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technique and quantum-chemical calculations 1
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Abstract

The hyperfine structure in the rotational spectra of six isotopic species of bromoflu-
oromethane, namely CH2

79BrF, CH2
81BrF, CDH79BrF, CDH81BrF, CD2

79BrF, and
CD2

81BrF, has been investigated using the Lamb-dip technique in the submillimeter-
wave frequency range. Measurements as well as assignment procedures have been
supported by high-level quantum-chemical calculations of the hyperfine parameters
at the coupled-cluster level. For all species, the accuracy of the determined rotational
and centrifugal distortion constants as well as the bromine quadrupole-coupling
constants have been improved with respect to available literature data, whereas the
full bromine quadrupole-coupling tensor for the monodeuterated species and the
bromine spin-rotation constants for all isotopologues have been determined for the
first time.
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1 Introduction

The determination of (hyper)fine parameters, such as quadrupole-coupling,
spin-spin coupling, and spin-rotation constants, is one of the aims of high-
resolution rotational spectroscopy. These parameters are relevant not only
from a spectroscopic point of view, but also from a physical and/or chemical
viewpoint, as they might provide detailed information on the chemical bond,
structure, ... [1]. In addition, hyperfine structures are so characteristic that
their analysis may help in assigning rotational spectra of unknown species (see
for instance [2]). Nevertheless, the experimental determination of hyperfine
constants can be a challenge because of either the lack of reliable estimates or
the complexity of the hyperfine structure itself. Therefore, it is important to
have the opportunity to rely on good predictions for such parameters. These
can be provided by quantum chemistry. In fact, it is well known that nowadays
spectroscopic parameters, and among those also the hyperfine constants, can
be accurately calculated by means of highly correlated methods in conjunction
with large basis sets (see for example [2–6]). One important issue to be taken
into consideration is whether the same good accuracy can be reached when
atoms as large as bromine are involved. In fact, in these cases on one hand
relativistic effects may become relevant (see, for example, Refs. [7–10]), on the
other hand computations are more expensive and this may preclude the use
of either highly accurate methods or large basis sets.

Bromofluoromethane provides a good test case for checking the accuracy of ex-
perimental as well as theoretical investigations. To this purpose, in the present
work the hyperfine structures of the rotational spectra of six isotopic species of
bromofluoromethane, namely CH2

79BrF, CH2
81BrF, CDH79BrF, CDH81BrF,

CD2
79BrF, and CD2

81BrF, have been investigated by means of the Lamb-
dip technique. The experimental investigation has been supported by highly
accurate calculations of hyperfine parameters, i.e., spin-rotation and nuclear
quadrupole-coupling constants. It will be shown that even for a pentatomic
molecule containing a third-row element reliable estimates can be obtained
in quantum-chemical investigations, though relativistic effects are found to
be quite substantial in the case of the bromine electric-field gradient and
quadrupole-coupling tensor.

Bromofluoromethane has already been studied in our laboratory as the subject
of a project aiming at a full characterization of its various isotopologues in or-
der to determine its structural and spectroscopic properties [11–14]. CH2BrF
has attracted our attention because halogen-containing species have some con-
nection with stratospheric ozone depletion [15–17], but reliable experimental
data for many halocarbons are still unavailable, especially for those containing
bromine. Although no information on the environmental relevance is avail-
able for this molecule, it could affect the composition of the atmosphere since
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bromofluoromethane can potentially contribute to the destruction of strato-
spheric ozone. In fact, its ozone depletion potential (ODP) is 0.73 with respect
to CFC-116 [18].

2 Experimental details

The rotational spectra of six isotopic species of CH2BrF have been investigated
at sub-Doppler resolution. More precisely, the mono- and bideuterated species
of bromofluoromethane, CDH79BrF, CDH81BrF, CD2

79BrF, and CD2
81BrF,

as well as the two main isotopologues, CH2
79BrF and CH2

81BrF, have been
considered. Enriched samples have been employed (see Refs. [12–14] for de-
tails).

The Lamb-dip technique has been exploited throughout in order to better re-
solve the fine structure due to the bromine nucleus in the rotational transitions
and, for deuterated species, to try to resolve that due to deuterium. To this
purpose, as shown in Ref. [19], a frequency modulated computer-controlled
spectrometer has been employed using a conventional free space cell. To in-
crease the sensitivity of the spectrometer as well as of the Lamb-dip effect the
radiation path has been doubled (see Ref. [20]). A detailed description of the
spectrometer is given in Ref. [21], whereas our experimental set up for perform-
ing sub-Doppler resolution spectroscopy has been described in some previous
papers [22–25]. Therefore, here, we only report the main details related to
the present investigation. The submillimeter–wave sources employed are fre-
quency multipliers driven by gunn diode oscillators, and the frequency range
considered is mainly 350-550 GHz. The source is phase-locked to a Rubidium
frequency standard, and the frequency modulation is obtained by sine-wave
modulating the 73 MHz local oscillator of the synchronization loop. A liquid
He cooled InSb detector has been used and its output is processed by means
of a Lock-in amplifier tuned at twice the modulation frequency, so that the
second derivative of the natural line profile has been recorded.

The Lamb-dip measurements have been carried out at pressures of 0.3-1
mTorr. The modulation depth used has been adjusted in the ranges of 8 to
50 kHz according to the experimental conditions and the transitions under
consideration. The low values of working pressure and of modulation depth
have been chosen in order to minimize as much as possible the dip widths,
and thus to improve the resolution. The modulation frequency has been kept
fixed at 1.666 kHz.

Figure 1a provides as an example a portion of the spectrum of the sample con-
taining mono- and bideuterated bromofluoromethane (roughly 30% of both,
for details see Ref. [14]) recorded at Doppler (black) and sub-Doppler (red)

3
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resolution. This figure allows us to emphasize how the fine structure is better
resolved by employing the Lamb-dip technique and how many hyperfine com-
ponents are actually present. Furthermore, Figure 1b shows that it is possible
to even observe the Lamb-dip components of a rotational transition with J
equal to 64 of CH2

79BrF in such crowded spectra and for samples containing
only ∼30% of the main isotopic species (i.e., CH2

79BrF and CH2
81BrF).

3 Computational details

The experimental determination has been supported by quantum-chemical
calculations of the nuclear quadrupole-coupling and spin-rotation tensors of
79Br and 81Br. In addition, computations have also been performed, for pre-
dictive purposes, for the nuclear quadrupole-coupling constants of deuterium
and the spin-rotation constants of fluorine and hydrogen.

For nuclei with a quadrupole moment, i.e., those with nuclear spin quantum
number IK ≥ 1, the main contribution to the (hyper)fine structure of rota-
tional spectra arises from the interaction of the nuclear quadrupole moment
(defined for nucleus K as −eQK) and the electric-field gradient at that nucleus
VK [26]:

HQ =
1

2

∑

K

−eQK

IK(2IK − 1)
IK ·VK · IK . (1)

The elements of the nuclear quadrupole-coupling tensor for the nucleus K are
then defined as χij = −eQKV K

ij /h̄, where i, j refer to the inertial axes a, b,
and/or c.

Since bromofluoromethane has a symmetry plane (Cs symmetry) and Br lies
on this plane, its inertial nuclear quadrupole-coupling tensor has only one
off-diagonal nonzero element, namely χab:

χI =




χaa χab 0

χab χbb 0

0 0 χcc




. (2)

However, in the case of the monodeuterated species, the Cs symmetry is lost
and all off-diagonal elements are nonzero. For the deuterium quadrupole-
coupling tensor all off-diagonal terms are nonzero, as the site symmetry in
this case is always C1.

As far as the spin-rotation interactions are concerned, Flygare derived a for-
mulation in terms of a second-rank tensor C coupled with the rotational J

4
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and nuclear spin I momenta [27]:

HSR =
∑

K

IK ·CK · J , (3)

where the sum over K runs over all nuclei of the molecule. As well-known,
only the nuclei with I ≥1/2 have nonzero spin-rotation tensors, that means
in our case Br, F, H and/or D. Note that we adopt in Eq. (3) a sign con-
vention for the spin-rotation constants opposite to that used by Flygare [27].
Each element of the spin-rotation tensor has an electronic and a nuclear con-
tribution. The electronic contribution can be evaluated as second derivative
of the electronic energy with respect to the rotational angular momentum J
and the nuclear spin IK [28]. This is efficiently done using analytic second-
derivative techniques [29–32]. Perturbation-dependent basis functions (often
referred to as rotational London Atomic Orbitals [33]) have been employed to
improve basis-set convergence and to avoid an unphysical origin dependence.
The nuclear contribution depends only on the molecular geometry.

The electric-field gradient as well as spin-rotation tensor calculations have been
performed at the coupled cluster (CC) level of theory [34]. More precisely, the
CC singles and doubles (CCSD) approximation augmented by a perturbative
treatment of triple excitations (CCSD(T)) [35] has been used. The core-valence
correlation consistent cc-pCVnZ bases [36,37], with n=T,Q, have been em-
ployed, and all electrons have been considered in the electron-correlation treat-
ment. To be more specific, the CCSD(T)/cc-pCVQZ level of theory has been
employed in all electric-field gradient computations, whereas the CCSD(T)/cc-
pCVTZ level has been adopted in the calculations of the spin-rotation inter-
action constants. In regard to the latter, only for the CH2

79BrF isotopologue
CCSD(T)/cc-pCVQZ calculations have been performed.

Relativistic effects on the electric-field gradient at the bromine nucleus and
thus on the bromine quadrupole-coupling tensor have been taken into account
using a perturbative scheme. The corresponding corrections have been ob-
tained at the CC level using second-order direct perturbation theory (DPT2)
[38]. With the relativistic energy correction in DPT2 given as a first derivative
of the energy [39], the DPT2 corrections to first-order properties are obtained
as second derivatives of the energy with respect to the corresponding perturba-
tion parameters [40,41] and are best computed using analytic second-derivative
techniques [41]. The calculations have been carried out at the CCSD(T) level
using large uncontracted basis sets (cc-pVQZ-unc) obtained by uncontracting
the corresponding cc-pVQZ sets. The accuracy of the DPT2 treatment of rel-
ativistic effects on the electric-field gradient at the bromine nucleus has been
checked at the Hartree-Fock (HF) level in the case of HBr by comparison with
available four-component Dirac HF results from the literature [10] and the
agreement is found (with a deviation of less than 1%) more than satisfactory
[41].
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The nuclear qudrupole-moment values have been taken in the case of deu-
terium from Ref. [50] and in the case of the two bromine isotopes from Ref. [43].

Zero-point vibrational (ZPV) corrections to electric-field gradient and spin-
rotation constants have been obtained using the perturbational approach de-
scribed in Ref. [44] for NMR shielding tensors and which has already been
applied in Refs. [5,6] for spin-rotation constants. The vibrational corrections
have been computed at the second-order Møller-Plesset perturbation theory
(MP2) [45] level in conjunction with the cc-pCVTZ basis set, correlating again
all electrons. The vibrational corrections, defined as the difference between
the vibrationally averaged and the equilibrium values, have then added to the
CCSD(T) results to derive our best theoretical estimates of the ground state
data, values that can be directly compared to experiment.

All calculations (except those for the zero-point corrections which have been
performed at the corresponding equilibrium geometries) have been carried out
at the best estimated equilibrium structure [46] given in Ref. [14].

The Mainz-Austin-Budapest version of the ACESII program package [47] has
been used for all computations reported in the present paper. Some of the
calculations have been carried out using the recently developed parallel version
[48] of ACESII.

4 Analysis of the Spectra

If only the bromine nucleus is considered, the various hyperfine components
result from the ∆F=+1,0,-1 transitions, where F is the quantum number
originating from the coupling scheme F = J + IBr.

The corresponding Hamiltonian can be written as:

H = HROT + HQ + HSR , (4)

where HROT accounts for the pure rotational part [1], and HQ as well as
HSR have been already defined in the previous section (Eqs. (1) and (3),
respectively), with the sum restricted to the bromine nucleus.

Concerning the analysis of the spectra, we note that the hyperfine compo-
nent frequencies have been determined either by fitting the experimental data
points to a parabolic function or by a line profile analysis (see Ref. [21]), with
the latter used for distorted dips. For all isotopologues considered the deter-
mined hyperfine components of the rotational transitions have an estimated
accuracy of 1.5 kHz. On the whole, a total of 192, 266, 140, 182, 204, 224 hy-
perfine components have been assigned for CH2

79BrF, CH2
81BrF, CDH79BrF,

6
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CDH81BrF, CD2
79BrF, and CD2

81BrF, respectively. The transition frequencies
are not reported here but are available from the authors upon request.

For all the isotopic species considered in the present study, the analysis has
been carried out by comparing graphical representations of the calculated
spectra to the observed ones [49]. For predicting the hyperfine pattern of the
rotational spectra due to the bromine nucleus, we generally used the experi-
mental rotational constants (from Refs. [12,13]) together with the computed
hyperfine (quadrupole-coupling and spin-rotation, from this work) parame-
ters. Going into details, it has to be noted that the experimental investigation
reported in Ref. [14] and this study were started at the same time; thus, prior
to them only the full bromine quadrupole-coupling tensors of CH2

79BrF and
CH2

81BrF were known. Therefore, while for the main isotopologues it was only
necessary to use computed values for the spin-rotation tensor, for the mono-
and bideuterated species it was essential to use also the computed data for the
quadrupole-coupling tensor. However, this data could be improved by using
the following empirical scaling procedure:

χi
scal = χi

calc × (χp
exp/χ

p
calc) , (5)

where i and p refer to the isotopic substituted and the parent molecule, re-
spectively, and scal, exp, and calc denote the scaled, experimental and calcu-
lated values, respectively. CH2

79BrF and CH2
81BrF have been used as parent

molecule for isotopologues containing 79Br and 81Br, respectively. Further-
more, in the case of the monodeuterated species, the χac and χbc off-diagonal
elements are nonzero and could not be scaled.

Figure 2 provides an example that deserves a few comments. First of all,
it has to be noted that the sub-Doppler (red) and Doppler (black) ∆F =
0 (F=49/2,51/2,53/2,55/2) resolved components of the 266,20 ← 265,21 and
266,21 ← 265,22 rotational transitions of CH2

79BrF are depicted. The figure
thus shows that the central frequency can appear different when changing the
spectra resolution: in this case, the apparent difference is about 40-50 kHz.
Such a difference can be only recovered by performing a line profile analysis of
the Doppler limited spectrum. However, it is clear that the Lamb-dip technique
is needed when highly accurate transition frequencies are required.

Concerning the deuterated species, it should be mentioned that, by making use
of our theoretical predictions, we tried to resolve the hyperfine structure due
to deuterium. Unfortunately, the splitting due to the deuterium quadrupole
coupling is almost negligible, i.e., of the order of a few kHz. In the frequency
range covered by our spectrometer (80-800 GHz), there are only a few transi-
tions for which a larger splitting (i.e., 15-20 kHz) has been predicted. We tried
to resolve them, but, as shown in figure 3, we did not succeeded. To be more
specific, in figure 3 a portion of the Lamb-dip spectrum of the J = 22,0 ← 11,1

rotational transition of CHD79BrF is shown together with two calculated spec-
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tra which have been obtained by using different values of modulation depth,
resulting in different resolutions. In case (a) a modulation depth of 20 kHz
has been employed for the simulation, whereas in (b) a modulation depth of
25 kHz has been used. From the comparison it is clear that the two hyperfine
components are hardly resolvable in the experimental spectrum due to a poor
signal to noise ratio.

5 Results and Discussion

The determined frequencies have been included in least-squares fits in which
each line frequency has been weighted proportional to the inverse square of
its experimental uncertainty. For unresolved hyperfine components, the calcu-
lated frequencies have been determined using intensity-weighted averages. In
addition to the hyperfine components measured in the present work, the rota-
tional transitions from Refs. [12–14] have also been included in the analysis.
The fits have been carried out with Pickett’s SPCAT/SPFIT suite of programs
[50], employing Watson’s A-reduced Hamiltonian in the Ir representation [51].
The results are reported in Tables 1 to 3, where the spectroscopic parameters
are compared with the corresponding theoretical values.

From Tables 1 to 3, it is first of all evident that we were able to improve the ac-
curacy of all the spectroscopic parameters with respect to those given in Refs.
[12–14]. There is a slight improvement (error reduced by roughly one third) in
the rotational constants for all the species except the monodeuterated ones for
which even a significantly larger improvement is noted (i.e., by approximately
one order of magnitude). Concerning the centrifugal distortion constants, most
of them are improved by about one order of magnitude and in some cases it was
even possible to determine new, so far unavailable constants. Concerning the
hyperfine parameters, let us first consider the bromine quadrupole-coupling
tensor. While generally only minor improvements are observed here, it should
be noted that the off-diagonal terms χac and χbc (in addition to χab) are de-
termined for the first time for the monodeuterated isotopologues. The same
is also the case for some of the χJ

aa and χK
aa constants which account for the

J-dependence and K-dependence of χaa. With respect to spin-rotation inter-
actions, the diagonal elements of the bromine tensor have been determined for
the first time.

Since theoretical predictions of the hyperfine parameters have been used to
guide the recording as well as the assignment of the Lamb-dip spectra, the
comparison between experimental and theoretical values deserves a brief dis-
cussion. At a first sight, one may note an overall good agreement between
experiment and theory (see Tables 1 to 3).

8
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In the case of the bromine quadrupole-coupling tensor, the remaining discrep-
ancy is about 1 to 2%. Only for the off-diagonal elements χac and χbc, which
are non-zero only for the monodeuterated isotopic species, larger relative er-
rors are observed, but these off-diagonal elements are (unlike the diagonal
elements and χab) rather small and affected by large experimental uncertain-
tities. Table 4 gathers the various contribution to our final best theoretical
values for the bromine quadrupole-coupling tensors. We note that relativistic
effects are rather large (i.e. of the order of 6%) and thus essential to obtain
a satisfactory agreement between theory and experiment. It should be also
noted that in comparison to experiment the computed values are in all cases
too large in absolute terms, thus indicating to a systematic error as source for
the remaining discrepancies. The apparent good agreement between theory
and experiment found in Ref. [14] based on non-relativistic quantum-chemical
calculations only turned out to be due to the use of old values for the nuclear
quadrupole moment. These values have been in the mean time revised [43], and
the use of the current values clearly reveals the need for inclusion of relativistic
effects. Zero-point vibrational corrections to the bromine quadrupole-coupling
tensor on the other hand are rather small and to amount to less than 1%. The
overall reached agreement between theory and experiment can be considered
satisfactory. The remaining deviations can be probably attributed to basis-set
truncation errors in the non-relativistic calculations as most likely source and
also to the uncertainty (about 1%) in the experimental values for the nuclear
quadrupole moments.

The determination of the full bromine nuclear quadrupole coupling tensors in
the inertial axes system (see Tables 1 to 3) allows a discussion of how these
tensor differ for the different isotopologues considered in the present study.
First of all, we note that it is only meaningful to directly compare those
containing the same Br isotope. Furthermore, a comparison in the inertial
axes system is not meaningful and it is essential to compare these tensors in
their own principal axes system. In this way, we are able to distinguish between
the effect which result from the different vibrational contributions to χ and
those arising from the different orientation of the principal axes system. In
Table 5, we thus report for all investigated species the χxx, χyy, and χzz values
obtained by diagonalizing the nuclear quadrupole-coupling tensor. We note
that the comparison of theory and experiment is again very satisfactory and
that the same trends are observed in the calculations as in the experimental
investigation.

In Table 6 the computed values of the deuterium quadrupole-coupling con-
stants are summarized for both mono- and bideuterated species (CDH79BrF,
CDH81BrF, CD2

79BrF, and CD2
81BrF). As seen from Table 6, these coupling

constants are small (being almost all smaller than 100 kHz). On the basis
of the results reported in Tables 1 – 3 and the discussion above, the rela-
tive accuracy of these constants is expected to be of the order of 1%. Unlike
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for bromine, relativistic effects play no significant role for the corresponding
deuterium quadrupole couplings.

With respect to the spin-rotation constants, it has to be noted that their
magnitude is rather small, i.e., they amount to about 5 to 15 kHz. A discussion
of relative errors thus is more or less meaningless, and it s more interesting
to focus here on the absolute accuracy. From Tables 1 to 3 it is evident that
the deviations between experiment and theory vary from 0.1 kHz up to, in
worst cases, ∼1 kHz. In most cases these discrepancies are smaller than the
experimental uncertainties, and in all cases they are smaller than three times
the standard deviation. The computational accuracy can be inferred from
comparisons between CCSD(T)/cc-pCVTZ and CCSD(T)/cc-pCVQZ results.
The differences are in the range of 0.1 to 0.3 kHz, thus indicating that the use
of a core-polarized triple-zeta basis can be considered sufficient. Unlike for the
quadrupole-coupling constants, zero-point vibrational corrections are with 0.1
to 2 kHz of some significance, i.e., in the range of 4 to 10%.

Finally, for the sake of completeness, we also report in Table 7 the spin-
rotation constants of the fluorine and hydrogen nuclei. One may note that
these parameters are very small and experimentally not determinable by the
available instrumentation. Concerning the deuterium spin-rotation constants,
we do not report the corresponding values (all are smaller than 0.5 kHz) even
though they are available from the calculations.

6 Conclusions

The present study is an example for the successful interplay of theory and ex-
periment and demonstrates the importance of accurate theoretical predictions
in particular in the case of crowded or complicated spectra. In the present
investigation the Lamb-dip technique has been used to resolve the hyperfine
structure due to the bromine nucleus in the rotational spectra of six isotopic
species of bromofluoromethane, namely CH2

79BrF, CH2
81BrF, CDH79BrF,

CDH81BrF, CD2
79BrF, and CD2

81BrF, thus enabling the determination of
the spin-rotation constants of bromine for the first time. The experimental in-
vestigations have been supported by quantum-chemical computations and in
particular the theoretical values for the bromine spin-rotation constants pro-
vided an essential support for recording and assigning the Lamb-dip spectra.
Concerning the bromine quadrupole-coupling tensor, we note that relativistic
corrections turned out to be essential for reliable predictions and that those
are available with sufficient accuracy from a second-order direct perturbation
theory (DPT2) treatment.
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Captions of the Tables

Table 1. Comparison of experimental and theoretical ground-state rotational
constants, centrifugal distortion constants, and bromine hyperfine parameters
of CH2

79BrF and CH2
81BrF.

Table 2. Comparison of experimental and theoretical ground-state rotational
constants, centrifugal distortion constants, and bromine hyperfine parameters
of CDH79BrF and CDH81BrF.

Table 3. Comparison of experimental and theoretical ground-state rotational
constants, centrifugal distortion constants, and bromine hyperfine parameters
of CD2

79BrF and CD2
81BrF.

Table 4. Individual contributions to the computed bromine quadrupole-coupling
tensors (in MHz) of the considered isotopologues of CH2FBr. The non-relativistic
values have been obtained at the CCSD(T)/cc-pCVQZ level, the relativistic
DPT2 corrections at the CCSD(T)/cc-pVQZ-unc level and the vibrational
corrections at the MP2/cc-pCVTZ level.

Table 5. Comparison of experimental and theoretical bromine principal quadrupole-
coupling tensor of CH2

79BrF, CH2
81BrF, CHD79BrF, CHD81BrF, CD2

79BrF
and CD2

81BrF. Values in MHz.

Table 6. Quantum-chemically computed deuterium quadrupole-coupling con-
stants. Values in MHz.

Table 7. Quantum-chemically computed spin-rotation constants of fluorine
and hydrogen. Values in kHz.

Captions of the Figures

Figure 1. Portion of the Lamb-dip spectrum of the CH2BrF, CHDBrF and
CD2BrF mixture recorded in the 539.12-539.14 GHz frequency range. (a) Com-
parison between sub-Doppler (modulation depth = 45 kHz) and Doppler lim-
ited (modulation depth = 600 kHz) experimental spectra. In the insets, small
portions of spectra of CD2

81BrF are shown in details. (b) A ∆J=0, with J=64,
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rotational transition of CH2
79BrF is shown in detail and compared with the

calculated spectrum.

Figure 2. Comparison between sub-Doppler (modulation depth = 30 kHz)
and Doppler limited (modulation depth = 400 kHz) spectra of the ∆F =
0 (F=49/2,51/2,53/2,55/2) resolved components of the 266,20 ← 265,21 and
266,21 ← 265,22 rotational transitions of CH2

79BrF.

Figure 3. Prediction of the splitting due to deuterium of the 22,0 ← 11,1 rota-
tional transition of CHD79BrF, where the quantum numbers F1 and Ftot come
from the coupling scheme F1 = J + IBr and Ftot = F1 + ID, respectively: (a)
modulation depth = 20 kHz, (b) modulation depth = 25 kHz. The compari-
son with experiment (c) is reported. In the experimental spectrum the Doppler
profile is partially evident.
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Table 1
Comparison of experimental and theoretical ground-state rotational constants, cen-
trifugal distortion constants, and bromine hyperfine parameters of CH2

79BrF and
CH2

81BrF.

CH2
79BrF CH2

81BrF

Ref.[12] Exp. Calc.a Ref.[13] Exp. Calc.a

A0 (MHz) 39852.97118(62) 39852.97088(46) 39973.0 39841.92452(64) 39841.92220(19) 39961.9

B0 (MHz) 3772.957168(69) 3772.957189(44) 3780.6 3747.116199(75) 3747.116117(29) 3754.7

C0 (MHz) 3523.953868(71) 3523.953911(51) 3531.1 3501.314903(76) 3501.314830(30) 3508.4

∆J (kHz) 1.787928(51) 1.787911(33) 1.70 1.764907(42) 1.764810(13) 16.82

∆JK (kHz) -24.7916(13) -24.79359(34) -24.37 -24.6418(10) -24.638763(74) -24.22

∆K (kHz) 538.660(28) 538.682(19) 541.10 538.181(23) 538.0623(52) 540.48

δJ (kHz) 0.183517(16) 0.183502(15) 0.17 0.179929(53) 0.1799878(58) 0.17

δK (kHz) 8.0991(70) 8.1027(59) 7.43 8.0542(35) 8.0143(29) 7.35

ΦJ (Hz) 0.0009003(72) 0.0008871(70) 0.0008890(59) 0.0008614(29)

ΦJK (Hz) 0.01077(22) 0.0218(22) 0.01019(20) 0.02377(82)

ΦKJ (Hz) -1.939(13) -2.009(12) -1.9734(96) -2.0168(39)

ΦK (Hz) 25.12(57) 25.70(28) 27.40(42) 26.000(38)

φJ (Hz) 0.0002630(29) 0.0002735(45) 0.0002400(12) 0.0002708(18)

φJK (Hz) 0.0248(14) 0.0129(28) 0.0311(10) 0.0091(13)

φK (Hz) 2.04(41) 2.44(15)

χaa (MHz) 443.531(24) 443.431(8) 449.70 370.724(28) 370.6497(59) 375.84

χbb-χcc (MHz) 153.571(34) 153.566(26) 156.38 128.086(39) 127.966(22) 129.98

|χab| (MHz) 278.63(54) 278.56(19) 284.40 232.44(13) 232.657(46) 236.96

χJ
aa (MHz) 0.000160(45) 0.00060(9) 0.000127(35)

χK
aa (MHz) -0.00839(66) -0.00441(18) -0.0045(8) -0.00361(13)

Caa (kHz) 15.63(24) 15.34(15.64) 16.59(16) 15.40

Cbb (kHz) 4.97(27) 5.24(5.30) 4.95(16) 5.22

Ccc (kHz) 8.43(28) 8.92(9.04) 9.38(15) 8.88

Cab (kHz) 11.09(10.74) 11.13

Cba (kHz) 1.60(1.60) 1.59

σb (kHz) 22.8 12.5 22.7 10.5

a Spectroscopic parameters from the (fc)CCSD(T)/cc-pVTZ force field [14]. Rotational constants are based

on the best estimated ab initio geometry from Table V of Ref. [14] and vibration-rotation interaction

constants from the above-mentioned force field (Ref. [14]). Quadrupole coupling constants computed

at the CCSD(T)/cc-pCVQZ level and corrected for relativistic effects computed at the CCSD(T)/cc-

pVQZ-unc level using DPT2 and vibrational corrections evaluated at the MP2/cc-pCVTZ level: see text.

Spin-rotation evaluated at the MP2/cc-pCVTZ level: see text. Spin-rotation constants computed at the

CCSD(T)/cc-pCVTZ level and corrected for vibrational corrections evaluated at the MP2/cc-pCVTZ

level: see text. For CH2
79BrF in parentheses values computed at the CCSD(T)/cc-pCVQZ level (also

corrected for vibrational effects) are given.

b Standard deviation of the fit.
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Table 2
Comparison of experimental and theoretical ground-state rotational constants, cen-
trifugal distortion constants, and bromine hyperfine parameters of CDH79BrF and
CDH81BrF.

CDH79BrF CDH81BrF

Ref.[14] Exp. Calc.a Ref.[14] Exp. Calc.a

A0 (MHz) 33679.3876(19) 33679.38682(33) 33795.7 33670.63098(51) 33670.63189(26) 33786.9

B0 (MHz) 3711.04022(16) 3711.040208(49) 3718.9 3685.18414(12) 3685.183896(49) 3693.0

C0 (MHz) 3447.68974(17) 3447.689756(51) 3455.0 3425.27136(11) 3425.271166(53) 3432.6

∆J (kHz) 1.66264(11) 1.662641(38) 1.59 1.640893(64) 1.640779(31) 1.57

∆JK (kHz) -16.64703(95) -16.64713(32) -16.32 -16.5428(11) -16.54335(31) -16.22

∆K (kHz) 324.743(49) 324.7219(88) 325.24 324.293(11) 324.3142(71) 324.86

δJ (kHz) 0.180907(63) 0.180902(23) 0.17 0.177358(47) 0.177341(18) 0.17

δK (kHz) 6.962(22) 6.9624(82) 6.47 6.879(16) 6.8774(69) 6.39

ΦJ (Hz) 0.000772(27) 0.000772(10) 0.000741(14) 0.0007214(74)

ΦJK (Hz) 0.01029(36) 0.01031(12) 0.01065(39) 0.01033(14)

ΦKJ (Hz) -1.093(13) -1.0942(51) -1.0560(87) -1.0586(49)

ΦK (Hz) 11.72(39) 11.554(84) 11.12(11) 11.231(70)

φJ (Hz) 0.000257(19) 0.0002561(72) 0.000246(13) 0.0002420(51)

φJK (Hz) 0.0151(93) 0.0153(34) 0.0104(73) 0.0086(36)

χaa (MHz) 450.327(43) 450.310(11) 456.60 376.327(22) 376.383(11) 381.71

χbb-χcc (MHz) 141.72(11) 141.818(28) 144.27 118.284(32) 118.282(22) 120.30

|χab| (MHz) 269.12(50) 269.77(33) 273.89 224.68(33) 223.65(36) 228.58

χbc (MHz) [-18.54]b -17.75(89) -18.62 [-15.38]b -14.69(91) -15.46

χac (MHz) [36.78]b 28.7(33) 37.58 [30.67]b 33.5(22) 30.77

χJ
aa (MHz) -0.00085(23) -0.000647(60) -0.000365(64)

χK
aa (MHz) -0.0051(7) -0.00424(17) -0.0026(9) -0.00315(18)

Caa (kHz) 12.72(41) 12.59 15.02(44) 13.55

Cbb (kHz) 4.64(47) 5.22 5.99(40) 5.59

Ccc (kHz) 8.42(46) 8.65 9.78(54) 9.27

Cab (kHz) 8.71 9.37

Cba (kHz) 1.50 1.60

Cac (kHz) 1.65 1.78

Cca (kHz) 0.23 0.24

Cbc (kHz) -0.47 -0.51

Ccb (kHz) -0.44 -0.47

σc (kHz) 22.4 12.3 18.9 11.5

a Spectroscopic parameters from the (fc)CCSD(T)/cc-pVTZ force field [14]. Rotational constants are based

on the best estimated ab initio geometry from Eq.(4) of Ref. [14] and vibration-rotation interaction

constants from the above-mentioned force field (Ref. [14]). Quadrupole-coupling constants computed at

the CCSD(T)/cc-pCVQZ level and corrected for relativistic effects computed at the CCSD(T)/cc-pVQZ-

unc level using DPT2 and vibrational corrections evaluated at the MP2/cc-pCVTZ level: see text. Spin-

rotation constants computed at the CCSD(T)/cc-pCVTZ level and corrected for vibrational corrections

evaluated at the MP2/cc-pCVTZ level: see text.

b Fixed at the computed values.

c Standard deviation of the fit.
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Table 3
Comparison of experimental and theoretical ground-state rotational constants, cen-
trifugal distortion constants, and bromine hyperfine parameters of CD2

79BrF and
CD2

81BrF.

CD2
79BrF . CD2

81BrF

Ref.[14] Exp. Calc.a Ref.[14] Exp. Calc.a

A0 (MHz) 29210.64099(95) 29210.64056(24) 29320.8 29203.46511(91) 29203.46418(26) 29313.6

B0 (MHz) 3644.00805(16) 3644.00790(11) 3652.1 3618.24668(13) 3618.24746(11) 3626.3

C0 (MHz) 3381.65419(21) 3381.65389(14) 3389.2 3359.36177(12) 3359.36209(10) 3366.9

∆J (kHz) 1.54561(11) 1.545550(74) 1.48 1.524558(62) 1.52520(14) 1.46

∆JK (kHz) -11.76996(54) -11.76932(26) -11.53 -11.70223(52) -11.69877(34) -11.46

∆K (kHz) 209.929(17) 209.9206(42) 209.90 209.700(17) 209.6695(45) 209.65

δJ (kHz) 0.172973(31) 0.172985(25) 0.16 0.168950(11) 0.169343(42) 0.16

δK (kHz) 5.736(10) 5.7382(89) 5.39 5.8027(76) 5.679(15) 5.33

ΦJ (Hz) 0.000579(22) 0.000574(14) 0.000373(11) 0.000656(58)

ΦJK (Hz) 0.00999(12) 0.010042(51) 0.00879(13) 0.010031(86)

ΦKJ (Hz) -0.6485(30) -0.64260(72) -0.6357(34) -0.63668(76)

ΦK (Hz) 5.749(98) 5.659(18) 5.79(11) 5.667(19)

φJ (Hz) 0.0002161(70) 0.0002159(54) 0.000116(11) 0.000116(11)

φJK (Hz) 0.0282(27) -0.0186(56)

LJ (mHz) -0.0000478(71)

χaa (MHz) 456.588(54) 456.7559(51) 463.23 381.586(51) 381.8245(47) 387.27

χbb-χcc (MHz) 138.98(14) 139.12(14) 141.98 116.312(56) 116.296(44) 118.45

|χab| (MHz) 262.24(24) 262.76(18) 268.30 218.53(41) 219.44(25) 223.93

χJ
aa (MHz) -0.000598(22) -0.000556(22)

χK
aa (MHz) -0.002707(90) -0.002180(70)

Caa (kHz) 10.80(12) 10.59 12.44(14) 11.40

Cbb (kHz) 5.25(54) 5.08 6.44(35) 5.43

Ccc (kHz) 8.15(58) 8.51 9.25(38) 9.11

Cab (kHz) 7.21 7.75

Cba (kHz) 1.43 1.53

σb (kHz) 15.7 11.7 18.7 12.5

a Spectroscopic parameters from the (fc)CCSD(T)/cc-pVTZ force field [14]. Rotational constants are based

on the best estimated ab initio geometry from Eq.(4) of Ref. [14] and vibration-rotation interaction

constants from the above-mentioned force field (Ref. [14]). Quadrupole-coupling constants computed at

the CCSD(T)/cc-pCVQZ level and corrected for relativistic effects computed at the CCSD(T)/cc-pVQZ-

unc level using DPT2 and vibrational corrections evaluated at the MP2/cc-pCVTZ level: see text. Spin-

rotation constants computed at the CCSD(T)/cc-pCVTZ level and corrected for vibrational corrections

evaluated at the MP2/cc-pCVTZ level: see text.

b Standard deviation of the fit.
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Table 4
Individual contributions to the computed bromine quadrupole-coupling tensors (in
MHz) of the considered isotopologues of CH2FBr. The non-relativistic values have
been obtained at the CCSD(T)/cc-pCVQZ level, the relativistic DPT2 corrections
at the CCSD(T)/cc-pVQZ-unc level and the vibrational corrections at the MP2/cc-
pCVTZ level.

Non-rel. DPT2 Vib. Corr. Total

CH2
79BrF

χaa 421.84 27.47 0.39 449.70

χbb -138.68 -9.06 1.08 -146.67

χcc -283.17 -18.41 -1.47 -303.05

χab -264.74 -17.48 -2.18 -284.40

CH2
81BrF

χaa 352.64 22.97 0.24 375.85

χbb -116.06 -7.59 0.72 -122.93

χcc -236.57 -15.38 -0.96 -252.91

χab -220.96 -14.59 -1.41 -236.96

CHD79BrF

χaa 428.41 27.60 0.28 456.60

χbb -147.40 -9.64 0.87 -156.17

χcc -281.02 -18.27 -1.15 -300.44

χab -255.35 -16.87 -1.68 -273.89

χac 34.62 2.24 0.72 37.58

χbc -17.07 -1.10 -0.45 -18.62

CHD81BrF

χaa 358.14 23.33 0.24 381.71

χbb -123.36 -8.07 0.72 -130.71

χcc -234.78 -15.26 -0.96 -251.00

χab -213.10 -14.07 -1.41 -228.58

χac 28.30 1.87 0.60 30.77

χbc -14.16 -0.92 -0.38 -15.46

CD2
79BrF

χaa 434.71 28.32 0.20 463.23

χbb -151.54 -9.91 0.83 -160.62

χcc -283.17 -18.41 -1.03 -302.61

χab -250.42 -16.54 -1.34 -268.30

CD2
81BrF

χaa 363.41 23.67 0.18 387.27

χbb -126.84 -8.30 0.73 -134.41

χcc -236.57 -15.38 -0.91 -252.86

χab -208.95 -13.80 -1.18 -223.93
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Table 5
Comparison of experimental and theoretical bromine quadrupole-coupling tensor of
CH2

79BrF, CH2
81BrF, CHD79BrF, CHD81BrF, CH2

79BrF and CH2
81BrF in their

principal axis system.

Exp. Calc.a Exp. Calc.a

CH2
79BrF CH2

81BrF

χzz (MHz) 554.389 563.59 463.244 470.47

χxx (MHz) -255.891 -260.54 -213.936 -217.56

χyy=χcc
a (MHz) -298.499 -303.05 -249.308 -252.91

CHD79BrF CHD81BrF

χzz (MHz) 554.475 563.20 463.014 470.48

χxx (MHz) -256.140 -260.36 -213.705 -217.51

χyy (MHz) -298.335 -302.84 -249.309 -252.97

CD2
79BrF CD2

81BrF

χzz (MHz) 553.661 562.74 462.693 470.21

χxx (MHz) -255.723 -260.13 -213.633 -217.35

χyy=χcc
a (MHz) -297.950 -302.61 -249.060 -252.86

a This equality is due to the Cs symmetry, where the inertial c axis is that perpendicular to the symmetry
plane ab.
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Table 6
Quantum-chemically computed deuterium quadrupole-coupling constantsa. Values
in MHz.

CHD79BrF CHD81BrF CD2
79BrF CD2

81BrF

χaa -0.084 -0.083 -0.084 -0.084

χbb-χcc -0.052 -0.052 -0.027 -0.027

χab -0.016 -0.016 -0.013 -0.013

χac -0.028 -0.028 ±0.029 ±0.029

χbc 0.131 0.131 ±0.122 ±0.122

a Constants computed at the CCSD(T)/cc-pCVQZ level and corrected for vibrational corrections evaluated
at the MP2/cc-pCVTZ level: see text.
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Table 7
Quantum-chemically computed spin-rotation constants of fluorine and hydrogena.
Values in kHz.

CH2
79BrF CH2

81BrF CHD79BrF CHD81BrF CD2
79BrF CD2

81BrF

F

Caa -4.78 (-4.56) -4.77 -3.63 -3.62 -2.80 -2.80

Cbb -2.55 (-2.58) -2.54 -2.54 -2.52 -2.50 -2.48

Ccc -2.80 (-2.91) -2.78 -2.72 -2.70 -2.66 -2.65

Cab -13.01 (-13.41) -12.99 -10.71 -10.69 -9.18 -9.17

Cba -0.85 (-0.87) -0.85 -0.81 -0.80 -0.78 -0.77

Cac 1.31 1.31

Cca 0.10 0.09

Cbc -0.06 -0.06

Ccb -0.06 -0.06

H

Caa 3.95 (3.91) 3.95 3.34 3.34

Cbb 0.19 (0.19) 0.19 0.24 0.24

Ccc -0.12 (-0.12) -0.12 -0.16 -0.16

Cab 0.60 (0.60) 0.60 0.43 0.43

Cba 0.03 (0.03) 0.03 0.03 0.03

Cac ±0.79 (±0.79) ±0.79 -0.70 -0.70

Cca ±0.05 (±0.05) ±0.05 -0.05 -0.05

Cbc ±0.22 (±0.22) ±0.22 0.18 0.18

Ccb ±0.27 (±0.27) ±0.27 0.23 0.23

a Computed at the CCSD(T)/cc-pCVTZ level and corrected for vibrational corrections evaluated at the
MP2/cc-pCVTZ level: see text. For CH2

79BrF in parentheses values computed at the CCSD(T)/cc-
pCVQZ level (also corrected for vibrational effects) are given.
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Frequency (MHz)
539138.5 539139.0 539139.5 539140.0

Frequency (MHz)

 J=0, J=28,29,30
              CD2

81BrF

Frequency  (MHz)

J=0, J=27,28,29
CD2

81BrF(a)

539120 539125 539130 539135 539140

(a)

539123.8 539124.0 539124.2 539124.4 539124.6 539124.8

F = 131/2 - 131/2F = 125/2 - 125/2F = 127/2 - 127/2

FREQUENCY (MHz)

CH2
79BrF: J = 648,56 - 647,57

F = 129/2 - 129/2

FREQUENCY (MHz)

(b)

Fig. 1. Portion of the Lamb-dip spectrum of the CH2BrF, CHDBrF and CD2BrF
mixture recorded in the 539.12-539.14 GHz frequency range. (a) Comparison be-
tween sub-Doppler (modulation depth = 45 kHz) and Doppler limited (modulation
depth = 600 kHz) experimental spectra. In the insets, small portions of spectra of
CD2

81BrF are shown in details. (b) A ∆J=0, with J=64, rotational transition of
CH2

79BrF is shown in detail and compared with the calculated spectrum.
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397730 397732 397734 397736

          J=266,21-265,22
F=53/2-53/2 ; 51/2-51/2

FREQUENCY (MHz)

CH
2

79BrF
          J=266,20-265,21
F=53/2-53/2 ; 51/2-51/2

          J=266,21-265,22
F=55/2-55/2 ; 49/2-49/2          J=266,20-265,21

F=55/2-55/2 ; 49/2-49/2

Fig. 2. Comparison between sub-Doppler (modulation depth = 30 kHz) and
Doppler limited (modulation depth = 400 kHz) spectra of the ∆F = 0
(F=49/2,51/2,53/2,55/2) resolved components of the 266,20 ← 265,21 and 266,21

← 265,22 rotational transitions of CH2
79BrF.
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104771.35 104771.40 104771.45

Ftot =7/2-5/2

(c)

(a)

Frequency (MHz)

(b)

CHD79BrF: J = 2
2,0

 - 1
1,1

; F
1
 = 7/2 - 5/2

Ftot =5/2-3/2; 
        9/2-7/2

Fig. 3. Prediction of the splitting due to deuterium of the 22,0 ← 11,1 rotational
transition of CHD79BrF, where the quantum numbers F1 and Ftot come from the
coupling scheme F1 = J+IBr and Ftot = F1+ID, respectively: (a) modulation depth
= 20 kHz, (b) modulation depth = 25 kHz. The comparison with experiment (c) is
reported. In the experimental spectrum the Doppler profile is partially evident.
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