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VIBRONIC ORIGIN OF THE “SKEWED” ANTICLINE CONFIGURATION 
OF THE HYDROGEN PEROXIDE MOLECULE
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Abstract: The vibronic origin of instability of the symmetrical forms (D¥ h, C2h and C2v) of the hydrogen peroxide 
molecule H2O2 was revealed using ab initio calculations of the electronic structure and the adiabatic potential 
energy curves. The vibronic constants in this approach were estimated by fi tting of the ab initio calculated adiabatic 
potential in the vicinity of the high-symmetry nuclear confi gurations to its analytical expression. It was shown that 
the equilibrium “skewed” anticline shape of the C2 symmetry can be realized in two ways: D¥h ® C2v® C2 or D¥h ® 
C2h® C2 with the decreasing of the adiabatic potential energy at every step. 
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Introduction
It is known that molecules of the type ABBA have a different geometry in gaseous phase: acetylene HCCH is a 

linear molecule (D¥ h), HNNH has a bent form with the C2h symmetry and hydrogen peroxide H2O2 adopts a “skewed” 
anticline shape with ÐHOO=94.8°and dihedral angle jHOOH= 111.5° [1]. In general, the problem of molecular geometry 
can be determined experimentally or by numerical calculations of its equilibrium (lowest in total energy) conformation. 
There are many modern computer program packages that perform such geometry optimization at least for the ground 
state, the results being strongly dependent on the method of calculation and on the type of the used basis set. However, 
such studies of the molecular geometry give no physical explanation of the origin of the shape of molecule. Very often 
the symmetry of the nuclear confi guration at the minimum is lower than the possible high-symmetry one. It was proved 
(see in [2]) and confi rmed by numerical calculations [3-6] that the only reason of instability and distortions of high-
symmetry confi gurations of systems in non-degenerated electronic states is the pseudo Jahn-Teller effect (PJTE).

Quantum chemical calculations of the hydrogen peroxide molecule available in literature (see, foe example, 
[7-9] and references therein) are devoted manly to determination of the equilibrium geometrical parameters and the 
barriers (cis-, trans-) to internal rotation. The analysis of the whole adiabatic potential energy surface (APES) of the 
H2O2 molecule and of the reasons causing its low-symmetry equilibrium nuclear confi guration where not considered 
as yet. 

In the present paper, distinguished from other works, we started the calculations of the hydrogen peroxide 
molecule from the highest possible D¥h symmetry, analyzed its distortion towards planar bent cis- (C2v) and trans- (C2h) 
transition states, and then to the equilibrium “skewed” (C2) shape, and demonstrated that at every step the distortion of 
the molecule, accompanied by lowering of the symmetry of the nuclear confi guration, is due to the pseudo Jahn-Teller 
effect. 

General theory

According to the PJTE theory [2] the adiabatic potential (AP) surface )(0 q  in the space of small displacements 

Γq  (read off from ε=0) may be written as follows:

       2
00 2
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where the bare (nonvibronic) force constant Γ
Γ0K , 

      ,)),(ˆ( 0
22

0 qqrHK                                     (2)

describes the contribution of the fi xed ground state electron distribution to the force constant, while the second term, 
Γ
ΓvK  (which is always negative),
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is the vibronic coupling contribution to the curvature of the AP arising from the mixing of the ground ( Γ ) with the 
excited ( Γ ׳) states in the second order perturbation theory, and 

    0)),(ˆ( qqrHF ,                                    (4)

is the constant of vibronic coupling between the mixing states. In eqs. (2)-(4) Ĥ is the electronic Hamiltonian of the 
system, and EΓ and EΓ׳ are the total energies of the ground and excited states respectively. Derivatives in these equations 

are taken in the reference confi guration at Γq =0. Note that the vibronic constants Γ′Γ
Γ

F , and therefore the vibronic 

contribution Γ
ΓvK  to the curvature of the AP, are nonzero only if Γ′⊗Γ contains Γ .

It was proved analytically and confi rmed by a series of numerical calculations [2-6] that for any molecular 
system the contribution to the curvature of AP of the ground state is always positive,

      .00 ≥Γ
Γ

K                   (5)

This means that structural instabilities and distortions of high-symmetry confi gurations of any polyatomic system in 
non-degenerate states are due to, and only to the PJTE, the mixing of the electronic state under consideration with 
higher in energy (excited) states under the nuclear displacements in the direction of distortion. The instability takes 

place if the inequality Γ
Γ

Γ
Γ
≥ 0KKv  holds, i.e. when the vibronic coupling is strong enough and/or the energy gap 

between the mixing states is relatively small. To answer the questions whether the system in the reference nuclear 

confi guration is stable or not with respect to any low-symmetry coordinate Γq , the wave functions, energy gaps EΓ׳′- 

EΓ, and the matrix elements Γ′Γ
Γ

F  and Γ
Γ0K  should be calculated for the states that are mixed under the displacement 

under consideration.

Coordinates of instability
Investigation of the possible spatial structures of the system should be started with its highest possible symmetry. 

In the case of the H2O2 molecule the linear confi guration of D∞h symmetry is the reference one. In this confi guration 
the four-atom molecular system H2O2 has seven vibrational degrees of freedom, which transform according to the 

irreducible representations  ugug2 . Two modes, πu and πg, correspond to the bending of the molecule 
and transform the linear nuclear confi guration into the cis- (C2v) and trans- (C2h) transition states, leaving them, however, 
planar. Schematic illustration of these two modes is shown in Fig.1, a,b.

 After separating of the center of masses we come to the following symmetrized displacements of the π type, 
describing the internal motions of the atoms under the bending distortion:
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Here the index γ = x, y of qπγ labels the lines of the degenerate representations of the π type, iOx , iOy , xj and yj are the 
Cartesian displacements of the atoms of oxygen and hydrogen respectively.

 In the optimized planar C2v and C2h geometries there are out-of-plane vibrations (a2 type in confi guration of 
the C2v symmetry and au type in the C2h one) which lead to the fi nal “skewed” anticline shape of the C2 symmetry 
(Fig.1, c, d). Corresponding symmetrized coordinates are:

  ),(
2

1
212 yyqa ).(

2
1

21 yyq ua                          (7)

Fig.1. The coordinate axes and atomic numeration for the H2O2 molecule. The arrows schematically show 
the displacements active in the PJTE: πu (a) and πg (b) types in the D∞h confi guration, and a2 (c) and au (d) 

modes in the C2v and C2h symmetries respectively.

In accordance with the remark in Section 2, the vibronic contribution to the curvature of AP that can lead to the 
instability of the high-symmetry nuclear confi gurations come from the vibronic mixing of only those many-electronic 
states, ground Γ and excited Γ׳, for which Γ′⊗Γ  contains Πu or πg representations of the D∞h point symmetry group 
(linear geometry), and A2 (C2v) and Au (C2h) representations in corresponding bending confi gurations.

Electronic structure of hydrogen peroxide H2O2
The geometry parameters of the hydrogen peroxide H2O2 in the linear (D∞h), planar bent (C2h and C2v) and 

“skewed” anticline (C2) nuclear confi gurations were optimized by ab initio SCF method in the RHF approximation with 
the use of the extended basis set of the TZV type augmented by polarization d- and f-functions on the oxygen atoms and 
p-functions on the hydrogen ones. Further the electronic energetic spectrum of the H2O2 molecule in all the optimized 
symmetrical geometries was calculated using the confi guration interaction (CI) approximation. The active space of CI 
included seven occupied and three lower unoccupied molecular orbitals. All calculations were performed using the PC 
GAMESS version [10] of the GAMESS (US) QC package [11].

Calculated parameters of the geometrical structure for all considered symmetrical confi gurations of the H2O2 
molecule and the values of the total and relative energies of the states are presented in Table 1.

Note that in all the cases not all obtained excited states are listed in Table 1, but only those that give the 
predominant contribution to the pseudo Jahn–Teller instability (negative force constant) of the ground state.
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 Table 1
Optimized geometries (Å), total energies (hartree), relative energies (eV) and electronic confi gurations of the ground 

and low-lying excited states for symmetry nuclear confi gurations
Symmetry Geometry State Total energy Relative 

energy
Electronic confi guration

D∞h RO-O=1.30
RO-H=0.94

Σg
+

Πu
Πg

-150.6219
-150.4905
-150.3415

0
3.57
7.63

[…(πu)
4(πg)

4(σu)
0(σg)

0]
[…(πu)

4(πg)
3(σu)

1(σg)
0]

[…(πu)
4(πg)

3(σu)
0(σg)

1]
C2h RO-O=1.39

RO-H=0.94
∠HOO=101.6°

Ag
Au

-150.8533
-150.5966

0
6.98

[…(ag)
2(bg)

2(bu)
0(ag)

0]
[…(ag)

2(bg)
1(bu)

1(ag)
0]

C2v RO-O=1.39
RO-H=0.94

∠HOO=107.3°

A1
A2

-150.8496
-150.5872

0
7.14

[…(b2)
2(a2)

2(a1)
0(b2)

0]
[…(b2)

2(a2)
1(a1)

1(b2)
0]

C2 
a RO-O=1.39

RO-H=0.94
∠HOO=103.2°
φdihedral=110.2°

A -150. 8595 0 […(a)2(b)2(a)0(b)0]

a  Experimental values of the angles: ∠HOO=94.8°, ϕHOOH= 111.5° [1].

The scheme of the electronic terms is shown in Fig. 2, where the dashed lines indicate the alteration of the states under 
the vibronically stabilized distortions. It is seen that in the high-symmetry linear (D∞h) nuclear confi guration the system 
has a nondegenerate ground state 1Σg

+, and two low-lying two-fold degenerate 1Πu and 1πg excited electronic states. As was 

mentioned in the previous Section, only the vibronic constants of the type ug uu qqrHF 0)/),(ˆ(  

and gg gg qqrHF 0)/),(ˆ( , and hence only the vibronic contribution to the curvature of the 

adiabatic potential v
u

K  and v
g

K  are nonzero. If these values are large enough, the linear confi guration is unstable 
with respect to πu and πg types nuclear displacements, and the system passes to more stable cis- (C2v) or trans- (C2h) nuclear 
confi gurations. In their turn due to the pseudo JT coupling of the ground 1Ag (C2h) or 1A1 (C2v) and excited 1Au (or 1A2) 

electronic states (i.e. non-zero uaga AqqrHAF uu 0)/),(ˆ(  and 201 )/),(ˆ( 22 AqqrHAF aa  

vibronic constants) these bent shapes become unstable with respect to the  out-of-plane (au or a2 type) displacements of 
the hydrogen atoms resulting in the equilibrium “skewed” anticline confi guration of the C2 symmetry.

Fig. 2. Eelectronic terms of the H2O2 molecule in four symmetry confi gurations
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Consider in more detail the nature of the mixing states. In the linear confi guration the fi rst excited uΠ  term arises 
from the excitation of one electron from the fully occupied πg molecular orbital (formed almost solely from the 2pπ 
AOs of the oxygen atoms) to the unoccupied σu MO which is an antisymmetrical linear combination of the 2pσ AOs of 

the oxygen atoms and 1s AOs of hydrogens. The second excited gΠ  state is formed by one-electron excitation from 
the same occupied πg MO to the virtual σg one which is a symmetrized linear combination of the 2pσ AOs of the O 
atoms and 1s AOs of the H atoms (Table 1 and Fig. 3).  Thus the determinants in the CI wavefunctions of the ground 
Σg

+ and corresponding excited Πu and Πg electronic states differ by one spin-orbital only. Taking into account that the 

Hamiltonian H in eq. 4 is a sum of one-particle operators,  the vibronic constants uF and 
gF  can be calculated as 

one-electron matrix elements of the type uxg uqqrHx 0)/),(ˆ(  and gxg gqHx 0)/( . For 

the planar bent C2h and C2v confi gurations corresponding vibronic constants uaga AqqrHAF uu 0)/),(ˆ( ∂∂=  

and 201 )/),(ˆ( 22 AqqrHAF aa ∂∂=  are reduced to the matrix elements uag bqqrHb u 0)/),(ˆ( ∂∂  and 

102 )/),(ˆ( 2 aqqrHa a∂∂  respectively.

Fig. 3. MO energy level scheme for the H2O2 molecule in linear (D∞h), bent (cis-C2v and trans-C2h) 
and equilibrium “skewed” anticline (C2) nuclear confi gurations

The large values of the vibronic constants are due to the nature of the mixing MOs determining the essential 
changes of the binding by the distortion. Indeed, for example, in the linear confi guration the overlap of the occupied 
πg and unoccupied σu (σg) orbitals is zero by symmetry restrictions (Fig. 4), and hence these orbitals do not contribute 
to oxygen-hydrogen bonding. Under the πg (πu) type nuclear displacements the πg MO split and one of its component 
become of the same symmetry as the respective admixing virtual orbital. Now their overlap is nonzero resulting in the 
additional bonding of the 2pπ AOs of the oxygen atoms with the orbital of the nearest hydrogen atom.

                         (a)                                 (b)
Fig. 4. Schematic illustration to the covalence origin of the vibronic instability of the linear confi guration of H2O2: (a) 
πg⊗σu, (b) ∞g⊗σg. The overlap integral between the vibronically mixing molecular orbitals (white areas) is zero in the 
linear D∞h confi guration and becomes nonzero by πg (πu) distortions bending the H2O2 molecule towards to the cis-C2v 

(a) and trans-C2h (b) transition states.
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Numerical calculations of the adiabatic potential

Potential energy curves of the H2O2 for all considered displacements Γq  2,,, aauug  (Fig. 1) were 
calculated with the ab initio SCF CI method described in Section 3. Fig. 5 show corresponding cross sections of the 

APES along the coordinates Γq .  In the starting linear (D∞h) nuclear confi guration )0,0( ug qq , as mentioned 
above, the electronic ground state is 1Σg

+, and there are two double-degenerate 1Πu (at 3.57 eV above the ground state) 

and 1πg (at 7.63   eV) excited electronic states. Along 0gq  (Fig.4, a) or 0uq  (Fig.4, b) the D∞h symmetry is 

reduced to C2h (C2v), the πg (Πu) doublets split and one of their components (Ag in C2h and A1 in C2v confi guration) has the 
strong vibronic admixture to the ground state (due to the relatively large vibronic constants) resulting in the instability 
of the later with respect to trans- and cis- bending. 

Planes (c) and (d) in Fig. 5 represent the cross sections of the APES along the out-of-plane displacements of the 
hydrogen atoms (au or a2 type) when starting from the C2h or C2v confi gurations. In these cases due to the pseudo JT 
admixture of the excited 1Au (C2h) or 1A2 (C2v) terms (Fig.2) the ground electronic 1Ag  (or 1A1)  states become unstable 
with respect to these  out-of-plane displacements of the hydrogen atoms. The energies of stabilization are equal to 0.17 
kcal/mole in the case of C2hC2 distortion and 0.27 kcal/mole in the C2v.C2 case

Fig.5. Four cross-sections of the APES of the hydrogen peroxide along: 
u

q (D∞h ,(C2v  

g
q (D∞h C2h), 2aq  (C2v C2) and  

uaq (C2h .C2) coordinates 

We used eq. (1) to estimate the parameters of the vibronic coupling by fi tting ab initio data for the APES to the 
general formulas. The values of parameters of the PJTE, K0, V and K, obtained in this way are presented in Table 2.

Table 2
Values of the parameters of the PJT coupling, K0, V and K

q   (eV)  EPJT (eV)  K0 (eV/ Å2)  V (eV/ Å)  K (eV/ Å2) 

g
q ( D h C2h) 7.63 6.30 3.05 6.83 -9.18 

u
q ( D h C2v) 3.57 6.20 2.28 6.29 -19.88 

uaq (C2h�C2) 6.98 0.17 4.09 4.25 -1.09 

2aq  (C2v�C2) 7.14 0.27 4.26 4.43 -1.24 
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It is seen from the Table 2, that the values of KΓ = K0
Γ-2VΓ

2/ΔΓ (the curvature of the adiabatic potential) in all 
these geometries are negative. This confi rms that all symmetrical forms (D∞ h, C2h and C2v) of the hydrogen peroxide 
molecule H2O2 are energetically unstable due to the PJT effect. Both transition paths from the D∞h to C2 (D∞h→C2h→C2 
and D∞h→C2v →C2) have the same energetic effect: ~ 6.47 eV.

Note, that the energy gaps between the mixing ground and excited electronic states are rather large in all the 
cases. However, the vibronic coupling is much larger producing at fi rst one of the planar bent confi gurations and then 
the stable “skewed” anticline shape of the hydrogen peroxide. Note also that more sophisticated methods of calculations 
can give more precise values of the total energies, but they do not change the qualitative details of the rearrangement of 
molecular orbitals and the formation of new covalent bonds in the system by distortion.

Conclusion
On the base of the ab initio calculations of the electronic structure and the potential energy surfaces it was shown 

that the H2O2 molecule is unstable in both the linear nuclear confi guration of the D∞h symmetry and \ planar bent cis- 
(C2v) or trans- (C2h) shapes. By fi tting of the equation (1) obtained from the vibronic theory to the ab initio calculated 
hydrogen peroxide APES it is shown that the origin of the instability of these confi gurations is the pseudo Jahn-Teller 
effect. The equilibrium “skewed” anticline shape of the C2 symmetry can be realized in two ways: D∞h → C2v→C2 or 
D∞h → C2h→ C2 with decreasing adiabatic potential energy at every step. 
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