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The torsional potential about the O-O single bond of dimethyl peroxide, CH3OOCH3, was investigated with
the aid of large-scale ab initio calculations performed at different levels of Møller-Plesset perturbation theory
and coupled-cluster expansions. Additionally, several density functional approaches were applied. For
comparative purposes, the torsional potentials of methyl hydroperoxide, CH3OOH, and hydrogen peroxide,
HOOH, were calculated at the same levels of approximation. In the already well-investigated case of HOOH
and also for CH3OOH excellent agreement with the experimentally determined structures and barrier heights
can be achieved at the coupled-cluster CCSD(T) level with the application of extended polarized basis sets
augmented with diffuse functions. However, in the case of dimethyl peroxide, the peculiar shape of the
computed CCSD(T)/cc-pVTZ torsional potential, with an exceedingly shallow region ranging from 110 to
250°, with two skew minima at about 115 and 245° and with a trans minimum at 180°, deviates significantly
from that of the experimentally derived torsional potential, which has a barrier at 180° separating the two
distinctly deeper skew minima at 120 and 240°. The difficulties encountered in reaching a reasonably converged
result with respect to further basis set extension are discussed. It is also shown that the results of density
functional theory (DFT) and Møller-Plesset second-order (MP2) calculations differ considerably from the
Møller-Plesset higher-order and CCSD(T) results.

1. Introduction

The molecular structures of the simple peroxide molecules
ROOR′, with R and R′ being either H or CH3, have attracted
considerable attention over the past decades. This is partly due
to difficulties encountered in early attempts to describe the
equilibrium structure of the three molecules in this series,
hydrogen peroxide (HOOH), methyl hydroperoxide (CH3OOH),
and dimethyl peroxide (CH3OOCH3), at one uniform level of
approximation.1,2 The most sensitive structural parameter in
these three molecules is the ROOR′ dihedral angle.

The case of HOOH has already been extensively discussed
in the literature. A very large number of theoretical calculations
has been devoted to the computation of the equilibrium structure,
barrier heights, structures at the planar cis and trans conforma-
tions, shape of the entire torsional potential, global 6D potential
surface, and vibrational and rotational spectroscopic quantities.1-25

From the experimental side, a trans barrier of 387 cm-1 26-28

(1 kcal mol-1 ) 349.755 cm-1) and values for the cis barrier
of 2460,26 2488,27 and 256328 cm-1 have been reported.

Considerably fewer calculations have been performed on the
structure of the CH3OOH molecule,1,2,29-35 and the relative
energetics of the stationary points has been dealt with in only
a few of them.1,2,30 However, from an analyis of microwave
and millimeter-wave spectra,30 a skew minimum structure and
a barrier height to the trans saddle point of 172.5 cm-1 have
already been reported.

The most difficult species in this series is CH3OOCH3. Early
photoelectron spectroscopic data were interpreted in favor of a

planar trans or near-planar COOC configuration,36,37 whereas
the analysis of infrared and Raman data38,39 pointed to a
nonplanar COOC backbone structure withC2 symmetry. To the
best of our knowledge, no microwave structure of this molecule
has yet been published. The currently widely accepted experi-
mental geometry of dimethyl peroxide stems from an electron
diffraction investigation by Haas and Oberhammer.40 This
investigation resulted in a skew equilibrium dihedral COOC
angle of 119( 10° and an estimate of the trans barrier of about
0.25 kcal mol-1 (87 cm-1). The theoretical calculations pub-
lished so far lead to conflicting results as to the equilibrium
torsional angle of dimethyl peroxide,1,2,41-44 with predicted
values close to either a skew configuration of 120° or a trans
arrangement of 180°. A more extended compilation of earlier
theoretical results was reported by Oberhammer.45 In that paper,
CH3OOCH3 is mentioned explicitely as a molecule for which
it was difficult to bring experimental and theoretical results into
agreement with each other.

In this work, we systematically investigated the torsional
potentials of HOOH, CH3OOH, and CH3OOCH3. To gain an
understanding of the convergence behavior, the calculations
were performed with many different basis sets ranging to very
extended basis sets augmented with low-exponent, diffuse, and
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TABLE 1: Fitted Potential Parameters for the HOOH
Torsional Potential of Hydrogen Peroxide as Obtained with
the aug-cc-pVQZ Basis Seta

method V1 V2 V3 V4

B3LYP 2058.88 -1250.24 84.92 -1.01
MP2 2120.38 -1313.86 90.82 -3.23
CCSD(T)//MP2 2046.54 -1285.98 86.20 -3.24

a All values in cm-1.
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also higher-order polarization functions. Similarly, apart from
MP2 and DFT approaches, different Møller-Plesset higher-
order and coupled-cluster expansion techniques ranging up to
the MP4(SDTQ) and CCSD(T) methods were applied. As far
as possible and as far as the available computing facilities
allowed, the same set of methods was applied to all three
molecules. The data presented should allow for an improved
quantitative understanding of the structures and torsional
potentials of HOOH and CH3OOH. Also, for CH3OOCH3, the
present results should be sufficiently reliable and sufficiently
close to the basis set limit to establish the shape of the COOC
torsional potential of CH3OOCH3, at least within the framework
of CCSD(T).

2. Method of Calculation

All quantum chemical calculations were performed with the
Gaussian 98 suite of programs.46 As calculational approaches,
the MP2 method47 and a series of higher-order electron
correlation methods up to MP4(SDTQ)48 and CCSD(T)49-53

were applied. In addition, several DFT variants (B3LYP,54-57

BLYP, and PW91PW9158) were used for dimethyl peroxide to
demonstrate their performance in that delicate case.

As basis sets, the correlation-consistent (aug)-cc-pVnZ59-64

basis sets of Dunning and co-workers and several of the Pople-
type basis sets65-70 were chosen. Particular emphasis was placed

on the use of diffuse functions (aug in the case of Dunning
basis sets,++ in the case of Pople-type basis sets) to minimize
the effect of intramolecular basis set superposition error (BSSE)
contributions to the torsional potential and also to allow for a
correct evaluation of the intramolecular dispersion (nonbonded)
contribution to the rotational potential when methyl groups are
present.

To generate sufficient points for accurate analytical fitting
and for dynamical calculations to be performed at a later stage,
and because of the exceedingly flat region around the torsional
angle values of 180( 70°, particularly in the case of dimethyl
peroxide, the ROOR′ torsional potentials were scanned in a
rather tight and regular mesh with a stepsize of 10° ranging
from 0 to 180°. Full optimization of all remaining geometry
parameters was carried at the DFT and MP2 levels. Only for
the MP2 calculations with the very largest basis sets were
optimized geometries obtained with smaller basis sets used. Post-
MP2 scans of the torsional potentials with a given basis set
were performed at MP2-optimized geometries obtained with the
same basis set. The eventual influence of this approximation
was checked by performing CCSD(T) geometry optimizations
at the stationary points, when affordable, and was found to be
entirely negligible, if compared to the still remaining conver-
gence problems toward the infinite basis set limit or in view of
the still-missing higher-order correlation contributions.

TABLE 2: Calculated Equilibrium Structures of Methyl Hydroperoxide a

Bond Lengths

basis set method R(C-O) R(O-O) R(O-H) R(C-H1) R(C-H2) R(C-H3)

cc-pVDZ B3LYP 1.4143 1.4532 0.9741 1.1019 1.1043 1.1059
MP2 1.4149 1.4582 0.9720 1.1014 1.1034 1.1048
CCSD(T) 1.4195 1.4687 0.9726 1.1052 1.1068 1.1085

aug-cc-pVDZ B3LYP 1.4205 1.4542 0.9701 1.0987 1.0998 1.1009
MP2 1.4278 1.4724 0.9726 1.1002 1.1009 1.1018
CCSD(T) 1.4322 1.4785 0.9725 1.1043 1.1045 1.1059

cc-pVTZ B3LYP 1.4146 1.4530 0.9666 1.0907 1.0919 1.0933
MP2 1.4129 1.4514 0.9658 1.0878 1.0888 1.0900

aug-cc-pVTZ B3LYP 1.4163 1.4542 0.9669 1.0903 1.0915 1.0927
MP2 1.4162 1.4566 0.9678 1.0885 1.0895 1.0903

cc-pVQZ B3LYP 1.4140 1.4505 0.9655 1.0898 1.0911 1.0924

Bond Angles

basis set method ∠COO ∠OOH ∠OCH1 ∠OCH2 ∠OCH3

cc-pVDZ B3LYP 106.2 99.8 104.6 111.6 111.9
MP2 105.0 98.5 104.7 111.4 111.7
CCSD(T) 105.0 98.8 104.8 111.4 111.7

aug-cc-pVDZ B3LYP 106.4 100.6 104.3 110.9 111.4
MP2 104.6 99.0 104.3 110.6 111.1
CCSD(T) 104.8 99.5 104.4 111.0 111.5

cc-pVTZ B3LYP 106.5 100.4 104.7 111.2 111.6
MP2 105.1 99.2 104.8 111.0 111.5

aug-cc-pVTZ B3LYP 106.6 100.6 104.5 111.1 111.5
MP2 105.0 99.3 104.5 110.7 111.2

cc-pVQZ B3LYP 106.6 100.6 104.6 111.2 111.6

Torsional Angles

basis set method ∠COOH ∠OOCH1 ∠OOCH2 ∠OOCH3

cc-pVDZ B3LYP 117.7 177.5 59.2 296.2
MP2 118.8 177.6 59.1 296.4
CCSD(T) 117.2 177.6 59.1 296.4

aug-cc-pVDZ B3LYP 118.2 177.2 59.0 295.9
MP2 117.6 177.2 58.8 296.1
CCSD(T) 112.6 177.3 58.8 296.1

cc-pVTZ B3LYP 116.0 177.3 59.0 296.0
MP2 116.5 177.2 58.8 296.1

aug-cc-pVTZ B3LYP 118.5 177.2 58.9 295.8
MP2 120.2 177.1 58.7 296.0

cc-pVQZ B3LYP 116.3 177.9 58.9 295.9

a Bond lengths in Å and angles in degrees.b Estimated.
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3. Results and Discussion

3.1. Hydrogen Peroxide.In the context of this work, HOOH
mainly served as a test case for basis set convergence and also
for a detailed examination of the trends within the series of
post-MP2 methods. Many excellent treatments of the torsional
potential and of other properties of this molecule are already
available in the literature.

The optimized structures at the equilibrium configuration and
at the trans and cis saddle points, as well as the barrier heights
at the cis and trans saddle points, obtained with the B3LYP,
MP2, and CCSD(T) methods are reported in three tables
provided as Supporting Information. Here, only a few general
trends are discussed. The calculated CCSD(T) structures and
energies obtained with the nonaugmented cc-pVDZ, cc-pVTZ,
and cc-pVQZ basis sets are identical to the earlier results of
Rendell and Lee10 and Koput.13 In general, the difference
between MP2- and CCSD(T)-optimized structures is small. Of
particular significance for the calculations on the CH3OOH and
CH3OOCH3 molecules to be discussed in the following sections
is the finding that the CCSD(T) barrier heights obtained at the
CCSD(T)-optimizedandat the MP2-optimized structures differ
by less than 5 cm-1 with all basis sets. Our best value for the
trans barrier, obtained at the CCSD(T)/aug-cc-pVQZ//MP2/aug-
cc-pVQZ level, is, at 384 cm-1, in very close agreement with
the experimental value26 of 387 cm-1. In the case of the trans
barrier, the CCSD(T)/aug-cc-pVQZ//MP2/aug-cc-pVQZ value
of 2517 cm-1 is bracketed by the experimental values of 246026

and 248827 cm-1 at the lower side and 256328 cm-1 at the upper
side. The B3LYP barrier heights are, in general, acceptably close
to the CCSD(T) barrier heights. MP2 overestimates the cis
barriers considerably but produces trans barriers in close
agreement with the CCSD(T) results. With the larger basis sets,
the B3LYP barrier heights are about 30( 10 cm-1 below the
CCSD(T)-calculated barrier heights. The MP3-, MP4(SDQ)-,
and CCSD-calculated cis barriers are very similar and about
25-50 cm-1 higher than the CCSD(T) cis barrier. The MP3
trans barrier is almost 50 cm-1 above the CCSD(T) trans barrier,
i.e., the calculated MP3 minimum is too deep. There is also a
small but systematic trend concerning the influence of triple
excitations on the trans barrier. The MP4(SDQ) and CCSD
values are about 30 cm-1 higher than the MP4(SDTQ) and
CCSD(T) values.

The aug-cc-pVQZ energies as a function of the HOOH
torsional angleτ have been subjected to a simple Fourier fit

where the angleφ is defined as 180- τ. In all cases a simple
four-term expansion turned out to be sufficient to reproduce
the calculated values (10° mesh) with an accuracy better than
1 cm-1. The resultingVn values are shown in Table 1. Because
of the very close agreement with the experimental barrier
heights, the four-term CCSD(T)/aug-cc-pVQZ//MP2/aug-cc-
pVQZ Fourier series (last row of Table 1) should provide an
accurate representation of the torsional potential of HOOH.

3.2. Methyl Hydroperoxide. In Table 2 are displayed the
calculated equilibrium structures of methyl hydroperoxide. The
variation in the calculated bond distances with the chosen basis
set or with the selected calculational method is modest and quite
similar to the case of HOOH. CCSD(T)-calculated O-O
distances are 0.01-0.03 Å longer than their B3LYP or MP2
counterparts. For the C-O, O-H, and C-H distances, the
differences are even smaller. The calculated COOH torsional

angles obtained from full geometry optimizations are in the
range of 112.6-120.2°.

The B3LYP, MP2, CCSD(T) and other selected post-MP2-
calculated cis and trans barrier heights are collected in Table 3.
Comparisons of the trends in the calculated cis and trans barrier
heights of CH3OOH and HOOH with increasing size of the basis
sets are shown in Figures 1 and 2. From these two figures, a
number of conclusions can be deduced. (i) The basis set trends
are fairly independent of the calculational method chosen. (ii)
In agreement with the experimental results, the trans barrier is
significantly higher in HOOH than in CH3OOH by more than
250 cm-1. The potential around the skew minimum is thus
considerably shallower in CH3OOH. The MP2 method, all post-
MP2 approaches, and the B3LYP method describe this feature
correctly. (iii) All methods agree in predicting that the cis barrier
of HOOH is also significantly higher than that of CH3OOH.
The difference amounts to about 500 cm-1. (iv) In the case of
the trans barrier of CH3OOH, the post-MP2 values are bracketed
by the MP3 results from above and the MP2 results from below.
For HOOH, the MP3-calculated trans barriers are always the
highest. The CCSD(T) and MP4(SDTQ) results are, however,
always close to the MP2 values. (v) In the case of the cis barrier,
the calculated CCSD(T) and MP4(SDTQ) barrier heights are
the lowest for both molecules, whereas the MP2 results
consistently lie too high by about 100 cm-1.

Because of these quite regular trends, we estimate that CCSD-
(T)/aug-cc-pVQZ trans and cis barriers should lie at 132( 10
and 2010( 10 cm-1, respectively. Thus, our best theoretical
result for the trans barrier is about 40 cm-1 lower than the only
available experimental value of 172.5 cm-1.30

Analytical Fourier fits were also carried out for the calculated
torsional potentials of methyl hydroperoxide. In contrast to the
case of HOOH, attempts to reproduce the energies of the ab

V(φ) ) ∑
n)1

m 1

2
Vn(1 - cosnφ)

TABLE 3: Barrier Heights at the Cis and Trans Saddle
Points of Methyl Hydroperoxidea

basis set method cis trans

cc-pVDZ B3LYP 2163 78
MP2 2318 100
CCSD(T)//MP2b 2286 127
CCSD(T) 2284 125

aug-cc-pVDZ B3LYP 2074 114
MP2 2234 140
CCSD(T)//MP2 2177 185
CCSD(T) 2176 184

cc-pVTZ B3LYP 2060 137
MP2 2114 117
MP3//MP2 2069 185
MP4(SDQ)//MP2 2122 162
MP4(SDTQ)//MP2 2051 154
CCSD//MP2 2126 166
CCSD(T)//MP2 2061 160

aug-cc-pVTZ B3LYP 2009 111
MP2 2080 100
MP3//MP2 2033 176
MP4(SDQ)//MP2 2087 146
MP4(SDTQ)//MP2 2014 123
CCSD//MP2 2068 131
CCSD(T)//MP2 2024 136

cc-pVQZ B3LYP 2034 138
MP2//MP2/cc-pVTZ 2083 104
MP3//MP2/cc-pVTZ 2038 175
MP4(SDQ)//MP2/cc-pVTZ 2093 150

aug-cc-pVQZ MP2//MP2/cc-pVTZ 2062 95
MP3//MP2/cc-pVTZ 2022 172
MP4(SDQ)//MP2/cc-pVTZ 2074 142
experiment - 172.5c

a Energies in cm-1. b CCSD(T) energies at MP2-optimized structures.
c Reference 30.
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initio points with an accuracy of better than 1 cm-1 with the
aid of a four-parameter expansion failed. Invariably, deviations
of between 10 and 20 cm-1 were obtained. However, six-
parameter expansions turned out to be sufficient to achieve the
desired accuracy. Table 4 contains selected sets of potential
parameters obtained from fits to the more advanced calculations.
From these fits, we can also narrow the estimated large-basis-
set CCSD(T) results for the COOH torsional angle to a value
in the region between 113 and 116°. A comparison of our best
calculated torsional potentials for HOOH and CH3OOH is shown
in Figure 3.

3.3. Dimethyl Peroxide. In the two previously discussed
cases, HOOH and CH3OOH, methodical improvements led to

considerable quantitative, but not qualitative, changes in the
calculated torsional potentials. The COOC torsional potential

Figure 1. Basis set dependence of trans barrier heights of the torsional
potentials of CH3OOH and HOOH as calculated with the B3LYP, MP2,
and post-MP2 methods. MP2/(aug)-cc-pVnZ-optimized geometries were
used for the post-MP2 methods. For the (aug)-cc-pVQZ MP2 and post-
MP2 calculations, the MP2/cc-pVTZ-optimized geometries were used.

TABLE 4: Fitted Potential Parameters for the COOH
Torsional Potential of Methyl Hydroperoxide as Obtained
with Different Methodsa

methodb V1 V2 V3 V4 V5 V6

CCSD(T)/cc-pVTZ 1677.33-1003.9 211.49-46.68 12.34-1.49
MP4(SDTQ)cc-pVTZ 1670.23 -995.84 214.16-48.20 12.76-1.44
MP4(SDQ)/cc-pVTZ 1731.84-1035.9 215.44-42.88 11.28-1.68
MP4(SDQ)/aug-cc-pVTZ 1741.08-1000.1 192.16-34.74 7.18 -1.36
MP4(SDQ)/cc-pVQZ 1733.86-1010.8 199.72-32.16 8.91 -1.89

a All values in cm-1. b At MP2/cc-pVTZ-optimized geometries.

Figure 2. Basis set dependence of cis barrier heights of the torsional
potentials of CH3OOH and HOOH as calculated with the B3LYP, MP2,
and post-MP2 methods. MP2/(aug)-cc-pVnZ-optimized geometries were
used for the post-MP2 methods. For the (aug)-cc-pVQZ MP2 and post-
MP2 calculations, the MP2/cc-pVTZ-optimized geometries were used.

Figure 3. ROOH torsional potentials of hydrogen peroxide and methyl
hydroperoxide as obtained from fits to the highest-level calculations
performed in this work.
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of CH3OOCH3, however, constitutes a more subtle problem.
The surprising sensitivity to basis set extension and to the
electronic structure method applied will be demonstrated in the
following. Pointwise-calculated MP2 and post-MP2 torsional
potentials of CH3OOCH3 obtained at the MP2-optimized
structures and with different basis sets are presented in Figures
4 and 5. Only the interesting region between 100 and 180° is
shown. Figure 4 contains the results emerging from calculations
with the series of Dunning basis sets. Corresponding curves
obtained using selected Pople-type basis sets are displayed in
Figure 5. Turning first to the series of calculations with
Dunning’s (aug)-cc-pVnZ basis sets, we observe that the results
obtained with the cc-pVDZ basis differ strongly and qualitatively
from the larger-basis-set results. With the cc-pVDZ basis, a
comparatively deep skew minimum in the vicinity of 110-120°
and a saddle point at the trans configuration are obtained for

MP2 and all post-MP2 methods. Depending on the method, the
calculated trans barrier is between 90 and 150 cm-1. Qualita-
tively and quantitatively, this shape of the torsional potential
would correspond most closely to the one suggested by the
electron diffraction experiments40 with a trans barrier height of
87 cm-1. However, upon systematically increasing the basis set,
the shape of the calculated torsional potential changes consider-
ably. The deep skew minimum is flattened, the trans saddle
obtained with the cc-pVDZ basis vanishes, and a very flat
potential with a minimum at 180° and a second, not quite as
deep, minimum at the skew conformation develops gradually.
The two symmetrically equivalent skew minima are separated
by a very low barrier from the trans minimum. Several very
systematic method-dependent and basis-set-dependent trends can
be observed: (i) From aug-cc-pVDZ to cc-pVQZ, the MP2-
and MP3-calculated torsional potentials bracket the higher-order

Figure 4. MP2 and post-MP2 COOC torsional potentials of dimethyl peroxide as obtained with Dunning basis sets of increasing size. Only the
critical range from 100 to 180° is shown. MP2/(aug)-cc-pVnZ-optimized geometries were used for the post-MP2 methods. For the cc-pVQZ
calculations, the MP2/cc-pVTZ-optimized structure was used.
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correlated potential curves, MP2 from above and MP3 from
below. For MP2 with the larger basis sets, the skew minimum
degenerates to a shoulder only, whereas MP3 displays the triple
minimum structure most clearly. (ii) CCSD(T) and MP4(SDTQ)
results, where computationally affordable, are close to or slightly
below the MP4(SDQ) curves, which, in turn, are practically
identical to the CCSD results. (iii) With increasing basis set
size, there is a slight tendency to increase the energy of the
skew conformation relative to that of the trans structure. (iv)
Because of this tendency, the barriers between the trans and
the two symmetrically equivalent skew minima tend to become
smaller. This leads to extremely shallow skew minima. It is
not clear whether these skew minima or the trans minimum can
locally sustain a vibrational state. This torsional potential is very
far from a harmonic potential. Thus, the initial question of
whether dimethyl peroxide has a trans or a skew equilibrium
structure has eventually to be answered in the form:Both or
neither! The structure can be described as nonrigid.

The torsional potentials calculated with the Pople basis sets
(see Figure 5) show quite similar trends. The 6-31G(2d) and
6-31G(2d,2p) results are qualitatively quite similar to the cc-
pVDZ data. The hydrogen p functions have a nonnegligible

quantitative effect, lowering the skew minima by about 40 cm-1

relative to the energy of the trans structure. Merely changing
from 6-31G(2d,2p) to 6-311G(2d,2p) causes a shift in the
opposite direction by more than 80 cm-1. Only with the
introduction of diffuse functions to the Pople basis sets can one
obtain torsional potentials that are qualitatively similar to those
resulting from the use of the larger Dunning basis sets. The
CCSD(T)/6-311++G(2d,2p) curve is probably within about 20
cm-1 of the (for us computationally unattainable) CCSD(T)/
aug-cc-pVTZ or CCSD(T)/pVQZ curves. From this finding, one
can conclude that, to generate aconVergedtorsional potential
for dimethyl peroxide, it is most probably more important to
use close to saturated spd basis sets, rather than to include
higher-order f and g functions. This supposition has, however,
not been tested explicitly in this work.

As representative examples, DFT results obtained with the
aug-cc-pVTZ basis and with complete geometry optimization
are depicted in Figure 6. It is immediately obvious that none of
the three functionals used can describe the COOC torsional
potential in the critical region. There is no sign of a skew
minimum in the DFT//aug-cc-pVTZ-calculated torsional po-
tential curves of dimethyl peroxide.

Figure 5. MP2 and post-MP2 COOC torsional potentials of dimethyl peroxide as obtained with Pople-type basis sets of increasing size. Only the
critical range from 100 to 180° is shown. For each basis set MP2-optimized geometries were used for the post-MP2 methods.
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In Table 5, the MP2-optimized structures obtained at the cis,
trans, and skew configurations of dimethyl peroxide using the
cc-pVTZ basis are compiled. The only sizable structural changes
along the torsional path concern the O-O bond distance and
the∠COO bond angle and are mainly caused by relaxations in
the more crowded cis structure. Optimized trans and skew
geometrical parameters do not differ substantially. The MP2/
cc-pVTZ-calculated skew geometrical parameters of dimethyl
peroxide and methyl hydroperoxide (see Table 2) are almost
indiscernible. Table 6 contains the calculated values for the cis
energy barrier. Because of the just discussed uncertainty in the
relative energies of trans and skew configurations, the values
are reported with the trans energies as a reference only. The cis
barrier of dimethyl peroxide is almost twice as large as the cis
barrier of methyl hydroperoxide. The methodical trends in the
calculated barrier heights are a bit different from those in the
two previously discussed molecules, as revealed by a compari-
son of Figure 7 with Figures 1 and 2. The CCSD(T)- and MP4-
(SDTQ)-calculated cis barriers are distinctly below the MP2
and the other post-MP2 values, irrespective of the basis set
applied. Extrapolation to the infinite basis set limit appears,
however, as smooth as for the two smaller peroxides and leads
to a cis-trans energy difference slightly above 3800 cm-1. At
the current stage, extrapolation of the skew-trans energy
difference does not appear meaningful.

Attempts to fit the calculated torsional potentials accurately
with few-term Fourier series expansions proved to be impossible.
Given the flat triple minimum central region of the potential,
this is quite understandable. A reasonable result was obtained
with a 10-term series. In that case, the points in the region from
100 to 180° could be reproduced with an accuracy of better
than 2 cm-1, the remaining points better than 4 cm-1. More
extended series did not improve the fits substantially. Moreover,
the number of fit parameters would then already approach the
number of calculated points. The potential parameters resulting
from these fits are shown in Table 7 for a few selected cases.

Figure 6. Selected DFT/aug-cc-pVTZ COOC torsional potentials of
dimethyl peroxide. Only the critical range from 100 to 180° is shown.

TABLE 5: MP2/cc-pVTZ-Calculated Structures of Dimethyl
Peroxide at the Skew, Trans, and Cis Configurationsa

skew trans cis

bond lengths
R(CO) 1.4135 1.4109 1.4096
R(OO) 1.4540 1.4608 1.4771
R(CH1) 1.0879 1.0871 1.0880
R(CH2) 1.0891 1.0896 1.0899
R(CH3) 1.0905 1.0896 1.0899

bond angles
∠COO 104.7 103.4 114.9
∠OCH1 104.9 104.9 102.3
∠OCH2 111.1 111.0 113.3
∠OCH3 111.4 111.0 113.3

torsional angles
∠COOC 118.8 180.0 0.0
∠OOCH1 178.6 180.0 180.0
∠OOCH2 60.0 61.3 63.5
∠OOCH3 297.3 298.7 296.5

a Bond lengths in Å and angles in degrees.

TABLE 6: Cis Barrier Heights of Dimethyl Peroxide
Relative to the Trans Configurationa

basis set method cis

cc-pVDZ B3LYP 3982
MP2 4238
CCSD(T)//MP2b 4135

aug-cc-pVDZ B3LYP 3787
MP2 3944
CCSD(T)//MP2 3779

cc-pVTZ B3LYP 3845
MP2 3988
MP3//MP2 3934
MP4(SDQ)//MP2 4013
MP4(SDTQ)//MP2 3820
CCSD//MP2 4022
CCSD(T)//MP2 3825

aug-cc-pVTZ B3LYP 3826
MP2// MP2/cc-pVTZ 3954
MP3//MP2/cc-pVTZ 3908
MP4(SDQ)//MP2/cc-pVTZ 3990

cc-pVQZ MP2//MP2/cc-pVTZ 3976
MP3//MP2/cc-pVTZ 3932
MP4(SDQ)//MP2/cc-pVTZ 4013

6-311++G(2d,2p) MP2 4043
MP3//MP2 3999
MP4(SDQ)//MP2 4078
MP4(SDTQ)//MP2 3894
CCSD//MP2 4083
CCSD(T)//MP2 3895

a Energies in cm-1. b CCSD(T) energies at MP2-optimized structures.

Figure 7. Basis set dependence of cis barrier heights of the torsional
potential of CH3OOCH3 as calculated with MP2 and post-MP2 methods.
MP2/(aug)-cc-pVnZ-optimized geometries were used for the post-MP2
methods. For the cc-pVQZ calculations, the MP2/cc-pVTZ-optimized
structure was used.
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4. Summary and Conclusions

Large-scale ab initio calculations have been performed with
the aim of investigating the torsional potentials of the three
simple peroxides HOOH, CH3OOH, and CH3OOCH3 at a
reliable level. Because of the very shallow potentials in the
region around 180( 70°, extended basis sets and higher-order
correlation approaches had to be used to reach this goal. The
data obtained for HOOH are in excellent agreement with
previous literature data from the theoretical side and with the
experimentally reported trans and cis barrier heights.

Our results for the torsional potential of CH3OOH constitute
a definite improvement over previous ab initio calculations. In
that case, the best calculated trans barrier is with 130( 10
cm-1, which is about 40 cm-1 below the only available
experimental value of 172.5 cm-1, i.e., the calculated skew
minimum is less deep than the experiment suggests.

The calculations presented on the torsional potential of
dimethyl peroxide far surpass earlier attempts from the theoreti-
cal side. Nevertheless, the situation is still unsatisfactory. The
most recent and generally accepted experiment, a gas-phase
electron diffraction study,40 was interpreted in terms of a skew
minimum and a barrier to the trans saddle point of 0.25 kcal
mol-1 or 87 cm-1. The detailed scans of the COOC torsional
potential performed in this work revealed that this section of
the energy surface is exceedingly flat in the region extending
from 180 - 70° to 180 + 70°, eventually displaying a triple
minimum structure with two very low barriers. From preliminary
attempts to extrapolate toward the infinite basis set CCSD(T)
limit, it appears that the two skew minima and the trans
minimum will still be present. Thus, the feature that the CCSD-
(T)-calculated potential is exceedingly shallow in the region
around 180( 70° will definitely persist.

The picture emerging from our calculations is a COOC
torsional coordinate that can be best described as a very large
amplitude coordinate, with the consequence that the equilibrium
structure of CH3OOCH3 is not well defined. This result is not
in agreement with the currently accepted experimental structure
as derived from gas-phase electron diffraction experiments. In
the trans configuration, CH3OOCH3 does not have a dipole
moment, whereas in the skew configuration, it does. Whether
the peculiar structure of the calculated torsional potential in the
vicinity of the skew conformation suffices to give rise to an
observable rotational spectrum is a question that goes beyond
the scope of this work. Similarly, the eventual role of coupling
between the rotation about the O-O bond and the two methyl
rotations still needs to be explored in future investigations.
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