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Abstract: The proton transfer (PT) reaction after water cluster ionization is known to be
a very fast process occurring on the 10-30 fs time scale. In the present study, the
ionization dynamics of the branched water tetramer (H,O), were investigated by means
of a direct ab initio molecular dynamics (AIMD) method to elucidate the time scale of
PT in the water cluster cation. A long-lived non-proton-transferred intermediate was
found to exist after the ionization of the branched-type water cluster. The lifetimes of
the intermediate were calculated to be ca. 100-150 fs. PT occurred after the formation of
the intermediate. The structure of the intermediate was composed of a symmetric cation
core: H,0-H,O"-H,0. The broken symmetry of the structure led to PT from the

intermediate. The reaction mechanism is discussed based on the theoretical results.
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1. Introduction

Irradiation by cosmic rays and sunlight ionizes the water ice surrounding icy planets.
Subsequently, several reaction processes compete with each other. First, an excess
electron derived from the water cluster is solvated by surrounding water molecules,
resulting in the formation of a hydrated electron, e (H,0),. Additionally, the ionized
water molecule (H,O") reacts with its surrounding water molecules. In this case, the
most typical reaction is a proton transfer (PT) from H,O" to H,O: H,0O" + H,0 — H30"
+ OH.

The PT process plays an important role in astrophysics and biochemistry. Therefore,
pure and protonated water clusters [1-8] and solute-water clusters [9-22] have been
investigated both experimentally and theoretically. The photo-ionization of large-sized
water clusters has been studied using several experimental techniques [23-26]. The
reaction processes of a water cluster after ionization can be summarized as follows:

(HO)p + Ip — [(H20)n " Tver + e (ionization)

[(H20)n Tver — (H30")(OH)(H20) -2 (complex formation)

— H*(H,0)n1 + OH (OH dissociation)
— H*(H,0)nx + (k-1)H,O + OH  (OH dissociation
+ H,0 evaporation)

where IP and VER represent the ionization potential and vertical ionized state from the
neutral cluster, respectively. The first channel corresponds to complex formation: The
ion-radical pair with a (Hs0")OH core forms after PT from H,O" to H,O. The second
and third channels correspond to OH dissociation from the cluster and three-body
dissociation, respectively. In all channels, PT occurs first: H,O0" + H,O — H30" + OH.

Although the existing knowledge of the final products was accumulated via



experimental and theoretical works, the mechanism of the first PT process is not
completely understood. In particular, very little information exists regarding the time
scale of the first PT.

In previous papers, we studied the ionization processes of small-sized water clusters
using a direct ab initio molecular dynamics (AIMD) method [27]. Water dimers (n=2),
trimers (n=3), and cyclic tetramers (n=4) were examined as the water clusters, where n
represents the number of H,O molecules in the clusters, and the PT reaction rates in the
water cluster cation (H,0),* (n=2-4) were determined. The calculations revealed that the
PT reaction rates are 28 fs (n=2), 15 fs (n=3), and 10 fs (n=4). These results suggested
that PT in the water cluster cation is a very fast process and proceeds directly without
the formation of an intermediate [28,29]. Previously, only the cyclic form of the water
tetramer was examined theoretically.

In the present study, the ionization dynamics of the branched water tetramer, the
smallest water cluster possessing the branched from, were investigated theoretically to
elucidate the effects of the cluster’s structural form on the PT dynamics in water clusters.
The direct AIMD method was applied to the ionization dynamics of water tetramers
with both branched and cyclic forms. Here, the PT reaction rates and the lifetimes of the

intermediate complex were compared.

2. Calculation method
2.1, Static ab initio calculations

Static ab initio calculations were conducted using the Gaussian 09 program package
and the 6-311++G(d,p) and aug-cc-pVTZ basis sets.[30] The geometries and energies

were obtained by MP2 and MP4SDQ methods. The atomic charge was calculated using



natural population analysis (NPA).

2.2. Direct AIMD calculations from the optimized structures

In the direct AIMD calculation [31-36], the geometry of the neutral cluster (H,0),4
was fully optimized at the MP2/6-311++G(d,p) level. The trajectory on the ionic state
potential energy surface was started from the equilibrium point of the parent neutral
(H20), cluster. Both velocities of all atoms and the angular momenta were set to zero at
time zero. Additionally, the excess energy of the system at time zero was fixed to zero.
The equation of motion was solved by the velocity Verlet algorithm with a time step of
0.1 fs. We carefully checked that the drift of the total energy (potential energy plus
kinetic energy) was less than 0.01 kcal/mol in all trajectories. No symmetry restriction
was applied to the calculation of the energy gradients.

The relation of the total, potential, and kinetic energies is expressed by

E(total) = E(kinetic) + E(potential).
Because we used the microcanonical ensemble (NVE ensemble) in the AIMD
calculations, the total energy of the reaction system was constant during the simulation.
In addition to the MP2 geometries of (H,0)4, the optimized structures obtained by

QCISD/6-311++G(d,p) and MP4SDQ/6-311++G(d,p) were examined as starting
[(H20)n " Jver geometries in the direct AIMD calculations to elucidate the effects of the
initial geometry on the PT reaction rate. Note that these calculations gave the similar

results for the reaction dynamics.

2.3. Direct AIMD calculations from Franck-Condon region

In addition to the trajectories from the optimized geometries, the trajectories around



the equilibrium point were also calculated. Two sampling methods—Franck-Condon
(FC) and thermal sampling—were used to obtain the initial geometries at time zero. A
total of 30 trajectories were run.

In the FC sampling, the selected geometries in the FC region were chosen as
follows: First, the structure of (H,O), was fully optimized at the MP2/6-311++G(d,p)
level of theory. Next, the geometries were generated around the equilibrium point: the
intermolecular distances between water molecules were changed by +0.10 A. The total
energy and optimized structure of (H,O), are expressed by Eg(n) and [(H20)4]o,
respectively. Second, the geometries of (H,O), around the equilibrium points of
[(H20)4]o were generated. We changed the intermolecular distances between water
molecules in the generation of initial geometries. The generated geometries are
expressed by [(H20)4]i, and their total energies are expressed by E;j(n), where i indicates
the number of the generated configuration of [(H,O)4]i. Third, the energy difference
between E; and E, was calculated as AE; = Ej — Eo. We selected generated geometries
with AE; less than 1.0 kcal/mol (AE; < 1.0 kcal/mol) as the starting points for the direct
AIMD calculations. The trajectory calculations of (H,O);" were performed under the
constant total energy condition at the MP2/6-311++G(d,p) level. The velocity of each

atom was set to zero at time zero.

2.4. Direct AIMD calculations from thermal activation region

In the thermal sampling, the structure of (H.0),; was first optimized at the
B3LYP/6-311++G(d,p) level. The structure of (H,O); was fluctuated at 10 K using
B3LYP/6-311++G(d,p) MD simulation. Starting from the optimized geometry, we

carried out the direct AIMD calculation under the constant temperature condition [37]



and used 10 K as the average temperature. The atom velocities at the starting point were
adjusted to the selected temperature. To maintain a constant temperature in the system,
bath relaxation time was introduced into the calculation. We applied the Berendsen
thermostat [38-41] to the trajectory calculations under the chosen thermal conditions.
Geometries were selected based on the trajectory calculations at 10 K. This
temperature corresponded to that in interstellar space and ice of comets. The trajectories
on the ionic state potential energy surface of (H,0)," were run using the assumption of
vertical ionization from the neutral state. The trajectory calculations of (H,0)," were
performed under the constant total energy condition at the MP2/6-311++G(d,p) level. A
total of 30 trajectories were run in the thermal sampling. Details of sampling methods

were described in our recent paper [42].

3. Results
A. Structures of the branched water tetramer

First, the geometries of the branched water tetramer (H,O), were fully optimized at
three levels of theory. The structures obtained are illustrated in Figure 1. The branched
water tetramer was composed of cyclic water molecules (W1, W2, and W3) and one
attached water molecule (W4). One water molecule (W1) was located in the central
region of the cluster and was connected to the other three water molecules (W2, W3,
and W4). The hydrogen bond distances were calculated to be 2.011 A (W1-W2), 1.856
A (W1-W3), 1.939 A (W1-W4), and 1.906 A (W2-W3), indicating that the bond
distances differed from each other. According to the NPA calculations, the molecular
charges on the water molecules were close to zero.

At the vertical ionization state, the spin densities of the water molecules of the



branched form at time zero were calculated to be 0.99 (W1), 0.00 (W2 and W4), and
0.01 (W3) at the MP2/6-311++G(d,p) level. The spatial distribution of the spin orbital
of the water tetramer cation is illustrated in Figure 1B, and the spin orbital was mainly
localized on W1. Similar geometrical features and electronic states of the (H20),4 system

were obtained at the MP4SDQ/6-311++G(d,p) level.

B. lonization dynamics of the branched water tetramer (n=4)
Snapshots

Snapshots of the (H,O)," cation after vertical ionization of the branched water
cluster are illustrated in Figure 2. The structure was optimized at the
MP2/6-311++G(d,p) level. A hole was mainly localized on W1, which is located in the
center of the branched form. A repulsive interaction formed rapidly between W1* and a
proton of W3 (the displacements are indicated by arrows), causing W3 to move away
from W1" and rotate.

The hydrogen bond distances were 2.011 A (W1-W2), 1.906 A (W2-W3), 1.856 A
(W1-W3), and 1.939 A (W1-W4) at time zero. The oxygen-oxygen distance (W1-W2)
was 2.857 A. At 26 fs, W3 moved gradually away from W1" (oxygen-oxygen distance
of 2.841 A for W1-W2) because of the repulsive interaction. A non-proton-transferred
intermediate composed of H,O(W4)-H,0"(W1)-H,0(W2) formed. Both W2 and W4
were located almost equidistantly from W1, At 47 fs (point c), the proton still had not
been transferred, and it existed as a hydrated H,O" in the center of W2-W4. At 127 fs,
the proton transferred from W1* to W2, forming the H3;O"(OH) complex (403 fs).

Finally, the second PT occurred from W2(H") to W4 at 500 fs.



Potential energy

The time propagations of the potential energy of the branched form after ionization
are given in Figure 3A. The zero level of the energy corresponds to that of [(H20)4 Jver
at the point of vertical ionization from the neutral tetramer (point a). After the ionization
of (H,0),, the energy decreased gradually to —31 kcal/mol at 29 fs (point b) because of
the structural relaxation of W1*. Solvent re-orientation occurred immediately around
W1" (50-100 fs). The intermediate complex with a H,O" core solvated by two water
molecules formed between 26 and 127 fs. The proton of W1" was not transferred at this
time, but at 127 fs, PT was completed.

For comparison, the ionization dynamics of the cyclic tetramer was also investigated
in the same manner. The cyclic tetramer was stable in energy than that of branched
tetramer (-7.0 kcal/mol). Figure 3B shows the time evolution of the water cation in the
cyclic form. The first PT occurred at 7 fs, which is approximately 10 times faster than
that of the branched form. The potential energy decreased rapidly to —38 kcal/mol (7 fs)
and then to —40 kcal/mol (12 fs). This decrease in energy was caused by the first PT
from W1" to W2. The second PT was completed at 37 fs, and at this point, the OH
radical dissociated from the system. Thus, the time scales of PT and the reaction

processes of the branched and cyclic forms differ significantly from each other.

C. Summary of the direct AIMD calculations

A total of 30 trajectories were run from the selected points in the FC region. The
average of PT reaction rate (PT rate) is given in Table 1 together with the average value
of PT in the cyclic form. The reaction rates obtained for the branched and cyclic forms

were 125 and 10 fs, respectively. Additionally, the reaction rate obtained by thermal



sampling (120 fs) is also given in Table 1. All the calculations indicate that the PT rate
in the branched form (ca. 125 fs) is significantly slowly than that of the cyclic form (10
fs) and that a non-proton-transferred intermediate was formed during this process in the
branched form. In contrast, PT proceeded directly without complex formation in the

cyclic form, and all trajectories gave the OH dissociation product as the final state.

Table 1. PT reaction rates (in fs) obtained from several direct AIMD calculations.

Conformer (method) PT rate
branched (MP2 opt. geom.) [a] 127
branched (FC sampling) [a] 125
branched (10K sampling) [b] 120
branched (MP4SDQ opt. geom.) [c] 105
branched (QCISD opt. geom.) [d] 124
branched (B3LYP opt.geom.) [e] 115
cyclic (MP2 opt. geom.) [a] 12
cyclic (10K sampling) [b] 10

[a] The geometry was optimized at the MP2/6-311++G(d,p) level, and the AIMD was
carried out at the MP2/6-311++G(d,p) level.

[0b] The geometries were generated by thermal MD calculation (10 K) at the
B3LYP/6-311++G(d,p) level and the AIMD was carried out at the MP2/6-311++G(d,p)
level.

[c] The geometry was optimized at the MP4SDQ/6-311++G(d,p) level, and the AIMD
was carried out at the MP2/6-311++G(d,p) level.

[d] The geometry was optimized at the QCISD/6-311++G(d,p) level, and the AIMD was
carried out at the MP2/6-311++G(d,p) level.

[e] The geometry was optimized at the B3LYP/6-311++G(d,p) level, and the AIMD was
carried out at the B3LYP/6-311++G(d,p) level.



D. Structure of the intermediate complex

The dynamics calculations revealed that a long-lived intermediate forms before the
PT in the branched form but not in the cyclic form. In the branched from, the hole was
localized on the center position among the three water molecules: H,0-H,0"-H,0. This
cation core complex subsequently evolved to become the intermediate complex with a
core cation and a symmetric structure in which the protons of H,O" orient equivalently
to both surrounding H,O molecules. Therefore, this structure inhibits PT.

To elucidate the existence of the intermediate in more detail, the geometry of the
intermediate, H,0-H,0"-H,0, was fully optimized at the MP2/6-311++G(d,p) level, and
the result is given in Figure 4, together with the non-proton transferred intermediate
with n=4. All of the vibrational frequencies calculated for (H,0)s , (H20)s", and (H,0)4"
were positive, indicating that the optimized structures are located at local minima on the
potential energy surface.

In the neutral water trimer, the hydrogen bond distances and H-O-H bond angle
were 1.999 A and 104.2°, respectively. In the intermediate complex (H,0)s", the water
molecule in the central region was locally ionized. The hydrogen bond distance was
1.383 A, which is significantly shorter than the normal hydrogen bond (1.383 vs. 1.999
A). The H-O-H angle of H,O" in the intermediate was 114.9°, indicating that the
structure of the H,O" moiety is substantially deformed by the hole capture. The product
structure of (H,0)s" after intra-cluster PT from H,O" to H,O is illustrated in Figure 4C.
The energy difference between the intermediate and product states was calculated to be
only 4.4 kcal/mol. Similar results were obtained at the MP4SDQ/6-311++G(d,p) level.

The energy level of the intermediate is extremely close to that of the product state, and

10



thus, its lifetime is extended. The structure of non-proton transferred intermediate of

n=4 is significantly different from the cation core in n=3.

E. Lifetime of intermediate complex

To investigate the long lifetime of the symmetric intermediate H,O-H,0"-H,0,
AIMD calculations were conducted for the linear water trimer. First, the geometry was
fully optimized at the MP2/6-31++G(d,p) level. All the vibrational frequencies of
(H,O)3 were positive, indicating that the structure of (H.O)3 is located at a local
minimum on the potential energy surface. The trajectory was started from the optimized
structure with the assumption of vertical ionization. No symmetry restriction was
employed. The time evolution of the potential energy and snapshots of (H,0)s" are
given in Figure 5. After ionization, the potential energy decreased to —20 kcal/mol
because of the structural deformation of H,O", and it periodically vibrated. A long-lived
intermediate was formed. The simulation was extended to 400 fs, but the proton was
never transferred. These calculations confirmed that the intermediate’s lifetime exceeds

400 fs and suggest that the long-lived complex can take the form of H,0-H,0"-H,0.

F. lonization process of a cage-type water hexamer

The present study showed that both fast and slow PT processes are possible in the
water tetramer cations after ionization. Additionally, the PT rate is strongly dependent
on the structural form of (H,O)s. To elucidate the generality of these features, the
ionization processes of a water hexamer with a cage structure were examined in the
same manner. Figure 6 shows a sample trajectory of a long-lived intermediate complex.

The neutral water cluster was composed of six water molecules with a cage structure.
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The protons of W1 orient towards the W2 and W3 molecules, and after vertical
ionization, the hole was mainly localized on W1 at time zero. An intermediate complex
with a symmetric structure, H,O(W2)-H,0"(W1)-H,O(W3), was formed at 25 fs. The
molecular distances of W1-W2 and W1-W3 were calculated to be 2.589 and 2.557 A,
respectively, at 53.2 fs. At 80.3 fs, the symmetry of the structure was broken (the
molecular distances became 1.880 and 2.066 A, respectively), and the proton of W1 was
immediately transferred to W2 at 110 fs. Thus, the H;0"(W2)-OH (W1) complex was
completely formed. In this case, the long-lived intermediate complex with a symmetric

core structure and the branched form of (H,O)4 were formed.

4. Discussion
A. Reaction model

The reaction model proposed in this work is schematically illustrated in Figure 7.
Figure 7A shows the normal hydrogen bond network. The water molecule in the central
position has a dangling proton, and the fast PT occurs after ionization. In contrast, a
case of slow PT is shown in Figure 7B. The two protons of the central water molecule
bind equivalently to the two water molecules on both sides, and thus, PT cannot occur.
After ionization, the symmetric cation core is formed, which is the basis for the

long-lived complex.

B. Final remarks
The present calculations revealed that the reaction processes in the branched and
cyclic water tetramers differ significantly from each other. In the cyclic form, fast PT

was observed after vertical ionization, and OH dissociation occurred after the second PT.
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The PT reaction rate was calculated to be ca. 10 fs. In contrast, a long-lived intermediate
was noted in the ionization of the branched form, in which the core H,O" ion is
surrounded by two water molecules. PT occurs at 130 fs, which is about 10 times slower
than that of the cyclic form. These results suggest that the core H,O" ion (two
orientations) may exist as a long-lived intermediate complex in bulk water clusters. No
OH dissociation was observed in the branched form.

We proposed here the formation model of long-lived intermediate complex. This
model is only effective for the gas phase cluster. In bulk water and ice, another
mechanism may be necessary because the symmetry of the bridge water is rapidly
broken in large number of water molecules. The calculation of the further large system
would be necessary to check the validity of this model.

In the present study, the structure of (H,0), was fluctuated on the potential energy
surface obtained at the B3LYP/6-311++G(d,p) level. To check the validity of B3LYP
functional, the geometry and vibrational frequencies of (H,0), obtained by the B3LYP
were compared with those of MP2 calculation. Additionally, direct AIMD calculations
of (H,0);" were carried out from the B3LYP and MP2 optimized geometries for
comparison.

The results of optimized structures, vibrational frequencies, and time evolution of
potential energy were given in supporting information. The AIMD calculations revealed
that the B3LYP geometry gave the reasonable dynamics for (H,0),". Hence, the B3LYP

is consistent with the MP2 results.
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Figure Captions

Figure 1 (Color On-line). (A) Optimized structure and geometrical parameters of the
branched water tetramer (H,0)4. (B) The spatial distribution indicates the spin orbital of
the water tetramer cation at the vertical ionization point of (H,0), calculated at the
MP2/6-311++G(d,p) level. Bond lengths and angles are in A and degrees, respectively.

Figure 2 (Color On-line). Snapshots of the branched water tetramer cation (H,0)4" after
vertical ionization from the neutral state (the optimized structure obtained at the
MP2/6-311++G level) calculated as a function of time. Bond lengths are in A. The
direct AIMD calculation was carried out at the MP2/6-311++G level.

Figure 3 (Color On-line). Time evolutions of the potential energies of (A) the branched
water tetramer and (B) the cyclic water tetramer after vertical ionization from the
neutral state.

Figure 4 (Color On-line). Optimized structure and geometrical parameters of (A) the
linear water trimer, (B) the intermediate complex (H,O)s*, and (C) the intermediate
complex (H,0);". Values were calculated at the MP2 and MP4SDQ/6-311++G(d,p)

levels. Bond lengths and angles are in A and degrees, respectively.

Figure 5 (Color On-line). Time evolution of the potential energies of the linear water

trimer after vertical ionization from the neutral state.

Figure 6 (Color On-line). Snapshots of the cage-type water hexamer cation, (H,0)s",

after vertical ionization from the neutral state calculated as a function of time.
Figure 7 (Color On-line). Model of the ionization of a water tetramer constructed based

on the present dynamics calculations: (A) normal hydrogen bond network and (B)

hydrogen bond network with the bridge water.
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Figure 2.
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Figure 3.
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Figure 6.
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Figure 7.
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Highlights

> Two types of proton transfer (PT) processes were observed in water tetramer cations.
> Varying the topological conformation affected the PT reaction rate.

> lonizing the cyclic water tetramer resulted in fast PT without an intermediate.

> Branched tetramers lead to the formation of long-lived non-PT intermediates.
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