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Introduction

The determination of (hyper)fine parameters, such as quadrupole-coupling, spin-spin coupling, and spin-rotation constants, is one of the aims of highresolution 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, ... [START_REF] Gordy | Microwave molecular spectra[END_REF]. In addition, hyperfine structures are so characteristic that their analysis may help in assigning rotational spectra of unknown species (see for instance [START_REF] Cazzoli | [END_REF]). 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 [START_REF] Cazzoli | [END_REF][3][4][5][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][8][9][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 experimental 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 CH 2 79 BrF, CH 2 81 BrF, CDH 79 BrF, CDH 81 BrF, CD 2 79 BrF, and CD 2 81 BrF, have been investigated by means of the Lambdip 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 order to determine its structural and spectroscopic properties [11][12][13][14]. CH 2 BrF has attracted our attention because halogen-containing species have some connection with stratospheric ozone depletion [15][16][17], but reliable experimental data for many halocarbons are still unavailable, especially for those containing bromine. Although no information on the environmental relevance is available for this molecule, it could affect the composition of the atmosphere since bromofluoromethane can potentially contribute to the destruction of stratospheric ozone. In fact, its ozone depletion potential (ODP) is 0.73 with respect to CFC-116 [START_REF]Word Meteorological Organization (WMO), Scientific Assessment of Ozone Depletion: 2002[END_REF].

Experimental details

The rotational spectra of six isotopic species of CH 2 BrF have been investigated at sub-Doppler resolution. More precisely, the mono-and bideuterated species of bromofluoromethane, CDH 79 BrF, CDH 81 BrF, CD 2 79 BrF, and CD 2 81 BrF, as well as the two main isotopologues, CH 2 79 BrF and CH 2 81 BrF, have been considered. Enriched samples have been employed (see Refs. [12][13][14] for details).

The Lamb-dip technique has been exploited throughout in order to better resolve 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. [START_REF] Cazzoli | [END_REF], a frequency modulated computer-controlled spectrometer has been employed using a conventional free space cell. To increase 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 performing sub-Doppler resolution spectroscopy has been described in some previous papers [22][23][24][25]. Therefore, here, we only report the main details related to the present investigation. The submillimeter-wave sources employed are frequency 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 containing mono-and bideuterated bromofluoromethane (roughly 30% of both, for details see Ref. [14]) recorded at Doppler (black) and sub-Doppler (red) resolution. This figure allows us to emphasize how the fine structure is better resolved by employing the Lamb-dip technique and how many hyperfine components 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 CH 2 79 BrF in such crowded spectra and for samples containing only ∼30% of the main isotopic species (i.e., CH 2 79 BrF and CH 2 81 BrF).

Computational details

The experimental determination has been supported by quantum-chemical calculations of the nuclear quadrupole-coupling and spin-rotation tensors of 79 Br and 81 Br. In addition, computations have also been performed, for predictive 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 I K ≥ 1, the main contribution to the (hyper)fine structure of rotational spectra arises from the interaction of the nuclear quadrupole moment (defined for nucleus K as -eQ K ) and the electric-field gradient at that nucleus V K [START_REF] Lucken | Nuclear Quadrupole Coupling Constants[END_REF]:

H Q = 1 2 K -eQ K I K (2I K -1) I K • V K • I K . ( 1 
)
The elements of the nuclear quadrupole-coupling tensor for the nucleus K are then defined as χ ij = -eQ K V K ij /h, where i, j refer to the inertial axes a, b, and/or c.

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

χ I =        χ aa χ ab 0 χ ab χ bb 0 0 0 χ cc        . ( 2 
)
However, in the case of the monodeuterated species, the C s symmetry is lost and all off-diagonal elements are nonzero. For the deuterium quadrupolecoupling tensor all off-diagonal terms are nonzero, as the site symmetry in this case is always C 1 .

As far as the spin-rotation interactions are concerned, Flygare derived a formulation in terms of a second-rank tensor C coupled with the rotational J and nuclear spin I momenta [START_REF] Flygare | [END_REF]:

H SR = K I K • C K • 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 convention for the spin-rotation constants opposite to that used by Flygare [START_REF] Flygare | [END_REF].

Each element of the spin-rotation tensor has an electronic and a nuclear contribution. 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 I K [28]. This is efficiently done using analytic secondderivative techniques [29][30][31][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 [START_REF] Bartlett | Reviews in Computational Chemistry[END_REF]. More precisely, the CC singles and doubles (CCSD) approximation augmented by a perturbative treatment of triple excitations (CCSD(T)) [START_REF] Raghavachari | [END_REF] has been used. The core-valence correlation consistent cc-pCVnZ bases [36,37], with n=T,Q, have been employed, and all electrons have been considered in the electron-correlation treatment. 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 interaction constants. In regard to the latter, only for the CH 2 79 BrF 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 obtained at the CC level using second-order direct perturbation theory (DPT2) [START_REF] Kutzelnigg | Relativistic Electronic Structure Theory Part I. Fundamentals[END_REF]. With the relativistic energy correction in DPT2 given as a first derivative of the energy [START_REF] Klopper | [END_REF], the DPT2 corrections to first-order properties are obtained as second derivatives of the energy with respect to the corresponding perturbation 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 relativistic 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]. The nuclear qudrupole-moment values have been taken in the case of deuterium from Ref. [START_REF] Pickett | [END_REF] and in the case of the two bromine isotopes from Ref. [43].

Zero-point vibrational (ZPV) corrections to electric-field gradient and spinrotation constants have been obtained using the perturbational approach described 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 [START_REF]Best estimated equilibrium structure: C-F = 1.3578 Å, C-Br = 1.9256 Å, C-H = 1.0833 Å, FCBr = 110.14 degree[END_REF] given in Ref. [14].

The Mainz-Austin-Budapest version of the ACESII program package [START_REF] Acesii | a quantum-chemical program package for high-level calculations of energies and properties[END_REF] 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 [START_REF] Harding | [END_REF] of ACESII.

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 + I Br .

The corresponding Hamiltonian can be written as:

H = H ROT + H Q + H SR , (4) 
where H ROT accounts for the pure rotational part [START_REF] Gordy | Microwave molecular spectra[END_REF], and H Q as well as H SR 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 component 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 determined 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 hyperfine components have been assigned for CH 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 [START_REF] Kisiel | AABS package[END_REF]. For predicting the hyperfine pattern of the rotational spectra due to the bromine nucleus, we generally used the experimental rotational constants (from Refs. [12,13]) together with the computed hyperfine (quadrupole-coupling and spin-rotation, from this work) parameters. 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 CH 2 79 BrF and CH 2 81 BrF were known. Therefore, while for the main isotopologues it was only necessary to use computed values for the spin-rotation tensor, for the monoand 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:

χ i scal = χ i calc × (χ p exp /χ p calc ) , ( 5 
)
where i and p refer to the isotopic substituted and the parent molecule, respectively, and scal, exp, and calc denote the scaled, experimental and calculated values, respectively. CH 2 79 BrF and CH 2 81 BrF have been used as parent molecule for isotopologues containing 79 Br and 81 Br, respectively. Furthermore, in the case of the monodeuterated species, the χ ac and χ bc off-diagonal elements are nonzero and could not be scaled. 79 BrF 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 transitions 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 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.

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 calculated frequencies have been determined using intensity-weighted averages. In addition to the hyperfine components measured in the present work, the rotational transitions from Refs. [12][13][14] have also been included in the analysis. The fits have been carried out with Pickett's SPCAT/SPFIT suite of programs [START_REF] Pickett | [END_REF], employing Watson's A-reduced Hamiltonian in the I r representation [START_REF] Watson | Vibrational Spectra and Structure[END_REF]. 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 accuracy of all the spectroscopic parameters with respect to those given in Refs. [12][13][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 χ ac and χ bc (in addition to χ ab ) are determined for the first time for the monodeuterated isotopologues. The same is also the case for some of the χ J aa and χ K aa constants which account for the J-dependence and K-dependence of χ aa . With respect to spin-rotation interactions, 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 discussion. At a first sight, one may note an overall good agreement between experiment and theory (see Tables 1 to 3). In the case of the bromine quadrupole-coupling tensor, the remaining discrepancy is about 1 to 2%. Only for the off-diagonal elements χ ac and χ bc , which are non-zero only for the monodeuterated isotopic species, larger relative errors are observed, but these off-diagonal elements are (unlike the diagonal elements and χ ab ) rather small and affected by large experimental uncertaintities. 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 χ xx , χ yy , and χ zz 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 constants are summarized for both mono-and bideuterated species (CDH 79 BrF, CDH 81 BrF, CD 2 79 BrF, and CD 2 81 BrF). 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 relative accuracy of these constants is expected to be of the order of 1%. Unlike 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 spinrotation 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.

Conclusions

The present study is an example for the successful interplay of theory and experiment 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 CH 2 79 BrF, CH 2 81 BrF, CDH 79 BrF, CDH 81 BrF, CD 2 79 BrF, and CD 2 81 BrF, thus enabling the determination of the spin-rotation constants of bromine for the first time. The experimental investigations have been supported by quantum-chemical computations and in particular the theoretical values for the bromine spin-rotation constants provided 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. Table 6. Quantum-chemically computed deuterium quadrupole-coupling constants. Values in MHz.

Table 7. Quantum-chemically computed spin-rotation constants of fluorine and hydrogen. Values in kHz. 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 CH 2 79 BrF in parentheses values computed at the CCSD(T)/cc-pCVQZ level (also corrected for vibrational effects) are given. 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-pVQZunc level using DPT2 and vibrational corrections evaluated at the MP2/cc-pCVTZ level: see text. Spinrotation constants computed at the CCSD(T)/cc-pCVTZ level and corrected for vibrational corrections evaluated at the MP2/cc-pCVTZ level: see text. 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-pVQZunc level using DPT2 and vibrational corrections evaluated at the MP2/cc-pCVTZ level: see text. Spinrotation constants computed at the CCSD(T)/cc-pCVTZ level and corrected for vibrational corrections evaluated at the MP2/cc-pCVTZ level: see text. 
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 1 Figure 1. Portion of the Lamb-dip spectrum of the CH 2 BrF, CHDBrF and CD 2 BrF mixture recorded in the 539.12-539.14 GHz frequency range. (a) Comparison between sub-Doppler (modulation depth = 45 kHz) and Doppler limited (modulation depth = 600 kHz) experimental spectra. In the insets, small portions of spectra of CD 2 81 BrF are shown in details. (b) A ∆J=0, with J=64,
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 2 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 26 6,20 ← 26 5,21 and 26 6,21 ← 26 5,22 rotational transitions of CH 2 79 BrF.
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 3 Figure 3. Prediction of the splitting due to deuterium of the 2 2,0 ← 1 1,1 rotational transition of CHD 79 BrF, where the quantum numbers F 1 and F tot come from the coupling scheme F 1 = J + I Br and F tot = F 1 + I D , 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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 1 Fig. 1. Portion of the Lamb-dip spectrum of the CH 2 BrF, CHDBrF and CD 2 BrF mixture recorded in the 539.12-539.14 GHz frequency range. (a) Comparison between sub-Doppler (modulation depth = 45 kHz) and Doppler limited (modulation depth = 600 kHz) experimental spectra. In the insets, small portions of spectra of CD 2 81 BrF are shown in details. (b) A ∆J=0, with J=64, rotational transition of CH 2 79 BrF is shown in detail and compared with the calculated spectrum.
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 223 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 26 6,20 ← 26 5,21 and 26 6,21 ← 26 5,22 rotational transitions of CH 2 79 BrF.
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 1 Comparison of experimental and theoretical ground-state rotational constants, centrifugal distortion constants, and bromine hyperfine parameters of CH 2 79 BrF and CH 2 81 BrF.
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 2 Comparison of experimental and theoretical ground-state rotational constants, centrifugal distortion constants, and bromine hyperfine parameters of CDH 79 BrF and CDH 81 BrF.
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 4 Individual contributions to the computed bromine quadrupole-coupling tensors (in MHz) of the considered isotopologues of CH 2 FBr. 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.
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b Standard deviation of the fit. URL: http://mc.manuscriptcentral.com/tandf/tmph URL: http://mc.manuscriptcentral.com/tandf/tmph a This equality is due to the Cs symmetry, where the inertial c axis is that perpendicular to the symmetry plane ab. Page 21 of 29 URL: http://mc.manuscriptcentral.com/tandf/tmph

Table 6

 6 Quantum-chemically computed deuterium quadrupole-coupling constants a . Values in MHz.

		CHD 79 BrF	CHD 81 BrF	CD 2 79 BrF	CD 2 81 BrF
	χaa	-0.084	-0.083	-0.084	-0.084
	χ bb -χ cc	-0.052	-0.052	-0.027	-0.027
	χ ab	-0.016	-0.016	-0.013	-0.013
	χac	-0.028	-0.028	±0.029	±0.029
	χ bc	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. Page 22 of 29 URL: http://mc.manuscriptcentral.com/tandf/tmph

Table 7

 7 Quantum-chemically computed spin-rotation constants of fluorine and hydrogen a . Values in kHz. Computed at the CCSD(T)/cc-pCVTZ level and corrected for vibrational corrections evaluated at the MP2/cc-pCVTZ level: see text. For CH 2 79 BrF in parentheses values computed at the CCSD(T)/cc-pCVQZ level (also corrected for vibrational effects) are given.
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		CH 2 79 BrF	CH 2 81 BrF	CHD 79 BrF	CHD 81 BrF	CD 2 79 BrF	CD 2 81 BrF
	F						
	Caa	-4.78 (-4.56)	-4.77	-3.63	-3.62	-2.80	-2.80
	C bb	-2.55 (-2.58)	-2.54	-2.54	-2.52	-2.50	-2.48
	C cc	-2.80 (-2.91)	-2.78	-2.72	-2.70	-2.66	-2.65
	C ab	-13.01 (-13.41)	-12.99	-10.71	-10.69	-9.18	-9.17
	C ba	-0.85 (-0.87)	-0.85	-0.81	-0.80	-0.78	-0.77
	C ac			1.31	1.31		
	C ca			0.10	0.09		
	C bc			-0.06	-0.06		
	C cb			-0.06	-0.06		
	H						
	Caa	3.95 (3.91)	3.95	3.34	3.34		
	C bb	0.19 (0.19)	0.19	0.24	0.24		
	C cc	-0.12 (-0.12)	-0.12	-0.16	-0.16		
	C ab	0.60 (0.60)	0.60	0.43	0.43		
	C ba	0.03 (0.03)	0.03	0.03	0.03		
	C ac	±0.79 (±0.79)	±0.79	-0.70	-0.70		
	C ca	±0.05 (±0.05)	±0.05	-0.05	-0.05		
	C bc	±0.22 (±0.22)	±0.22	0.18	0.18		
	C cb	±0.27 (±0.27)	±0.27	0.23	0.23		

a URL: http://mc.manuscriptcentral.com/tandf/tmph
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