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Reaction of negatively-charged clusters of carbon dioxide,JGOwith CHsl results in the formation of
anions with the formulae [(CCHsl]~, [(CO2)nCH3]~, and [(CQ)nl]~. The product mass spectrum of
[(CO2)nCHGsl] ~ displays a distinct bimodal distribution; [(GIACH;l] ~ with n = 1-3 andn > 7 are observed,
while those withn = 4—6 are not detected. Photoelectron spectroscopy of J({@Blsl]~ reveals that
[(CO,)CH3sl] ™ is formed as the core of [(CRCHsl] ~ with 1 < n < 3 while CQ, is the core fon > 7. The
[(COL)CH;sl]~ core also behaves as chromophore, which absorbs a 532 nm photon to dissociate@@ CH
+ | or CH;CO, + I~ channels. The chemical identity of [(G@Hsl] ~ is probed by the combination of
photodissociation and photoelectron spectroscopic technicesitio calculations have also been performed
to examine the geometrical and electronic structures of JICBsl] —. We conclude from these results that
[(COyCHsl]~ is composed as a molecular anion of acetyloxy iodide;@®i~, where the acetyloxyl
framework binds the | atom through an-Obond to share the excess electron. The formation mechanism
of CH3CGO;l~ is discussed on the basis of the observed steric effects on the reaction.

Introduction reactions of*CO,~ with various organic and inorganic com-
pounds have been investigated in the condensed phase by pulse
radiolysis and flash photolysi8. In these reactionsCO,~ acts

as a strongly reducing species; reaction proceed€@s +

M — CO, + *M~. In the electrochemical processes, reductive

Since the pioneer work of Klots and Comptbnegatively-
charged clusters of carbon dioxide, (80, have been drawing
much attention as a benchmark system for the study of
formations, stabilities, and structures of molecular cluster o . . .
anions?~1® The attention derives mostly from the fundamental activation of CQ in the presence of alkyl halides (RX) yields

> i . X : fixation products, such as RGR, R,C03.20
question regarding the electronic properties of §faQ i.e., ) )
how the aggregates of G@an bind excess electrons, in contrast N OuUr previous study, we have rep_or_ted the formation of
to the fact that C@ is an unstable species with the lifetime @nions with the formula [(C@.CHsl]™ in the gas-phase

against autodetachment of less than 4806 As for (COy),™, reactions of (C@,~ with methyl iodide?! In that study, an
Fleischman and Jordan have theoretically proposed two possibledttempt was made to measure the photoelectron spectra of the
forms of stable structure: £, molecular anion withDg product [(CQ)CHsl] ~ at 355 nm (3.49 eV). The measurement
symmetry and [C© ++-CO;] ion—solvent complex havings revealed that the photoelectron band of [(§-OHsl] ~ is located

symmetry!2 They also predicted that these two forms of above the cutoff energy of our photoelectron spectrometer
(CO,),~ are quite close in energy but have different vertical (*3.25 eV) and that [(C@nCHsl] = with n = 1-3 contain a
detachment energies, with which they are distinguishable by chromophore that photodissociates at 355 nm. From these
photoelectron spectroscopy.DelLuca et al. have shown in their ~ Observations it was concluded that [(§OHsl] = forms the
photoelectron spectroscopic study thaOg" is formed as the ~ anionic core of [(CQnCHgl]™ with n = 1-3 and that
anionic core in (CQ),~ with the size of 2< n < 5, while the [(CO)CHzl] ~ possesses a vertical detachment energy (VDE)
excess electron is localized on a €Q@onstituent fon > 7.14 greater than 3.25 eV. The large VDE value implies that the
More recently, Tsukuda et al. have extended the measurementgxcess electron is delocalized to a considerable extent in
of the photoelectron spectra of (g up ton = 16 and [(COL)CHsl]~. Considering the fact that both acetyloxyl radical,
revealed the correlation between the core formation and the CHsCO,, and | atom have electron affinities o3 eV (EA(CH;-
relative stabilities of (C@),~ clusters!® Although these studies CO,) = 3.07 eVZ? EA(l) = 3.06 e\?%), we have proposed an
have shed light on the fundamental properties of {cQ such acetate-iodine complex [CHCO,-*I] ~ as the possible structure
as geometrical and electronic structures, little is known about of [(CO,)CHzl] . However, the chemical identity, geometrical
chemical properties of (C£),~. To our knowledge, there have  structures, and electronic properties of [(CHl] ~ still remain
been reports on photoexcitatidrand collisional excitatiol unsettled. In the present study, we have reexamined photo-
of (COy)n~. In both cases, the only process observed is electron spectra of the product anions in the reaction obJCO
evaporative loss of the GGsolvents. From a point of view  with CHsl by employing a higher photon energy (4.66 eV). The
that (CQ),~ can be regarded as gas-phase analogu€@~ measurement yields photoelectron spectra for HaCH3l] ~
radical anion in the condensed phase, one might refer towith n = 1—3 and 79, with which we have determined the
reactions ofCO,~ in solutions or in crystalline matrices. The VDE values of [(CQ),.CHsl]~. Since our previous study
showed the existence of a photoabsorption band in {(@Blsl] ~

* Corresponding author. E-mail, nagata@laserchem.c.u-tokyo.ac.jp; fax, below the photodetachment threshold, photofragmentation of

+8}#{§"5':i\'/‘é3r§if- of Tokvo [(CO2),CHsl]~ has also been investigated in the present study
# |nstitute for M):Mecwarys'cience. to obtain information on the chromophoric core of [(§@Ha] .
€ Abstract published ilAdvance ACS Abstractdune 15, 1997. In the photodissociation experiment, photofragments from
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Figure 1. Schematic of the experimental apparatus.

[(CO2)CH3l]~ were mass analyzed; the fragmentation pattern  Three types of measurements were performed in the present
not only serves as a “fingerprint” to identify the chromophore study: measurement of photofragment spectra and photoelectron
in the larger homologues but also reflects the chemical bondingsspectra of the product anions and measurement of photoelectron
in the chromophoric core. While photoelectron spectroscopy spectra of the photofragment anions. In the photodissociation
and photodissociation techniques are useful to probe themeasurement, the apparatus is used as a collinear tandem TOF
electronic structures of the product anions and to identify their spectrometer. The cluster anions of interest are spatially and
chromophoric cores, they become even more powerful when temporally focused at the point 1.54 m downstream the first
combined; measurement of photoelectron spectra of the photof-acceleration grids. At the focus the anions are crossed with
ragments from [(C@,CHsl]~ is used here to examine the the second harmonic (532 nm) of a pulsed Nd:YAG laser
chemical identity of [([CQICHsl]~. To aid in understanding  (Quanta-Ray GCR-12S). The laser fluence used is in the range
these experimental findingsp initio calculations have been  60—-70 mJ pulse! cm™2. The photofragments are then reac-
performed on the geometrical structures and electronic propertiescelerated by a pulsed electric field (1 kV, 700 ns duration) at
of [CH3CO,:-+1]~. We also report on the reactions of (@ the second acceleration assembly. The 0.8-m flight path to the

with other alkyl iodides, such as,Bsl and 2-GH;l. The MCP detector serves as the second mass analyzer. The
reaction mechanism operative in the (0 + CHgsl system photofragment signals are accumulated by the digitizing oscil-
is discussed on the basis of these experimental and theoreticaloscope typically for 1061000 laser shots.

findings. 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
The schematic of the experimental apparatus is shown in photoelectron chamber. The chamber is evacuated with a series
Figure 1. The apparatus consists of a cluster ion source, aof turbo molecular pumps (500s + 50 I/s), and the ambient
tandem time-of-flight (TOF) mass spectrometer, and a photo- pressure is kept a3 x 10710 Torr under typical operation
electron spectrometer. The (@@~ reactants are prepared by conditions. At the photodetachment region, the fourth harmonic
electron attachment to neutral g@usters in an electron-impact (266 nm) of the Nd:YAG laser is timed to intersect the mass-
ionized free je€* the CQ clusters are formed by pulsed selected ion bunch. The laser fluence is kept within 5 mJ
expansion of pure Cfgas at the stagnation pressure ef2l pulse cm 2. The kinetic energies of the photoelectrons are
atm. An injection of an electron beam of 250 eV into the measured by a magnetic-bottle type electron spectrorfictes;
supersonic expansion produces secondary slow electrons, whickelectrons are detached in a strong inhomogeneous magnetic field
are attached to the preformed g€@usters. The Ck sample (1000 G) and further guided by a weak fiekt10 G) down
(Kanto Chemicals;>98% purity) is introduced into the source to a detector installed at the end of a 1-m flight tube. The 1000
chamber through an effusive nozzle. The pressure of the G magnetic field is generated by a cylindrical permanent magnet
chamber increases froml x 1077 to ~2 x 1075 Torr when with a soft iron tip to enhance the fiet§2? The photoelectrons
the CQ jetis on and up tex1 x 10~* Torr with the introduction are detected by a double thickness microsphere plate with a
of CHszl gas. The (CQn~ clusters react with CHl while 27-mm diameter (EI-Mul Z033DA) and counted by a multi-
drifting in the source chamber. The product anions are then channel scaler/averager (Stanford Research SR430). The pho-
extracted ate15 cm downstream the nozzle, perpendicularly toelectron spectra in this study were obtained without deceler-
to the initial beam direction, by applying a pulsed electric field ating the cluster anions, because the deceleration weakens the
of 20 V cnt L. The anions are further accelerated600 eV, signal intensities and because no significant change is observed
mass analyzed by a 2.3-m long TOF mass spectrometer, andn the spectral profile with the deceleration down to 50 eV. Each
detected by a dual microchannel plate (Hamamatsu MCP F4655-spectrum presented in this paper represents an accumulation of
10). The resolution of the TOF mass spectrometen/ism ~ 25000-50000 laser shots with background subtraction. The
500. The signals from the MCP are amplified and accumulated measured electron kinetic energy is calibrated against the known
by a 500-MHz digitizing oscilloscope (Tektronix TDS520A). photoelectron band of land F(CO;) anions?® The energy

Experimental Section
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formed via the electron capture by neutral clusters, such as

5 6 7
(@)
4 8 CHyl o '
9 (CO,)yy — (CO,)\CH,l — product anions (2)
10
we have examined the anionic species formed in the electron
L_JL_JL_JL_J LU attachment to neutral (GI}(CHal),, clusters. The (C&(CHal)n

clusters were produced by a supersonic expansion of 2@
containing a small amount of GH No anions with formulae
A [(CO2)nCHsl] ~ or [(CO,)nCHs]~ were detected, while a series
A, . of [(COy)nl]~ was observed as a dominant product. The product
s A A distributions of [(CQ),l]~, however, differ significantly from
v lﬁd B |+° those in the (C@n~ + CHal reactions; the distribution extends
: M—A—JUU . . up ton = 10 with a maximum an = 3 in the dissociative
200 300 400 500 electron attachment to (GI3(CHasl),. From these observations,
Mass number (m/2) it can be inferred that the product anions, [(§{CHsl]™,
[(CO)nl] ~, and [(CQ),CH3]~, arise primarily from the colli-
sional reactions (processes-1kc), although we cannot com-

lon intensity (arb. units)

Figure 2. Mass spectra of (a) the (GRR~ reactants and (b) product
anions in the reaction of (G~ with CHsl. The mass peaks for the

product anions are interspersed between the unreacteg(Q@aks. pletely neglect the contribution from process 2 as to the
The labels A, B, and | represent the species with the formulae formation of [(CQ)nl] .
[(CO2)nCHal]~, [(CO2)nCHs]~, and [(CQ)l] ~, respectively. As the reactions of (C&y~ with CHsl occur downstream of

the supersonic expansion, one might expect that the nascent

resolution of the spectrometer 100 meV at the electron  product distributions are somewhat smeared by subsequent
kinetic energy of 1 eV. nucleation via ior-molecule collisions. To evaluate qualita-

The present experimental setup allows us to measure thetively the effect of the iormolecule collisions, we have
photoelectron spectra of the photofragments. In the photodis-examined the product mass distributions by changing the
sociation-photoelectron measurement, two sets of Q-switched stagnation pressure of GQyas and electron-beam nozzle
Nd:YAG lasers are used. Mass-selected anions are photodis-distance. Although the relative intensities of the product mass
sociated at the focus of the first TOF spectrometer by applying peaks were observed to depend slightly on the source conditions,
the second harmonic of a Nd:YAG laser (Quanta-Ray GCR- the [(CQ),CHsl]~ peaks withn = 4—6 never appeared in the
130). The photofragment anions are mass analyzed by themass spectra. The implication is that subsequentinalecule
second TOF spectrometer, and the anions of interest are chosegollisions are largely unimportant to the product mass distribu-
by the time delay between the second pulse acceleration andions. Thus we infer that the product distributions observed
the irradiation of the 266-nm photodetachment laser. The are determined mostly by the reaction scheme.

procedure of data acquisition is identical with that in the B. Photodissociation of [(CQ),CHsl] ~. In our previous

photoelectron measurement. study we found that an intense narrow pealEgt= 3.06 eV

dominates the photoelectron spectra of [OHsl]~ (1 < n

Results < 3) measured at 355 nf. The peak is ascribed to2Rs),
A. Product Anions of (CO,)y~ + CH3l Reaction. The which arises from the two-photon process:

upper trace of Figure 2 shows a typical mass spectrum of the
(COy)N~ reactants. When the GHreagent is introduced into [(CO),CH;l]  + hv (355 nm)— 1~ + neutral fragments
the source chamber, mass peaks of the product anions emerge 3)
in the spectrum, as shown in the lower trace of Figure 2. In

addition to the unreacted (G-, anions with the formulae - 2 ~
[(COMCHA] ", [(COn]", and [(CQ)CH]~ (An, In, and B b 335 my () T e )
in the panel, respectively) are observed in the spectrum. The
mass assignments were confirmed by usingICiistead of
CHal, as a reagent. It is apparent from the observed mass
spectrum that the distribution of [(GIACHsl]~ exhibits a
bimodal behavior; the cluster anions with= 1—-3 andn = 7

are observed while those with = 4—6 are missing. The
population of [(CQ)nl] ~ decreases rapidly with the increase in
the cluster size, while [(CE&,CHs]~ anions are populated in
the range < n < 7 with the maximum ah = 4. As discussed

in our previous work! these product anions arise from the
collisional reactions of existing (Cx~ clusters in the ionized

jet with ambient CHI gas:

This finding indicates that a photoabsorption band in
[(CO2)nCH3l]~ (1 = n =< 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 [(C&,CHal] ~ by using the tandem TOF
arrangement. Preliminary measurements of the photofragment
intensities in the 345520 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 [(§f&Hsl]~ (1 < n < 3)
measured at 532 nm. The [(@CHsl] ~ spectrum displays two
_ _ peaks atm/e = 59 and 127, which are assigned to T,
(CO)y + CHyl —[(CO,),CHyll + (N—n)CO, (1a) and I, respectively. It appears that the following channels
compete with each other in the photodissociation of [}CBisl] ~
—[(COyY,ll +CH;+ (N—n)CO, (1b) at 532 nm:

L [(COY.CHI +1+ (N=r)CO, (10) [(CO,)CH,I]~ + hv (532 nm)—~ CH,CO,” + | (5a)

In order to check on the possibility that the product anions are — CH,CO,+1 (5b)
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Figure 3. Photofragment mass spectra resulting from the 532 nm Electron binding energy (eV)

photodissociation of (a) [(C&CHsl]~, (b) [(CO,)CHsl]~, and (c) . ~

[(CO,):CHal]~. The ordinate scale is given such as to assign 10 units Figure 4. Photoelectron spectra of [(GIaCH;I]~ measured at the

to the I fragment peak from [(CECHsl] . photon energy of 4.66 eV. Dots represent the experimental data. Best-

fit profiles by assuming a Gaussian function are shown by solid lines
The spectra of [(C&,.CHsl]~ with n = 2 and 3 demonstrate  (see eq 7). Note that the spectral featuresrfer 13 (left panel)
that the branching fraction for process 5a increases with the differ from those fom = 7-9 (right panel) significantly.

number of the C@solvents. For [(CQnCHsl]” with n =2 1A E 1: Vertical Detachment Energies and fwhm Values
and 3, [(CQ)I]~ is also observed as a photoproduct, which is Determined from the [(CO,),CHsl] - Photoelectron Bands

formed as n VDE (eV) fwhm (eV)
- - 1 3.53(0.09) 0.57 (0.03)
[(COL),CH,l] ™ + v (532 nm) 2 3.79 (0.02) 0.60 (0.03)
CO)I] +CH.CO,+(n—2)C 6 3 4.01 (0.02) 0.54 (0.02)
(co €0, +(n=2) €O, (6) 7 2.94 (0.02) 0.94 (0.04)
~ wi 8 3.02 (0.02) 0.95 (0.06)
No fragment was detected when the larger [(§aOHsl] ~ with 9 3.09 (0.02) 0.92 (0.04)

7 < n < 9 are irradiated by 355 or 532 nm photons.
C. Photoelectron Spectra of Product Anions. Figure 4 aNumbers in parentheses indicate errors in derived quantities.

shows photoelectron spectra of [(@&CHsl] ~ with n = 1-3

(left panel) and those with = 7—9 (right panel) measured at  represented by a Gaussian function given by eq 7. The VDE

266 nm (4.66 eV). In these spectra, the photoelectron countsand fwhm values thus determined for [(@RCHsl] ~ are listed

are plotted as a function of the electron binding energy defined in Table 1. The VDE value fon = 1 is determined to be 3.53

asEp = hv — E, wherehw andE, represent the photon energy =+ 0.02 eV. Fromn = 1-3, the value increases by 0:26.3

and the kinetic energy of the photoelectrons, respectively. An eV with the addition of another COnolecule. Atn =7, the

overview of these photoelectron spectra shows qualitatively that VDE value decreases down to 2.940.02 eV. Fom = 7, the

(1) the band profiles for [(C&,CHsl]~ with 1 < n < 3 quite increment in VDE with each additional G@nolecule is less

differ from those for 7< n < 9: there seems to be at least two than 0.1 eV. The width of the photoelectron bands fat h

peaks in the spectra for & n < 3, while the spectra for & < 3 is in the range 050.6 eV, narrower than that for Z n

n < 9 consist of a structureless single broad peak, and that (2) < 9.

the electron binding energy does not increase monotonically  Figure 5 displays photoelectron spectra of the product anions

with the cluster size: the [(CCHsl] ~ band peaks around 3.6  having stoichiometries [(C&hCHz]~ (n= 2, 3) and [(CQ)l] ~

eV, and the maximum shifts toward higher binding energies (n = 0, 1). The [(CQ).CH3]~ spectrum consists of a broad

with increase in the cluster size up mo= 3, while the band peak with a shoulder in the high-energy side. The photoelectron

maximum forn = 7 is located at<3 eV. The maxima of the  spectrum of [[CQ)I] ~ agrees well with that of ((CO;) reported

photoelectron bands are interpreted as vertical detachmentby Arnold et al® This allows us to identify the [(CQnl]™

energies (VDEs) of the cluster anions. To determine the VDE product anions with1(COy)p.

and fwhm values quantitatively, the spectral profiles are fitted

to a Gaussian function by a nonlinear least-squares method,piscussion

where the band contour is expressed as
A. Electronic Structures of [(CO2),CH3l] ~. The experi-

I(E,) = C exp[—(E, — Ep)767] 7 mental findings in the photodissociation and photoelectron
measurements are summarized here: (1) RETHsl]~ with
whereEy corresponds to VDE and is related to the spectral n = 1-3 possess a photoabsorption band well below the
width by fwhm= 2(In 2)*/25. Although the photoelectron band detachment threshold and photoexcitation leads to the production
for 1 < n < 3 has a second peak in the higher electron binding of either CHCO,™ or |-, while photodetachment is the only
energies, the first band located in the lower energies is well photodestruction process for the larger members of JJ{@Pll] ~
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Figure 5. Photoelectron spectra of [(G]CHs]~ and [(CQ)al]~ in the 532 nm photodissociation of [(GJ2CHsl] ~ and (b) an internally
measured at the photon energy of 4.66 eV. (a) {FCH;]~; the top cold acetate anion formed via the dissociative electron attachment on
panel is forn = 2 and the bottom fon = 3. (b) [(COy)4l]"; the top acetic anhydride in the supersonic beam. The shaded area in panel a
panel is forn = 0 and the bottom fon = 1. represents the copy of the acetate band profile. The low-energy tail of

the CHCO,™ band is ascribable to vibrational hot bands.

with n > 7; (2) the vertical detachment energy of [(fZHsl] ~

does not increase monotonically with the cluster size. The VDE I~ and CHCO,™. As seen in the top panfel of Figur“e 5b, .”le
values of [(CQ).CHal] ~ with n = 1—3 are in the range of 3.53 photoelectron spectrum of tonsists of a pair of sharp “atomic

4.01 eV, while those of the larger members with= 7—9 are peaks appearing at 3.06 and 4.00€WVhen I~ forms an ior-
in the range of 2.943.09 eV neutral complex, these peaks are shifted toward higher electron

binding energy but somehow retain their spectral profiles, as
in the cases of 1(CO,) (see the bottom panel of Figure 5b) and
I=(N20).28 It appears from the results shown in Figure 4 that
the [CHCO,:--I]~ photoelectron band has broad spectral
features. Thus, [CECO,--I] ~ is unlikely to have an electronic
structure represented as an-areutral complex [t---CHzCO,).

As clearly seen in Figure 6b, the spectral profile of LI,
differs from that of [CHCO,--:l]~. Hence, we can rule out
the possibility that the excess electron is localized on the

- i : ; ! acetyloxyl framework as [CECO,:-+I]. These arguments
(Figure 3a) is consistent with the energetics. In order to prove suggest rather the possibility that [gED,*++1]~ composes a

the chemical identity of the CI€0,™ (m/e = 59) photofrag-  ygjecular anion and that the excess electron is delocalized to a
ment, an effort was made to measure the photoelectron spectrumqsigeraple extent. By considering the fact that the negative
of CH,CO,™ produced in the photodissociation of [(@)OHs] charge resides primarily on the O atoms in acetate, we speculate

and to compare the spectrum with that of acetate. The fragmentinat an G-1 bond is formed in [CHCO,++1]~ to share the excess
intensity, however, turned out to be insufficient to obtain a gjectron.

photoelectron spectrum with substantial intensities. Instead, we |, order to gain a further insight into the electronic and
have measured th_e photo_electron spectrum of@H~ fro_m geometrical structures of [GBO,+++[]~, we have performed
[(CO2)2CHl] ™, which provides more intense fragment signals g, injtio calculations. The calculations were carried out at the
in the 532_-nm photodissociation. While the parent species are ccp |evel with the 6-33G** basis set for the acetyloxyl group
different, it does not prevent us from furthering the discussion along with the | atom basis set developed by Schwerdtfeger et

The results obtained in the photodissociation experiments
suggest that [(C&CHgsl]~ contains an acetyloxyl framework,
CH3CO,. Within this context, [(CQ)CHsl] ~ can be rewritten
as [CHCO,---1]~. As the adiabatic electron affinity of acety-
loxyl radical (3.07 e¥?) is almost equal to that of iodine atom
(3.06 e\, two dissociation channels, [GEOy-1]- —
CH3CO,~ + Il and [CHCO,:++I]~ — CH3CO, + |-, are almost
isoenergetic. The appearance of bothsCB,~ and I frag-
ments in the photodissociation spectrum of [(XCH;l]~

because the photofragment originates from the J0Bb---1]~ al2® Figure 7 depicts optimized structures for [gE0,++1]~
core in [(CQ)CHl]~, as discussed later. Figure 6a shows the anq the corresponding neutral g&0,l. The anion and neutral
photoelectron spectrum of GBO,” from [(COy).CHal]~ have an almost identical geometry with the exception of the

obtained in the photodissociatiophotoelectron measurement. o internuclear distancep_ ~2.6 A in [CH;CO,+++]~ while

The spectrum of acetate, which was formed in the ionized free oo 2.0 A in CHCO,l. These results certainly assure that
jet via dissociative electron attachment to acetic anhydfidke, [CHaCOx++1]~ is amolecular anion The calculations show
also shown for comparison (Figure 6b). The comparison of the charge delocalization in [GBO,+++I] -, which is consistent
these two spectra evidently assures the chemical identify of theyith the inference drawn from the experimental data. The
CHsCO,™ photofragment as acetate. singly-occupied molecular orbital (SOMO) accommodating the

Now the question regarding the electronic structure of excess electron arises mainly from therbitals of | and the
[CH3COy++1] ~ is how the excess electron is shared between adjacent O atom. The elongation of the-Dbond length in
CH3CO; and I. First we consider two extreme cases where the [CH3CO,+++1]~ is ascribed to an antibonding character of the
excess electron is localized on one of the constituents, such asSOMO. The vertical detachment energy of [§D,--1] " is
[I7+-«CH3CO,] or [CH3CO,+-+1]. It seems then worth compar-  calculated to be 3.56 eV, which is surprisingly in good
ing the photoelectron spectrum of [@EIO,-++1]~ with those of agreement with the experimental value (3.53 eV).
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2.56 A

(--29)
Figure 7. Optimized geometries of (a) acetyloxy iodide and (b)

Tsukuda et al.

[CH3CO,:-+1] ~, and that (2) the population of [(CGRCHsl] ~
with n = 4—6 is negligibly small. The formation mechanism
of the larger [(CQ),CHsl] ~ with n > 7 is rather trivial; (CQ)n~
picks up one CHl, followed by the evaporation of CGGolvents:

(8)

[(COINCH ™" — [(CO),CHil™ + (N = n)CO, (9)

(CO,)y~ + CHyl —[(CO,)CHJl] '

The interruption of successive reaction can be explained in terms
of the geometrical structures of (G~ with n > 7. DelLuca

et al. have shown by photoelectron spectroscopy that the){CO
clusters in the size range2 n < 5 have a @0, core while

a monomer C@ ion forms the core fon = 7.14 It should be
also noted that the mass spectrum of (Odisplays a magic
number atn = 7391415 Therefore it can be inferred that
(COy)n~ with n =7 possesses a stable structure where the CO
core is surrounded by a cage of six §@olecules, which forms
the first solvent shel® It is likely that this stable shell structure
of (CO,);~ prevents CH from approaching the CO core in
[(CO)nCHsl]~ with n = 7. We further speculate that GHs
adsorbed on the surface of the (80O clusters. On the other
hand, the population of [(COWCHsl] ~ in the range 4< n <
6—or rather its abseneesuggests that [(CE,~ ---CHsl] with

n < 6 formed in process 9 is unstable with respect to the

acetyloxy iodide anion obtained with the CCD method. The calculated g ccessive reaction channels, probably because the solvation

bond lengths and angles are indicated. Note the significant difference
in the O-1 bond length between the neutral and anionic species. The
number in parentheses represents the charge population at eac

constituent atom.

It is straightforward to extend the above arguments to
[(COnCHgl] ~ with n = 2 and 3. As shown in Figure 3b,c,
CH3CO,, |7, and F(CO,) are produced in the photodissociation
of [(CO,),CHsl] ~ and [(CQ)3CHal] ~ at 532 nm. This shows
that [CHCO,:+¢l]~ acts as the chromophoric core in
[(COnCHsl] ~ with n =2 and 3. ltis also interesting to note
that additional C@solvent molecules affect the branching ratio

between the two photodissociation channels (5a) and (5b) o

the [CHCO,++1] ~ core. AstheT and CHCO,™ 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 [(@RCHsl] . The production
of I7(CO,) is also suggestive of the GQolvation on the | site
of [CH3CO,--+1]~. The addition of a C@solvent shifts the
photoelectron band of [C¥O,---I]~ toward higher binding
energy (Table 1). The shift of 0:20.3 eV lies in the order of
magnitude expected reasonably for an-ioreutral complex
[(CH3COZ+*I)™ (CO)n-1]-

As for the larger [(CQ)nCHal] ~ with n = 7, the photoelectron

shell is unclosed in the smaller cluster size. TherlGHasily

gencounters the £0,~ core, and subsequent reactions occur

swiftly:
[(CO,), ++CHyl] — [CHiCO,l ++(COy),,]", n=<6 (10)

[CH,CO,l+++(CO,),,_4]" —
[CH,CO,l +++(CO,) ] + (n—mM)CO, (11)

In process 11 the excess energy of the reaction is consumed by

¢the evaporative loss of GGolvents. We can roughly estimate

the number of C@released in process 11 by considering the
overall exothermicity for reaction 10, namely

AH = D([0,C—CO,]") + EA(CO,) + D(H,C—1) —
D(H,C—CQ,) — EA(l) — D([CH,CO,~1]") (12)

where EA and represent electron affinity and bond dissocia-
tion energy, respectively. To estimate the valueA#d, 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(CO;) = —0.60 eV EA(l) = 3.06 eV?3

spectra can be interpreted by comparing the VDE values of D(H3sC—I1) = 2.47 eV3 andD(H3C—CQ,) = —0.33 e\#? along

[(COnCHgl] ~ with those of (CQ)n~. The VDE values of
(COy)n~ are reported to be 2.57, 2.73, and 2.80 eV ffio=
7—-9, respectively? It turns out from the present measurements
that an addition of Ckl to (CO,),~ causes increase in VDE by

with estimated values ob([O.C—CQ,]7) = 0.51 e\V3 and
D([CH3CO,—I] ") &~ 0.73 eV33the heat of reaction is calculated
to beAH ~ —1.08 eV. As the binding energy of a G&olvent
onto the GO4~ core is possibly in the range of 0.20.30 eV’

0.3-0.45 eV (Table 1) and that the photoelectron band shape a maximum of four or five C@solvents are lost in process 11

of [(CO,),CHgsl]~ is almost identical to that of (C,~ with n

> 7, which is well approximated by a Gaussian function having
fwhm of 0.7-0.9 eV14 From these comparisons, we conclude
that (CQ),~ remains intact in [(C@nCHsl]~ with n = 7 as
represented by [(CE,~---CHsl]. The absence of the photo-
absorption band in the larger [(GfRCHjsl] ~ is thus ascribed to
the lack of a [CHCO,--+1]~ chromophore.

B. Reaction Scheme.The next question to be addressed is
how (CQ)N~ reacts with CHI to form [CH3CO,---1]~. The
key to this question is the present findings that (1) [(JaOHal] ~
with n = 7 are nonreactve products, which do not contain

due to the exothermicity. The energetics consideration thus
explains the absence of [(GJRCHsl] ~ with 4 < n < 6 and the
product distribution of [CHCO,l ~+++(CO,)m-1] in the range 1
=m=< 3.

As only one CQ remains in the resulting GO, frame-
work, the cleavage of the-€C bond of the GO,~ core occurs
necessarily en route to the final products. Intuitively, the bond
breaking of GO, is followed by the bond formation of
CH3COul~. This assumption does not certainly exclude the
possibility that the reaction proceeds in a concerted manner;
the bond breaking and bond formation occur via,®€ -CHjl
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Figure 8. Mass spectra of the product anions in the reaction obJCO
with C;Hsl (trace a) and with 2-@H/l (trace b). The mass peaks for
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the product anions are interspersed between the unreactegh(CO o5 0.5

peaks. The mass peaks labeled agAd |, correspond to the product I

anions with the formulae [(CHRI]- (R = CyHs, 2-GH7) and 0.0 0.0

[(CO)nl]~, respectively. No product anions having the [(:8] A e
formula are observed. 0 100 200 300 O 100 200 300

reaction complex prepared in the [(@@ ---CHgl] clusters. Mass number (m/z)

Since~80% of the excess electron is populated on the carbon Figure 9. Photofragment mass spectra resulting from the 532-nm
atom of CQ~,34 CO,~ can act as a nucleophilic reagent against phgtc[’(dc'ss)og'ac“%””of [((d():QnCﬂ;s']( )(a) "3 1?E(b)h” = Zk? ©n=3
: : : . . an n2-Cah7l] n=42(en=o.. ach peak intensity Is
Cf::bl' In “r;f of thls assumptlf)n, Whe Eave exam;‘ned ste.rlc normalized with the laser power and the parent ion intensity. The
effects on the reactions, name y W ether or not the reaCtlor'Sordinate scale is given such as to assign 10 units to the largest
are retarded when the reaction site is flanked by methyl groups. experimental peak.
Figure 8 shows the mass spectra obtained in the reaction of
(COx)n~ with CoHsl and with 2-GHyl. In both cases a series SCHEME 1
of [(COL)nRI]~ (R = C,Hs, 2-GsHy) is observed as the major
products: Q }{ Q
A\ A\

B B —._5/C~ + ‘““,C—I — O}C— C—I —

(COJy + CHsl = [(CO)CHsl] + (N—n)CO,  (13) d wl o H*%

(CON +2-CHyl — [(CO)2-CHyl] ™~ + (N — n)CO, .
H

The product distribution of [(C&,C,Hsl]~ is prominent ain 2
= 1 but otherwise shows a smooth distribution. The [}:®
C3H/I] ~ products are populated without any intensity anomalies,
starting atn = 2. The photodissociation measurements show 0 H 0 H
that [(CG)CoHsl]~ has a form of [GHsCO,:-I] ~, because it ;}C_C/ ________ - — > _’}C_C/ .
dissociates into @4sCO,~ or I~ at 532 nm photoexcitation 4 \ \
(Figure 9a). The small intensities of the photofragments from
[(COL)2CoHsl]~ (Figure 9b) indicate that a tiny portion of 1 3
[(CO,)CoHsl] ~ has the [GHsCO,---1]1~ core, while most of
[(CO,)2CoHsl] ~ are nonreactive products having a form of
[(COz)z7+++ CoHsl]. The larger [(CQ)nCzHsl] ~ with n = 3 do 0\ /
not photodissociate at 532 nm (Figure 9¢)>f@CO,-+1] ~ is — > S
no longer a core of [(CgsC,Hsl] . The measurements also o H
reveal that almost none of [(GIp2-CsH-I] ~ contains a [2-GH7- 4
CO,-+1]~ chromophore (Figure 9d,e). These inferences deduced

from the results shown in Figure 9 are further confirmed by surrounding the reaction center increases. Hence, we conclude

the measurements of photoelectron spectra of JRHsI] ~ that the attack ofCO,~ occurs on the C atom from the hindered
and [(CQ)n2-CsH7I1~. All the photoelectron spectra of side of alkyl iodide and that the reaction proceeds as a
[(COL)CoHsI] ~ and [(CQ)n2-CsHAI] —, except for [([CQ)CoHsI] bimolecular nucleophilic substitution (). Within the frame-

display photoelectron bands assignable to [{agO--RI]. As work of the §2 scheme, CBCO,l~ is formed via Scheme 1.

a measure of reactivity, the percentage populations of the Here the essence of the reaction within the clusters is described.
reactive products are estimatedgg{[RCO.l ~+++(COy)n-1]}/ When the reaction proceeds along thg2 $athway via the
Sal{[(CO,)nRI] "}, wherel{..} represents the intensity of each radical-ion complex (specied) to product2, |- acts as a
mass peak. The percentage populations are calculated to béeaving group, and as a result;(COy), is formed. In fact,
70% for CHl, 12% for GHsl, and ~0% for 2-GH-l. These I7(CO)n (0 = n = 4) is observed in the product mass spectra,
values clearly exhibit the effects of steric hindrance; the although (CO,), might be produced also through the side
reactivity is retarded when the number of methyl groups processes (process 2). As the electron affinity of acetyloxyl
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radical is accidentally quite close to that of iodine atom, electron References and Notes
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