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various fields, including energy chemistry, astrophysics, and medicine. H,0O, readily

forms clusters with water molecules. In the present study, the reactions of ionized H20

H202+ .
H,0,—water clusters, H,0,"(H,0),, after vertical ionization of the parent neutral HOO ragical Haor
cluster were investigated using the direct ab initio molecular dynamics (AIMD)

method to elucidate the reaction mechanism. Clusters with one to five water
molecules, H,0,—(H,0), (n = 1-5), were examined, and the reaction of
[H,0,"(H,0),Jver Was tracked from the vertical ionization point to the product
state, where [H,0,"(H,0),].., is the vertical ionization state (hole is localized on
H,0,). After ionization, fast proton transfer (PT) from H,0," to the water cluster
(H,0), was observed in all clusters. The HOO radical and H;0*(H,0),_; were _w
formed as products. The PT reaction proceeds directly without an activation barrier. o] CUET
The PT times for n = 1—5 were calculated to be 36.0, 9.8, 8.3, 7.7, and 7.1 fs,
respectively, at the MP2/6-311++G(d,p) level, indicating that PT in these clusters is a very fast process, and the PT time is not
dependent on the cluster size (1), except in the case of n = 1, where the PT time was slightly longer because the bond distance and
angle of the hydrogen bond in n = 1 were deformed from the standard structure. The reaction mechanism was discussed based on
these results.

ikk proton transfer (PT)
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1. INTRODUCTION
Hydrogen peroxide (H,0,) is a unique molecule that is

H,0, is an essential molecule for producing water in space and
forms clusters with H,0.*” However, no study on the effects of

applied in various fields. In the field of energy chemistry, H,O,
serves as a safe and clean hydrogen carrier molecule.'™
Hydrogen molecule (H,) can be extracted easily from H,0,
under the action of a catalyst by visible-light irradiation.'
Recently, Shiraishi et al. showed that H, molecules can be
produced from H,0, by photo-irradiation.” Photoirradiation
of H,O, under catalytic conditions efliciently produces H,.
This method is expected to be effective for H, production in
spacecraft and space stations because H,O, can be used to
produce H, under mild conditions.

H,0, is a well-known molecule in medicine and is
commonly used as a disinfectant. Recently, hydrogen peroxide
water (H,0,—H,0) achieved breakthrough results in radio-
therapy. Nimalasena et al. reported a rapid increase in the
cancer recovery rate after radiotherapy by injecting H,0,—
H,O into tumor areas.® Thus, H,0,—H,O has potential as a
radiation response enhancer in cancers for which conventional
radiotherapy is insufficient for local control. However, its
mechanism has not been elucidated thus far; the ionization and
electron capture reactions of H,0,—H,O clusters may be
responsible for the initial reaction processes after irradiation.

Additionally, H,O, has been observed in space, where
radiation and cosmic rays are emitted. A European research
group observed a molecular cloud in Ophiuchus (Oph), and
H,0, was detected in the cloud core of p Oph-A.” Notably,
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cosmic ray irradiation on the reactions of H,0,—H,O clusters
has been reported to date.

The simplest reaction of H,O, without H,O in Earth is its
photolysis under UV light. From the perspective of
atmospheric chemistry, Kawasaki and co-workers measured
the Doppler profiles of H atoms formed from the photo-
dissociation of H,0, at 193 nm using a laser-induced
fluorescence method.'”"" They suggested that the excited
state of H,0, (A'A) is responsible for H atom formation from
H,0,. Thus, photoreactions of H,0, have been extensively
investigated.lz_14 However, information on the reaction of
micro-solvated H,0, is limited. In particular, reactions
involving the ionized state of micro-solvated H,O, are scarcely
known.

In the present study, the reactions of ionized hydrogen
peroxide—water clusters, denoted as [H,0,—(H,0),]", after
vertical ionization of neutral cluster, are investigated using the
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direct ab initio molecular dynamics (MD) method'*™"" to

elucidate the effects of micro-solvation on the reaction of
H,0,. Clusters with one to five water molecules, H,0,—
(H,0), (n = 1-5), are examined.

Previously, the structures of micro-solvated H,0, (neutral
state) were determined using ab initio calculations. Kulkarni et
al. investigated the structures and binding energies of H,0,—
(H,0), (n = 1-6)."* The binding energy of the H,0,—H,0
1:1 complex was calculated to be 7.4—11.2 kcal/mol, which is
larger than the hydrogen bonding energy of the water dimer
(5.0—6.0 kcal/mol). They found several conformers of the
clusters. The ionization and excitation energies were calculated
by Ferreira et al.'” They showed that these energies are not
dependent on the size of the cluster because the excitation and
ionization are localized on H,0, in the clusters. Thus, the
ionized states of the clusters were investigated only for static
states. The reactions of the ionized states of the clusters were
not calculated. In this study, we focus on the reaction dynamics
of the ionized states of the clusters.

2. COMPUTATIONAL DETAILS

2.1. Ab Initio Calculations. The geometries of the neutral
clusters, H,0,(H,0), (n = 1-5), were optimized using the
second-order perturbation Moller—Plesset (MP2) method
with the 6-311++G(d,p) basis set.””*' In addition, the
CAM-B3LYP functional was also utilized.”” The coupled-
cluster single, double, and perturbative triple excitation
(CCSD(T)) method™ was used for small clusters (n = 1
and 2). For n = 1-3, quadratic configuration interaction with
singles and doubles (QCISD)** and fourth-order MP theory
correction including the single, double, and quadruple
substitution MP4(SDQ) method® were used to determine
the structures of the clusters. The atomic and molecular
charges were calculated using the natural population analysis
(NPA) approach. Standard Gaussian 09 and 16 program
packages were used for all static ab initio calculations.”**’

2.2. Direct AIMD Calculations. Two methods were used
in the direct ab initio molecular dynamics (AIMD) calculations
using: (a) the optimized structure of the neutral cluster as a
starting structure and (b) the zero-point vibrational energy
(ZPE). The NVE ensemble (microcanonical ensemble) was
employed. In the direct AIMD calculation of the optimized
structure, neutral clusters, H,0,(H,0),, were first optimized at
the MP2/6-311++G(d,p) level. Thereafter, the trajectory of
H,0,"—(H,0), was started from the vertical ionization point.
The rotational temperature, momentum vector, and excess
energy of [H,0,"—(H,0),]. were set to be zero (time = 0
fs). The maximum simulation time was 2.1 ps. A time step was
0.10 fs. The velocity Verlet algorithm was utilized to solve the
equations of motion for the system. The drift of total energy
was less than 0.01 kcal/mol. Similar calculations were
performed using the CAM-B3LYP functional.

The effects of ZPE on the reaction mechanism were
investigated using the classical vibrational sampling method
(microcanonical ensemble).”**° The effects of the functional
on the reaction mechanism were investigated using the
wB97XD functional’’ and compared with those obtained
with the CAM-B3LYP functional. Direct AIMD calculations
were carried out using our own code.'”™"”

3. RESULTS

3.1. Structures of H,0,(H,0),, (n = 1-5). The optimized
structure of the H,0,—H,O 1:1 neutral complex is shown in
Figure 1 (n = 1). In this structure, one of the protons of H,0,
(H1) is oriented toward the oxygen atom of H,0O, and the
oxygen atom of H,0, (O2) accepts a proton from H,O.

H20
H202
n=1
w2
W2 w3 1.796 ‘
1916 , :
1855 : L1777
1.837 : |
1.787 1.7.?9.&\/\/1
H202 H202

1764 ‘.._".,___1:772 }1321 .’
;i 1752 ; :
1732 '

H202 1650 ‘-. 2048

n=4 n=5

Figure 1. Optimized structures of H,0,(H,0), neutral clusters (n =
1-5). Spatial distribution shows the spin density of vertical ionization
state, [H,0,—H,07],... The calculations were carried out at the
MP2/6-311++G(d,p) level. Bond lengths are in A.

The spatial distribution of the spin density of [H,0,"—
H,0"],., for the ionization state is illustrated in Figure 1 (n =
1, right), where [H,0,"—H,0],., indicates the vertical
ionization state of H,0,—H,0. The molecular spin densities
of H,0, and H,0 were calculated to be 0.999 and 0.001,
respectively, implying that the unpaired electrons (holes) are
fully localized on H,0,. The spin densities of the hydroxyl
groups (H101) and (O2H2) of [H,0,—H,0"],,, were +1.180
and —0.179, respectively, suggesting that the spin density on
the OH group (H101) is induced by the interaction with
H,O. The spin densities of the OH groups of free H,0,"
(without H,0) were calculated as (H101) = 0.500 and
(O2H2) = 0.500.

The optimized structure of H,0,(H,0), (n = 2) and spatial
distribution of the spin density of [H,0,(H,0),"],., are
illustrated in Figure 1 (n = 2) and Figure S1 (n = 2),
respectively. In this structure, the water dimer is oriented
toward H,0, with two hydrogen bonds. The hydrogen bond
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distances are 1.787 A (W1) and 1.916 A (W2), which are
significantly shorter than those of the 1:1 complex (1.896 and
2436 A for n = 1).

In the vertical ionization state, the molecular spin densities
of H,0,, W1, and W2 were calculated to be 1.001, 0.003, and
—0.006, respectively, indicating that the unpaired electron is
localized on H,0,. The spin densities of the OH groups of
H,0, for n = 2 were 0.576 and 0.426, respectively, indicating
that water molecules induced slight polarization of the spin
densities on (H,0,)".

The optimized structures for n = 3—S$ are given in Figure 1
(n = 3=5), and the spin density distributions are shown in
Figure S1. The NPA charges are listed in Table S1 (MP2) and
Table S2 (CAM-B3LYP). In all of the clusters, the spin
densities were mainly localized on the H,O, moiety of the
[H,0,"(H,0),Jver (n = 3=5) clusters. The spin densities on
H,O (the MP2 values) were 0.971 (n = 3), 0.969 (n = 4), and
0.946 (n = S). This trend is because the ionization energy of
H,0, (10.5 €V) is lower than that of H,0 (12.6 eV).*>*
Moreover, spin polarization was observed in all cluster cations.
The optimized structures of the neutral clusters are in good
agreement with previous calculations.'®"”

3.2. Reaction Dynamics of H,0,"—H,O after loniza-
tion. In this section, the reaction following the ionization of
the parent neutral complex is considered. The potential energy
of [H,0,'—H,0], following ionization, was plotted as a
function of time, as shown in Figure 2A.

The zero energy level adopts the total energy of the vertical
ionization point. Figure 2B presents snapshots of H,0,"—H,0

T T T T

0 A
"__o 10 275fs 37.9fs — 5  dissociation |
9 .
3 o MWW
e —
X
> e
4 200fs ]
[0
C
u structural relaxation —
-50 | 1 1 |
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Time / fs B
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2436 r2 1241 2751
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(Hp02)* %‘ : \(
o1 W W r1=1.8% e 123
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HOO radical r1""1' 011 r= 1 054
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Figure 2. Time evolution of (A) potential energy and (B) snapshots
of the H,0,—(H,0)," reaction system (n = 1) after ionization of the
parent neutral cluster. Direct AIMD calculation was performed at the
MP2/6-311++G(d,p) level. The MP/6-311++G(d,p)-optimized
geometry was used as the initial geometry of [H,0,—H,0%],, at
time zero.

over time. The spin densities of H,0, and H,O were 0.999 and
0.001, respectively, at time zero, indicating that the holes were
localized on H,0,. The H1 proton was located at r1 = 1.896
and r2 = 0.973 A at time zero, denoted as (r1, r2) = (1.896,
0.973). The potential energy decreased suddenly after
ionization. This is due to rapid proton transfer (PT) from
H,0," to H,0: the HI proton was located in the central
region between H,0, and H,O at 27.5 fs with (1.223, 1.241)
and (1.011, 1.164) at 37.9 fs. PT occurred immediately, and a
radical-ion complex, HOO™(H;0"), was formed. At 50.1 fs,
the complex underwent structural relaxation. The potential
energy was the lowest at 50.1 fs, where the stable complex
HOO—-(H,;0") was formed. A short time later, the complex
dissociated into the HOO radical and H;O", as shown in the
snapshot at 200 fs.

3.3. Reaction Dynamics of H,0,*(H,0)," (n = 2) after
lonization. The time evolution of potential energy and
snapshots of [H,0,"(H,0),], following the vertical ionization,
are shown in Figure 3A.

n=2
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100.0fs
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-60 | | | 1
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1767, 0754 / H30
HOO radical ...
317 100.0 fs
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""" Hz0*
HOO radical HOO radical . @.~"

Figure 3. Time evolution of (A) potential energy and (B) snapshots
of the H,0,—(H,0)," reaction system (n = 2) after ionization of the
parent neutral cluster. Direct AIMD calculation was performed at the
MP2/6-311++G(d,p) level. The MP/6-311++G(d,p)-optimized
geometry was used as the initial geometry of [H,0,—(H,0),"],., at
time zero.

The spin densities of H,0,, W1, and W2 at the vertical
ionization point were 1.001, 0.005, and —0.006, respectively,
suggesting that the unpaired electron is localized on H,0,,
similar to the case for n = 1. In H,0,*, the spin density of the
hydroxyl group with the proton donor (density = 0.579) was
larger than that of the other group (density = 0.426). After
ionization, the H1 proton underwent rapid PT from H,0," to
H,O, which generated H;O". At time = 9.8 fs, HI1 was located
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at (r1, r2) = (0.975, 1.767), indicating that PT was completed
and was significantly fast. The energy declined rapidly to —50.0
kcal at 9.8 fs. Structural relaxation within the HOO-—
H*(H,0), cluster occurred immediately, as observed at time
= 31.7 fs. In the final stage of the reaction, a Zundel complex
composed of H*(H,0), was formed, which interacted weakly
with the HOO radical. In the case of n = 2, dissociation of the
HOO radical was not observed and the complex remained in
the reaction field.

3.4. Reaction Dynamics of H,0,*(H,0), (n = 3-5)
after lonization. The same calculations were performed for
larger clusters, [H,0,"(H,0),] (n = 3—5). The results are
shown in Figure S2 (n = 3), Figure S3 (n = 4), and Figure S4
(n =5). The calculated PT times for n = 3, 4, and 5 were 8.3,
7.7, and 7.1 fs, respectively, at the MP2/6-311++G(d,p) level
of theory. Similar calculations were performed at the CAM-
B3LYP/6-311++G(d,p) level. The calculated PT times for n =
1-5 were 26.8, 10.4, 8.8, 7.7, and 7.1 fs, respectively, at the
CAM-B3LYP/6-311++G(d,p) level. The PT times obtained
using MP2 and CAM-B3LYP are summarized in Figure 4.

40 T T T
MP2(opt) 6-311++G(d,p)
30+ —
CAM(opt)
£
(0]
£ 20l CAM(ZPE) |
}_ N
o
10 0000 FE==eal e T e
0 | | | | |

Number of H,0O (n)

Figure 4. Proton transfer (PT) time for H,0,—(H,0),", following
vertical ionization of neutral cluster, plotted as a function of cluster
size (n). MP2(opt) indicates that the MP/6-311++G(d,p)-optimized
geometry was used as the initial geometry of [H,0,—(H,0), "], at
time zero, and direct AIMD calculation was carried out at the MP2/6-
311++G(d,p) level. CAM(opt) indicates that the CAM-B3LYP/6-
311++G(d,p)-optimized geometry was used as the initial geometry of
[H,0,—(H,0),"],e, at time zero, and direct AIMD calculation was
carried out at the CAM-B3LYP/6-311++G(d,p) level. CAM(ZPE)
indicates that direct AIMD calculations were carried out, including
zero-point vibrational energies (ZPEs); average PT times are shown.

As clearly seen in this figure, the trends and values obtained
at both levels of theory (MP2 and CAM-B3LYP) are in
excellent agreement with each other. The PT time for n = 1
was slightly longer than that for the other clusters, whereas the
PT times for n = 2—5 were almost constant (7—11 fs). This
trend is consistent for both methods. The observations will be
explained in Section 4.

3.5. Effects of Zero-Point Vibrational Energy (ZPE) on
the Reaction Mechanism. In this section, the effects of the
zero-point energy (ZPE) on the PT time are examined. All
calculations were performed at the CAM-B3LYP/6-311+

+G(d,p) level of theory. First, the geometries of
H,0,(H,0), (n = 1-5) were optimized. Thereafter, the
zero-point vibrational energy (ZPE) was applied to
H,0,(H,0),. The microcanonical ensemble of classical
harmonic vibrations in the sampling method was applied to
the reaction system.”* " All atoms in the initial state of
[H,0,"(H,0),"],er had momenta corresponding to their
vibrational energies. Direct AIMD calculations were carried
out for n = 1-5. Ten trajectories were performed for each
cluster size (n). The time evolution of the potential energy of
H,0,"(H,0),, following ionization of the H,0,—H,0 1:1
complex, including the ZPE, is plotted in Figure 5.

-227.54 T T
ionization n=1
/ structural
3 PT region
-227.56 {71\ relaxation

-227.58

-227.60

Energy / a.u.

-227.62

-227.64

T
|

Time / fs

Figure S. Effects of ZPE on the time evolution of the potential energy
for n = 1 (five trajectories are given). Direct AIMD calculation was
performed at the CAM-B3LYP/6-311++G(d,p) level.

Five trajectories are shown as a sample. After ionization, the
potential energy decreased rapidly, and PT rapidly ensued. The
PT time was distributed in the range of 12.4—35.8 fs, where
the average PT time was 19.5 fs for n = 1. After PT, the
structure of the complex was energetically relaxed.

The same calculations were carried out for n = 2—S. The
results are shown in Figures S5 and S6. Similar PT was also
observed. The average PT time is shown in Figure 4 (denoted
as CAM(ZPE)). The average PT times for n = 1—S were 19.5,
11.0, 9.1, 10.5, and 10.4 fs, respectively. Considering the ZPE,
the PT time was the longest for #n = 1. This trend is the same as
that in the case without the zero-point vibrational energy. In
the case of n = 1, the PT time was 19.5 fs (ZPE) and 26.8 fs
(no-ZPE), indicating that the ZPE slightly accelerates the PT
time.

3.6. Potential Energy Curves for the Reaction System.
As a summary of the present calculations, a schematic
illustration of the potential energy curves for the reaction
system is given in Figure 6.

The relative energies are listed in Table S3 (MP2) and Table
S4 (CAM-B3LYP). After the ionization of H,0,(H,0),, the
reaction point shifted toward the vertical ionization state,
termed “vertical state”. PT occurred immediately to generate
the PT complex, HOO—H*(H,0),. PT in the present reaction
system is a very fast process because the reaction proceeds
without a barrier and has a large excess energy. The PT times
for n = 15 were 36.0, 9.8, 8.3, 7.7, and 7.1 fs, respectively, at
the MP2/6-311++G(d,p) level. Although the energy level of
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Figure 6. Energy diagram for the reaction system. IE means ionization
energy of clusters.

the product state (PD) is lower than that of the vertical state,
dissociation to HOO + H*(H,0), occurred only for n = 1 due
to the fact the large number of degrees of freedom in n = 2—§
prevents dissociation. The excess energy of the PT complex is
dissipated efliciently into the vibrational modes of the PT
complex.

The optimized structures of the PT complexes are shown in
Figure S7 together with those obtained by direct AIMD
calculations. The structures of PT complex obtained from
direct AIMD calculation and geometry optimization were
similar to each other: the structure is composed of HOO
radical and H;O" in both cases.

The dissociation energy for the reaction (AE3), HOO=
H*(H,0), - HOO + H*(H,0),, becomes smaller in larger
clusters. However, the dissociation was not found within this
time scale. This is due to the fact that large degrees of freedom
prevent the dissociation in larger clusters (n = 3—5). Namely,
the excess energy was efficiently transferred into the internal
modes of clusters (the stretching vibrational and bending
modes)

3.7. Effects of Functional and Initial Geometries on
Reaction Mechanism. The direct AIMD calculations in the
previous sections were carried out using the MP2 and DFT
methods (CAM-B3LYP functional), starting from the initial
geometry obtained by each method. The effects of the
functional (wB97XD) and initial geometries on the reaction
mechanism are discussed in this section. The initial geometries
were calculated at the ®B97XD, QCISD, and CCSD/6-311+
+G(d,p) levels of theory, and direct AIMD calculations were
performed for each geometry. The obtained PT times are listed
in Table 1.

At all levels of theory, the PT time for n = 1 was longer than
that for n = 2, and the results were independent of the method
used.

4. DISCUSSION AND CONCLUSIONS

The present calculations show that vertically ionized cluster
cations can undergo PT as an intracluster reaction. The PT
time for n = 1 is slightly longer than that for n = 2—5 (36.0 fs
for n = 1 and 9.8 fs for n = 2). This difference arises because
the bond distance and angle of the hydrogen-bond structure in
n = 1 deviate from the standard hydrogen bond, as shown in
Figure S8. In the water dimer, the distance and angle are 1.950

Table 1. Effects of Initial Geometry and Functional on PT
Time (in fs)“

geometry AIMD n=1 n=2 n=3
MP2 MP2 36.0 9.8 8.3
CAM-B3LYP CAM-B3LYP 26.8 10.4 8.8
wB97XD wB97XD 32.6 122 9.3
MP4SDQ MP2 34.0 10.5 9.1
QCISD MP2 34.1 10.6 9.1
CCSD MP2 342 10.6 not calc.

““Geometry” indicates the method of calculation used to obtain the
initial geometry (time = 0 fs), and “AIMD” refers to direct AIMD
calculation. The 6-311++G(d,p) basis set was used in all calculations.

A and 176.8°, respectively, and 1.787 A and 168.7° for H,0,—
H,O in n = 2. In contrast, the corresponding values are 1.896 A
and 148.5° in the H,0,—H,0 1:1 complex (n = 1), deviating
from the normal hydrogen bonds appearing in n = 2—5 and in
the water dimer. The angle of the hydrogen bond (O—H=H)
at n = 1 is largely distorted from the normal collinear form.
This difference leads to a longer PT time for n = 1.

In the present study, several approximations were intro-
duced in the calculations. In the direct AIMD calculations, the
normal mode sampling method was used in the initial sampling
using ZPEs and the quantum effects of nuclear motion were
neglected.”™*> The Wigner phase-space sampling method is
more accurate for the initial sampling. However, these effects
on the reaction mechanism are minimal because the present
reaction system is composed of a simple repulsive dissociation
surface.

The number of trajectories used in the calculations was
limited because the direct AIMD calculation at the MP2/6-
3114+G(d,p) level required a significant amount of central
processing unit (CPU) time; only 10 trajectories were run for
each cluster.

The PT time with error bars is shown in Figure S9, and wide
error bars (standard deviation) were observed. Especially, the
error bar in n = 1 was larger than the others. If more accurate
PT time is required, an increase in the number of calculations
is necessary. Although several approximations were used in this
study, the direct AIMD method can provide useful information
regarding the reaction dynamics of H,O,—H,O ion clusters.

In space, H,0, is electronically excited by UV irradiation,
producing a reactive HOO radical and hydrogen atom. At even
higher excitation energies, H,O, is ionized. In the micro-
hydrated H,0,, UV and cosmic ray irradiation ionizes the
H,0, moiety of the H,0,—(H,0), cluster, as expressed by eq
1. The present study shows that PT from H,0," to the water
clusters occurs after ionization, as shown in eq 2. The reactions
are expressed by the following equations

H,0, — (H,0), + cos mic — ray
- (H,0,)"(H,0), + ¢~ (1)

(H,0,)" (H,0), - HOO — (H)"(H,0), (2)

The PT process was extremely fast (~10 fs for n = 2—35).
Thus, the reaction mechanism of hydrated H,0," after
ionization of the neutral cluster was proposed in this study.
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