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The geometrical parameters, vibrational frequencies, and binding energies for (H203), (n = 1-5) have been
investigated using various quantum mechanical techniques. The possible structures of the clusters (n = 2-5) are
fully optimized and the binding energies are predicted using energy differences at each optimized geometry.
The harmonic vibrational frequencies are also determined and zero-point vibrational energies (ZPVEs) are
considered for the better prediction of the binding energy. The best estimation of the binding energy for the
dimer is 8.65 kcal/mol. For n=2 and 3, linear structures with all trans forms of the HOOOH monomers are
predicted to be the lowest conformations in energy, while the cyclic structures with all cis-HOOOH monomers

are preferable structures for n =4 and 5.
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Introduction

Dihydrogen trioxide (HOOOH) is one of the most
important intermediates in atmospheric reaction,' industrial
utility? and biochemical oxidations.> The interest of HOOOH
has been increased recently since it can be more stable (12~
16 £2 min) than previously believed (#1» = 20 ms) in
specific solvent such as acetone-ds.*

As a reaction intermediate in the decomposition of
hydrogen peroxide (HOOH), HOOOH was first proposed by
Berthelot in 1880.% After the first investigation of the kinetics
of the reaction between ozone and hydrogen peroxide by
Rothmund and Burgstaller in 1917,° the potential involve-
ment of HOOOH was suggested by several research groups.’
In 1968 Bielski and Schwartz reported the first UV absorp-
tion spectrum of HOOOH in the pulse radiolysis of air-
saturated perchloric acid solutions.® In 1970 to 1974 the
fundamental frequencies of HOOOH were first reported in
IR and Raman spectra of the products from electrically
dissociated mixture of water, HOOH, and oxygen by Giguere
and coworkers.” More recent observation of IR spectra of
HOOOH has been reported in argon matrices obtained by
photolyzing the ozone-hydrogen peroxide mixtures by
Engdahl and Nelander in 2002.!° The preparation of HOOOH
in organic solvents was proposed from the ozonation of 1,2-
diphenylhydrazine in aceton-ds at —78 °C by Plesnigar et al.
and confirmed by NMR ('H and '"O) spectra.!' They also
reported that some alkyl hydrotrioxides (ROOOH) of 1,3-
dioxolanes decompose to form HOOOH.'? In 2004 Went-
worth and coworkers prepared HOOOH from the thermal
reaction of HOOH with ozone in aceton-ds at =78 °C and
trioxide was characterized by "H NMR spectrum.'® And also
in 2005 Suma et al. presented the molecular structure of the
ground state geometry of HOOOH using Fourier-transform-

microwave (FTMW) spectroscopy and FTMW-mm wave
method. They confirmed C, point group formed a zig-zag
skew-chain structure in gas phase.'*

The first ab initio calculation for HOOOH was performed
at the low level of theory by Plesniéar et al. in 1973."° After
Plesniéar a number of theoretical investigations on the
HOOOH monomer have been reported on the structures and
spectroscopic properties.'*? In 2002 Xu and Goddard have
proposed the reaction mechanism to form HOOOH from the
reaction of HOOH with ozone using quantum mechanical
method.® In next year Gauss and coworkers reported 'O
NMR chemical shift for HOOOH using various theoretical
methods.?! Cremer and coworkers represented the method
for the formation of HOOOH as a decomposition product of
organometallic hydrotrioxides in acetone-ds experimentally
and theoretically.”” In 2008 Plesniéar and coworkers report-
ed the theoretical results for the spectroscopic properties of
the dimer, trimer, and tetramer of HOOOH.? In next year the
theoretical investigation on various hydrogen polyoxides
HOOH, HOOOH, HOOOOH, and HOOO have been perform-
ed at the very high level of theory, CCSD(T) with the
correlation consistent basis sets, by Denis and Ornellas.*
Tuttle et al. reported the theoretical results for the stability
and the 7O NMR chemical shift of protonated HOOOH
very recently.”

In this paper, the geometrical parameters and binding
energies for possible (H.O3)n (n=2-5) clusters have been
investigated using various quantum mechanical techniques.
Harmonic vibrational frequencies are also predicted using
DFT, MP2, and CCSD(T) methods with the aug-cc-pVTZ
basis set to confirm that the optimized geometries are true
minima or transition states. The binding energies of (H2O3)n
(n=2-5) have been predicted using energy difference at
each optimized geometry.
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Theoretical Approach

The possible structures of the (H,O03), (n = 1-5) clusters
were fully optimized at the B3LYP*® level of theory using
augmented correlation-consistent polarized valence triple
zeta (aug-cc-pVTZ)* basis set. Also the new long-range
corrected (LC) DFT methods (CAM-B3LYP*® LC-oPBE,”
©B97X-D*) installed in Gaussian-09°' version had been
applied to seek better method to describe the binding energy
(AE) by comparing with the MP2 result. Harmonic vib-
rational frequencies were evaluated using analytic second
energy derivatives for cis- and trans-HOOOH at the B3LYP,
®B97X-D, and MP2 levels with the aug-cc-pVTZ basis set
and for (H203)s (n = 2-5) at the B3LYP/aug-cc-pVTZ level
of theory. For cis- and trans-HOOOH, geometrical para-
meters and harmonic vibrational frequencies were evaluated
using finite displacement method at the CCSD(T)/aug-cc-
pVTZ level of theory.

The binding energies were calculated for dimers using all
DFT methods mentioned above and MP2 method, while the
B3LYP, ®B97X-D, and MP2 methods were applied for the
calculation of (H,O3)n (n = 3-5). The MP2 binding energies
for n=3-5 were obtained using single point energy cal-
culation at the B3LYP optimized geometries. The binding
energies had been calculated from E{(H>Os),}—[E(H205)
+E{(H203)n-1}]. To show H-bonding effect in weakly bound-
ing system, the binding energies had been calculated by the
energy differences between monomer and dimer in keeping
monomer’s geometrical isomer. For example the binding
energy of 2¢ was calculated from the following equation,
AE(ZC) = E{(H203)2}—{E(trans-Hz03)+E(cis-H203)}. Zero-
point vibrational energies (ZPVEs) had been considered to
compare with experimental binding energies. The MP2
binding energies for dimer were corrected for the basis set
superposition errors (BSSE) using the counterpoise correc-
tion method of Boys and Bernardi.*” The higher-order
correlation effect were discussed by comparison of MP2
result with CCSD(T) single point energy. All computations
described above were carried out with the Gaussian09
program packages. The molecular structures were drawn
with ORTEP-3 for Windows.**

Results and Discussion

Structures.

HOOOH: The structure of HOOOH has been well-
characterized experimentally'* and theoretically** and the
experimental bond distances of H-O and O-O were deter-
mined to be 0.963 A and 1.428 A, respectively. In Table 1,
the geometrical parameters for HOOOH have been listed at
various levels of theory. Two structures (1a and 1b) for
HOOOH have been optimized and #rans-HOOOH (1a) is
predicted to be lower in energy at all levels of theory
employed in this study. The bond lengths of 1a have been
calculated to be 0.970 A for R(H-O) and 1.427 A for R(O-0O)
at B3LYP/aug-cc-pVTZ level of theory and reasonably
agree well with the experimental result. The predicted bond
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Table 1. Geometrical parameters of (H>O3), (n = 1, 2) at various
levels of theory with the aug-cc-pVTZ basis set

B3LYP ®B97XD MP2
Monomer
R(H-0) 0.970 0.965 0.971
R(0-0) 1.427 1.404 1.427
1a trans ZHOO 102.1 102.5 100.9
2000 107.9 107.8 106.8
ZHOOO 82.6 82.1 82.3
R(H-0) 0.970 0.965 0.970
R(0-0) 1.428 1.405 1.427
1b cis ZHOO 102.4 102.8 101.4
£000 108.0 107.9 107.0
ZHOOO 94.6 94.3 94.1
Dimer
2a tt(chair) R(H7--04) 1.879 1.859 1.837
2b tt(boat) R(H7:-04) 1.902 1.887 1.857
R(H10--01) 1.951 1.934 1.895
2¢ te R(H7-06) 2.032 1.998 1.977
R(H8-O5)  2.278 2.226 2.137
2d cc(boat) R(H2-010) 2.077 2.059 2.028

angles of 102.0° (£LHOO), 107.9° (£000), and 82.6°
(£HOOO) are also in good agreement with experimental
observations of 101.1°, 107.0°, and 81.8° respectively. At
the ®B97X-D/aug-cc-pVTZ level of theory, R(H-O) of
0.965 A is in better agreement with experimental result but
R(O-0) of 1.404 A is predicted to be 0.024 A shorter. New
DFT method (@B97X-D) is not helpful to describe the
structure of the HOOOH monomer, even though it is useful
to characterize the long-range interaction. The predicted
bond distances and angles of cissHOOOH are not much
different with 7rans-HOOOH except torsional angle (#HOOO)
of 94.6°.

(H203), (n=2): Total six stable conformations for dimer
have been optimized at various levels of theory and four
important structures at the B3LYP level are presented in
Figure 1. Other structures for dimer are available as supple-
mental material (Figure S1). Because of the better descrip-
tion of the ®B97X-D method for weakly bound system, the
B3LYP hydrogen bond lengths of HOOOH dimer are com-
pared with ®B97X-D and MP2 results in Table 1. In all
isomers, the ®B97X-D hydrogen bond lengths are in better
agreement with MP2 result than the B3LYP method at the
same basis set. The lowest isomer in energy, 2a, consists of
two frans-HOOOH monomers combined with two hydrogen
bonds to form chair-like eight-membered ring. The hydrogen
bond length in 2a is predicted to be 1.879 A at the B3LYP
level and reduced to be 1.859 A at the ®B97X-D level,
which is close to the MP2 prediction of 1.837 A. The O-O
bond distance involved in hydrogen bonding is elongated by
0.017 A and the other O-O bond length is decreased by
0.014 A, as compared with the isolated HOOOH at the
B3LYP level. Also the O-H bond distance involved in
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Figure 1. Optimized structures for HOOOH monomers (1a, 1b) and dimers (2a-2d) at the B3LYP/aug-cc-pVTZ level of theory. Bond

lengths are in A and bond angles are in degrees.

hydrogen bonding is elongated by 0.010 A. The next lower
isomer in energy, 2b, consists of two #rans monomers
combined with two hydrogen bonds to form boat-like eight-
membered ring. The hydrogen bond distance of 1.857 A in
2b is predicted to be significantly longer (by 0.020 A) than
that in 2a at the MP2 level. The other bond distances and
angles in 2b are similar with those in 2a. The 2¢ structure
consists of one #rans and one cis form of HOOOH monomer
combined with two normal hydrogen bonds and one
additional weak hydrogen bond between middle hydrogen
atom (H3) and oxygen atom (O6). The three hydrogen bond
lengths in 2¢ are predicted to be 1.895, 1.977, and 2.137 A at
the MP2 level. Because of this additional weak interaction,
the 2¢ isomer is predicted to have the largest binding energy
among optimized dimers at all levels of theory except B3LYP
level, as shown in Table 2. The 2d structure consists of two

cis forms of HOOOH monomer combined with two hydrogen
bonds. The hydrogen bond length in 2d is predicted to be
much longer than those in other dimers.

(H203), (n=3): Total eight stable conformations for the
HOOOH trimer have been optimized at the B3LYP level and
four important structures are presented in Figure 2. Other
structures for trimer are available as supplemental material
(Figure S2). The lowest conformation (3a) in energy has all
trans-HOOOH monomers in a linear structure combined
with two hydrogen bonds to form chair-like eight-membered
ring between two consecutive HOOOH monomers. The
hydrogen bond lengths in 3a are predicted to be 1.816 and
1.853 A at the B3LYP/aug-cc-pVTZ level of theory. The
O-H and O-O bond lengths involved in hydrogen bonding
are elongated and the other O-O bond distance is shortened
as shown in the HOOOH dimer. Next isomer, 3b, has also all

Table 2. The binding energies of dimers in kcal/mol at various levels of theory with the aug-cc-pVTZ basis set. Values in parentheses are

binding energies corrected ZPVE

B3LYP CAM-B3LYP ®B97XD LC-0PBE MP2 MP2(BSSE)*
2a -7.80(-6.18) -9.39(-7.70) -9.15(-7.54) -7.52(-5.99) -10.43(-8.73) -9.71(-8.01)
2b -7.45(-5.78) -8.93(-7.21) -8.94(-7.15) -7.17(-5.58) -10.16(-8.37) -9.43(-7.64)
2¢ -7.77(-5.86) -9.69(-7.66) -9.87(-7.83) -7.94(-6.11) -11.35(-9.26) -10.58(-8.49)
2d -6.38(-4.86) -7.80(-6.16) -8.08(-6.34) -6.47(-4.99) -9.05(-7.39) -8.45(-6.79)

“Binding energies corrected 50%-BSSE
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Figure 2. Optimized structures for the HOOOH trimers at the B3LYP/aug-cc-pVTZ level of theory. Bond lengths are in A and bond angles

are in degrees.

trans-HOOOH monomers combined with two hydrogen
bonds to form boat-like eight-membered ring between two
HOOOH monomers and is very close in energy with 3a.
However, the hydrogen bond lengths in 3b are predicted to
be significantly longer (1.849 and 1.869 A) than those in 3a.
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The third conformation, 3¢, consisted of one frans- and two
ciss-HOOOH monomers corresponds to more stable 3b
conformation in the prediction of Plesniéar and coworkers.”
The hydrogen bond lengths in 3¢ are predicted to be in
between 1.879 and 1.988 A. The 3d trimer has a cyclic
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Figure 3. Optimized structures for the (H,O3), (n=4, 5) at the B3LYP/aug-cc-pVTZ level of theory. Bond lengths are in A and bond angles

are in degrees.
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structure with all cis-HOOOH monomers combined with six
hydrogen bonds. This is our new finding conformation,
which has the largest binding energy among nine optimized
trimers because of more hydrogen bonds even though they
are weakly bound (2.096 A) in each.

(H203)n (n=4-5): For n=4 and 5, four isomers in each are
optimized at the B3LYP/aug-cc-pVTZ levels of theory and
two important isomers are presented in Figure 3. Other
structures for n=4 and 5 are also available as supplemental
material (Figure S3). The global minimum of tetramer has
the cyclic structure with all cis-HOOOH monomers. This
conformation also has the largest binding energy optimized
in this study because of eight relatively strong hydrogen
bonds. That is, the hydrogen bond length (1.905 A) in 4a is
significantly shorted than that (2.096 A) in 3d. The next
stable conformation, 4b, has an open linear structure with all
trans HOOOH monomers. The hydrogen bond lengths
(1.787, 1.805 and 1.847 A) in 4b are predicted to be slightly
shorter than those in 3a, which implies stronger hydrogen
bonds. The global minimum structure of (H,O;3)s retains the
cyclic structure with all cissHOOOH monomers. This
conformation also has the largest binding energy because of
ten strong hydrogen bonds. The hydrogen bond lengths in 5a
are predicted to be much shorter (1.824-1.832 A) than those
in 4a, which implies increasing binding energy in 5a. The
next stable conformation, Sb, has an open linear structure
with all #rans-HOOOH monomers. The hydrogen bond
lengths (1.776-1.852 A) in 5b are predicted to be slightly
shorter than those in 4b.

Binding Energies. We compared the binding energies of
HOOOH dimers at various DFT methods (B3LYP, CAM-
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B3LYP, LC-wPBE, and ®B97X-D) with MP2 result in Table
2. The binding energies of (H,O3), have been calculated
fI‘OIIl E{(H203)n}—[E(H203)+E{(H203)n_1}]. B3LYP bll’ldll’lg
energies for weakly bound system are usually predicted to be
significantly low in comparing with MP2 results. Therefore,
the new long-range corrected (LC) DFT methods (CAM-
B3LYP, LC-0PBE, ®B97X-D) have been applied for better
description of the binding energy. Among DFT methods, the
®B97X-D binding energies are in the best agreement with
MP2 results. For example, the difference in the binding
energies predicted by the ®B97X-D and MP2 methods is
1.43 kcal/mol for 2¢, while it is 3.40 kcal/mol between
B3LYP and MP2. We are going to use the ®B97X-D method
to characterize the binding energies of (H2O03), (n=3-5) and
will compare with the MP2 single-point binding energies
calculated at the B3LYP optimized geometries. Table 3 sum-
marizes the binding energies (AE) and zero-point vibrational
energies (ZPVEs) of (H2O3), (n=2-5) at various levels of
theory and compared. MP2 binding energies are obtained
from full optimization for dimers (n=2) and from the single
point calculation using the B3LYP optimized geometries for
n=3-5.

As shown in Table 3, 2a structure is the lowest in energy
among dimers investigated in this study at all levels of
theory. However, the binding energy of 2c is larger than that
of 2a at the ®B97X-D/aug-cc-pVTZ and MP2/aug-cc-pVTZ
levels of theory. This is in consistent with previous theore-
tical prediction.” The ®B97X-D binding energy (9.9 kcal/
mol) of 2¢ is predicted to be 1.5 kcal/mol lower than MP2
result of 11.4 kcal/mol and is in good agreement with previ-
ous theoretical (SCS-MP2) result of 9.22 kcal/mol. After the

Table 3. Absolute energies (E, in hartree), zero-point vibrational energies (ZPVE, in kcal/mol), and relative energies (AE, in kcal/mol) for
(H203)n (n=1-5) clusters at various levels of theory with the aug-cc-pVTZ basis set

B3LYP ©B97XD MP2
E ZPVE  AE(AE,) ZPVE  AE(AEy) E ZPVE  AE(AE)
I trans 226792412 18.9 2226714473 19.6 226390161  19.0
™ 1 cis 226.788694  18.8 226.710699  19.5 226386188 189
2a  if(chair)  -453.597256  39.5  -7.8(-6.1) -453.443524 408  -9.1(-7.5)  -452.796948  39.7  -10.4(-8.7)
_2b  mboat)  -453.596693 395  -T4(-57) -453.443197 410  -89(-7.1)  -452.796507 398  -10.2(-8.4)
™ 2 te 453593485 39.7  -7.8(-5.8) -453.440899 41.1  -9.9(-7.9)  -452.794442 400 -11.4(-9.3)
2d  cc(chair) -453.587555 392  -6.A(-4.8) -453434274 407  -8.1(-64)  -452.786790 394  -9.0(-7.4)
3a  i(chair) -680.404186 60.1 -16.9(-13.5) -680.175136 623 -19.9(-16.4) -679.204374" 213
, 3b m(boat) 680402675 602 -160(-125) -680.174044 624  -192(-156) -679.202996° 204
= 3 tee -680.397284  60.5 -17.2(-13.2) -680.170810 62.7 -21.9(-17.9) -679.199084 229
3d  cec(ring) -680.395236 603 -183(-14.4) -680.169188 62.4 -233(-19.4) -679.197132" 242
d4a  ccec(ring) -907.211735 816 -35.7(-29.3) -906.911731 84.6 -43.3(-36.7) -905.617182" -45.5
_ 4b  m(chair) -907.211500 80.7 -26.3(-212) -906.907061 835 -30.9(-25.8) -905.613659° 333
" 4c mm(boat) -907.208878 807 -24.6(-19.5) -906.905131 83.8 -29.6(-24.2) -905.611272" 31.8
4d  cccc(chair) -907.193530  80.0 -24.3(-19.5) -906.889282 833 -29.2(-23.9) -905.594429" 31.2
Sa  cccec(ring) -1134.024980 102.7 -51.1(-42.4) -1133.649222 1064 -60.1(-51.2) -1132.031798° -63.3
_; Sb mn(chain) -1134018807 1012 -35.6(-289) -1133.639156 1050 -41.9(:35.0) -1132.022990° 453
" se mboat) -1134.014977 1011 -33.2(26.6) -1133.636302 105.1 -40.1(-33.1) -1132.019618" 432
5d  cccce(chair) -1133.998828 100.8 -34.7(-27.9) -1133.619178 104.5 -41.2(-34.2) -1132.001364" 442
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ZPVE corrections, the binding energies of 2¢ are reduced to
7.9 and 9.3 kcal/mol at the ®B97X-D/aug-cc-pVTZ and
MP2/aug-cc-pVTZ levels of theory. To test the higher-order
correlation effect, we performed CCSD(T)/aug-cc-pVTZ
single point energy calculation for 2¢ and the binding energy
of 11.51 kcal/mol increases in magnitude by 0.16 kcal/mol
from MP2. The MP2 binding energies were also corrected
for the basis set superposition error (BSSE). After 50%-
BSSE correction, it is reduced to 10.58 kcal/mol without the
ZPVE correction and 8.49 kcal/mol with the ZPVE correc-
tion. Therefore the best estimation of the binding energy for
the dimer is 8.65 kcal/mol after the ZPVE correction, 50%-
BSSE correction, and including higher-order correlation
effect.

For n=3, 3a is predicted to be the global minimum among
trimers investigated in this study, however, the binding
energies of 3¢ and 3d are larger than that of 3a. Previously,
Plesni¢ar and coworkers found only two stable isomers for
trimers (corresponding to our 3a and 3c¢).”* The new found
3d structure has the largest binding energy within trimers
investigated in this study because of more hydrogen bonds
even though they are weakly bound in each. Predicted bind-
ing energy (23.3 kcal/mol) of 3d at the ®B97X-D level of
theory is only 0.9 kcal/mol lower than that (24.2 kcal/mol) of
at the MP2 level of theory. The binding energy is predicted
to be 19.4 kcal/mol for 3d at the ®B97X-D level after the
ZPVE correction.

For n=4 and 5, the cyclic structures with all cis-HOOOH
monomers (4a and 5a) are predicted to be the global minima
and also have the largest binding energies among isomers
optimized in this study. Their binding energies are signifi-
cantly increased because they have more hydrogen bonds
and individual interactions are relatively strong. Predicted
binding energies of 4a and 5a are 43.3 and 60.1 kcal/mol at
the ®@B97X-D level of theory. The MP2 binding energies are
predicted to be 2.2 kcal/mol for 4a and 3.2 kcal/mol for 5a
greater than those of ®B97X-D. After the ZPVE correction,
the binding energies of 4a and 5a are reduced to 36.7 and
51.2 kcal/mol, respectively, at the ®B97X-D level.

The binding energies per unit HOOOH monomer are
increasing from n=2 going to n=5, which implies that the
longer chain clusters are more favorable. The binding
energies per H-bond in linear trans(chair) form are predicted
to be 3.75 kcal/mol for dimer (2a), 4.10 kcal/mol for trimer
(3a), 4.30 kcal/mol for n=4 (4b), and 4.38 kcal/mol for n=5
(5b) at the ®B97X-D/aug-cc-pVTZ level of theory after
ZPVE correction. In cyclic cis(ring) form, the binding
energies per H-bond of 4.6 kcal/mol for n=4 (4a) and 5.1
kcal/mol for n=5 (5a) are more significantly increased
relative to those in dimer (2¢, 3.20 kcal/mol) and trimer (3d,
3.23 kcal/mol) at the same level of theory.

Vibrational Frequencies and Intensities. The calculated
harmonic vibrational frequencies of HOOOH at various
levels of theory are listed in Table 4 and compared with
the experimental result. The experimental IR spectrum of
HOOOH has been observed in argon matrices by Engdahl
and Nelander.'® The direct comparison of the present theore-
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Table 4. Harmonic vibrational frequencies of HOOOH (trans and
cis) at various levels of theory with aug-cc-pVTZ basis set in
wavenumbers

B3LYP wB97XD MP2 CCSD(T) expt.”

trans

symm tors 371.6 369.6 3615 3627 3464
antisymm tors 4235  427.7 4165 4137 387.0
00O bend 5263 560.5 535.0 5225 509.1
antisymm OO stretch 800.4  901.6  827.5 800.2 776.3
symm OO stretch 9414 10049 9133 8956 821.0
symm OOH bend 1384.6 1420.8 13854 1385.7 13474
antisymm OOH bend 1392.7 1430.0 1393.0 1388.9 1359.1
antisymm OH stretch 3703.3 3787.7 3734.6 3726.5 3529.6
symm OH stretch 3707.7 37914 3736.8 3730.1 3529.6
cis

antisymm tors 228.7  293.6 2635 272.0

symm tors 446.4 4492 4378 4378

00O bend 513.1 5472 5194  503.7
antisymm OO stretch 8022  904.2 829.0 797.1

symm OO stretch 941.5 10059 915.1 896.9
antisymm OOH bend 1367.3 1403.6 1368.0 1363.7

symm OOH bend 1399.6 1437.8 1400.1 1398.5

symm OH stretch 3701.0 3785.8 37343 37232
antisymm OH stretch 3703.5 3788.9 3738.5 3726.6

“Reference 10

tical frequencies with experiment is difficult because the
experimental frequencies include anharmonic contributions,
while the computed frequencies are harmonic. New long-
range corrected (LC) DFT method (aB97X-D) is not helpful
to describe the IR spectrum of HOOOH. The harmonic
frequencies are overestimated about 5% for B3LYP and
MP2, and 4% for CCSD(T) relative to experimental fre-
quencies except symmetric O-O stretching mode. The B3LYP

] t-t-t (chair) JL
" l L M L |
] U_Jq_l W L

6 ' 560 ‘ 10b0 15|00 I 2d00 ' 2500 ‘ 30'00 ' 35b0 I 40b0
Frequency (cm™)
Figure 4. Predicted IR Peaks for the HOOOH monomer (trans),

dimer (2a), and trimer (3a) at the B3LYP/aug-cc-pVTZ level of
theory.

t-t (chair)
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Figure 5. Predicted IR Peaks for the HOOOH monomer (cis) and
clusters (4a and 5a) at the B3LYP/aug-cc-pVTZ level of theory.
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3500 4000

frequencies are reasonably good within harmonic postulation.

In Figure 4, the harmonic vibrational frequencies of frans-
HOOOH (1a) are compared with the results for all trans
dimer (2a) and trimer (3a) at the B3LYP/aug-cc-pVTZ level
of theory. As shown in Figure 6, the general feature of the
frequencies is red shift of 150-200 cm™" for the O-H stretch-
ing mode in dimer and trimer, while the highest frequency
transitions are almost unchanged. The OOH bending fre-
quencies (around 1400 cm™") in monomer are blue shifted by
about 100 cm™' (see Figure 6) in dimer and trimer for the
OOH bending mode involved in H-bond, while other OOH
bending frequencies are not affected too much. The anti-
symetric O-O stretching modes in monomer are split to
multi peaks and red shifted in dimer and trimer for the O-O
stretching modes involved in H-bond. There are no signifi-
cant shifts in the torsional bending modes, while new peaks
assigned to ring torsional modes formed from H-bonds arise
under 300 cm™.

3800
—+— symm OH stretching
3700 -~ antisymm OH stretching
—e— symm OOH bending
3600 -<- antisymm OOH bending
= 3500
IS
£ 3400
>
2 3300
o =~
3 1550
)
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n

Figure 6. Frequency shifts for the OH stretching and OOH
bending modes due to increasing the HOOOH monomer from n=1
to n=5.
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In Figure 5, the harmonic vibrational frequencies of the
ciss-HOOOH monomer (1b) are compared with the predic-
tions of all cis form ring clusters (4a and 5a) at the B3LYP/
aug-cc-pVTZ level of theory. As also shown in Figure 6, the
similar trends in the red and blue shifts of the O-H stretching
and OOH bending modes were observed in 4a and 5a.
However, more significant red shifts (200-300 cm™) are
observed for the O-H stretching modes because of the strong
interactions in 4a and 5a relative to those in dimer and
trimer. And also because all hydrogens in 4a and 5a are
involved in H-bonds, all O-H stretching and OOH bending
modes are shifted. The torsional bending modes are signifi-
cantly blue shifted, while there are no significant shifts in the
0-O stretching modes. New peaks around 150 cm™ in 4a
and 5a can be assigned to ring torsional modes formed from
H-bonds.

Conclusions

The geometrical parameters, binding energies, and harmonic
vibrational frequencies for possible (H,O3), (n=2-5) clusters
have been investigated using various quantum mechanical
techniques. For n=2 and 3, linear structures (2a and 3a) with
all trans forms of the HOOOH monomers are predicted to be
the lowest conformations in energy, while 2¢ and 3d isomers
have larger binding energies relative to those in 2a and 3a.
However, for n=4 and 5, the cyclic structures (4a and 5a)
with all ¢is-HOOOH monomers are preferable structures
and also have the largest binding energies among isomers
optimized in this study.

The best estimation of the binding energy for the dimer is
8.75 kcal/mol after the ZPVE correction, 50%-BSSE correc-
tion, and including higher-order correlation effect. The
binding energies per unit HOOOH monomer are increasing
from n=2 going to n=5, which implies that the longer chain
clusters are more favorable. The binding energies per
H-bond are predicted to be 3.75 kcal/mol for dimer, 4.10
kcal/mol for trimer, 4.30 kcal/mol for n=4, and 4.38 kcal/
mol for n=5 in linear trans(chair) form at the ®B97X-D/aug-
cc-pVTZ level of theory after ZPVE correction. In cyclic
cis(ring) form, the binding energies per H-bond for 4a (4.6
kcal/mol) and 5a (5.1 kcal/mol) are more significantly
increased relative to those in dimer (3.20 kcal/mol) and
trimer (3.23 kcal/mol) at the same level of theory.

The vibrational frequencies are red shifted for the O-H
stretching modes and blue shifted for the OOH bending
modes involved in H-bond of dimer (2a) and trimer (3a),
while the highest frequency transitions and other OOH
bending frequencies are almost unchanged. The similar
trends in the red and blue shifts of the O-H stretching and
OOH bending modes were observed in 4a and Sa.
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