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The n1 and n3 bands of D11BO and the n1 band of D10BO were observed by using an infrared diode laser spectrometer. The
DBO molecule was generated by an ac discharge in a mixture of BCl3, D2, O2, and He. As inferred previously, a strong Coriolis
interaction was in fact found to take place between the n1 and n2 1 n3 states, and an analysis of the observed n1 spectra, which
explicitly took into account this Coriolis interaction, predicted the pure rotational transition frequencies of DBO in the n1 state.
Pure rotational lines were then detected by microwave spectroscopy, confirming the validity of the infrared assignment. In the
microwave experiment DBO molecules were generated by a discharge in a mixture of B2D6 and O2. The three fundamental
bands and a hot band of D11BO, as well as the n1 and n3 bands of D10BO, were subsequently recorded in emission with a
Fourier transform infrared spectrometer. DBO molecules were generated by the reaction of D2 with HBO at temperatures
above 800°C in a ceramic tube furnace. All of the observed spectra were simultaneously subjected to a least-squares analysis
to obtain molecular parameters in the ground, n1, n2, n3, and n2 1 n3 states. The results thus obtained improved the force field
and molecular structure of the HBO/DBO molecules reported in a previous study (Y. Kawashima, Y. Endo, and E. Hirota,
1989, J. Mol. Spectrosc. 133, 116 –127). © 1998 Academic Press
I. INTRODUCTION

The transient molecule HBO is linear and isoelectronic with
HCN, and it is quite interesting to compare the properties of the
two species. HBO and its derivatives, such as XBO, with X
denoting a halogen atom, seem to be much more reactive than
their sulfur analogues; the parent molecule of the sulfur series
HBS was studied by microwave spectroscopy in as early as
1973 (1), whereas the detection of HBO was not possible until
1986. Kawashima et al. succeeded in observing the n3 band of
HBO by using a discharge-modulated infrared diode laser
spectrometer (2), and the rotational spectra were measured not
only in the ground vibrational state but also in the n1, n2, 2n2,
and n3 excited states with a millimeter-wave spectrometer (3).
They extended the microwave observations to several isotopic
species in order to determine the equilibrium molecular structure as well as the harmonic and the third-order anharmonic
force constants (4). It should be noted, however, that although
the rotational transitions in the n1 state were observed clearly
for HBO (3), it was not possible to detect them for DBO.
Kawashima et al. (4) ascribed this failure to observe the n1
satellites for DBO to the Coriolis interaction between the n1
and n2 1 n3 states; the energy difference between the two
states was estimated to be about 200 cm21 for HBO, but to be
as small as 10 cm21 in DBO.
In the present study we have extended the infrared observations with a particular focus on the detection of the n1 band of
DBO. We have supplemented the infrared measurements by
observing the n1 satellite lines by microwave spectroscopy.

Recently the infrared emission spectra of HBO and DBO were
recorded in the region from 350 to 3600 cm21 using a Fourier
transform infrared spectrometer at a resolution of 0.01 cm21
(5). We have completed the simultaneous analysis of all of the
observed spectra of DBO by explicitly taking into account the
effects of the Coriolis interaction.
II. EXPERIMENTAL DETAILS

The infrared diode laser spectrometer used was the same as
that reported earlier (6, 7). The glow discharge cell employed
was made of a 1-m-long glass tube 65 mm in inner diameter.
The effective path length was chosen to be about 10 m using a
White-type multiple reflection configuration. DBO molecules
were produced by an ac discharge in a mixture of BCl3, D2, O2,
and He. The optimal conditions for the production of DBO
were attained when the partial pressures of BCl3, D2, and He
were 60, 120, and 4000 mTorr, respectively, and when a trace
of O2 was added to this mixture. Source frequency modulation
was employed instead of discharge modulation because neither
precursors nor products absorbed strongly in the frequency
region scanned. The observed wavenumbers were calibrated
using the N2O n1 band, the CO2 n3 band, and the CO fundamental band in the 2250 cm21 region (8) and the NH3 n4 band
in the 1600 cm21 region (9) as wavelength standards, and a
vacuum-spaced étalon was used as an interpolation device. The
spectrum of D10BO was observed in natural abundance.
The source–frequency modulation microwave spectrometer
employed was described in detail in Refs. (10, 11). The reac-
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tion of BCl3 with a mixture of H2 and O2 yielded a spectral
intensity of HBO approximately one-third as large as the
reaction of B2H6 with O2 and thus could not be employed to
observe weak rotational transitions in the excited vibrational
states lying as high as 2000 cm21. Therefore, DBO molecules
were generated by an ac discharge in a B2D6 and O2 mixture
directly inside a free space absorption cell which was 100 mm
in diameter and 1 m in length. The observed spectral intensity
reached a peak when the partial pressures of B2D6 and O2 were
10 and 20 mTorr, respectively, and the discharge current was
40 –50 mA.
In the Fourier-transform infrared emission experiments carried out at the University of Waterloo, DBO was generated in
a high-temperature reaction of HBO with D2 gas. The parent
molecule HBO was produced by heating boron in a ceramic
tube furnace; the chemistry of the HBO formation is described
in more detail in a separate report (12). Two tantalum boats
containing 10 g of amorphous boron were placed near the
middle of a mullite (3Al2O3 z 2SiO2) tube. The tube was sealed
with KRS-5 windows at both ends and evacuated through a
pumping port.
The central 50-cm portion of the tube was housed in a
high-temperature furnace (CM Rapid-Temp) and was heated at
a rate of 5°C/min up to 1200°C. A Ge-coated KBr beam splitter
was used for all the runs. To reduce the contamination from
atmospheric water and carbon dioxide, the region between the
tube and the spectrometer was purged with dry nitrogen.
Once the infrared emission from HBO was observed (starting at
830–850°C), deuterium was introduced into the tube furnace
through a gas inlet. A slow pumping speed was maintained
throughout the experiment. DBO spectra were recorded at a
resolution of 0.01 cm21 from 350 to 700 cm21 with a liquidhelium-cooled Si:B detector and from 1400 to 2600 cm21 with a
liquid-nitrogen-cooled HgCdTe (MCT) detector. The wavenumber range measured by the detectors was narrowed with appropriate bandpass and redpass filters. Each spectrum corresponds to
a Fourier transform of 40 coadded interferograms. The spectra
were calibrated using vibrational–rotational (13) and pure rotational lines (14) of HCl, which was present as an impurity.
Details of the DBO emission spectra are given in Figs. 1–3
for the n1, n2, and n3 bands, respectively. Both of the naturally
abundant boron isotopomers (11B 80.1% and 10B 19.9%) were
detected. All three fundamental bands as well as several hot
bands were assigned for the major isotopomer D11BO, and two
of the three fundamental bands were observed for the minor
D10BO species.
III. SPECTRAL ANALYSIS AND RESULTS

Lory and Porter (15) reported the n1 fundamental band of
D11BO in a low-temperature matrix to be at 2259 cm21. By
referring to this value, the region from 2220 to 2300 cm21 was
scanned by using the infrared diode laser spectrometer, and 13
lines were observed. Although these lines exhibited a pattern
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FIG. 1. A detail of the Fourier transform infrared emission spectrum of
DBO in the fundamental bending region. A portion of the Q branch is labeled
for the (0110)–(000) transition of the D11BO isotopomer. The spectrum was
recorded with a liquid-helium-cooled Si:B detector at a resolution of 0.01
cm21.

close to a parallel band of a linear molecule, they did not fit the
predicted pattern exactly. This observation indicated that the n1
state is perturbed by another vibrational state, possibly by the
n2 1 n3 state, as presumed in a previous study (4), and as
suggested by the energy diagram of DBO shown in Fig. 4.
Therefore, the observed spectra were analyzed by including
effective Coriolis interaction Hamiltonian matrix elements of
the following form,
^v s 1 1, v t 2 1, l, J |H cor |v s , v t , l 6 1, J &
1/ 2
5 B e z eff
1 ~ v s / v t ! 1/ 2 #@~v s 1 1!
st @~ v t / v s !

3 ~v t 6 l 1 1!# 1/ 2 @~ J 7 l !~ J 6 l 1 1!# 1/ 2 / 2 ,
where Be denotes the equilibrium rotational constant, zsteff the
effective Coriolis coupling constant between the nondegenerate s (n1) and degenerate t (n2 1 n3) states, and vs and vt
represent the vibrational energies of the two states, respectively. We employed this general expression by setting vs 5 0,
vt 5 1, and l 5 0, namely the matrix element equal to
^v s 5 1, v t 5 0, l 5 0, J |H cor |v s 5 0, v t 5 1, l 5 61, J &
1/ 2
5 B ez eff
1 ~ v s / v t ! 1/ 2 #@ J ~ J 1 1!/ 2# 1/ 2 .
st @~ v t / v s !

The adjusted parameters were chosen to be the band origin n1, the
rotational constant B1 of the n1 state, the effective Coriolis coupling constant, and the energy difference between the n1 and n2 1
n3 states. The ground state parameters and rotational and centrifugal distortion constants were fixed to the previously reported
values (4), and rotational and centrifugal distortion and l-type
doubling constants of the n2 1 n3 state were estimated from the
constants of the n2 and n3 fundamental states.
We then checked the assignment of the infrared spectra by
observing rotational transitions. The infrared results predicted
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FIG. 2. A detail of the Fourier transform infrared emission spectrum of
DBO. P-branch lines arising from the (001)–(000) fundamental transition are
shown for both D11BO and D10BO. P-branch lines for the (0111)–(0110)
vibrational band of D11BO are also indicated. The spectrum was recorded with
a liquid-nitrogen-cooled HgCdTe detector at a resolution of 0.01 cm21.

the J 5 6 4 5 and J 5 3 4 2 transitions of D11BO in the n1
state to appear at 372 865 and 186 423 MHz, respectively, and
they were in fact observed at 372 865.852 and 186 422.644
MHz, respectively. The observed lines are listed in Table 1
with their assignments.
A number of absorption lines remained in the region from
2220 to 2300 cm21 and most of them were assigned to the n1
band of D10BO. We again found for this species that five
P-branch transitions could not be fitted unless we took into
account the Coriolis interaction of n1 with n2 1 n3. The
infrared diode laser observations were extended to the region

FIG. 3. A portion of the Fourier transform infrared emission spectrum of
D11BO. R-branch lines in the (100)–(000) vibrational band are labeled for both
D11BO and D10BO. The spectrum was obtained with a liquid-nitrogen-cooled
HgCdTe detector at a resolution of 0.01 cm21.

from 1610 to 1630 cm21, where four lines were observed and
assigned to the n3 band of D11BO.
Subsequently the n1, n2, n3, and n2 1 n3 2 n2 bands of
D11BO and the n1 band of D10BO were observed in emission
using the Fourier-transform infrared spectrometer (5). The
spectral lines thus observed were assigned based upon the
infrared diode laser and microwave results. The emission measurements extended the infrared data set to high J, to approximately 400 rotational–vibrational lines.
All of the infrared and microwave transitions observed for
D11BO are listed in Table 1 with the assignments. We analyzed
all of the observed data simultaneously by the least-squares
method. The microwave transitions were weighted 105–106
more than the infrared transitions in accordance with the precision of each measurement. The adjusted parameters included
vibrational frequencies, rotational and centrifugal distortion
constants, l-type doubling constants of the ground, n1, n2, n3,
and n2 1 n3 states, and the effective Coriolis coupling constant.
As shown in Table 2, the present results are in good agreement
with the microwave data previously reported in (4), whenever
a comparison is possible.
Table 3 summarizes the spectroscopic data obtained so
far for the less abundant isotopic species D10BO. The n1
band of this species was analyzed in a way similar to the
case for D11BO, but because the observed data were limited,
only the band origin n1, rotational and centrifugal distortion
constants of the ground and n1 states, and the effective
Coriolis coupling constant were chosen as adjustable parameters. Table 2 shows that the vibrational frequency observed
for the n2 1 n3 state of D11BO, 2262.96084 (81) cm21, is
higher by 6.9 cm21 than the sum of the n2 and n3 fundamental states, 2256.05232 cm21. This shift of the vibrational frequency obtained for D11BO was transferred to the
n2 1 n3 state of D10BO, where the n2 frequency was as-

FIG. 4. The infrared transitions of DBO that were observed in emission.
A Coriolis interaction occurs between the (0110) and (100) vibrational energy
levels. The analysis presented here includes vibrational–rotational as well as
pure rotational transitions.
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TABLE 1
Rotational–Vibrational and Pure Rotational Line Positions for D11BOa,b

Note. O–C denotes observed 2 calculated. Unless otherwise indicated, units are in cm21.
a
Rotational-vibrational and pure rotational transitions weighted 1:10000.
b
The observed transition frequencies labeled with asterisks were not included in the least-squares fit.
c
Units in MHz.
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sumed to be 617 cm21, the matrix value reported by Lory
and Porter (15). Table 4 lists the molecular constants thus
obtained.
IV. DISCUSSION

The present study provided new data: the band origin of n1,
the vibration–rotation constant a1 for both D11BO and D10BO,
and the band origins of n2 and n3 of D11BO, which were added
to those already available to improve the equilibrium molecular
structure and the harmonic and anharmonic force field of Ref.
(4). It was found that the n1 frequency was poorly reproduced
for the H11BO, H10BO, D11BO, and D10BO. This observation
is ascribed to a large vibrational anharmonic constant x11
associated with the H(D)–B stretching mode, n1. In order to
make corrections for this anharmonicity, the fundamental frequencies n1 of HBO and DBO were multiplied, respectively,

by the ratios v1/n1 of HCN and DCN calculated from the data
of Ref. (16) before the values were used for analysis. The input
parameters are summarized in Table 5, and the equilibrium
structure and force field which are derived are given in Table
6; in both of the tables the data reported in (4) are
also included for comparison. The present results agree
well with the previous ones, but, as expected, the harmonic and
third-order anharmonic potential constants associated with the
B–H stretching mode were much improved in precision.
As noted above, the n2 1 n3 frequency obtained for
D11BO, 2262.96084 (81) cm21, slightly exceeds the sum of
the two fundamental frequencies, n2 [608.36225 (53)] 1 n3
[1647.69007 (62)] 5 2256.05232 (82) cm21; the x23 constant was calculated to be 16.909 cm21. It is interesting to
note that the x23 constant is 23.38 and 12.73 cm21 for HCN
and DCN, respectively (16, 17). In the case of D10BO,

TABLE 2
Molecular Constants of D11BOa,b

a
b

Values in parentheses denote three times the standard deviations, which apply to the last digits.
Units are cm21, except zy1,213, which is dimensionless.
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TABLE 3
Rotational–Vibrational and Pure Rotational Line Positions for D10BOa,b

Note. O–C denotes observed 2 calculated. Unless otherwise indicated, units are in cm21.
a
Rotational-vibrational and pure rotational transitions weighted 1:10000.
b
The observed transition frequencies labeled with asterisks were not included in the least-squares fit.
c
Units in MHz.

where we neglected x23, we obtained an effective Coriolis
coupling constant that was about 30% larger than the value
listed in Table 4.
The Coriolis interaction between the n1 and n2 1 n3 states
originates partly from mixing of the two vibrational states with
others through anharmonic potential constants. Another source

of the interaction arises from the first-order terms in the expansion of the B rotational constant in terms of the two stretching normal coordinates, which, when inserted in the two Coriolis interaction Hamiltonians, contribute directly to the
interaction matrix element.
When we take into account only cubic anharmonic potential
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TABLE 4
Molecular Constants of D10BOa,b

a

Values in parentheses denote three times the standard deviations, which apply to the last digits.
Units are cm21, except zy1,213, which is dimensionless.
c
Assumed.
b

terms kijkqiqjqk, we may derive the following expression for the
effective Coriolis interaction matrix element,
@^100|k 113 |101& 1 ^100|k 333 |101& 1 ^100|k 223 |101&#

1

1 v3 !

1 1/~ v 1 1 v 2 !] 1 ^100|C 1 |010&@^010|k 113 |011&
1 ^010|k 333 |011& 1

5 z 12 /@2~2 v 1 v 2 ! 1/ 2 # 3 $~k 113 2 k 223 !@~ v 1 1 v 2 !/ v 3
1 ~ v 1 1 v 2 !/~ v 1 2 v 2 ! 2 ~ v 1 2 v 2 !/~ v 1 1 v 2 !]
2 k 113 ~ v 1 2 v 2 !/~2 v 1 2 v 3 !

3 ^101|C 1 |011&~221 !@1/ v 3 1 1/~ v 1 2 v 2 !#
^100|k 223 |121&^121|C 1 |011&~221 !@1/~2 v 2

1/ 2
z eff
1 ~ v s / v t ! 1/ 2 #~I!
st @~ v t / v s !

^010|k 223 |011&]~ 21 !@1/~ v 1

2 v2 !

1 k 223 ~ v 1 2 v 2 !/~2 v 2 1 v 3 !} 1 z 32 /@2~2 v 2 v 3 ! 1/ 2 #
3 $~k 133 1 k 122 !@2~ v 3 2 v 2 !/ v 1
2 ~ v 3 2 v 2 !/~ v 3 1 v 2 ! 1 ~ v 3 1 v 2 !/~ v 3 2 v 2 !]
1 k 133 ~ v 3 1 v 2 !/~2 v 3 2 v 1 !
1 k 122 ~ v 3 1 v 2 !/~ v 1 2 2 v 2 !} .

1 1/ v 3 ] 1 ^100|C 1 |210&^210|k 113 |011&~221 !
3 @1/~ v 1 1 v 2 ! 1 1/~2 v 1 2 v 3 !# 1 ^100|k 133 |002&
3 ^002|C 3 |011&~221 !@1/~2 v 3 2 v 1 ! 1 1/~ v 3 2 v 2 !#
1 ^100|k 122 |020&^020|C 3 |011&~221 !@1/~2 v 2 2 v 1 !
1 1/~ v 2 2 v 3 !] 1 @^100|k 111 |000& 1 ^100|k 133 |000&

When the Coriolis resonance is exact, we may insert the
relation v1 5 v2 1 v3 in the above formula to simplify the
result as follows:
1/ 2
z eff
1 ~ v s / v t ! 1/ 2 #~I!
st @~ v t / v s !

5 2~2! 1/ 2 $ z 12 @~ v 1 v 2 ! 1/ 2 /~ v 21 2 v 22 !#~k 113 2 k 223 !
1 z 32 @~ v 2 v 3 ! 1/ 2 /~ v 23 2 v 22 !#~k 122 1 k 133 !% .

1 ^100|k 122 |000&]^000|C 3 |011&~ 21 !@1/ v 1 1 1/~ v 2 1 v 3 !#
1 ^100|C 3 |111&@^111|k 111 |011& 1 ^111|k 133 |011&
1 ^111|k 122 |011&]~221 !@1/~ v 2 1 v 3 ! 1 1/ v 1 # ,
where the cubic anharmonic terms kijkqiqjqk and the two
Coriolis interaction terms n1/n2 and n3/n2 are symbolically
expressed as kijk and Ci (i 5 1 and 3), respectively. The
effective Coriolis coupling constant from this source is thus
equal to

The second part may be derived in the following way. The
B rotational constant may be expanded in terms of the two
stretching normal coordinates as follows,
B 5 Be 2 Be

O ~2B /v !
e

s

1/ 2

2c z s2 q s 1 · · · ,

s

where s 5 1 or 3 and c 5 11 and 21 for the two modes,
respectively. These first-order terms, when inserted in the
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TABLE 5
Input Parameters for the Determination
of the Force Field of HBO

TABLE 6
Equilibrium Structures and Force Fields
of HBOa

a

Values in parentheses denote three times the standard
deviations, which apply to the last digits.
b
The suffixes r and R denote the HOB and BAO bonds,
respectively.

ordinary Coriolis interaction terms Ci in place of B, add the
following to the effective Coriolis coupling constant:
1/ 2
z eff
1 ~ v s / v t ! 1/ 2 #~II!
st @~ v t / v s !

5 22B 1/e 2 @ z 232 ~ v 3 2 v 2 ! 1 z 212 ~ v 1 1 v 2 !#/~ v 1 v 2 v 3 ! 1/ 2 .
The cubic potential constants and the Coriolis coupling constants z12 and z32 were calculated from the force field listed in
Table 6 and were inserted, together with the observed fundamental frequencies in place of the harmonic frequencies, in the
above expressions to derive the effective Coriolis coupling
constants, 0.0891 and 0.0916 for D11BO and D10BO, respectively, which favorably compare with the observed values
0.07766 (23) and 0.0833 (19), respectively.
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