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Abstract

2-Chloro-4-fluorotoluene was investigated using a combination of molecular jet Fourier transform
microwave spectroscopy in the frequency range from 5 to 21 GHz and quantum chemistry. The
molecule experiences an internal rotation of the methyl group, which causes a fine splitting of all
rotational transitions into doublets with separation on the order of a few tens of kHz. In addition,
hyperfine effects originating from the chlorine nuclear quadrupole moment coupling its spin to the
end-over-end rotation of the molecule are observed. The torsional barrier was derived using both
the rho and the combined-axis-method, giving a value of 462.5(41) cm™. Accurate rotational
constants and quadrupole coupling constants were determined for two **Cl and *’Cl isotopologues
and compared with Bailey’s semi-experimental quantum chemical predictions. The gas phase
molecular structure was deduced from the experimental rotational constants supplemented with
those calculated by quantum chemistry at various levels of theory. The values of the methyl
torsional barrier and chlorine nuclear quadrupole coupling constants were compared with the
theoretical predictions and with those of other chlorotoluene derivatives.

Keywords: 2-chloro-4-fluortoluene, jet spectroscopy, microwave spectrum, internal rotation,

chlorine nuclear quadrupole coupling
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1. Introduction

Toluene and its derivatives provide a great challenge for spectroscopy in both experimental and
theoretical work due to the low-barrier internal rotation arising from the methyl group. This effect
causes a splitting of all rotational lines into torsional components in the microwave spectrum. A
Hamiltonian model for a semi-rigid rotor is no longer sufficient, and additional terms accounting
for the internal rotation need to be added. The determination of the internal rotation barriers offers
insight into the changes in the electronic structure of toluene caused by the substituent effects. A
vast number of fluoro substituted toluenes have been investigated, such as the three isomers of
fluorotoluene [1-4], the six isomers of difluorotoluene [5-9], and 2,6-dimethylfluorobenzene [10],
but studies on chloro-substituted toluenes are rather scarce. The reason is probably the quadrupole
moment of the chlorine nucleus coupling the nuclear spin | = 3/2 to the end-over-end rotation of
the molecule, thereby causing a hyperfine structure (hfs) in addition to the methyl torsional
splittings. The simplest chlorine substituted toluene derivatives are the three chlorotoluenes. The
microwave spectrum of p-chlorotoluene has been studied early in 1967 by Herberich [11] and then
by Schubert et al. [12]. Investigations on the o-isomer were first performed using a Stark
modulated spectrometer by Nair and Epple [13,14], but the small splittings arising from the methyl
internal rotation could not be resolved. A few years later, the splittings were resolved using a
molecular jet Fourier transform microwave (FTMW) spectrometer with higher resolution, and a
torsional barrier of about 466 cm~* could be deduced [15]. The study was subsequently extended
to the millimeter wave region [16]. Recently, a reanalysis included both the microwave and
millimeter wave data, and a barrier to internal rotation of about 469 cm~ has been reported [17].
Finally, m-chlorotoluene has been recently investigated, revealing a nearly-free methyl torsion
[18]. To our knowledge, no microwave spectroscopic studies on mixed halogen substituted

toluenes like 2-chloro-4-fluorotoluene are available.

The implementation of the Hamiltonian including one methyl internal rotor and one weakly
coupling nucleus can be treated with different approximations. The program XIAM [19], one of
the codes most frequently used to deal with methyl internal rotation, uses a combined axis method
where the Hamiltonian for the internal rotation of the methyl rotor is set up in the rho axis system
and subsequently transformed into the principal axis system. A first order perturbation treatment

is then applied to treat the nuclear quadrupole hyperfine structure, which is restricted to the



diagonal elements of the coupling tensor. While XIAM often does not experience difficulty with
the N nucleus [20-22], treatment of the chlorine hfs may be at the limit of the first-order
perturbation method as the chlorine quadrupole coupling is stronger than that of 1*N. This is shown
in the larger nuclear quadrupole coupling constants (NQCCs) of the chlorine nucleus compared to

35¢1

nitrogen in, e.g., cyanogen chloride with y_>¢ = —83.27519(40) MHz and y,." = —3.62277(90)
MHz [23], respectively. However, the number of studies on molecules with one methyl internal
rotor and one chlorine nucleus is very limited to draw a conclusive statement on the performance
of XIAM for this combination.

In the present work, we report the results obtained from the analysis of the molecular jet
FTMW spectrum of 2-chloro-4-fluorotoluene. This work aims at determining the potential barrier
hindering the methyl torsion when a chlorine atom is in close proximity of the methyl top as well
as the NQCCs of the chlorine nucleus. We expect that the torsional barrier is largely influenced by
electronic or steric effects and therefore would be similar to that of o-chlorotoluene [13-17].
However, it is possible that the presence of a fluorine atom in the conjugated r-bond system of the
aromatic ring alters the barrier height and also the chlorine NQCCs. The performance of XIAM on
methyl internal rotation treatment was checked against RAM36hf [24], an internal rotation program
working exclusively in the rho axis system which also uses first order perturbation theory to treat
the NQ-hfs. The fitting of the chlorine hfs was checked with the program SPFIT/SPCAT [25],
which treats the hfs exactly by direct diagonalization of the Hamiltonian matrix rather than by
perturbation theory, by exclusively fitting the A torsional symmetry species that follow an
effective rigid-rotor pattern. The results of 2-chloro-4-fluorotoluene will serve as an important
benchmark in the matrix of studies towards understanding of systematic trends in potential barriers

and NQCCs of halogenated toluenes.

2.  Quantum chemical calculations
2.1. Geometry optimizations

We performed optimizations using the B3LYP [26-28] and MP2 [29] methods in combination with
Pople’s triple-zeta basis set 6-311++G(2d,2p) [30] to predict the molecular geometry and
rotational constants of 2-chloro-4-fluorotoluene. Only one conformer was obtained with the



optimized geometry given in Figure 1. The nuclear coordinates in the inertial principal axis system
are available in Table S1 in the Supplementary Material. Subsequently, we repeated the
optimizations at different levels of theory, additionally using the coupled cluster (CCSD) [31],
Truhlar’s M06-2X [32], and PBEO (Perdew-Burke-Ernzerhof) [33] methods to evaluate the
consistence of the calculations and to find the most effective method-basis set combination which
yields the predicted rotational constants in best agreement with the experimental values. The
results are summarized in Table S2 of the Supplementary Material. All calculations were carried

out with the Gaussian 16 program package [34].

Figure 1: Projection onto the ab-plane of 2-chloro-4-fluorotoluene in its principal axis system.
The molecular geometry was optimized at the MP2/6-311++G(2d,2p) level of theory (carbon =

grey, hydrogen = white; chlorine = green, fluorine = light blue).

2.2. Methyl torsional barrier

The methyl torsional potential was predicted at the B3LYP and MP2/6-311++G(2d,2p) levels of
theory by varying the internal rotation dihedral angle a = £(C>,C1,C7,H13) in a grid of 10° while
optimizing all other molecular parameters. We obtained a three-fold potential as illustrated in
Figure 2, and the effective V3 term, i.e. neglecting higher Van contributions, was predicted as 481.1

cm ! and 391.5 cm, respectively.
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Figure 2: The potential energy curves of 2-chloro-4-fluorotoluene obtained by varying the internal rotation
dihedral angle o = £(C,C1,C7,H13) in 10° steps calculated at the B3LYP/6-311++G(2d,2p) (blue curve)
and MP2/6-311++G(2d,2p) levels of theory (black curve) levels of theory. Only the V3 term was adjusted
to fit the calculated energies. The predicted potential barriers are 391.5 cm™ and 481.1 cm™2, respectively

2.3. Chlorine nuclear quadrupole coupling constants

The components yij of the nuclear quadrupole coupling tensor are proportional to those of the

electric field gradient tensor (efg), gij by the relation

i = (Q/h) -, 1)

where e is the fundamental electric charge, Q is the nuclear electric quadrupole moment, and h is
Planck’s constant. In a number of previous studies, it has been found that the semi-experimental
method introduced by Bailey [35,36] yielded rather reliable results for calculations of the NQCCs
of many nuclei such as N [37-39], *3S [40], and °Br and 8'Br [41]. Therefore, we also apply it to
calculate the NQCCs of the chlorine nucleus in 2-chloro-4-fluorotoluene. This cost-efficient
method makes use of a calibration on a well-chosen level of molecular orbital calculation and
experimental data. In the case of chlorine, we chose the Kohn-Sham density functional theory [26]
employing Becke’s one-parameter hybrid exchange functional and the Lee-Yang-Parr correlation
functional (B1LYP) as implemented by Adamo and Barone [42,43]. Ahlrichs’ bases TZV [44] are

used in combination with the (3df,2p) polarization functions. These polarization functions are



those recommended for use with Pople’s 6-311G bases [30], and were obtained online from the
EMSL1 Basis Set Library [45,46].

There are two methods to determine the coefficient eQ/h of equation (1). With the first
method, called the Qeff method, the calculated efg gij on the experimental structures of a number
of chlorine nucleus containing molecules were plotted against the corresponding experimental yij,
showing an almost perfectly linear regression for both the *Cl and the *’CI nuclei, as displayed in
Figure 3. The coefficient eQest/h is taken from the slope of the line as a best-fit parameter [34,35]
with the value of —19.166(21) MHz/a.u. for the *Cl and —15.106(20) MHz/a.u. for the 3'Cl
nucleus. The respective Qeft values derived from the slopes are —81.568(91) mb and —64.292(86)

mb, respectively.

The second method has eQ/h calculated directly from the values of Q =—81.65(80) mb and
—64.35(64) mb for the **Cl and 3'CI nucleus, respectively, given by Pyykko and Li [47], yielding
the respective conversion factors of —19.185 MHz/a.u. and —15.120 MHz/a.u. [36,48]. Since the
conversion factors obtained with the two methods are very similar, we applied the second method

for 2-chloro-4-fluorotoluene due to its larger simplicity.

Applying the efg calculations to the molecular geometry optimized at the MP2/6-
311++G(2d,2p) level of theory, the nuclear quadrupole coupling tensor was determined with
elements given in Table 1. As the symmetry was not constrained during the optimization, the
resulting geometry slightly deviates from Cs symmetry, as reflected in the non-zero values of the
c-coordinates (see Table S-1 of the Supplementary Material). Therefore, the values of y., though
small, are not zero. For comparison, efg calculations were repeated on the PBE0/6-31G(3d,3p)
optimized geometry, imposing Cs symmetry. The values of the NQCCs are also collected in Table
1. We note in all data points using for the calibration, the experimental diagonal elements of the
chlorine quadrupole tensor possess consistently the opposite sign of the calculated constants. Since
the signs of the diagonal elements could be determined unambiguously from the experiments, we
adjusted the signs of the calculated NQCC values of 2-chloro-4-fluorotoluene to the opposite. The
standard deviation of the residuals in the calibration is 0.49 MHz for %Cl and 0.44 MHz for *'Cl,

which was taken as the uncertainty in the calculations on NQCCs.



Table 1: Quadrupole coupling tensor elements (in MHz) in the principal inertial axis system
predicted at the BILYP/TZV(3df,2p)//MP2/6-311++G(2d,2p) level without symmetry constraints
and B1LYP/TZV(3df,2p)//PBE0/6-31G(3d,3p) level implying Cs symmetry.

MP2 PBEO

NQCC $Cl sTCl Cl 3TCl

Jaa —40.38 —-31.82 -39.33 -32.45
Job 8.42 6.63 8.00 7.76
Xec 31.96 25.19 31.32 24.69
Jab 50.57 39.86 -50.33 -38.95
Xac -0.01 -0.01 0 0
Jbe 0.00 0.00 0 0
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Figure 3: Linear regression of experimental NQCCs, yii, versus B1LYP/TZV(3df,2p) predicted
electric field gradients, gii. The slope, eQ/h, is —19.166(21) MHz/a.u. for the 3°Cl and
~15.106(20) MHz/a.u. for the *CI nucleus.



3. Rotational spectrum
3.1. Experimental

The spectra of 2-chloro-4-fluorotoluene were recorded using a molecular jet FTMW spectrometer
with a coaxially oriented beam-resonator arrangement (COBRA) at Hannover University,
Germany, which has been described previously [49]. The substance was purchased from Alfa-
Aesar, and used as received (98% purity). The substance was kept in a small reservoir at the nozzle
orifice to seed the carrier gas (neon or helium at stagnation pressures of 1-2 bar) before expansion
into the resonator chamber. Velocity equilibration simultaneously reduces the collisional and the
Doppler line broadening during the adiabatic expansion and also induces strong rovibrational
cooling, leaving only the lowest-lying rovibrational levels populated. Therefore, the observed
spectra are considerably simplified. All frequency measurements, referenced to a GPS-disciplined
rubidium frequency standard, were performed between 5 and 21 GHz. The instrumental
uncertainty for unblended lines is significantly less than its resolving power of 3 kHz. However,
the effective measurement accuracy for 2-chloro-4-fluorotoluene may be larger since many lines
appear slightly broader, attributable to unresolved proton spin-spin or spin-rotation coupling hfs.
A typical spectrum is shown in Figure 4.
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Figure 4: A typical high-resolution measurement of the 11o,11 — 101,10 rotational transition of the
%Cl isotopologue of 2-chloro-4-fluorotoluene (all frequencies in MHz). The Doppler doubling is

marked by brackets with the mean values of the Doppler pairs being displayed. The torsional

9



symmetry species labels are placed before each frequency, and the chlorine quadrupole hyperfine

component F «F is given above each torsional A/E-splitting.

3.2. Spectral assignment and fits

A theoretical spectrum was predicted using the rotational constants and NQCCs obtained from
calculations at the MP2/6-311++G(2d,2p) level of theory given in Section 2, taking into account
the nuclear quadrupole interactions from the chlorine nucleus, while the effects of the methyl
internal rotation were initially neglected. The electric dipole moment components predicted at the
same level of theory were ua = 0.47 D, up = 1.82 D, and uc = 0.00 D. Therefore, the spectrum was
expected to be dominated by b-type transitions, accompanied by weak a-type transitions, and c-
type transitions not to be observed. The estimated line positions were surveyed experimentally and
lines could be found close to the expected positions. Each hyperfine component appears as a
doublet (see Figure 4), which is the A-E doublet arising from the internal rotation of the Cs-
symmetry methyl group. After a sufficient number of lines had been collected, we performed a fit
with the SPFIT/SPCAT program [25] using the Hamiltonian for an asymmetric rotor (H,) with
centrifugal distortion corrections according to Watson’s S-reduction (H.;) [50] and a nuclear
quadrupole term (H,) [51]:
H =H, +H,q + Hy. 2
H, depends on the quadrupole coupling tensor with the elements y; of equation (1). The root-
mean-square (rms) deviation of 4.0 kHz agrees well with the measurement accuracy and confirms
the correct assignment of the A symmetry species as well as the hfs. The reasons for this conclusion
is that (i) the A species can be fitted separately with sufficient accuracy using a semi-rigid
asymmetric rotor Hamiltonian with quartic centrifugal distortion correction and (ii) the nuclear
quadrupole coupling Hamiltonian direct-diagonalization treatment of SPFIT/SPCAT is exact even
for the off-diagonal elements. However, non-diagonal NQC tensor elements were not
determinable. Results from this A species fit are presented in Table 2.

Once the A symmetry species lines had been identified, we assigned the accompanying
component of the narrow doublets on top of each hyperfine pattern to be the torsional E symmetry
species. A global fit with the program XIAM [19] considered also the internal rotation angular

momentum. The standard rigid frame-rigid top Hamiltonian (H;) and the empirical internal
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rotation — overall rotation distortion term (H;.4) in the principal axis system were added to the
terms given in equation (2):

H;, = Fm2 + % [1 —cos(3a)], (3a)
Hypq = 2D —3*P)’P?+D — 5B’ P2 3b
ird nzj(pa p ) + Dr2g (pa p ) »LFa - (3b)

In equation (3a), F is the reduced rotational constant of the methyl top, 7, = p, — P Px — PuPp
contains the angular momentum p,, of the methyl top conjugating to the internal rotation angle o
and pg = 441, /15 with g = a, b and I, the moment of inertia of the methyl top, I, the components
of principal moments of inertia of the molecule, and 4, the direction cosines between the internal
rotation axis i and the respective inertial axes. The latter term describes the hindering potential
V(a). Inequation (3b), Pisthe angular momentum vector along the rho axis and g* the transposed
rho vector. A fit including 40 rotational transitions with 78 A-E torsional symmetry species
components and 231 quadrupole coupling components with Fo fixed to the predicted value of
161.8404 GHz yielded an effective V3 potential value of 462.5(41) cm™ for the **Cl isotopologue.
The fitted parameters are also presented in Table 2. The individual lines used in the fit are given
in Table S-3 of the Supplementary Material. For the 3’Cl isotopologue, the values of the centrifugal
distortion constants, the effective Vs potential value, and the higher order parameters D,2; and
D, are kept fixed to the results of the **Cl isotopologue fit, and only the three rotational
constants, the NQCCs (yaa and ywb—ycc) together with the angle /(i,a) between the internal rotor
axis and the a-principal axis are optimized in the fit. The frequency list of the *’Cl isotopologue is
given in Table S-4. The rms deviations of the **Cl and ¥Cl fits are 4.8 kHz and 5.2 kHz,
respectively, which are close to the measurement accuracy. We note that yan can be determined in
the A-species fit with SPFIT/SPCAT, but not in the global fit with XIAM. Fixing ya» to the predicted
value of —-50.33 MHz does not change neither the rms deviation nor the values of yaa and y- by

more than their standard errors.

Finally, we evaluated the fit performance of the XIAM code with the program RAM36hf
[24]. RAM36 works exclusively in the rho axis system and can handle the torsion—rotation spectra
of molecules with one methyl rotor and one quadrupole nucleus. Like XIAM, RAM36hf uses a first
order perturbation treatment to treat the nuclear quadrupole hfs. However, an advantage of

11



RAM36h( is that effective high-order Hamiltonian terms dealing with the methyl internal rotation

can be added from the input file, and interactions between different torsional states are considered.

Table 2: Molecular parameters of 2-chloro-4-fluorotoluene in the inertial principal axis system
obtained from fits with the programs SPFIT/SPCAT and XIAM.

Par.? Unit %CI SPFIT® $5CI XIAM 35C gac STCI XIAM
A MHz  2281.82302(54) 2281.7986(28) 2284.0 2253.3845(33)
B MHz  1047.76797(18) 1047.76472(61) 1042.6 1029.6237(15)
C MHz  721.222677(33)  721.22131(12) 719.0 709.78299(16)
D; kHz 0.02280(71) 0.0190(18) 0.01948 0.0190¢
Dik kHz 0.0383(25) 0.00295
Dk kHz 1.244(43) 1.02(15) 0.41958 1.0169¢
di kHz —0.00733(37) —0.0075(13) ~0.00724 ~0.007458¢
d> kHz ~0.0809(41) —0.00179(40) —0.00112 —0.001785¢
Fo GHz 161.8404° 161.8404 161.8404°
V3 cmt 462.5(41) 481.1 462.4523¢
D,z; MHz 0.1014(65) 0.101406¢
D,2;x  MHz ~1.61(40) ~1.60877¢
L(ia) ° 44.7(16) 29.69 48.4(30)
Z@b) ° 45.3(16) 60.30 41.6(30)
Z@c) ° 90 90.00 90
Yaa MHz —39.407(18) —39.438(55) -39.33 —32.34(16)
b MHz 7.454(12) 7.472(43) 8.00 7.19(12)
Zee MHz 31.953(21) 31.966(75) 31.32 25.15(19)
rms¢ kHz 4.0 4.8 5.2
Na/Ng" 129/0 129/102 64/59

& All parameters refer to the principal inertial axis system. Watson’s S reduction and 1"
representation were used. The Dk quartic centrifugal distortion constant could not be determined
in the XIAM fit. Standard errors are in units of the last digits.

b Including only the hyperfine components of the A symmetry species.

¢ Calculated at the MP2/6-311++G(2d,2p) level of theory except the NQCCs values which are
predicted at the B1LYP/TZV(3df,2p)//PBEQ/6-31G(3d,3p) level and corrected using the
calibration factor —19.185 MHz/a.u. (see text). Centrifugal distortion constants are obtained from
anharmonic frequency calculations at the B3LYP/6-311++G(2d,2p) level.

dFixed to the value obtained from the **Cl isotopologue fit.

¢ Fixed to the calculated value.

" Fixed due to symmetry.

9 Root-mean-square deviation of the fit.

" Number of torsional A and E symmetry species rotational components including the hyperfine
nuclear quadrupole coupling components.

12



4. Results and discussion

Both **Cl and 3’Cl isotopic species were assigned for 2-chloro-4-fluorotoluene. When
comparing the experimental rotational constants Bo deduced from the XIAM fit, which refer to the
vibrational ground state, with those obtained for the equilibrium structures Be from geometry
optimizations at different levels of theory, we typically find a good agreement with deviations of
about 1 % or less (see Table S-2 of the Supplementary Material), especially when using Grimme’s
dispersion corrections [52] in combination with Pople’s 6-311G(3df,3pd) basis set with or without
diffuse function. Dunning’s cc-pVTZ or aug-cc-pVTZ basis sets [53] in combination with the
B3LYP method accidentally yield Be constants which are in almost exact agreement with the
experimental values. Although, strictly, a comparison of predicted Be constants with experimental
Bo constants is not physically meaningful, it is practically useful for assignment purposes. In fact,
the ground state rotational constants of Ag = 2250.4 MHz, Bo = 1039.3 MHz, and Ao = 714.1 MHz
predicted by anharmonic frequency calculations at the B3LYP/6-311++G(2d,2p) are not in better
agreement, originating from error compensations in the optimizations which yield good accuracy

accidentally. Apart from Dk also all centrifugal distortion constants are well-predicted.

The NQCCs of jyaa, g, and yec predicted at the B1LYP/TZV(3df,2p)//MP2/6-
311++G(2d,2p) level are in satisfactory agreement with the experimental results for both **Cl and
37Cl isotopologues. Calculations at the B1LYP/TZV(3df,2p)//PBE0/6-31G(3d,3p) level imposing
Cs symmetry slightly improved the results. The y.c NQCC of the chlorine nucleus of 2-chloro-4-
fluorotoluene can be compared directly with that of other molecules with Cs symmetry, because
the principal c-axis is perpendicular to the molecular plane and collinear with one principal axis
of the coupling tensor. The value ycc = —-39.432 MHz found for the 3°Cl isotopologue of 2-chloro-
4-fluorotoluene is much smaller than that found for 2-chlorotoluene (ycc =-67.972 MHz) [17] and
3-chlorotoluene (yec = —60.325 MHz) [18]. This shows that not only the position of the methyl
group but also the presence of a fluorine atom on the aromatic ring affects the nuclear quadrupole
coupling of the chlorine nucleus, whereby the latter substituent has a much greater impact. The yab
NQCC could not be determined experimentally with sufficient accuracy in the case of 2-chloro-4-
fluorotoluene. A similar observation was made for the 3'Cl isotopologue with respective ycc values
of —25.157 MHz, -53.889 MHz [17], and —47.913 MHz [18] for the fluorine-substituted and the

two unsubstituted chlorotoluenes.
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Due to the very small splitting arising from the internal rotation of the methyl group, we
noticed that the determination of the barrier height is prone to be sensitive to the set of parameters
used in the fit and ranges from about 440 to 470 cm™ using the program XIAM. Figure 5
summarizes the dependence of the effective V3 value and rms deviation on the set of parameters
used. The rms is slightly better if the H;,.; term is included in the Hamiltonian, but the obtained Vs
value changes significantly, especially if the Dz, parameter is included. The correlation between
V3 and Fo is essentially linear. Correlations also explain the unusually large deviation between the
experimental angle Z(i,a) and its predicted value, changing significantly when using different sets

of parameters.

Fo=162 GHz
1 Fo=161GHz Fo=158 GHz
470 { Fo=160 GHz

rms / kHz

Figure 5: Root-mean-square deviation of the XIAM fit and the V3 potential term obtained with

different sets of parameters (see text).

In Figure 5 the rms deviations for different Fo values are color-coded. The right hand side
associates with the fits where only the physically meaningful geometry parameters, i.e. the
rotational constants, the quartic centrifugal distortion constants, the NQCCSs (yaa and yob—ycc), the
angle Z(i,a) between the internal rotor axis and the a-principal axis, and V3, are fitted. The center
of this representation corresponds to the fits where the D, parameter is included. The left hand

side refers to fits where both D,z; and D,z are fitted.

The rms deviation of the XIAM 35CI fit including both the A and E torsional species is 4.8
kHz, practically the same than that of 4.0 kHz obtained with SPFIT/SPCAT when only the A
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species transitions are fitted. The program RAM36 yields similar rms deviation similar to that
obtained by XIAM. Since the torsional A symmetry species lines are known to follow a semi-rigid
asymmetric rotor Hamiltonian with centrifugal distortion correction, we conclude that the slightly
higher but satisfactory rms deviations of XIAM and RAM36 arises from the perturbation treatment
being at the limit for the hfs of the chlorine nucleus, while the exact treatment of nuclear
quadrupole coupling of SPFIT/SPCAT results in an rms consistent with the line width of the

observed transitions.

Comparing the V3 potential barrier of 2-chloro-4-fluorotoluene (462 cm* with the data set
reported in Table 2) to that of 2-chlorotoluene (469 cm™) [17], it is interesting to note that while
the fluorine substitution at the para-position significantly affects the NQCCs of the chlorine
nucleus, its effect on the potential barrier is small. Investigations of other halogenated toluenes
will increase the empirical data required to provide a global view of the internal rotation and
quadrupole coupling effects in this important class of compounds.

5. Conclusion

The rotational spectra of 2-chloro-4-fluorotoluene recorded using molecular jet Fourier
transform microwave spectroscopy revealed fine splittings arising from the internal rotation of the
methyl group and hyperfine splittings from the chlorine quadrupole coupling. A global fit using
the programs XIAM yielded highly accurate molecular parameters with an rms deviation close to
measurement accuracy. The A torsional symmetry species lines including the hyperfine
components were fitted separately with the program SPFIT/SPCAT, showing that treatment of the
chlorine quadrupole coupling using first order perturbation theory is at the limit. Comparison with
the RAM36hf fit proved the sufficiency of XIAM in analyzing methyl internal rotation with an
intermediate barrier of about 462 cm™ in 2-chloro-4-fluorotoluene. The NQCCs of the chlorine
nucleus can be predicted with excellent agreement to experimental values at the
B1LYP/TZV(3df,2p)//PBE0/6-31G(3d,3p) level of theory. Comparison of the barrier height and
the yc.c NQCC with those of 2- and 3-chlorotoluene has shown that ycc is somewhat influenced by
the methyl position and strongly affected by the presence of the fluorine atom on the phenyl ring,
while, very much to the contrary, the latter is of minor importance for the barrier hindering the

methyl torsion.
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