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ABSTRACT: The hydrocarboxyl radical (HOCO) is an important species in combustion
and astrochemistry because it is easily converted to CO2 after hydrogen reduction. In this
study, the formation mechanism of the HOCO radical in a CO−H2O system was investigated
by direct ab initio molecular dynamics calculations. Two reactions were examined for HOCO
formation. First, the reaction dynamics of the CO−H2O cluster cation, following the
ionization of the neutral parent cluster CO(H2O)n (n = 1−4), were investigated. Second, the
bimolecular collision reaction between CO and (H2O)n

+ was studied. In the ionization of the
CO(H2O)n clusters (n = 3 and 4), proton transfer, expressed as CO(H2O)n

+ → CO−
(OH)H3O

+(H2O)n−2, occurred within the (H2O)n
+ cluster cation, and the HOCO radical

was yielded as a product upon addition of CO and OH. This reaction proceeds under zero-
point energy. Also, this radical was effectively formed from the collision reaction of CO with
water cluster cation (H2O)n

+, expressed as CO + OH(H3O
+)(H2O)n−2 → HOCO−H3O

+ +
(H2O)n−2. If the intermolecular vibrational stretching mode is excited in the CO(H2O)n
cluster (vibrational stretching between CO and the water cluster), the HOCO radical was detected after ionization when n = 2. The
reaction mechanism was discussed based on the theoretical results.

1. INTRODUCTION
Superfluid helium droplets have been actively utilized as a new
matrix in spectroscopy because molecules can be easily captured
and isolated in them.1−5 Helium droplets provide an unusual
nanoscale environment for exploring phenomena at very low
temperatures. They typically consist of 103−106 helium atoms6

and can be doped with atoms or molecules that are subsequently
cooled to the equilibrium temperature of the droplets (0.37 K).
Molecules rotate almost freely in helium droplets, and a well-
separated spectrum of the rotating state can be obtained.
Therefore, it is possible to perform high-resolution spectroscopy
of molecules in helium droplets.7−10

It is also possible to observe bimolecular reactions if two kinds
of molecules are injected into the droplet.11−13 Faŕnıḱ and
Toennies observed an ion−molecule reaction involving two
different molecular constituents in helium droplets.14 The
reactions were initiated by a primary electron impact ionization,
and they observed the reactions of N2

+ with D2 and CH3
+ with

D2.
In 2011, Liu et al. experimentally investigated the reactions

induced by electron impact ionization in helium droplets.15,16

They synthesized core−shell particles composed of water
clusters and dopant molecules in helium droplets. The
codopants chosen for investigation were X = CO, Ar, CO2,
O2, N2, etc. The products of ionized core−shell particles were
analyzed in detail. For X = Ar, CO2, N2, and O2, the parent water
cluster cation (H2O)n

+ was detected after the ionization of
X(H2O)n. In contrast, for X = CO, the protonated water cation
H+(H2O)n−1 was detected after the ionization of X(H2O)n,

indicating that CO behaved in a different manner in helium
droplets.
They postulated that the ion−molecule reaction, shown in eq

1 leading to the formation of hydrocarboxyl radical (HOCO),
was responsible for the enhanced fragmentation of the water
cluster ions in the helium droplet experiments

+ → ++ +
−CO (H O) H (H O) HOCOn n2 2 1 (1)

CO can remove the OH radicals and form stable reaction
products as follows:15

+ →CO OH HOCO (2)

To confirm the reaction mechanism, Shepperson et al.17

performed ab initio calculations and estimated the energy
difference between HOCO−H+(H2O) and CO(H2O)2

+. The
former was energetically more stable than the latter, and the
reaction energy for the formation of HOCO was significantly
large. Hence, they concluded that reaction (eq 1) will be
possible in helium droplets.
Lee et al. investigated the reaction mechanism of CO with

ionized water dimer cation in detail using ab initio
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calculations.18 They calculated the potential energy surface for
the formation of HOCO fromCO+ (H2O)2

+. They showed that
the formation of HOCO from the reaction of CO and (H2O)2

+

was accompanied by a large exothermic energy. Additionally,
they showed the existence of a reaction barrier during the
addition of CO and OH in the water dimer cation.
In this study, direct ab initio molecular dynamics (AIMD)

calculation19−21 was performed to study the reaction of
CO(H2O)n

+, following the ionization of parent neutral clusters,
to elucidate the mechanism of OH loss in CO−H2O clusters.
Additionally, bimolecular collision reactions between CO and
(H2O)n

+ were investigated for comparison. Figure 1 shows the

concept of the present calculations, in which two reaction
channels, namely, the ionization of the CO(H2O)n cluster and
the bimolecular collision reaction between CO and (H2O)n

+

were examined. The purpose of this study is to determine the
preferred mechanism for the formation of the HOCO radical.
Moreover, the reaction time for HOCO formation was
determined from the direct AIMD calculations.
The HOCO radical is an important species in astrochemistry.

Much of the carbon dioxide (CO2) on Earth and Mars is
produced fromHOCO. The cosmic ray irradiation of CO−H2O
ice is an important process in the chemistry of various
astronomical bodies, ranging from cold interstellar media to
comet surfaces. A number of experiments have been carried out
in mixtures of CO−H2O systems.22−25 The HOCO radical was
detected as one of the products in these experiments. Therefore,
the study of the formation mechanism of HOCO is strongly
correlated to the elucidation of the chemical evolution in the
universe.

2. COMPUTATIONAL DETAILS
2.1. Ab Initio Calculations. The geometries of neutral

clusters comprising CO and water molecules, CO(H2O)n (n =
1−4), were optimized using the second-order perturbation
Møller−Plesset (MP2) method with a 6-311++G(d,p) basis set.
The CAM-B3LYP functional was also applied during geometry
optimization.26 For small clusters (n = 2), the coupled-cluster
single, double, and perturbative triple excitation (CCSD(T))
method27 was used for comparison. Atomic and molecular
charges were determined from the natural population analysis

(NPA). The standard Gaussian 09 program package was used
for all static ab initio calculations.28

2.2. Direct AIMD Calculations. The trajectories of
CO(H2O)n

+, following the ionization of the neutral cluster of
CO(H2O)n, were calculated at the MP2/6-311++G(d,p) level.
The excess energy and momentum vector of CO(H2O)n

+ at the
vertical point were assumed to be zero (0 fs). In addition, the
effects of the zero-point energy (ZPE) of CO(H2O)n (n = 2−4)
were examined. The velocity Verlet algorithm, with a time step
of 0.01−0.10 fs, was used to solve the equations of motion for
the system. The maximum simulation time was 2.0 ps. The total
energy drift in all the trajectory calculations was less than 0.01
kcal/mol. Direct AIMD calculations were carried out using our
own code.29−31

Direct AIMD calculations of the neutral clusters CO(H2O)n
(n = 1−4) were also carried out under constant temperature
conditions (10 K) to generate the initial geometries of the
structure in the vertical ionized state, [CO(H2O)n

+]ver.
32 The

Nose−́Hoover algorithm was used to maintain a constant
temperature during each trajectory. Direct AIMD calculations of
CO(H2O)n

+ were performed at the CAM-B3LYP/6-311+
+G(d,p) level. Ten trajectories were run for each cluster size (n).

3. RESULTS
3.1. Structures of CO(H2O)n Clusters (n = 1−4). Figure 2

shows the optimized structures of CO(H2O)n (n = 1−4)

calculated at theMP2/6-311++G(d,p) level of theory. For n = 1,
the O−H bond of H2O is oriented toward the carbon atom of
the COmolecule. The intermolecular distance was 2.449 Å, and
the binding energy was 1.8 kcal/mol, which is significantly
smaller than that of the water dimer (6.1 kcal/mol). For n = 2,
the water dimer is oriented toward the CO molecule; the C−O
and O−H bond distances were 3.330 and 2.472 Å, respectively.
The binding energy for the reaction CO + (H2O)2 →
CO(H2O)2 was 1.9 kcal/mol. For n = 3, the cyclic water trimer
interacted with CO, and the binding energy for the reaction CO
+ (H2O)3 → CO(H2O)3 was 2.0 kcal/mol (n = 3). The cyclic
water tetramer (n = 4) is oriented toward CO with a binding
energy of 2.0 kcal/mol. In all the clusters, the binding energies of
CO to (H2O)n were very small, indicating that the interaction of
CO with (H2O)n was weak. Similar structures were obtained at
the CAM-B3LYP/6-311++G(d,p) level, as shown in Figure S1.

Figure 1. Schematic illustration of the potential energy curves of
HOCO formation obtained from the calculations in this study: (1)
reaction from the CO(H2O)n clusters (ionization) and (2) collision
reaction of CO and (H2O)n

+.

Figure 2. Optimized structures of neutral clusters CO(H2O)n (n = 1−
4) calculated at the MP2/6-311++G(d,p) level. Bond lengths are in Å.
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3.2. Ionization of the CO−H2O 1:1 Complex. First, the
structure of the CO−H2O 1:1 complex was optimized at the
MP2/6-311++G(d,p) level. The reaction dynamics of [CO−
H2O]

+, following the vertical ionization of the neutral CO−H2O
complex, were calculated by the direct AIMD method at the
MP2/6-311++G(d,p) level. The initial structure of [CO−
H2O

+]ver was chosen as the optimized structure of CO−H2O in
this trajectory; [M+]ver denotes the structure ofM

+ at the vertical
ionization point from neutral complex M.
Time evolution of the potential energy and snapshots of

[CO−H2O]
+ are shown in Figure 3. At time zero, the spin

densities on H2O and CO were 1.00 and 0.00, respectively,
indicating that the unpaired electron was fully localized on H2O.
At time zero, distances r1 and r2 were 2.445 and 0.961 Å,
respectively. After ionization, the potential energy decreased
gradually as a function of time. The energy was−6.6 kcal/mol at
36.0 fs, when r1 and r2 were 2.057 and 1.012 Å, respectively,
indicating that the CO molecule gradually approached H2O. At
58.0 fs, the energy was minimized at −12.3 kcal/mol, and the
distances r1 and r2 were 1.200 and 1.332 Å, respectively,
implying that the proton of H2O was transferred to the CO
molecule via the formation of a [HO−H−CO]+ species.
Between 100 and 200 fs, the proton vibrated between OH and
CO (proton vibration). At 216.0 s, the structure of [HO−H−
CO]+ (r1 = 1.188 and r2 = 1.481 Å) was close to that of its
optimized structure (r1 = 1.208 and r2 = 1.436 Å), as shown in
Figure S2. Thus, the ionization of the CO−H2O 1:1 complex
resulted in the formation of a proton-transfer (PT) complex
[HO−H−CO]+, and the HOCO radical was not formed.
3.3. Ionization of the CO(H2O)n (n = 2) Cluster. Time

evolution of the potential energy and snapshots of CO(H2O)2
+

are shown in Figure 4. The direct AIMD calculations were
carried out at the MP2/6-311++G(d,p) level without ZPE. The
water dimer was oriented toward CO at time zero. At the vertical
ionization state, [CO(H2O)2

+]ver, the charges on CO, H2O(I),
and H2O(II) were calculated to be +0.002, +0.961, and +0.037,
respectively. The spin densities on CO, H2O(I), and H2O(II)
were 0.002, 1.000, and −0.002, respectively. These results
indicated that the ionization occurred locally in H2O(I). After

ionization, the proton of H2O(I)
+ was rapidly transferred to the

oxygen atom of H2O(II), and the ion−radical complex OH(I)−
H3O

+(II) was formed. The PT was complete at 27.0 fs, and the
potential energy was −19.0 kcal/mol. The PT was followed by
structural relaxation from 127 to 150 fs. In the final stage of the
reaction (263.0 fs), a complex consisting of CO(H3O

+)OH was
formed.
Thus, the HOCO radical was not formed from the ionization

of CO(H2O)2. Only PT was observed as well as that in water
dimer cation without CO. CO is a mere spectator in the
ionization of CO(H2O)n. The ionization occurs in water
molecules because the ionization potential of H2O (Ip = 12.65
eV) is lower than that of CO (Ip = 14.01 eV). In addition, the
proton of H2O

+ was not transferred to CO but to H2O because
the proton affinities of H2O, CO, and OH are 170.8 (165.2),
149.3 (142.0), and 147.9 (141.8) kcal/mol, respectively, at the
MP2/6-311++G(d,p) level; the values in parentheses corre-
spond to the experimental ionization potential. It is evident that
the proton affinity of H2O is significantly higher than that of CO,
because of which the proton of H3O

+ is preferentially transferred
to H2O.
Similar direct AIMD calculations were carried out for

CO(H2O)n (n = 3 and 4). Snapshots and potential energies of
CO(H2O)n

+ for n = 3 and 4, following the ionization of neutral
clusters, are shown in Figures S3 and S4, respectively. In both the
clusters (n = 3 and 4), only PT was observed within the water

Figure 3. Time evolution of the potential energy and snapshots of
[CO(H2O)]+ after vertical ionization of the neutral cluster of
CO(H2O). Direct AIMD calculation was performed at the MP2/6-
311++G(d,p) level. The MP2/6-311++G(d,p) optimized geometry
was used as the initial geometry at time zero.

Figure 4. (A) Time evolution of the potential energy and (B) snapshots
of [CO(H2O)n]

+ (n = 2) after vertical ionization of the neutral cluster of
CO(H2O)n. Direct AIMD calculation was performed at the MP2/6-
311++G(d,p) level. The MP2/6-311++G(d,p) optimized geometry
was used as the initial geometry at time zero.
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cluster cation; the HOCO radical was not formed upon the
ionization of the CO−H2O clusters.
The direct AIMD calculations for CO(H2O)n (n = 2−4) were

also performed at the CAM-B3LYP/6-311++G(d,p) level for
the optimized geometry. PT was observed for all clusters
without ZPE.
3.4. Effects of Thermal Activation of Structures of

CO(H2O)n (n = 2−4) on the Reaction Mechanism. In the
previous sections, the MP2-optimized structures of CO(H2O)n
(n = 2−4) were used in the initial geometries in the direct AIMD
calculations. The effects of the initial geometry on the reaction
dynamics are discussed in this section.
The initial geometries of CO(H2O)n (n = 2−4) were

generated by the thermal activation at 10 K using direct
AIMD calculations of the neutral clusters at the CAM-B3LYP/
6-311++G(d,p) level. Ten trajectories were selected for each n
from the geometries at 10 K, and then direct AIMD calculations
of [CO(H2O)n

+]ver were performed at the CAM-B3LYP/6-
311++G(d,p) level. The results are given in Table 1. All the
simulations indicated the formation of the PT product from the
CO(H2O)n cluster. The reaction can be expressed as

+ → [ ] →

= −

+ +
−

n

CO(H O) IP CO(H O) CO(H O )OH(H O) ,

( 2 4)
n n n2 2 ver 3 2 2

3.5. Effects of ZPE of CO(H2O)n (n = 2−4) on Reaction
Mechanism. As reported in the previous sections, the MP2 and
CAM-B3LYP optimized structures and the initial geometries of
thermally activated structures of CO(H2O)n (n = 2−4) were
examined via the direct AIMD calculations. The effects of ZPE
on the reaction dynamics are discussed in this section.
First, the structure of CO(H2O)n was optimized at the CAM-

B3LYP/6-311++G(d,p) level. Next, ZPE energy was added to
CO(H2O)n, and direct AIMD calculations were performed from
the vertical ionization point.
The time evolution of the potential energy and snapshots of

[CO(H2O)3]
+ are shown in Figure 5. At time zero, a hole was

mainly localized on the H2O(I) bonded to CO. Moreover, the
distance between the carbon atom of CO and the oxygen atom
ofH2O(I)

+ wasR(C−O) = 3.523 Å at this time. After ionization,
the potential energy gradually decreased as a function of time.
The energy was−30.0 kcal/mol at 32.2 fs. This energy reduction
was caused by the PT from H2O(I)

+ to H2O(II). The C−O
distance was constant, that is, R(C−O) = 3.457 Å at 32.2 fs.
After PT, the OH radical gradually approached CO between 50

and 200 fs. The C−O distance decreased to R(C−O) = 1.940 Å
at 202.6 fs. The addition of OH radicals to CO occurred at 225.5
fs, and HOCO was formed. The energy decreased to −48.0
kcal/mol. Ten trajectories were run, and two reactive trajectories
were obtained.
Similar calculations were performed for n = 2 and 4. The

results are presented in Table 1. HOCO formation was observed
when n = 3 and 4. The time evolution of the potential energy and
snapshots of [CO(H2O)4]

+ are shown in Figure S5. In contrast,
HOCO was not formed when n = 2, although 30 trajectories
were run.

3.6. Effects of Vibrational Excitation on the Reaction
Dynamics of CO(H2O)2 Clusters. In the previous sections, it
was demonstrated that the HOCO radical was not formed from
the reaction of [CO(H2O)n

+]ver, following the ionization of
parent neutral cluster CO(H2O)n (n = 1−4). In this section, the
effect of vibrational excitation of the neutral cluster on the
formation of the HOCO radical is discussed.
Figure 6 shows a sample trajectory for the formation of the

HOCO radical from vibrationally excited CO(H2O)2. The
initial structure of the vibrational excited states of CO(H2O)2
was chosen from the normal mode analysis. Figure S6A shows a
normal mode vector of the intermolecular vibrational stretching
between CO and water dimer (H2O)2 (55.5 cm

−1 at theMP2/6-
311++G(d,p) level). This structure corresponds to one of the
structures at the classical turning point on the potential energy
curve (PEC) (the vibrational energy and quantum number were

Table 1. Results of Direct AIMD Calculations of the
CO(H2O)n

+ Systemsa

n [MP2:MP2] [CAM:CAM (10K)] ZPE [CAM:CAM]

2 PT PTb PTc

3 PT PTb HOCOb

4 PT PTb HOCOb

aPT denotes proton transfer. [MP2:MP2] denotes that the geometry
of neutral cluster was obtained by the MP2/6-311++G(d,p) method
(right) and the dynamics of CO(H2O)n

+ were calculated at the MP2/
6-311++G(d,p) level (left). [CAM:CAM (10K)] denotes that the
geometry of neutral cluster was obtained by the simulation of the
neutral cluster at 10 K (CAM-B3LYP/6-311++G(d,p) level) (right)
and the reaction dynamics of CO(H2O)n

+ were calculated at the
MP2/6-311++G(d,p) level (left). ZPE denotes that direct AIMD
calculations were carried out on CO(H2O)n with ZPE. bTen
trajectories were run. cThirty trajectories were run.

Figure 5. Effects of ZPE on the time evolution of (A) potential energy
and (B) snapshots of [CO(H2O)3]

+ after vertical ionization of the
neutral cluster of CO(H2O)3. Direct AIMD calculation was performed
at the CAM-B3LYP/6-311++G(d,p) level.
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3.0 kcal/mol and v = 20, respectively), as shown in Figure S6B.
Intermolecular distance R was 2.738 Å, which was significantly
shorter than that for the optimized structure of CO(H2O)2 (R =
3.330 Å). After ionization of the vibrational excited states of
CO(H2O)2, the spin density was distributed on both CO and
H2O(I): the spin densities on CO, H2O(I), and H2O(II) were
calculated to be 1.159, −0.161, and 0.002, respectively. This is
remarkably different from that observed for the vibrational
ground statethere is no spin density on CO. After the
ionization, a proton from H2O(I) was gradually transferred to
H2O(II) at 138.0 fs, and CO approached H2O(I) at the same
time. The distances of CO fromH2O(I) were 2.738 Å (time = 0)
and 2.420 Å (138.0 fs). CO further approached OH in the time
range of 150−250 fs. At 270.1 fs, the HOCO radical was formed,
and the energy was−35.0 kcal/mol. Thus, vibrational excitation
of the intermolecular stretchingmode led to the formation of the
HOCO radical.
Several other vibrational modes were examined. However, all

the trajectories indicated only PT in the water cluster cation.
3.7. Collision Reaction betweenCO and (H2O)n

+ (n= 2).
In this section, the bimolecular collision reaction between CO
and (H2O)n

+ (n = 2) was examined. Calculations were carried
out at the CAM-B3LYP/6-311++G(d,p) level, because collision
reactions require longer simulation time. The collision energy
was zero (Ecoll = 0.0 kcal/mol). Time evolution of the potential
energy and snapshots for the sample reactive trajectory of CO +
(H2O)2

+ are given in Figure 7. The chemical structure of the
water dimer cation is expressed as H3O

+(OH). At time zero, CO
was located at a distance R = 4.514 Å from the water dimer
cation H3O

+(OH), where R is the distance between the carbon
atom of CO and the oxygen atom of OH. After initiation of the
reaction, CO approached gradually to the OH radical of the
water dimer cation; distances Rwere 4.360 Å at 200 fs and 4.194
Å at 300 fs. The OH radical was gradually oriented toward CO.

At 704.0 fs, CO was bound to the hydrogen atom of OH with R
= 2.821 Å. The weak OH−CO bond was generated during the
formation of the initial complex, and the energy decreased to
−9.0 kcal/mol.
Next, structural deformation occurred within the cluster (834

fs). The energy was gradually stabilized (−15.0 kcal/mol). The
structure at 1002 fs was close to that of the transition state (TS)
formed during the addition of CO to OH (Figure S7). The
carbon atom of CO attacked the oxygen atom of OH at 1002 fs.
The potential energy suddenly decreased beyond TS due to the
formation of the strong C−O bond between CO and the OH
radical. The HOCO radical was formed as the HOCO−H3O

+

complex at the final stage (1040 fs).
3.8. Collision Reaction between COand (H2O)n

+ (n=3).
A sample trajectory for reactive bimolecular collision, CO +
(H2O)n

+ (n = 3), is given in Figure 8. In this trajectory, CO was
located at the region of the OH radical of the water cluster
cation. The collision energy was zero (Ecoll = 0.0 kcal/mol). At
time zero, CO was located at a distance R = 4.234 Å from OH.
The zero level of energy corresponds to the total energy of
reactants CO and (H2O)3

+. After the initiation of the reaction at
time zero, CO approached gradually to OH; the distances R
were 4.113 Å (300 fs) and 3.454 Å (600 fs), and the potential
energy was almost constant during this time (0−600 fs). At 673
fs, an initial complex in which CO contacts OH of the water
trimer cation was formed, and the energy decreased to −4.5
kcal/mol. The carbon atom of CO interacts with a hydrogen
atom of OH in the initial complex with R = 3.128 Å. Next,
structural deformation occurred at 800 fs. At 901 fs, the structure
of the CO−OH−H2O moiety was close to that of TS formed
during the addition of CO to OH. The reaction point reached to
TS. Beyond TS, the energy decreased suddenly to −22.0 kcal/
mol, where the HOCO radical was formed by the collision of

Figure 6. (A) Time evolution of the potential energy and (B) snapshots
of [CO(H2O)2]

+ after vertical ionization of the neutral cluster of the
vibrationally excited CO(H2O)2 (see text). The initial geometry for the
direct AIMD calculation was performed at the MP2/6-311++G(d,p)
level.

Figure 7. (A) Time evolution of the potential energy for the collision
reaction of CO + (H2O)n (n = 2) and (B) snapshots of the reaction of
CO + (H2O)n

+ (n = 2). Direct AIMD calculation was performed at the
CAM-B3LYP/6-311++G(d,p) level. The CAM-B3LYP/6-311++G-
(d,p) optimized geometry was used as the initial geometry at time zero.
The collision energy was zero.
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CO on OH at 924 fs. The formation of HOCO was complete at
936 fs, and the HOCO−H+(H2O)2 complex was formed.
The sample trajectory for n = 4 is shown in Figure S8. PT was

found as well as n = 2 and 3. Summary of all trajectory
calculations for CO + (H2O)n

+ (n = 2−3) is given in Table S1.
“Reactive” means a reactive trajectory leading to HOCO, and
“nonreactive” means the reaction remained in CO−(H2O)n

+

intermediate complex (IM).
3.9. Energy Diagram. Potential energy diagram for the

formation of the HOCO radical is given in Figure 9. The relative

energies in the CO(H2O)n (n = 2) system were calculated at the
MP2 and CCSD(T) levels of theory with the 6-311++G(d,p)
basis set. The energy diagram consisted of two reaction
channels: collision reaction denoted as “collision reaction” and
HOCO formation from the ionization of the neutral cluster of
CO(H2O)n, denoted as “reaction after ionization.” The zero
level of energy is assumed to be the total energy of IM, denoted
as CO(H2O)n

+. In the collision reaction, the initial energy level
of reactants CO and (H2O)n

+ (n = 2) was 12.2 kcal/mol higher
than that of IM. The HOCO radical is formed via IM and TS
with a reaction energy of −12.2 kcal/mol relative to the energy
level of IM.
In case of the reaction after ionization, the vertical ionization

point has a large excess of energy relative to IM (33.4 kcal/mol)
and TS (25.9 kcal/mol). However, the direct AIMD calculations
showed that the reaction point did not exceed over TS and was
still limited to the IM region. This was because only PT occurred
within the water cluster, and CO behaved as a spectator in the
reaction system. The HOCO radical could not be formed from
the ionization of neutral cluster CO(H2O)n (n = 2−4) within 2
ps time scale.
The relative energies were also calculated at the CCSD(T)/6-

311++G(d,p) level and are given in parentheses. The energetics
of CCSD(T) were in good agreement with those of MP2. The
relative energies for n = 3 and 4 were calculated and are given in
Table S2. The activation energies for n = 3 and 4were 9.0 and 6.7
kcal/mol, respectively, indicating that the size dependency of the
barrier height was small in the present system.
Based on the static ab initio calculations and the Rice−

Ramsperger−Kassel−Marcus (RRKM) theory, the reaction
rates were calculated in the case of zero excess energy of
[CO(H2O)n]ver (Eex = 0.0 eV) and an excess energy of 11.98 eV
(Eex = 11.98 eV), which are generated by a hole transfer reaction,
that is, He+ + H2O → H2O

+ + He + 11.98 eV. The results are
presented in Table S3. The RRKM reaction rates when Eex = 0.0
and 11.98 eV were 6.65 × 1010 and 1.43 × 1012 s−1, respectively.
The excess energy resulting from the hole transfer accelerates
the formation of HOCO.

4. DISCUSSION AND CONCLUSIONS
4.1. Comparisonwith Experiments. Liu et al. investigated

the bimolecular reactions induced by electron impact ionization
in helium droplets.15−17 They observed the reactions X +
(H2O)n

+ (X = CO, Ar, CO2, O2, and N2). For X = Ar, CO2, N2,
and O2, the parent water cluster cation (H2O)n

+ was detected
after the ionization of X(H2O)n. In contrast, for X = CO, the
protonated water cation H+(H2O)n−1 was detected after the
ionization ofX(H2O)n, indicating that CO behaved in a different
manner in helium droplets. The present calculations show that
the ion−molecule reaction CO + (H2O)n

+ → H+(H2O)n−1 +
HOCO proceeds effectively, with a very short reaction time (<2
ps). In addition, the ionization of CO(H2O)n clusters leads to
the formation of HOCO. The present calculations strongly
support the experimental observations in helium droplets.15−17

4.2. Conclusions. The PECs for the formation of the
HOCO radical are schematically illustrated in Figure 10. The
upper curves correspond to the PEC for the bimolecular
collision reaction between CO and (H2O)n

+. The approach of
CO to (H2O)n

+ decreases the potential energy of the reaction
system gradually with the decrease in intermolecular distance
between CO and (H2O)n

+. IM, CO−(H2O)n
+, is first formed by

the collision of CO to (H2O)n
+. CO is oriented toward the OH

radical of (H2O)n
+. Following this, CO binds to OH, and the

Figure 8. (A) Time evolution of the potential energy for the collision
reaction of CO and (H2O)n (n = 3) and (B) snapshots of the reaction
between CO and (H2O)n

+ (n = 3). Direct AIMD calculation was
performed at the CAM-B3LYP/6-311++G(d,p) level. The CAM-
B3LYP/6-311++G(d,p) optimized geometry was used as the initial
geometry at time zero. The collision energy was zero.

Figure 9. Energy diagram of the CO(H2O)n
+ system. The calculations

were performed at the MP2 and CCSD(T) levels with the 6-311+
+G(d,p) basis set. The values denote relative energies (in kcal/mol)
calculated at the MP2/6-311++G(d,p) level. The relative energies (in
kcal/mol) at the CCSD(T)/6-311++G(d,p) level are given in
parentheses.
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HOCO radical is formed via TS, CO−OH−H+(H2O)n−1. The
PEC for the collision reaction is a down-hill curve.
The reaction from the cluster comprising CO(H2O)n

corresponds to half-reaction of the bimolecular collision
reaction. The reaction of [CO(H2O)n

+]ver, following the
ionization of the parent neutral cluster CO(H2O)n, starts from
the equilibrium point of CO(H2O)n, as indicated by the green
arrow. The vertical ionization point, [CO(H2O)n

+]ver, is
energetically higher than the TS. However, the structure of
[CO(H2O)n]ver

+ is considerably different from that of the TS:
CO does not orient toward theOH radical formed by ionization.
Therefore, HOCO is not formed, and the CO(H3O

+)(OH)-
(H2O)n−2 complex is still limited to the IM region. If ZPE is
added to the clusters or the vibrational mode corresponding to
intermolecular stretching vibration between CO and (H2O)2 is
excited in the neutral cluster of CO(H2O)2 (red arrow), the
vertical ionization point shifts to the product region from TS.
Therefore, the HOCO radical is formed from the CO(H2O)2
cluster by ionization (blue arrow).
This study suggests that the HOCO radical is formed from

(1) the collision reaction of CO and (H2O)n
+, (2) the ionization

of the CO(H2O)n cluster (n = 3 and 4) with ZPE, and (3) the
ionization of the vibrationally excited CO(H2O)n cluster (only
found for n = 2). In helium droplets, CO(H2O)n

+ has a large
excess energy resulting from a hole transfer reaction, He+ + H2O
→ H2O

+ + He + 11.98 eV. This excess energy is dissipated into
the vibrational modes of CO(H2O)n and CO(H2O)n

+. Hence,
HOCO may be formed in helium droplets. This study
demonstrated that vibrational energy plays a crucial role in the
formation of HOCO in CO(H2O)n clusters.
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