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Fourier Transform Infrared Emission Spectroscopy of SeH

R. S. Ram and P. F. Bernath1

Department of Chemistry, University of Arizona, Tucson, Arizona 85721

Received November 22, 1999; in revised form May 2, 2000

The infrared vibration–rotation bands of SeH have been measured in theX2P ground state using a Fourier transform
spectrometer. The bands were observed in a microwave discharge of a mixture of H2 and Se in the presence of He. The
rotational structure of the 1–0, 2–1, 3–2 bands of theX2P 3/ 2 spin component and the 1–0 band ofX2P 1/ 2 spin component has
been observed in the 1800–2600 cm21 region. The principal ground state molecular constants obtained arev e 5
2421.7153(234) cm21, v exe 5 44.6012(110) cm21, v eye 5 0.20697(236) cm21, Be 5 7.899187(696) cm21, a e 5
0.220749(399) cm21, andr e 5 1.464319(64) Å.This work is the first determination of the equilibrium molecular constants
of theX2P state of SeH. © 2000 Academic Press
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SeH is a free radical of considerable experimental and
oretical interest. This radical is in the same group as OH
SH, which have been extensively studied over the past de
and are species of astrophysical importance. OH has al
been detected in the sun (1), stars (2), interstellar medium (3,
4), and comets (5, 6). SH has recently been detected in
S-type star (7), although it has not been seen yet in
interstellar medium (8, 9). SeH is also a molecule of potent
astrophysical importance, but limited high-resolution data
available compared to OH and SH. Note that the Se atom
been detected in the interstellar medium (10). In recent years
considerable efforts have been devoted to the high-reso
spectroscopy of OH and SH. In addition to providing pre
spectroscopic parameters, these studies also provide da
comparison with the results ofab initio calculations. Becaus
of the presence of a heavy atom,ab initio calculations o
molecules such as SeH are challenging, and relativistic
spin–orbit effects need to be included.

The SeH radical has been studied over the past decade
the infrared to the vacuum ultraviolet regions. SeH was
observed by Radford (11) in a gas-phase electron paramagn
resonance (EPR) experiment. The EPR work was furthe
tended and refined by Carrington and co-workers (12, 13). The
ultraviolet spectra were recorded by Lindgren (14), who ob-
served several diffuse bands in the 3000–3250 Å region
the flash photolysis of SeH2. These bands were assigned to

2S1–X2P i transition but the diffuseness of the spectra-
ited the accuracy of the derived constants. The vacuum
violet spectra of SeH have been studied by Donovanet al. (15)

nd Bollmarket al. (16, 17) and several Rydberg transitio

1 Also at: Department of Chemistry, University of Waterloo, Water
ntario, Canada N2L 3G1.
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ociation and the spectroscopic constants were not well d
ined. The UV and vacuum UV spectra have also been

erved for the SeD isotopomer (14–17).
The far- and mid-infrared spectra of SeH and SeD have

tudied by several groups. The laser magnetic reson
LMR) technique was applied by Davieset al. (18) to detect a
ure rotational transition in theX2P 3/ 2 spin component, whil

Brown et al. (19) and Ashworth and Brown (20) have mea
sured pure rotational transitions in theX2P 3/ 2 spin componen
as well as the forbiddenX2P 1/ 2–X2P 3/ 2 transition between th
two spin components (for thev 5 0 vibrational level) of SeH
in the mid-infrared. These studies provided spectroscopic
stants as well as information on the nuclear hyperfine stru
for the v 5 0 vibrational level of the ground state of Se
Similar LMR studies are also available for SeD (21–23).

SeH has also been the subject of several theoretical s
focused on the determination of the spectroscopic propert
the low-lying electronic states, including relativistic effe
(24–26). The theoretical electric dipole moments and diss
ation energies for the ground states of GaH, GeH, AsH,
and BrH have been calculated by Pettersson and Langhoff24).
Balasubramanianet al. (25) have determined the spectrosco
properties of the low-lyingX2P 3/ 2, X2P 1/ 2,

2S 1/ 2
1 , 3/ 2(II), and

5/2 states, including relativistic and the spin–orbit effe
which have considerable effect on the spectroscopic prope
In a recent publication Pisani and Clementi (26) have studie
relativistic effects on group six monohydrides, OH, SH, S
and PoH, and have calculated the ionization potentials
dissociation energies for these species. Ashworth and B
(27) have recently discussed the electric-dipole moment
SeH and GeH as determined from the measurements o
relative intensity of electric and magnetic dipole transition
their LMR spectra. The dipole moment of SeH was m
reliably determined to be 0.483 D by Byfleetet al. (13).
,
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10 RAM AND BERNATH
A photoionization study of SeH and SeH2 has been carrie
ut by Gibsonet al. (28) from which they have determined t
diabatic ionization potential of 9.9856 0.003 eV and
issociation energy of 74.276 0.23 kcal/mol for SeH. Th
lectron affinity of SeH is 2.21 eV (29). The ionization ene
ies and bond dissociation energies of GeHn, AsHn, and SeHn

have been calculated (30), and Binning and Curtis predict
round state bond length of 1.458 Å, a ground state vibrat

requency of 2567 cm21, and a dissociation energy of 73
kcal/mol for SeH.

In the present paper we report on the observation of thDv
1 infrared vibration–rotation bands of SeH in the 20

600 cm21 region at high resolution. We have measured
rotational structure of the 1–0, 2–1, and 3–2 bands o
X2P 3/ 2 spin component, which is lowest in energy. For
X2P 1/ 2 spin component, which lies at 1760 cm21 above the
X2P3/2 spin component, we have observed the vibration–rot
structure for only the 1–0 band. The present infrared data pr
improved spectroscopic constants for the ground state of S

SeH is the last of the nonradioactive main-group mon
drides for which an equilibrium vibrational and rotatio
structure needs to be determined. An equilibrium bond le
and vibrational frequency are known, however, for SeD (23).

EXPERIMENTAL

The vibration–rotation bands of SeH were recorded betw
1800–2600 cm21 region with the 1-m Fourier transform sp-
rometer associated with the McMath–Pierce telescope o

FIG. 1. A part of the spectrum showingR
Copyright © 2000 by
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National Solar Observatory at Kitt Peak. SeH was produc
an electrodeless discharge lamp operated with 80 W p
from a 2450 MHz microwave oscillator. The lamp was a qu
tube with an outer diameter of 12 mm. In this experimen
reused a lamp which was previously used to record the sp
of the Se atom. A thin film of reddish Se was already depo
on the inner wall of the discharge tube and no additiona
powder was added. A mixture of 60 mTorr of H2 and 2.2 Tor
of He flowed slowly through the lamp to make SeH. Hel
served simply as a carrier gas.

The emission from the lamp was sent directly into
entrance aperture of the Fourier transform spectrometer
spectrometer was equipped with a CaF2 beam splitter an
liquid-nitrogen-cooled InSb detectors. The use of an I
optical filter limited the observation of the spectra to
1800–3000 cm21 spectral region. A total of 14 scans w
coadded in about 35 min at a resolution of 0.02 cm21.

In addition to SeH bands, this spectrum also containe
and H atomic lines and H2O molecular absorption lines. T
spectra were calibrated by use of measurements of Se a
lines by Engleman (31). The precision of measurements
trong and unblended lines of SeH, which appear with a ty
ignal-to-noise ratio of;10:1, is expected to be better th
0.002 cm21.

RESULTS AND DISCUSSION

The line positions of SeH were extracted from the spe
using a data reduction program called PC-DECOMP devel

s of the 1–0 vibration–rotation band of SeH.
Academic Press
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11INFRARED EMISSION SPECTROSCOPY OF SeH
by J. Brault. The peak positions were determined by fitti
Voigt lineshape function to each spectral feature. The bran
in the different subbands were sorted using a color Loo
Wood program run on a PC computer.

The observed spectrum consists of three vibration–rot
bands including 1–0, 2–1, and 3–2 for theX2P 3/ 2 spin com-
ponent and only the 1–0 band of theX2P 1/ 2 spin componen
The intensity of higher vibrational bands decreases ra
with increasing vibration and bands withv $ 4 in theX2P 3/ 2

spin component andv $ 2 in theX2P 1/ 2 spin component we

Line Positions (in cm21) for the Vibra
Copyright © 2000 by
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too weak to be observed. Because theX2P 1/ 2 spin componen
lies about 1760 cm21 above theX2P 3/ 2 spin component, th
lines of theX2P 1/ 2 spin component are much weaker in int-
sity than those in theX2P 3/ 2 spin component.

The SeH molecular lines were easily identified from t
characteristic narrow linewidths and isotopic patterns. A
of the high-resolution spectrum of theR-branch region of th
1–0 band is provided in Fig. 1. Se has five major isotopes76Se
(10%), 77Se (9%),78Se (23%),80Se (50%) and82Se (10%)), o
which 78Se (23%) and80Se (50%) are the most abundant. T

–Rotation Bands of 80SeH and 78SeH
tion
Academic Press
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12 RAM AND BERNATH
lines of the78SeH and80SeH are expected to be observed w
an approximate intensity ratio of 1:2 as can be clearly se
our spectra (Fig. 1). Lines of the vibration–rotation band
the X2P 3/ 2 spin component consist of singleR and singleP
branches with no noticeableL-splitting. On the other hand, t
lines in the 1–0 band of theX2P 1/ 2 spin component a
observed to have a relatively largeL-doubling starting from
very lowJ values. The lines of the minor isotopomer78SeH are
very weak in the 1–0 band of theX2P 1/ 2 spin component.

Rotational lines of both78SeH and80SeH isotopomers ha
been measured and used in the determination of mole
constants. For the major isotopomer80SeH, two kinds of fit
were carried out. In the first fit, lines of the two spin com
nents were fit separately with the a simple empirical en
level expression and, in the second fit, lines of both
components were fit together as Hund’s case (a) state. F
minor isotopomer78SeH, for which the lines in theX2P 1/ 2 spin
component are very weak, only the empirical fit was obtai
The line positions for the80SeH and78SeH isotopomers a

rovided in Table 1 and the observed2 calculated (O2 C)
alues were obtained with the empirical constants for

78SeH and80SeH.

(a) Empirical Fits of 78SeH and80SeH

In this fit the lines of the78SeH and80SeH isotopomer we
fit to the following simple energy expression,

Empirical Constants (in cm21) fo

a Notice that the sign ofpv in the empirical fit is negative c
because of the different definition of theL-doubling paramete

b The T0 values have been fixed to zero in the empirical
Copyright © 2000 by
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E~ J! 5 Tv 1 BvJ~ J 1 1! 2 Dv@ J~ J 1 1!# 2

6 1/ 2@ pv~ J 1 1/ 2! 1 pDv~ J 1 1/ 2! 3#
[1]

for 2P1/2. The expression for2P3/2 lacks theL-doubling term
containingpv andpDv. The lines of both spin components w
fit separately. For the78SeH isotopomer, the empirical co-
stants were obtained only for theX2P 3/ 2 spin componen
because the minor isotopomer was too weak to be measu
the X2P 1/ 2 spin component. The empirical constants for
80SeH and78SeH are provided in Table 2.The empirical con
tants are helpful in quickly predicting the transition waven
ers by simple calculations using Eq. [1]. Effective vibratio
onstants for the2P3/2 spin component of80SeH arev e 5

2416.7805(120) cm21, v exe 5 42.45772(506) cm21,
v eye 5 20.07785(110) cm21.

(b) Case (a) Fit of the X2P1/2 and X2P3/2 Spin Components
of 80SeH

Initially, the rotational lines of both spin components of
1–0 band of80SeH were fit using the effective N2 Hamiltonian
for a 2P state. In this fit, the spin–orbit parameterA0 for thev
5 0 vibrational level was fixed to the value obtained
Ashworth and Brown (20). Their v 5 0 constants were dete

ined using the same N2 Hamiltonian (see below) that w
used. An explicit listing of the matrix elements of this Ham
tonian is provided by Amiotet al. (32). Because we we

e X2P State of 80SeH and 78SeH

pared to the positive sign in the Hund’s case (a), Table 4. This is
r th

om
rs.
fit.
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13INFRARED EMISSION SPECTROSCOPY OF SeH
unable to resolve theL-doubling in the2P3/2 spin componen
we had problems fitting the highJ transitions and theL-dou-
bling constantq had a peculiar value. Unfortunately, the c
tants presented by Ashworth and Brown (20) were derived
rom the usual Hamiltonian modified to contain two vibratio
erturbation terms in order to account for the interaction ofv 5
2P3/2 with v 5 0 2P1/2. This interaction is very strong for Se

but is much smaller for SeH. The constants presente
Ashworth and Brown (20) are not compatible with our co
tants because they result from slightly different effec
amiltonians. Even when we tried to use their constan
redict transitions to include in our fits, the results were
ompletely satisfactory.
The earlier constants of Brownet al. (19) are much mor

ompatible with our data (no perturbation terms were inclu
nd we used these constants to predict the zero field lines

n Table 3. These lines were then added to our fit in ord
etermine the spin–orbit coupling constantA0 and the lambda

doubling constantq0. We also fitted the unsplit, but sligh
broadened, higherJ lines of the2P3/2 spin component as tw

Zero Field Line Positions of SeH

a These values have been predicted using the constants of Brownet al. (19).
b P 2 C are predicted minus calculated values in units of 1025 cm21, using

the constants of Table 4.

TAB
Hund’s Case (a) Constants (in
Copyright © 2000 by
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for the lowerJ transitions. This somewhat dubious decon
ution procedure improved our fits. In the end, the Hund’s
a) constants of Table 4 were obtained by fitting the line
–0, 2–1, and 3–2 bands together. The constantqD for v 5 0

was not determined in the initial free fit, and therefore its v
was held fixed at 9.93 1027 cm21, a value used by Brownet

l. (19). The constants,A0, B0, D 0, g 0, q0, p0, pD0 for v 5 0
andT1, A1, B1, D 1, g 1, q1, p1, andpD1 for v 5 1 were varied
in the final fit. The values ofA0 5 21763.27345(798) cm21

andA1 5 21766.74871(738) cm21 were determined for th
v 5 0 and 1 vibrational levels. For thev 5 2 and 3 vibrationa
evels, where rotational lines were observed only in theX2P 3/ 2

spin component, only the constantsTv, Bv, andD v were varied
and the rest of the constants were held fixed to the approx
values for thev 5 1 vibrational level. The strong vibration
dependence ofA implied byA0 5 21763.27345(798) cm21

and A1 5 21766.74871(738) cm21 is caused by the inte-
action between the spin components. Without a complet
perturbation, “true” values ofAv cannot be derived. In the fin
fit, approximate weights for the individual rotational lines w
chosen on the basis of signal-to-noise ratio and freedom
blending.

It is interesting to compare the case (a) constants obtain
this work to the values available previously. The present
stants forv 5 0 vibrational level are slightly different than t
constants of Ashworth and Brown (20) because our data s
includes higherJ lines. In addition, Ashworth and Brown (20)
ncluded two perturbation terms to account for the interac
etweenv 5 1 2P3/2 with v 5 0 2P1/2, but the SeH data can

fitted without them. Our v 5 0 constants of B0 5
7.7892244(836) cm21, D 0 5 3.37581(830)3 1024 cm21,
g0 5 20.75022(769) cm21, q0 5 20.0059451(240) cm21,
p0 5 1.148479(271) cm21, and pD0 5 21.634(115) 3

4
21) for the X2P State of 80SeH
cm
Academic Press
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14 RAM AND BERNATH
1024 cm21 can be compared with the constants ofB0 5
7.7893423(85) cm21, D 0 5 3.3503(14)3 1024 cm21, g0 5
20.8271(15) cm21, q0 5 20.005934(25) cm21, p0 5
1.14755(11) cm21, andpD0 5 29.703 1025 cm21 obtained
by Ashworth and Brown (20). Our constants are much mo

ccurate than the constants obtained by Donovanet al.(15) and
ollmark et al. (16, 17) from their studies of UV and vacuu
V transitions.
Prior to the present work, no high-resolution data w

vailable for vibrational levels withv . 0 for SeH. Although
he UV region has spectra for several transitions involving
round state, bands withv0 . 0 could not be identified becau
ll of the excited states were predissociated and the sp
ere recorded in absorption. The constants for thev0 5 0

vibrational level obtained from these studies were not
reliable because the rotational lines were broad. The recen
and mid-infrared studies of the ground state has provided
improved constants for thev 5 0 vibrational level of theX2P
tate, but data for vibrational levels withv0 . 0 vibrationa

level were still lacking. In fact, the best vibrational consta
for SeH were those calculated from SeD using isotope
tions. The observation of bands with vibrational levels up
has provided spectroscopic constants for thev0 5 1, 2, and 3
vibrational levels for the first time.

The Hund’s case (a) constants of Table 4 have been us
determine the equilibrium molecular constants for the gro
state of80SeH, which are provided in Table 5.The ground stat
term values of T1 5 2333.18547(224) cm21, T2 5
4579.03121(428) cm21, and T3 5 6738.7790(114) cm21

have been obtained withT0 held fixed to zero. These vibr-
tional intervals provide the vibrational constants ofv e 5
2421.7153(234) cm21, v exe 5 44.6012(110) cm21, and
v eye 5 0.20697(236) cm21 for 80SeH from an exact fit. Th
rotational constants for the individual vibrational levels p
vide the equilibrium constants ofBe 5 7.899187(696) cm21

and a e 5 0.220749(399) cm21. The equilibrium rotationa
constant results in the ground state equilibrium bond leng
1.464319(64) Å, which can be compared with the equilibr
bond length of 1.4640708(20) Å for the ground state of80SeD
(23). Note that the interaction between2P1/2 and 2P3/2 spin
omponents compromises the mechanical reliability ofr e and

particularly the vibrational constants.

Equilibrium Constants (in cm
Copyright © 2000 by
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CONCLUSION

The infrared vibration–rotation spectra of 1–0, 2–1, and
bands ofX2P 3/ 2 spin component and 1–0 band ofX2P 1/ 2 spin
component has been observed at high resolution using a
rier transform spectrometer. SeH was made in a microw
discharge lamp from the reaction of Se with H2. The analysi
of observed bands provides an improved set of mole
constants for the ground state of SeH. This work provide
first independent determination of the equilibrium vibratio
constants for the SeH molecule.
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