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Matrix isolation infrared spectroscopy has been combined with MP2/6-31+G(d,p) calculations to characterize
the 1:1 hydrogen-bonded complex between H2O2 and (CH3)2O. The O-H stretching mode was observed to
red shift 234 cm-1 upon hydrogen bond formation, while a 45 cm-1 blue shift was noted for the O-O-H
bending mode of the H2O2 subunit in the complex. These values compare well to the computed shifts of
-293 and+20 cm-1, respectively. The perturbations to the vibrational modes of the two subunits in the
HOOH:O(CH3)2 complex are substantially larger than the perturbations reported previously for the analogous
HOH:O(CH3)2 complex, suggesting that H2O2 is a better proton donor for hydrogen bonding than H2O. In
contrast, band shifts in HOOH:O(CH3)2 are much less than observed for FH:O(CH3)2 and ClH:O(CH3)2.

Introduction

Hydrogen peroxide is a molecule of interest in a large and
diverse number of fields, including atmospheric chemistry and
biochemistry.1-3 Although some research has been done, the
role of hydrogen bonding in the chemistry of hydrogen peroxide
is not well understood.4-6 Gas phase, solvent-free studies of
H2O2 are technically difficult, and solution-phase studies are
complicated by the role of the solvent. On the other hand,
theoretical studies of the chemistry of H2O2 have sought to
explore intermediates and transition states, as well as the role
of small numbers of solvent molecules.5,6

The matrix isolation technique was developed for the isola-
tion, stabilization, and spectroscopic characterization of reactive
or short-lived species in inert cryogenic matrixes.7,8 Species that
have been studied in this manner include radicals, ions, and
weakly bound molecular complexes. While matrix isolation
would seem to be ideal for the study of the chemistry of
hydrogen peroxide, relatively little work has been done because
of the problems and dangers associated with handling pure
hydrogen peroxide.9-11 Recently, Rasanen and co-workers
demonstrated that the urea-hydrogen peroxide adduct is a safe
source of solvent-free gas-phase hydrogen peroxide, which may
then be used in matrix isolation experiments.12 As a result of
the high interest in the chemistry of H2O2, a series of studies
has been initiated to examine the ability of H2O2 to participate
in hydrogen bonding interactions. Dimethyl ether, (CH3)2O, was
selected as the reaction partner because it has been extensively
studied with other hydrogen bond donors, including water and
hydrogen halides.13-15 Ab initio calculations have also been
carried out to provide structural and energetic data for HOOH:
O(CH3)2 and to assist in the interpretation of the experimental
spectra.

Experimental Section

The experiments in this study were carried out on matrix
isolation equipment that has been described elsewhere,17 with

modification for the generation and deposition of H2O2. To
generate H2O2, the urea-hydrogen peroxide adduct (UHP) was
obtained from Acros in the form of 1 g tablets. A tablet was
coarsely ground with a mortar and pestle under a nitrogen
atmosphere and the fines (smaller than 20 mesh) were discarded.
The remaining sample (∼0.5 g) was placed in the bottom of a
U-shaped tube made of1/4 in. Teflon-FEP tubing. The U-tube
was connected to the manifold on one side and1/8 in. FEP tubing
on the other side. This1/8 in. tubing was directly attached to
the cryostat chamber. Preparation of d2-UHP was carried out
by dissolving 0.5 g of UHP in 2 mL of D2O at 60°C.16 Using
relative band intensities for H2O2, HDO2, and D2O2 and the
fact that an O-D oscillator has about half the intensity of a
comparable O-H oscillator, the D/H ratio in the D2O2 samples
is estimated to be 3/1. Upon cooling, the deuterated UHP
crystallized and the remaining water was removed under
vacuum. Between experiments the UHP was kept at 0°C, and
during experiments a circulator bath was used to maintain the
UHP at a constant temperature. The temperature range employed
for H2O2 vaporization in these experiments was 2-15 °C.
(CH3)2O (Matheson) and (CD3)2O (MSD Isotopes) were intro-
duced into the vacuum line as gases and purified by repeated
freeze-pump-thaw cycles at 77 K. Argon was the matrix gas
in all experiments and was used without further purification.

Most experiments were conducted in the twin jet mode in
which the Ar/H2O2 and Ar/(CH3)2O samples were deposited
from separate nozzles on the cryogenic surface at 14 K. One
experiment was conducted using merged jet deposition in which
the stainless steel line from the (CH3)2O manifold was connected
to the FEP tubing from the H2O2 manifold with a Teflon tee. A
1/8 in. FEP tube approximately 30 cm long connected the tee to
the cryostat chamber. Samples were deposited for 20-24 h at
an approximate flow rate of 2 mmol/h from each manifold.
Spectra were recorded on a Mattson Cygnus FTIR at 1 cm-1

resolution. A total of 250 scans were averaged for both
background and sample spectra. Some matrixes were then
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annealed to as high as 36 K, recooled to 14 K, and additional
spectra were recorded.

Method of Calculation

Ab initio calculations at second-order Moller-Plesset per-
turbation theory [MBPT(2)) MP2]18-21 have been carried out
with the 6-31+G(d,p) basis set22-25 to determine the optimized
structures of hydrogen peroxide (H2O2), dimethyl ether [(CH3)2O],
and the hydrogen-bonded complex HOOH:O(CH3)2. The MP2/
6-31+G(d.p) level of theory provides structures and binding
energies of hydrogen-bonded complexes that are in reasonable
agreement with experimental data and is the minimum level of
theory required to obtain frequency shifts of the hydrogen-
bonded X-H stretching band in an X-H-Y hydrogen bond
provided that anharmonic effects are not unusually large.26-29

Harmonic vibrational frequencies were computed to establish
that all structures are equilibrium structures on their respective
potential energy surfaces, to obtain zero-point vibrational
energies, and to simulate the vibrational spectrum of the
complex. All calculations were carried out using the Gaussian
94 suite of programs30 on the Cray T94 supercomputer at the
Ohio Supercomputer Center.

Experimental Results

Before co-deposition experiments were run, blank spectra of
H2O2 and (CH3)2O in solid argon were obtained in separate
experiments. These spectra agree with published data and spectra
previously obtained in this laboratory.31 While some (H2O2)2

was present in all experiments and was in greater abundance in
experiments run at higher concentrations, the monomer was the
dominant species present in all H2O2 blank and co-deposition
experiments.

H2O2 + (CH3)2O. In an initial experiment argon swept over
UHP at 8°C was co-deposited with (CH3)2O in Ar in the ratio
Ar:O(CH3)2 of 250:1. Several distinct product bands were noted,
the most prominent of which was a broad feature centered
around 3349 cm-1, with three partially resolved maxima at 3367,
3349, and 3332 cm-1, as shown in Figure 1. Two weak product
bands were observed at 1315 and 672 cm-1; this latter band is
shown in Figure 2. In addition, several of the bands attributable

to (CH3)2O were broadened or had unresolved shoulders when
compared to the spectrum of pure (CH3)2O.

A total of 10 experiments were then conducted in which the
temperature of the UHP (and thus the concentration of H2O2)
was varied from 2 to 15°C and the Ar:(CH3)2O concentration
varied from 100:1 to 1000:1. In all of these experiments, the
bands at 3367, 3349, 3332, 1315, and 672 cm-1 were present
with intensities that varied directly with the concentrations of
the reactants. In the experiments conducted at low (CH3)2O
concentrations, several of the previously unresolved shoulders
on the parent absorptions were sufficiently well resolved to
measure band positions. These product bands were located at
2943, 2829, 1165, 1090, and 914 cm-1. The one merged jet
experiment showed no significant differences from the twin jet
experiments.

H2O2 + (CD3)2O. Four experiments were conducted in which
the temperature of the UHP (and thus the concentration of H2O2)
was varied from 2 to 11°C and the Ar:(CD3)2O concentration
varied from 500:1 to 1000:1. In all the experiments the same
broad feature noted above with three partially resolved maxima
was present. These maxima were at 3365, 3346, and 3329 cm-1.
The bands at 1315 and 672 cm-1 were also still present. Several
product bands near parent modes of (CD3)2O were sufficiently
well resolved that band positions could be determined. These
bands were at 2249, 2207, 2065, 1136, and 817 cm-1. In one
of these experiments (UHP at 8°C: Ar:(CD3)2O, 500:1), the
matrix was annealed to 36 K and after cooling back below 20
K another spectrum was taken. All of the product bands grew
in roughly the same proportions with no new product bands
appearing.

D2O2 + (CH3)2O. One experiment was performed in which
a sample of Ar/D2O2 was co-deposited with a sample of Ar:
(CH3)2O ) 250:1. In addition to the bands from each reactant
several product bands were observed. A broad feature consisting
of four partially resolved bands was centered at 2481 cm-1.
The individual maxima were located at 2493, 2483, 2479, and
2468 cm-1 with the band at 2468 cm-1 being the most intense,
as shown in Figure 3. Two weak bands were observed at 1090
and 913 cm-1 while one very weak band was observed at 501
cm-1. In this experiment the matrix was also annealed to 36 K
and recooled to 14 K and an additional spectrum recorded. All
of the above product bands increased in intensity, while no new
product bands appeared. Table 1 lists all of the band positions
observed in all of the experiments conducted in this study.

Figure 1. Upper trace: Ar:H2O2 co-deposited with Ar:(CH3)2O )
1000:1. Middle trace: Ar:H2O2 co-deposited with Ar. Lower trace: Ar
co-deposited with Ar:(CH3)2O ) 1000:1. The band appearing in the
upper and lower traces near 3505 cm-1 is due to the HOH:O(CH3)2

complex, while the band appearing near 3455 cm-1 in the middle and
upper traces is due to (H2O2)2.

Figure 2. Upper trace: Ar:H2O2 co-deposited with Ar:(CH3)2O ) 500:
1. Middle trace: Ar:H2O2 co-deposited with Ar. Lower trace: Ar co-
deposited with Ar:(CH3)2O ) 1000:1.
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Results of ab Initio Calculations

Only one equilibrium structure was found for HOOH:O(CH3)2

on the MP2/6-31+G(d,p) potential surface. The equilibrium
structure hasC1 symmetry, with an intermolecular O-O distance
of 2.737 Å. The hydrogen bond deviates somewhat from
linearity, with an angle between the hydrogen-bonded O-H and
the intermolecular O-O line of 8.5° (i.e., the line between the
O atom of O(CH3)2 and the closer of the two O atoms on H2O2).
The hydrogen-bonded O-H bond lengthens slightly by 0.02 Å
upon complex formation, and the hydrogen bond forms in one
of the tetrahedral directions with respect to the proton acceptor
oxygen atom. The MP2/6-31+G(d,p) binding energy (∆Ee) of
HOOH:O(CH3)2 is -9.6 kcal/mol, while the binding enthalpy
at 10 K (∆H°) is -8.0 kcal/mol.

Discussion

Product Identification. Twin jet co-deposition of samples
of Ar/H2O2 with samples of Ar/(CH3)2O led to product bands
at 672 and 1315 cm-1 and a multiplet at 3349 cm-1, with weaker
bands observed at 2943, 2829, 1165, 1090, and 914 cm-1 in
some experiments. The bands at 672, 1315, and 3349 cm-1 were

observed in all experiments using these same reactants regardless
of concentration. In addition, these bands did not change
abruptly upon annealing but increased smoothly in approxi-
mately the same ratio. These observations suggest that a single
product was formed in these experiments. This is consistent with
the ab initio calculations that found only a single equilibrium
structure on the potential surface. The weak bands at 2943, 2829,
1165, 1090, and 914 cm-1 were only observed at low (CH3)2O
concentration, apparently because they lie very close to parent
bands of (CH3)2O, and a reduction in the intensity of these parent
bands is necessary for the observation of these weak product
bands. In the experiments where the bands at 2943, 2829, 1165,
1090, and 914 cm-1 were observed, they appeared to maintain
a constant intensity ratio to the primary product bands at 672,
1315, and 3349 cm-1, even after annealing. Thus, the concen-
tration dependence of the product bands also supports formation
of a single product species.

With the exception of the bands at 3349 and 672 cm-1, all
of the product absorption bands lie near bands observed for
either H2O2 or (CH3)2O. This suggests the formation of a
relatively weakly bound molecular complex, in which the two
subunits maintain their identities, and are only slightly perturbed
by complex formation. This observation is consistent with the
ab initio calculations which indicate that, with only one
exception, the monomer bands are only slightly shifted in the
complex. The exception, of course, is the O-H stretching band
for the hydrogen-bonded O-H of hydrogen peroxide. This band
is shifted dramatically to lower energy and exhibits a significant
increase in intensity in the complex relative to the monomer.
The red shift of this band and the dramatic increase in its
intensity are the infrared spectroscopic signatures of the presence
of a hydrogen bond.32 The band centered at 3349 cm-1 has
exactly these characteristics and thus confirms the formation
of a hydrogen-bonded HOOH:O(CH3)2 complex.

Band Assignments.The most intense infrared absorption for
the HOOH:O(CH3)2 complex is the partially resolved multiplet
centered at 3349 cm-1. This band did not shift when (CD3)2O
was substituted for (CH3)2O, indicating that it is a mode
associated with the H2O2 subunit in the complex, red-shifted
by 234 cm-1 relative to H2O2. Moreover, this band shifted
significantly to 2481 cm-1 when D2O2 was substituted for H2O2

and had a similar band profile. This further supports the
assignment of this band to a vibrational mode of H2O2. The
νH/νD ratio for the complex, 3349/2481) 1.35, indicates
hydrogen motion, further supporting the assignment of the band
at 3349 cm-1 to the stretching mode of the hydrogen-bonded
O-H. These results agree with the MP2/6-31+G(d,p) calcula-
tions, which give a computed red shift of 294 cm-1, and aνH/
νD ratio of 1.37.

The bending mode involving the hydrogen-bonded proton is
also perturbed in a hydrogen-bonded complex, with a blue-shift
often observed.32 The weak product band at 1315 cm-1 is 45
cm-1 higher in energy than the OOH bending mode in HOOH,
and this band is assigned to this mode in the 1:1 complex. As
expected, the 1315 cm-1 band did not shift with (CD3)2O
substitution, and it was not present in the D2O2 experiments.
Because of the low concentration in the D2O2 experiment, the
OOD bending mode of the complex could not be identified.
The ab initio calculations place this band in HOOH:O(CH3)2 at
1313 cm-1, with a computed blue shift of 20 cm-1 relative to
the corresponding band in HOOH, in agreement with the
experimental results. The OOD bending mode in DOOD:
O(CH3)2 is computed to lie at 968 cm-1, blue shifted 15 cm-1

from the bending mode in D2O2.

Figure 3. Upper trace: Ar:D2O2 co-deposited with Ar:(CH3)2O ) 500:
1. Middle trace: Ar:D2O2 co-deposited with Ar. Lower trace: Ar co-
deposited with Ar:(CH3)2O ) 1000:1.

TABLE 1: Experimental Frequencies for Vibrational Bands
in the Hydrogen Peroxide and Dimethyl Ether Monomers
and Complexes

H2O2 (CH3)2O (CD3)2O D2O2

HOOH:
O(CH3)2

HOOH:
O(CD3)2

DOOD:
O(CH3)2

3583 3367 3365
3349 3346
3332 3329

2986 2997
2922 2943
2889 2897
2820 2826

2644 2493
2483
2479
2468

2190 2207
2061 2065
2056 2061

1270 1315 1315
1168 1165
1098 1090 1090
925 914 913

823 817
672 672

501
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The weak product bands at 2943, 2829, 1165, 1090, and 914
cm-1 fall within 10-20 cm-1 of parent modes of (CH3)2O.
These bands are assigned on the basis of their proximity to the
unperturbed ether subunit bands, as shown in Table 1, and by
comparison to the MP2/6-31+G(d,p) calculations. A comparison
of the experimental and computed vibrational frequencies is
presented in Table 2. In general, both the magnitude and
direction of the experimental shifts are modeled very well by
the calculations. As will be discussed below, the direction and
magnitude of the shifts of these modes are similar to those
observed for other hydrogen-bonded complexes of (CH3)2O. The
ether subunit product bands seen in the experiments with
(CD3)2O were identified in a similar manner and are also listed
in Table 1.

The formation of a 1:1 complex results in the loss of three
translational and three rotational degrees of freedom and the
creation of six new intermolecular vibrational modes. For a
weakly bound complex, these new intermolecular modes typi-
cally lie at very low frequencies. The product band at 672 cm-1

has a relatively high energy, but it does not lie near any
vibrational mode of either subunit in the complex. There are
two intermolecular vibrational modes in which the hydrogen-
bonded H atom moves away from the hydrogen-bonding O-O
axis. The computed frequency of the higher energy mode of
this type is 790 cm-1. All other modes have computed
frequencies that lie below the spectral range of the spectrometer
used in this study. It was observed experimentally that the 672
cm-1 band did not shift upon deuteration of the (CH3)2O subunit,
in agreement with the calculations. Thus, the 672 cm-1 band is
assigned to an intermolecular mode of the complex. The motion
of the hydrogen-bonded proton in this mode distorts the
hydrogen bond further from linearly and thus occurs at a much
higher frequency than the other intermolecular modes. For
comparison, the highest frequency for an intermolecular mode
in the more strongly bound FH:O(CH3)2 complex has been
reported at 801 cm-1. For the DOOD:O(CH3)2 complex, a very
weak band was observed at 501 cm-1 and has been tentatively
assigned as the deuterium counterpart of the 672 cm-1 band.
Since this vibration mainly involves the motion of the deuterium
that is hydrogen-bonded, the harmonic ratioνH/νD should be
about 1.4. The ratio of 672/501 gives a value of 1.34. The ab
initio calculations place this mode at 570 cm-1 for the DOOD:
O(CH3)2 complex, with a ratio 790/570) 1.39.

Alternatively, assignment of the 672 cm-1 band to the nearest
intramolecular mode might be considered, namely, the O-O
stretching mode of H2O2. However, this mode is observed
experimentally near 900 cm-1, which would require a shift of
more than 200 cm-1 upon complex formation, or a∆ν/ν of
nearly 25%. For comparison, the O-H stretch of the hydrogen-
bonded hydrogen, which is the most sensitive mode to com-
plexation, was only observed to shift 7%. In addition, this mode

is calculated to lie more than 200 cm-1 to higher energy than
is observed experimentally and to shift only 2 cm-1 upon
complex formation. Finally, this mode is computed to have a
small (7 cm-1) deuterium shift, whereas a large (672-501 )
171 cm-1) shift was observed. Thus, assignment to the O-O
stretching mode is not realistic and assignment to the intermo-
lecular mode described above is made.

While additional vibrational modes of both subunits in the
complex are anticipated, these modes were all calculated to fall
less than 1 cm-1 away from the corresponding parent band (i.e.,
not very sensitive to complex formation) and were thus not
observable underneath the intensity of the parent bands.

Further Comparisons. The study reported here of the
hydrogen-bonded HOOH:O(CH3)2 complex represents the first
definitive identification of a hydrogen-bonded complex of
solvent-free H2O2. As such, it is of interest to compare spectral
features of this complex to complexes of other proton donors
to the same base. In 1983, Barnes and Beech reported13 the
characterization of the analogous complex that has H2O as the
proton donor, HOH:O(CH3)2. In this complex, the hydrogen-
bonded proton stretching mode red-shifted 131 cm-1 relative
to H2O, which is a smaller shift than that observed for HOOH:
O(CH3)2, as shown in Table 3. Since these complexes are
structurally similar, the larger shift for HOOH:O(CH3)2 indicates
that H2O2 is a stronger proton donor than H2O for hydrogen
bonding. On the other hand, the shift in HOOH:O(CH3)2 is
significantly less than that observed for the corresponding
complexes having HF and HCl as proton donors,14,15indicating
that HF and HCl are stronger proton donors than H2O2. These
observations are consistent with the computed MP2/6-31+G-
(d,p) binding energies of these complexes, which indicate that
HOOH:O(CH3)2, with an electronic binding energy (∆Ee) of
-9.6 kcal/mol, is more stable than HOH:O(CH3)2 (∆Ee ) -7.3
kcal/mol) but less stable than FH:O(CH3)2 (∆Ee ) -11.9 kcal/
mol).
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