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Hydrogen-bonded heteroclusters of H2O2‚‚‚(H2O)n, with n varying from 1 through 6, have been investigated
herein employing ab initio quantum chemical methods. For a givenn, several energetically comparable
conformers emerge as local minima on the potential energy surface (PES). All of the conformers obtained at
restricted Hartree-Fock (RHF) and Møller-Plesset second-order perturbation (MP2) levels of theory exhibit
parallel trends in energy hierarchy. The effect of clustering by water on the modification in the vibrational
frequencies has also been investigated and further, a many-body interaction-energy analysis is carried out
providing insights into cooperativity in H2O2‚‚‚(H2O)n clusters.

I. Introduction

Hydrogen Peroxide, H2O2, present in the earth’s atmosphere
in traces (on an average,∼4 ppb1), is a substance that plays an
important role in diversified phenomena.1-7 H2O2 is a dominant
oxidant in clouds, fog, and rain, effecting the aqueous oxidation
of SO2; it is a powerful disinfectant, a useful chemical inside
and outside the human body,8 a catalyst for several inorganic
and inorganic reactions, and so forth.8,9 Recent literature
discusses several chemical reactions involving hydrogen per-
oxide as one of the reactants.9-16 In particular, hydrogen-bonded
complexes of H2O2 form an important subdomain of hydrogen
peroxide chemistry, a subject that has been studied extensively
employing experimental and theoretical techniques, as high-
lighted below.

The mechanism of the first oxidation step of disulfides to
thiosulfinates by H2O2 has been studied theoretically at the RHF/
6-31G(d,p) level by Benassi and co-workers.9 A series of
hydrogen-bonded complexes of H2O2 with other species such
as (CH3)2O, NH3, N(CH3)3, phosphorus, and sulfur bases as well
as HX (X ) F, Cl, Br, etc.) have been studied by Del Bene and
others10,11 using matrix isolation. They also corroborated their
findings on the theoretical front by ab initio techniques. It should
be noted that most of these studies involved computations at a
respectable MP2/6-31G(d,p) level, and the results are indeed
in good agreement with the vibrational frequencies observed
experimentally. Shir and Zhou12 employed a DFT-based ap-
proach to study cyclic hydrogen-bonded complexes between
hydrogen peroxide and glycine where H2O2 plays a dual role
of proton donor as well as acceptor. Ab initio studies focusing
on complexes of sulfuric acid with various trace gas species
including H2O2 were carried out by Beichert and Schremes,13

the focus of their work being the stabilities of sulfuric acid

complexes with HCl, H2O, HNO3, and so forth. Further, Dobado
and co-workers14,15 carried out a series of studies on the
hydrogen-bonded systems of hydrogen peroxide with various
other molecules. Their investigations demonstrated that H2O2

forms stable cyclic hydrogen-bonded structures. They also
advocated that the density-functional-theory (DFT)-based meth-
ods show good agreement in reproducing the geometrical
parameters and energies that are comparable with the corre-
sponding MP2-level as well as experimental counterparts.

A notable theoretical study by Gonzalez et al.16 compares
the calculations for the H2O2 dimer and H2O2‚‚‚H2O complex
at MP2 and DFT for investigation of the interaction energies
and O-H frequency shifts in multiple-hydrogen-bonded sys-
tems. They observed that in the H2O2‚‚‚H2O complex each unit
can behave either as a hydrogen-bond donor or acceptor forming
cyclic structures that generally involve nonidentical hydrogen
bonds. This study demonstrates that density-functional-theory-
based methods (DFT) yield energies and vibrational shifts
sizably overestimated than those at the MP2 level. More
recently, interesting accurate experimental as well as supporting
theoretical investigations have been carried out on the peroxide
dimer by Engdahl, Nelander, and Karlstro¨m.17 Engdahl et al.
performed a low-temperature Ar-matrix isolation as well as an
ab initio study of the H2O2 dimer and its deuterated analogues
and proposed that the dimer at the MP2 level exhibits a “cyclic”
structure with two hydrogen bonds, and further confirmed this
finding through their experimental IR spectra.

In their careful ab initio analysis of the H2O2‚‚‚H2O complex,
Dobado and Molina18 discovered three minima and two transi-
tion-state structures for this 1:1 complex. They estimated the
binding energy of this heterocluster to be 6.4( 0.2 kcal‚mol-1,
typical of the hydrogen-bonded complexes. Mo and co-workers19

carried out investigations of the structures, vibrational frequen-
cies, and thermodynamic properties of H2O2‚‚‚H2O complexes.
According to this work, the global minimum at the Hartree-
Fock (HF) and MP2 levels is a “five-membered” (comprising
the covalent and H bonds together) H2O2‚‚‚H2O complex
showing a red shift due to OH stretching.
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Recently, Kulkarni et al.20ahave explored hydrogen peroxide
clusters (H2O2)n, n ) 2-4, using ab initio techniques. This study
at the MP2 level shows the ability of H2O2 to form a 3D network
similar to the corresponding water clusters. This is borne out
from the structures of the H2O2 dimer, trimer, and tetramer
reported in this study exhibiting a remarkable similarity to the
respective H2O-cluster structural patterns. Interestingly, the
mixture of H2O2 and H2O is known to be explosive in nature,
whereas H2O2 decomposes into H2O and O2 when heated at
80 °C. The structures as well as thermodynamic properties of
H2O2‚‚‚(H2O)n, n ) 1-3, complexes have been reported recently
by Ju and others.21

All of the aforementioned works discuss H2O2‚‚‚(H2O)n
systems up ton ) 3. The present article embodies inferences
drawn from a comprehensive investigation on H2O2 with
additional water molecules attached. Herein, we study
H2O2‚‚‚(H2O)n for n ) 1-6 to determine their structures at
various levels of theory, augmented by an analysis of the
vibrational spectrum of these clusters. It is also aimed at
providing, at the molecular level, a tool to unravel the
cooperative effects, the basis set effect, and the trends in
energetics and structures as well as determining the similarity
patterns to (H2O)n clusters.

II. Methodology

The structures of H2O2‚‚‚(H2O)n, n ) 1-6, are generated by
the supermolecular approach and from the knowledge of the
lowest-energy (H2O2)n

20aand (H2O)n clusters.22 These systems
were optimized using the GAUSSIAN9823 and GAMESS suit24

of programs at RHF and MP2 levels. We have employed a
decent basis set, 6-31G(d,p) (with 25 and 40 basis functions
for the water and H2O2 molecule, respectively), as well as an
accurate basis set, namely, 6-311++G(2d,2p) with additional
6d and 10f functions (49 and 78 basis functions for the H2O
and H2O2 molecules, respectively) to satisfactorily include
electron correlation that is crucial for the description of such
weakly H-bonded complexes. The basis set employed herein is
superior to the one employed in the earlier study by Ju et al.21

in which the number of basis functions employed is 41 for water
and 64 for the peroxide molecule. In view of the large number
of possible geometries for these clusters, one encounters several
minima strewn on a shallow potential energy surface, making
it extremely arduous to locate the genuine energy minimum for
each cluster. Nevertheless, we have scanned around 30 structures
for n ) 3-6, each at the RHF/6-31G(d,p) level, and have chosen
the energetically minimal and hence the most favorable structure-
(s) for the follow-up at a higher level with an improved basis
set. Also, we could ascertain that the minimum-energy structures
reported in this study indeed correspond to (at least local)
minima by computing the vibrational frequencies at the MP2/
6-311++G(2d,2p) (6d,10f) level.

The structure generation and visualization and the vibrational
frequency analysis have been implemented by employing two
user-friendly visualization packages, UNIVIS-200025 and MOLD-
EN.26 Many-body interaction-energy analysis and BSSE cor-
rections have been performed using the MBAC program
developed by Kulkarni et al.27 The term “many-body” in the
present context means pairwise (two-body), three-body, four-
body (wherever pertinent), and so forth, interactions among
different monomers in the given molecular cluster. The units
herein are thus the individual molecules constituting the weakly
bonded complex, in the present case, through hydrogen-bonding.
The concept we have employed has the same implication as
described by Elrodt and Saykally,28 Xantheas,20b and more

recently by Kulkarni et al.27 Also, to gauge the effect of the
basis set on BSSE correction, we have performed the sample
calculation for typical H2O2‚‚‚(H2O)n n ) 1, 2 complexes at
the MP2/aug-cc-pV5Z//MP2/6-311++G(2d,2p)(6d,10f) level.

Thus, we have performed the computations at three different
levels with increasing effect of correlation, under two different
basis sets, namely, RHF/6-31G(d,p), MP2/6-31G(d,p), and MP2/
6-311++G(2d,2p)(6d,10f). For an accurate estimation of the
interaction energies and geometrical parameters, we have
employed the most sophisticated of these, namely, MP2/
6-311++G(2d,2p) (6d,10f), and the entire discussion on the
H2O2‚‚‚(H2O)n, n ) 1-6, cluster systems pertains to this level
as presented below.

III. Results and Discussion

Structural Investigation. For the simplest case ofn ) 1,
that is, the H2O2‚‚‚H2O system’s two lowest-energy structures,
labeled P1WA and P1WB, are seen to arise (cf. Figure 1 that
also displays the H bonds), with their interaction energies at
the MP2/6-311++G(d,2p) (6d,10f) level (used throughout,
unless otherwise indicated), respectively, being-7.395 and
-4.536 kcal‚mol-1. Table 1 presents the detailed energetics for
all of the structures: interaction energies at different levels and
basis sets used herein, along with the zero-point-energy (ZPE)-
as well as basis-set superposition-error (BSSE)-corrected inter-
action energies. The hydrogen-bonded cyclic structure (P1WA)
matches well with the previously studied minimum-energy
structure by experimental as well as theoretical techniques.16,17

For n ) 2, the three energetically most favorable structures,
namely, P2WA, P2WB, and P2WC, emerge, falling within the
energy range of(1.5 kcal‚mol-1 with respect to one another.
These structures are also depicted in Figure 1 along with their
interaction energies and the three hydrogen bonds they possess.
The most stable structure (P2WA) may be viewed as a

Figure 1. MP2/6-311++G(2d,2p) (6d,10f) optimized structures of
H2O2‚‚‚(H2O)n, n ) 1-2 clusters, along with the number of hydrogen
bonds (nH), O-O distances, and the corresponding interaction energies
in kcal‚mol-1. For structure P1WA, the values in the parentheses
correspond to those for the isolated molecules at the same level of
theory. All of the distances are given in angstroms. Refer to the text
for further details.
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combination of a water dimer22 having binding cooperativity
with a hydrogen peroxide molecule, by virtue of the H bonds.
To obtain a fuller perspective of the molecular cooperativity
and gauge the significance of the pairwise interactions among
monomeric units within the clusters, we have performed
many-body interaction-energy analysis by employing the
MBAC computer code.27 According to MBAC calculations, the
H2O‚‚‚H2O interaction in P2WA (∆E ) -4.899 kcal‚mol-1)
turns out to be slightly weaker than that in the water dimer
(H2O)2, (∆E ) -5.289 kcal‚mol-1). It should also be noted
that the lowest energy structure reported herein (P2WA) is

energetically more favorable (by∼2.69 kcal‚mol-1 at the MP2/
6-311++G(2d,2p) (6d,10f) level) than the one reported by Ju.
et al.21

Remarkably, forn ) 3, all of the structures bear very close
resemblance to water tetramers,22 with one of the hydrogen
atoms in a H2O unit getting appropriately converted into an OH
group (cf. Figure 2). It should be noted that all of the structures
lie within a narrow energy range of∼0.8 kcal‚mol-1 above the
most favorable structure (P3WA). Also, it is observed that with
increasingn, several energetically comparable structures emerge
by flipping selected hydrogen atoms in a given structure, a

TABLE 1: Raw a, ZPE-Corrected, and BSSE-Corrected Interaction Energies (in kcal‚mol-1) of H2O2‚‚‚(H2O)n, n ) 1-6,
Clusters at RHF/6-31G(d,p), MP2/6-31G(d,p) and MP2/6-311++G(2d,2p)(6d,10f) Levels

str. code ∆E(RHF/I)1 b ∆E(MP2/I)2 c ∆E(MP2/II)3 d ∆EBSSE-corr
e ∆EZPE-corr

f ∆EZPE+BSSE
g

P1WA -8.468 -11.157 -7.395 -6.397 -5.053 -4.055
P1WB -5.021 -11.132 -4.536 -3.689 -2.904 -2.057

P2WA -19.064 -24.561 -18.148 -15.813 -13.152 -10.817
P2WB -18.198 -24.322 -16.824 -14.614 -12.132 -9.922
P2WC -17.959 -23.940 -16.723 -14.602 -12.050 -9.929

P3WA -29.728 -39.514 -29.217 -25.709 -21.798 -18.290
P3WB -29.157 -38.579 -28.527 -25.126 -21.240 -17.839
P3WC -29.164 -37.920 -28.464 -25.063 -21.188 -17.787
P3WD -29.000 -38.247 -28.426 -21.184
P3WE -28.950 -37.920 -28.464 -21.180

P4WA -38.962 -50.589 -38.717 -34.212 -29.026 -24.521
P4WB -38.968 -50.589 -38.717 -34.207 -29.026 -24.516
P4WC -39.025 -51.481 -38.648 -34.058 -28.866 -24.276
P4WD -39.207 -53.340 -37.882 -28.088
P4WEh -39.207 -53.338 -37.877 -28.452

P5WA -51.133 -68.675 -49.774 -43.651 -36.899 -30.776
P5WB -49.997 -67.821 -49.021 -42.841 -36.128 -29.948
P5WC -50.373 -67.287 -48.889 -42.748 -36.179 -30.038

P6WA -61.765 -82.248 -61.673 -55.183 -45.347 -38.857
P6WB -61.176 -81.758 -60.285
P6WC -60.353 -82.019 -60.135
P6WD -60.612 -80.993 -60.134
P6WE -60.382 -82.467 -59.607

a Raw interaction energies refer to energies not corrected for either ZPE or BSSE.b ∆E(RHF/I)1: interaction energy at RHF/6-31G(d,p) optimized
geometry.c ∆E(MP2/I)2: interaction energy at MP2/6-31G(d,p) optimized geometry.d ∆E(MP2/II)3: interaction energy at MP2/6-311++G(2d,2p)(6d,10f)
optimized geometry.e ∆EZPE-corr: ZPE-corrected interaction energy at MP2/6-311++G(2d,2p)(6d,10f) optimized geometry.f ∆EBSSE-corr: BSSE-
corrected interaction energy at MP2/6-311++G(2d,2p)(6d,10f) optimized geometry.g ∆EZPE+BSSE: Interaction energy corrected for ZPE and BSSE
corrections at the MP2/II level optimized geometry.h We could locate an energetically different structure that is also a minimum on PES. However,
it is almost similar to that of P4WD and hence is not repeated here.

Figure 2. MP2/6-311++G(2d,2p) (6d,10f) optimized structures of H2O2‚‚‚(H2O)n, n ) 3 and 4 clusters, along with the number of hydrogen bonds
(nH), O-O distances and the corresponding interaction energies in kcal‚mol-1. All of the distances are given in angstroms. See the text for further
details.
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feature akin to the one observed by Maheshwary and co-
workers22 for their exhaustive study on water clusters. The
oxygen atoms in the presentn ) 3 clusters almost lie in a plane,
and some of these clusters show the presence of multiple
hydrogen bonding, a signature of the increased cooperativity
resulting in forming a 3D structure. This observation holds well
even for the clusters withn ) 4. The four energetically favorable
structures forn ) 4 are portrayed in Figure 2, with the energies
given in Table 1. Interestingly enough, the most favorable
structures (P4WA and P4WB), despite being energetically
degenerate, are structurally different as seen from the different

relative orientations of the H atoms in the H2O molecules. Figure
2 also shows that with an increasing number of hydrogen bonds
the clusters evince a remarkable resemblance to 3D clusters of
water molecules,22 where, for the latter, the transformation from
(almost) planar to 3D networks of clusters occurs especially
for n g 6. To obtain energetically favorable structures forn )
4-6 we have scanned at least 30 structures at the RHF/6-31G-
(d,p) level with the best 5 chosen for a follow-up at higher levels
of theory. Once again, it is observed that these structures show
a striking resemblance to the “cage” and “prism” form of (H2O)6,
water hexamer clusters.22

Figure 3. MP2/6-311++G(2d,2p) (6d,10f) optimized structures of H2O2‚‚‚(H2O)n, n ) 5 and 6 clusters, along with the number of hydrogen bonds
(nH), O-O distances and the corresponding interaction energies in kcal‚mol-1. All of the distances are given in angstroms. Refer to the text for
further details.

TABLE 2:
A: Many-body interaction-energy analysis for the lowest-energy structures of H2O2‚‚‚(H2O)n

clusters at the MP2/6-311++G(2d,2p) (6d,10f) levela

energy term n ) 2 n ) 3 n ) 4 n ) 5 n ) 6

2-body energy -16.213
(-4.899)

-24.042
(-11.658)

-30.420
(-17.969)

-42.788
(-28.095)

-53.812
(-33.571)

3-body energy 1.940 -6.143 -8.487
(-3.278)

-7.662
(-4.429)

-9.750
(-2.405)

4-body energy -1.173
(-0.229)

-1.260
(-0.594)

-1.534
(-0.183)

higher-body energy 0.074 0.244 0.096
ER

b 0.001 0.969 1.434 1.690 3.327
∆E -18.148 -29.217 -38.717 -49.774 -61.673

B: A comparison of pairwise (viz., H2O2‚‚‚H2O and H2O‚‚‚H2O) interaction energies from many-body interaction-energy analysis
for the most favorable structures of H2O2‚‚‚(H2O)n clusters at the MP2/6-311++G(2d,2p) (6d,10f) levelc

ClusterV\Interactionsf E(H2O‚‚‚H2O) E(H2O2‚‚‚H2O)

H2O‚‚‚H2O in (H2O)2 -5.289
H2O2‚‚‚H2O -7.395
H2O2‚‚‚(H2O)2 -4.899 -6.578
H2O2‚‚‚(H2O)3 -5.016 -6.279
H2O2‚‚‚(H2O)4 -4.909 -5.888
H2O2‚‚‚(H2O)5 -5.007 -6.212
H2O2‚‚‚(H2O)6 -5.004 -6.179

a The energy values are in kcal‚mol-1. The values in the parentheses indicate the energy contribution to H2O‚‚‚H2O interactions in the given
molecular system. See text for details.b ER ) Relaxation energy.c The energy values are in the units of kcal‚mol-1. See text for details.E(H2O‚‚‚H2O)
andE(H2O2‚‚‚H2O) are the values obtained in the many-body analysis.
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As opposed to the case of H2O2‚‚‚(H2O)n, n ) 1-4, where
the majority of the clusters bear the water molecules (their
oxygen atoms) in an almost planar form, for the presentn ) 5,
deviation from planarity occurs, resulting in distorted cage-
like patterns. Figure 3 depicts the three most favorable

H2O2‚‚‚(H2O)5 clusters, namely, P5WA, P5WB, and P5WC,
with the interaction energies of-49.774,-49.021, and-48.889
kcal‚mol-1, respectively. Forn ) 6, five of the most favorable
clusters, namely, P6WA, P6WB, P6WC, P6WD, and P6WE,
as shown further in Figure 3, where increased hydrogen bonding

TABLE 3:
A: Vibrational frequency analysis of the energetically most favorable

H2O2‚‚‚(H2O)n,n ) 1-4, clusters at the MP2/6-311++G(2d,2p) (6d,10f) levela

cluster frequency, cm-1 intensity, KM‚mol-1 assignment

H2O2 915.8 0.8 O-O s
1333.5 109.6 O-H b
3819.0 19.2 O-H ss
3819.4 67.9 O-H as

H2O2‚‚‚H2O 1355.3, 1519.8 93.9, 39.2 O-H t
1656.2 69.6 H-O-H b (W)
3660.6 267.7 O-H s (P)+ (W)
3809.5 67.4 O-H s (W)
3815.4 38.1 O-H s (W)+ (P)
3947.6 115.0 O-H as (W)

H2O2‚‚‚(H2O)2 1355.3, 1548.5 68.4, 39.0 O-H t (P)
1667.9, 1685.3 78.6, 17.5 H-O-H b (W)
3516.8, 3641.9 457.5, 444.9 O-H s (P)+(W)
3719.8 412.2 O-H ss (W)
3819.2 47.4 O-H s (P)
3933.3, 3933.8 174.6, 60.1 O-H as (W)

H2O2‚‚‚(H2O)3 850.1 207.7 O-H t (P)+ (W)
1031.2, 1362.4, 1563.5 49.2, 82.6, 19.9 O-H t (P)
1683.3, 1696.3 79.8, 57.9 H-O-H b (W)
3353.0, 3517.1 682.7, 768.9 O-H s (P)+ (W)
3572.1, 3639.1 813.8, 435.3 O-H ss (W)
3818.7 43.7 O-H s (P)
3923.2, 3924.3, 3929.2 98.6, 96.3, 84.5 O-H as (W)

B: Vibrational frequency analysis of the lowest-energy clusters of H2O2‚‚‚(H2O)n,n ) 5 and 6,
at the MP2/6-311++G(2d,2p) (6d,10f) level

cluster frequency, cm-1 intensity, KM‚mol-1 assignment

H2O2‚‚‚(H2O)4 911.5, 930.5 59.4, 118.5 O-O s (P)
1041.3, 1370.9, 1544.6 37.0, 75.1, 38.9 O-H t (P)
1685.1, 1697.5 41.1, 78.2 H-O-H b (W)
3331.9, 3461.6, 3508.2 808.9, 1012.4, 1474.8 O-H s (W) + (P)
3551.7, 3614.8 376.9, 403.7 O-H ss (W)+ O-H (P)
3816.7 41.4 O-H s (P)
3922.3, 3926.4, 3927.8, 3930.0 89.1, 98.1, 84.5,79.3 O-H as (W)

H2O2‚‚‚(H2O)5 903.6, 938.7 35.2, 62.9 O-O s (P)
1361.3, 1599.6 73.6, 23.7 O-H t (P)
1669.7, 1693.2, 117.7,57.9, H-O-H b (W)
1717.6 31.4 O-H b (W)+ O-H b (P)
1730.0, 1749.2 146.7, 28.6 H-O-H b (W)
3277.4 615.8 O-H s (W)
3363.8 1142.0 O-H s (P)+ (W)
3556.6, 3630.7, 3725.0, 3733.7 367.8, 371.4, 135.5,240.5 O-H ss (W)
3805.6 337.6 O-H as (W)
3821.7 62.7 O-H s (P)
3833.6,3835.3, 3920.1, 3926.3 109.8, 355.9, 83.9, 104.7 O-H as (W)

H2O2‚‚‚(H2O)6 921.8, 931.6 63.4, 25.9 O-O s (P)
1006.3, 1544.2 72.1, 66.3 O-H t (P)
1666.2, 1689.4, 1695.6, 1699.6 143.8, 59.1, 31.7, 58.3 H-O-H b (W)
1723.7, 1741.0 27.9, 54.9 H-O-H b (W)
3325.1, 3415.7 753.4, 960.3 O-H s (P)+ (W)
3498.6 827.7 O-H s (P)
3614.2 331.7 O-H ss (W)
3646.9, 3714.2 450.1, 198.4 O-H s (W) + (P-weak)
3730.9 269.0 O-H s (W)
3800.4, 3836.6, 3914.1, 3915.9 471.4, 233.2, 90.0, 83.6 O-H as (W)
3919.8, 3926.4 111.3, 107.2 O-H as (W)

H2O 1660.4 65.2 H-O-H b
3862.0 9.8 O-H ss
3983.1 73.3 O-H as

a Legend: O-O s ) O-O stretching, O-H t ) O-H torsion, H-O-H b ) H-O-H bending, O-H s ) O-H stretch, O-H ss ) O-H
symmetric stretch, O-H as) O-H asymmetric stretch, (P)) vibrations corresponding to H2O2, (W) ) vibrations corresponding to H2O, (P)+
(W) ) contaminating (mixed) vibrations corresponding to H2O2 and H2O. The intensity values are in the same order as that of frequencies. See text
for details.
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is evident. The energetics of Table 2 brings out the fact that
the ZPE-corrected interaction energies exhibit the same trend
of relative stability. The best possible structure forn ) 6
(P6WA) shows an energy jump of-11.024 kcal‚mol-1 over
the best structure ofn ) 5, after addition of one H2O. This
particular stability can be traced back to the increase in the two-
body energy contribution to the interaction energy of the P6WA
structure, as borne out by many-body-interaction analysis (cf.
Table 2). Interestingly again, the H2O2‚‚‚(H2O)6 clusters show
cage-like patterns and similarity to (H2O)8 clusters.22 The
average number of hydrogen bonds forn ) 6 (nH ) 10) exceeds
that for n ) 5 by unity. It may be observed that the overall
trends in the energetics (cf. Table 1) at the RHF level are
mimicked by the MP2 level of theory as well. Also, as is well-
known22,29,31cand has been reaffirmed recently by Rablen et
al,29aa higher basis set or higher level of theory is accompanied
by a decrease in the numerical value of the interaction energy.
The present authors have also noted similar trends in their earlier
studies.22,31c However, the use of higher basis sets has been
recommended in the literature for reducing the BSSE.30 It is
our observation that the use of a basis set such as 6-311++G-
(2d,2p) (essentially of triple-ú quality), indeed reduces the BSSE
to a considerable extent (∼8% or less).22 Hence, we have
employed a similar basis set, namely, 6-311++G(2d,2p)-
(6d,10f), which is effective in reducing the BSSE (around 12%)
of the interaction energy (∆E). The reason for this increase in
BSSE-correction values may be attributed to compactness of

the structures. Additional sample calculations performed at the
MP2/aug-cc-pV5Z//MP2/6-311++G(2d,2p)(6d,10f) level for
the H2O2‚‚‚H2O (P1WA) and H2O2‚‚‚(H2O)2 (P2WA) complex
bring the reduction in BSSE correction to only a marginal value,
namely, 2.462 and 2.516, respectively, leading to an average
percent BSSE correction that is∼2.5% of the interaction energy.
Table 1 makes it evident that the application of BSSE and ZPE,
individually or in conjunction, invariably lowers the interaction
energy. It may be noted that inclusion of both BSSEandZPE
has been reported to give an overcorrection;31a,b,cyet, the overall
trends in the energetics are seen to remain, by and large, the
same.

It is worth noting that with increasing number of H2O
molecules, the O-O bond elongation in H2O2 is only marginal,
in contrast with the earlier results by Ju et al.21 However, a
careful look at their results shows fluctuations in the O-O bond
length.

Many-body interaction-energy analysis is summarized
in Table 2. For all of the lowest energy structures of
H2O2‚‚‚(H2O)n, n ) 2-6, the two-body- and three-body
interaction-energy terms dominate, contributing to more than
97% of the interaction energy, forming the attractive or
stabilizing part of the interaction energy, whereas the four-body,
the higher-body (>4), and the relaxation energies (ER) form
the repulsive part of the interaction. This observation is similar
to the earlier observations of peroxide clusters by S. Kulkarni

Figure 4. Simulated IR spectrum of H2O2‚‚‚(H2O)n, n ) 1 and 2
clusters, respectively, namely. (a) P1WA and (b) P2WA computed at
the MP2/6-311++G(2d,2p)(6d,10f) level of theory. All of the distances
are given in angstroms. Please refer to the text for details.

Figure 5. Simulated IR spectrum of H2O2‚‚‚(H2O)n, n ) 3 and 4
clusters, respectively, namely, (a) P2WA and (b) P4WA computed at
the MP2/6-311++G(2d,2p)(6d,10f) level of theory. All of the distances
are given in angstroms. Please refer to the text for details.
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and co-workers,20aof water clusters by Xantheas,20band of larger
water and hydrated clusters reported by A. Kulkarni et al.27

Vibrational Frequency Analysis. To investigate the effect
of growth of H2O2‚‚‚(H2O)n clusters on their spectral features,
we have performed the vibrational frequency analysis at the
MP2/6-311++G(2d,2p)(6d,10f) level, which for the case ofn
) 6 turned out to be computationally very demanding. Table 3
presents unscaled vibrational frequencies of the most stable
H2O2‚‚‚(H2O)n clusters along with their respective IR intensities.
Figures 4-6 show the qualitative IR spectrasimulatedat the
MP2/6-311++G(2d,2p)(6d,10f) level of theory. The Figures
depicted here represent the simulated IR spectra for the
energetically most favorable structures. The actual experimental
spectra, however, will have a mixture of spectral features due
to several energetically comparable conformers. It may be seen
from Table 3 as well as from Figures 4-6 that the first
vibrational mode of O-H torsional bending shows a shift in
wavelength from 1355 to 1006 cm-1 along with a decrease in
the intensity, the latter depicted here in KM/mol. The other
significant vibrational modes, namely, H-O-H bending and
O-H stretching, with an increase in the number of water
molecules, show a splitting of the vibrations into multiplets.
For example, the symmetric stretching mode of O-H bonds in
water for P1WA, appearing at 3815.4 cm-1, shows splitting of
its vibrational frequencies as doublet, doublet, triplet, triplet,
and quartet for the number of water molecules (n) being 2, 3,
4, 5 and 6, respectively. This effect may be attributed to an

increase in asymmetry with successive addition of water
molecules to the cluster that seems to (at least partially) lift the
degeneracy.

A reference to Table 3 and Figures 4-6 brings out the fact
that these vibrations show reasonable shifts to lower frequencies,
indicating a weakening of the respective bonds involved in the
mode of vibration. The bond-weakening effect is also shown
by the relaxation energy (ER) values coming from the many-
body interaction-energy analysis (Table 2), which show a steady
increase of cluster growth. Remarkably, we observe an appear-
ance of O-O stretching vibrations (with reasonable intensity)
in the case of H2O2‚‚‚(H2O)n clusters, forn ) 4-6.

IV. Conclusions

This article investigates the structure and energetics of
H2O2‚‚‚(H2O)n, n ) 1-6, clusters at an ab initio level, the most
sophisticated one employed being MP2/6-311++G(d,2p)
(6d,10f). All of these clusters show a very close structural
resemblance to the higher water clusters, namely, (H2O)n+1 or
(H2O)n+2. The smaller clusters (n e 3) contain the water
molecules in an almost planar fashion; larger clusters (n g 4)
show a cage-like structure akin to their corresponding water
cluster counterparts. It is observed that clustering with addition
of water molecules results in only a slight weakening of the
O-O bond in the peroxide and increased asymmetry that is
borne out by the many-body analysis that separately computes
two-body ton-body interaction energies contributing to the total
energy. Of these, the two-body and three-body interaction-
energy contributions constitute a large and attractive part of the
interaction energy (∼97%), whereas the higher-order contribu-
tions (four-body and higher) constitute the repulsive portion.
Increasing sophistication, by and large, maintains that the trends
in the energetics are at all of the levels: the structures observed
at the MP2/6-311++G(2d,2p) (6d,10f) level are qualitatively
similar to those predicted at RHF/6-31G(d,p) level of theory.
Hence, for these systems, even the RHF/6-31G(d,p) level can
be regarded as a reliable level for aninitial scanning of possible
geometries and understanding the trends. The energy trends do
not alter after inclusion of ZPE, although its inclusion results
in a relative destabilizing of the∆E values by∼25-31% of
the respective uncorrected∆E values. In the present case, the
inclusion of BSSE-correction results in marginally destabilizing
the ∆E values by∼12% of the respective uncorrected∆E
values. However, the inclusion of BSSE does not alter the trends
in the energetics. Nevertheless, employment of a sophisticated
basis set, aug-cc-pV5Z, to estimate the BSSE effect for the
H2O2‚‚‚H2O (P1WA) and H2O2‚‚‚(H2O)2 (P2WA) cluster gives
the average percent BSSE correction as small as∼2.5% of the
interaction energy.

A detailed study, on the lines of the present work, with a
greater number of water molecules would be required for
observing significant O-O elongation and discrete hydration
of H2O2. The present study is expected to provide the initial
pathways toward such an extension. This study, as well as a
complementary investigation of hydration of two or more
peroxide molecules is also underway.
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Figure 6. Simulated IR spectrum of H2O2‚‚‚(H2O)n, n ) 5 and 6
clusters, respectively, namely, (a) P5WA and (b) P6WA computed at
the MP2/6-311++G(2d,2p)(6d,10f) level of theory. Please refer to the
text for details. All of the distances are given in angstroms.
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