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Abstract

Transitions between the spin-rotational levels of the HF " radical in the v = 0 level of the X?IT ground state have been observed
by the technique of laser magnetic resonance at far-infrared wavelengths. Because of the large spin—orbit coupling in this >IT state,
the detection of the fine-structure transitions required the use of very short-wavelength laser lines (down to 40 um). These obser-
vations have provided accurate information on the 'F hyperfine splittings in rotational levels of the upper 2IT; /2 spin component for
the first time which has enabled the complete determination of the hyperfine structure for this molecule. An effective Hamiltonian
was used to model the experimental measurements; this provided considerably more accurate values for the various molecular
parameters than previously available. Using these parameters, predictions of the transition frequencies between the low-lying spin-
rotational levels of the radical at zero magnetic field have been made.

© 2004 Elsevier Inc. All rights reserved.

1. Introduction

The HF " radical is iso-electronic with OH (and also
NH™). It therefore comes as something of a surprize to
discover that it has been comparatively little studied by
spectroscopists. Frost et al. [1] were the first to observe
the molecule, using photoelectron spectroscopy of HF.
These results were improved upon and corrected soon
afterwards by Brundle [2]. He was able to determine the
vertical ionization energies to the X*IT ground and 42X "
excited states of HF " and the approximate vibrational
intervals in these states. These values were further re-
fined in subsequent photo-ionization [3] and photoelec-
tron [4] experiments at higher resolution; it was even
possible to resolve the spin—orbit splitting in the XTI
state by detecting the threshold electrons [5]. At about
the same time, Gewurtz et al. [6] recorded the emission
spectrum associated with the weak 42X X211 electronic
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transition at rotational resolution. They determined
values for many of the important properties of the ion,
including the dissociation limit of the weakly bound
A’T?t state. A few years later, part of the rotational
spectrum of HFT in the ground state was recorded by
Hovde et al. [7] using the technique of laser magnetic
resonance (LMR) at far-infrared wavelengths. This
study revealed the rather large hyperfine splittings as-
sociated with the '°F nucleus for the first time but was
restricted to a single rotational transition in the lower
1, ;2 spin component. The final piece of experimental
information on HF* was provided by Hovde et al. [§]
who recorded some R-lines in the fundamental band of
the vibration-rotation spectrum at about 2912cm™!;
they used velocity modulation to detect the signals. This
produced a more accurate measurement of the vibra-
tional interval and also revealed '°F hyperfine structure
on some of the lower-J transitions.

HF"' has also been the subject of some theoretical
calculations. These have been concerned with the elec-
tronic structure of the molecule in its lowest electronic
states [9,10], the lambda-doubling intervals [11,12], and
nuclear hyperfine structure [13]; both the latter refer to
the molecule in the X°II state.
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The major advance in far-infrared spectroscopy in
recent years has been a push to shorter wavelengths, into
the “true” far-infrared region below 100 um. This has
enabled the detection of pure rotational transitions of
very light molecules [14], fine-structure transitions in
both atoms [15] and molecules [16] and even some vi-
bration—rotation transitions for low-frequency bending
vibrations [17]. One limitation of the earlier high reso-
lution studies of HF* in the X2IT state was that they
provided rather little information on the molecule in the
upper, 2IT, /2 spin component. These levels lie some
310cm™! above those of the lower component and are
by comparison rather sparsely populated. In addition,
the molecule has a very small magnetic moment in these
upper levels which hinders their study by magnetic res-
onance methods. Information on the ’n, 72 levels is
needed for a complete determination of the molecular
parameters of HF* (for example, there are four hyper-
fine parameters for each nucleus but studies of the *I1; /2
levels give direct information on only one of them). The
availability of new, short-wavelength far-infrared laser
lines brings the fine-structure transitions of HF* into
range and so gives access to these levels.

In this paper, we report a limited study of the fine-
structure transitions of HF* in the v = 0 level of the
X°T1 state by LMR together with an extension of the
pure rotational transitions in the ’I1, /2 component.
These measurements are sufficient to provide a complete
determination of the molecular parameters for this
molecule with a considerable improvement in accuracy.
The bond length of the molecule has been refined as a
result. The "F hyperfine parameters obtained make an
interesting comparison with those predicted by theory
[13].

2. Experimental details

The far-infrared LMR experiments were performed
at the Boulder laboratories of NIST; the spectrometer
has been described in detail elsewhere [18]. The HF+
radicals were produced in the spectrometer sample vol-
ume by flowing a lean mixture of HF in helium through

a special microwave discharge designed so that the re-
sultant plasma projected out into the laser radiation
field. A similar microwave discharge source has been
described briefly in our earlier study of OH+ [19]. The
total pressure in the sample volume was about 0.4 Torr
(55 Pa). The HF gas was dried with liquid nitrogen and
bled into the discharge at a rate which did not register
on the pressure gauge (less than 2mTorr). The far-in-
frared radiation was coupled out of the laser cavity and
detected with a liquid helium-cooled gallium—-germani-
um photo-conductor. The magnetic field was modulated
at a frequency of 39kHz and the signal detected with a
lock-in amplifier at the same frequency. The resonances
were consequently displayed as the first derivative of an
absorption profile. The magnet of the LMR system was
controlled by a rotating-coil magnetometer which pro-
vided a direct readout of the flux densities. The system
was calibrated periodically up to 1.8 T with a proton
NMR gaussmeter; the absolute uncertainty of mea-
surement was 1075 T below 0.1 T and the fractional
uncertainty was 104 above 0.1 T.

3. Results and analysis
3.1. Observations and assignments

The far-infrared transitions of HF* in the v — () level
which have been detected in the LMR experiment are
summarized in Table 1; they are also shown on the en-
ergy level diagram in Fig. 1. All together, resonances
associated with five separate rotational and fine-struc-
ture transitions have been observed. An example from
the 87.73 pm spectrum is shown in Fig. 2; the transition
involved is J =7/2 «— 5/2, M, = —3/2«— —=5/2 in the
’I1, 72 component. The 'H nuclear hyperfine interaction
is responsible for the small doubling of each line in this
spectrum while the corresponding interaction involving
the "F nucleus produces a much larger doublet splitting
of about 100 mT (both nuclei have 7 = 1 /2). A second
example in Fig. 3 shows a single Zeeman component of
the J =5/2— 7/2 fine-structure transition, recorded
with the 44.24 ym line. The HF* resonance corresponds

Table 1
Summary of observations in the far-infrared LMR spectrum of HF* in the v = 0 level of its X217 state
HF* transitions observed Laser line
Q J Parity A (um) v (GHz) Gas Pump
Rotational transitions
312 5/2-3/2 F e+ 124.4 2409.2933 CH,DOH 10P(34)
122.5 2447.9685 CH,F, 9R(22)
7/2-5/2 T F 87.73 3417.2639 CD;0D 10P(38)
Fine-structure transitions
1/2-3/2 7/12-9/2 —— 48.72 6153.2790 CD;0H 9R(6)
512-712 F e+ 44.24 6775.7835 CH;0H 9P(16)
3/2-5/2 te-F 39.92 7509.0362 CH;0H 9P(34)
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Fig. 1. Diagram showing the lower energy levels of the HF* radical in
the » = 0 level of the XTI state and the transitions involved in the
observed far-infrared LMR spectrum. The lambda-type (parity) dou-
bling has been exaggerated by a factor of 20 for the sake of clarity.

to one of the two '°F hyperfine doublets; its companion
lies to higher field beyond the end of the region shown.
The line shows a just resolvable 'H doubling when re-

HF*

corded more slowly over a narrower field range. It can
be seen by comparison of Fig. 3 with 2 that the
fine-structure transitions (which are electric-dipole in
character) are much weaker than the pure rotational
transitions. The spectra recorded with short-wavelength
laser lines all show the presence of several “impurity”
species in the discharge, despite the simplicity of the
production method. One of these is, of course, the OH
radical in its XIT state. It produces strong signals on the
124.4 pm line (J/ = 5/2 — 3/2 in the *T1;, component of
the v = 1 level), the 87.73 um line (J = 7/2 «— 5/2 in the
11, /2 component of the v =1 level), and the 48.72 um
line (J =7/2 — 9/2, 11, ,-*I1;, fine-structure transi-
tion in the v = 0 level). Part of the 87.73 pm spectrum is
shown in Fig. 2. Several unidentified signals remain.
Three are shown in Fig. 3 where it can be seen that some
of them are very strong. The two signals marked B ap-
pear to be related. If the splitting of 180mT between
them corresponds to a hyperfine interaction, it strongly
suggests that the molecule concerned contains a fluorine
atom. Further investigation of these intriguing obser-
vations is being undertaken.

The detailed measurements of the individual reso-
nances for the six laser lines used to record LMR spectra
are given in Table 2. The assignments were made with
the help of a computer program which predicts all
possible resonances for a given laser frequency, together
with their lines strengths and tuning rates {20,21]. This
information constitutes the Zeeman pattern which
can be used to make the assignments even when the

87.73 um (o)
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J=7/2<-5/2 "Il

1.30
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Fig. 2. Part of the far-infrared LMR spectrum of the HF* radical in the v = 0 level of the XIT state. The spectrum is recorded with the 87.73 pm laser
line in perpendicular polarization (AM; = £1). The rotational transition involved is J = 7/2 « 5/2, @ =3/2, M; = =3/2 «~ —=5/2,+ « —. The F
and 'H hyperfine structures are both fully resolved; the nuclear spin selection rule is AM; = 0 (see Table 2). This scan also shows one of the OH
impurity lines resulting from the microwave discharge through (slightly damp) HF in helium. In this case, the OH is vibrationally excited, in the v = 1

level.
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Fig. 3. Part of the far-infrared LMR spectrum of the HF* radical in the v = 0 level of the X”II state, recorded with the 44.24 um laser line in
perpendicular polarization (AM; = +1). The transition involved is a fine-structure transition with J = 5/2 — 7/2, — — +,M; = 5/2 — 7/2. Note
that this signal is much weaker than the pure rotational transitions shown in Fig. 2. The *F hyperfine splitting is fully resolved; the other hyperfine
component lies at higher flux densities, beyond the range of this scan. The 'H hyperfine splitting is just resolvable when the observed resonance is
scanned more slowly with a smaller modulation amplitude. The other three resonances belong to “impurity” species and have not yet been assigned.

The two signals marked B appear to be associated with each other.

molecular parameters employed are not quite accurate.
Fortunately, reasonably reliable values for the molecu-
lar parameters of HF' were available from previous
workers [6,8]. The resultant assignments are also given
in Table 2. The quantum numbers used to describe the
molecular states are J, £2, parity, M;, My, and Mj,, where
I, and I, refer to the I°F and 'H nuclei, respectively. The
nuclear spin de-coupled description is the appropriate
one for experiments performed in a magnetic field. An
estimate of the experimental uncertainty of each obser-
vation is given in the Table. Normally, we would expect
this uncertainty to be dominated by the accuracy of the
far-infrared laser frequencies which are re-settable to
V2 x 5% 10 7y,. However, the modeling of the data
with an effective Hamiltonian (see below) did not sup-
port this estimate; it seemed to underestimate the reli-
ability of the higher frequency spectra. We have
therefore given each measurement an uncertainty of
2 MHz instead.

3.2. Determination of molecular parameters

A nearly complete set of molecular parameters for
H'F* in the v = 0 level of its X*IT state was determined
by fitting a model Hamiltonian to the present mea-
surements by least-squares methods. The effective
Hamiltonian was cast in the N? form as described by
Brown et al. [22] with the Zeeman terms as described in
[23]. The eigenstates were identified in terms of the
Hund’s case (a) quantum numbers given above. The

basis set was truncated at states with AJ = +2 which
reproduced the exact calculations to within a few kHz
for the highest field resonances. Each datum was
weighted in the fit inversely as the square of its experi-
mental error, estimated to be 2 MHz as given in Table 2.
The parameter Ap was constrained to zero in the fit as a
result of which the parameters Ap and y are effective
parameters [24].

The result of the least-squares fit is given in Table 2;
the parameters determined in the process are given in
Table 3 in both MHz and cm™! units. Some of the
smaller parameters (H, gp, g/, 2 ) have been constrained
to values estimated from other sources, using the fol-
lowing relationships [23,25,26]:

Hy ~ H, = (2/3)D{12(B./.) — 2./ 0.}, (1)
gp = —(4D/B)g, (2)
g, =p/2B, (3)
g¢ = —q/B. (4)

The values adopted are given in Table 3. In addition,
the electron spin g-factor was fixed to a value of 2.0020,
which corresponds to a relativistic correction of
1.5 x 107, It can be seen from Table 2 that the 'H hy-
perfine splittings were not resolved for most of the fine-
structure transitions; consequently, there is very little
information on the proton hyperfine interaction for the
211, ; levels. It was therefore only possible to determine
one of the four proton hyperfine parameters in the fit,
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Observations in the far-infrared LMR spectrum of the HF* radical in the v = 0 level of the X?IT state
J = J" Q Parity M, — M} M,® M2 By (mT) VL — Veale 0v/0By Uncert.
(MHz) (MHz/mT) (MHz)
124.4 pm spectrum v, = 2409293.3 MHz
5/23/2 312 4o — 1/23/2 12 12 1173.26 -1.01 -153 2.0
~-12 1176.15 -0.17 -15.3 2.0
-1/2 12 1295.19 4.24 -154 2.0
~1/2 1298.08 5.26 -15.4 2.0
—— 4+ 1/2—3/2 12 172 1361.80 —0.68 -15.3 2.0
-1/2 1364.59 -1.49 -153 2.0
-1/2 12 1484.42 -2.69 -154 2.0
-1/2 1487.21 -3.34 -154 2.0
122.5 um spectrum v, = 2447968.5 MHz
5/2—3/2 3/2 — 4 —1/2—-3/2 12 172 1024.90 -3.63 15.5 2.0
-1/2 1027.70 -2.81 15.5 2.0
-1/2 172 1129.84 0.97 154 2.0
-1/2 1132.93 —2.46 15.4 2.0
+ = - -1/2—-3/2 12 12 1209.49 0.46 15.5 2.0
-112 1212.38 -0.27 15.5 2.0
-12 172 1316.13 3.65 154 2.0
-1/2 1319.02 3.07 154 2.0
—— 4 1/2 ——-1/2 12 1/2 1750.00 0.31 9.34 2.0
112 1752.40 0.69 9.34 2.0
87.73 um spectrum v, = 3417.2639 MHz
7/2—5/2 3/2 + = — —3/2« =5/2 1/2 12 1227.75 0.80 9.28 2.0
-1/2 1230.04 1.70 9.28 2.0
-1/2 172 1324.91 1.07 9.19 2.0
-2 1327.30 1.21 9.19 2.0
R —1/2—-3/2 172 172 1612.34 2.05 7.10 2.0
-1/2 1614.62 0.78 7.10 2.0
-1/2 12 1714.07 0.73 7.07 2.0
-1/2 1716.41 —-0.86 7.07 2.0
—— 4 —3/2—-5/2 12 12 1810.60 -2.70 9.29 2.0
-1/2 1812.90 -2.07 9.29 2.0
-1/2 12 1911.90 —-1.11 9.25 2.0
-172 1914.33 -1.63 9.25 2.0
48.72 pm spectrum v, = 6153.2790 MHz
7/2<9/2 1/23/2 — 4 —3/2— -3/2 1/2 b 233.43 -1.01 5.23 2.0
~5/2 — -5/2 -1/2 b 411.14 1.04 10.50 2.0
-3/2—-3/2 -12 b 650.59 1.24 6.48 2.0
—7/2—-9/2 b 65.18 0.32 16.89 2.0
—5/2—-17/2 in b 88.76 —0.40 12.51 2.0
=7/2— =9/2 b 254.52 -1.04 17.26 2.0
-3/2 — -5/2 -1/2 b 457.60 1.21 9.40 2.0
-1/2—-3/2 b 780.40 -1.44 5.35 2.0
44.24 ym spectrum v, = 6775783.5MHz
5/2—17/2 1/2—3/2 + — — —5/2 — -5/2 1/2 b 424.33 -1.60 12.37 2.0
—-1/2 b 658.99 —3.57 12.78 2.0
-3/2—-3/2 172 b 749.72 -0.82 7.29 2.0
-1/2 b 1057.26 3.38 7.80 2.0
4+~ — —5/2— -7/2 -12 b 316.29 2.98 16.32 2.0
—— 4 5/25/2 -1/2 —-1/2 1951.53 -1.37 -12.50 ¢
12 1953.48 -9.15 -12.50 c
R 172 b 510.97 0.30 16.61 2.0
—— 4 5/2+17/2 -1/2 -1/2 1504.46 -3.59 -16.35 2.0
12 1506.55 2.53 -16.35 2.0
12 -1/2 1608.38 -0.90 -16.47 2.0
172 1610.30 1.47 -16.47 2.0
39.92 pm spectrum v, = 7509036.2 MHz
3/2—5/2 1/2—3/2 + - = —3/2~-3/2 1/2 = —1/2 b 69.67 -1.68 6.18 2.0
—3/2— -5/2 172 b 150.84 -0.47 15.92 2.0
-1/2— -3/2 1/2 b 301.00 1.98 8.42 2.0
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J e J" Qo Parity M, — M) Mp? By (mT) Vi — Veale 0v/0B, Uncert.
(MHz) (MHz/mT) (MHz)

4o = —3/2 -3/2 /2 -1/2 b 397.54 0.75 10.56 2.0

e+ =3/2 — -5/2 b 1525.09 —-0.01 16.64 2.0

b 1702.29 -0.86 16.75 2.0

11 and I, are the nuclear spins of the °F and 'H nuclei, respectively. Transitions obey the allowed nuclear spin selection rule AM;, = AM;, =0

unless indicated.

®1H hyperfine splitting not resolved.
¢Lines excluded from the least-squares fit because their flux densities were beyond the calibrated range.

Table 3

Molecular parameters for HF* in the v = 0 level of the X211 state

Parameter Value (MHz) Value (cm™")
4+5 —8736638 (17) ~291.422 90 (57)
5 -8258 (32) -0.2754 (11)

i 2.40 (66) 0.80 (22) x 104

B 513219.5 (23) 17.119160 (78)

D 66.806 (63) 0.22284 (21) x 102
H 0.4905 x 10-2b 0.1636 x 10-6%
p+2q 15418.4 (52) 0.51430 (17)
o+ 24p -1.82 (47 —0.61(16) x 10~
q —1200.60 (39) -0.40048 (13) x 107!
4o 0.340° 0.113 x 10~#®

hyy (F) 4626 (16) 0.15430 (52)

hspp (F) 3345.8 (22) 0.111605 (75)

b (F) 1301.0 (92) 0.4340 (31) x 10~1
d (F) 5167.3 (50) 0.17236 (17)

2 (H) 70.24° 0.2343 x 10-2®
by (H) 93.7 (19) 0.3126 (65) x 102
b (H) —103.58> ~0.3455 x 10-2b

d (H) 50.24° 0.1676 x 10-2b

& 1.00118 (23)

gs 2.0020°

g 0.90 (31) x 1072

g ~0.57 (15) x 1073

g g 0.1502 x 1071®

g 0.2339 x 10-2b

gv (F) 5.257731°

gy (H) 5.585690°

#Numbers in parentheses are one standard deviation of the least-
squares fit, in units of the last quoted decimal place.

® Parameter constrained to this value in the fit (see text).

“Nuclear spin g-factors in nuclear magnetons.

namely %3/, which governs the splittings in the levels of
the 21'[3/2 component. The values for the other three
parameters were constrained to values estimated from
those for the corresponding parameters of **OH [27,28].
The estimates were obtained by scaling as 1/7> where r is
the bond length of the molecule (approximately the
separation of the unpaired electron from the 'H nu-
cleus). Using these constrained values, the standard
deviation of the fit of 55 data points relative to experi-
mental uncertainties is 1.187, a figure which can be re-
garded as entirely satisfactory (a value of 1.0 is expected
if the model is adequate and the weighting factors have
been chosen correctly).

4. Discussion

Although the measurements of the far-infrared LMR
spectrum of HF™ in the v = 0 level of its X2IT state are
not very extensive, they have allowed the determination
of an essentially complete set of molecular parameters in
the effective Hamiltonian, including the °F hyperfine
parameters. The values determined are also significantly
more accurate than those obtained previously by optical
spectroscopy [6] and by a combination of far-infrared
LMR and infrared spectroscopy [8], as shown in Tables
4 and 5. Using our values for the ground state param-
eters and the value for y,(= fz) of 0.0142cm™! deter-
mined by Gewurtz et al. [6], we have re-fit the infrared
measurements of Hovde et al. [8] to determine a value
for a.(= —ap) of 0.88441(16)cm!. This can be com-
bined with our value for By to determine the value for
the rotational constant at equilibrium, B, = 17.55782
(11)yecm~!. This in turn corresponds to a value for 7, of
1.0016005 (32) A where the quoted error is purely sta-
tistical. This equilibrium bond length is significantly
longer than that of HF in its ground 'Z* state
(0.91681 A [29]). The lambda-doubling parameters are
also much better determined, particularly the combina-
tion (p +2g) which governs the doubling in the *I1;
component; the present study gives values for p and ¢ of
0.5944 and —0.04005cm™! respectively. Hutson and
Cooper [12] have made an accurate ab initio calculation
of these parameters; for comparison, their values for p
and g for the zero-point vibrational level were 0.589 and
-0.0402cm ™!, respectively. An important feature of
their calculation was the inclusion of the effect of the
continuum of vibrational levels above the weakly bound
A’ state.

Perhaps the most interesting numbers are the values
for the "F hyperfine parameters which have been as-
sembled in Table 5. They clearly represent a marked
improvement over the previous determination which
was very much at the limit of the experimental method
[8] despite the large size of the interaction. Of the four
values, only those for hi/2(F) are in reasonably good
agreement with the earlier work; this is because they are
derived from LMR measurements on HF* in the 2I1, /2
levels in both studies. The same remark might be ex-
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Table 4

Comparison of molecular parameters determined for HF" in the v = 0 level of the X2I1 state
Parameter® Present work Optical study® Previous LMR & IR®
By 17.119168 (78) 17.1375 (25) 17.11429(31)
Dy 0.22284 (21) x 1072 0.2205 (14) x 1072 0.22085 (40) x 1072
Ay + 7 —291.42290 (57) -292.541 (17) -291.418 (14)
%o -0.2754 (11) d —0.2704 (44y
Po+2q0 0.51430 (17) 0.548 (60) x 107! 0.51704 (254)
qo —0.40048 (13) x 107 -0.46 (8) x 10! -0.4054 (11) x 107!

2Values given in cm™!.

bValues determined by Gewurtz et al. [6] from an analysis of the 42Z*—2IT electronic spectrum.
®Values determined by Hovde et al. [8] from an analysis of the FIR LMR and IR spectra.

dParameter not determined [13].

®The value for 7, has been calculated from that given for 4p (—0.02842cm™!) by Hovde et al. [8].

Table 5
Comparison of nuclear hyperfine parameters for HF* in the v = 0 level
of the X2TT state

Parameter® Present work Previous LMR & IR®
iy (F) 4626 (16) 5500 (1800)

hy2 (F) 3345.8 (22) 3354 (14)

b (F) 1301.0 (92) 1270 (140)

d (F) 5167.3 (50) 4900 (1000)

hyz (H) 93.7 (19) 83.2 (44)

*Values given in MHz.
b Values determined by Hovde et al. [8] from an analysis of the FIR
LMR and IR spectra.

pected to apply to the corresponding parameter for the
'H nucleus, 43 ,2(H), but in this case the agreement is not
so good. This possibly reflects the values to which the
other hyperfine parameters were constrained in the fit.
We have estimated the values by scaling from those for
the OH radical, a procedure which is only moderately
vindicated by the value for h3,,(H) determined (the va-
lue expected was 82.58 MHz). Hovde et al. [8] appear to
have constrained these other parameters to zero.

The first full determination of the '°F hyperfine pa-
rameters in HF T provides information about the dis-
tribution of the open-shell electron(s) in this molecule.
The various expectation values [30] and their experi-
mentally derived values are given in Table 6. In this
table, they are compared with the values calculated ab
initio by Kristiansen and Veseth [13] and with the cor-
responding values calculated for the atomic ion F* [31].

Table 6
Interpretation of '°F nuclear hyperfine parameters for HF* in the
v = 0 level of the X2TT state

Parameter® Present work  Ab initio Value for
calculation®  F+¢

(1/7), 7.9455 7.8898 8.4088

(8(r:)), 0.10474 0.136 0.09356

{(3cos? 6, — 1)/r}), —3.4261 —3.3146 .

(sin® 6, /r3), 6.8593 6.8097 .

(1/rd), 8.5758 9.1178

2 Values given in au 3.

®Values determined by Kristiansen and Veseth [13].
“Values determined by Schaeffer and Klemm [31].

It can be seen that the values of Kristiansen and Veseth
are remarkably good (with the slight exception of the
spin density at the '°F nucleus which is notoriously
difficult to calculate reliably). The expectation values for
FT are also close to those for HF ', consistent with a
description of an open-shell electronic wavefunction
which is confined largely to the F atom. In their exper-
imental study of the fine-structure spectrum of FT,
Brown et al. [15] suggest that the value for (6(r;)),
should be raised to 0.170 (55)au, which would then be
slightly larger than the value determined for HF*.

As can be seen in Table 3, we have been able to de-
termine three of the six possible g-factors for a molecule
in a 211 state. The orbital g-factor g} deviates from unity
because of relativistic and non-adiabatic corrections
[32]. The former is typically about —1.5x 107#, from
which the non-adiabatic correction, Ag;, is calculated to
be 1.33 (23) x 1073, The rotational g-factor g, has nu-
clear and electronic contributions:

& = g_i\’ - gf (5 )
The nuclear contribution depends only on the nuclear
masses and charges for a diatomic molecule [30]; for
H®F*, it is calculated to be 0.5300 x 1073 (in units of
Bohr magnetons) leaving g¢ as 1.10 (15) x 1073, The two
parameters Ag; and g¢ have essentially the same physical
origin in the effective Hamiltonian, both depending on
the admixture of *X and %A states [32]. However, while
Ag; depends on the difference of these two effects, g¢
depends on their sum. Thus if a 2IT state is contaminated
by %X states alone, Ag; is equal to g¢. Our experimental
result shows that this is the case, to within experimental
error, and we thus have evidence that the X?I1I state of
HF* is contaminated predominantly by 2T states. The
other g-factor determined in our fit is g;, the anisotropic
correction to the electron spin magnetic moment.
Though the value in Table 3 (0.90 (31) x 1072) is not
very precisely determined, it agrees reasonably well with
the expectations of Curl’s relationship [33], —y/2B or
0.805 x 10~2. However, it should be remembered that y
is an effective parameter in our fit, containing a contri-
bution from the parameter 4, also [24].
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Calculated rotational and fine-structure transition frequencies of the HF* radical in the » = 0 level of the X2II state

Q— J = J" Parity F —F"? v (MHz) Vacuum wavelength (um) Linestrength® Sy
3/2 5/2—3/2 — 4 21 2431879.4(30) 123.27604 1.2028
2+ 2 2429084.7(30) 123.41787 0.1340
342 2431019.7(30) 123.31963 1.8725
+ = — 21 2429028.9(30) 123.42070 1.2029
22 2426278.9(30) 123.56059 0.1339
32 2428103.9(30) 123.46772 1.8725
7/2—5/2 -+ 32 3400322.9(30) 88.16588 2.3876
33 3398497.9(30) 88.21322 0.1195
43 3399890.1(30) 88.17710 3.2241
+ = = 32 3405711.0(30) 88.02640 2.3876
33 3403775.9(30) 88.07644 0.1195
43 3405361.0(30) 88.03544 3.2240
9/2 — 7/24 — 4 43 4379936.4(45) 68.44676 3.5101
4.4 4378351.4(45) 68.47154 0.1004
5«4 4379770.3(45) 68.44936 4.4132
+ = = 43 4371584.1(45) 68.57753 3.5103
44 4370191.9(45) 68.59938 0.1003
5+4 4371323.6(45) 68.58162 44134
172 3/2 —1/2¢ —— 4 10 1612974.5(60) 185.86311 0.6606
11 1613342.7(60) 185.82069 0.3302
2«1 1611741.0(60) 186.00536 1.6539
4= = 1«0 1629134.5(60) 184.01946 0.6593
1«1 1622606.4(60) 184.75981 0.3323
2«1 1626469.6(60) 184.32097 1.6534
5/2 < 3/2¢ —— 4+ 21 2699792.5(60) 111.04278 1.4858
2«2 2695929.3(60) 111.20190 0.1990
32 2699159.2(60) 111.06883 2.7786
+ - = 2+1 2686906.5(60) 111.57532 1.7856
2+2 2688508.2(60) 111.50885 0.1981
32 2686534.2(60) 111.59078 2.7784
1/2 7/2 — 5/2d ——+ 32 3753095.4(40) 79.87872 2.8361
33 3755069.4(40) 79.83673 0.1417
43 3752910.4(40) 79.88266 3.8290
+ - = 32 3763227.7(40) 79.66365 2.8365
33 3759997.8(40) 79.73208 0.1420
4—3 3762894.6(40) 79.67070 3.8298
1/2<3/2 3723724 ——t 11 9913114.9(80) 30.24200 0.118 x 10~
12 9910364.9(80) 30.25040 0.235x 107
2«1 9911513.2(80) 30.24689 0.236 x 10*
2+2 9908763.2(80) 30.25529 0.212x 1073
+ = = 11 9938545.5(80) 30.16462 0.118 x 10-3
12 9935750.8(80) 30.17311 0.240 x 10~*
21 9942408.6(80) 30.15290 0.237 x 1074
2+2 9939614.0(80) 30.16138 0.213x 1073
5/2+5/2¢ ——+ 22 10206458.6(80) 29.37282 0.239 x 1073
2+3 10204523.6(80) 29.37839 0.173 x 10~*
32 10209688.5(80) 29.36353 0.171 x 10*
343 10207753.4(80) 29.36909 0.342 x 1073
4o = 2«2 10170992.5(80) 29.47524 0.238 x 1073
2«3 10169167.5(80) 29.48053 0.170 x 10~*
32 10169018.6(80) 29.48096 0.170 x 1074
33 10167193.5(80) 29.48625 0.340 x 1073
1/2—3/2 1/2 « 3724 — —+ 0—1 8310387.8(80) 36.07442 0.171 x 1073
11 8316916.0(80) 36.04611 0.856 x 10~*
12 8314165.9(80) 36.05803 0.427 x 10~*
+ o= = 01 8299163.5(80) 36.12321 0.171 x 1073
11 8298795.3(80) 36.12482 0.859 x 107
1«2 8296000.7(80) 36.13699 0.427 x 107*
3/2—5/2 — 4+ 12 7480258.7(60) 40.07782 0.372x 1073
22 7478657.0(60) 40.08640 0.415x 10~*
2«3 7476722.0(60) 40.09678 0.578 x 10~*
+ o= = 12 7510493.4(60) 39.91648 0.371 x 1073
22 7514356.6(60) 39.89596 0.412 x 1074
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Table 7 (continued)
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Q- J —J" Parity F| — F? v (MHz) Vacuum wavelength (um) Linestrength® Sy
2+3 7512531.6(60) 39.90565 0.577 x 107
1232 52172 —ey 243 6809963.0(60) 44.02263 0.577 x 103
3«3 6813192.8(60) 44.00176 0.288 x 107
344 6811800.6(60) 44.01075 0.779 x 107*
+ — — 2«3 6761454.2(60) 44.33846 0.579 x 1073
33 6759480.3(60) 44.35141 0.291 x 107*
3~4 6757895.2(60) 44.36181 0.782 x 107*
7/2—9/2 — 4+ 3+ 4 6134613.2(60) 48.86901 0.817 x 10-3
4—4 6132454.2(60) 48.88621 0.234 x 107*
45 6131035.3(60) 48.89753 0.103 x 1072
+ - 3—4 6201606.5(60) 48.34110 0.811x 1073
44 6204503.3(60) 48.31853 0.232x 107
45 6203371.7(60) 48.32734 0.102 x 102
9/2 « 11/2¢ — <+ 45 5675602.7(80) 52.82126 0.107 x 1072
55 5678270.8(80) 52.79644 0.199 x 107*
56 5677320.1(80) 52.80528 0.129 x 1072
4+ — 45 5590006.9(80) 53.63007 0.811 x 1072
535 5587743.2(80) 53.65180 0.201 x 10~
56 5586404.7(80) 53.66465 0.131 x 1072

2 Coupling scheme: J = N+ 8; F; =J 4+ I,; F = Fy + I,, where I| and I, are the 1°F and 'H nuclear spins respectively. The proton hyperfine

splittings are not included.
®For definition, see Eq. (6).

¢Estimated uncertainty in units of the last quoted decimal place (10).

9 Transition not directly studied in the LMR experiment.

We have used the values for the molecular parameters
in Table 3 to calculate the zero-field rotational spectrum
of HF*. The computed values of the transition fre-
quencies for levels up to J = 9/2 are given in Table 7.
For the sake of simplicity, the relatively small proton
hyperfine splittings have not been included. The com-
puted linestrengths Spp, which are also listed in Table 7,
can be used to assess the relative intensities of individual
transitions. The linestrength is defined by

Ser = |(/F 1D (@) [9F)F, (6)

where the quantity on the right-hand side is the reduced
matrix element of the rotation matrix [34] and y stands
for subsidiary quantum numbers. The intensity of the
line in absorption can be obtained by multiplying the
linestrength by the square of the dipole moment y, by
the transition frequency and by the population differ-
ence between the lower and upper states. The Einstein 4-
coefficients for spontaneous emission from state i to j
can also be calculated from the linestrengths by use of
the relation

Aiey = (167}, /3e0hc®) (2F; + 1) 78,12 (7)

Table 7 is not quite complete because the fine-structure
transitions with AJ =1 (R-lines) have been omitted.
These transitions are very weak and occur at consider-
ably higher frequencies (at wavelengths shorter than
25 pm).

This paper describes a study of the far-infrared LMR
spectrum of the HFT radical which is incomplete. The
work was curtailed prematurely by the unexpected ill-

ness and death of Ken Evenson in 2002. It was in fact
the last piece of experimental work to be carried out in
his laboratory at Boulder before it was closed down.
Consequently, much remains to be done on this inter-
esting molecule. Several other coincidences with short-
wave laser lines await investigation. It might also be
possible to study some transitions in the I1; /> manifold
despite their slow tunability since there are suitable laser
lines very close in frequency. Finally, it could well be
that HF' is sufficiently energized in the microwave
discharge that it would be possible to study its spectrum
in excited vibrational levels.
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Abstract

Ground state (v = 0) and first excited state (v = 1) millimeter-wave rotational absorption spectra of cyanogen bromide (BrCN)
and some of its isotopic species, have been investigated in the frequency region: 40.0-75.0 GHz using a source-modulated millimeter-
wave spectrometer. Millimeter-wave radiation has been produced using a frequency multiplier, the fundamental radiation source
being klystrons. BrCN has been produced by applying a dc glow discharge through a mixture of 3-bromobenzonitrile and tri-
fluoromethylbromide (CF3Br) at low pressure. The quadrupole hyperfine structure of #'Br and 7Br have been resolved, measured,
and analyzed. Finally, internuclear distances of BrCN have been determined.

© 2004 Elsevier Inc. All rights reserved.

Keywords: Millimeter-wave spectroscopy; Cyanogen bromide (BrCN); Discharges; Molecular structure

1. Introduction

Production of molecules by dc glow discharge has
proved to be a very important and useful technique.
This technique appears to be highly suitable for the
generation of transient species which are difficult to
synthesize by ordinary chemical methods. Cyanogen
fluoride FCN [1] and many halogen derivatives of
acetylenic compound HCCEF [2], HCCCCEF (3], CICCF
[4], BrCCF [5], FCCCN [6], etc. have been produced by
dc glow discharge and were characterized by various
spectroscopic methods. However, the production of
cyanogen bromide (BrCN) using dc glow discharge
method has not yet been reported. Analysis of pure
rotational transitions of BrCN (J =2 — 3) was first
reported by Townes et al. [7]. Subsequently, Bardeen
and Townes [8] have analysed the quadrupole hyperfine
structure of the Br nucleus. Later on, the J =3 — 4
rotational transitions of BrCN have been observed and
analyzed by Gordy et al. [9,10]. The rotational analysis
has been extended to the millimeter-wave region by
Burrus et al. [11] and to the millimeter-wave and sub-
millimeter-wave region by Le Guennec et al. [12] who

‘Corresponding author. Fax: +91-33-2337-4637.
E-mail address: jaman@cmp.saha.ernet.in (A.I. Jaman).

0022-2852/$ - see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jms.2004.05.003

have reported only the quadrupole free line centers. The
microwave spectrum for J=0—1 and J=1—2 of
BrCN have been reported by Cogley et al. [13]. Milli-
meter-wave spectra of PN species of BrCN has been
analysed by Tamassia et al. [14] in the ground and in
some low-lying excited vibrational states. However, in
all the previous works, BrCN was either procured
commercially or prepared chemically.

In the present communication, we report the analysis
of millimeter-wave rotational spectra and Br nuclear
quadrupole hyperfine structure of BrCN and some of its
isotopic species produced by a dc glow discharge of a
low pressure mixture of 3-bromobenzonitrile and tri-
fluoromethylbromide (CF;Br). Intermediate J values
(/ =5-9) are involved in this work covering the
frequency range 40.0-75.0 GHz, where no hyperfine
structural data is reported so far. The rotational,
centrifugal distortion, and quadrupole coupling con-
stant values were obtained from a least-squares analysis
of the observed data. Finally, using the parent and
isotopic species data Br—C and C-N bond lengths have
been determined with the help of Kraitchman’s equation
and compared with previously reported values.

Analysis of the rotational spectrum of CICN pro-
duced by dc glow discharge is underway and will be
reported in a separate communication.
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