell 1), a multitrace fit obtained in a fashion similar to
Figure 4a yieldsk1 ) 6.37× 106 s-1 andε+

900 ≈ 3,000 M-1

cm-1; the initial cation concentrationsc0 are linear with the beam
charge (Figure 8b). From these simulations, it appears that the
cation yield in neat sc CO2 is ∼1 µM (for a typical 60-70 Gy
pulse). Importantly, these simulations suggest that the solvent
radical cations generated in radiolysis of neat sc CO2 recombine
in bulk; that is, their geminate dynamics are short. The

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
CO2 (filled circles). The latter is a scaled trace iii in Figure 6b. The
extinction coefficients of the radical anionε-

λ were estimated by
comparison of traces i and iii in Figure 5a using the knownε+

λ for 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 yieldφpd of the photodetachment.

∆ODλ ) ε
+

λLc0 exp (-k1t)/(1 + k2c0t) (3)

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 cm3/min through cell 1 (volume of 5 cm3),
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 concentrationc0 of
the solvent radical anions (obtained from the fit shown above).
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conductivity studies of Shkrob and Sauer4 also suggested that
the charge separation in dense sc CO2 (F/Fc > 1.2) occurs
predominantly in the electron-hole pairs, in less than 200 ps.

Addition of hole scavengers shortens the 900-1500 nm
kinetics. Table 1 gives bimolecular rate constants for O2, CO,
N2O, and H2 under our standard conditions. These rate constants
were obtained from the plots ofk1 vs solute concentration. For
O2, H2, and CO, the solute cations (CO4

+, OCOH+, and (CO)n+)
do not absorb at 900 nm, the concentration plots are linear, and
the extraction ofk1 using eq 3 is straightforward. For N2O, the
solute cation rapidly dimerizes to yield the (N2O)2+ cation which
absorbs at 900 nm (section 3S and Figure 39S therein). For
this solute, biexponential fits were used to extract the scavenging
rate.

The ∆ODλ kinetics obtained in the 400-700 nm region are
notably slower than the kinetics observed at 900-1500 nm.3

This is not surprising, as both solvent radical ions and the neutral
product contribute to the absorbance at 400-700 nm. As shown
in section 3.2, the decay kinetics of the solvent radical anion
are slower than the kinetics of the solvent radical cation, as the
former species does not react with the impurity that scavenges
the solvent hole.

Extinction Coefficient for the SolVent Radical Cation.The
extinction coefficientε+

λ of the solvent radical cation was
measured by reacting this species with an electron donor,
n-hexadecane. Typically, such measurements are carried out by
reacting the solvent hole with polycyclic aromatic solutes (such
as pyrene and perylene) whose radical cations have narrow
spectral lines with known extinction coefficients.17 In this work,
n-hexadecane was used instead, for the following reasons:

(i) The absorption band of then-C16H34
+ is centered in the

near-IR, and the spectral overlap with the 750 nm band of the
(CO2)n

+ cation is minimized,18

(ii) Aromatic radical cations rapidly dimerize17 in sc CO2,
and the resulting kinetics are complex,

(iii) It is impossible to add more than 0.1 mM of these
aromatic compounds to sc CO2 due to their low solubility,

(iv) Unless an electron scavenger (such as SF6) is added, the
solvent radical anion also reacts with the aromatic solutes, and
the overlapping bands of the solute radical cation and solute
radical anion are observed. Addition of SF6 does not simplify
the analysis19 because the SF5 radical (formed in the dissociative
electron attachment to SF6) readily oxidizes the aromatic
solutes.17

Unlike these aromatic solutes,n-hexadecane has high solubil-
ity in sc CO2 and does not react with (CO2)n

- (as shown by
our laser conductivity studies)4 and SF5, and its radical cation
does not dimerize.18 When 5 mM of this solute is added to neat
sc CO2 or 0.2 M SF6 solution, a new absorption band centered
at 870 nm emerges in the transient absorbance spectra. The ratios
∆ODλ/∆ODλ

0 between the prompt spectra obtained with (∆ODλ)
and without (∆ODλ

0) 5 mM n-hexadecane do not depend on
the presence of SF6 (compare traces i and ii in Figure 9b). This
suggests that the 870 nm band results from a species related to
the solvent hole. Its spectrum is very similar to the spectrum
obtained in pulse radiolysis of neatn-hexadecane;18 the 800-
1000 nm band observed therein is known to be from the
corresponding radical cation. For the latter, Mehnert et al.18 give
an extinction coefficient of 9900 M-1 cm-1 at 900 nm, and we
used this estimate for then-C16H34

+ cation in sc CO2. Figure
9a shows the progression of the 900 nm kinetics for several
concentrations ofn-hexadecane. At lower concentrations, both
the decay kinetics of (CO2)2

+ and the formation kinetics of
n-C16H34

+ (which has 4.2 times higher extinction coefficient)
are observed. For intermediate concentrations, “flattop” kinetics
with a maximum that progressively shifts to shorter times for

Figure 9. (a) Transient absorbance kinetics at 900 nm observed in sc
CO2 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 ofn-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 ofn-
hexadecane in sc CO2. Open symbols are from then-hexadecane
solutions that contained 0.17 M SF6; these traces were scaled down by
3.6 times to match the spectra obtained in the absence of the electron
scavenger. The 900 nm band is fromn-hexadecane+.

Figure 10. ∆ODoff, ∆ODon, and∆∆OD kinetics (section 3.2) obtained
at (a) 900, (b) 700, and (c) 550 nm in pulse radiolysis of neat sc CO2.
The field-off traces are dashed lines, field-on traces are solid thin lines,
and the difference traces are solid bold lines.∆∆OD kinetics observed
at other wavelengths are shown in Figures 31S and 32Sa. The electric
field was 25 kV/cm.
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higher solute concentrations are observed. At higher concentra-
tions, only the formation kinetics of then-C16H34

+ cation are
observed.

The rate constant of hole scavenging is large, ca. 1011 M-1

s-1, which suggests that the main channel for this reaction is
charge rather than proton transfer. In neat CO2, the maximum
∆OD900 increases with [n-hexadecane] until the latter reaches
2-5 mM; at higher concentration, no further increase is
observed. In the SF6 solutions, this saturation does not occur
becausen-hexadecane reacts with the solvent holes in the
(relatively) long-livedgeminate{(CO2)n

+ F-} pairs.20 In neat
sc CO2, the lifetime of the primary electron-hole pairs is short,
and scavenging of thegeminateholes is inefficient. From the
concentration dependence shown in Figure 9a and the spectra
given in Figure 9b, we obtain a decadic molar extinction
coefficient of the solvent radical cation at the center of the 750
nm band of 3200( 140 M-1 cm-1, andε+

900 ≈ 2370( 100
M-1 cm-1. Note that our estimate ofε+

λ is an upper limit: if
proton transfer ton-hexadecane occurs as a side reaction, the
extinction coefficient islower.

Our estimate forε+
900 is 20% lower than the values extracted

from the simulations of the decay kinetics (see above). This
does not suggest inconsistency. First, it is possible that our
estimate ofk2 is too high. Second, the dose distribution in the
cell is nonuniform, which causes a spread of the initial cation
yields c0 and recombination half-times (k2c0)-1 across the
sample. Because eq 3 is formulated for theaVerage cation
concentration, the extinction coefficient extracted using this
equation could be overestimated. Numerical simulations in
which the experimental dose distribution (Figure 7Sb and section
1S.2) and the dose dependence of the cation yield in Figure
19S (section 2S.2) were used showed that the extinction
coefficient could be overestimated as much as 15-25%.

Using our estimate forε750
+ and the spectra shown in Figure

5, a “composite” spectrum of the solvent radical cation between
5000 to 25 000 cm-1 can be obtained (Figure 1 of ref 10). The
integration of this spectrum yields an oscillator strength of 0.153.
Apparently, the 750 nm band results from a strongly allowed
bound-to-bound transition. In ref 10, we argue that this band is
from theX 2Bu f A 2Ag transition in theC2h symmetric (CO2)2

+

dimer cation. Following Dimitrijevic et al.,1,2 we suggest that
this dimer cation is the chromophore core of the solvent hole
in sc CO2.

3.2. Electric Field Effect.QualitatiVe Picture.For the benefit
of the reader, a qualitative picture of the electric field effect on
the ion yield is given first. It is well-known that a static electric
field (1-50 kV/cm) accelerates charge separation dynamics of
geminate ion and electron-hole pairs.21-23 The field pulls the
charge carriers apart thereby increasing the free ion yield.
For an isolated pair, the increase in the free ion yield FY
as a function of the electric fieldE is given by Onsager’s
formula:21,22

whereâth ) eErc/2kT and rc is the Onsager radius, at which
the Coulomb attractione2/4πεε0rc between the ions equals their
thermal energy,kT (e is the elementary charge andε0 is the
permittivity of vacuum). Note thatâth does not depend on the
initial charge distribution andFYE)0.

Under our standard experimental conditions,rc ≈ 35.2 nm
and âth ≈ 1.62. The experimental field effect on the prompt
yield of the solvent radical cation is 2-4 times lower. As
discussed in section 1S.3, this reduction cannot be caused by
the loss of the electric field during the electron pulse. Rather,

it is a natural consequence of (i) peculiarities of electron
dynamics in sc CO2 and (ii) the high-dose regime in which the
transient absorbance measurements are carried out. The latter
is necessary because of the low sensitivity of the technique to
weak chromophores. The conductivity, e.g.,7,21 and electrolu-
minescence24 measurements (related to the present technique)
use much lower doses and, consequently, are easier to interpret.
However, these techniques do not allow for the discrimination
between several short-lived intermediates on the basis of their
absorption spectra.

Although Onsager’s formula gives an upper estimate for the
electric field effect on the yield offree ions, it does not specify
when this effect is attained. The tempo of the charge separation
is given in terms of the Onsager timetc ) rc

2/Ds, whereDs is
the sum of the diffusion coefficients for geminate partners.22,23

Numerical simulations indicate that the time-dependent field
effect on the ion yield reaches Onsager’s value fort/tc > 10-
100 (section 2S.2). From the photoconductivity studies of
Shkrob and Sauer,4 it is known that the lifetime-mobility product
µeτe of quasifree (conduction band) electrons in dense sc CO2

is 2.5× 10-9 cm2/V. Using Einstein’s formula,De ) (kT/e) µe

for the diffusion coefficientDe of the quasifree electron, we
obtain for the value of the ratioτe/tc of the electron trapping
time τe and the Onsager timetc ca. 5.5. In other words, because
of rapid trapping of the conduction band electron by the solvent,
the lifetime of the primary electron-hole pair is too short for
the electric field effect to deVelop fully. The degree of the
reduction in the electric field effect is a function of the (known)
τe/tc ratio and the (unknown) distribution of the electron
thermalization distances. Monte Carlo calculations in section
2S.2 indicate that, for the thermalization distances∼10 nm
(obtained from the photoconductivity studies), this reduction is
ca. 40-60%, in agreement with experiment (see below).

In neat sc CO2, the electron trapping timeτe is short (<200
ps)4 and the electron escape is efficient (τe/tc > 1), so that most
of the observed electric field effect develops in the short-lived
primary electron-hole pairs, well within the duration of the
generation pulse. Though there could be an additional, delayed
increase in the field effect because of charge separation
dynamics in the secondary pairs (of the solvent radical cation
and the solvent radical anion), this aftergrowth is slow because
the Onsager time of these secondary pairs is long, ca. 30 ns.4

Thus, most of the solvent radical cations recombine in the bulk
before this “secondary” effect takes over. In concentrated SF6

solutions, the lifetime of eqf
- is extremely short and the prompt

electric field effect on the cation yield is negligible. Because
the mobility of F- is low,4 the Onsager time for the{F-

(CO2)n
+} pair is long (≈78 ns)4 and the increase in the electric

field effect as a function of the delay time is extremely slow.
The same applies to the{CO3

- (CO2)n
+} pairs formed via

dissociative electron attachment (see the Introduction).
The qualitative picture discussed above pertains toisolated

geminate pairs. In our system, the homogeneous recombination
of the ions occurs in less than 1µs. Because the electrons are
>103 more mobile than these ions, cross recombination of the
electrons and the holes is important. The “critical” concentration
Ccr for this electron-hole recombination is given by Ccr )
(ke-htc)-1, where ke-h is the corresponding Debye constant
(∼4πrcDs). Simple calculation shows thatCcr is a function of
rc only (section 2S.2). For our system,Ccr ≈ 3 µM, whereas
the typical yield of the solvent radical cations in neat sc CO2 is
0.5-2 µM (section 3.1). Consequently, the cross recombination
considerably shortens the electron lifetime and reduces the
electric field effect. The same applies to the secondary geminate

FY/FYE)0 ) 1 + âth (4)
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pairs, as the efficiency of cross recombination does not depend
on charge mobility. From this examination, it follows that the
electric field effect decreases with the dose. We refer the reader
to section 2S for rigorous examination of this dose effect.

Electric Field Effect in Neat sc CO2. Figure 10a exhibits
typical ∆ODon, ∆ODoff, and∆∆OD traces observed atλ ) 900
nm. Fort > 30 ns, these three kinetics are the same: the electric
field acts within the duration of the radiolytic pulse. The field
effect ø0 on the cation yield attained by the end of the pulse
(where∆ODoff is maximum) linearly scales with the electric
field (Figure 15S(b)), in agreement with eq 4. Note thatø0 ∼
0.3-0.4, well below the estimate ofâth ≈ 1.62 from Onsager’s
formula. Figure 15S(a) shows the dose dependence ofø0. To
obtain this plot, the pulse duration was fixed and the charge
changed as indicated. In agreement with the arguments given
above,ø0 systematically decreases with the dose increasing. In
Figure 11, the time-dependent electric field effectø(t) (eq 1)
observed within the duration of the electron pulse is plotted as
a function of the accumulated yield of the electron-hole pairs,
g(t). The latter was obtained as specified in sections 3.3 and
1S.2. It is seen that the electric field effect rapidly decreases
with g(t), from 0.8 in the beginning of the 7.6 nm fwhm pulse
to ≈0.3 by the end of this pulse. Again, such behavior is
consistent with the qualitative picture given above.

Figures 10b,c and 31S show the∆ODoff and∆∆OD kinetics
obtained forλ < 850 nm. All of these∆∆OD traces (unlike
the∆ODoff traces) decay to zero in 200-400 ns, regardless of
the detection wavelengthλ. Apparently, the yield of long-lived
absorbance from the neutral product does not depend on the
electric field and this product does not contribute to the∆∆OD
kinetics. In Figure 12, 400-1000 nm spectra obtained by time

integration of the∆∆OD and ∆ODoff kinetics are compared
(see also Figure 32S). Shortly after the pulse, the∆∆OD and
∆ODoff spectra are similar (Figure 12a and Figure 32S). In the
blue, both of these spectra are different from the spectrum of
the solvent hole shown in trace ii, Figure 5. Apparently, in
addition to the solvent radical cation, there is a blue-absorbing
ion whose yield is sensitive to the electric field. The corre-
sponding field effect is nearly the same as the effect on the
cation yield and develops on the same fast time scale. The latter
means that this effect originates through the geminate dynamics
of the electron-hole pairs. Only the solvent radicalanioncould
be such an ion. Thus, Figure 12a provides conclusive evidence
that the blue-absorbing species is the solvent radical anion.

Within the experimental error, the∆∆OD kinetics obtained
at 700-1500 nm (where the solvent radical cation predomi-
nantly absorbs) are independent of wavelength, whereas forλ
< 550 nm (where both solvent ions absorb), these decay kinetics
become progressively longer at shorter wavelengths (Figure 33S-
(a)). A comparison between the 400 and 900 nm∆∆OD kinetics
(Figure 33S(a)) indicates that, in the blue, the half-time of the
decay is≈2 times longer than in the red. Normalized∆∆OD
spectra shown in Figure 12b demonstrate that, at longer delay
times, the relative weight of the absorbance from the solvent
radical anion increases as compared to the bell-shaped absor-
bance from the solvent radical cation (see also Figure 32S(b,c)).
Both of these trends can be accounted for provided thatthe
solVent radical anion has longer lifetime as compared to the
solVent radical cation. The half-life for the decay of the∆∆OD
kinetics obtained at 400 nm is close to (k2c0)-1 estimated using
eq 3.

Figure 11. Dependence of the yieldc(t) of the solvent radical cation
(traces i and ii) and the electric field effectø(t) (traces iii [filled circles]
and iv [open circles]), eq 1, on the total yieldg(t) of the electron-hole
pairs. The concentrationsc(t) andg(t) are given in units of “critical”
concentrationCcr (sections 3.2 and 2S.2) which, under our standard
conditions, is 3.02µM. To obtaing(t), the Cerenkov light signal was
integrated and scaled using the total average dose (cell 1) obtained
using a thiocyanate dosimeter (section 1S.2). The yield of 5 electron-
hole pairs per 100 eV was assumed (sections 4.1 and 2S.3). Concentra-
tionsc(t) were obtained from the∆OD900 kinetics assuming the optical
path length of 2.64 cm andε+

900 ) 2370 M-1 cm-1. Two sets of data
are shown. Traces i and iii were obtained using a 7.6 ns fwhm pulse.
Traces ii and iv were obtained using a longer (50 ns) pulse (that was
similar in shape to trace iii in Figure 11S(a)). Traces v and vi are
theoretical results for the cation yield and electric field obtained using
the semianalytical treatment of section 2S.2 with the parameters given
therein (see also section 4.1). Traces vii and viii are the corresponding
to theoretical traces obtained using the lattice Monte Carlo model of
section 2S.3.

Figure 12. (a) Prompt∆ODoff (open circles) and∆∆OD (filled circles)
spectra (14-36 ns window) obtained in radiolysis of neat CO2. For
comparison, a scaled trace ii in Figure 5 is shown by empty diamonds.
(b) Time evolution of normalized∆∆OD spectra. The time integration
windows are given in the plot; the spectra were normalized atλ ) 400
nm. The 750 nm band of the solvent radical cation progressively
decreases relative to the absorbance band of the solvent radical anion
in the blue. The neutral light-absorbing product does not contribute to
the ∆∆OD spectra. See also Figure 32S.
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Electric Field Effect in SF6 and H2 Solutions.Addition of
0.16 M SF6 drastically reduces the lifetime of eqf

- so that only
secondary geminate pairs can contribute to the electric effect
on the ion yield. Figure 13b confirms this prediction: addition
of SF6 fully eliminates the prompt effect on the cation yield.
Instead,ø(t) slowly increases over tens of nanoseconds, reaching
≈0.25 at 80 ns. Because of low intensity of the∆ODoff signal
at longer delay times (Figure 13a), we cannot follow theø(t)
kinetics after 100 ns. As argued earlier, the slow increase in
ø(t) is due slow charge separation dynamics in the secondary
geminate pairs. Because this increase is countered by rapid
homogeneous recombination of the ions in the bulk, the
maximum effect is small.

In this 0.16 M SF6 solution, all∆∆OD kinetics (unlike the
corresponding∆ODoff kinetics) have the same time profile
regardless of the detection wavelength (Figure 33S(b)). This is
understandable because the∆∆OD spectrum is from the solvent
hole alone: the blue-absorbing solvent radical anion is not
formed in these SF6 solutions, and the neutral product does not
contribute to the∆∆OD kinetics.

The prompt∆ODoff spectra observed in the 0.1-2 M H2

solutions can be decomposed into the sum of the absorbances
from the solvent radical anion and (at lower H2 concentrations)
a small residual absorbance from the solvent hole. At longer
delay times, the 550 nm band of the neutral product gradually
appears (Figures 14 and 26S). Forλ < 700 nm, these formation
kinetics are superimposed on the decay kinetics of the solvent
radical anion. This anion and its precursor, the electron, can be
reacted with O2 (section 3S and ref 4). Figure 14 shows the
550 nm kinetics obtained in 1.75 M H2 solution containing no
(trace i) and 25 mM O2 (trace ii). At this O2 concentration, the

electrons and solvent radical anions are converted to CO4
-

within the duration of the electron pulse. Atλ ) 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
of the kinetics obtained in the H2 solution with and without O2
yields the decay kinetics of the solvent radical anion (trace iii
in Figure 14). That these kinetics are from the solvent radical
anion alone can be demonstrated by subtraction of the corre-
sponding spectra (as in Figure 6b): within the first 200 ns, these
difference spectra retain the same shape as the (CO2)n

- anion
shown in Figures 5 and 6.

Because in the 1.75 M H2 solution the lifetime of the solvent
radical cation is<8 ns, this cation does not contribute to the
∆∆OD kinetics after the first 30 ns. As the neutral product also
does not contribute to∆∆OD, these kinetics are from the solvent
radical anion alone. Figure 14 shows∆∆OD (trace iv) and
∆ODoff kinetics (trace i) obtained in the 1.75 M H2 solution at
550 nm. The apparent field effect is small because most of the
∆ODoff absorbance is from the neutral product. Despite poor
signal-to-noise ratio, it is clear that the∆∆OD kinetics, trace
iv, are similar to the difference kinetics, trace iii. Using the latter
trace as a reference, the field effectø0 on the anion yield is
close to the value of 0.4 observed for the field effect on the
cation yield. We conclude that the solvent radical anion decays
slowly, by recombination in the bulk. By contrast, the solvent
hole rapidly decays in a scavenging reaction with impurity.

The result shown in Figure 14 completes our proof that the
absorbance in the blue (which is superimposed on the bell-
shaped 750 nm absorbance band of the solvent radical cation)
is from thesolVent radical anion. Here, we retrace the steps of
this proof: First, it has been shown that electron scavengers,
such as SF6, selectively react with the blue-absorbing species.
Second, it has been demonstrated that the residual absorbance
observed in a solution containing H2 (a hole scavenger) is the
same as the absorbance that was removed by addition of these

Figure 13. (a) ∆ODoff (trace i, dashed line)∆ODon (trace i, solid line)
and ∆∆OD kinetics (trace ii) obtained at 900 nm from the 0.17 M
solution of SF6 in sc CO2. For comparison,∆∆OD kinetics obtained
in neat sc CO2 (under the same irradiation conditions) are shown in
trace iii. Unlike the∆∆OD kinetics in neat sc CO (Figures 31S and
33Sa), time profiles of the∆∆ODλ kinetics in the SF6 solution do not
change with the detection wavelengthλ (see Figure 33S(b)). (b) Time
dependence of the field effect in the SF6 solution. Only 700 and 900
nm kinetics are shown.

Figure 14. Field-off ∆OD550 kinetics obtained in (i) a 1.7 M solution
of H2 in sc CO2 and (ii) a hydrogen solution that also contained 23
mM O2. In the latter solution, the absorbance signal is mainly from
the neutral product whose gradual accumulation is observed over the
first 400 ns after the pulse. The initial “spike” (t < 20 ns) is from the
solvent radical cation that is rapidly scavenged by H2. Trace iii is the
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 the∆∆OD550 kinetics observed in the 1.7 M
H2 solution (with no oxygen added).
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electron scavengers; that is, the blue-absorbing species is a
radical anion. Third, the absorption spectrum of this anion was
isolated and compared with the electron photodetachment
spectrum of the solvent radical anion obtained in the conductiv-
ity experiments of Shkrob and Sauer.4 The two spectra are
virtually the same, which suggests that the blue-absorbing radical
anion is the solvent radical anion (rather than CO3

- and/or an
impurity anion). Fourth, it has been shown that the electric field
effect on the yield of this anion is formed on the same fast time
scale as the field effect on the cation yield. This indicates that
both of these effects originate through the geminate dynamics
of the primary electron-hole pairs. The only radical anion that
can exhibit such prompt electric field effect is the solvent radical
anion, as explained above. Fifth, it has been shown that the
decay kinetics of the solvent radical anion (because of ion
recombination in the solvent bulk) are longer that the decay
kinetics of the solvent radical cation (that are mainly due to a
reaction with impurity) which accounts for increased weight of
the blue-absorbing anion as compared to the red-absorbing
cation at longer delay times.

3.3. Dose Dependence and theG Values. QualitatiVe
Analysis.Let us summarize the observations of sections 3.1 and
3.2: Ionization of the solvent results in the formation of short-
lived electron-hole pairs. The electric field effect originates
through the recombination dynamics of these primary pairs. The
electric field acts to increase the separation of the geminate
electron, thereby increasing free electron yield. Though quasifree
electrons are rapidly trapped by the solvent, most of these
electrons escape the Coulomb field of the solvent hole before
they are trapped, because of their extremely high mobility. The
trapped electrons (solvent radical anions) then slowly recombine
with the solvent holes in the bulk; these secondary pairs
contribute little to the formation of the electric field effect on
the cation yield. Because of scavenging by impurity and
radiolytic products, the decay kinetics of the solvent holes are
faster than the decay kinetics of the solvent radical anions.

One more way to verify this mechanism is to study the dose
dependence of the cation yield. AssumeC ) E + I is the
concentration of the solvent radical cation,E and I are the
concentrations of eqf

- and the solvent radical anion, respectively,
ke-h is the Debye constant for the electron-hole recombination,
andτe is the free electron lifetime (to the first approximation,
we assume that the geminate recombination is extremely rapid,
τe/tc .1). The generation rate of the primary pairs is given by
G(t), and the free electron yield for the primary pair isφe. Then,
we obtain the following system of kinetic equations

(We neglect cross-recombination and scavenging reactions of
the ions that occur on much slower time scale). BecauseφeτeG(t)
,1, we let dE/dt ≈ 0, E ≈ C, andI ≈ C, to obtain

which gives

whereCe ) (ke-hτe)-1. For C > Ce, the second term in eq 8
prevails andC(t) ∝ g(t)1/2. Thus, for sufficiently large doses,
the cation yield scales as the square root of the time-integrated

dose g(t).Nonuniform distribution of radiolytic dose across the
cell does not change this power dependence (section 1S.2).

Cation YieldVs Dose in Neat sc CO2. Aqueous thiocyanate
was used as a dosimeter to determine theaVeragedose absorbed
by the sample (section 1S.2). The time profile ofg(t) was
determined by integration of the Cerenkov light. TheaVerage
cation concentration was obtained from the∆OD900 kinetics
using molar extinction coefficient of 2370 M-1 cm-1 (section
3.1) and the known optical path (Figure 34S(a)). Typical dose
dependencies of the cation yield are shown in Figures 11, 11S-
(b), 12S, and 34S(a). Regardless of the cell geometry and the
irradiation conditions (beam focusing, length, collimation, etc.),
all such dependencies are curvilinear (Figure 12S). The least-
squares fit of these plots (Figure 11S(b)) yieldsC ∝ gâ with â
) 0.607( 0.006. This exponent is close toâ ) 1/2 given by
eq 8.

Dimitrijevic et al.1,2 estimated that forF ) 0.635 g/cm3 and
T ) 40.1 °C, the productGε+

750 of the radiolytic yieldG of
the solvent radical cation (given in the number of species per
100 eV of absorbed radiation) and the extinction coefficient of
the cation at 750 nm was ca. 1300 M-1 cm-1 (100 eV)-1.25

Because the dose dependence is nonlinear, theG values are
dose- and time-dependent. The value reported by Dimitrijevic
et al.1,2 was obtained at the end of a 5 nsfwhm, 27.5 Gy electron
pulse. We redetermined thisGε+

750, at F ) 0.636 g/cm3 andF
) 0.837 g/cm3, for three pulse durations (Table 2). As seen
from Table 2,Gε+

750 decreases with the dose, as expected from
the plot in Figure 11. Figure 34S(b) showsGε+

750 as a function
of the absorbed dose. For a 5-10 Gy dose, this quantity
approaches 2000 M-1 cm-1 (100 eV)-1, whereas for a 50-60
Gy dose,Gε+

750 is 700 M-1 cm-1 (100 eV)-1. Given these time
dynamics, the only way to characterize the radiolytic yield is
to simulate theentire C vs g dependence theoretically and
compare it with the experimental dependence. To make such a
comparison, one needs to know the radiolytic yieldGe-h of the
primary electron-hole pairs. This yield was estimated using
the kinetics obtained in a concentrated SF6 solution (where the
primary pairs have negligible lifetime), by findingGe-h at which
both the∆ODoff andø(t) kinetics can be fit simultaneously. We
refer the reader to section 2S.3 for details of the simulation
procedure. The net result is that there are 5.1( 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-
mental plots varied with the exact procedure used to obtain the
data. For example, different dose dependencies were obtained
using cell 2 with and without the electron beam collimator
(Figure 12S and section 1S.2). These variations were due to (i)
nonuniform dose deposition and (ii) light reflection by the cell

dE/dt ) φeG(t) - E/τe - ke-hEC (5)

dI/dt ) E/τe (6)

dC/dt ) φG(t)/(1 + C/Ce) (7)

C + 1/2[C2/Ce] ) φe∫0
t G(t′) dt′ ) φeg(t) (8)

TABLE 2: End-of-the-pulse Products GE+
750 of the

Radiolytic Yield G of the Solvent Radical Cation (Given in
Units of Ions per 100 eV of Absorbed Radiation) and the
Decadic Molar Extinction Coefficient E+

750 of the Solvent
Radical Cation at 750 nm (Given in Units of dm3 mol-1

cm-1), in sc CO2 at T ) 41 °C
pulsewidth

nsa
charge,

nC
average dose,

Gyb Gε+
750

c Gε+
750

d

4 36 32.2 951 1457
10 84 67 811 1223
20 123 90.2 677 1034

a Nominal pulse width (see Figures 23S and 27S to 30S for actual
time profiles of these pulses).b Average dose in cell 2, as determined
using aqueous thiocyanate dosimeter.c F ) 0.837 g/cm3. d F ) 0.636
g/cm3.
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walls. The latter can be reduced by better collimation of the
electron and light beams (section 1S.2). Calculations in section
1S.2 (Figure 9S(b)) suggest that nonuniform dose deposition
results in ca. 12% loweraVeragecation concentration for a given
aVeragedose as compared to the theoretical plot shown in Figure
19S (obtained for an infinitely thin sample). With this correction
in mind, we estimate that the cation yield is 10-20% higher
than the theoretical values. We will continue the discussion of
the dose dependence in section 4.2.

3.4. Long-Term Kinetics and the Light-Absorbing Neutral
Product. After the first 1µs, the solvent ions recombine, and
the residual absorbance is from a long-lived product whose
absorption band peaks at 550 nm. As pointed out in section
3.2, the initial yield of this light-absorbing product does not
depend on the electric field; nor is there an effect of the electric
field on the long-term kinetics (<1 s).16 Apparently, the product
is a neutral species. The yield of the 550 nm absorbance is linear
with dose, yieldingGεp

550 ≈145 ( 10 M-1 cm-1 (100 eV)-1.
Neither the spectrum of this product nor the yield of the long-
lived absorbance change with the flow rate of the sample and
the repetition rate of the electron pulses, suggesting that neither
the product nor its precursor react with the radiolytic products
accumulated in the radiolysate.

Within the first 100µs, the spectra are time independent.
However, after the first 1 ms, a small shoulder at 750 nm
gradually emerges (Figure 35S(a)). On this millisecond time
scale, the∆OD550 signal slowly decays, decreasing by 20-30%
over the first 200 ms (Figure 35S(b), trace i and Figure 36S).
Addition of 0.2-0.5 M of N2, O2, and N2O has no effect on
these decay kinetics. By contrast, addition of CO changes the
kinetics drastically (Figure 35S(b)): the∆OD550 signal decays
to a new steady level that is 4 times lower than that in neat sc
CO2 (this new absorbance was too small to obtain a good-quality
spectrum). The rate constant of the corresponding reaction is
770( 30 M-1 s-1. Because the reaction with CO is inefficient
and reaction with O2 does not occur at all, even prolonged
radiolysis has little effect on the kinetics. Addition of hydrogen
has same effect as the addition CO, but the reaction is slower
(<200 M-1 s-1).

On a longer time scale, the decay of the 550 nm absorbance
lasts over hundreds of milliseconds (Figure 36S); even after 2
s, there is a∆OD550 signal that is∼25% of the absorbance at
100 µs. Though the kinetic traces can be fit by second-order
kinetics with a time constant of 330 ms (Figure 36S(b)), in the
low-dose regime (20-120 Gy per single pulse), no changes in
the kinetics with the pulse dose were observed. Using a 30 Hz
burst of 60 Gy pulses causes the accumulation of the product
on the observation time scale (Figures 37S and 38S). After 20-
30 pulses, the yield saturates (Figure 38S). It is seen from the
kinetic plots in Figure 37S(a) that in the high-dose regime the
decay kinetics of the product become shorter as the total dose
(summed over the sequence of pulses) increases. The spectra
obtained on the millisecond time scale using the pulse bursts
are composite: in addition to the 550 nm band observed at short
delay times, a new 950 nm band emerges, see Figure 38S(b).
For λ > 600 nm, the accumulation kinetics are different from
the kinetics observed atλ < 600 nm (compare traces ii and iii
in Figure 38S(a)). The formation of the 700-1000 nm band
can also be observed on the submillisecond time scale (Figure
37S(b)). The∆OD900 kinetics are not complementary to the
∆OD550 kinetics, and the red-absorbing species is unlikely to
be related to the 550 nm absorbing product.

4. Discussion

4.1. Quantitative Simulation of the Charge Dynamics.We
have already given a qualitative picture for the ionization
dynamics in sc CO2. In this section, we demonstrate that these
dynamics can be understood quantitatively, using the set of
parameters obtained from the time-resolved conductivity stud-
ies.4 From these studies, it is known that under our standard
conditions the ratio of lifetimeτe of the electron to the Onsager
time tc of the electron-hole pair is≈5.5 and the widthbG of
the r2-Gaussian distribution of the electron thermalization
distances is≈10 nm. For this distribution, the free ion yield is
≈5.6%.

In section 2S, the model of Shkrob and Sauer4 is adapted for
the present experiment. It is shown that for an isolated ion pair,
the electric field effect on the yield of free cations is a function
of two paraneters: theτe/tc ratio and the widthbG of the electron
thermalization distances. In Figure 18S(a), this electric field
effect (for 25 kV/cm) is plotted as a function ofη ) τe/tc for
several values ofbG. For a fixedτe/tc, the effect systematically
decreases withbG. The observed initial field effect on the yield
of the solvent hole is≈0.8( 0.05. Forτe/tc ≈ 5.46, this narrows
the range of possible values forbG to 10 (1 nm, in good
agreement with the estimate given in ref 4. Knowing bothτe/tc
andbG makes it possible to calculate the effect of SF6 on the
cation yield. From the photoconductivity studies,4 it is known
that in the presence of SF6 the lifetime of a free electron
decreases with [SF6] as τe/(1 + Re[SF6]), where the Stern-
Volmer constantRe ≈ 6.7 × 103 M-1. Using this dependence,
it is possible to fit the plot of the initial solvent cation yield
(Figure 4b) as a function of [SF6], using a single adjustable
parameter: the initial cation yield in neat sc CO2 (see section
2S.2 for more detail). This excellent agreement suggests that
our estimate for the electron thermalization distance in radiolysis
of sc CO2 is correct.

As discussed in section 3.2, in neat sc CO2, the formation
kinetics of the solvent radical cation and the electric field effect
on the cation yield are strongly affected by cross recombination
of quasifree electrons and the solvent holes. This effect can be
simulated, using the lattice Monte Carlo model (section 2S.3)
and/or the semianalytical theory (section 2S.2), assuming
uniform space distribution of the electron-hole pairs. Though
in reality this distribution is not uniform (as these pairs are
clustered in radiolytic spurs),homogeneousrecombination
prevails under the conditions of our experiment. The solid lines
drawn in Figure 11 are the theoretical predictions for the field
effect and the cation formation kinetics obtained using the
semianalytical theory of section 2S.2 (the traces obtained by
lattice Monte Carlo calculations, section 2S.3, are also shown
therein). Note that no model parameters were adjusted in these
simulations; the only assumption made (for the comparison with
the experimental data) was that the yield of the ionization is 5
electron-hole pairs per 100 eV. Good agreement with experi-
ment further supports our choice for the model parameters.

The estimate of≈5 (100 eV)-1 for the ionization yield can
be corroborated by fitting the solvent hole,∆OD900, and the
electric field kinetics,ø(t), for concentrated SF6 solutions (Figure
21S). Since the geminate recombination and cross recombination
of the F- and (CO2)n

+ ions occur on the same time scale, lattice
Monte Carlo simulations (section 2S.3) were used in these
simulations. It turns out that these simulations can pinpoint the
ionization yield because the degree by which the cross recom-
bination arrests the development of the field effect strongly
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depends on the ion pair concentration and so does the cation
yield. Our simulations give an estimate of 5.1( 0.1 pairs per
100 eV.

In sum, the model used to simulate time-resolved conductivity
in photoionization of sc CO2 solutions can also be used (with
slight modifications) to simulate transient absorption kinetics
in radiolysis of sc CO2, including the electric field effect on
these kinetics. The same set of model parameters for electron
and ion dynamics is obtained in both of these experiments.

4.2. Dissociative Electron Attachment.In the simulations
discussed above, no provision has been made for the occurrence
of dissociative electron attachment in the course of ionization.
This reaction would lead to rapid formation of the CO3

- anion.
Since this molecular anion has low mobility (as compared to
the quasifree electron) a much greater fraction of the geminate
{CO3

- (CO2)n
+} pairs can survive at the end of the radiolytic

pulse as compared to the{(CO2)n
- (CO2)n

+} pairs. Thus, even
if the fraction of the former pairs is small, the increase in the
end-of-pulse concentration of the solvent hole could be large.
To give an example, our simulations indicate that if 12% of
the ionization events resulted in the formation of CO3

- anions
in place of eqf

- the concentration of the solvent hole would
increase by 40% (section 2S.3 and Figure 22S). Note that the
estimate for the ionization yield in the SF6 solution (section
4.1) is that for thetotal yield, as there should be no difference
between the charge separation dynamics for the{CO3

- (CO2)n
+}

and{F- (CO2)n
+} pairs. Is there any evidence, direct or indirect,

that the CO3
- anions are present in the reaction mixture?

No spectroscopic evidence for the presence of the carbonate
radical anion in the reaction mixture was found. This statement,
however, is conditional on the assumption that the VIS spectrum
of CO3

- in sc CO2 and the corresponding extinction coefficients
are similar to those for aqueous CO3

- 26 (and CO3
- centers in

carbonate minerals),27 where this species has been studied
previously. As shown in Part 2 of this study,10 the X 2B1 f A
2A1 band of the CO3- anion in the visible is due to trigonal
distortion of thisC2V symmetric anion; the closer the unique
O-C-O angle is to 120°, the weaker the absorption is. In sc
CO2, this trigonal distortion is much weaker than in water,28

where CO3
- is hydrogen-bonded to the solvent, and CO3

- in
sc CO2 is likely to be a poor light absorber.10 Gas-phase
experiments agree with this theoretical result: the photode-
struction cross sections for the CO3

-‚H2O anion are several
times larger than the cross sections for the CO3

-‚CO2 anion.29

Because CO3- is a poor light absorber in sc CO2 and the
dissociative electron attachment is a minor channel (as suggested
by the simulations in section 2S.3), this species can easily escape
detection by transient absorption spectroscopy: The weak
absorption of CO3- is swamped by much stronger signals from
the solvent radical cation, solvent radical anion, and the neutral
product. Given that CO3- is formed both in the electron
bombardment of (CO2)2 clusters11 and inγ-radiolysis of solid
CO2,13 it is likely that this species is also formed in sc CO2,
albeit at low yield. There are several reasons to believe that
this yield is indeed low other than the fact that the absorbance
of CO3

- was missed in our experiments:
If both CO3

- and (CO2)n
- anions were present in the reaction

mixture, there would be no parity between the yields of the
solvent radical anion and the solvent radical cation. Figure 7
shows a comparison between the electron photodetachment and
absorption spectra of the solvent radical anion. The extinction
coefficientsε-

λ for the solvent radical anion were determined
using the coefficientε+

λ obtained in section 3.1, assuming that
there is a parity between the ion yields. The cross sections for

the electron photodetachment4 are given asε-
λ φpd, whereφpd

is the quantum yield of photodetachment. An examination of
Figure 7 suggests thatφpd ∼ 1 where the comparison is possible.
Because the quantum yield of the electron photodetachment
cannot exceed unity, there cannot be large deviations from parity
provided that our estimates forε+

λ are correct.
Let us suppose thatε+

λ is underestimated, so thatφpd < 1
(ε+

λ cannot be overestimated as that would requireφpd > 1). In
such a case, the parity argument does not apply and some CO3

-

anions could be present in the reaction mixture. Note that the
error inε+

λ cannot be large because kinetic analyses in section
3.1 give a value that is just 20% greater than the estimate
obtained in the scavenging experiment. In these kinetic analyses,
the quantity determined is the ratiok2/ε+

λ of the rate constant
k2 of ion recombination and the extinction coefficientε+

λ. To
obtainε+

λ, the Debye constant was used as an estimate ofk2.
Becausek2 cannot exceed this Debye constant, the error inε+

λ
cannot be greater than 20%. However, this 20% error is unlikely
as there would be a conflict with the dosimetry measurement:
If slowly recombining geminate{CO3

- (CO2)n
+} pairs were

formed during the ionization, this would increase the apparent
prompt yield of the solvent cations because more pairs can be
observed on the nanosecond time scale. As explained in sections
3.3 and 1S.2, the yield of the cation absorbance atλ ) 900 nm
is 10-to-20% higher than the theoretical estimate after the latter
is corrected for the nonuniformity of dose deposition in the
sample. If ε+

λ were 20% higher, this discrepancy would
disappear, and there would be no room for the increased cation
yield that needs be observed when a large fraction of CO3

-

anions is present in the solution.
If our estimate forε+

λ is correct, this means that the increased
yield of the 900 nm absorbance is due to the increased yield of
the solvent radical cation (as compared to the theoretical yield
obtained in the model without the CO3

- anions). Monte Carlo
calculations indicate that 20% higher end-of-the-pulse cation
yield would require 5% of the ionization events to proceed via
the formation of CO3-. Because the field effect in the{CO3

-

(CO2)n
+} pairs is slow to develop, higher fraction of the CO3

-

anion means lower prompt electric field effect. A comparison
between the theoretical and experimental values for this field
effect brackets the initial fraction of the CO3

- anions to less
than 3%.

In conclusion, though our measurements may be subject to
errors, these errors seem to be too small to accommodate large
prompt yield of the carbonate radical anion. The highest estimate
that can be placed for the prompt yield of this anion is around
10% (relative to the yield of the solvent radical cation) which
implies that no more than 2-3% of the ionization events involve
dissociative electron attachment.

4.3. Light-Absorbing Product. In this section, we make an
educated guess as to the possible nature of the neutral product
responsible for the long-lived absorption centered at 550 nm.
As we do not have evidence that this product is impurity related,
we will assume it is not. The following properties were
established for this product: The product is extremely stable.
It is formed rapidly (in 300 ns) but not promptly. The product
is not processed through the electron-hole pair, as there is no
prompt electric field effect on its yield. Addition of H2, N2O,
O2, and CO (<1 M) does not change the formation kinetics.
The product slowly reacts with reducing species (H2 and CO),
but it does not react with oxidizing species (O2 and N2O). The
latter suggests that the product is in a high oxidation state.

The extremely long lifetime (>300 ms) of the neutral product
excludes excited molecular states. Only radicals and ground state
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molecules are suitable. The fact that in the high-dose regime
the decay kinetics of the product become considerably shorter
(section 3.4) suggests that it is a radical that decays by
bimolecular recombination. Our search of the literature (e.g.,
ref 30) suggests that very few neutral, stable CxOy species
absorbing light in the visible are known. Among the few that
we found are “red graphite” (carbon suboxide polymer,
(C3O2)n),30,31 singlet carbon trioxide (CO3),32-39 and ozone
(O3).1,40 Most of the other chromophores (for instance, C2O-
(3Σ))41 can be eliminated on the basis of their short lifetimes
and/or low oxidative states. The UV-vis spectrum of “red
graphite”31 has striking resemblance to that of the product.
However, it is unclear how such a polymer could be formed on
a submicrosecond time scale. The known chemical pathways
to this product are thermally induced polymerization of C3O2

30,31

and prolongedγ-radiolysis of CO.42

Ozone.Ozone has the merit of being actually observed in
radiolysis of sc CO2.1,43 It is also generated in 248 nm laser
photolysis of O2 in this liquid.44 Both in radiolysis and
photolysis, ozone is formed in the reaction of O(3P) atoms with
O2.1,12,43,44Ground-state oxygen atoms do not absorb light in
the visible and are stable for tens of microseconds.1

There are several reasons to exclude the ozone: O3 does not
react with H2 and CO.45 The visible (Chappius) band of O3 does
not match the 550 nm band of the product.40 The extinction
coefficient in the Chappius band is extremely low: in the gas
phase, the absorption cross section at the center of this band is
just 7× 10-21 cm2.40aThough this cross section increases 2-6
times in the condensed media,40b one would need theG values
in excess of 100 ozone molecules per 100 eV to obtain the
observedGεp

550 of ∼145 M-1 cm-1 (100 eV)-1. A chain
reaction could provide large radiolytic yields. However, such a
reaction would take a long time, whereas the formation of the
product is over in 300 ns. UV absorbance measurements of
Dimitrijevic et al.1 do not support the high yield of O3 in
radiolysis of sc CO2 (from Figure 1 in ref 1, we estimate that
the G value for ozone is≈0.1 molecule per 100 eV).

CO3 (X 1A1) . Carbon trioxide is formed in the reaction of
the singlet O(1D) atom with CO2.32-37,45 The radical isC2V
symmetric, with a three-membered OCO ring and an exocyclic
carbonyl group.34,37,38,39It is stable both in the gas phase46 and
in low-temperature matrixes.32-36 CO3 is known to occur in the
UV photolysis of O3 in solid,34,35,36liquid,33 and supercritical
CO2.44 In these media, it decays by bimolecular recombination
with the formation of CO2 and O2. CO3 does not react with O2
and O3;32,33 it has been predicted to react with CO (refs 37 and
38 and references therein).

Ab initio calculations38 suggest that theX 1A1 state absorbs
in the visible (2.47 eV) via a transition to the first excited (A
1B1) state; the oscillator strength of 0.03 was obtained for this
symmetry-allowed transition. Jones and Taube32 obtained the
VIS spectrum of CO3 by photolysis of O3 in solid CO2 (60-80
K). Their spectrum is similar to the spectrum of the neutral
product observed in radiolysed sc CO2 save for a red shift in
the latter. A molar extinction coefficient of∼11 M-1 cm-1 and
the oscillator strength of 3× 10-4 were obtained by these
authors.32 In light of the ab initio calculations,38 their estimate
appears to be excessively low, and the VIS spectrum reported
by Jones and Taube32 is in doubt. Forεp

550 ∼ 10 M-1 cm-1,
the G value for the product would be∼13.5 radicals per 100
eV which is still too high. However, it seems likely that the
actual extinction coefficient for CO3 is at least 10-100 times
higher. Admittedly an exotic species, CO3 appears to be the
most likely candidate for the light-absorbing product observed

in our study. Chemical behavior and light-absorbing properties
of CO3 are consistent with this association.

Formation of CO3. A possible mechanism for the formation
of CO3 in radiolysis of sc CO2 would be the dissociation of
CO2* molecules47 generated either by the direct excitation of
the solvent or by charge recombination. The lowest-energy
dissociation channels of CO2* are CO(X 1Σ) + O(1D),
CO(X 1Σ) + O(1S), and CO(A2Π) + O(3P) at 7.4, 9.6, and 11.5
eV, respectively.47a The CO(X 1Σ) + O(3P) channel (at 5.45
eV) is spin-forbidden.47a,c Still, such a dissociation can occur
for CO2* molecules generated by the recombination of triplet-
correlated electron-hole pairs. In the gas phase, the O(1D) atoms
decay mainly by conversion to ground-state O(3P) atoms in two-
body collisions with CO2 molecules (2× 10-10 cm3 molecules-1

s-1).37,47bAlternatively, the O(1D) atom complexes with a CO2
molecule to produce CO3(1A1) in a three body reaction.46 At 1
bar of He, the complexation is 103 slower than the deactivation.46

In solid and liquid CO2, the complexation appears to be more
efficient.32,33

Given that the solvent hole in sc CO2 is a (CO2)2
+ dimer

(with binding energy of 0.6 eV)48 solvated by the supercritical
fluid (which adds-1 eV of the polarization energy), only CO-
(X 1Σ) + O(1D,1S) dissociation is possible for CO2* formed by
charge recombination. Because∼95% of the electron-hole pairs
recombine in less than 50 ps,4 most recombination events yield
singlet CO2* molecules whose dissociation yieldssingletoxygen
atoms. Simpleminded extrapolation of the gas-phase data (at 1
bar) to supercritical fluid (200 bar) suggests that 10-20% of
the O(1D) atoms can yield CO3 instead of converting to O(3P).
Thus,promptformation of CO3 in radiolysis of neat sc CO2 is
possible. There could also be delayed formation of this species
because of generation of the excited CO2* molecules in
recombination of the solvent radical anion and the solvent radical
cation in the bulk.

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 (CO2)n

+ and eqf
-

are scavenged, the formation kinetics of the product do not
change. Third, if CO3 were formed in the recombination of the
electron-hole pairs, there would be a negative electric field
effect on its yield.

We suggest that CO3 is formed by neutralization of CO3-.
In this scenario, the dissociation of CO2* produces relaxed O(3P)
atoms only, and the CO3 radicals are formed via the recombina-
tion of cations (X+) with the CO3

-. Because the electric field
effect in the {CO3

- X+} pairs takes long time to develop
(hundreds of nanoseconds), the field effect on the product yield
can be small. CO3- does not react with H2, CO, and N2O, and
the O- anion transfer to O2 is very slow (4× 106 M-1 s-1 in
the gas phase).49 Note that the formation kinetics of CO3 mirror
the decay kinetics of CO3- 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 CO3

- anion is formed
in radiolysis of sc CO2, provided that its initial yield is less
than 0.15 per 100 eV. Because all CO3

- anions will eventually
recombine, the yield of CO3 equals this initial yield (this is
another reason, why no electric field is observed). Thus, if CO3

has an extinction coefficient of∼103 M-1 cm-1, there would
be sufficient concentration of CO3 to account for the observed
product absorbance.

5. Conclusion

Using pulse radiolysis-transient absorption spectroscopy, the
mechanism for radiolysis of dense, liquidlike supercritical CO2
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has been studied (T ) 41 °C, F/Fc ) 1.79). Time-resolved
absorption spectra obtained in the 350-1500 nm region are
decomposed into the contributions from several species, on the
basis of their kinetic behavior, response to the electric field,
and reactions with added solutes. Three species have been shown
to contribute to the absorption spectra obtained in neat sc CO2:
the solvent radical cation, the solvent radical anion, and a long-
lived neutral product that we postulate is CO3(1A1). A broad,
bell-shaped spectrum of the solvent radical cation centered at
750 nm with an onset at 1.5µm and an oscillator strength of
0.153 was isolated. In Part 2 of this series,10 this spectrum is
shown to be due to a charge resonance band50 of the (CO2)2

+

core of the solvent hole. A very similar spectrum was obtained
for an isoelectronic species,51 (N2O)2+, in sc CO2 (section 3S).
The UV-vis absorption spectrum of the solvent radical cation
is from a bound-to-continuum electron transition. A comparison
between the absorption and electron photodetachment spectra4

for this anion indicates that the quantum yield of the photode-
tachment is close to unity.

The following mechanism for electron radiolysis of sc CO2

is suggested: The interaction of the electrons with the solvent
causes its ionization with the total yield of 5.1( 0.1 pairs per
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 CO3

- in place of
the quasifree electron) is less than 2-3% of the total ion yield.
The quasifree electrons are trapped by the solvent in less than
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 SF6, it is possible
to dramatically shorten the lifetime of the quasifree electron
and increase severalfold the yield of the solvent radical cations.
For an isolated electron-hole pair, the ratioτe/tc of the
“trapping” time and the Onsager time of the electron-hole pair
is ≈5.5.4 Consequently, the electric field effect in such pairs
does not develop fully, reaching 40-50% of the maximum
theoretical value. Under the conditions of our experiment, there
is considerable cross recombination of the quasifree electrons
with nongeminate solvent holes that are gradually accumulated
in the reaction mixture within the duration of the radiolytic pulse.
This cross recombination further shortens the electron lifetime
and reduces the electric field effect on the solvent cation yield.
We have resolved this process in time and suggested theoretical
models to account for the dynamics observed.

The decay kinetics of the solvent radical ions observed on
the submicrosecond scale are dominated by two reactions: (i)
homogeneous recombination in the bulk and (ii) conversion of
the solvent hole to a solute cation, in a scavenging reaction with
impurity (most likely, water)52 and radiolytic products (CO and
O2). On the same time scale, the light-absorbing CO3 radical is
formed by neutralization of the CO3- anion. Because of low
yield and poor light absorbance, these CO3

- anions evade direct
detection by transient absorption spectroscopy.

We believe that CO3(1A1) is the most likely candidate for
the long-lived light-absorbing product generated in radiolysis
of sc CO2. No other intrinsic species has the required combina-
tion of chemical and absorption properties. This product exhibits
a half-life time of 330 ms, an absorption band centered at 550
nm, and a radiolytic yieldGεp

550 ∼ 150 M-1 cm-1 (100 eV)-1.
The proposed mechanism for delayed generation of this product
is conditional on several assumptions none of which we can
prove: (i) that CO3 has extinction coefficientg103 M-1 cm-1

and a VIS band centered around 550 nm (as suggested by ab
initio calculations),38 (ii) that a low concentration of CO3- anions

is present in the reaction mixture shortly after the ionization
(as suggested by the dose dependencies obtained in section 3.3),
(iii) that charge neutralization of CO3- yields CO3 radicals, and
(iv) that dissociation of CO2* molecules formed in the recom-
bination of the electron-hole pairs in sc CO2 yields mainly
O(3P) atoms (as suggesed in refs 1 and 2). Disproving any one
of these assumption would falsify the suggested mechanism.
Although our association of the light-absorbing neutral product
with CO3 is tentative, it can be a starting point for further studies.
In particular, the IR bands of CO3 in solid matrixes are
known,34,35,36 so that this product could be identified by
resonance Raman spectroscopy.

The effect of several scavengers, such as SF6, H2, O2, CO,
and N2O has been studied (section 3S). Radiolysis of their
solutions yields many exotic ions that have previously been
observed only in the gas phase and in cryogenic matrices. It
appears that most di- and triatomic molecules that can donate
an electron to the solvent hole form radical cations that rapidly
polymerize. The resulting multimer cations exhibit charge
resonance bands50 and can be observed by transient absorption
spectroscopy. This finding illustrates the extreme proficiency
of sc CO2 to facilitate cationic polymerization.
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