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ARTICLE INFO ABSTRACT

Available online 1 March 2012 We present the gas phase spectrum of singly deuterated hydrogen peroxide, HOOD, in
its vibrational ground state, recorded by the high resolution Fourier-transform inter-
ferometer located at the AILES synchrotron beamline connected to SOLEIL. More than
1000 transitions in the range from 20 to 143 cm~! were assigned, leading to a set of
preliminary rotational and centrifugal distortion constants determined by least squares
fit analysis. All transitions are split by the tunneling motion of a hindered internal
rotation. The splitting has been determined to be 5.786(13)cm™~! in the torsional
ground state and it shows a dependence on the rotational quantum number K,. Some
perturbations were not treated yet, but the present analysis permits to obtain a
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preliminary set of parameters.
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1. Introduction

Hydrogen peroxide, H,0,, plays an important role in
the chemistry of the earth’s stratospheric ozone layer and
has been found in the planetary atmosphere of Mars [1]
and recently in the cold environment of a star forming
region towards p Oph A [2]. As the simplest peroxide, i.e.
a compound with an oxygen-oxygen single bond, it
shows internal rotation motion.

The torsion-rotation spectrum of hydrogen peroxide
has been studied extensively in the past. As early as 1934,
Penny and Sutherland calculated the structure of H,0O,
and found the skew chain structure of C, symmetry being
the most stable [3]. Ever since then, experimental evi-
dence has been accumulated from many sources, until in
1950 Giguere et al. [4] recorded extended infrared spectra
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to obtain molecular parameters which were in agreement
with the predictions made by Penny and Sutherland.

In 1993 Pelz et al. [5] reanalyzed the torsional potential of
H,0, and calculated effective rotational constants for the
ground state and the first three torsionally excited states. By
fitting calculated constants to the observed values of Flaud
et al. [6], the dependence of the structural parameters on the
torsional angle was determined. Among others, Kuhn et al. [7]
performed calculations of the electronic ground state poten-
tial energy surface of hydrogen peroxide in 1999, providing an
ab initio value for the torsional splitting. More references to
the studies of the torsion-rotation spectrum of hydrogen
peroxide can be found in Camy-Peyret et al. [8].

In 2001 Bak et al. determined equilibrium structures
for 19 molecules by using a least-squares fit analysis
involving rotational constants from experiment and
vibrational corrections from high-level electronic-struc-
ture calculations [9]. The accuracy of the results surpassed
that reported in most purely experimental determina-
tions. In case of HOOH the authors figured out significant
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discrepancy in structural parameters when comparing
calculated and empirical structures, indeed, it was largest
among the 19 studied molecules. While the mean abso-
lute error for the bond distances of the 19 molecules was
0.09 pm in CCSD(T)/cc-pCVQZ calculations, the deviation
to experimental values for Roo in H,0, turned out to be 6
times larger. The authors claimed that this discrepancy
originates from the experimental data and urged for a re-
investigation of the molecule.

In the same year, Koput et al. noted the lack of precise
experimental data on the hydrogen peroxide isotopomers
[10]. For this purpose they calculated spectroscopic con-
stants for H,0,, HOOD, D,0, and H,'80, based on a high-
quality ab initio six-dimensional potential energy surface
to support a future analysis of the rotation-torsion
spectra of these molecules.

In 2001 Flaud et al. succeeded in measuring the torsion
rotation spectrum of doubly deuterated hydrogen peroxide,
D,0,, from 20 to 1200 cm~! and determined highly accu-
rate constants for the two torsional ground state levels [11].

To satisfy the need of precise experimental data on
HOOD, we performed extensive measurements of the
torsion-rotation spectrum of the molecule. Unlike H,0,,
which possesses a C; symmetry axis, its mono-deuterated
form, HOOD, has no geometrical symmetry at all (C).
Despite its asymmetric structure mono-deuterated hydro-
gen peroxide happens to be a nearly prolate symmetric
top with Ray’s asymmetry parameter of k = —0.985. With
two different internally rotating moieties, OH and OD,
HOOD represents the most general case of internal rota-
tion in four-atomic skew-chain molecules.

Due to its internal rotation motion, HOOD is an ideal test-
bed for recent quantum chemical models describing internal
rotation. The molecules H,S, and H,0,, which are analogous
to HOOD, but of higher symmetry, are expected to show an
alternation of the size of the torsional splitting with the
parity of the rotational quantum number K, [5,13]. This kind
of staggering is well explained by the model developed by
Hougen [14], in which the energy splitting is expressed in
terms of cis- and trans-tunneling interaction. This model was
also applied to the more complicated molecule HNCNH to
successfully describe its alternating torsional splitting [15].

The principal axis of HOOD corresponding to the smallest
moment of inertia (a-axis) coincides almost with the axis
between the two oxygen atoms. The OH and the OD group
undergo a large amplitude motion, namely torsion, about the
00 bond. Two barriers hinder this motion: a smaller one in
the trans-configuration and a larger one in the cis-configura-
tion [6]. Tunneling through the barriers causes a splitting of
energy levels whose size depends on the barrier heights and
the reduced-mass of the torsional motion. The splitting also -
but to a smaller extend - depends on the rotational quantum
numbers J and K. According to this, tunneling mainly through
the trans-barrier of HOOD leads to a splitting of rotational
energy levels into two sub-levels which were reported to be
separated by about 5.6 cm~! [12]. We label these two levels
as viam=0 and viav=1 in increasing energy order (LAM
stands for Large Amplitude Motion, i.e. internal rotation).

Expectedly, the molecule HSOH, which unlike HsS,,
H,0, and HNCNH has no geometrical symmetry, shows a
more complicated dependence of the torsional splitting

on K,: the alternation with K, has a periodicity of
approximately three. Yamada et al. extended Hougen’s
model to describe this phenomenon [16]. While Hougen
et al. postulated a 4n periodicity of the torsional potential
energy and the torsional wavefunctions instead of the
“natural” 27, Yamada et al. extended the period to 67.
Since HOOD is analogous to HSOH and thus is expected to
show the same K ,-dependence of torsional splitting, it is
an ideal test-bed for this new model.

In this work, we report the first preliminary molecular
parameters for the ground state and the value for the
torsional splitting as well as its dependence on K, for the
HOOD molecule. In order to confirm the assignments,
which are required to perform advanced studies to
determine the torsional potential function, the transition
frequencies have been analyzed in the present study, as
the first step, employing the Watson-type -effective
Hamiltonian for each tunneling doublet component.

2. Experimental aspects

The spectra of HOOD were recorded at the SOLEIL
Synchrotron facility in France during 15 shifts of beam
time at the AILES beamline, making use of a Bruker IFS
125 Fourier Transform Infrared Spectrometer. The beam-
line properties and the application to high resolution gas-
phase spectroscopy are described in details in Refs.
[18-20]. For the studies of HOOD two spectra were
recorded at 0.0011 cm~' resolution. The first spectrum
recorded in the 30-600 cm~! range was obtained by
averaging 400 scans. For this measurement a 4.2 K cooled
bolometer detector, a 6 pm thick mylar beamsplitter, and
a 2 mm thick polyethylene cold filter were used. The iris
aperture at the entrance of the interferometer was set at
12.5 mm and the scanner velocity was 80 kHz.

The second spectrum recorded in the 15-50cm™
range is the average of 120 scans. It was obtained using
a 1.6 K bolometer combined with the 6 um thick mylar
beamsplitter and the scanner velocity set at 20 kHz. For
this measurement, the storage ring was operating in the
“hybrid mode” corresponding to filling 3/4 of the ring
with 400 electron bunches (accounting for a current of
390 mA) while the last 1/4 ring was filled with a single
10 mA bunch. This bunch emits very intense but unstable
coherent FIR radiation whose emission peaks around
15cm™~"! (see [21]). In order to limit the noise in this
spectrum, we spatially filtered the coherent radiation
using the entrance iris set to 5 mm aperture.

Deuterated hydrogen peroxide was prepared following
a method described by Flaud et al. [11]. A 30% dilute
solution of hydrogen peroxide in water was mixed with
the same amount of D,0. To increase the concentration of
HOOD in the sample, the water and its isotopologues were
slowly evaporated at reduced pressure and at a tempera-
ture of about 40 °C until the volume of the sample was
reduced to about two-thirds. Due to the exchange reaction
of D- and H-atoms, the resulting solution contained H,05,
HOOD and D,0, with a statistical ratio of 1:2:1 at an
optimal condition, as well as H0, HDO and D,0 with the
same ratio. In order to improve the sensitivity, the gas
sample was introduced into a long path 40 m White-type
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multi-reflection cell with a base-line length between the
optics of 1 m and thus a total of 39 reflections in the cell.
The sample gas was continuously injected into the cell,
maintaining a slow and constant flow at a total pressure of
about 1 mbar.

The resulting spectrum was obtained by averaging 552
single spectra with an overall integration time of about
25 hours. Transition frequencies were calibrated using
accurate FIR water lines reported by Matsushima et al. [22].

3. Data analysis
3.1. Assignments and fits

As an almost accidental symmetric rotor HOOD
shows characteristic "Q, branches (AK; = +1, A]=0) at
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frequencies of approximately (A—(B+C)/2)(2K,+ 1), with
K,=0,1,2, ..., which exhibit a noticeable accumulation of
lines in a relatively small frequency region and thus allow
for the unambiguous identification of the torsion-rota-
tional lines. Therefore, in the first step of the analysis, the
"Q branches of HOOD were assigned with the help of ab
initio calculations of the molecular constants [10].

Fig. 1 gives an overview over the Q branch structure in
the frequency region of 20-80cm~!. For the sake of
simplicity, in this figure only the Q branch transitions
are shown. In the upper trace, the Fortrat-diagram is
displayed, depicting the rotational quantum number | of
the lower state as a function of the transition frequency.
The Q branches with high intensity represent the transi-
tions between the two torsional states, while the low
intensity transitions centered between them are the
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Fig. 1. Overview over the Q branch structure of the spectrum of HOOD between 20 and 80 cm~ . The spectrum was derived by least squares fit analysis
of 1400 assigned transitions. In the Fortrat-diagram in the upper trace, J of the lower state is shown as a function of the transition frequency, the size of

the points symbolizing the intensity of the corresponding transition. Green: v{y

= 1. Blue: v{,,, = 0. The branches with high intensity include transitions

between the two torsional states, while the low intensity transitions centered between them take place within one torsional state. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Band head of the "Q4-branch (viam = 0« v 4y = 1) of HOOD. The experimental spectrum recorded at the SOLEIL-AILES beamline is depicted in the
upper trace, while in the lower trace a calculated spectrum based on the molecular parameters of the data analysis is plotted. (1) R- and P- branch

transitions of HOOD, (2) transitions of H,05,  unassigned lines.
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transitions within one torsional state. The transitions of
AK, > 1 are too weak to be identified. The lines of each Q
branch further split into two asymmetry components due

Table 1
Maximum values of ] observed in each branch.
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to the inertial asymmetry. They are clearly seen in the Ko vaw=1<0 =01 tm=0<0 vim=1-l

Fortrat-diagram, especially in the Q branches with low K,,. P Q 'R P Q P Q Q
Figs. 2 and 3 give a closer view of the band origins of

the "Q4 branches with viay =0«1 and viay =1«<0. The o - - 12 - - - - -

comparison of the observed and simulated spectra indi- ; ~ 16 1 10 - - 12 12

cates the hlgh quality of the fit. 3 12 11 13 - 16 15 10 14
Once a sufficient number of Q branch transitions were 4 20 24 16 13 26 22 19 16

assigned, the resulting spectroscopic parameters allowed 5 26 30 26 19 29 18 19 22

for the prediction of P and R branch transition frequencies. g 51 ;3 2(3) }g ;(]) ?Z fg ;‘21

In total, more than 1000 transitions of the molecule were 8 19 22 19 - 14 12 20 17

assigned to the vibrational ground state in the frequency
range of 20-143 cm~! up to J=30 and K,=8, as listed in
Table 1.

Based on the structural ab initio parameters of H,O, [10]
we calculated the dipole moments of HOOD with
the help of the software Gaussian03 [23] at MP3/cc-pVTZ
level of theory. The resulting dipole moments are
g =0.0458 D, u, =0.5593 D and u. = 1.7252 D. Thus, the
rotational spectrum of HOOD should show b-type transitions

Table 2
Experimentally determined effective molecular constants of HOOD for
the ground vibrational state in MHz. Uncertainties in parentheses are 1o
from the least square fit in units of the last quoted digit.

. . A o0 Parameter viam=0 Viam=1
in addition to about 10 times stronger c-type transitions, and
also very weak a-type transitions. We assigned b-type Origin 0.0 173 457.99(395)
transitions, within one torsional level vjay =0 or viav =1, A 212 839.985(402) 212 667.410(409)
i.e. pure-rotational transitions, while the assigned c-type B 24872.00(145) 24 815.888(406)
€ pu . § . & . p C 23 374.75(153) 23 445.372(444)
transitions involved a change of the torsional state. Since p, Dy 6.9058(125) 6.7631(111)
is 10 times weaker than the y,, no a-type transitions could Dy 0.99792(320) 0.99166(286)
be observed. We compared the intensity of several Dy 0.078429(390) 0.077822(309)
b- and c-type Q branch transitions with the same J, and d —0.01303(544) 0.00415(162)
found that the ob di . L q ith d, —0.029593(539) —0.010673(700)
ound t| atF e observe mten.sny ratio is in accordance wit| H x 10 1.899(109) 1.6058(931)
the theoretically expected ratio of p2/u2 =9.5. Hig x 10° 1.9033(754) 1.0977(565)

Colin Western's software PGOPHER [24] was used for Hycx 10° —0.0600(143) —0.03330(690)

. . 3
the least squares fitting, employing a standard Watson gf Xlgs ;30520223?5(526) 5_ 3502223206(449)
type Hamiltonian in S reduction. The two torsional com- hl i 10 1 4']15283; ’ 47(38(282)
2 . —4a/.

ponents viay = 0 anq U.LAM =1 W.ere treated as two Sepa- hs x 10° 0.960(196) 4.135(265)
rated states. The preliminary obtained molecular constants Liag x 108 —11.884(674) —7.317(461)
suggest that there should be an avoided level crossing melUGG —3.005(121) —0.8994(797)
between the K,=1 level of vjay=0 and 1. A similar iﬂ’“;ég 0'1)5552(2222505) 8.82(%11516)55)

. . . X — U .
avoided crossing was observed in HSOH for K,=2 [25]. !
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Fig. 3. Band head of the "Q4-branch (v oy = 1 < vam = 0) of HOOD. The experimental spectrum recorded at the SOLEIL-AILES beamline is depicted in the
upper trace, while in the lower trace a calculated spectrum based on the molecular parameters of the data analysis is plotted. (1) R and P branch

transitions of HOOD, (2) transitions of D,05, * unassigned lines.
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Since a global analysis requires additional interaction
terms to the standard Watson type rotational Hamiltonian,
the lines possibly perturbed by the interaction were not
included in our least squares fit. Thus, effective spectroscopic
constants were derived solely on the basis of unperturbed or
less-perturbed lines. Due to the high accuracy of the mea-
surements all five quartic centrifugal distortion constants,
seven sextic constants as well as Lig, L, Lyk, and L; were
determined and are given in Table 2. Among the parameters
listed there, d; and h; are less precisely determined by the fit.
If both of them are kept fixed to 0 we obtain slightly larger
RMS deviation of the fit, i.e. 0.00040 cm~'. If we add the
parameter d;, the RMS deviation is improved to
0.00038 cm~ . By adjusting both d; and hy, it is further
improved to be 0.00036 cm~!, which is very close, in our
opinion, to the experimental uncertainty of 10~%cm .

b-type
el t

LAM KaKe

Fig. 4. A schematic of the torsional energy splitting caused by the trans-
barrier. The size of the splitting was determined with the help of a
combination of b-type transitions within a torsional state and c-type
transitions between the two torsional states. In this example, the
torsional splitting for =5, K,=4 is derived using the transitions (1) to
(4) by calculating the average value of the differences (4)—(2) and (3)—(1).
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3.2. Torsional splitting

From the observed b-type and c-type transitions the
torsional splitting for each (J,K;) level can be determined,
as illustrated in Fig. 4. For such cases, the rotational
dependence of the tunneling splitting is shown in Fig. 5.
From the fit results, the torsional splitting at the
(J,Kqa)=(0,0) limit is determined to be 5.786(13)cm™!
in the ground torsional state. The splitting determined in
the present study agrees very well with the experimental
value (5.8 cm~') reported by Kuhn et al. [7] as a pre-
liminary value, but is larger than the calculated value
(4.9 cm™!) of Koput et al. [10]. The tunnel splitting for
each K, at the J=0 limit can be obtained from the effective
spectroscopic parameters by employing the symmetric-
top approximation. The decrease of the torsional splitting
with increasing K, was observed as shown in Fig. 6.
Similar effects were also observed in H,0,, D;0,,
as well as in the molecule HNCNH as reported by Jabs
et al. [15].

3.3. Avoided crossing

We observed resonant interactions between the energy
levels of same symmetry (parity). Although HOOD has only
C; point group symmetry, the torsion-rotation wavefunc-
tions of the quantum states must be symmetric (+ parity)
or anti-symmetric (— parity) by inverting the signs of all
coordinates of the atoms. Fig. 7 shows the energy level
diagram of HOOD for the levels with K,=0 and 1. The
energy region is of special interest, because several levels
of same symmetry happen to lie nearby. The symmetry
is indicated by e (parity=(—1)) and f (parity=—(—1))
following the recommended notation [26]. For example the
levels K;=0, viam=1, which is of f symmetry, and the
f~component of K,=1, vjay=0 show near resonances in
the region of approximately J=0 to J=10. Strong resonances
and even an avoided crossing of levels can be expected for

58 T T T T
5.7 4
K=5 .
- a -.-I
E n
5 56{K=6_ L mmn="
£
a n
7] . aun =
% 554 K=7n =
c
e
] _ n "
k3 K=8
5.4
K=o = ®"
53— —

Fig. 5. Measured torsional splitting due to the trans-barrier for HOOD as a function of rotation quantum numbers J and K.
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Fig. 6. Torsional splitting due to the trans-barrier for H,O,, HOOD and D,0; as a function of K,. The splittings at the J=0 limit were calculated on the basis of
experimental rotational constants by Flaud et al. (D,05) [11] and Camy-Peyret et al. (H,0,) [8] and from our experimentally determined constants for HOOD.
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Fig. 7. Energy level diagram of HOOD. The lines illustrate the location of the energy levels extrapolated from least squares fit analysis. Due to resonances
between the energy levels of same symmetry e and f, no transitions could be assigned definitely in the K, = 0,4 = 1 and K, = 1,v1am = 0 levels, nor in

the lower asymmetry component of the level K,=1, viau=1.

the f-components of K,=1, vjam=0 and K,=1, viam=1,
which actually would cross in the region of J=15. Because
of the perturbations, so far no lines could be assigned for the
transitions which involve the levels K,=0, vjay=1 and
Ky=1, vpam=0. We are currently working on an extended
analysis including the perturbations, which will be pub-
lished in an additional paper.

4. Conclusions

The gas phase spectrum of HOOD was measured from
15 to 700 cm~! and more than 1000 transitions could
be assigned in the 20-143 cm~! range. On the basis of
these measurements we derived preliminary effective
rotational constants for the molecule (see Table 2).
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Because of the observed resonances for the energy levels
with K,=0 and 1 (Fig. 7), which leads to a breakdown of
the standard Watson type Hamiltonian, we solely used
unperturbed and less-perturbed transitions for the deri-
vation of rotational constants. The size of the torsional
splitting in the ground vibrational state of HOOD is
revised by the present study to be 5.786(13)cm~!. The
staggering of the splitting as a function of K, with a period of
three, expected for HOOD in analogy of HSOH, was not
observed. This is due to the very low trans-barrier com-
pared to the cis-barrier in hydrogen peroxide: the split-
ting is caused almost solely by the trans-tunneling.

The size of the torsional splitting increases with the
rotational quantum number J, as can be seen in Fig. 5. In
contrast, the size of the torsional splitting decreases with
increasing K, (see also Fig. 5). This phenomenon was also
observed in other molecules, e.g. H,0,, H,S, [5] and
HNCNH [15], and may be caused by a change of the
OOH- and OOD-angles, which - due to increasing centri-
fugal forces - shift from their equilibrium value in HOOD
of 99.9° [10] towards the 90° position. This leads to a
higher effective potential and consequently to a smaller
torsional splitting with increasing K.
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