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Abstract. The potential energy surfaces (PES) for the singlet and triplet H2O2 molecular system were studied by using  
the CASSCF, CASPT2, QCISD, QCISD(T), and CCSD(T) methods with the aug-cc-pVDZ, aug-cc-pVTZ, and 6-
311+G(3df,2p) basis sets. The CASSCF and CASPT2 results show some significant differences from the QCISD, 
QCISD(T), and CCSD(T) calculations. The QCISD(T)//QCISD and CCSD(T)//QCISD calculations were found to be 
suitable for examining most of the species and reaction paths on the H2O2 PES except for a few open shell species which 
have a multi-reference character. The CASSCF and CASPT2 methods were found to be better suited for treating these 
open shell species. Consistent with previous theoretical and experimental work we find the hydrogen abstraction reaction 
1O + H2O  2OH + 2OH to have a small or no energy barrier suggesting this pathway may have relevance to the 
astrochemical formation of hydrogen peroxide in an extraterrestrial environment.  

Keywords: H2O2, hydrogen peroxide, oxywater, potential energy surface, PES, CASSCF, CASPT2, QCISD, QCISD(T), 
CCSD(T). 
PACS: 95.30.Ft Molecular and chemical processes and interactions. 

1. INTRODUCTION 

    Singlet and triplet potential energy surfaces of the H2O2 system have been investigated extensively due to their importance for 
astrochemistry. Recent laboratory experiments investigating the charged particle and ultra violet (UV) photon irradiation of water 
(H2O) ices – the dominant component of ice mantles of dust grains in cold molecular clouds1 and on the surfaces of small solar 
system objects such as Kuiper Belt Objects (KBOs)2,3, comets, and icy satellites like Europa, Ganymede, and Callisto4 in the 
outer solar system showed that a significant fraction of hydrogen peroxide can be generated. Note that water-bonded hydrogen 
peroxide molecules have been suggested tentatively to be the carrier of the low frequency wing of the 3250 cm-1 infrared 
absorption features of the dust grains in cold molecular clouds5. Absorption features of hydrogen peroxide have been identified in 
the infrared and ultraviolet wavelength spectra of Europa, where the hydrogen peroxide concentration is about 0.13 ± 0.07% 
relative to water6. Hendrix et al.7 reported the existence of hydrogen peroxide on the surfaces of Europa, Ganymede, and Callisto 
with concentrations of about 0.3% by weight. H2O2 has also been proposed as a precursor molecule to generate molecular oxygen 
on the surfaces of Ganymede and Europa8. However, despite the significance of the hydrogen peroxide molecule in the chemical 
processing of water-rich ices, little is known on the formation mechanism of the H2O2 molecule. This could be formed either by 
recombination of two hydroxyl radicals – a radiolysis product of the water molecule – or by addition of an electronically excited 
oxygen atom to the water molecule yielding an oxywater (H2OO) intermediate followed by hydrogen shift and subsequent 
stabilization of the internally excited hydrogen peroxide molecule in the water matrix9. In 1983, Pople et al. first examined the 
structure of singlet oxywater, 1H2O-O, where the O(1D) atom accepts one of the lone pair electrons from O of the water 
molecule10. These calculations suggested that 1H2O-O was an unstable structure since no energy barrier was found for the 
reaction 1H2O-O  1HOOH (hydrogen peroxide) at the MP4//HF level (Single point MP4 energy calculation performed at the 
HF optimized geometry). However, Bach et al. in 1990 predicted using MP2 optimized geometries a 3.1 kcal/mol energy barrier 
at the MP4//MP2 level for the same reaction11. Likewise, CCSD(T)//CCSD calculations by Schaefer and coworkers agreed with 
the Bach et al. results by predicting a ca 3 kcal/mol energy barrier12. More recently, Gonzalez et al. studied the PES of the singlet 
H2O2 system using the PUMP4//UMP2 method13 and the complete active space (CAS) SCF and CASPT2 methods14. They found 
that the energy barrier of the 1H2O-O  1HOOH reaction to be 2.8, 7.4, and 0.2 kcal/mol at the PUMP4//UMP2, 
CASSCF//CASSCF, and CASPT2//CASSCF levels, respectively. Similarly they found that the predicted values for other energy 
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barriers and relative energies on the singlet H2O2 PES by these above 3 methods often differ by more than 5 kcal/mol. They 
argued that the CAS methods should be superior to the MP methods since many of the species of interest have multi-reference 
characteristics, which cannot be properly described by the single-reference MP methods. However, their CASSCF and CASPT2 
results differ significantly from Schaefer et al. CCSD(T) results. It is not surprising that CASSCF cannot predict accurate relative 
energies since it does not include as much dynamical correlation energy as the CASPT2 and CCSD(T) methods. However the 
discrepancy between the CASPT2 and CCSD(T) results does raise the question of which method is more suitable for describing 
the H2O2 potential energy surface. It’s also worth noting that Gonzales et al. used a cc-pVTZ basis set in their CASPT2 paper, 
which inevitably raises another question whether their results are trustworthy since the inclusion of diffuse functions can be 
critical for predicting reliable energy barriers since many transition states and radical species in the singlet H2O2 system could 
involve loosely bound electrons.  Karkach et al. studied the triplet potential energy surface for H2O2 using the quadratic 
configuration interaction (QCI) methods (approximation of corresponding coupled cluster methods)15. However, it might be 
expected that the single-reference QCI methods might not correctly describe some open shell species on the H2O2 PES. In this 
paper, to make comparison between all the aforementioned methods and to study the basis set effects, we have applied the 
CASSCF16, CASPT217, QCISD18, QCISD(T)18, and CCSD(T)19 methods to study both of the singlet and triplet H2O2 PES. To 
evaluate possible basis sets the calculations are performed using 3 different basis sets for calculations, where aug-cc-pVXZ 
(X=D, T) basis sets20 include appropriate diffuse functions on the O and H atoms while 6-311+G(3df,2p) includes diffuse 
functions only on O atoms. 
    The remainder of the article is organized as follows. In the next section, the various computational methods employed in this 
paper are briefly described. In the Results and Discussion section, geometric and energetic data are listed and discussed in detail. 
Singlet and triplet potential energy surfaces of the H2O2 system are also provided to illustrate various reaction paths and energy 
barriers. The summary and concluding remarks are given in the last section. 

2. COMPUTATIONAL METHODS 

   All of the calculations are performed using either the Dunning’s aug-cc-pVDZ or aug-cc-pVTZ  or 6-311+G(3df,2p) basis sets 
used in Pople et al. G2 theory21. Aug-cc-pVXZ basis sets include diffuse functions on both O and H atoms while the 6-
311+G(3df,2p) basis set has diffuse functions only on O atoms. The geometry optimizations for the local minima and transition 
states are performed at the CASSCF and QCISD levels of theory. Single point energies which include a higher level of electron 
correlation are obtained at the CASPT2//CASSCF, CCSD(T)//QCISD, and QCISD(T)//QCISD levels of theory using the same 
basis sets as in the geometry optimization calculations. Full valence active spaces are used in all of the CASSCF and CASPT2 
calculations. The active space selected in the CAS calculations for species with an HmOn stoichiometry consists of m + 6n active 
electrons and m + 4n active orbitals. Zero point energies (ZPE) are calculated at the QCISD/aug-cc-pVDZ level if not specified. 
The CASSCF and CASPT2 calculations are carried out using the GAMESS suite of codes22. The QCISD, QCISD(T) and 
CCSD(T) calculations are carried out using the GAUSSIAN 03 package23. 

3. RESULTS AND DISCUSSION 

3.1. Comparison of Theoretically Predicted Geometries with Experimental Data 

 
    Table 1 lists the electronic and structural properties obtained for the various local minima at the CASSCF and QCISD levels of 
theory using the aug-cc-pVDZ, aug-cc-pVTZ, and 6-311+G(3df,2p) basis sets. The QCISD/aug-cc-pVTZ and QCISD/6-
311+G(3df,2p) calculations generally produce the geometries which compare best against the experimental data with the bond 
length discrepancy being less than 0.01 Å and the angle discrepancy being less than 0.4° with the biggest differences occurring 
for the hydrogen peroxide ground state. In the HOOH ground state, QCISD finds geometries that are no worse than those from 
the CASSCF method. The QCISD method with either the aug-cc-pVTZ or 6-311+G(3df,2p) basis set underestimates the O-O 
bond length by only 0.012 or 0.021 Å. However QCISD with a double zeta aug-cc-pVDZ basis set often slightly overestimates 
the bond lengths. In contrast, the CASSCF method with all three various basis sets predicts bond lengths which are too large. 
This overestimation of bond lengths by CASSCF is expected owing to the presence of anti-bonding orbitals in the active space. 

3.2. Structural types of Local Minima and Transition States 

    The QCISD optimized structures found for various local isomers and transition states are illustrated in Figure 1. The local 
minima structures (a) through (h) all have 6 real vibrational frequencies whereas the transition state structures (i)-(o) are 
characterized by having one imaginary vibrational frequency. Generally, similar structural types are also obtained with the 
CASSCF method with the main exception occurring for cis-3HOOH structure (g). In (g) the predicted O-O bond lengths are 
1.895 and 6.397 Å at the QCISD/aug-cc-pVTZ and CASSCF/aug-cc-pVTZ levels of theory, respectively. This big difference 
demonstrates the failure of the QCISD method at treating open shell species involving large equilibrium bond lengths. The cis- 
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TABLE 1.  Comparison between experimental and theoretically predicted geometries for various local minima. Bond 
lengths are in Å. Bond angles and dihedral angles are in degrees. 
Species, Symmetry CASSCF Geometrya QCISD Geometryb Exp. Geometryc 
H2 (

1Σg), D∞h RHH: 0.770, 0.755, 0.756 RHH: 0.761, 0.743, 0.742 0.741 
HO (2Π), C∞v RHO: 0.978, 0.975, 0.973 RHO: 0.978, 0.971, 0.969 0.970 
H2O (1A1), C2v RHO: 0.967, 0.950, 0.963 

∠HOH: 102.50,106.26,103.05 
RHO: 0.965, 0.959,0.957 

∠HOH: 104.11, 104.48, 104.71 
0.958 

104.50 

HOO (2A´´), Cs ROO:1.356, 1.357, 1.347 
RHO:0.979, 0.949, 0.974 

∠HOO:102.88, 103.53, 103.34 

ROO:1.348, 1.335, 1.327 
RHO:0.977,0.971,0.969 

∠HOO:103.87, 104.28, 104.62 

1.331 
0.971 

104.30 
O2 (

1Δg), D∞h ROO: 1.234, 1.231, 1.227 ROO: 1.220, 1.211,1.206 1.216 
O2(

3Σ+
g), D∞h ROO: 1.220, 1.218, 1.215 ROO: 1.212, 1.204, 1.200 1.207 

HOOH (1A), C2 ROO:1.488, 1.479,1.474 
RHO:0.972, 0.969, 0.967 

∠HOO:98.55, 98.95, 99.13 
∠HOOH:114.25, 115.29, 112.28 

ROO:1.462, 1.444, 1.435 
RHO:0.969, 0.964, 0.962 

∠HOO:100.02, 100.52, 100.82 
∠HOOH:111.72, 111.62, 111.01 

1.456 
0.967 

102.32 
113.70 

 
a. Geometric parameters calculated at the CASSCF level of theory with the aug-cc-pVDZ, aug-cc-pVTZ, and 6-
311+G(3df,2p) basis sets, respectively. 
b. Geometric parameters calculated at the QCISD level of theory with the aug-cc-pVDZ, aug-cc-pVTZ, and 6-
311+G(3df,2p) basis sets, respectively. 
c. Experimental data are obtained from reference 24. 
 
 

3HOOH is formed from triplet bonded OH radicals, where the two single unpaired electrons on the O atoms each have the same 
spin state which, because of the Pauli exclusion principle, are unable to pair up to form a single bond.   The major interactions 
between the 2 OH groups are derived from the expected attractive dispersion force balanced against the dipole-dipole repulsion, 
suggesting that the long O-O distance predicted by CASSCF is the more reasonable result. 
    Transition state 1TS1 (i) connects to the local minima 1H2O-O (a) and 1HOOH (e). 3TS1 (j) connects with 3O-H2O (d) and 
3HOOH (f) structures. 1TS2 (k) connects with oxywater 1H2O-O (a) and separated H2 and 1O2 molecules. 3TS2 (l) connects with 
3H2O-O (b) and a separated 2H atom and a 2HOO radical. 1TS3 (m) connects with ground state 1HOOH (e) and separated H2 and 
1O2 molecules.  We note that the transition state 1TS3 structure (m) was only found at the HF and B3LYP levels but not at the 
CASSCF or QCISD level.  The 3TS4 (n) and 3TS5 (o) transition states connects with the trans- (f) or cis- (g) 3HOOH, 
respectively, and the separated 2H atom and 2HOO radical. 

 
FIGURE 1.  QCISD optimized H2O2 local isomer and transition state structures.  The Cartesian coordinates for all of the 
structures are available upon request. 
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3.3. O and O2 triplet-singlet splitting 

     Figure 2 compares O (3P to 1D) and O2 (
3Σ+

g to 1Δg) triplet-singlet excitation energies obtained by the different computation 
methods against the corresponding experimental data. Figure 2 shows the CASPT2 method with the aug-cc-pVTZ and 6-
311+G(3df,2p) basis sets gives, to within 2 kcal/mol, the closest agreement with the experimental data. The CASSCF 
calculations also predict reasonable triplet-singlet splitting. However, both the QCISD(T)//QCISD and CCSD(T)//QCISD 
methods overestimate the O and O2 triplet-singlet splitting by around 3 and 7 kcal/mol, respectively. The most likely cause for 
the discrepancies between the QCI or CC results and the experimental values is that the energies of the open-shell singlet O and 
O2 are too high because of their multi-reference characteristics which cannot be accurately described by the single-reference QCI 
and CC methods. 

Triplet-singlet Splitting (kcal/mol)
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FIGURE 2.  O and O2 triplet-singlet splitting energies (in kcal/mol) using various computation methods compared with 
experimental values25. The aug-cc-pVDZ, aug-cc-pVTZ, and 6-311+G(3df, 2p) basis sets are abbreviated by accd, acct, and 
pople, respectively. 

3.4. Singlet and Triplet H2O-O 

     The calculations by Schaefer et al., Bach et al., and Gonzales et al. suggest that singlet oxywater can be converted to hydrogen 
peroxide by overcoming a ca 0.2-7.4 kcal/mol energy barrier via the 1TS1 transition state. Our QCISD(T)  and CCSD(T) 
calculations with a aug-cc-pVTZ basis set suggest  ca 3.5, and 3.9  kcal/mol energy barrier respectively with ZPE correction, 
being consistent with the Bach et al. and Schaefer et al. results. However, our CASSCF and CASPT2 methods predict only 1.9 
and 0.6 kcal/mol energy barriers without ZPE correction, and these energy barriers become –1.1 and –2.3 kcal/mol after inclusion 
of the ZPE. This discrepancy is not very surprising since CASSCF and even CASPT2 methods do not recover as much 
correlation energy as QCISD(T) or CCSD(T) does. It has been pointed out that the CASPT2 method recovers both non-dynamic 
and dynamical correlation energies but still produces 3-6 kcal/mol relative energy error per broken electron pair26. Thus in the 
rest of this paper, we will use the more accurate CCSD(T)/aug-cc-pVTZ results unless the species to be described involve  
considerable multi-reference character which needs to be described more properly by the CAS methods. CCSD(T) calculations 
also show that the 1H2O-O molecule is about 34-35 kcal/mol more stable than the separate water molecule and O(1D) atom but 
16-17 kcal/mol less stable than H2O and a separate O(3P) atom.  In the geometry optimization of 3H2O-O we found the O-O bond 
is much longer than in 1H2O-O raising the question whether the 3H2O-O structure has as deep a well as in the 1H2O-O local 
minimum.  With the ZPE correction, we find 3H2O-O lies only 0.8 kcal/mol lower in energy than separate water and O(3P) atom 
at the CCSD(T) level with all three aug-cc-pVDZ, aug-cc-pVTZ, and Pople’s 6-311+G(3df, 2p) basis sets.  This binding energy 
is further reduced to ca 0.5 kcal/mol when the basis set superposition error (BSSE) is considered. We found no energy barrier 
between 3H2O-O and the separate H2O + 3O. It is reasonable to conclude that 3H2O-O is a molecular complex where the two O 
atoms have less than 1 kcal/mol van der Waals interaction.  The different O-O bonding characteristics in the 1H2O-O and 3H2O-O 
species can be understood by examining the valence orbitals of the O(1D) and O(3P) atoms.  The O(1D) can have all six valence 
electrons paired, so that only 3 of the 4 available valence orbitals are occupied.  The last empty valence orbital of the O(1D) atom 
can accept a lone electron pair donated from the water O atom to form an ylide bond.  The O(3P) atom has the 4 valence orbitals 
either doubly or singly occupied and thus is unable to accept a complete lone pair from the water O atom electrons as the O(1D) 
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does.  The above explanation is partly confirmed by a Mulliken population analysis at the QCISD(T) and CCSD(T) level with a 
aug-cc-pVTZ basis set.  The O atom bonded to water bears a -0.42 Mulliken charge in 1H2O-O but a 0.0 charge in 3H2O-O. 

3.5. H-Abstraction Reaction: O(1D) + H2O  2OH + 2OH  

    Theoretical calculations at the CASSCF/cc-pVTZ level of theory done by Gonzales et al.14 and experimental evidence27 has 
lead to the conclusion that the H abstraction reaction 1O + H2O  2OH + 2OH has no energy barrier. We have found a 2nd-order 
transition state for the H abstraction reaction at the CASSCF(14,10)/aug-cc-pVTZ level. It has a 4410i cm-1 imaginary vibrational 
mode which moves the central H atom in the TS between two different but equivalent oxywater structures. The second imaginary 
frequency at 2802i cm–1 corresponds to the H abstraction reaction shown in Figure 3. Due to lack of the size-consistency of the 
CASSCF methods, we compared the relative energy of the 2nd-order TS with 1O-H2O instead of separate O(1D) and H2O. The 
2nd-order transition state lies 1.8 kcal/mol higher than 1O-H2O at the CASSCF/aug-cc-pVTZ level without ZPE being included. 
The inclusion of dynamic correlation energy by performing the CASPT2//CASSCF/aug-cc-pVTZ calculation shows that the 2nd-
order TS is 1.6 kcal/mol more stable than the 1O-H2O local minimum. The reason why the TS has lower energy than the product 
could be due to the dual level CASPT2//CASSCF method we use, which computes CASPT2 single point energy using a lower 
level CASSCF geometry. Nonetheless it still serves as an indirect evidence supporting that the 1O + H2O  2OH + 2OH reaction 
has very small or no energy barrier if a 1st-order TS does exist for the reaction, agreeing well with Gonzales et al. theoretical 
calculations14 and the experimental results27. The two product 2OH radicals in the gas phase reaction will simply separate from 
each other but in a condensed phase the two 2OH radicals could subsequently recombine to form hydrogen peroxide and this 
pathway might provide an alternative to the radiolysis of water for the source of 2OH radicals. 

 

 
FIGURE 3.  The 2802i cm–1 imaginary frequency mode in the 2nd-order TS that connects the 1O + H2O  2OH + 2OH reaction. 

3.6. Insertion Reaction: O(1D) + H2O  1HOOH  

     It was proposed that O(1D) can insert into a Si-H bond of SiH4
28 or C-C or C-H bond of cyclopropane29 without overcoming 

any energy barrier. We have examined the 1O + H2O  1HOOH reaction path using the fast B3LYP methods as a starting point. 
No direct insertion reaction path was found at the B3LYP level. Since this reaction path has a multi-reference nature we further 
examined the reaction path at CASSCF/aug-cc-pVTZ level. We find that if the O(1D) atom attacks the water molecule on roughly 
the opposite side from the 2 H atoms, singlet oxywater is formed without any energy barrier. While if O(1D) attacks the H side of 
the water molecule, the H abstraction reaction discussed in (3.5) takes place to produce 2 2OH radicals overcoming very small or 
no energy barrier. 
  

3.7. Singlet and Triplet Potential Energy Surfaces 

    Triplet and singlet potential energy surfaces for the H2O2 system computed by the CCSD(T)//QCISD/aug-cc-pVTZ method are 
summarized in figure 4. The Gibbs free energies (kcal/mol) at 0 K (since T = 0 K, Gibbs energies coincide with enthalpies) are all 
taken relative to the O(3P) + H2O ground state energy. All of the ZPE values were obtained at the QCISD/aug-cc-pVDZ levels 
except that the ZPE of 1TS2 was obtained at the QCISD/6-311+G(3df,2p) level. It is worth noting that on the triplet PES the cis-
3HOOH and trans-3HOOH structures have 4.7 and 0.1 kcal/mol higher energies than 2 separate 2OH radicals. These higher 
energies are partly due to the inability of the CCSD(T) method to treat accurately species with multireference character and partly 
due to the higher ZPE values of the cis-3HOOH and trans-3HOOH relative to that for 2 2OH radicals. Limitations on the accuracy 
of the calculations make it impractical to locate TS structures interconnecting the cis-3HOOH, trans-3HOOH, 3OH-OH and the 2 
separate 2OH radicals. The other predicted relative energies in the triplet PES are all found to be within 2 kcal/mol of the values 
obtained by Karkach et al15. We will not further discuss the triplet PES since Karkach et al. gave very detailed discussions in their 
paper15. The oxywater 1H2O-O and 1O-H2O local minima are formed with no energy barrier from O(1D)  and water. The 1TS1 
transition state shows that the singlet oxywater must overcome a 3-4 kcal/mol energy barrier to form hydrogen peroxide. 1TS2 
connects the singlet oxywater to the separate H2 and 1O2 molecules. However, the high energy barriers in both the forward and 
backward directions suggests that a reaction through 1TS2 will not be as competitive as some of the other reactions which take 
place on the singlet surface. We have located the 1TS3 connecting 1HOOH to the separate H2 and 1O2 molecules only at the 
B3LYP and HF level and consequently we do not provide a relative energy for 1TS3 in the PES. The forward and reverse energy 
barriers of  1HOOH  H2 and 1O2 are 85.3 and 17.2 kcal/mol at the CCSD(T)//B3LYP/aug-cc-pVTZ level. The 1TS4 is a 2nd 
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order transition state with 2 imaginary frequencies, where the 2802i cm–1 imaginary frequency corresponds to the 1O + H2O  
2OH + 2OH reaction path with a small or no energy barrier.  

 
 

   
FIGURE 4.  Potential energy surfaces of the triplet (left) and singlet (right) H2O2 systems calculated with the 
CCSD(T)//QCISD/aug-cc-pVTZ method. The energies (in kcal/mol) of the singlet and triplet species are all relative to the O(3P) 
+ H2O ground state energy. 

4. CONCLUSION 

    The multireference CASSCF and CASPT2 methods were compared carefully against the single-reference QCISD, QCISD(T), 
and CCSD(T) methods for both the singlet and triplet H2O2 systems. We found that the QCISD method predicts geometries very 
close to the experimental values and accurate single point energies for many of the species on the H2O2 PES of system can 
routinely be obtained from the QCISD(T)//QCISD or CCSD(T)//QCISD calculations provided a fairly large basis set, such as 
aug-cc-pVTZ, is used. However the CASPT2//CASSCF method should be applied for transitions and/or reactions, such as the O 
and O2 triplet-singlet splitting, that involve species which have significant multi-reference characteristics. The direct insertion 
reaction 1O + H2O  1HOOH was studied using the B3LYP and CASSCF methods. Unlike methane, the O atom in the water 
bears two lone pairs of electrons one of which can readily form a ylide bond with the O(1D)  atom, thereby preventing the direct 
insertion reaction from taking place.  The H abstraction reaction 1O + H2O  2OH + 2OH was also studied at the 
CASSCF(14,10)/aug-cc-pVTZ and CASPT2//CASSCF/aug-cc-pVTZ levels. Small or no energy barrier was found for the 
reaction in agreement with previous theoretical and experimental results; and in the condensed phase the H abstraction reaction 
may be a low energy pathway providing a source of pairs of OH radicals which can recombine to form 1HOOH. 
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