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ABSTRACT: Quantum chemical calculations have been performed in half-projected
Ž .Hartree]Fock HPHF and CIS approaches for estimating the energy levels of the lowest

two excited states of hydrogen peroxide. Geometry optimization was performed for the
respective states at the equilibrium configuration with an elaborate quadrupole-zeta basis
set augmented with polarization and diffuse functions. The model of the nonrigid rotor
in an anharmonic potential was used for calculating the frequencies and intensities of
the torsional mode, and the spectroscopic parameters were evaluated with a view to
understand more closely the vibrational structure associated with the experimental

Ž .ultraviolet UV spectrum of this molecule. While the spectroscopic parameters are new,
reasonably good agreement is achieved for the frequencies of the torsional mode with the
existing theoretical and experimental data for the 11B state. Q 1999 John Wiley & Sons, Inc.
Int J Quant Chem 75: 631]636, 1999
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Introduction

ydrogen peroxide is an interesting moleculeH from both chemical and structural points of
view. It is the smallest species showing internal
rotation. On the other hand, it is an important

w xconstituent of the troposphere and stratosphere 1 .
Recently, this molecule is used for the develop-
ment of amperometric biosensors and in plasma

w xcatalytic reactor 2 .
Hydrogen peroxide exhibits in its 11A ground

state a trans skew preferred conformation with C2
symmetry. The dihedral angle H—O—O—H is

w xabout 1128 3 , with the electronic configuration
. . . 4b25a2.

Although a number of experimental and theo-
retical research works have been performed on this
molecule to study the ground-state properties both

w xin vibrationally excited and ground states 4]16 ,
its response properties under static electric and

w xmagnetic fields 17, 18 and interestingly on parity
w xviolating energy states 19 , calculations on elec-

tronic excited states are rather scanty. The pho-
toexcitation process in hydrogen peroxide is an
interesting dynamical process for the following

Ž .reasons, namely i hydrogen peroxide dissociates
into two vibrationally unexcited O—H fragments
resulting in rotationally excited channels and origi-
nating from torsional motion associated with the
dihedral angle and the bending modes connected

Ž .with the O—O—H angle and ii the excitation to
and the ionization from the low-lying excited states
are accompanied by an appreciable change in the
geometry of the molecule, particularly the dihedral
angle.

The photodissociation process at wavelengths
l G 193 nm was mostly studied earlier by sev-

w xeral experimental groups 20, 21 . Schinke and
w xStaemmler 22 treated the photodissociation pro-

cess theoretically by the use of classical mechanics
and ab initio potential energy surfaces for two

w xlowest excited states 23 . The photoelectron spec-
tra of hydrogen peroxide has been also known for

w xsome time 24, 25 . The absorption cross section in
Ž . Ž .the ultraviolet UV region 190]400 nm has been

w xmeasured by several authors 24]26 , but only one
convincing experiment was done by Suto and Lee
w x Ž .27 in the visible UV region 106]190 nm .

The absorption cross section of hydrogen perox-
ide at 135]170 nm region shows several small

vibrational structures superimposed on a contin-
uum indicating the existence of quasi-bound ex-
cited states. Only two important theoretical calcu-
lations were performed in the past to interpret
these quasi-bound states. The first one is a CISD
calculation by Chevaldonet, Cardy, and Dargelos
w x28 using a double-zeta basis with polarization
and diffuse function. The geometry was that of

w xCremer 29 . The authors ignore completely the
change of geometry during excitation process.

w xThe second one is Takeshita and Mukherjee 30
at the CISD and CIS levels with the fairly large
basis set.

The purpose of the present study is to optimize
the geometry parameters in the excited states us-
ing a very large basis set and to calculate the
energy levels of the first two lowest excited states

Ž .using half-projected Hartree]Fock HPHF and CIS
methods, as well as to calculate the vibrational
frequencies for the torsional modes together with
spectroscopic parameters in the excited states us-
ing a much more accurate method which uses a
nonrigid model of the molecule in an anharmonic

w xpotential 31]34 . This yields accurate values of
the frequencies of the torsional oscillation modes
and gives an insight toward proper understanding
of the experimental UV spectrum.

Method

We have to study two distinct problems here.
The first one is to calculate the potential energy
curves for the first two excited states with some ab
initio methods. The second one is to calculate the
torsional levels in the electronic states, determine
the frequencies and the Franck Condon factors, as
well as the intensities associated with the spectral
transition.

The potential energy curves for the ground state
has been calculated using the Gaussian94 program
package both at the RHF and at CISD level. For the
excited states we adopted Gaussian94 at the single

Ž .excitation CI level CIS as well as the HPHF
method. The former being well described in litera-
ture, we wish to elaborate a little on the HPHF
method. The HPHF method developed by Smeyers

w xand co-workers 35]39 is essentially based on a
variational formulation using two DODS determi-
nant wave functions defined for an even number
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of electrons.

1
C s a b a b . . . a b½HPHF 1 1 2 2 n n'2

Ž ." b a b a . . . b a , 151 1 2 2 n n

where the plus sign is for singlet and minus for
triplet states.

The important feature is that the singlet state
does not have any contaminations from states of
odd multiplicities and the orbitals are invariant

w xunder an unitary transformation 36 . As a result
the orbitals can be made corresponding, i.e., they
satisfy the orthogonality condition:

² < : Ž .a b s l d . 2i j i i j

w Ž .Using the form of the wave function Eqs. 1
Ž .xand 2 one can construct relevant Fock matrices

to get the energy level of molecular systems both
w xin ground as well as in excited states 36]39 . For

the calculation of excited states some additional
constraints are to be fulfilled.

Recent calculations have shown that this method
yields more accurate results for the excited states

w xthan those obtained by a CIS approach 38 . How-
ever, for systems having quasi-degenerate excited
states, numerical problems arise because of mixing
of excitations which reflects nonconformity of the

Ž . w xcondition given by Eq. 2 40 .
In the present case calculations have been per-

formed both at the HPHF level and using CIS
embedded in Gaussian94 program to determine
the potential energy curves for the torsion in H O2 2
in its two lowest singlet excited states 21A and 11B.
Because of the presence of quasi-degenerate in-
truding states, the HPHF method does not yield
convergence for intermediate dihedral angles for
the 21A state.

To calculate the torsional oscillation modes the
solution of the one-dimensional vibrational Hamil-
tonian

 
Ž . Ž . Ž . Ž . Ž .H u s B u q V u q V 9 u 3vib u u

w x Ž .is sought 31, 32 . Here B u is the torsional kinetic
Ž .parameter of the rotor, V u is the potential energy

Ž .surface, and V 9 u is a pseudopotential related
with the classic to the quantum coordinate trans-
formation. All these quantities are Fourier ex-
panded to get very accurate descriptions of the

solutions of the vibrational Hamiltonian. The pro-
w xcedural details are given in 31]34 .

Results and Discussion

In the calculation of the potential energy sur-
faces for the ground and the lowest 21A and 11B
excited states, we have adopted the quadrupole-

Ž . w x Žzeta basis set 6 s r 4 s for hydrogen and 12 s
. w x w x7p r 7s4 p for oxygen of Thakkar et al. 41 , aug-

mented by two p-type polarization functions for H
and two d-type ones for oxygen. The exponents of
the polarization functions are taken from Thakkar

w xet al. 41 . In addition, we introduce two diffuse
orbitals of s and p types with exponents 0.02 for
adequate representation of the excited states. The
exponents of the diffuse function are the same as

w xapplied earlier by Takeshita and Mukherjee 30 .
The ground-state geometry is taken the same as

w xthat of Thakkar et al. 41 and the excited-state
geometries are optimized using CIS embedded in
Gaussian94.

The excited state of A symmetry has its local
minimum at the cis conformation while that of the
B symmetry is at the trans conformation indicating
a large change of dihedral angle in the respective

w xcases, as was observed earlier 30 . The two levels
cross in between the cis and trans conformations.
The optimized geometry parameters are repre-
sented in Table I.

For the sake of completeness we quote the pa-
w xrameters obtained by Thakkar et al. 41 for the

ground state. For comparison we also quote the
geometry parameters obtained by Takeshita and

w xMukherjee 30 . As is observed, there is overall
stretching of the O—O bond distance in the ex-

TABLE I
Optimized geometry of H O in ground and2 2

1 1excited 2 A and 1 B states.

O } O O } H -OOH -HOOH
˚ ˚( ) ( ) ( ) ( )State A A deg deg

11 A 1.3966 0.9431 102.68 111.2
a a a a1.391 0.948 102.5 115.5

12 A 1.2631 1.0635 101.9988 0.0
a a a1.253 1.069 102.5 0.0

11 B 1.2771 1.0031 101.982 180.0
a a a1.248 0.989 104.7 180.0

a [ ]Ref. 30 .
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cited states. The stretching was also observed ear-
w xlier 30 but is relatively more with the present

elaborate basis set, the bond angle -OOH also
changes a little, while the other parameters are

w xmore or less the same as obtained earlier 30 .
Table II incorporates the potential energy curves

versus the dihedral angle. To have better assign-
ment of experimental spectrum in the visible]UV
region, we have calculated the ground-state sur-

Ž .face both at the self-consistent field SCF and
CISD levels. We have used the optimized parame-
ters for the respective excited states to calculate
the energy values with respect to the dihedral
angle. It is clearly seen from Table II that the 21A
state has a minimum at the cis conformation and
the 11B state has its minimum at the trans confor-
mation. Both the states show a hump in their
potential energy curve, and to be more explicit the
potential energy curve obtained with HPHF model
is plotted for the 11B state in Figure 1. This curve is
comparable with that given by Takeshita and

w xMukherjee 30 .
It is also apparent that the excited-state energies

calculated with HPHF is better than those found in
the CIS calculations using identical basis. The adia-
batic excitation energies obtained with CIS for the
21A and 11B states in their minimum energy con-
figurations are, respectively, 6.84 and 7.43 eV com-
pared to 5.78 and 6.09 eV of Takeshita and

w xMukherjee 30 . The adiabatic excitation energy
values depends very much on the reference energy
level of the ground state and can be very different

FIGURE 1. Potential energy curve for the HO } OH
torsion in the singlet excited state 11B by the HPHF
method.

at different levels of approximations used for the
ground level. The adiabatic excitation energies for
the respective states using the HPHF method and
ground state at SCF level are 5.19 and 5.87 eV. We
have studied the behavior of the potential energy
surfaces for the 21A and 11B states with respect to
O—O stretching. The general observation is that
close to the minimum energy configurations for
both states we get an equilibrium O—O bond
length which increases continuously with the
change of dihedral angle. Near the crossing of the
two levels A and B the potential energy diagram
with respect to O—O stretching is dissociative and
it remains dissociative afterwards. The level cross-
ing could be avoided only by an elaborate configu-

Ž .ration interaction CI calculation.

TABLE II
Potential energy surface for the ground and excited states of H O with respect to dihedral angle.2 2

( )Energy values a.u.
1 1 11 A 2 A 1 B-HOOH

( )deg CISD CIS HPHF CIS HPHF

a a0 y151.25714 y150.59493 y150.65552 y150.51766 y150.57519
20 y151.25860 y150.59045 y150.51764 y150.57453
40 y151.26216 y150.57841 y150.51692 y150.57135
60 y151.26618 y150.56150 y150.51578 y150.56444
80 y151.26928 y150.54216 y150.52245 y150.55333

b100 y151.27081 y150.52416 y150.53705
a111.2 y151.27097

120 y151.27080 y150.52492 y150.55155 y150.60712
140 y151.26979 y150.53734 y150.56318 y150.61989
160 y151.26862 y150.54591 y150.57069 y150.62793

a a180 y151.26812 y150.54886 y150.60670 y150.57329 y150.63065

aThe minimum energy configuration in respective states.
b There is an apparent level crossing at about 1008 and HPHF for 11B does not converge.
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Ž .We have evaluated the kinetic parameters B u
for the torsional mode for the respective cases

w xfrom the optimized geometries 33 . The potential
energy and kinetic functions have been fitted to a
series of trigonometric functions as was done ear-

w xlier for the ground state 16 . The kinetic parame-
Ž .ters B u for different dihedral angles have been

listed in Table III for the ground and excited states.
These parameters are the same in the CIS and
HPHF calculations.

In Table IV we listed the spectroscopic parame-
ters for the excited states. The only calculation
available for the excited states for the vibrational
frequencies of the torsional mode is that of

w xTakeshita and Mukherjee 30 . The present calcula-
tion agrees with the earlier one, which suggests a
completely different torsional frequency scheme in
the excited state as compared to that of the ground
state because of large changes of the dihedral
angle. The present results agree thus with the

w xearlier observation 30 that the assignment of ex-

TABLE III
Kinetic vibrational parameters for the ground and
excited states.

y1( )B cmu
1 1 1( )deg 1 A 2 A 1 B

0 42.01 32.86 36.93
30 42.09 32.94 37.01
60 42.34 33.15 37.24
90 42.73 33.51 37.62

120 43.18 33.94 38.06
150 43.55 34.31 38.44
180 43.70 34.46 38.59

TABLE IV
Spectroscopic parameters for the excited states of
hydrogen peroxide.

v n v v xo 4 e e e
y 1 y 1 y 1 y 1( ) ( ) ( ) ( )State Method cm cm cm cm

a12 A CIS 531.0 1043 1060 y10.2
b1083
c1345

11 B CIS 416.1 827 835 y4.1
HPHF 425.5 849 853 y2.1

b931
c1140

an is the torsional oscillation mode of H O .4 2 2
b [ ]Ref. 30 .
c [ ]Expt. 27 .

TABLE V
( y1)Torsional frequencies in cm and intensities

calculated by the HPHF and CIS approaches for
1the 1 B excited state of hydrogen peroxide.

Theoretical

Trans. HPHF model CIS model

v ª v 9 Freq. Intensities Freq. Intensities

0 ª 2 1730. 0.219 1679. 0.221
1 ª 3 2576. 0.122 2493. 0.125
0 ª 4 3440. 0.104 3322. 0.103
1 ª 5 4273. 0.118 4117. 0.118

perimental spectrum in terms of ground-state vi-
w xbrational frequencies as done by Suto and Lee 27

is completely incorrect.
We have performed the intensity analysis of the

torsional vibrational bands using anharmonic os-
Ž .cillator potential model 3 . We find that the

Franck]Condon factors and relative intensities as-
sociated with the 11B state are 102 times larger
than those associated with the 21A state.

In Table V, we give the frequencies and intensi-
ties for the five lowest vibrational states of the 11B
electronic state. A strong progression is observed.
Because of the inversion symmetry of the rotation,
only the even ª even and odd ª odd transitions
are allowed. Both hot and cold bands are present
with comparable intensities. From the intensity
analysis we find that the average vibrational fre-
quency for the progression is about 794 cmy1 for
the CIS calculations and 834 cmy1 for the HPHF
ones in the 11A ¤ 11B transition. The results differ
somewhat from the average experimental separa-

y1 w xtion of 1140 cm of Suto and Lee 27 and that of
931 cmy1 calculated by Takeshita and Mukherjee
w x30 . Changing the ground-state potential by the

w xvery accurate one calculated by Senent et al. 16 ,
does not solve the problem and yields more or less
the same pattern.

For the 11A ¤ 21A transition, we get a torsional
frequency of 1043 cmy1 in the longer wavelength

w xside whereas that given by Suto and Lee 27 is
about 1345 cmy1 and that obtained by Takeshita

w x y1and Mukherjee 30 is 1083 ’cm . Anyway, it is
difficult to believe that the 21A state could be
responsible for the origin of the vibrational pro-
gression on the long wavelength side because of
the weakness of the Frank]Condon factors. Since
the present calculation uses large basis sets and
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gives the frequencies of the torsional oscillation
modes accurately, we suppose that a complete
understanding of the excited-state properties of
this particular molecule requires more refined cal-
culations and with geometry optimization at inter-
mediate points and high-resolution experiments at
different temperatures are necessary.
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