
Electron Localization in Liquid Acetonitrile

I. A. Shkrob* and M. C. Sauer, Jr.
Chemistry DiVision, Argonne National Laboratory, Argonne, Illinois 60439

ReceiVed: March 20, 2002; In Final Form: June 18, 2002

Time-resolved one- and two-pulse laser dc photoconductivity has been used to observe two kinds of reducing
species, anion-1 and anion-2, in liquid acetonitrile. At 25°C, the standard enthalpy of conversion from anion-1
to anion-2 is-44.3 ( 3.6 kJ/mol and the conversion time is∼3 ns. The high-temperature form, anion-1,
absorbs in the IR and migrates>3.3 times faster than any other ion in acetonitrile. This rapid migration has
a low activation energy of 3.2 kJ/mol (vs∼7.6 kJ/mol for other ions). Anion-1 rapidly transfers the electron
to acceptors with high electron affinity, with rate constant up to 1011 M-1 s-1. The low-temperature form,
anion-2, absorbs in the visible and exhibits normal mobility and electron-transfer rates, ca. 1.5× 1010 M-1

s-1. It reacts, by proton transfer, with two hydrogen-bonded molecules of water and/or aliphatic alcohols.
Laser photoexcitation of these two solvent anions in their respective absorption bands leads to the formation
of CH3 and CN-. We present arguments indicating that anion-2 is a dimer radical anion of acetonitrile, whereas
anion-1 is a multimer radical anion that may be regarded as a “solvated electron”.

1. Introduction

“Solvated” or “trapped” electron is a convenient but incon-
sistent way of describing the excess electron in a dielectric
medium: a lone quantum-mechanical particle that interacts with
(many) electrons and nuclei of the medium by means of an
empirical classical potential.1-12 The crucial step here is the
reduction of a many-electron problem to a single-electron one.3

In practice, this means that the effect of the “solvated electron”
on the electronic structure of the solvent molecules is either
ignored or introducedex postulato.1,2

Although there are many theoretical works on the “solvated/
trapped electron”,3-12 these works differ only in how the one-
electron potential is chosen. In recent models, more “realistic”,
time-dependent model potentials are used.9-12 As for the
justification of the one-electron approach that underlies these
models, no progress has been made. Meanwhile, one-electron
models popular in the 1960s have been abandoned, both in
quantum chemistry and computational chemical physics, in favor
of more rigorous approaches in which many-body effects (such
as the electron correlation) are adequately represented.

The one-electron approach provides insight concerning many
properties of the excess electrons in water and alcohols, in
particular, their optical spectra and energetics,3,6,8,9,11diffusion,12

solvation/relaxation dynamics,5,9-12 etc. At the same time, this
approach, however advanced, is incapable of accounting for
many other properties of the excess electron.4 For instance, the
low g-factor of the “solvated electron” is indicative of Pauli
exclusion of its wave function by the electrons in the solvent
molecules. Naturally, Electron Paramagnetic Resonance (EPR)
spectroscopists favor the models in which the “trapped electron”
is treated as a multimer anion; this tendency is most strongly
expressed in the publications of Kevan and co-workers.4,7 For
example, for “trapped electrons” in glassy alkanes, it proved
impossible to construct a model classical potential (that would
account for the EPR data) without postulating induced dipoles

along stretched C-C bonds.7 This stretching is due to sharing
of the electron density by the alkane molecules; such sharing
is impossible in the one-electron models. There are many other
properties of the “solvated electron” that cannot be represented
in the one-electron approximation, such as its Raman spectrum,13a

proton-transfer reactions, temperature dependence of the spectra
over wide range of physical conditions, etc. Currently, there is
a renewed interest to the alternative, multimer anion, approach,
as it naturally emerges in the studies of medium and large size
cluster anions (such as{H2O}n

-) in the gas phase.13b

Apart from a few liquids for which the features of the
“solvated electron” are explicit, the concept of the “solvated
electron” is impractical. In most organic liquids, the electron is
thought to attach, permanently or temporarily, to one or two
solvent molecules (“monomer or dimer radical anions”); the
negative charge is fully localized on these anions. Surprisingly,
there is not much evidence that such anions occur in nonaro-
matic liquids. Another possibility is that the electron is attached
to many solvent molecules at once, forming a multimer anion.
The “solvated/trapped electron” is a variant of this multimer
anion.4 Though the notion of the “multimer anion” is vague, it
is the only one available to describe solvent anions in many
practically important liquids, such as C6F6

14a and supercritical
CO2.15,16 These liquids are the extreme examples of what
happens in any dielectric medium: drastic adjustment of the
electronic structure of the solvent in response to the excess
negative charge.

In this respect, “organic water”, acetonitrile, makes an
interesting case in point. In the gas phase, CH3CN, like water
and aliphatic alcohols, has a large dipole moment and negative
vertical electron affinity.17 One would expect that the electron
in acetonitrile localizes much in the same way as the “solvated
electron” in water and alcohols. Although this is what was
believed initially,18 further studies showed a different picture:

There are at least two reducing species present in liquid
acetonitrile shortly after the ionization event: anion-1 that
absorbs in the 1-2 µm region (whose band is centered at 1.45
µm) and anion-2 that absorbs in the 400-800 nm region (whose
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band is centered at∼500 nm).19 These two anions are in a rapid
dynamic equilibrium: as the liquid is cooled, the 1.45µm band
becomes more and the 500 nm band less prominent. From the
temperature dependencies of the transient absorption spectra,
Bell, Rogers, and Burrows (in the following, referred to as BRB)
estimated that anion-2 is 0.36 eV more stable than anion-1.19

The transformation of anion-1 to anion-2 is rapid at room
temperature but fairly slow at lower temperatures; at-30 °C,
it takes at least 20-50 ns. BRB suggested that anion-1 and
anion-2 are, respectively, the monomer and the dimer radical
anions of acetonitrile. Below, their arguments will be considered
in more detail.

In the present work, time-resolved laser photoconductivity
was used to demonstrate several new features of these two
solvent anions. It is shown that (i) while anion-2 has normal
mobility, anion-1 is a high-mobility species whose room-
temperature diffusion coefficient is more than three times higher
than that of other ions, (ii) the activation energy for this
migration is∼3.2 kJ/mol, whereas that of normal ions (including
anion-2) is∼7.6 kJ/mol, (iii) electron-transfer reactions that
involve anion-1 proceed with rate constants approaching 1011

M-1 s-1, (iv) proton-transfer reactions of anion-2 involve two
solute molecules and proceed 10 to 103 times slower than the
rapid electron-transfer reactions, and (v) photoexcitation of
anion-1 and anion-2 in their respective bands causes their
fragmentation.

Using these dc conductivity data, EPR data of Williams and
co-workers20-22 for radical anions in solid nitriles, pulse
radiolysis results of refs 19 and 23, and density function
calculations for{CH3CN}n

- clusters in ref 24 and in this work,
we argue that anion-2 is a planar side-by-side{CH3CN}2

- dimer
anion, whereas anion-1 is a multimer anion related to the
“trapped electron” in frozen glassy alkanes. To save space, many
pieces of data are given in the Supporting Information. Figures,
tables, and sections with a designator “S” after the number (e.g.,
Figure 1S) are placed therein.

2. Background

We first consider the data on acetonitrile cluster anions in
the gas phase, then EPR and optical spectroscopy of{CH3CN}n

-

anions (n ) 1, 2) in solid acetonitrile, and end with a brief
summary of pulse radiolysis, laser photolysis, and photo-
conductivity studies of liquid acetonitrile.

Gas-Phase Cluster Anions.In the gas phase, monomer
CH3CN has a dipole moment of 4.3 D, adiabatic electron affinity
of 17 meV, and vertical electron affinity of-2.84 eV.17

CH3CN- is a classical example of the dipole-bound anion
postulated by Fermi and Teller, with the electron in a diffuse
orbital (>30 Å). Although neutral dimers, in which the CH3CN
dipoles are coupled in the antiparallel fashion, readily form in
vapor,25,26 the dimer anion,{CH3CN}2

-, has never been
observed. In the neutral trimer, one of the monomers couples
sideways to the antiparallel pair; this molecule binds the electron
in the same way as the monomer; the adiabatic electron affinity
of this trimer (14-20 meV) is higher than that of the monomer.17

Higher multimer anions,{CH3CN}n
-, prepared by collisional

electron transfer from high-Rydberg atoms were found only for
n > 12:27 it takes many acetonitrile molecules to stabilize the
negative charge.The stabilization of the core “monomer” and
“dimer” anions in solid and liquid acetonitrile is a concerted
effect of many solVent molecules.

Anions in Solid Acetonitrile. Solid acetonitrile exists in two
crystalline forms, monoclinicR-acetonitrile and orthorombic
â-acetonitrile (Figure 1S).28,29When these solids areγ-irradiated
at 77 K,R-acetonitrile yields a dimer radical anion (Figure 2S),
whereasâ-acetonitrile yields a monomer radical anion (Figure
3S). The observed dichotomy follows from the crystal structure.

Figure 1. Typical dc photoconductivity kineticsσ(t) (dots)obtained
in biphotonic 248 nm ionization (15 ns fwhm, 0.03 J/cm2) of 300µM
benzene in room-temperature argon-saturated acetonitrile (2 cm cell,
1.23 kV/cm). The fast conductivity signal with lifetime of 2.7µs is
from high mobility solvent radical anion(s). The solid line is the least-
squares fit obtained using eq 3; the dashed line is the contribution from
the normally diffusing ions. In all figures, the conductivity is given in
nanoSiemens per centimeter (1 nS/cm) 10-7 Ω-1 m-1).

Figure 2. Temperature dependence of the conductivity kinetics
obtained under excitation conditions similar to those shown in Figure
1. The decay constants of the fast conductivity signal are given in Figure
3(a). The sample temperatures were, from bottom to top: (a)-36,
-26, -15, -5, +5, +12, +22 °C and (b) 21.7, 27.3, 33.7, 40.3, 44.9,
51.1, and 53.9°C. As the temperature decreases, the fast conductivity
signal decreases relative to the long-lived signal and its decay slows
down. Note that the long-lived signal from normally diffusing ions
increases with temperature several times faster than ion mobility (Figure
10S), suggesting a large temperature effect on the photoionization yield.
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In R-acetonitrile, the dimer anion retains the same reflection
plane and inversion center as theC2h symmetric antiparallel
pair of CH3CN molecules (Figure 1S(a)).20,24,28â-Acetonitrile
consists of infinite chains of parallel dipoles,29 Figure 1S(b),
and a monomer anion is formed instead.24

EPR experiments indicate that the dimer radical anion has a
staggered, side-by-side structure shown in Figure 2S(a). The
C-C-N angle is 130° and the distance between cyanide carbons
is 1.65 Å. The negative charge and unpaired electron density
are mainly on carbonyl N and methyl C atoms (Figure 2S(b)).
This structure accounts for the observed EPR parameters and
vibronic progressions observed in the 530 nm charge-resonance
band.20,24 The monomer radical anion inâ-acetonitrile is also
bent (Figure 3S(a)); the CCN angle is∼131°. In both of these
radical anions, the C-C bond is stretched to 1.53 Å (vs 1.443
Å in CH3CN). Photoexcitation of these radical anions (λ < 650
nm) causes further elongation of the C-C bonds which leads
to their fragmentation to CH3 and CN-.20,24Save for the vibronic
progressions, both radical anions exhibit similar absorption
spectra in the visible (see Figure 3 in ref 20). For the dimer
radical anion, the band is centered at 530 nm, for the monomer
radical anion, at 420 nm.20 The positions of these bands are in
good agreement withab initio calculations.24 These calculations

indicate that no bound-to-bound transition in the IR is possible,
either for the monomer or the dimer radical anion.24

Pulse Radiolysis and Photolytic Studies on Liquid Aceto-
nitrile. Some results have already been discussed in the
Introduction. At 25 °C, the interconversion of anion-1 and
anion-2 is fast (<10 ns).19,23 Consequently, in the presence of
an electron acceptor, both species decay with the same rate
constant. Even weak electron acceptors, such as N2O, rapidly
react with these anions.19 For electron acceptors with high
electron affinity, the scavenging constants are (3-6) × 1010

M-1 s-1,19,35 which is considerably higher than the rate
constant for ordinary diffusion controlled reactions in aceto-
nitrile (∼(1-1.5) × 1010 M-1 s-1). Therefore, at least one of
these solute anions has anomalously high mobility.

The same conclusion was supported by the photoconductivity
studies of Hirata and et al.,30 who examined monophotonic
ionization of aromatic amines in room-temperature acetonitrile.
Within 200 ns after the photoionization event, there was a strong
conductivity signal from a radical anion; this species reacted
with biphenyl and CCl4 with approximately the same rate
constants as the anions identified by BRB. Hirata et al.30 suggest
that (i) this conductivity signal is from anion-2 (the dimer anion)
and (ii) submicrosecond decay of this species is due to further
polymerization of the dimer anion. As shown below, the
conductivity signal is actually from anion-1 and the short decay
time is due to a reaction with impurity. Using picosecond
pump-probe laser spectroscopy, Hirata et al. found that the
500-700 nm band of anion-2 was present as early as 1-3 ns
after a 30 ps excitation pulse.35

The identification of anion-1 as the monomer and anion-2 as
the dimer anion suggested by BRB19 and others23,30 is conjec-
tural. In solid acetonitrile, both anions absorb in the visible;20

there are no NIR bands. Furthermore, it is unprecedented that
a monomer ion absorbs to the red of the dimer ion. The 1.45
µm band of anion-1 looks much like the absorption band of the
“solvated electron” in liquid and vitreous alkanes.1,2,4,7 BRB
suggested two reasons, why anion-1 is a monomer anion rather
than, say, such a “solvated electron”:19

(a) First, it was found that anion-1 decays in reactions with
water and alcohols, by proton transfer (n ) 1)

Using EPR spectroscopy, Chandra and Symons observed and
characterized the resulting H-adduct radical, CH3(H)CdN•, in
γ-radiolysis of CH3CN in CD3OH glass at 77 K.31 The absence
of the corresponding D-atom adduct in the EPR spectra obtained
from the CD3OH glass suggests that proton-transfer reaction 1
involves hydroxyl protons of methanol, in agreement with pulse
radiolysis studies of Meisel and co-workers.23

According to BRB,19 the occurrence of reaction 1 proves that
anion-1 is not a “solvated electron” because the latter species
do not react with water and alcohols. This argument is
dubious: in aliphatic alcohols, “solvated electrons”, both in their
ground state and in their excited state, abstract a proton from
the solvent, in 1-10 µs32 and 1 ps,33 respectively. Furthermore,
because anion-1 and anion-2 are in rapid equilibrium, it is not
obvious, which one of these anions actually reacts. In the
subsequent study by Meisel and co-workers,23 the VIS absor-
bance from anion-2 was shown to decay, upon addition of
alcohols, in the same way as the NIR absorbance from anion-
1. From the temperature dependence of these kinetics, it was
concluded that the reacting species is anion-2. Though the actual
reaction mechanism is more complex than that considered by

Figure 3. Temperature dependencies in Ar-saturated acetonitrile of
the pseudo-first-order decay constantk1 of the fast conductivity signal
(filled circles, traces (a))and the ratioµb/µa of the mobilities for
normally diffusing (impurity or solute) anion (b) and high-mobility
solvent anion (a)(traces (b).See the text for the details of the kinetic
analysis. In traces(a), the decay constants of 550 nm(open squares)
and 1450 nm(open circles)transient absorbance from anion-2 and
anion-1, respectively, are shown for comparison (from pulse radiolysis
data of ref 19). As a function of temperature, the fast conductivity signal
decays in the same way as these two anions, and the impurity limited
lifetimes are similar. In traces (b), two sets of data are shown: for
anion (b) being chloride(filled circles) and for anion (b) being an
unidentified impurity anion(open squares).The chloride data were fit
using eq 5 with parameters given in section 4.2C. Both of these
temperature dependencies are non-Arrhenius. This is due to a fast
dynamic equilibrium between the high-mobility metastable anion-1 and
low-mobility stable anion-2.

{CH3CN}n
- + ROHf (n- 1)CH3CN+ CH3(H)CdN• + RO-

(1)
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either group (section 2S), our conductivity study supports the
latter conclusion.

(b) The second argument19 was that in radiolyzed toluene
and THF solutions containing more than 5 vol % of CH3CN,
the NIR absorbance (of anion-1) was the same as that in neat
acetonitrile.

Dimer radical cations of toluene strongly absorb in the NIR
and contribute prominently to the spectrum of radiolysed
toluene;34 “solvated electrons” in THF also absorb in this
region.2 Thus, more than one absorbing species was present in
the radiolysate. Even if there were no dimer cation absorbances
and the electrons were irreversibly attached to acetonitrile, in
the specified concentration range (5-20 vol %), acetonitrile is
known to agglomerate forming pentamers and heptamers
(section 3S).35,36 It is conceivable that acetonitrile multimers
solvate the electron in a similar way as neat acetonitrile. In
alkanes, alcohol tetramers37 readily trap the electrons;38 the
resulting {ROH}4

- multimer anions exhibit nearly the same
optical and EPR spectra as the “solvated electrons” in neat
alcohols.The concentration of acetonitrile in the experiments
of BRB was too high, and it is not clear that monomer anions
were formed under such conditions.Furthermore, it is doubtful
that such monomers could form at all in the mixtures: Williams
and co-workers have studiedγ-irradiated acetonitrile-MTHF
solutions at 77 K (5 to 40 vol %) and found no evidence for
the formation of CH3CN- (with EPR spectrum of the monomer
radical anion inâ-acetonitrile) or{CH3CN}2

- therein.21

Nevertheless, the basic reasoning is sound: in a sufficiently
dilute solution, acetonitrile must be present as a monomer.
Provided that this monomer scavenges the electron, a “monomer
anion” would form. The properties of this monomer anion could
be compared to those for anion-1 in neat acetonitrile. This
program is implemented below.

3. Experimental Section

Temperature dependencies of density, viscosity, and ion
mobilities in acetonitrile were taken from ref 39. Biotech grade
acetonitrile-h3 (99.93+%) stored under nitrogen was obtained
from Aldrich and was used without purification, but without
exposure to air. This solvent exhibited the same or longer
lifetimes for anion-1 as purified solvent used in previous pulse
radiolysis studies.19,23 In acetonitrile-d3 (99.6 at. % D aceto-
nitrile-d3 from Aldrich), the lifetime of anion-1 was 5-10
times shorter than in acetonitrile-h3, due to scavenging by
impurity. Spectrophotometric graden-hexane (95+%, Aldrich)
was purified by passage through a column of activated silica
gel. Deuterated and protiated alcohols and electron acceptors
were obtained from Aldrich and used as received.

Acetonitrile solutions were purged with argon and contained
in a glass-ceramic conductivity cell with a 1 cmoptical path,
an internal volume of 4 cm3, and a cell factor of 2.46 cm-1.
The distance between Pt electrodes was 6.5 mm. The conductiv-
ity cell was operated at 300-2000 V. At 25 °C, the voltage
was typically 800 V; at lower temperatures, it may be increased
to a few kV. When the cell filled with acetonitrile is first exposed
to the high voltage, there is a spike of dark current that, over a
period of time, reduces to 10-30 µA and then stabilizes. This
dark current is due to traces of an electrolyte (such as acetic
acid) in the solvent. Short exposure of the solution to 1-3 kV
further reduces the dark current. Because this current does not
change upon photoexcitation, it may be numerically subtracted
from the conductivity traces (<1 ms). The photocurrent through
50Ω was amplified 100-1000 times and acquired using a DSA-
601 digitizer; the response time of the detection system was
2-3 ns.

The conductivity cell was placed in an aluminum jacket; cold
hexane (down to-30 °C) was circulated through the jacket
using an FMS Systems model MC880A1 cryogenic bath. Above
room temperature (up to 50°C), hot water was circulated.
Alternatively, we used an RTE-140 bath filled with a water-
ethylene glycol solution (-40 and 60°C).

The solutes were ionized using a 248 nm (5 eV) photon pulse
from a Lambda Physik LPX 120i KrF excimer laser (15 ns
fwhm, <100 mJ). Typically, the light fluence of the collimated
UV beam through a 4× 6 mm aperture was 0.02-0.05 J/cm2.
In most experiments, 300µM benzene was used as a photo-
sensitizer (section 4.2). The decay kinetics of the conductivity
did not change with the benzene concentration. The dependence
of the maximum conductivity signalσ on the 248 nm laser
fluence indicates that the ionization of benzene (and naphtha-
lene) is biphotonic (the photon orders are 1.91( 0.02 and
1.78 ( 0.07, respectively). For aromatic hydrocarbons with
lower ionization potential, the ionization is monophotonic. For
perylene, the photon order is 1.52( 0.11 (2× 3.57 eV photon
ionization of pyrene and perylene has been reported in ref 40),
for triphenylenes1.08( 0.09; for anthracenes1.1( 0.3. Mono-
photonic ionization of aromatic amines (upon 3.5-3.6 eV photo-
excitation)30,40 and anthracene (upon 5 eV photoexcitation)41

in acetonitrile have been reported previously. Neat acetonitrile
also yields a conductivity signal. Under the same excitation
conditions, this signal is 150-200 times smaller than that from
the 300µM benzene solution. The low photon order of this
signal (1.67( 0.08) suggests an ionizable aromatic impurity.

In some experiments, the solute was ionized using 248 nm
laser pulse and the anion(s) were subsequently photoexcited
using a second laser pulse of a different color. A Continuum
model 8010 Nd:YAG laser was used to generate 1064 nm (<0.6
J/cm2) or 532 nm (second harmonic,<0.3 J/cm2), 8.6 ns fwhm
pulses. The two laser beams were coaxial and traveled in
opposite directions. The beam from the Nd:YAG laser was
passed through a 4 mmdiameter aperture; within the cell, this
beam enveloped the 248 nm beam which was passed through a
3 mm diameter aperture. Typically, the delay time of the second
laser pulse was 150 ns. The laser fluencesJp given below are
the aVerage fluences through the apertures measured using a
Gentec EM-1 meter with an ED-500 sensor. The kinetics with
(σon) and without (σoff) the second excitation pulse were
collected on alternative 248 nm laser pulses and subtracted
numerically. Typically, 16-32 kinetics were averaged in this
way.

4. Results
4.1. “Monomer Anion” of Acetonitrile in n-Hexane Solu-

tion. To save space, the experimental details of the studies on
negative charge dynamics inn-hexane solutions of acetonitrile
are given in section 1S and Figures 1S-9S in the Supporting
Information. Following the strategy outlined in section 2, we
sought to establish the optical properties and energetics of
CH3CN- anion in an inert matrix. If this matrix-isolated species
existed and had similar properties to anion-1 observed in liquid
acetonitrile, this (following the argument of BRB) would
strongly support the identity of anion-1 as a metastable CH3CN-

anion.
It was found that in diluten-hexane solutions (<1 vol % of

CH3CN), the electron reversibly attaches to acetonitrile mono-
mer forming a slowly migrating negative charge carrier that
can be formally regarded as a CH3CN- anion. Photoexcitation
of the resulting anion with 532 and 1064 nm light results in
electron detachment to the solvent that is followed by rapid
reestablishment of the equilibrium between the CH3CN- anion
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and the thermalized electron. Transient absorption spectroscopy
of pulse-radiolyzedn-hexane solutions showed that CH3CN-

has a NIR spectrum that is similar to that of the “solvated
electron” in neatn-hexane; this spectrum does not resemble at
all the spectrum of anion-1 in neat acetonitrile.

It appears that CH3CN- in n-hexane absorbs light via a
bound-to-continuum transition from a shallow electron trap.
Such a conclusion is supported by the energetics: CH3CN- is
∼0.2 eV lower in energy than the “solvated electron” (section
1S) whose energy, in turn, is 0.6-0.8 eV lower than the energy
of the conduction band electron.42 Hence, a 1.17 eV (1064 nm)
photon would suffice to promote the electron from CH3CN-

directly to the conduction band of the solvent. These energetics
rule out a molecular anion as a product of the electron
attachment to CH3CN. Since the lifetime of “CH3CN-” is >2
ns (section 1S), this must be a fully solvated species. Density
functional calculations (B3LYP/6-31+G** method43 in the IEF
polarized continuum model of Tomasi et al.44) suggest that
the free energy of solvation of CH3CN and fully relaxed
CH3CN- in n-hexane are 50 meV and 1.16 eV, respectively
(for CH3CN-, the structure determined for the monomer anion
in â-acetonitrile was assumed).20,24 The energy of thermalized
electron inn-hexane is-(0-0.1) eV45,46 and the gas-phase
adiabatic electron affinity of CH3CN is∼17 meV.17 Therefore,
if CH3CN- were the product of electron attachment, the heat
of this reaction would be at least-1 eV. This estimate compares
favorably with the heats of electron attachment to other
“shallow” traps: oxygen (∼-2 eV),47 CO2 (∼-1 eV),48

pyrimidine (∼-0.86 eV),49 benzene,45 and N2O50 (ca.-0.5 eV
for both). For all of these species, the electron attachment causes
large decrease in the entropy due to ordering of the solvent
around the molecular anion:46 e.g., for CO2, the reaction entropy
is -(50-60) J/mol‚K,48 for benzene∼-130 J/mol‚K,45 for
other aromatic hydrocarbons, it varies between-80 and-200
J/mol‚K.46 By contrast, the standard entropy of electron attach-
ment to CH3CN is -15.4 J/mol‚K (section 1S).

The standard heat of electron attachment to CH3CN is
extremely small,-19.6 ( 0.94 kJ/cm (section 1S). Such low
binding energies have previously been observed only for the
electrons trapped by alcohol dimers, RO(H)..HOR.16,37 The
resulting anion is a variant of the “solvated electron” that
includes two hydrogen-bonded solute molecules in addition to
several solvent molecules; the absorption spectrum of these
“trapped” electrons is similar to that of the “solvated electron”
itself. Apparently, a similar reaction occurs inn-hexane solutions
of acetonitrile: electrostatic binding of the “solvated electron”
to a single CH3CN dipole is sufficiently strong to temporarily
halt the electron migration. Because the dipole moment of
CH3CN is>2 times that of a typical alcohol (4.3 D for CH3CN17

vs 1.64-1.69 D for alcohol monomers in the gas phase),51 just
one CH3CN molecule would bind the electron as readily as the
alcohol dimer.

We conclude that “CH3CN-” in n-hexane is a “solvated
electron” that is dipole bound to a single acetonitrile molecule.
BRB argued19 that anion-1 in neat acetonitrile must be a
monomer radical anion because the reducing species in dilute
solutions of CH3CN absorbs such as this anion. This similarity
was not observed in our study. Furthermore, BRB presumed
that the reducing species in these dilute solutions is a molecular
anion. This assumption is also incorrect, and the whole argument
is invalid. Anion-1 is unique to liquid acetonitrile; no such
species or its analogues are formed in dilute solutions.

4.2. Conductivity Kinetics in Liquid Acetonitrile. Typical
dc conductivity traces observed in biphotonic 248 nm ionization

of benzene in liquid CH3CN are shown in Figure 1. As in other
polar liquids, no geminate recombination was observed on the
time scale of our conductivity experiment; these kinetics must
be over in less than 1 ns. In the first few microseconds after a
15 ns fwhm 248 nm excitation pulse, the conductivity signal
σ(t) exhibits fast exponential component (Figures 1 and 2) whose
lifetime (k1

-1) behaves, as a function of temperature, the same
way as the lifetime of anion-1 in pulse radiolysis experiments
of BRB (Figure 3(a)).19 At 25 °C, the lifetime of this signal is
1-3 µs (depending on the particular batch) which is consider-
ably longer than 200 ns observed in the conductivity experiments
of Hirata et al.30 The fast conductivity signal is removed upon
the addition of electron-scavenging solutes, such as N2O, CO2,
and CCl4. The same fast signal was observed in photoionization
of neat acetonitrile and several aromatic solutes other than
benzene, including those that exhibited monophotonic and
mixed-photon-order ionization (section 3). After the decay of
this fast signal, there is a long-lived signal that decays over
hundreds of microseconds (Figures 1 and 2). The decay of this
signal follows second-order kinetics (dashed line in Figure 1)
and is from stable ions. The corresponding decay time of ion
recombination in the bulk is proportional to the initial ion yield,
and the recombination constant is 50% lower than that given
by the Debye equation for a liquid with a static dielectric
constantε ≈ 36 (at 25°C), suggesting that ion recombination
is not diffusion controlled.

In neat acetonitrile and in solutions with low concentration
of aromatic solute (e.g., 5-20 µM anthracene or triphenylene),
there is also a slowly growing conductivity signal that reaches
maximum in 10-100 µs and then persists for∼1 s. This
persistent signal apparently decays by discharge of the ions at
the electrodes, indicating a mobility of 1.2× 10-3 cm2/Vs
(comparable to that of Et4N+, Figure 10S).39 Previously, similar
slowly growing dc conductivity signals in acetonitrile were
accounted for by ionization due to triplet-triplet annihilation;52

perhaps the persistent ion observed in our experiments is from
a triplet. No such signal is observed in the 150-300µM benzene
solutions that were used in our conductivity study.

For delay timest > 30 ns, the decay kinetics of the dc
conductivity signalσ(t) can be simulated using a model in which
a short-lived ion (a) transforms, either spontaneously or in a
reaction with impurity, to a less mobile ion (b). In our case,
both of these ions are anions. LetCa andCb be the concentration
of these two anions in mole/m3, then the conductivity signal

where F is the Faraday constant,µa ) µa
- + µ+ and µb )

µb
- + µ+, whereµa

- and µb
- are the mobilities of anion (a)

and (b), respectively, andµ+ is the mobility of the countercation.
The decay kinetics of these anions are given by

whereC+ ) Ca + Cb. At tf0, Ca ) C0 and Cb ) 0. If the
homogeneous neutralization of ions obeys the Debye-Langevin
equation, the coefficientø in eq 3 is F/εε0, whereε0 is the
permittivity of vacuum andε is the static dielectric constant of
the solvent. Equation 3 was solved numerically, and the least-
squares optimization of fitting parameters yieldedσ0 ) FµaC0,
the ion conductivity extrapolated tot ) 0, the rate constantk1

of the anion transformation, and the ratioµa/µb of the mobilities

σ ) F(µaCa + µbCb) (2)

dCa/dt ) -k1Ca - ø µaCaC+ (3a)

dCb/dt ) +k1Ca - ø µbCbC+ (3b)
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(these mobilities cannot be found separately, ifø is unknown).
To measure these parameters with sufficient accuracy, the 248
nm laser power was attenuated so that the initial concentration
of ions was∼1-50 nM and the second-order decay was at least
20 times slower than the decay of anion-1. Typical examples
of simulated kinetics are given in Figures 1, 12S, and 13S.

Addition of CCl4 causes disappearance of the fast signal.
Figure 11S shows the concentration dependencies of the decay
rate constantsk1 at several temperatures (-10 to 52°C). All of
these concentration dependencies are linear. We expect that
CCl4- rapidly fragments yielding Cl- whose mobility is known
from conductometric studies (ref 39 and Figure 10S) and serves
as a reference. At 25°C, the rate constantks of scavenging the
mobile anion (a) by CCl4 is similar to that observed by BRB
for anion-1.19 Furthermore,ks has a similar temperature depen-
dence (Figure 4) to that observed for the rate constant of
scavenging anion-1 by pyrene (the latter is ca. 22% lower, for
all temperatures).19

As the temperature decreases, the decay of the fast conductiv-
ity signal slows down and the signal decreases in the magnitude
(Figure 2). Below-15 °C, one cannot distinguish this signal
at all. Figure 3(b) shows the temperature dependence ofµb/µa

for neat acetonitrile and CCl4 solution. In the latter case, anion
(b) is Cl-. The non-Arrhenius behavior of this dependence
suggests, in agreement with pulse radiolysis studies,19,23that at
least two anions contribute to the fast conductivity signal. The
observed behavior is consistent with a rapid dynamic equilibrium
between a high-temperature (anion-1) and low-temperature
(anion-2) solvent anions

provided thatanion-1 (rather than anion-2, as suggested by
Hirata et al.)30 is the high-mobility species. LetKeq be the
equilibrium constant of reaction 4. The mobilityµa

- and the
rate constantks of scavenging “anion (a)” defined in terms of
eq 3 are given by equations

wherek1sandk2s (µ1 andµ2) are the corresponding rate constants
(mobilities) for the two solvent anions. If the temperature
dependence ofKeq were known, one would be able to determine
µ1s andµ2s (or k1s andk2s) separately. Although the equilibrium
constant and its temperature dependence has been estimated by
BRB,19 those estimates were obtained with unproved assumption
that the total yield of the solvent anions in radiolysis is
independent of temperature. Furthermore, one needs more direct
identification of the mobile species with anion-1. To this end,
we studied photofragmentation of anion-1 and anion-2 by 1064
and 532 nm light, respectively.

A. 532 nm Photoexcitation of Anion-2.Upon the photo-
excitation of the ionized acetonitrile solution with a 8.6 ns fwhm
532 nm pulse that is delayed within the duration of the fast
conductivity signal, this signal decreases stepwise immediately
after the excitation pulse (Figures 5(a), 12S, and 13S). The
relative decrease in the fast signal does not depend on the delay
time tp of the 532 nm pulse (Figure 5(b)). With 0.25 J/cm2 of
532 nm photons, it is possible to bleach 40-90% of the signal,
depending on the temperature (Figures 14S and 15S). This
bleaching can be interpreted in terms of photofragmentation of
anion-2 that has an absorption band centered at 550 nm

This reaction is analogous to the reactions of monomer and
dimer radical anions in solidR- andâ-acetonitrile, respectively.20

The resulting cyanide anion has approximately the same mobility
as Cl-. To include photofragmentation, the kinetic model
considered above, which still applies att < tp, must be
complemented with eq 8a, which accounts for the “instanta-
neous” change in the concentration of “anion (a)” att ) tp

whereΦ is the conversion efficiency, and equations

that complement eq 3 fort > tp; hereCc is the concentration of
the cyanide anion,C+ ) Ca + Cb + Cc is the cation
concentration, andµc ) µ(CN-) + µ+. Because the mobility
of CN- is higher than that of the impurity anion (µc/µb ∼ 1.2),
there is a small net increase in the conductivity signal over the
first 100 µs after the 532 nm pulse (Figures 5, 12S, and 13S).
Experimentally, the kinetics with and without the 532 nm pulse
(σon andσoff, respectively) were obtained by blocking the 532
nm beam on alternative shots. The kinetic analyses were two-
step: First,σoff kinetics were fit to obtaink1, ø, µa/µb, andσ0,
as described above. Then, these parameters were used to obtain
the best estimates forΦ andµc/µb, by the least-squares fitting
of σon - σoff. Figures 5(b), 12S, and 13S show typical fits for
σoff andσon - σoff obtained by this procedure; the agreement
is good, for all solvent temperatures.

The conversion efficiencyΦ, determined by this analysis has
been plotted vs the fluence of the 532 nm light,Jp, for several
temperatures (Figures 14S and 15S). It is seen from this plot
that the initial increase inΦ with the photon fluence is linear,
i.e., reaction 7 is monophotonic. For a given photon fluence,
the yield of photofragmentation systematically increases with
temperature (Figure 15S; see also Figures 12S and 13S). This
behavior is consistent with the occurrence of reaction 4: at lower

Figure 4. Temperature dependency in Ar-saturated acetonitrile of rate
constantsks for CCl4 scavenging of the fast conductivity signal due to
solvent anions plotted from the data of Figure 11S(filled squares).
Open squares indicate the same dependence scaled by 0.88. The
temperature dependence for scavenging the 1450 nm absorbance from
anion-1 by pyrene obtained in the pulse radiolysis experiment of BRB
(ref 19) is shown for comparison(open circles).It is clear that the two
temperature dependencies are very similar. The solid line is the least-
squares fit using eq 6 with kinetic parameters given in section 4.2C.

anion-2+ hν f CH3 + CN- (7)

(1 - Φ)Ca(tp) f Ca(tp) and ΦCa(tp) f Cc(tp) (8a)

dCc/dt ) -øµcCcC+ (8b)

σ ) F(µaCa + µbCb + µcCc) (8c)

anion-1h anion-2 (4)

µa
- ) (µ1 + Keqµ2)/(1 + Keq) (5)

ks ) (k1s + Keqk2s)/(1 + Keq) (6)
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temperature, the equilibrium fraction of anion-2 increases and
more species are bleached by the 532 nm light.

In the absence of equilibrium (4), the bleaching of anion-2
obeys the equation

whereA ) 1 andB ) σ2 is the cross section of photo reaction.
All the dependencies shown in Figure 15S may be fit using
eq 9. Letτeq be the settling time of equilibrium (4),J(t) be
the time profile of a Gaussian laser pulse,J(t) ) Jp/xπtpulse

exp[-([t- tp]/tpulse)2], andC0 be the sum of the concentrations
of anion-1 and anion-2 before the 532 nm pulse. The equilibrium
concentrations of anion-1 and anion-2 prior to the excitation
are given byC1,2

0 ) f1,2C0, wheref1 ) 1/(1 + Keq) and f2 )
Keq/(1 + Keq) are their equilibrium fractions, respectively. During
the laser pulse, these concentrations change according to

The fraction of the signal bleached is given by

For a sufficiently smallJp

regardless ofτeq. For arbitraryJp, the analytical solution may
be obtained only forτeq . tpulse or τeq , tpulse. In both cases,
eq 9 is still correct: Forτeq . tpulse, A ) f2 and B ) σ2; for
τeq , tpulse, A ) 1 andB ) â. In the general case, eq 10 has to
be solved numerically, andΦ is a complex function ofKeq,
τeq/tpulseandσ2. Experimentally (Figure 15S), A approaches unity
only at low temperature. This suggests that at higher temper-
ature,τeq and tpulse are comparable. It is possible to estimate
τeq, by numerical fitting of the fluence dependenceΦ(Jp) using
eqs 10 and 11, provided that the equilibrium constantKeq is
known. Figure 14S(b) shows how the optimum parametersσ2

() ε2φ2) andτeq/tpulsedetermined by the least-squares fit of the
fluence dependence in Figure 14S(a) depend onKeq. From this
point on, the cross sectionσ2 is given as a productε2φ2, where
ε2 is the decadic molar extinction coefficient of anion-2 at 532
nm, andφ2 is the quantum yield of photo reaction 7.

To find the equilibrium constantKeq, the fluence dependencies
of Φ were fit using eq 9 and the productAB (which, according
to eq 12, is equal to the initial slopeâ), was plotted as a function
of the temperature, Figure 6(a). Because

whereKeq
0 is the equilibrium constant and∆Heq

0 is the enthalpy
of reaction 4 atT0 ) 295 K. Fitting the plot in Figure 6(a)
yieldsσ2 ) 1866( 88 M-1 cm-1 (assumed to be temperature-
independent),Keq

0 ) 1.32 ( 0.2, and∆Heq
0 ) -44.3 ( 3.6

kJ/mol (∼0.46 eV). The latter estimates are reasonably close
to those obtained by BRB:Keq

0 ) 0.6 ( 0.1 and∆Heq
0 )

-38 ( 2 kJ/mol.19 The agreement between the two sets of data
indicate that the two-anion equilibrium model accounts both
for the conductivity and pulse radiolysis data. Because our
measurement is independent of the absolute ion yield, we believe
it to be more accurate.

Using our estimate forKeq
0 and the plot in Figure 14S(b),

one obtains that at 23°C, σ2 ) 1887( 70 M-1 cm-1 (which
is close to the estimate given above) andτeq/tpulse) 0.5( 0.06.
Using a fast photodiode, we determinedtpulse ) 6.2 ( 0.2 ns,
so thatτeq ≈ 3.1 ns. This short settling time justifies the use of
eqs 5 and 6. BRB estimated that at-30 °C, τeq > 20-50 ns.19

The long settling time at the lower temperature suggests a
considerable activation barrier for the transformation of anion-1
to anion-2.

According to BRB, the extinction coefficient of the 1450 nm
band at 293 K (obtained with assumption that there is only one
anion in the solution) is 23 000 M-1 cm-1.19 Because only
anion-1 contributes to this IR band and the room-temperature
equilibrium fraction of this anion is 43%, the extinction
coefficient of anion-1 is 53 400 M-1 cm-1. The absorbance at
532 nm is 14.5% of that at 1450 nm, whereas the equilibrium
fraction of anion-2 is 57%. Therefore, the extinction coefficient
of anion-2 at 532 nm is 5870 M-1 cm-1, and the quantum yield
of photofragmentation is 0.32.

In solid R- and â-acetonitrile, the net yield of the photo-
fragmentation at 77 K strongly depends on the H/D substitution
in the methyl group: most{CD3CN}2

- pairs recombine, where-
as{CH3CN}2

- dissociate.20 This behavior has been accounted
for by a large quantum isotope effect on the mobility of methyl
radicals in the crystalline lattice.20 For anion-2 in liquid CD3CN,
the cross section of fragmentation is 9% lower than that for
anion-2 in CH3CN: the tunneling mechanism responsible for
the large isotope effect in reaction 7 in frozenR- and
â-acetonitrile20 does not operate in the room-temperature liquid.

B. 1064 nm Photoexcitation of Anion-1.The 1064 nm
photoexcitation causes the same photobleaching as the 532 nm
photoexcitation (not shown). This indicates that either reaction
7 or an analogous reaction 14 for anion-1

takes place. The quantum efficiency of the 1064 nm photo-
bleaching is low: the fluence dependencies are only slightly
curved (Figure 16S). Even at high fluence (∼0.6 J/cm2), Φ is
less than 0.5. The same procedure as in the previous section
has been used to determine the initial slopeâ of Φ for several
temperatures (Figure 6(b)).

When both anions are photoexcited, eq 12 must be replaced
with

whereσ1 andσ2 are the cross sections of reactions 8 and 14,
respectively. According to eqs 13 and 15,â either increases or
decreases with the temperature. The experimentalâ decreases
with temperature below 20-25 °C; this may be expected if
reaction 14 is the main photobleaching channel. However, it
also decreases above 25°C. The latter suggests that the 1064
nm cross sections of photo reactions 7 and 14 are temperature-
dependent. Assuming the contrary, the low-temperature part
of the curve in Figure 6(b) can be fit using eqs 13 and 15 for
σ1 ≈ 123( 11 M-1 cm-1 andσ2 ≈ 14( 4 M-1 cm-1. Although
these estimates are approximate, it is clear that the species
photobleached by the 1064 nm photons is mainly anion-1. Pulse
radiolysis indicates that the 1064 nm absorbance of anion-1 is
ca. 25% of its maximum absorbance at 1450 nm. This gives an
extinction coefficient∼13 400 M-1 cm-1 and a quantum yield
of photofragmentation∼10-2.

We conclude that both anion-1 and anion-2 fragment upon
the photoexcitation in their respectiVe bands.

Φ ) A{1 - exp(-BJp)} (9)

dC1/dt ) -τeq
-1(f2C1 - f1C2) (10a)

dC2/dt ) -σ2J(t)C2 + τeq
-1(f2C1 - f1C2) (10b)

Φ ) 1 - C1(t)∞)/C1
0 ) 1 - C2(t)∞)/C2

0 (11)

â ) ∂Φ/∂Jp ≈ f2σ2 (12)

Keq ) Keq
0 exp(-∆Heq

0/R{1/T - 1/T0}) (13)

anion-1+ hν f CH3 + CN- (14)

â ≈ σ1 f1 + σ2 f2 (15)
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C. Mobility and Electron-Transfer Reactions of Anion-1.
Substituting the values obtained for the equilibrium parameters
in eqs 5, 6, and 13, the mobility and rate constants for anion-1
and anion-2 can be estimated from the data shown in Figures
3(b) and 4. Note, that only a lower limit forµ1 may be found
from our data: anion-1 and anion-2 may not be the only anions
initially present in the solution (as assumed in the data analysis).
In particular, some solvent anions could be fragmented by the
248 nm light during the laser pulse. Furthermore, EPR studies
on frozen nitriles (section 4S) suggest that dissociative charge
transfer with the formation of alkyl radical and CN- is the
predominant mechanism for ionization of aromatic molecules
in solid alkyl nitriles; to some degree this reaction may also
occur in liquid acetonitrile. The only experimental result arguing
against such a possibility is the fact that the relative magnitude
of the fast signal (referenced to the long-lived signal from the
impurity or solute ions) does not vary for different aromatic
solutes, despite the variations in the ionization energetics and
the photon order (section 3).

Assuming Arrhenius dependence for anion mobilities, we
obtain µ1 ≈ 3.3 × 10-3 cm2/Vs at 25 °C and an activation
energy for migration of anion-1 of 3.2( 0.5 kJ/mol. In this
analysis, it was assumed thatµ2 ≈ µ+ ≈ µ(Cl-); for chloride,
a mobility of 1.05× 10-3 cm2/Vs at 25°C and an activation
energy of 7.6( 0.1 kJ/mol were assumed from the conducto-
metric data of ref 39 (Figure 10S). Assuming that scavenging
reaction of solvent anions by CCl4 is diffusion controlled
(i.e., the activation energies for the corresponding reactions
are the same as those for the anion diffusion), we estimate
that at 25°C, k1s ) (1.03( 0.03)× 1011 M-1 s-1 and k2s )
(1.46( 0.3) × 1010 M-1 s-1. The rate constant for anion-2 is
close to a typical rate of diffusion-controlled reaction in
acetonitrile. The rate constant for anion-1 is indicative of a
scavenging radius of 16.5 Å. Perhaps, the mobility of anion-1
is somewhat higher than 3.3× 10-3 cm2/Vs, because this
reaction radius seems unreasonably large.

D. Reactions of Solvent Anions with Water and Alcohols.
Proton-transfer reactions of solvent anions in acetonitrile with
water and alcohols (reaction) have been studied by BRB19 and
by Meisel and co-workers.23 It was noted by both groups that
the concentration plots of the pseudo first-order constantsk1

were nonlinear (e.g., Figure 3 in ref 19), but no explanation for
this nonlinearity was given. We have reinvestigated these
reactions using time-resolved photoconductivity. Our results
indicate that the proton-transfer reaction involvesat least two
hydrogen-bonded ROH molecules. Figures 17S to 21S and
section 2S in the Supporting Information give the details of these
photoconductivity studies and the proposed reaction mechanism.
Though this reaction mechanism is more involved than was
assumed in the previous studies, the improved kinetic analyses
still support the main assertion of Meisel and co-workers:23 the
species involved in the proton transfer is anion-2 rather than
anion-1. Thus, both arguments of BRB in favor of monomer
radical anion as anion-1 (section 2) are shown to be incorrect.

5. Discussion

5.1. Synopsis of the Results for Neat Acetonitrile.The
results of pulse radiolysis and laser photolysis of liquid CH3CN
are consistently explained in terms of two solvent radical anions,
anion-1 and anion-2, in rapid dynamic equilibrium, reaction 4.
At 25 °C, the settling time of this equilibrium is∼3 ns, the
equilibrium constant is∼1.3, and the enthalpy of reaction 4 is
-0.46 eV. The high temperature form, anion-1, absorbs mainly
in the IR and migrates rapidly (>3.3 times faster than other

ions at 25°C) over a low potential barrier (∼3.2 kJ/mol). In
exothermic charge-transfer reactions, anion-1 is scavenged with
a rate constant approaching 1011 M-1 s-1. The low temperature
form, anion-2, absorbs mainly in the visible, migrates normally,
and reacts, also by charge transfer, with rate constants typical
of other diffusion-controlled reactions in acetonitrile. This
behavior suggests that anion-2 is a normal molecular radical
anion. Unlike anion-1, anion-2 reacts with protic solutes, such
as water and aliphatic alcohols, by hydroxyl proton transfer.
The latter involves two solute molecules and proceeds either
via a reaction of anion-2 with a solute dimer or via a two-step
reaction mediated by the formation of unstable complex of
anion-2 with the monomer solute (section 2S). Photoexcitation
of anion-1 and anion-2 in their absorption bands causes their
fragmentation to CH3 and CN-; there is no isotope effect for
this photofragmentation.

5.2. Nature of Anion-1 and Anion-2. The formation of
CH3CN- in solid â-acetonitrile is due to its favorable crystal
structure. The only other nitrile in which a similar monomer
was observed is the low-temperature form of crystalline NC-
(CH2)4CN.22 According to X-ray diffraction35 and NMR53 data,
the short-range structure of liquid acetonitrile is similar to that
of crystallineR-acetonitrile,28 with a pentamer as the basic unit.
The prevalent orientation of the acetonitrile molecules in the
liquid is the antiparallel pair of the type found inR-acetonitrile;
a linear head-to-toe arrangement is also possible. Given that
dimerization strongly reduces the energy,24 it seems likely that
the monomer anion cannot form in liquid acetonitrile, where
no “special arrangement” of neighboring molecules needed for
the formation of the monomer anion is possible.

The evidence linking anion-2 to the dimer radical anion
observed in solidR-acetonitrile is indirect. As discussed in
section 2, the absorption spectrum of the monomer anion in
â-acetonitrile is similar to that of the dimer anion inR-aceto-
nitrile,20 save for the red shift in the latter. The 550 nm
absorption band of anion-219,23 is consistent with the dimer
anion; fragmentation of anion-2 to CH3 and CN- upon the 532
nm excitation is also consistent with the low-temperature EPR
data.20 Furthermore, since anion-2 prevails in the cold liquid, it
is likely to prevail in the high-temperature crystal (R-acetonitrile)
which has very similar molecular structure to the liquid.28,35

By contrast,â-acetonitrile (which yields monomer anions) has
molecular packing entirely different from that of the liquid.29,35

In our view, the decisive argument in favor of identification
of anion-2 as the dimer radical anion comes from the observation
that anion-2 is a long-lived molecular anion in the lowest-energy
form with normal migration and reaction properties.Ab initio
calculations of ref 24 identify the dimer anion shown in Figure
2S(a) as the most stable acetonitrile anion. Strong two-center-
three-electron bonding between the cyanide carbons accounts
for this stability; such a stabilization mechanism is lacking in
the monomer anion. For the latter species to be lowest-energy,
the neighboring acetonitrile molecules should all be oriented
in the same direction, as inâ-acetonitrile; otherwise, coupling
to a neighboring (antiparallel) molecule reduces the overall
energy. It is difficult to see how such a fortuitous orientation
could persist for∼3 ns in a room-temperature liquid.

Could a monomer anion account for the observed properties
of anion-1? We have already considered the arguments of BRB19

in favor of such an identification (section 2). The first of these
arguments was refuted by Meisel and co-workers23 and by
results of this work (section 2S). The second argument was also
refuted: in dilute acetonitrile solutions, CH3CN- does not form
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and the IR spectra of “trapped electrons” in these solutions are
different from those of anion-1.

We cannot offer better arguments. The monomer anion does
not account for the absorption spectrum of anion-1. The relative
stability of anion-1 in the liquid is an aspect for which it is
impossible to account. Finally, it is not clear why a monomer
anion would migrate rapidly. The only fast migration mechanism
possible for the monomer anion would be charge hopping.
Assuming that this hopping is between neighboring molecules
(separated by 3.8-4 Å) and a diffusion coefficient is 8.3×
10-4 cm2/s (estimated from the room-temperature mobility of
3.3 × 10-4 cm2/Vs), the residence timeτh for the charge on a
given molecule is∼2 ps. This implies that∼103 hops occur
prior to the transformation of the monomer anion-1 to anion-2.
The lowest bending modes of the CCN fragment of acetonitrile
molecules and anions are 300-330 cm-1 24,54which is equiva-
lent to∼0.1 ps in time units. Thus, though the diffusion is fast,
the lifetime of a given “monomer anion” is sufficiently long
for the structural relaxation; in other words, this “monomer
anion” must be a bent species such as CH3CN- in â-aceto-
nitrile.20,24Thus, the low-barrier resonant charge transfer needed
to explain the high mobility would have to be between a strongly
bent anion and a linear neutral molecule. Such a process cannot
proceed with a low activation energy because bending of the
neutral molecule and solvation of the resulting anion requires
much energy. Furthermore, never once in a series of these 103

hops could the two molecules involved in the resonant charge
transfer be in the antiparallel orientation, since then anion-1
would couple to the neighboring molecule yielding anion-2. It
appears that the monomer anion cannot account for any property
of anion-1.

Several previous examples of high-mobility anions have been
reported in molecular fluids, by Warman and co-workers,14a in
C6F6, by Itoh and Holroyd,14b in high-pressure benzene and
toluene, and by Shkrob and Sauer,15,16 in supercritical CO2. In
all of these cases, the activation energies for the migration of
the solvent anions were relatively large: 11, 12-13, and 46
kJ/mol, respectively. Because the absorption14a (or electron
photodetachment)15 spectra were different from those of the
corresponding monomer anions in dilute solutions Warman and
co-workers14a and Shkrob and Sauer15,16 suggested that these
high-mobility species were multimer anions. The case of CO2

is particularly illuminating because it also involves strong
bending of the molecule upon electron attachment.55 This
bending requires considerable thermal activation, even in the
nonpolar environment: the migration of the solvent anion,
though fast, has an activation energy many times higher than
that of ordinary ions in supercritical CO2.15

There are also several examples of high mobility solventholes
(in cycloalkanes) for which the charge hopping is both fast and
has low activation barrier.56 For these, the case was made that
the positive charge is shared by several solvent molecules, it is
this sharing that decreases the barrier for the migration.56 Once
more, the high mobility species is a multimer ion.

Given these examples and the arguments considered above,
it likely that the high mobility anion-1 is a multimer anion in
which the charge is spread over several acetonitrile molecules.
Due to the reduction in the charge on the individual molecules,
their bending is less strenuous and the barrier for the migration
of the multimer anion is low. Such a multimer anion is no
different from the “solvated electron” in alkanes (see below),
which accounts for the striking similarity between the absorption
spectra of anion-1 and “solvated/trapped electrons” in saturated
hydrocarbons.We suggest that acetonitrile proVides a rare

example of a liquid in which the “solVated electron”, multimer
anion, coexists with a molecular, dimer, radical anion.

5.3. Multimer Anion. Assume that anion-1 is a multimer
anion of acetonitrile. What is the likely structure of such an
anion? The only way to answer this question is to consider a
sufficiently large{CH3CN}n

- cluster. As mentioned in section
2, in the gas phase, only large cluster anions (n > 12) are stable.
Thus, the model cluster should also be large, too large for a
first-principle calculation. On the other hand, if the cluster is
too small, the multimer anion with a core other than the dimer
anion would be unstable.

To investigate a possible structure of the multimer anion, we
modeled a{CH3CN}3

- cluster using a density functional
(B3LYP)43 method in Gaussian 98.57 A 6-31+G** basis set
that included polarized(d,f) and diffuse functions has been used
(like in ref 13b).C3h symmetry was imposed and the geometry
optimized. In some calculations, a “ghost” hydrogen atom with
zero charge was placed at the center of the cluster (Figure 7) to
provide s-functions for the “solvated electron”; this “ghost” atom
turned out to be unnecessary. Figure 7(b) shows the optimum
structure for the{CH3CN}3

- cluster in a vacuum, Figure 7(a)
shows the same for a “solvated” cluster. To obtain the latter,
we used polarizable (overlapping spheres) continuum model of
Tomasi et al.44 implemented in the integral equation formalism
(IEF PCM). In the latter calculation, the free energy of solvation
was∼-1.05 eV. In both calculations, the lowest energy state
was a “propeller-like” 2A′ state. The CCN angle in the
acetonitrile subunits is 178° in a vacuum and 168° in solution
(vs 180° in the neutral molecule). This bending is considerably
smaller than in the monomer and dimer anions shown in Figures
2S and 3S. The solvated cluster is more compact: the closest
methyl hydrogens (H10) is 1.705 Å away from the symmetry
center vs 2.53 Å in a vacuum. The C-C bond in the acetonitrile
subunits is elongated from 1.44 Å28 to 1.475 Å (in solution) or
1.47 Å (in a vacuum), whereas the C-N bond is changed very
slightly (1.13 Å28 to 1.138 Å). In the following, we consider
the electronic structure of the “solvated” cluster anion in more
detail.

Figures 8 and 22S show the SOMO density in the “solvated”
cluster. It is immediately seen that the SOMO envelopes the
whole cluster. The main negative nodes are on methyl carbons,
while the main positive nodes are at the center, on the in-plane
hydrogens, and on carbonyl carbons. This structure may be
viewed both as a multimer anion and a “solvated electron”, that
is, the 1s electron centered at the “solvation cavity”: the SOMO
has a noticeable s-character at the center (∼0.34), though the
main spin density is on the methyl carbons. The latter atoms
exhibit large hyperfine coupling constants (hfcc) for13C: the
isotropic hfcc is 6.9 mT; the anisotropy is negligible. Isotropic
hfcc for methyl protons are relatively small: 0.19 mT for in-
plain hydrogens (the principal values of the dipole tensor are
-0.29,-0.15, and 0.44 mT) and-0.086 mT for out-of-plain
hydrogens (-0.29, -0.16, and+0.45 mT, respectively). The
isotropic hfcc for cyanide13C and14N nuclei are 0.4 mT and
0.36 mT, respectively.

The structure bears strong resemblance to the “trapped
electron” in saturated hydrocarbons considered by Kevan and
co-workers.4,7,58,59 The “electron” is “solvated” by methyl
groups; the positive charge on these groups is increased due to
considerable elongation of C-C bonds. This elongation, as
demonstrated by our calculations, is the consequence of large
electron density on the skeletal carbon atoms. In the semi-
continuum model of Kevan and co-workers4,7 this (multi-
electron) interaction is treated in terms of a “polarizable” C-C
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bond; our calculation justifies theirad hocapproach. The size
of the solvation cage, the juxtaposition of methyl groups, and
the hfcc tensors for methyl protons compare favorably with those
obtained experimentally by Kevan and co-workers for the
“trapped electron” in frozen 3-methylpentane.58 Therefore, we
expect that the multimer{CH3CN}n

- anion absorbs much like
the “solvated/trapped electron” in alkanes.2,8,42Interestingly, our
calculation predicts large spin densities for13C nuclei in the
methyl groups that line the “trap” walls; as far as we know,
these hyperfine coupling constants have not been determined
experimentally. The measurement of these constants would be
the ultimate test for ourab initio model as well as the
semicontinuum model of Kevan and co-workers.4,7

Although a first-principle calculation for a larger cluster is
impractical, it is possible to make an educated guess as to what
happens to the anion when the cluster size increases. The
“propeller” structure obtained for the{CH3CN}3

- anion is
similar (save for the elongated C-C bonds) to that of the
{CH3CN}n X- (X ) I, Br) cluster forn ) 3.60 One may expect
that this trend will pertain to larger size clusters. When the halide

anion is solvated by less than seven acetonitrile molecules, the
core anion is a “star” structure with radial CH3CN dipoles
looking away from the halide anion.60 For n > 9-12, the
molecules in the first solvation shell couple in an antiparallel

Figure 5. (a) Typical conductivity,σoff, and photobleaching recovery,
σon - σoff, kinetics observed upon 532 nm laser excitation (8.6 ns fwhm,
Jp ) 0.3 J/cm2) of 300 µM benzene solution in argon-saturated
acetonitrile (23C, 2 cm cell, 1.23 kV/cm). The solution was photo-
ionized at t ) 0 using a 248 nm pulse; the 532 nm laser pulse is
delayed by 173 ns relative to this 248 nm pulse. Traceσoff is obtained
without 532 nm photoexcitation; solid and dotted lines drawn through
the data points have the same meaning as in Figure 1. Traceσon - σoff

is obtained by numerical subtraction of the decay kinetics obtained
with (σon) and without (σoff) the 532 nm pulse. Immediately after the
532 nm pulse, the conductivity decreases due to fragmentation of
anion-2 (in rapid equilibrium with high-mobility anion-1); the decay
kinetics of theσon - σoff andσoff traces are similar. The small positive
persistent signal after 1µs is due to higher mobility of CN- relative to
impurity anion. (b) Photobleaching recovery kinetics as a function of
the delay time of the 532 nm laser pulse. For clarity, these kinetics
were vertically spaced. The delay times are 173, 385, 685, and 1200
ns (from bottom to top). Solid lines drawn through the points are the
least-squares fits obtained using eqs 3 and 8 forΦ ) 0.514 and
µc/µb ) 1.22. The same parameters were used for all four traces; see
section 4.2A for more detail.

Figure 6. Temperature dependencies in Ar-saturated acetonitrile
of the initial slopesâ ) ∂Φ/∂Jp for (a) 532 nm and (b) 1064 nm
photoexcitation of the solvent anions. These slopes were obtained by
exponential fits of the photon fluence dependencies shown in Figures
15S and 16S. The solid lines are the least-squares fits obtained using
eqs (12), (13), and (15). See sections 4.2A,B for more detail.

Figure 7. Optimized geometry for the ground2A′ state of C3h

symmetric trimer radical anion,{CH3CN}3
-, obtained using B3LYP/

6-31+G** calculation (a) using the polarizable continuum solvation
model of Tomasi et al. (ref 44) and (b) in a vacuum. Both structures
are drawn to the same scale. In the presence of the acetonitrile solvent,
the trimer is more compact, and there is a significant spin density on
the central “ghost” atom (see the text). A PDF color version of this
figure is in the Supporting Information.

Figure 8. Map of the SOMO for the trimer radical anion shown in
Figure 7(a).From left to right: (0.03, (0.02, and(0.01 density
surfaces. Positive lobes are in gray (red), negative lobes an in black
(blue). A PDF color version of this figure is in the Supporting
Information.
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fashion to the molecules in the second solvation shell, so that
some molecules in the first solvation shell are oriented
tangentially rather than radially.60 We speculate that relatively
small (n < 6) solvated{CH3CN}n

- clusters are also star-shaped.
Due to the further spread of the electron density in such clusters,
the 1s-character of the SOMO increases, whereas the CCN
bending and C-C bond elongation decreases: such an anion
would be more like a “solvated electron”.

6. Conclusion

The following scenario of electron localization in liquid
acetonitrile is suggested: There are two solvent anions, a stable
dimer radical anion (anion-2) that absorbs in the visible and a
metastable multimer radical anion (anion-1) that absorbs in the
IR. The dimer anion has the same structure as the radical anion
observed in irradiatedR-acetonitrile, with a C-C bond between
cyanide carbons.24 Metastable anion-1 is 0.46 eV more energetic
and has abnormally high mobility, due to rapid charge hopping.
The electronic structure of this multimer anion is similar to that
of “trapped electrons” in glassy alkanes.4,7 This species is
unstable toward dimerization of the molecules in the first and
second solvation shells. The two solvent anions are in a rapid
dynamic equilibrium. At 25°C, the settling time of this
equilibrium is ∼3 ns. Both of these anions are involved in
charge-transfer reactions with electron acceptors. In addition,
anion-2 exhibits an unusual proton-transfer reaction with
aliphatic alcohols that involves a hydrogen-bonded solute dimer
as the proton donor (section 2S).

The suggestion by Bell, Rogers, and Burrows19 that anion-1
is a monomer radical anion of CH3CN is not supported by our
data. Even in dilute hydrocarbon solution, electron attachment
to acetonitrile does not yield CH3CN-. Instead, a “solvated
electron” that is dipole-bound to the CH3CN molecule is formed.
This species readily loses the negative charge back to the solvent
bulk, both by thermal and photo- excitation (sections 4.1 and
1S).

Note Added in Proof. After this article had been submitted
in the final form, we became aware of a study by Xia, Peon,
and Kohler (kohler@chemistry.ohio-state.edu) on femtosecond
electron ejection in liquid acetonitrile (submitted toJ. Chem.
Phys.). These authors demonstrated the formation of NIR-
absorbing anion-1 in<300 fs after photoionization of iodide
and indole, and concluded that it is a solvated electron. Their
kinetic measurement yields a rate constant of∼1011 M-1 s-1

for a charge transfer reaction of anion-1 (well before the
equilibrium onset), in good agreement with the estimate given
in section 4.2C. However, their estimate for the setting time of
anion equilibrium at 25°C (∼260 ps) is substantially lower than
ours (∼3 ns).
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