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Reaction of negatively-charged clusters of carbon dioxide (CO2)N- with CH3I results in the formation of
anions with the formulae [(CO2)nCH3I]-, [(CO2)nCH3]-, and [(CO2)nI]-. The product mass spectrum of
[(CO2)nCH3I]- displays a distinct bimodal distribution; [(CO2)nCH3I]- with n) 1-3 andng 7 are observed,
while those withn ) 4-6 are not detected. Photoelectron spectroscopy of [(CO2)nCH3I]- reveals that
[(CO2)CH3I]- is formed as the core of [(CO2)nCH3I]- with 1 e n e 3 while CO2- is the core forn g 7. The
[(CO2)CH3I]- core also behaves as chromophore, which absorbs a 532 nm photon to dissociate into CH3CO2

-

+ I or CH3CO2 + I- channels. The chemical identity of [(CO2)CH3I]- is probed by the combination of
photodissociation and photoelectron spectroscopic techniques.Ab initio calculations have also been performed
to examine the geometrical and electronic structures of [(CO2)CH3I]-. We conclude from these results that
[(CO2)CH3I]- is composed as a molecular anion of acetyloxy iodide, CH3CO2I-, where the acetyloxyl
framework binds the I atom through an O-I bond to share the excess electron. The formation mechanism
of CH3CO2I- is discussed on the basis of the observed steric effects on the reaction.

Introduction

Since the pioneer work of Klots and Compton,1 negatively-
charged clusters of carbon dioxide, (CO2)n-, have been drawing
much attention as a benchmark system for the study of
formations, stabilities, and structures of molecular cluster
anions.2-15 The attention derives mostly from the fundamental
question regarding the electronic properties of (CO2)n-: i.e.,
how the aggregates of CO2 can bind excess electrons, in contrast
to the fact that CO2- is an unstable species with the lifetime
against autodetachment of less than 100µs.16 As for (CO2)2-,
Fleischman and Jordan have theoretically proposed two possible
forms of stable structure: C2O4

- molecular anion withD2d

symmetry and [CO2-‚‚‚CO2] ion-solvent complex havingCs

symmetry.12 They also predicted that these two forms of
(CO2)2- are quite close in energy but have different vertical
detachment energies, with which they are distinguishable by
photoelectron spectroscopy.13 DeLuca et al. have shown in their
photoelectron spectroscopic study that C2O4

- is formed as the
anionic core in (CO2)n- with the size of 2e n e 5, while the
excess electron is localized on a CO2

- constituent forn g 7.14

More recently, Tsukuda et al. have extended the measurements
of the photoelectron spectra of (CO2)n- up to n ) 16 and
revealed the correlation between the core formation and the
relative stabilities of (CO2)n- clusters.15 Although these studies
have shed light on the fundamental properties of (CO2)n-, such
as geometrical and electronic structures, little is known about
chemical properties of (CO2)n-. To our knowledge, there have
been reports on photoexcitation17 and collisional excitation18

of (CO2)n-. In both cases, the only process observed is
evaporative loss of the CO2 solvents. From a point of view
that (CO2)n- can be regarded as gas-phase analogue to•CO2

-

radical anion in the condensed phase, one might refer to
reactions of•CO2

- in solutions or in crystalline matrices. The

reactions of•CO2
- with various organic and inorganic com-

pounds have been investigated in the condensed phase by pulse
radiolysis and flash photolysis.19 In these reactions,•CO2

- acts
as a strongly reducing species; reaction proceeds as•CO2

- +
M f CO2 + •M-. In the electrochemical processes, reductive
activation of CO2 in the presence of alkyl halides (RX) yields
fixation products, such as RCO2R, R2CO3.20

In our previous study, we have reported the formation of
anions with the formula [(CO2)nCH3I]- in the gas-phase
reactions of (CO2)n- with methyl iodide.21 In that study, an
attempt was made to measure the photoelectron spectra of the
product [(CO2)nCH3I]- at 355 nm (3.49 eV). The measurement
revealed that the photoelectron band of [(CO2)nCH3I]- is located
above the cutoff energy of our photoelectron spectrometer
(≈3.25 eV) and that [(CO2)nCH3I]- with n ) 1-3 contain a
chromophore that photodissociates at 355 nm. From these
observations it was concluded that [(CO2)CH3I]- forms the
anionic core of [(CO2)nCH3I]- with n ) 1-3 and that
[(CO2)CH3I]- possesses a vertical detachment energy (VDE)
greater than 3.25 eV. The large VDE value implies that the
excess electron is delocalized to a considerable extent in
[(CO2)CH3I]-. Considering the fact that both acetyloxyl radical,
CH3CO2, and I atom have electron affinities of≈3 eV (EA(CH3-
CO2) ) 3.07 eV,22 EA(I) ) 3.06 eV23), we have proposed an
acetate-iodine complex [CH3CO2‚‚‚I]- as the possible structure
of [(CO2)CH3I]-. However, the chemical identity, geometrical
structures, and electronic properties of [(CO2)CH3I]- still remain
unsettled. In the present study, we have reexamined photo-
electron spectra of the product anions in the reaction of (CO2)n-

with CH3I by employing a higher photon energy (4.66 eV). The
measurement yields photoelectron spectra for [(CO2)nCH3I]-

with n ) 1-3 and 7-9, with which we have determined the
VDE values of [(CO2)nCH3I]-. Since our previous study
showed the existence of a photoabsorption band in [(CO2)nCH3I]-

below the photodetachment threshold, photofragmentation of
[(CO2)nCH3I]- has also been investigated in the present study
to obtain information on the chromophoric core of [(CO2)nCH3I]-.
In the photodissociation experiment, photofragments from
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[(CO2)nCH3I]- were mass analyzed; the fragmentation pattern
not only serves as a “fingerprint” to identify the chromophore
in the larger homologues but also reflects the chemical bondings
in the chromophoric core. While photoelectron spectroscopy
and photodissociation techniques are useful to probe the
electronic structures of the product anions and to identify their
chromophoric cores, they become even more powerful when
combined; measurement of photoelectron spectra of the photof-
ragments from [(CO2)nCH3I]- is used here to examine the
chemical identity of [(CO2)CH3I]-. To aid in understanding
these experimental findings,ab initio calculations have been
performed on the geometrical structures and electronic properties
of [CH3CO2‚‚‚I]-. We also report on the reactions of (CO2)n-

with other alkyl iodides, such as C2H5I and 2-C3H7I. The
reaction mechanism operative in the (CO2)n- + CH3I system
is discussed on the basis of these experimental and theoretical
findings.

Experimental Section

The schematic of the experimental apparatus is shown in
Figure 1. The apparatus consists of a cluster ion source, a
tandem time-of-flight (TOF) mass spectrometer, and a photo-
electron spectrometer. The (CO2)N- reactants are prepared by
electron attachment to neutral CO2 clusters in an electron-impact
ionized free jet;24 the CO2 clusters are formed by pulsed
expansion of pure CO2 gas at the stagnation pressure of 1-2
atm. An injection of an electron beam of 250 eV into the
supersonic expansion produces secondary slow electrons, which
are attached to the preformed CO2 clusters. The CH3I sample
(Kanto Chemicals,>98% purity) is introduced into the source
chamber through an effusive nozzle. The pressure of the
chamber increases from≈1 × 10-7 to ≈2 × 10-5 Torr when
the CO2 jet is on and up to≈1× 10-4 Torr with the introduction
of CH3I gas. The (CO2)N- clusters react with CH3I while
drifting in the source chamber. The product anions are then
extracted at≈15 cm downstream the nozzle, perpendicularly
to the initial beam direction, by applying a pulsed electric field
of 20 V cm-1. The anions are further accelerated to≈500 eV,
mass analyzed by a 2.3-m long TOF mass spectrometer, and
detected by a dual microchannel plate (Hamamatsu MCP F4655-
10). The resolution of the TOF mass spectrometer ism/∆m≈
500. The signals from the MCP are amplified and accumulated
by a 500-MHz digitizing oscilloscope (Tektronix TDS520A).

Three types of measurements were performed in the present
study: measurement of photofragment spectra and photoelectron
spectra of the product anions and measurement of photoelectron
spectra of the photofragment anions. In the photodissociation
measurement, the apparatus is used as a collinear tandem TOF
spectrometer. The cluster anions of interest are spatially and
temporally focused at the point 1.54 m downstream the first
acceleration grids. At the focus the anions are crossed with
the second harmonic (532 nm) of a pulsed Nd:YAG laser
(Quanta-Ray GCR-12S). The laser fluence used is in the range
60-70 mJ pulse-1 cm-2. The photofragments are then reac-
celerated by a pulsed electric field (1 kV, 700 ns duration) at
the second acceleration assembly. The 0.8-m flight path to the
MCP detector serves as the second mass analyzer. The
photofragment signals are accumulated by the digitizing oscil-
loscope typically for 100-1000 laser shots.
In photoelectron measurement, mass selection is achieved by

a pulsed beam deflector (mass gate) prior to photodetachment.
The mass-selected cluster anions are then admitted into the
photoelectron chamber. The chamber is evacuated with a series
of turbo molecular pumps (500l/s + 50 l/s), and the ambient
pressure is kept at≈3 × 10-10 Torr under typical operation
conditions. At the photodetachment region, the fourth harmonic
(266 nm) of the Nd:YAG laser is timed to intersect the mass-
selected ion bunch. The laser fluence is kept within 5 mJ
pulse-1 cm-2. The kinetic energies of the photoelectrons are
measured by a magnetic-bottle type electron spectrometer;25 the
electrons are detached in a strong inhomogeneous magnetic field
(≈1000 G) and further guided by a weak field (≈10 G) down
to a detector installed at the end of a 1-m flight tube. The 1000
G magnetic field is generated by a cylindrical permanent magnet
with a soft iron tip to enhance the field.26,27 The photoelectrons
are detected by a double thickness microsphere plate with a
27-mm diameter (El-Mul Z033DA) and counted by a multi-
channel scaler/averager (Stanford Research SR430). The pho-
toelectron spectra in this study were obtained without deceler-
ating the cluster anions, because the deceleration weakens the
signal intensities and because no significant change is observed
in the spectral profile with the deceleration down to 50 eV. Each
spectrum presented in this paper represents an accumulation of
25000-50000 laser shots with background subtraction. The
measured electron kinetic energy is calibrated against the known
photoelectron band of I- and I-(CO2) anions.28 The energy

Figure 1. Schematic of the experimental apparatus.
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resolution of the spectrometer is≈100 meV at the electron
kinetic energy of 1 eV.
The present experimental setup allows us to measure the

photoelectron spectra of the photofragments. In the photodis-
sociation-photoelectron measurement, two sets of Q-switched
Nd:YAG lasers are used. Mass-selected anions are photodis-
sociated at the focus of the first TOF spectrometer by applying
the second harmonic of a Nd:YAG laser (Quanta-Ray GCR-
130). The photofragment anions are mass analyzed by the
second TOF spectrometer, and the anions of interest are chosen
by the time delay between the second pulse acceleration and
the irradiation of the 266-nm photodetachment laser. The
procedure of data acquisition is identical with that in the
photoelectron measurement.

Results

A. Product Anions of (CO2)N- + CH3I Reaction. The
upper trace of Figure 2 shows a typical mass spectrum of the
(CO2)N- reactants. When the CH3I reagent is introduced into
the source chamber, mass peaks of the product anions emerge
in the spectrum, as shown in the lower trace of Figure 2. In
addition to the unreacted (CO2)N-, anions with the formulae
[(CO2)nCH3I]-, [(CO2)nI]-, and [(CO2)nCH3]- (An, In, and Bn
in the panel, respectively) are observed in the spectrum. The
mass assignments were confirmed by using CD3I, instead of
CH3I, as a reagent. It is apparent from the observed mass
spectrum that the distribution of [(CO2)nCH3I]- exhibits a
bimodal behavior; the cluster anions withn ) 1-3 andn g 7
are observed while those withn ) 4-6 are missing. The
population of [(CO2)nI]- decreases rapidly with the increase in
the cluster size, while [(CO2)nCH3]- anions are populated in
the range 2e ne 7 with the maximum atn) 4. As discussed
in our previous work,21 these product anions arise from the
collisional reactions of existing (CO2)N- clusters in the ionized
jet with ambient CH3I gas:

In order to check on the possibility that the product anions are

formed via the electron capture by neutral clusters, such as

we have examined the anionic species formed in the electron
attachment to neutral (CO2)m(CH3I)n clusters. The (CO2)m(CH3I)n
clusters were produced by a supersonic expansion of CO2 gas
containing a small amount of CH3I. No anions with formulae
[(CO2)nCH3I]- or [(CO2)nCH3]- were detected, while a series
of [(CO2)nI]- was observed as a dominant product. The product
distributions of [(CO2)nI]-, however, differ significantly from
those in the (CO2)N- + CH3I reactions; the distribution extends
up to n ) 10 with a maximum atn ) 3 in the dissociative
electron attachment to (CO2)m(CH3I)n. From these observations,
it can be inferred that the product anions, [(CO2)nCH3I]-,
[(CO2)nI]-, and [(CO2)nCH3]-, arise primarily from the colli-
sional reactions (processes 1a-1c), although we cannot com-
pletely neglect the contribution from process 2 as to the
formation of [(CO2)nI]-.
As the reactions of (CO2)N- with CH3I occur downstream of

the supersonic expansion, one might expect that the nascent
product distributions are somewhat smeared by subsequent
nucleation via ion-molecule collisions. To evaluate qualita-
tively the effect of the ion-molecule collisions, we have
examined the product mass distributions by changing the
stagnation pressure of CO2 gas and electron-beam nozzle
distance. Although the relative intensities of the product mass
peaks were observed to depend slightly on the source conditions,
the [(CO2)nCH3I]- peaks withn ) 4-6 never appeared in the
mass spectra. The implication is that subsequent ion-molecule
collisions are largely unimportant to the product mass distribu-
tions. Thus we infer that the product distributions observed
are determined mostly by the reaction scheme.
B. Photodissociation of [(CO2)nCH3I] -. In our previous

study we found that an intense narrow peak atEb ) 3.06 eV
dominates the photoelectron spectra of [(CO2)nCH3I]- (1 e n
e 3) measured at 355 nm.21 The peak is ascribed to I(2P3/2),
which arises from the two-photon process:

This finding indicates that a photoabsorption band in
[(CO2)nCH3I]- (1 e n e 3) is located well below the vertical
photodetachment energy and that the relevant upper state is
dissociative. In the present study we have mass analyzed the
photofragments from [(CO2)nCH3I]- by using the tandem TOF
arrangement. Preliminary measurements of the photofragment
intensities in the 345-520 nm range showed that the photo-
dissociation cross section reaches a maximum around 410 nm
and decreases rapidly in the shorter wavelengths due probably
to the onset of photodetachment channel. Figure 3 displays
photofragment mass spectra of [(CO2)nCH3I]- (1 e n e 3)
measured at 532 nm. The [(CO2)CH3I]- spectrum displays two
peaks atm/e ) 59 and 127, which are assigned to CH3CO2

-

and I-, respectively. It appears that the following channels
compete with each other in the photodissociation of [(CO2)CH3I]-

at 532 nm:

Figure 2. Mass spectra of (a) the (CO2)N- reactants and (b) product
anions in the reaction of (CO2)N- with CH3I. The mass peaks for the
product anions are interspersed between the unreacted (CO2)N- peaks.
The labels An, Bn, and In represent the species with the formulae
[(CO2)nCH3I]-, [(CO2)nCH3]-, and [(CO2)nI]-, respectively.

(CO2)N
- + CH3I f [(CO2)nCH3I]

- + (N- n)CO2 (1a)

f [(CO2)nI]
- + CH3 + (N- n)CO2 (1b)

f [(CO2)nCH3]
- + I + (N- n)CO2 (1c)

(CO2)M98
CH3I

(CO2)NCH3I 98
e-

product anions (2)

[(CO2)nCH3I]
- + hν (355 nm)f I- + neutral fragments

(3)

I- + hν (355 nm)f I(2P3/2) + e- (4)

[(CO2)CH3I]
- + hν (532 nm)f CH3CO2

- + I (5a)

f CH3CO2 + I- (5b)
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The spectra of [(CO2)nCH3I]- with n ) 2 and 3 demonstrate
that the branching fraction for process 5a increases with the
number of the CO2 solvents. For [(CO2)nCH3I]- with n ) 2
and 3, [(CO2)I]- is also observed as a photoproduct, which is
formed as

No fragment was detected when the larger [(CO2)nCH3I]- with
7 e n e 9 are irradiated by 355 or 532 nm photons.
C. Photoelectron Spectra of Product Anions. Figure 4

shows photoelectron spectra of [(CO2)nCH3I]- with n ) 1-3
(left panel) and those withn ) 7-9 (right panel) measured at
266 nm (4.66 eV). In these spectra, the photoelectron counts
are plotted as a function of the electron binding energy defined
asEb ) hν - Ek, wherehν andEk represent the photon energy
and the kinetic energy of the photoelectrons, respectively. An
overview of these photoelectron spectra shows qualitatively that
(1) the band profiles for [(CO2)nCH3I]- with 1 e n e 3 quite
differ from those for 7e n e 9: there seems to be at least two
peaks in the spectra for 1e n e 3, while the spectra for 7e
n e 9 consist of a structureless single broad peak, and that (2)
the electron binding energy does not increase monotonically
with the cluster size: the [(CO2)CH3I]- band peaks around 3.6
eV, and the maximum shifts toward higher binding energies
with increase in the cluster size up ton ) 3, while the band
maximum forn ) 7 is located at≈3 eV. The maxima of the
photoelectron bands are interpreted as vertical detachment
energies (VDEs) of the cluster anions. To determine the VDE
and fwhm values quantitatively, the spectral profiles are fitted
to a Gaussian function by a nonlinear least-squares method,
where the band contour is expressed as

whereE0 corresponds to VDE andδ is related to the spectral
width by fwhm) 2(ln 2)1/2δ. Although the photoelectron band
for 1 e n e 3 has a second peak in the higher electron binding
energies, the first band located in the lower energies is well

represented by a Gaussian function given by eq 7. The VDE
and fwhm values thus determined for [(CO2)nCH3I]- are listed
in Table 1. The VDE value forn ) 1 is determined to be 3.53
( 0.02 eV. Fromn ) 1-3, the value increases by 0.25-0.3
eV with the addition of another CO2 molecule. Atn ) 7, the
VDE value decreases down to 2.94( 0.02 eV. Forn g 7, the
increment in VDE with each additional CO2 molecule is less
than 0.1 eV. The width of the photoelectron bands for 1e n
e 3 is in the range 0.5-0.6 eV, narrower than that for 7e n
e 9.
Figure 5 displays photoelectron spectra of the product anions

having stoichiometries [(CO2)nCH3]- (n) 2, 3) and [(CO2)nI]-

(n ) 0, 1). The [(CO2)2CH3]- spectrum consists of a broad
peak with a shoulder in the high-energy side. The photoelectron
spectrum of [(CO2)I]- agrees well with that of I-(CO2) reported
by Arnold et al.28 This allows us to identify the [(CO2)nI]-

product anions with I-(CO2)n.

Discussion

A. Electronic Structures of [(CO2)nCH3I] -. The experi-
mental findings in the photodissociation and photoelectron
measurements are summarized here: (1) [(CO2)nCH3I]- with
n ) 1-3 possess a photoabsorption band well below the
detachment threshold and photoexcitation leads to the production
of either CH3CO2

- or I-, while photodetachment is the only
photodestruction process for the larger members of [(CO2)nCH3I]-

Figure 3. Photofragment mass spectra resulting from the 532 nm
photodissociation of (a) [(CO2)CH3I]-, (b) [(CO2)2CH3I]-, and (c)
[(CO2)3CH3I]-. The ordinate scale is given such as to assign 10 units
to the I- fragment peak from [(CO2)CH3I]-.

[(CO2)nCH3I]
- + hν (532 nm)f

[(CO2)I]
- + CH3CO2 + (n- 2) CO2 (6)

I(Eb) ) C exp[-(Eb - E0)
2/δ2] (7)

Figure 4. Photoelectron spectra of [(CO2)nCH3I]- measured at the
photon energy of 4.66 eV. Dots represent the experimental data. Best-
fit profiles by assuming a Gaussian function are shown by solid lines
(see eq 7). Note that the spectral features forn ) 1-3 (left panel)
differ from those forn ) 7-9 (right panel) significantly.

TABLE 1: Vertical Detachment Energies and fwhm Values
Determined from the [(CO2)nCH3I] - Photoelectron Bands

n VDE (eV) fwhm (eV)

1 3.53 (0.02)a 0.57 (0.03)
2 3.79 (0.02) 0.60 (0.03)
3 4.01 (0.02) 0.54 (0.02)
7 2.94 (0.02) 0.94 (0.04)
8 3.02 (0.02) 0.95 (0.06)
9 3.09 (0.02) 0.92 (0.04)

aNumbers in parentheses indicate errors in derived quantities.
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with ng 7; (2) the vertical detachment energy of [(CO2)nCH3I]-

does not increase monotonically with the cluster size. The VDE
values of [(CO2)nCH3I]- with n) 1-3 are in the range of 3.53-
4.01 eV, while those of the larger members withn ) 7-9 are
in the range of 2.94-3.09 eV.
The results obtained in the photodissociation experiments

suggest that [(CO2)CH3I]- contains an acetyloxyl framework,
CH3CO2. Within this context, [(CO2)CH3I]- can be rewritten
as [CH3CO2‚‚‚I]-. As the adiabatic electron affinity of acety-
loxyl radical (3.07 eV22) is almost equal to that of iodine atom
(3.06 eV23), two dissociation channels, [CH3CO2‚‚‚I]- f
CH3CO2

- + I and [CH3CO2‚‚‚I]- f CH3CO2 + I-, are almost
isoenergetic. The appearance of both CH3CO2

- and I- frag-
ments in the photodissociation spectrum of [(CO2)CH3I]-

(Figure 3a) is consistent with the energetics. In order to prove
the chemical identity of the CH3CO2

- (m/e ) 59) photofrag-
ment, an effort was made to measure the photoelectron spectrum
of CH3CO2

- produced in the photodissociation of [(CO2)CH3I]-

and to compare the spectrum with that of acetate. The fragment
intensity, however, turned out to be insufficient to obtain a
photoelectron spectrum with substantial intensities. Instead, we
have measured the photoelectron spectrum of CH3CO2

- from
[(CO2)2CH3I]-, which provides more intense fragment signals
in the 532-nm photodissociation. While the parent species are
different, it does not prevent us from furthering the discussion
because the photofragment originates from the [CH3CO2‚‚‚I]-

core in [(CO2)2CH3I]-, as discussed later. Figure 6a shows the
photoelectron spectrum of CH3CO2

- from [(CO2)2CH3I]-

obtained in the photodissociation-photoelectron measurement.
The spectrum of acetate, which was formed in the ionized free
jet via dissociative electron attachment to acetic anhydride,16 is
also shown for comparison (Figure 6b). The comparison of
these two spectra evidently assures the chemical identify of the
CH3CO2

- photofragment as acetate.
Now the question regarding the electronic structure of

[CH3CO2‚‚‚I]- is how the excess electron is shared between
CH3CO2 and I. First we consider two extreme cases where the
excess electron is localized on one of the constituents, such as
[I-‚‚‚CH3CO2] or [CH3CO2

-‚‚‚I]. It seems then worth compar-
ing the photoelectron spectrum of [CH3CO2‚‚‚I]- with those of

I- and CH3CO2
-. As seen in the top panel of Figure 5b, the

photoelectron spectrum of I- consists of a pair of sharp “atomic”
peaks appearing at 3.06 and 4.00 eV.28 When I- forms an ion-
neutral complex, these peaks are shifted toward higher electron
binding energy but somehow retain their spectral profiles, as
in the cases of I-(CO2) (see the bottom panel of Figure 5b) and
I-(N2O).28 It appears from the results shown in Figure 4 that
the [CH3CO2‚‚‚I]- photoelectron band has broad spectral
features. Thus, [CH3CO2‚‚‚I]- is unlikely to have an electronic
structure represented as an ion-neutral complex [I-‚‚‚CH3CO2].
As clearly seen in Figure 6b, the spectral profile of CH3CO2

-

differs from that of [CH3CO2‚‚‚I]-. Hence, we can rule out
the possibility that the excess electron is localized on the
acetyloxyl framework as [CH3CO2

-‚‚‚I]. These arguments
suggest rather the possibility that [CH3CO2‚‚‚I]- composes a
molecular anion and that the excess electron is delocalized to a
considerable extent. By considering the fact that the negative
charge resides primarily on the O atoms in acetate, we speculate
that an O-I bond is formed in [CH3CO2‚‚‚I]- to share the excess
electron.
In order to gain a further insight into the electronic and

geometrical structures of [CH3CO2‚‚‚I]-, we have performed
ab initio calculations. The calculations were carried out at the
CCD level with the 6-31+G** basis set for the acetyloxyl group
along with the I atom basis set developed by Schwerdtfeger et
al.29 Figure 7 depicts optimized structures for [CH3CO2‚‚‚I]-

and the corresponding neutral CH3CO2I. The anion and neutral
have an almost identical geometry with the exception of the
O-I internuclear distance;rO-I ≈2.6 Å in [CH3CO2‚‚‚I]- while
rO-I ≈2.0 Å in CH3CO2I. These results certainly assure that
[CH3CO2‚‚‚I]- is amolecular anion. The calculations show
the charge delocalization in [CH3CO2‚‚‚I]-, which is consistent
with the inference drawn from the experimental data. The
singly-occupied molecular orbital (SOMO) accommodating the
excess electron arises mainly from thep orbitals of I and the
adjacent O atom. The elongation of the O-I bond length in
[CH3CO2‚‚‚I]- is ascribed to an antibonding character of the
SOMO. The vertical detachment energy of [CH3CO2‚‚‚I]- is
calculated to be 3.56 eV, which is surprisingly in good
agreement with the experimental value (3.53 eV).

Figure 5. Photoelectron spectra of [(CO2)nCH3]- and [(CO2)nI]-

measured at the photon energy of 4.66 eV. (a) [(CO2)nCH3]-; the top
panel is forn ) 2 and the bottom forn ) 3. (b) [(CO2)nI]-; the top
panel is forn ) 0 and the bottom forn ) 1.

Figure 6. Photoelectron spectra of (a) the CH3CO2
- species produced

in the 532 nm photodissociation of [(CO2)2CH3I]- and (b) an internally
cold acetate anion formed via the dissociative electron attachment on
acetic anhydride in the supersonic beam. The shaded area in panel a
represents the copy of the acetate band profile. The low-energy tail of
the CH3CO2

- band is ascribable to vibrational hot bands.
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It is straightforward to extend the above arguments to
[(CO2)nCH3I]- with n ) 2 and 3. As shown in Figure 3b,c,
CH3CO2

-, I-, and I-(CO2) are produced in the photodissociation
of [(CO2)2CH3I]- and [(CO2)3CH3I]- at 532 nm. This shows
that [CH3CO2‚‚‚I]- acts as the chromophoric core in
[(CO2)nCH3I]- with n ) 2 and 3. It is also interesting to note
that additional CO2 solvent molecules affect the branching ratio
between the two photodissociation channels (5a) and (5b) of
the [CH3CO2‚‚‚I]- core. As the I- and CH3CO2

- products must
be formed via different potential energy surfaces, this observa-
tion is indicative of the solvent-mediated curve crossing
operative in the excited states of [(CO2)nCH3I]-. The production
of I-(CO2) is also suggestive of the CO2 solvation on the I site
of [CH3CO2‚‚‚I]-. The addition of a CO2 solvent shifts the
photoelectron band of [CH3CO2‚‚‚I]- toward higher binding
energy (Table 1). The shift of 0.2-0.3 eV lies in the order of
magnitude expected reasonably for an ion-neutral complex
[(CH3CO2‚‚‚I)- (CO2)n-1].
As for the larger [(CO2)nCH3I]- with ng 7, the photoelectron

spectra can be interpreted by comparing the VDE values of
[(CO2)nCH3I]- with those of (CO2)n-. The VDE values of
(CO2)n- are reported to be 2.57, 2.73, and 2.80 eV forn )
7-9, respectively.14 It turns out from the present measurements
that an addition of CH3I to (CO2)n- causes increase in VDE by
0.3-0.45 eV (Table 1) and that the photoelectron band shape
of [(CO2)nCH3I]- is almost identical to that of (CO2)n- with n
g 7, which is well approximated by a Gaussian function having
fwhm of 0.7-0.9 eV.14 From these comparisons, we conclude
that (CO2)n- remains intact in [(CO2)nCH3I]- with n g 7 as
represented by [(CO2)n-‚‚‚CH3I]. The absence of the photo-
absorption band in the larger [(CO2)nCH3I]- is thus ascribed to
the lack of a [CH3CO2‚‚‚I]- chromophore.
B. Reaction Scheme.The next question to be addressed is

how (CO2)N- reacts with CH3I to form [CH3CO2‚‚‚I]-. The
key to this question is the present findings that (1) [(CO2)nCH3I]-

with n g 7 arenonreactiVe products, which do not contain

[CH3CO2‚‚‚I]-, and that (2) the population of [(CO2)nCH3I]-

with n ) 4-6 is negligibly small. The formation mechanism
of the larger [(CO2)nCH3I]- with ng 7 is rather trivial; (CO2)N-

picks up one CH3I, followed by the evaporation of CO2 solvents:

The interruption of successive reaction can be explained in terms
of the geometrical structures of (CO2)n- with n g 7. DeLuca
et al. have shown by photoelectron spectroscopy that the (CO2)n-

clusters in the size range 2e n e 5 have a C2O4
- core while

a monomer CO2- ion forms the core forn g 7.14 It should be
also noted that the mass spectrum of (CO2)n- displays a magic
number atn ) 7.3,9,14,15 Therefore it can be inferred that
(CO2)n- with n) 7 possesses a stable structure where the CO2

-

core is surrounded by a cage of six CO2molecules, which forms
the first solvent shell.15 It is likely that this stable shell structure
of (CO2)7- prevents CH3I from approaching the CO2- core in
[(CO2)nCH3I]- with n g 7. We further speculate that CH3I is
adsorbed on the surface of the (CO2)n- clusters. On the other
hand, the population of [(CO2)nCH3I]- in the range 4e n e
6sor rather its absencessuggests that [(CO2)n- ‚‚‚CH3I] with
n e 6 formed in process 9 is unstable with respect to the
successive reaction channels, probably because the solvation
shell is unclosed in the smaller cluster size. Then CH3I easily
encounters the C2O4

- core, and subsequent reactions occur
swiftly:

In process 11 the excess energy of the reaction is consumed by
the evaporative loss of CO2 solvents. We can roughly estimate
the number of CO2 released in process 11 by considering the
overall exothermicity for reaction 10, namely

where EA andD represent electron affinity and bond dissocia-
tion energy, respectively. To estimate the value of∆H, it is
assumed, for simplicity, that the solvation energy is same for
both reactant and product systems. By using reported values
of EA andD (EA(CO2) ) -0.60 eV,30 EA(I) ) 3.06 eV,23

D(H3C-I) ) 2.47 eV,31 andD(H3C-CO2) ) -0.33 eV32) along
with estimated values ofD([O2C-CO2]-) ) 0.51 eV13 and
D([CH3CO2-I]-) ≈ 0.73 eV,33 the heat of reaction is calculated
to be∆H ≈ -1.08 eV. As the binding energy of a CO2 solvent
onto the C2O4

- core is possibly in the range of 0.22-0.30 eV,17
a maximum of four or five CO2 solvents are lost in process 11
due to the exothermicity. The energetics consideration thus
explains the absence of [(CO2)nCH3I]- with 4 e n e 6 and the
product distribution of [CH3CO2I-‚‚‚(CO2)m-1] in the range 1
e m e 3.
As only one CO2 remains in the resulting CH3CO2 frame-

work, the cleavage of the C-C bond of the C2O4
- core occurs

necessarily en route to the final products. Intuitively, the bond
breaking of C2O4

- is followed by the bond formation of
CH3CO2I-. This assumption does not certainly exclude the
possibility that the reaction proceeds in a concerted manner;
the bond breaking and bond formation occur via a C2O4

-‚CH3I

Figure 7. Optimized geometries of (a) acetyloxy iodide and (b)
acetyloxy iodide anion obtained with the CCD method. The calculated
bond lengths and angles are indicated. Note the significant difference
in the O-I bond length between the neutral and anionic species. The
number in parentheses represents the charge population at each
constituent atom.

(CO2)N
- + CH3I f [(CO2)NCH3I]

-† (8)

[(CO2)NCH3I]
-† f [(CO2)nCH3I]

- + (N- n)CO2 (9)

[(CO2)n
-‚‚‚CH3I] f [CH3CO2I

-‚‚‚(CO2)n-1]
†, ne 6 (10)

[CH3CO2I
-‚‚‚(CO2)n-1]

† f

[CH3CO2I
-‚‚‚(CO2)m-1] + (n- m)CO2 (11)

∆H ) D([O2C-CO2]
-) + EA(CO2) + D(H3C-I) -

D(H3C-CO2) - EA(I) - D([CH3CO2-I]
-) (12)
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reaction complex prepared in the [(CO2)n-‚‚‚CH3I] clusters.
Since≈80% of the excess electron is populated on the carbon
atom of CO2-,34 CO2

- can act as a nucleophilic reagent against
CH3I. In line of this assumption, we have examined steric
effects on the reactions, namely, whether or not the reactions
are retarded when the reaction site is flanked by methyl groups.
Figure 8 shows the mass spectra obtained in the reaction of
(CO2)N- with C2H5I and with 2-C3H7I. In both cases a series
of [(CO2)nRI]- (R ) C2H5, 2-C3H7) is observed as the major
products:

The product distribution of [(CO2)nC2H5I]- is prominent atn
) 1 but otherwise shows a smooth distribution. The [(CO2)n2-
C3H7I]- products are populated without any intensity anomalies,
starting atn ) 2. The photodissociation measurements show
that [(CO2)C2H5I]- has a form of [C2H5CO2‚‚‚I]-, because it
dissociates into C2H5CO2

- or I- at 532 nm photoexcitation
(Figure 9a). The small intensities of the photofragments from
[(CO2)2C2H5I]- (Figure 9b) indicate that a tiny portion of
[(CO2)2C2H5I]- has the [C2H5CO2‚‚‚I]- core, while most of
[(CO2)2C2H5I]- are nonreactive products having a form of
[(CO2)2-‚‚‚ C2H5I]. The larger [(CO2)nC2H5I]- with n g 3 do
not photodissociate at 532 nm (Figure 9c); [C2H5CO2‚‚‚I]- is
no longer a core of [(CO2)3C2H5I]-. The measurements also
reveal that almost none of [(CO2)n2-C3H7I]- contains a [2-C3H7-
CO2‚‚‚I]- chromophore (Figure 9d,e). These inferences deduced
from the results shown in Figure 9 are further confirmed by
the measurements of photoelectron spectra of [(CO2)nC2H5I]-

and [(CO2)n2-C3H7I]-. All the photoelectron spectra of
[(CO2)nC2H5I]- and [(CO2)n2-C3H7I]-, except for [(CO2)C2H5I]-,
display photoelectron bands assignable to [(CO2)n-‚‚‚RI]. As
a measure of reactivity, the percentage populations of the
reactive products are estimated as∑nI{[RCO2I-‚‚‚(CO2)n-1]}/
∑nI{[(CO2)nRI]-}, whereI{...} represents the intensity of each
mass peak. The percentage populations are calculated to be
70% for CH3I, 12% for C2H5I, and≈0% for 2-C3H7I. These
values clearly exhibit the effects of steric hindrance; the
reactivity is retarded when the number of methyl groups

surrounding the reaction center increases. Hence, we conclude
that the attack of•CO2

- occurs on the C atom from the hindered
side of alkyl iodide and that the reaction proceeds as a
bimolecular nucleophilic substitution (SN2). Within the frame-
work of the SN2 scheme, CH3CO2I- is formed via Scheme 1.
Here the essence of the reaction within the clusters is described.
When the reaction proceeds along the SN2 pathway via the
radical-ion complex (species1) to product2, I- acts as a
leaving group, and as a result, I-(CO2)n is formed. In fact,
I-(CO2)n (0 e n e 4) is observed in the product mass spectra,
although I-(CO2)n might be produced also through the side
processes (process 2). As the electron affinity of acetyloxyl

Figure 8. Mass spectra of the product anions in the reaction of (CO2)N-

with C2H5I (trace a) and with 2-C3H7I (trace b). The mass peaks for
the product anions are interspersed between the unreacted (CO2)N-

peaks. The mass peaks labeled as An and In correspond to the product
anions with the formulae [(CO2)nRI]- (R ) C2H5, 2-C3H7) and
[(CO2)nI]-, respectively. No product anions having the [(CO2)nR]-

formula are observed.

(CO2)N
- + C2H5I f [(CO2)nC2H5I]

- + (N- n)CO2 (13)

(CO2)N
- + 2-C3H7I f [(CO2)n2-C3H7I]

- + (N- n)CO2

(14)

Figure 9. Photofragment mass spectra resulting from the 532-nm
photodissociation of [(CO2)nC2H5I]- (a) n ) 1; (b) n ) 2; (c) n ) 3
and [(CO2)n2-C3H7I]- (d) n ) 2; (e) n ) 3. Each peak intensity is
normalized with the laser power and the parent ion intensity. The
ordinate scale is given such as to assign 10 units to the largest
experimental peak.

SCHEME 1
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radical is accidentally quite close to that of iodine atom, electron
transfer might happen between CH3CO2 and the leaving I- atom.
This leads to the production of [CH3CO2

-(CO2)n-1] (species
3), which is also detected in the mass spectrum as [(CO2)nCH3]-.
By comparing the photoelectron spectrum of [(CO2)2CH3]- (the
top panel of Figure 5a) with that of acetate (Figure 6b), it can
be inferred that acetate forms the anionic core of [(CO2)nCH3]-.
From species1 to the main product (species4), the iodine atomic
anion, which is the leaving group of SN2, possibly migrates
within the clusters to form the most stable molecular anion
CH3CO2I-.

Conclusion

In summary, we report on the reactions of (CO2)N- with CH3I.
Not only mass spectrometry but photoelectron spectroscopy,
photodissociation measurement, and their combination are used
to probe the product anions. The main conclusions drawn from
the present study are summarized as follows:
(1) Negatively-charged clusters of carbon dioxide (CO2)N-

react with CH3I leading to the formation of anions with the
formulae [(CO2)nCH3I]-, [(CO2)nCH3]-, and [(CO2)nI]-. At first
glance the product anions [(CO2)nCH3I]- appear to arise from
the adsorption of CH3I onto (CO2)N-. However, close examina-
tion has revealed that an acetyloxy iodide anion, CH3CO2I-, is
formed in [(CO2)nCH3I]- with 1 e n e 3. The bimodal
behavior of the product distribution indicates that the reaction
is inherent in the smaller (CO2)N- clusters with sizeN e 6.
(2) The CH3CO2I- anion exhibits a large VDE value of 3.53

eV, due probably to the delocalization of the excess electron.
Ab initio calculations show that the excess electron resides in
the O-I antibonding orbital of CH3CO2I-.
(3) The reaction is strongly subject to steric hindrance around

the carbon site of alkyl iodide. In fact, the reaction of (CO2)N-

with 2-C3H7I yields no product cluster anions containing a
2-C3H7CO2I- core. We infer from this finding that CH3CO2I-

is formed via an SN2 transition state, which is prepared by a
nucleophilic attack of CO2- on the carbon site of alkyl iodide.
Thus, we have demonstrated for the first time the chemical

reactivity of (CO2)N- as a nucleophile in the gas-phase reaction.
The overall reaction process can be regarded as carboxylation
by the reductive activation of CO2, which opens up a possibility
of studying elementary processes of electrochemical reactions,
not in the condensed phase but in the gas phase with a restricted
number of solvent molecules.
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