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Introduction

Most chemical reactions involve a transfer or redistribution
of electrons between the reacting species, and free electrons
themselves can be considered to be the simplest chemical
reactants. Indeed, the reactions of electrons in bulk solutions
have been studied quite extensively, for instance in experi-
ments using pulsed radiolysis techniques,[1] and Marcus pio-
neered the theory of electron-transfer reactions in solu-
tion.[2] We have recently pointed out that reactivity studies
of solvated electrons in finite clusters, rather than in bulk
solutions, could provide very useful complementary informa-
tion.[3] This approach has the advantages that the elemental
compositions of clusters can be unambiguously established
based on their exact masses, and that side reactions that
limit the lifetime of the hydrated electrons are absent.

All the species involved in the current work, that is, mo-
lecular oxygen, water, and carbon dioxide, are important
components of the atmosphere. Moreover, electrons are ex-
tremely ubiquitous, being formed by radioactive processes,
cosmic and vacuum UV radiation, as well as by electric dis-
charges and lightning. In view of the abundance and fre-
quent occurrence of these species, and their importance in
relation to atmospheric chemistry, the reactions of aqueous
electrons with oxygen and carbon dioxide, and the proper-
ties and chemistry of the solvated anions investigated here,
may be of more than just academic interest.

The CO2
� molecular anion, also known as the formate

radical, has been repeatedly observed in rare gas matrices
and characterized by infrared spectroscopy.[4–9] Free CO2

�

has been generated in a crossed-beam experiment through
the collision of alkali metal atoms with CO2,

[10] from which
its adiabatic electron affinity was established as �58�
19 kJmol�1, while its vertical electron affinity was deter-
mined from electron-scattering measurements as
�350 kJmol�1.[11] Calculations by Yoshioka and Jordan con-
firmed the charge-transfer nature of alkali metal–CO2 com-
plexes.[12,13] The idea that solvation can stabilize the CO2

�

anion was developed in relation to (CO2)n
� clusters.[14–16]

Klots found that even one water molecule is sufficient to
prevent autodetachment of an electron from CO2

�(H2O).[17]

Recently, photoelectron spectroscopic studies[18] and ab
initio calculations[19] by Nagata, Iwata, and co-workers con-
firmed and quantified these early observations. Similar re-
sults on the stabilization of COS� by a single water molecule
have recently been reported by Sanov and co-workers.[20]
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The superoxide radical, O2
� , is ubiquitous in radiation

chemistry, and plays an important role in biological radia-
tion damage.[21] CO2

� can serve as an intermediate in its for-
mation.[22] In contrast to CO2, the electron affinity of O2 is
positive, and no solvent is needed to stabilize the radical
anion. Recent infrared spectroscopic studies by Johnson and
co-workers indicate that the first solvation shell of
O2

�(H2O)n is completed at n = 4.[23,24]

Hydrated electrons in the gas phase, (H2O)n
� , were first

reported by Haberland and co-workers,[25–27] and extensively
characterized spectroscopically, among others by Bowen and
co-workers.[28–30] A series of experiments by the groups of
Johnson and Viggiano[31,32] in molecular beam and flow reac-
tor set-ups has revealed an interesting variety in their be-
havior towards different gaseous reactants. As typical elec-
tron scavengers, diatomic O2, as well as the usually extreme-
ly stable and unreactive CO2 molecules, are “dissolved” in
the (H2O)n

� with high efficiency.
We have previously reported that a laser vaporization

cluster source is an effective source of solvated electrons.[33]

This allowed us to investigate in some detail the stability of
the solvated electrons, and the competition between their
fragmentation and electron detachment induced by ambient
black-body infrared radiation. In the present work, we focus
our investigation on O2

�(H2O)n and CO2
�(H2O)n . The ex-

perimental study of the formation and stability of these hy-
drated anions is complemented by quantum-chemical com-
putations.

Results and Discussion

Reactions of (H2O)n
� clusters with carbon dioxide : A typical

initial mass spectrum of the hydrated electron clusters pro-
duced in our source at a nominal time t = 0, that is, imme-
diately after the ion accumulation, is shown in Figure 1a. As
noted above, the distribution of the (H2O)n

� clusters gener-
ated is somewhat dependent on the source setting, that is,
the laser power and its focusing, the pressure of the carrier
gas, the pressure of the entrained water vapor, and in partic-
ular on the relative timing of the laser pulse and the opening
of the valve controlling the gas flow. Even though the exact
size range, which in this particular experiment extends be-
tween n = 27 and n = 62, may differ slightly from experi-
ment to experiment, some features of the distribution
appear to be well reproducible. Examples are the relatively
pronounced maximum of the n = 50 cluster, which is
almost a factor of two more intense than the n = 51 and
n = 49 peaks, and the even-odd intensity alternation exhib-
ited by the peaks just above n = 50.

Even in the nominally t = 0 spectrum, some products of
the reaction with carbon dioxide are already present. As ex-
plained in the Experimental Section, the (H2O)n

� clusters
produced in the source are usually accumulated over twenty
pulses, that is, over nearly 2 s at the 10 Hz laser repetition
rate. Since a constant pressure of 7.7N10�9 mbar of CO2 is
maintained in the cell, the reaction takes place within this
accumulation period. Since the laser has to warm up in the
first few shots and some previously trapped ions are lost

again in the accumulation cycle, the nominal time t = 0 cor-
responds to about 0.5 s reaction time.

The reaction involves the uptake of one and only one
carbon dioxide molecule by the clusters, resulting in
CO2

�(H2O)m. A careful examination of the spectrum after
2 s (Figure 1b) reveals that the product clusters have very
similar, maybe slightly lower masses than the reactant spe-
cies. Since the mass of CO2 of 44 amu corresponds to 2.44
water molecules, this indicates that two to three water mole-
cules are lost upon uptake of the CO2 molecule by the clus-
ter [Eq. (1)].

ðH2OÞ�n þ CO2 ! CO�
2 ðH2OÞn�x þ xH2O, x ¼ 2� 3

ð1Þ

An interesting detail concerning the intensity alternation
above the intensity maximum is that it is considerably more

Figure 1. Mass spectra of the reaction of (H2O)n
� with CO2. a) At 0 s,

some clusters have already reacted during the accumulation of the hy-
drated electrons in the ICR cell, and the product species CO2

�(H2O)m
are present to some extent. b) After 2 s, more than 50% of the initial
(H2O)n

� has been converted into products. In parallel, black-body radia-
tion and collision-induced dissociation occurs, and the clusters shrink by
loss of single water molecules. For n<30, electron loss from (H2O)n

� also
occurs, but since only few (H2O)n

� reach this size region before conver-
sion into CO2

�(H2O)m, this reaction is negligible. Only one molecule of
CO2 enters the cluster, and the fragmentation proceeds until the cluster
CO2

�(H2O)2 is reached, as seen in c) 35 s. These species slowly disappear
from the mass spectrum due to electron detachment. In the inset, the
peaks marked * are due to the natural abundance of 18O in the water
molecules. O2

�(H2O)p impurity peaks, marked !, are also present after
long reaction delays.
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pronounced for the products of reaction according to Equa-
tion (1) than for the reactant clusters. While the peaks for
the odd-numbered solvated electrons in the range n = 51–
55 are, on average, about 5–15% weaker than those for the
neighboring even-numbered clusters, the intensity ratios are
much larger for the products, with the odd-numbered clus-
ters being favored by a factor of closer to three or four.
Probably, a combination of kinetic and thermochemical ef-
fects is responsible for the observation of pronounced
“magic numbers” for CO2

�(H2O)m, 45<m<55.
Comparison of the integrated intensities of the peaks due

to hydrated electrons with those of the carbon dioxide con-
taining CO2

�(H2O)n products (Figure 1b) indicates that
within 2 s more than half of the initially present clusters
have reacted. This observation, combined with the known
CO2 pressure and the collision rates calculated from ADO
theory,[34–36] leads to the conclusion that the reaction effi-
ciency reaches almost 300%. This is not unreasonable, since
the collision rate is calculated with reference to a point-
charge model, while the reactant cluster has considerable
size, and its collision cross-section is therefore larger than
that of a point charge.

After the initial exchange, only a gradual fragmentation,
due mainly to cluster heating by the room temperature
black-body background radiation, takes place, with the
water ligands being lost one by one. The final stage of the
reaction and of this cluster fragmentation process is illustrat-
ed in Figure 1c, which shows the mass spectrum after a reac-
tion time of 35 s. At this point, only weak peaks due to the
last two, smallest carbon dioxide containing clusters, n = 2
and n = 3, remain. Also visible in the spectrum are the
fragmentation products of impurity clusters containing mo-
lecular oxygen, O2

�(H2O)3. No CO2
�(H2O) cluster is detect-

ed, and after a few additional seconds all the signals due to
the CO2-containing clusters vanish. This is due to electron
detachment, with neither the electron itself, nor the remain-
ing, weakly bound neutral cluster, being directly observable
in the FT-ICR instrument.

Reactions of (H2O)n
� clusters with O2 : The reactions with

molecular oxygen are similar to those with carbon dioxide,
in that one and only one O2 molecule is taken up by each
cluster. For the products, the entire distribution seems to be
shifted to smaller values of n. After a reaction time of 2 s
(Figure 2b), the (H2O)n

� distribution has its maximum at
around n = 35, while the most intense product cluster peak
is at n = 30, with the shift suggesting that in the case of
oxygen, the reaction proceeds according to Equation (2).

ðH2OÞ�n þ O2 ! O�
2 ðH2OÞn�x þ xH2O, x � 5� 6 ð2Þ

In other words, the dissolution of the O2 molecule in the
cluster is accompanied by the evaporation of several water
ligands. This is consistent with the considerably higher exo-
thermicity of the reaction with molecular oxygen. After 2 s
(Figure 2b), only 30–40% of the hydrated electrons are con-
verted into products, in spite of the higher O2 pressure of
1.86N10�8 mbar compared to the CO2 pressure. This yields
an ADO collision efficiency of 100%, about one-third of

the value for CO2. The relative values are in agreement with
earlier flow-tube results,[32] while the absolute values deviate
by a factor of three. However, the different reaction gas
temperatures, 100 K in the flow tube compared to 300 K in
the present study, may very well explain this discrepancy.
Also, the number of water molecules lost is in good agree-
ment with the flow-tube results.

As in the case of carbon dioxide, after the first step, no
further O2 molecules are taken up by the clusters, and again
only their gradual fragmentation is observed, with the distri-
bution shifting towards smaller cluster sizes. After some
15 s, almost every cluster has dissolved one O2 molecule,
with the unreacted solvated electron clusters being barely
observable. The size distribution of the O2

�(H2O)n products
ranges from about n = 4 to n = 12. The fragmentation con-
tinues further but with decreasing rate, so that after some
40 s of reaction time the n = 3 cluster is dominant. This
loses an additional ligand only very reluctantly to form the
O2

�(H2O)2 final product (Figure 2c). Unlike in the case of
CO2, however, even after 60 s, which is the longest time

Figure 2. Mass spectra of the reaction of (H2O)n
� with O2. a) At 0 s, some

clusters have already reacted during the accumulation of the hydrated
electrons in the ICR cell, and the product species O2

�(H2O)m are present
to some extent. b) After 2 s, only about 30% of the initial (H2O)n

� has
been converted into products. In parallel, black-body radiation and colli-
sion-induced dissociation occurs, and the clusters shrink by loss of single
water molecules. For n<30, electron loss from (H2O)n

� also occurs, but
since only few (H2O)n

� reach this size region before conversion into
O2

�(H2O)m, this reaction is negligible. Only one molecule of O2 enters
the cluster, and the fragmentation proceeds until the cluster O2

�(H2O)2 is
reached, as seen in c) 40 s. These species are stable with respect to further
fragmentation as well as electron detachment. In the inset, the peaks
marked * are due to the natural abundance of 18O in the water mole-
cules.
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studied, the signals do not disappear, but the n = 2 and 3
species remain with comparable intensities.

Ionic core exchange reactions : To learn more about the rela-
tive stabilities of CO2

�(H2O)n and O2
�(H2O)n, and to ascer-

tain whether the formation of O2
� from CO2

� can proceed
directly in solution, in a third experiment we studied the ex-
change of the ionic core. CO2 was introduced into the UHV
at a relatively high partial pressure of 1.3N10�7 mbar, to-
gether with O2 at a partial pressure of 5.7N10�8 mbar. After
0.5 s (Figure 3a), the (H2O)n

� distribution had been com-
pletely lost, and CO2

�(H2O)n predominated in the spectrum.
After 3 s (Figure 3b), O2

�(H2O)m had become the dominant
species, and it had almost completely replaced the
CO2

�(H2O)n after 10 s (Figure 3c). The ADO efficiency of
the core exchange can be roughly estimated to be 50%, as-
suming that the reverse reaction does not take place to any
significant extent. This is significantly lower than the effi-
ciency of the recombination reaction of O2 with the solvated
electron, indicating that the formation of the superoxide
radical anion is not promoted by the presence of CO2 in our
experiment. Using similar arguments as above, the number

of water molecules lost in the core exchange reaction is esti-
mated to 3–4, so that the reaction can be summarized as in
Equation (3).

CO�
2 ðH2OÞ�n þ O2

! O�
2 ðH2OÞn�x þ CO2 þ xH2O, x � 3� 4

ð3Þ

Quantum-chemical computations of hydrated CO2
� and O2

�

anions : In order to obtain some additional insights into the
structures and energetics of these ions, and to facilitate the
interpretation of our observations, we carried out a series of
computations on the stabilities, internal structures, and other
properties of the CO2

�(H2O)n and O2
�(H2O)n species. The

calculations were performed by using the commercial Gaus-
sian 98 program package,[37] employing the hybrid, three-pa-
rameter density functional B3LYP method, as described by
Becke,[38] with the Lee–Yang–Parr correlation functional,[39]

as implemented in the Gaussian package. After pre-optimi-
zation with a smaller basis set, the full 6-311++G(3df,3pd)
triple-zeta basis set, treating all electrons explicitly and em-
ploying one diffuse and four polarization functions on each
atom, was used for geometry optimizations and frequency
calculations. The basis set superposition error employing
this large basis set is negligible, amounting to only about
5% of the total hydration energy estimated for the neutral
clusters using the counterpoise method.

To obtain the structures, binding energies, as well as elec-
tron affinities, we carried out calculations on the H2O frag-
ment as well as on the CO2(H2O)n, CO2

�(H2O)n, O2(H2O)n,
and O2

�(H2O)n clusters, for n = 0–5. To verify that the opti-
mized structures were true local minima, the vibrational fre-
quencies were also computed for these species. Many of the
clusters can exist in several “isomeric” forms, and in cases of
doubt, computations with several different starting geome-
tries were carried out. The structures shown in Figure 4 and
Figure 5 are the optimized geometries with the lowest
energy for CO2

�(H2O)n and O2
�(H2O)n, respectively, with n

= 0–5. The dissociation energies and electron affinities of
the hydrated clusters, and the thermochemistry of the ionic
core exchange reaction, are summarized in Table 1 and
Table 2, respectively.

As already noted, carbon dioxide is a very stable molecule
due to its closed-shell structure with 16 valence electrons
and a completely filled highest occupied bonding pg orbital.
This, according to WalshPs rules, strongly favors a linear con-
figuration and gives the molecule considerable rigidity and a
rather high bending vibrational frequency, n2 = 668 cm�1.
Consistent with experiment, the computations predict that it
requires considerable energy to place an additional electron
into the next higher, empty “LUMO”. This orbital is of pu

symmetry and, according to WalshPs rules, strongly favors a
bent configuration. The resulting bent CO2

� ion (Figure 4a)
has a valence angle (138.28) similar to that of the isoelec-
tronic NO2 (134.58), both predicted by calculation at the
B3LYP/6-311++G(3df,3pd) level of theory, but is quite
unstable with respect to electron detachment. Our computa-
tion predicts the formation of the anion to be endothermic
by 32.8 kJmol�1.

Figure 3. Mass spectra of the reaction of (H2O)n
� with a roughly 2:1 mix-

ture of CO2 and O2. a) After 0.5 s, (H2O)n
� are completely converted to

CO2
�(H2O)m and O2

�(H2O)m, also in a ratio of roughly 2:1, despite the
lower efficiency of the reaction of O2 with (H2O)n

� . This indicates that
core exchange has already occurred and that most O2

�(H2O)m originates
from reactions with CO2

�(H2O)m. b) After 3 s, the O2
�(H2O)m already

dominate over the CO2
�(H2O)m to a level of �2:1. Again, black-body ra-

diation and collision-induced dissociation lead to a gradual shrinking of
the clusters. c) After 10 s, this process is almost complete, and O2

�(H2O)m
are by far the dominant species in the mass spectrum.
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The situation is, however, quite different in aqueous solu-
tion. Even in the presence of a single H2O molecule, the
CO2···H2O complex has a positive electron affinity. The

complex of neutral CO2 with water, OCO···HOH, is only
tenuously bound by a very weak hydrogen bond to one of
the oxygen atoms of the CO2. The binding energy is predict-
ed to be less than 6 kJmol�1, and similarly weak binding en-
ergies are also predicted in the larger CO2···(H2O)n clusters.

In the presence of the extra
electron, however, the linear,
nonpolar carbon dioxide is
converted into a bent, polar
CO2

� anion, which can form
two strong hydrogen bonds to
the two protons of the water
molecule, forming a cyclic
planar CO2

�···H2O species
with C2v symmetry (Figure 4b).
The binding energy of the
cyclic complex, computed to
be 54.1 kJmol�1, more than
offsets the endothermic nature
of the free anion, so that the
CO2···H2O complex has an
electron affinity of
15.9 kJmol�1.

The larger neutral com-
plexes are found to be essen-
tially undistorted (H2O)n clus-
ters, that is, the n = 2 dimer
and the cyclic n = 3, 4, and 5
polymers, with the CO2 hydro-
gen-bonded to one of the free,
dangling OH groups. Again, in

Figure 4. Optimized geometries of the most stable isomer of
CO2

�(H2O)n, n = 1–5 (bond distances in R and bond angles in degrees).
The geometries were evaluated by calculation at the B3LYP/6-311++

G(3df,3pd) level of theory using the Gaussian 98 program. The CO2
� is

solvated on the cluster surface. The energies associated with water loss
from the CO2

�(H2O)n clusters and the electron affinities of the corre-
sponding neutral clusters are given in Table 1.

Figure 5. Optimized geometries of the most stable isomer of O2
�(H2O)n,

n = 1–5 (bond distances in R and bond angles in degrees). The geome-
tries were evaluated by calculation at the B3LYP/6-311++G(3df,3pd)
level of theory using the Gaussian 98 program. The O2

� is internally sol-
vated. The energies associated with water loss from the O2

�(H2O)n clus-
ters and the electron affinities of the corresponding neutral clusters are
given in Table 1.

Table 1. Energies (in kJmol�1) of H2O dissociation together with electron affinities (in kJmol�1) of
CO2

�(H2O)n and O2
�(H2O)n including zero-point corrected (ZPC) energies, thermal enthalpies (DH), and ther-

mal free energies (DG) under ambient conditions. All the energies were evaluated based on the optimized ge-
ometries for the most stable isomer at each cluster size n using the Gaussian 98 program at the B3LYP/6–
311++G(3df,3pd) level of theory. The numbers in parentheses are experimental values.[a]

CO2
�(H2O)n

n Dissociation energy (Do) Electron affinity
CO2

�(H2O)n!CO2
�(H2O)n�1 + H2O CO2

�(H2O)n!CO2(H2O)n + e�

DE+DZPC DH298 K,1 atm. DG298 K,1 atm. DE+DZPC DH298 K,1 atm. DG298 K,1 atm.

0 �32.8 �33.7 �26.0
1 54.1 56.9 22.1 15.9 19.2 1.3
2 45.2 48.0 12.7 45.2 47.4 43.9
3 40.1 44.3 0.2 63.7 66.7 48.0
4 41.4 44.4 5.3 64.3 66.1 56.3
5 31.2 34.3 �5.7 67.7 70.5 53.5

O2
�(H2O)n

n Dissociation energy (Do) Electron affinity
O2

�(H2O)n!O2
�(H2O)n�1 + H2O O2

�(H2O)n!O2(H2O)n + e�

DE+DZPC DH298 K,1 atm. DG298 K,1 atm. DE+DZPC DH298 K,1 atm. DG298 K,1 atm.

0 50.1 50.1 (43.5) 49.6
1 82.3 86.0 (77.0) 55.9 (52.3) 113.4 138.5 119.9
2 62.7 66.3 (72.0) 27.2 (35) 184.5 191.8 163.0
3 53.0 54.4 (64.4) 21.6 (22) 208.7 212.0 195.0
4 45.8 48.8 9.8 (14) 216.0 218.1 202.7
5 35.0 38.5 �0.5 223.6 227.0 209.0

[a] NIST Chemistry WebBook, NIST Standard Reference Database Number 69, March 2003 (Eds.: P. J. Lin-
strom, W. G. Mallard) (http://webbook.nist.gov/chemistry/)
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each case, the binding energy is very weak (less than
10 kJmol�1), and the potential surface is extremely flat. The
anionic species are much more strongly bound. The n = 2
anion in Figure 4c is a distorted water dimer, in which each
of the water molecules forms a hydrogen bond to one of the
oxygen atoms of the CO2

� ion. Similarly, the n = 3 and 4
species in Figure 4d and Figure 4e can be viewed as the
cyclic water trimer and tetramer, respectively. In these cases,
however, the water (H2O)n species are strongly distorted
compared with the free clusters. Unlike in the free (H2O)3

or (H2O)4, all of the “dangling” OH bonds are facing in the
same direction, out of the plane defined by the water
oxygen atoms, so that they can form hydrogen bonds to the
negatively charged oxygen atoms of the CO2

� anion. The n
= 5 anion is again a cyclic water pentamer, but in this case,
due to steric reasons, only four water molecules of the water
pentamer are directly bound to the CO2

� anion. The anions
with n>1 are stable with respect to electron detachment,
with the solvation energies and the electron affinities in-
creasing with n, as seen in Table 1.

The major differences in the energetics of the solvated
molecular oxygen clusters are, as already mentioned, due to
the fact that in contrast to carbon dioxide, in O2 the anti-
bonding 2pxy pg* orbital is only partially occupied with two
electrons, and can easily accommodate a third one, which re-
sults in the appreciable electron affinity of molecular dioxy-
gen. The value that we computed, EA = 50.1 kJmol�1, is in
reasonable agreement with the experimental value of
43.5 kJmol�1.

The neutral complexes of O2 with water are even more
tenuously bound than those of CO2, with computed binding
energies being less than 1 kJmol�1 for n = 1–5. In the n =

1 species, O2···H2O, the oxygen molecule is hydrogen
bonded with the O2 being inclined at an angle of about
126.88 with respect to the nearly linear (174.18) and rather
long (2.454 R) OH···O hydrogen bond. The structures of the
larger, n = 2–5 O2(H2O)n species are quite similar to the
corresponding neutral carbon dioxide complexes, consisting
of essentially undistorted neutral (H2O)n clusters with, in
this case, the O2 molecule being hydrogen-bonded to one of
the dangling OH bonds.

The anionic O2
�···H2O is, unlike the corresponding com-

plex of CO2
� , not cyclic, but has planar Cs symmetry, with

the O2
� asymmetrically bound to one of the water protons

(Figure 5b). The H···O bond in O2
�···H2O is much shorter

(1.608 R) than that in the neutral complex, with the O–O–H
angle being 98.08. The lowest-energy structures of the larger
O2

�(H2O)n complexes, n = 2–4, are in agreement with
recent ab initio studies.[23,24] Each water molecule hydrogen
bonds to one of the four lobes of the in-plane 2pxy pg* orbi-
tal of O2

� . The complete first hydration shell contains four
water molecules, O2

�(H2O)4, which can be viewed as two
water dimers interacting with the O2

� (Figure 5e). As sug-
gested by a recent photo-fragmentation experiment,
O2

�(H2O)5 was found to have a more complicated water
network than in the case of O2

�(H2O)4.
[23,24] Indeed, the

most stable structure of O2
�(H2O)5 obtained (Figure 5 f)

contains a water dimer and a water trimer interacting sepa-
rately with the ionic core O2

� , so that the IR vibration pat-
tern of O2

�(H2O)5 is more complicated than that of
O2

�(H2O)4 (see the Supporting Information).
Hydration appreciably increases the electron affinities

due to the formation of strong hydrogen bonds between the
water ligands and the oxygen anion. As can be seen in
Table 1, even for the n = 1 complex, O2···H2O, the electron
affinity is computed to be 113.4 kJmol�1, and it increases
considerably further to more than 200 kJmol�1 for the n =

3 species. On the other hand, the dissociation energies for
the loss of water ligands from O2

�···(H2O)n decrease in the
same order as those in the case of CO2

�···(H2O)n, from
82.3 kJmol�1 for the n = 1 complex to less than 40 kJmol�1

for n = 5. In any event, for all the hydrated O2
� clusters,

the energies needed for electron detachment clearly consid-
erably exceed those needed for the loss of a ligand.

Mechanism of the reactions of (H2O)n
� clusters with O2 and

CO2 : With the results of the quantum-chemical computa-
tions, and with a better knowledge and understanding of the
structures and bonding of the O2

�(H2O)n and CO2
�(H2O)n

species, one can now consider in more detail the mechanism
of the reactions observed here. There is a striking difference
between the efficient reactions of the carbon dioxide and di-
oxygen molecules with the solvated (H2O)n

� clusters, when
compared with other similarly nonpolar molecules, such as,
N2

[31] or ethylene, C2H4, or even the somewhat polar CO,
which do not to react at all.

The key property here is their electron affinities, or, to be
more precise, their abilities to exothermically bind an elec-
tron, thereby forming very stable anionic hydrates. Unlike
the closed-shell N2 and CO species with completely filled
bonding 2pxy pu orbitals, the highest, doubly occupied anti-
bonding 2pxy pg* orbitals of O2 can accommodate a third
electron, resulting in the appreciable electron affinity of mo-
lecular oxygen of 50.1 kJmol�1. Upon collision with
(H2O)n

� , the O2
� that is immediately formed is further

strongly stabilized by the water ligands. In the case of CO2,
the two highest pg molecular orbitals of which are fully oc-
cupied by four electrons, the electron affinity is, in contrast
to that of O2, negative (�32.8 kJmol�1). CO2 has, however,
an empty, low-lying pu orbital that can accept an extra elec-
tron, resulting in a bent, polar CO2

� ion, isoelectronic with
NO2. The naked anion is unstable with respect to auto-de-
tachment, but it can be stabilized by hydration. A cyclic

Table 2. Energies (in kJmol�1) of ionic core exchange of CO2
�(H2O)n

and O2
�(H2O)n including zero-point corrected (ZPC) energies, thermal

enthalpies (DH), and thermal free energies (DG) under ambient condi-
tions. All of the energies were evaluated based on the optimized geome-
tries for the most stable isomer at each cluster size n using the Gaus-
sian 98 program at the B3LYP/6–311++G(3df,3pd) level of theory.

Ionic core exchange
n CO2

�(H2O)n + O2!O2
�(H2O)n + CO2

DE+DZPC DH298 K,1 atm. DG298 K,1 atm.

0 �82.9 �83.8 �75.6
1 �111.0 �112.8 �109.5
2 �128.5 �131.1 �124.0
3 �141.4 �141.2 �145.3
4 �145.8 �145.5 �149.9
5 �149.6 �149.7 �155.0
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CO2
�···H2O anion complex is formed even in the presence

of a single water ligand, since the binding energies of its two
strong hydrogen bonds more than compensate for the endo-
thermic nature of the free CO2

� , and the anion is further
stabilized by additional water ligands.

Clearly, the key difference here is the existence of low-
lying unfilled or partially filled orbitals in the case of CO2

and O2, and their absence in the other species such as N2,
CO, or ethylene, C2H4, which do not react with hydrated
electron clusters. These molecules without low-lying, unoc-
cupied orbitals cannot bind an extra electron. Their pres-
ence is evidenced only by their slight contribution to the
rates of cluster fragmentation. While the exact location of
the negative charge in the (H2O)n

� solvated electron clusters
is still controversial, it is undoubtedly fairly diffuse and
probably localized at the cluster surface. During the colli-
sion of the gaseous reactant molecule with the solvated elec-
tron, a charge transfer takes place, with the O2

� or CO2
�

anion formed being immediately stabilized by strong hydro-
gen bonds to the cluster surface. The fact that the process
occurs efficiently not only with molecular oxygen, but also
with CO2, the electron affinity of which is negative, suggests
that the charge-transfer and the anion stabilization by hy-
drogen-bond formation have to be considered as concurrent
rather than consecutive reaction steps.

Since the aforementioned mechanistic interpretation of
the process requires the availability of a free electron, one
can also easily understand the fact that one and only one
molecule of CO2 or O2 can be taken up by the cluster anion.
Once the electron is intimately bound to form the anion,
and stabilized by the water ligands, it is no longer available
to enable a further molecule to enter the cluster. By the
same argument, one can also explain the lack of reactivity
of carbon dioxide with a large number of other hydrated
ions, whether positively or negatively charged, in which a
free electron is not available.

In the light of the results of the computations, one can
also immediately understand the different number of water
molecules lost in reactions (1) and (2). As can be seen in
Table 1, the dissociation energies of the hydrated O2

� and
CO2

� clusters are fairly similar. The electron affinities of
O2···(H2O)n are, however, some 150 kJmol�1 higher than
those of CO2···(H2O)n, which means that much more energy
will be released during the reaction of O2 with the hydrated
electron, and this is responsible for the evaporation of sever-
al more water ligands. In addition, the thermodynamics of
the reactions can also explain some features of the cluster
fragmentation. As can be seen in Table 1, for both
CO2

�(H2O)n and O2
�(H2O)n the electron affinities increase,

but the energies required for the loss of water ligand de-
crease, with increasing n. For CO2

�(H2O)n with n>2, the en-
ergies required to evaporate a water molecule are smaller
than those needed to detach an electron, and this difference
is even more pronounced if entropic effects are considered,
as shown by the free energies in Table 1. Accordingly, for
the larger clusters, fragmentation is observed, with no evi-
dence of ions being lost in the FT-ICR experiments. For the
small CO2

�(H2O)n complexes (n	2) the situation is re-
versed, with the energies favoring electron detachment.

These computational results are in excellent agreement with
our experimental observations, with the small anions gradu-
ally disappearing from the cell, and with CO2

�···H2O (n =

1) not being detected at all. Ultimately, after a reaction time
of about 40 s, all the ions have lost the electron and com-
pletely disappeared from the mass spectrum, the lower de-
tection limit of which is m/z = 14.5 amu.

A considerably different situation prevails for the
O2

�(H2O)n anions, as can also be seen in Table 1. Here, even
for the O2

�H2O anion (n = 1) the computed ionization
energy of 113.4 kJmol�1 considerably exceeds the dissocia-
tion energy of 82.3 kJmol�1, and the ionization energies for
the larger species are in excess of 200 kJmol�1. As already
noted, the dissociation energies decrease with n, and at least
for n = 1 and 2 they are larger than those of the hydrated
CO2

� anion by some 15 kJmol�1. Accordingly, the fragmen-
tation slows down considerably for the smallest ions, and
near the end of the fragmentation process, O2

�(H2O)3 is
only very slowly converted to O2

�(H2O)2, with no O2
�(H2O)

being detected. Electron detachment, if it occurs at all, must
be exceedingly slow, even on the time scale of our experi-
ment. Accordingly, in experiments with molecular O2, the
O2

�(H2O)n n = 2 and 3 clusters effectively remain even
after the longest times studied. In some experiments involv-
ing CO2, in which small amounts of O2 impurities were pres-
ent, these n = 2 and 3 oxygen-containing clusters remained
even after all the CO2

�(H2O)n anions had undergone elec-
tron detachment.

The computed relative stabilities of CO2
�(H2O)n and

O2
�(H2O)n were also confirmed by mixed experiments, in

which both CO2 and O2 were introduced into the FT-ICR
trap. The ionic core of CO2

�(H2O)n slowly exchanges from
CO2

� to O2
� , which is also indicative of the greater exother-

micity of the formation of O2
�(H2O)n as compared with the

formation of CO2
�(H2O)n. Table 2 shows the reaction

energy of the ionic core exchange process. For the naked
anions, the reaction energy of the ionic core exchange is the
difference in the electron affinities of CO2 and O2, which is
already �82.9 kJmol�1. The ionic core exchange becomes
more exothermic as the cluster size increases. The reaction
is exothermic by up to 150 kJmol�1 for a cluster size of n =

5, which suggests that the energy released in the exchange
of the anionic core is also sufficient for the observed loss of
three to four water molecules.

Based on the present results, it is of course not possible to
ascertain whether the molecular anion formed remains on
the surface of the water cluster, or migrates inside it to
become internally solvated. It seems that the solvation struc-
ture depends on the electronic structure and the geometry
of the anionic core. For example, for clusters with up to five
water molecules, the bent CO2

� prefers solvation at the sur-
face, while O2

� favors internal solvation because of its sym-
metrical electronic structure.

The observations reported here are also of some rele-
vance to our earlier studies on hydrated Mg+ cations.[40, 41] In
order to rationalize some reactions of these species, we and
others have argued that when placed into an aqueous clus-
ter, a second ionization may take place, so that the Mg+

(H2O)n species actually contain an Mg2+ ion and an elec-
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tron.[40–45] The fact that these clusters were also found to be
unreactive towards CO2, and that no carbonate formation
could be detected, suggests that if such a second ionization
does take place, the electron is not really free and available
to enable the CO2 molecule to enter the cluster.

Conclusion

We have investigated the gas-phase reactions of CO2 and O2

molecules with solvated electron clusters (H2O)n
� . The reac-

tions proceed by the formation of CO2
� or O2

� molecular
anions and their concurrent hydration. Since a single elec-
tron is present, one and only one molecule can be taken up
by the cluster. These anionic clusters then gradually frag-
ment under the influence of black-body radiation and colli-
sions with the reaction gas. In the case of CO2

�(H2O)n, the
fragmentation proceeds down to the n = 2 cluster, which
eventually undergoes detachment of the electron and van-
ishes from the ICR trap. For the more stable O2

�(H2O)n,
fragmentation also results in the n = 2 species, which is,
however, a stable final product that, under the conditions of
our experiments, neither further fragments nor undergoes
detachment of the electron. The experimental study has
been accompanied by a series of quantum-chemical calcula-
tions on the structures, stabilities, and energetics of the spe-
cies studied, which have aided the interpretation of our ob-
servations. For clusters with size up to n = 5, the CO2

� re-
sides on the cluster surface, while O2

� is internally solvated.

Experimental Section

The experimental methods used here were analogous to those used in
our previous studies, which were described in detail in the associated re-
ports.[3, 33] The hydrated electron clusters, (H2O)n

� , were produced in a
laser vaporization cluster source[46–48] developed in our laboratory.[49, 50] In
the source, a pulsed Nd:YAG laser beam impinges upon a metal target in
the presence of a high pressure of an inert carrier gas, usually helium
(10 bar). The flow of the gas, containing water with its room temperature
vapor pressure as partial pressure, is controlled by a piezoelectric valve,
the opening of which is synchronized with the laser pulse. Depending on
the exact conditions, the source can produce a relatively wide distribution
of the solvated electron clusters, where the number of ligands, n, can
range from 15 to nearly 100. A rapid fragmentation of the aqueous clus-
ters due to absorption of the ambient black-body infrared radiation limits
the upper end of the distribution, while the formation of smaller clusters
below about n = 20 becomes increasingly inefficient due to their low
electron affinity and rapid electron detachment.[33]

The ion clusters that are formed in the source and during the adiabatic
expansion into high vacuum are guided along the magnetic field axis
through several stages of differential pumping into the ICR cell. This is
located inside the bore of the 4.7 T superconducting magnet of our
Bruker/Spectrospin CMS47X FT-ICR mass spectrometer, which is equip-
ped with an APEX III data station. At the start of each measurement,
clusters produced in about twenty vaporization pulses are accumulated in
the ICR cell.

To study chemical reactions, the reactant gases, in the present case
mainly carbon dioxide or oxygen, are admitted into the instrument via a
leak valve, to raise the pressure of the high vacuum section from the
background value in the low 10�11 mbar range to a stable value usually in
the range of about 2–5N10�9 mbar. To obtain information about the clus-
ter formation, their reactions, and the kinetics of their fragmentation,
mass spectra are acquired at a nominal time of t = 0 s, that is, immedi-

ately after completion of the accumulation, and then after allowing the
reaction to proceed for various delays typically ranging up to 50 s.

The simultaneous presence of hydrated metal anions in our previous
study[33] did not interfere with the experiment, and in fact provided a
useful means of proving that the electrons were indeed being detached
from the clusters. In the work described here, however, which was aimed
at exploring chemical reactions of the electrons, the formation of
M�(H2O)n could be avoided by employing targets made of metals with
closed-shell structures and zero electron affinity. As shown previously,[3]

the use of zinc results in exclusive formation of the desired (H2O)n
� clus-

ters.
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