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Abstract

The photofragmentation of CO�2 ðH2OÞm, m = 3–20 at 355 nm yields two types of anionic products: O�(H2O)m�k, 1 6 k 6 3, and
CO�2 ðH2OÞm�k , 4 6 k 6 9, depending on the parent cluster size. The O�(H2O)m�k fragments, attributed to the dissociation of hydrated
CO�2 , are dominant for m = 3–7, while the water-evaporation products, CO�2 ðH2OÞm�k , take precedence for m = 8–20. The dissociation
of CO�2 is proposed to proceed via a hydration-stabilized excited state, originating from a low-lying CO�2 resonance. In the evaporation
channel, the suggested routes include cluster predissociation, CO�2 photodissociation/recombination, and charge transfer to solvent.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

The outcomes of chemical reactions are affected by
interactions with the environment. This paper spotlights
solvent-enabled chemistry in heterogeneous cluster anions,
focusing on reaction pathways made possible by the pres-
ence of the solvent. Specifically, we examine the photo-
chemistry of CO�2 [1–3] trapped in the network of up to
20 water molecules and observe a solvation-induced shift
from electron photodetachment towards the breaking of
covalent bonds.

Due to the relatively low electron detachment energies,
many excited electronic states of negative ions exist as
short-lived resonances embedded in the free-electron con-
tinuum. These states play pivotal roles in interactions of
low-energy electrons and neutral molecules, as well as the
dissociation and electron detachment dynamics of negative
ions [4]. The lifetimes of anionic resonances can be effec-
tively tuned using stepwise solvation in cluster-ion environ-
ments. With sufficient stabilization, the resonances move
from the detachment continuum into the range of stable
(electron-bound) states, opening new, solvent-enabled
pathways for anionic reactions.
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Metastable anions of CO2 in the gas phase were first
observed by Cooper and Compton [1,2]. Despite the mark-
edly negative adiabatic electron affinity of CO2

(�0.60 ± 0.2 eV [3]), CO�2 has a long autodetachment life-
time of 60–90 ls [1,3], attributed to the geometry difference
between the anion and neutral equilibria. Namely, at the
bent equilibrium geometry of CO�2 , the anion energy is
lower than that of the corresponding neutral [5,6]. The
metastable anions can be further stabilized by solvation;
for instance, Klots reported the formation of
ðCO2Þ�n ðH2OÞm, which did not exhibit autodetachment
even for n = m = 1 [7]. Both the experiment and theory
show that the excess electron in CO�2 ðH2OÞm clusters is
localized on CO2 [8].

The work reported here builds on our group’s earlier
photoelectron imaging study of the ðCO2Þ�n ðH2OÞm,
n = 1–12, m = 0–6 cluster anions [8,9]. The experiments
indicated the dominance of photoinduced autodetachment
over direct photodetachment in the presence of four or
more water molecules. Disappointingly, however, photo-
electron imaging revealed little about the nature of the
excited autodetaching states. To complete the picture,
one must elucidate the decay of the excited states via differ-
ent competing pathways, including the electron detachment
and anionic fragmentation of the cluster. In this work, we
use tandem time-of-flight mass-spectroscopy to examine
355 nm fragmentation of size-selected CO�2 ðH2OÞm,
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Fig. 1. Mass-spectrum of parent CO�2 ðH2OÞm cluster anions.
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m = 3–20 cluster ions. The reported photodissociation of
the CO�2 core in these clusters illuminates the role of
excited anionic states stabilized by interactions with the
water network.

2. Experimental apparatus

The experiments were carried out on a new experimental
apparatus. Its detailed description is forthcoming, with
only the most pertinent features outlined here. As used in
this work, the instrument consists of a cluster-ion source
and a tandem time-of-flight (TOF) mass-spectrometer, uti-
lizing the ion generation and analysis techniques pioneered
by Lineberger and co-workers [10]. The ion source and the
primary TOF parts of this new instrument are also similar
to our photoelectron imaging machine described elsewhere
[11].

The CO�2 ðH2OÞm cluster anions are prepared by expan-
sion of undried CO2 at a stagnation pressure of 2 atm
through a pulsed supersonic nozzle (General Valve Series
99, 0.8 mm nozzle diameter) into a vacuum chamber with
a base pressure of 2 · 10�7 Torr. CO2 tank impurities and
trace amounts of water within the gas delivery lines serve
as sources of H2O. A 1 keV electron beam ionizes the
supersonic expansion close to the valve orifice. The cluster
anions are formed by secondary-electron attachment to
neutral clusters [10]. A transverse, pulsed electric field
(�1 kV/15 cm) is applied approximately 18 cm down-
stream from the supersonic valve to extract the ions into
the 2.3 m long flight tube of a Wiley–McLaren TOF
mass-spectrometer, where they are further accelerated to
a beam energy of 3 keV.

After passing through a set of ion optical components
[11], the ions are brought to a temporal and spatial focus
in the detection region of the instrument (base pressure
5 · 10�9 Torr). They are detected with temporal resolution
using an in-line microchannel plate (MCP) detector
mounted at the end of the flight-tube. The mass-selected
cluster anions of interest are interrogated with a pulsed
laser beam. The ionic photofragments are analyzed with
a single-field reflectron mass-spectrometer, where the par-
ent and assorted fragment ions are separated according
to their mass. The reflectron assembly is tilted by a 2.5�
angle with respect to the primary TOF axis, deflecting the
reflected ions by 5� relative to the incoming beam. The
reflected fragments are detected by an off-axis MCP detec-
tor at the spatial focus of the reflectron.

The third harmonic of a Nd:YAG laser (Spectra Phys-
ics, model Lab 130-50) gives 355 nm, 15 mJ nanosecond
pulses at a repetition rate of 50 Hz. The laser beam is
brought to a 5 mm diameter spot size inside the vacuum
chamber. The ionic photofragments arising from the
mass-selected parent anions are detected and analyzed as
described elsewhere [12,13]. The mass-spectra obtained by
focusing the reflectron on different fragments arising from
the same parent ions are averaged for �500 laser shots.
They are then assembled into a combined mass-spectrum
representing all observed fragmentation channels of the
parent ion studied.

3. Results

A representative CO�2 ðH2OÞm parent-ion mass-spectrum
is shown in Fig. 1. The intensity pattern is reproducible at
varying source conditions and consistent with the previous
report by Tsukuda et al. [14].

Absorption of visible/UV light by a cluster anion gener-
ally leads to electron detachment or photofragmentation.
The former process was the focus of our previous work
[8], which indicated that due to the rise in the vertical
detachment energy of CO�2 ðH2OÞm, the yield of 400 nm
photodetachment decreases with increasing m, nearly van-
ishing for m > 6. In the present work, we observed a sharp
increase in the photofragment ion yield relative to the par-
ent depletion signal at 355 nm for the CO�2 ðH2OÞm, m > 7
clusters, compared to m < 7. The photofragmentation is
observed as a minor channel in the small-size range,
becoming the dominant photodestruction pathway in the
larger clusters.

The photofragment ion mass-spectra obtained at
355 nm for mass-selected CO�2 ðH2OÞm, m = 3–20 are
shown in Fig. 2. The spectra are normalized to the same
maximum intensity, not representative of the correspond-
ing absolute cross-sections. We verified, however, that the
integrated peak intensities for selected fragment ions scale
linearly with laser power, confirming the one-photon nat-
ure of the transitions. No anionic fragmentation of
CO�2 ðH2OÞm was observed at 532 nm.

The 355 nm spectra reveal two types of fragment anions:
(1) O�(H2O)m�k, 1 6 k 6 3, and (2) CO�2 ðH2OÞm�k,
4 6 k 6 9. NoðH2OÞ�m�k fragments are observed. The
appearance of the O�(H2O)m�k fragments implies the dis-
sociation of the CO�2 core of the cluster, followed by the
escape of CO and evaporation of kH2O molecules:

CO�2 ðH2OÞm þ hm! O�ðH2OÞm�k þ COþ kH2O ð1Þ
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Fig. 3. Branching ratio of the core-dissociation and water-evaporation
fragments as a function of the parent cluster size. The solid trend line and
shading are added to guide the eye.
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We will refer to all pathways defined by Eq. (1) collectively
as the core-dissociation channel. The CO�2 ðH2OÞm�k frag-
ments will be described as water-evaporation products,
formed via:

CO�2 ðH2OÞm þ hm ! CO�2 ðH2OÞm � k þ kH2O: ð2Þ
As evident from Fig. 2, the CO�2 ðH2OÞm, m = 3–5 cluster

anions yield only the core-dissociation fragments. As the
parent cluster size is increased, the water-evaporation frag-
ments first appear at m = 6, with the smallest fragment of
this type being CO�2 �H2O. With m increasing further, the
evaporation channel gradually takes over to become the
dominant pathway for m P 8. The branching between
channels (1, 2) is summarized in Fig. 3 as a function of
the parent cluster size.

The average loss of water molecules in channels (1) and
(2) is Ækæ = 1.0–2.5 and 4.4–7.5, respectively, depending on
the parent size. In both channels, Ækæ increases with m.
Assuming that the H2O loss in channel (2) accounts for
the dissipation of all of 355 nm photon energy, the average
binding energy of one H2O to the cluster is estimated as
0.47 eV (in the limit of large m).

4. Discussion

The electronic excitation responsible for the observed
fragmentation of the CO�2 ðH2OÞm, cluster anions by UV
light can either be localized on the CO�2 core of the cluster
or involve a charge transfer to solvent (CTTS). Either type
of excitation may be followed by anionic fragmentation or
autodetachment, provided there is enough energy for the
removal of the electron.

The core-dissociation channels (1) definitely involve the
excitation of the CO�2 core of the cluster. The water-evap-
oration pathways, on the other hand are consistent with
three distinct mechanisms: (2-i) cluster predissociation via
electronic excitation of CO�2 followed by energy transfer
to inter-molecular degrees of freedom; (2-ii) photodissocia-
tion of CO�2 followed by its recombination or trapping of
the CO fragment within the cluster; (2-iii) a CTTS transi-
tion followed by the evaporation of several H2O molecules.
Since no ðH2OÞ�m�k fragments are observed, the possible
CTTS process is likely reversed by electron recapture by
the CO2.

The decrease in the fraction of core-dissociation frag-
ments with increasing parent cluster size (Fig. 3) is consis-
tent with all of these mechanisms. For example, in (2-iii)
the increase in the relative yield of the water-evaporation
fragments in larger parent clusters may reflect the closing
of the indirect detachment channel. Without autodetach-
ment, the evaporation becomes the main decay mechanism
for the CTTS states. The sharp increase in the water-evap-
oration fraction occurring between m = 6 and 8 seen in
Fig. 3 coincides with the size range where we expect the
autodetachment pathway to close in 355 nm experiments
[8].
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In summary, the excited states of CO�2 play a defining
role in the photofragmentation of the CO�2 ðH2OÞm cluster
anions via channel (1). Their participation is also possible
in channel (2). We will now focus on the nature of the rel-
evant states and their dissociation dynamics.

The UV absorption spectrum of CO�2 in a crystalline
matrix consists of three bands with maxima at 340, 280
and 250 nm [15], while only a single band peaking at
250 nm was observed in aqueous solution [16]. The
340 nm band, also seen by Hartman and Hisatsune at
365 nm [17], is most relevant to our 355 nm experiments.

From thermochemistry [18], the bond dissociation
energy of CO�2 is calculated as 3.46 ± 0.20 eV, not account-
ing for differential solvation of the parent CO�2 and the
fragment O� ions. In CO�2 ðH2OÞm, the dissociation energy
of the CO�2 core is expected to be smaller.

Formation of O� has long been observed by dissociative
electron attachment to CO2 both in the gas phase [19–21]
and in condensed environments [22]. The process is under-
stood in terms of a short-lived anion intermediate that
undergoes dissociation into stable O� + CO. Of special
interest to this work is the peak in the e� + CO2 cross-sec-
tion at 3–4 eV [20,21]. In this range, the attachment occurs
via the 2Pu shape resonance, with the electron entering a
low lying degenerate pu orbitals, which arises from an anti-
bonding combination of the 2p orbitals of O, C, and O.
The 2Pu resonance peaks at 3.8 eV and has an autodetach-
ment lifetime of only a few femtoseconds (in the gas phase)
[20,23]. Its degeneracy is lifted when the molecule bends,
splitting the 2Pu state into the 2A1 and 2B1 Renner–Teller
components [5]. The corresponding potential energy
curves, calculated [24] at the MP2 level with the 6-311G*

basis set, are shown in Fig. 4.
This classic Renner–Teller picture is complicated by the

existence of a third low-lying state, described as a virtual
2Rþg state [25,26]. In this state, the excess electron occupies
a very diffuse, totally symmetric orbital, which can be
viewed approximately as a free-electron perturbed by the
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presence of neutral CO2. There has been discussion in the
literature concerning the relation of this state to the ground
state of CO�2 [25–28]. Limiting the present discussion to the
2A1 and 2B1 states arising from the 2Pu resonance, the
absorption of 355 nm photons by CO�2 is attributed to
the 2B1 2A1 transition, indicated by a vertical arrow in
Fig. 4. It is this transition that the 340 nm absorption band
has previously been assigned to [15,17].

The 2B1 2A1 transition leaves CO�2 with a high degree
of bending excitation, with the potential gradient directing
the system towards linearity. The O�(2P) + CO dissocia-
tion products can be formed on the ground state, suggest-
ing that a portion of the 2B1 excited-state population is
funneled to the 2A1 state each time the molecule passes
through linearity. Similar Renner–Teller mediated predis-
sociation mechanisms have been implicated in other bent
triatomic radicals, with HCO being the classical example
[29,30].

Our trajectory calculations indicate that once on the
ground electronic state, the dissociation of CO�2 to
O� + CO takes �200 fs. Although these calculations do
not account for steric hindrance from the solvent, the
time-dependent dynamics implicitly rely on the solvent-
induced stabilization preventing the electron from leaving
the excited CO�2 . With the initial momentum directed along
the OCO� bend, one expects several bending vibrations to
occur on the ground-state potential, before the required
energy is channeled into the O� + CO dissociation
coordinate.

It is instructive to compare CO�2 ðH2OÞm to pure ðCO2Þ�n
cluster anions. Lineberger and co-workers found that UV
fragmentation of ðCO2Þ�n , n P 13 occurs via the sequential
ejection of CO2 monomers [31]. Intriguingly, the onset of
this channel coincides, approximately, with the reverse
core-switching from the monomer-based CO�2 (CO2)n-1,
7 6 n 6 13 clusters to dimer-based (O2CCO2)�(CO2)n-2,
n > 13 [32]. ðCO2Þ�13 is believed to be a mix of the monomer
and dimer-based structures. The dominant mechanism of
ðCO2Þ�n , n P 13 dissociation likely involves the dissociation
of the order-of-1/2 C–C bond in the covalently bound
(O2CCO2)� dimer-anion [33], yielding CO�2 þ CO2 (fol-
lowed by the evaporation of some solvent CO2). Hence,
even though the dissociation of the anionic core of the clus-
ter does occur, the fragments are not distinguishable from
the mere solvent evaporation. For ðCO2Þ�n , n < 13 only a
minor CO�3 channel was observed [31,34]. The CO�3 prod-
ucts can be attributed to CO�2 ! O� þ CO dissociation
followed by a bimolecular association reaction
O� þ CO2 ! CO�3 . This channel is most relevant for com-
parison with CO�2 ðH2OÞm. For n P 14, following the core-
switching to dimer-anion based ðCO2Þ�n cluster structures,
the CO�3 channel is replaced by ðCO2Þ�m products.

5. Summary

In summary, the fragmentation of CO�2 ðH2OÞm, m = 3–
20 cluster anions at 355 nm yields two types of anionic
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products: O�(H2O)m�k and CO�2 ðH2OÞm�k. The former are
proposed to result from excitation of a hydration-stabilized
excited state, originating from a low-lying CO�2 resonance,
followed by Renner–Teller mediated predissociation of the
cluster core. The CO�2 ðH2OÞm�k products evolve by predis-
sociation of the cluster, photodissociation/recombination
of CO�2 , and/or a CTTS mechanism.
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