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Abstract

The rotational spectrum of 2-fluoro-4-chlorotoluene was studied in the frequency range 4 to 24
GHz by Fourier transform microwave spectroscopy. Fine torsional splitting into doublets was
observed for all rotational transitions due to methyl group internal rotation hindering with a barrier
height of about 230 cm~. In combination with the quadrupole coupling hyperfine splittings in the
same order of magnitude originating from the chlorine nucleus, rich spectral features were
observed for every rotational line. Rotational and quadrupole coupling constants for the two *Cl
and *Cl isotopologues studied in natural abundance were precisely determined. Results from the
experiment were supported by quantum chemical calculations at several levels of theory for the
rotational parameters and by Bailey’s semi-experimental method for the quadrupole coupling
constants. The ycc quadrupole coupling tensor element and the barrier to methyl internal rotation

were compared with those of other halogen-substituted toluene derivatives.

Keywords: microwave spectroscopy, internal rotation, chlorine nuclear quadrupole coupling,
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1. Introduction

There is a wealth of molecules studied by microwave spectroscopy featuring a methyl internal
rotor [1]. Among them, toluene and its fluoro-substituted derivatives (Figure 1) form a large body
with more than 20 molecules reported in the literature, e.g. fluorotoluenes (molecules 5 and 6 in
Figure 1) [2-4], difluorotoluenes (7) [5-9], trifluorotoluenes (8)[10], and dimethylfluorobenzenes
(9) [11,12]. In contrast, the number of investigations on chloro-substituted toluenes is rather small
and limited to the three isomers ortho- [13], meta- [14], and para-chlorotoluene [15]. Recently,
we studied the first mixed halogen-substituted toluene, 2-chloro-4-fluorotoluene (2), and revealed
that the additional fluorine atom at the 4-position of the toluene ring does not affect the methyl
torsion [16]. The barrier to methyl internal rotation is almost the same as that in o-chlorotoluene
(3) [13,16]. It is interesting to see how its height depends on the positions of the two halogen
atoms. Since, except fluorine, all other halogen nuclei have a non-zero electric quadrupole
moment, it is also interesting to study how the electric nuclear quadrupole coupling tensor, which
is a measure for the electric field gradient at the site of the nucleus, changes. In the present paper,
we report the microwave spectrum of 2-fluoro-4-chlorotoluene (1), an isomer of 2-chloro-4-

fluorotoluene (2) where the positions of the fluorine and the chlorine atoms have been exchanged.

Methyl internal rotation causes fine splitting doublets in rotational spectra comprising A-
E torsional symmetry species pairs while chlorine nuclear quadrupole moment causes hyperfine
splittings due to the nuclear spin | = 3/2 of the chlorine nucleus coupling to the molecules end-to-
end rotation, making the spectral features of 2-fluoro-4-chlorotoluene (1) quite rich. With this
combination, additional terms accounting for the two effects need to be included in the semi-rigid
rotor Hamiltonian. This can be done in a global fit using the program XIAM [17], which is set-up
in a combined axis system to treat the methyl internal rotation and uses a first order perturbation

treatment to address the chlorine nuclear quadrupole hyperfine structure (ng-hfs).

From our previous study on 2-chloro-4-fluorotoluene (2), we know that treatment of the
chlorine ng-hfs using the program XIAM is at the useful limit of the first-order perturbation method
[16].The conclusion was confirmed by a fit using the RAM36hf program set-up in the rho axis
system [18]. However, the number of studies on molecules with one methyl internal rotor in the
presence of one chlorine nucleus is too limited to draw a conclusive statement on the performance

of XIAM and RAM36hf for this combination. In comparison to 2-chloro-4-fluorotoluene (2), the



methyl torsional barrier should be lower for of 2-fluoro-4-chlorotoluene (1) because the fluorine
atom is smaller than the chlorine atom and therefore, steric hindrance of the methyl torsion should
be smaller in the latter molecule, leading to a lower torsional barrier. Also, in the case of 2-fluoro-
4-chlorotoluene, we checked the assignment of the chlorine ng-hfs with the program SPFIT [19]
by fitting the A torsional symmetry species separately with an effective semi-rigid rotor
Hamiltonian. Using this code, the ng-hfs is treated exactly by diagonalizing the Hamiltonian matrix
rather than applying perturbation theory. Our study on 2-fluoro-4-chlorotoluene adds a further
important contribution to understand the methyl torsion and chlorine quadrupole coupling in mixed

halogenated toluenes.

CH,4 CHj CHg CHs CHs
F | @/m i i
(of F
|
(1) (2) (3) (4) (5)
Vs /cm™ 229.7 462.5 469.2 3.2 17.2
35CI x| MHzZ 33.59 31.97 31.56 32.95
37Cl Yoo | MHZ 26.55 25.15 24.87 25.92
CH3 CHs CHs CHj
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Figure 1: Halogen substituted derivatives of toluene: (1) 2-fluoro-4-chlorotoluene(this work), (2)
2-chloro-4-fluorotoluene [16], (3) 2-chlorotoluene ([13]), (4) 3-chlorotoluene [14], (5) 3-
fluorotoluene [3], (6) 2-fluorotoluene [2], (7) 2,3-difluorotoluene [5], (8) 2,3,4-trifluorotoluene
[10], and (9) 2,6-dimethylfluorobenzene [11].



2. Quantum chemical calculations

To predict rotational constants guiding the spectral search and initial spectral assignment, in a first
step, structure optimizations were conducted at the B3LYP-D3BJ/6-311++G(2d,2p) and MP2/6-
311++G(2d,2p) levels of theory using the Gaussian 16 program package [20]. These two levels
were chosen due to their reliability in many other toluene derivatives [3,5-10,13,14] including the
isomer 2-chloro-4-fluorotoluene [16]. The optimized geometry of the only conformer of 2-fluoro-
4-chlorotoluene is illustrated in Figure 2, with its nuclear coordinates in the inertial principal axis
system given in Table S-1 of the Supplementary Material. The optimization was subsequently
repeated at different levels of theory by applying several DFT methods such as B3LYP-D3(BJ)
[21,22], M06-2X [23], wB97X-D [24], or Mgller-Plesset (MP2) [25] and coupled cluster (CCSD)
[26] ab initio methods to check the consistency of the calculations and to identify the method-basis
set combination which yields predicted rotational constants matching the experimental values best.
The calculated constants are listed in Table S-2 of the Supplementary Material. Ground state
rotational constants and centrifugal distortion constants are obtained from anharmonic frequency
calculations where molecular vibration is described beyond the harmonic approximation by
treating the anharmonicity with vibrational perturbation theory and using rovibrational corrections

calculated from the cubic force field.

To predict the potential energy curve as function of the methyl internal rotation, we varied
the dihedral angle a = £(C»,C1,C7,Hz13) in 10° steps and allowed for structure relaxations of all
other geometry parameters. A three-fold potential was obtained as shown in Figure 3. The potential
energy points were fitted successfully by a Vs term and a Ve term of 262.4 cm™ and 21.8 cm™,
respectively, for calculations at the MP2/6-311++G(2d,2p) level as well as 218.8 cm~ and 5.0 cm™
! for the potential energy points obtained at the B3LYP/6-311++G(2d,2p) level.

To predict the chlorine nuclear quadrupole coupling constants, Bailey’s method [27,28]
was applied because it has yielded quite reliable results for 2-chloro-4-fluorotoluene [16]. The
electric field gradient at the site of the chlorine nucleus was calculated at the BILYP/TZV [29-32]
(3df,2p) [33,34] level using the geometric parameters obtained at the MP2/6-311++G(2d,2p) level
(given in Figure 2). We used the conversion factors eQ/h of —19.185 MHz/a.u. and —15.120

MHz/a.u. for the 3CI and 3’CI nuclei, respectively, calculated directly from the respective values



of Q = —81.65(80) mb and —64.35(64) mb given by Pyykkd and Li [35]. The resulting nuclear

quadrupole coupling constants (NQCCs) are compared with the experimental values in Table 1.

Figure 2: The molecular structure of 2-fluoro-4-chlorotoluene optimized at the MP2/6-
311++G(2d,2p) level of theory, showing the projection onto the ab-plane of the principal axes
system. Carbon atoms are grey; hydrogen atoms white; the fluorine atom is light blue and the

chlorine atom green.
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Figure 3: The potential energy curves of 2-fluoro-4-chlorotoluene calculated at MP2/6-
311++G(2d,2p) level of theory (black curve) and the B3LYP/6-311++G(2d,2p) (blue curve) level



of theory, obtained by varying the dihedral angle o = Z(C2,C1,C7,H13) in a grid of 10°. The

predicted Vs terms are 262.4 cm™ and 218.8 cm™, respectively.

3. Microwave spectroscopy
3.1. Experimental details

A sample of 2-fluoro-4-chlorotoluene was purchased from Alfa-Aesar with no significant
impurity. Rotational transitions were recorded between 4 and 25 GHz, although the complete
spectral range was not surveyed, using a molecular jet FTMW spectrometer in the coaxially
oriented beam-resonator arrangement (COBRA) at Hannover [36]. Figure 4 illustrates a typical
spectrum. 2-fluoro-4-chlorotoluene, placed in a small reservoir at the nozzle orifice, was seeded
in neon or helium as carrier gas at stagnation pressures of 1-2 bar, and the mixture was fed to the
resonator chamber. Though the experimental accuracy is better than 2 kHz, the measured rotational
frequencies of 2-fluoro-4-chlorotolueneare are less accurate due to line broadening arising

probably from unresolved proton spin-spin or spin-rotation coupling.
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Figure 4: A typical spectral line with ng-hfs of the *Cl isotopologue of 2-fluoro-4-chlorotoluene,

showing the J"'xrr 1 — J' g1 er = 111,11 — 101,10 rotational transition. The frequencies are in MHz. The



Doppler doublets are marked by brackets. The A (blue) and E (red) torsional symmetry species are

color-coded; chlorine quadrupole hyperfine components F = J + | are given.

3.2. Spectral assignment and fits

The equilibrium rotational constants Ae = 3040.5 MHz, Be = 854.6 MHz, and C. = 669.8
MHz predicted at the MP2/6-311++G(2d,2p) level were used to obtain estimated line frequencies
of the 3°ClI isotopologue of 2-fluoro-4-chlorotoluene. The predicted dipole moment components
are pa =1.21 D, up = 1.47 D, and ¢ = 0.00 D, i.e. both a- and b-type transitions are expected in
the experimental spectrum. A number of lines were observed near the estimated frequencies and a
fit was performed by Pickett’s SPFIT program [19], confirming the assignment of A species lines
with a standard deviation of 2.7 kHz. The hyperfine pattern appears twice in the high resolution
spectrum (e.g., see Figure 4), which is the A-E symmetry species pair arising from the methyl
internal rotation, and also the E species could be assigned straightforwardly. The program XIAM
[17] was later used for simultaneous least-squares fit of the ng-hfs with the A and E torsional fine
structure. In total, 157 and 155 hyperfine components belonging to the A and E species,
respectively, were included. Adjusting the three rotational constants, three quartic centrifugal
distortion constants D;, Dy, Dk, the V3 potential term, the angle £(i,a) between the internal rotor

axis and the a-principal axis, and the higher order parameter Dpiz] yielded a root-mean-square

(rms) deviation of 7.7 kHz. The fit is given in Table 1 along with the SPFIT A species fit. The
frequency list along with the residuals obtained with XIAM is given in Table S-3 in the
Supplementary Material. Fitting further high order parameters available in XIAM did not decrease

this value significantly.

In the study on 2-chloro-4-fluorotoluene, a better standard deviation of 4.8 kHz has been
achieved with XIAM, close to that of the SPFIT fit (4.0 kHz) and to the measurement accuracy.
However, the V3 potential of 462.5 cm~ found for 2-chloro-4-fluorotoluene is almost two times
that of 2-fluoro-4-chlorotoluene. It is known that XIAM can encounter difficulties in fitting spectra
with torsional splittings arising from low-barrier methyl torsion [37-40]. To evaluate the fitting
performance of XIAM set-up using the combined axis method, we applied the RAM36hf code,

working exclusively in the rho axis system [18]. RAM36hf can treat molecules with one methyl



rotor and one weakly coupled quadrupole nucleus employing first order perturbation theory, which
is borderline in case of a chlorine nucleus. The advantage of RAM36hf over XIAM is its ability to
add effective high-order Hamiltonian terms directly from the input file and the rms deviation can
be decreased. Applying RAM36hf on the data set, we obtained essentially the same rms deviation
as XIAM (7.5 kHz for the **Cl data set). The complete set of fitted parameters using the RAM36hf
code is presented in Table S-4 of the Supplementary Material. Therefore, we conclude that the
quadrupole coupling of the chlorine nucleus treated by perturbation theory is dominating the rms
deviation obtained with XIAM and RAM36hf, being twice the expected measurement accuracy.

For the *’Cl isotopologue, a total of 226 hyperfine components could be measured, and it
was possible to determine some of the centrifugal distortion constants as well as the higher order

parameter Dpiz ; by fitting the data set with XIAM. However, to decrease the correlation, we decided

to keep those constants at their values of the 3°ClI isotopologue and only adjust the V3 potential
term and the angle Z(i,a) together with the rotational constants and the NQCCS yaa and ybb—yecc.
The rms deviation of 6.9 kHz of the *’Cl fit, also given in Table 1, is essentially the same as that

of the *ClI fit. The frequency list is given in Table S-5 in the Supplementary Material.



Table 2: Molecular parameters of 2-fluoro-4-chlorotoluene in the principal axis system obtained from fits with the programs SPFIT and

XIAM.

Par.? Unit %CI SPFIT? %CI XIAM SCIRAM36hf  *Cleac. $7CI XIAM $7Clgaic?
Ao MHz  3038.05565(58) 3036.2860(35)  3036.35(23) 3021.5¢ 3035.0792(28)  3020.5°
Bo MHz  859.022295(29)  859.01991(16) 859.11(23) 851.1° 836.23190 (15) 828.5°
Co MHz  672.369544(17) 672.365965(86) 672.4555(45) 666.8° 658.266546(40)  652.8°
D, kHz 0.007291(50) 0.00691(26) 0.00809(22) 0.01184° 0.006914¢ 0.01140¢
Dk kHz 0.0761(47) 0.138(25) 0.06572° 0.137824¢ 0.06356°
Dk kHz 2.67(12) 2.21(58) 0.43161° 2.209727¢ 0.43297°¢
ds kHz —0.00310¢ —0.00293¢
d> kHz —0.00059° —0.00055¢
Fo GHz 161.8148° 161.66379 161.8148f 161.8148° 161.8148f
V3 cmt 229.712(35) 227.22(12) 218.8" 229.731(57) 218.8"
D,z kHz 7.21(21) 7.2073144
A () 11.628(93) 11.59(13) 8.07f 11.48(13) 7.93f
Z@ib) ° 78.372(93) 78.41(13) 81.93 78.52(13) 82.07f
Yaa MHz —68.900(11) —69.144(66) —69.443(72) —69.93! -54.76(15) —55.11)
b MHz 35.4830(96) 35.550(53) 35.881(35) 36.20/ 28.207(99) 28.53
P MHz 33.417(18) 33.594(92) 33.552(37) 33.73 26.55(16) 26.58!
rmsk kHz 3.6 7.0 75 6.9
Na/Ng' 157/0 157/155 157/155 99/127

& All parameters refer to the principal axis system. Watson’s S reduction in the 1" representation was used. The di and d» quartic
centrifugal distortion constants could not be determined and therefore were not fitted. Standard errors are in units of the last digit given.
b Including only the hyperfine components of the A symmetry species.
¢ Ground state rotational constants and centrifugal distortion constants obtained from anharmonic frequency calculations at the B3LYP-
D3BJ/6-311++G(2d,2p) level of theory.
d Fixed at the value of the *°CI XIAM fit.
¢ Kept fixed at the calculated value.
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f Calculated at the MP2/6-311++G(2d,2p) level.

9 Derived from F which was kept fixed to 163.3569 GHz.

h Calculated at the B3LYP-D3BJ/6-311++G(2d,2p) level.

' /(i,c) = 90° by symmetry.

I Predicted at the B1LYP/TZV/(3df,2p)//MP2/6-311++G(2d,2p) level and corrected using the calibration factor —19.185 MHz/a.u. (see
text). yab = 18.99 MHz, yac = ybe = 0 by symmetry.

K Root-mean-square deviation of the fit.

' Number of A and E torsional symmetry species lines including nuclear quadrupole coupling components.
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4. Discussion

For both chlorine isotopologues, the program XIAM achieved an rms deviation of about 7
kHz for the global fits, two times the value obtained by fitting the A torsional symmetry species
lines separately with the SPFIT code, and similar to the value yielded by the program RAM36htf.
Since SPFIT treats the chlorine nuclear quadrupole coupling exactly by matrix diagonalization and
a semi-rigid rotor Hamiltonian is sufficient to model the A torsional lines, the higher deviations of
the XIAM and RAM36hf fits is attributed to the treatment using perturbation theory which, with

respect to the measurement accuracy, is no longer suitable in the case of 2-fluoro-4-chlorotoluene.

The rotational constants could be determined with high accuracy for both, the **Cl and *Cl
isotopologues of 2-fluoro-4-chlorotoluene. Comparing the experimental rotational constants
deduced from the XIAM fit with those calculated at different levels of theory (see Section 2 and
Tables S-2 of the Supplementary Material), we observed deviations of about 1%. Though the
predicted rotational constants are sufficiently reliable to guide the assignment of the microwave
spectrum, the results are generally worse than in the case of the isomer 2-chloro-4-fluorotoluene
where many levels of theory perform well [16]. For 2-fluoro-4-chlorotoluene, MP2/6-31G(d,p)
has again proven itself to serve as a cost-efficient level yielding Be rotational constants calculated
accidentally close to the experimental Bo constants due to error compensations, as it did for a
number of aromatic ring containing molecules like coumarin [41], quinoline and isoquinoline [42],
dimethylfluorobenzenes [11,12], phenetole [43], and 2-ethylfuran [44].

A comparison of the V3 potential term of 229.7 cm for 2-fluoro-4-chlorotoluene to those
of 2-fluorotoluene (6), 2,3-difluorotoluene (7), 2,3,4-trifluorotoluene (8), and 2,6-
dimethylfluorobenzene (9), shown in Figure 1, illustrates that just a single fluorine atom is in the
immediate neighborhood of the methyl group leaves the barrier hindering the methyl torsion
largely invariant at a value around 230 cm™. Further substitutions on the ring, either exhibiting a
+| effect like the methyl group in (9) or exercising a —I effect like the fluorine or chlorine atom(s)
in (1), (7), (8), do not affect the barrier height significantly. However, if the ortho fluorine atom is
exchanged by a bulkier chlorine atom, as in the cases of 2-chloro-4-fluorotoluene (2) and 2-
chlorotoluene (3), the barrier to internal rotation of the methyl group almost doubles due to steric

effects (see Figure 1). If the steric hindrance is omitted, like in 3-chlorotoluene (4) or 3-

12



fluorotoluene (5), a very low torsional barrier is observed, and the methyl torsion is essentially an

internal rotation free of frustration.

The BL1LYP/TZV/(3df,2p)//MP2/6-311++G(2d,2p) level predicted values for yaa, b, and
e Which match well the experimental values of 2-chloro-4-fluorotoluene [16]. Its performance
for 2-fluoro-4-chlorotoluene is also very satisfactory for both isotopologues, as shown in Table 1.
Therefore, we recommend this combination for calculations of chlorine NQCCs for halogen-
substituted aromatic rings. Due to the planarity of all heavy atoms of 2-fluoro-4-chlorotoluene, the
Jcc Constant can be directly compared with that found for other molecules possessing all heavy
atoms on a symmetry plane because the principal c-axis of inertia and a principal axis of the field
gradient are collinear. As summarized in Figure 1, neither the position of the chlorine nucleus nor
the presence of a fluorine substitution on the toluene ring significantly affects the value of e,
which remains around 32-33 MHz for the **Cl and 25-26 MHz for the 3'Cl isotopologues.

5. Conclusion

The molecular jet Fourier transform microwave spectrum of 2-fluoro-4-chlorotoluene
shows rich spectral patterns containing hyperfine structure from the chlorine nucleus and fine
splittings due to the methyl torsion. Modeling these splittings globally using the XIAM and the
RAM36hf codes where the chlorine quadrupole coupling is treated employing perturbation theory
results in accurately determined structural and internal rotation parameters, as well as nuclear
quadrupole coupling constants, even though the rms deviation is twice the measurement accuracy.
Fitting the hyperfine components of the A torsional symmetry species lines separately with the
program SPFIT achieves measurement accuracy, pointing to the perturbation theory no longer
being sufficient in treating the hyperfine splittings observed for 2-fluoro-4-chlorotoluene. By
comparing the barrier to internal rotation of 229.7 cm™ of 2-fluoro-4-chlorotoluene to that of other
fluorine and chlorine substituted toluene derivatives, we find the steric effect clearly dominating
electrostatic effects and playing the decisive role in controlling the methyl torsion. Reasonably
accurate predictions of the chlorine NQCCs can be obtained from calculations at the
B1LYP/TZV(3df,2p)//MP2/6-311++G(2d,2p) level of theory.

13



Acknowledgements

The authors thank the Land Niedersachsen and the Deutsche Forschungsgemeinschaft (DFG) for
funding. This work was supported by the Agence Nationale de la Recherche ANR (project ID
ANR-18-CE29-0011). We greatly acknowledge Dr. V.V. llyushin for his help in performing the
RAM36hf fits and for making his code available to the spectroscopic community. We also thank
Dr. W.C. Bailey for checking our NQCC calculations.

References

[1] H.V.L. Nguyen, I. Kleiner in Theoretical and computational chemistry, Eds. I. Gulaczyk, B.
Tylkowski, De Gruyter, Berlin/Boston, 2021, pp. 41-78.

[2] S. Jacobsen, U. Andresen, H. Mader, Struct. Chem. 14 (2003) 217.

[3] K.P. Rajappan Nair, S. Herbers, H.V.L. Nguyen, J.-U. Grabow, Spectrochim. Acta. A 242
(2020) 118709.

[4] J. Rottstegge, H. Hartwig, H. Dreizler, J. Mol. Struct. 478 (1999) 37.

[5] K.P. Rajappan Nair, S. Herbers, J.-U. Grabow, A. Lesarri, J. Mol. Spectrosc. 349 (2018) 37.
[6] K.P. Rajappan Nair, S. Herbers, D.A. Obenchain, J.-U. Grabow, A. Lesarri, J. Mol.
Spectrosc. 344 (2018) 21.

[7] K.P. Rajappan Nair, D. Wachsmuth, J.-U. Grabow, A. Lesarri, J. Mol. Spectros. 337 (2017)
46.

[8] K.P. Rajappan Nair, S. Herbers, J.-U. Grabow, J. Mol. Spectrosc. 355 (2019) 19.

[9] K.P. Rajappan Nair, M.K. Jahn, A. Lesarri, V.V. llyushin, J.-U. Grabow, Phys. Chem. Chem.
Phys. 17 (2015) 26463.

[10] K.P. Rajappan Nair, S. Herbers, D. A. Obenchain, J.-U. Grabow, Can. J. Phys. 98 (2020)
543.

[11] S. Khemissi, H.V.L. Nguyen, ChemPhysChem 21(2020) 1682.

[12] J. Mélan, S. Khemissi, H.V.L. Nguyen, Spectro. Chim. Acta A 253(2021) 119564.

[13] S. Herbers, P. Buschmann, J. Wang, K.G. Lengsfeld, K.P. Rajappan Nair, J.-U. Grabow,
Phys. Chem. Chem. Phys. 22 (2020) 11490.

[14] K.P. Rajappan Nair, S. Herbers, J.-U. Grabow, A. Lesarri, J. Mol. Spectrosc. 361 (2019) 1.
[15] V.A. Schubert, D. Schmitz, M. Schnell, Mol. Phys. 111 (2013) 2189.

14



[16] K.P.R. Nair, S. Herbers, W.C. Bailey, D.A. Obenchain, A. Lesarri, J.-U. Grabow, H.V.L.
Nguyen, Spectro. Chim. Acta A 247 (2021) 119120.

[17] H. Hartwig, H. Dreizler, Z. Naturforsch. 51a (1996) 923.

[18] A. Belloche, A.A. Mescheheryakov, R.T. Garrod, V.V. llyushin, E.A. Alekseev, R.A.
Motiyenko, I. Margules, H.S.P. Miller, K.M. Menten, Astron. Astrophys. 601 (2017) A49.
[19] H.M. Pickett, J. Mol. Spectrosc. 148 (1991) 371.

[20] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheeseman, G.
Scalmani, V. Barone, G.A. Petersson, H. Nakatsuji, X. Li, M. Caricato, A.V. Marenich, J.
Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H.P. Hratchian, J.V. Ortiz, A.F. Izmaylov,
J.L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F. Egidi, J. Goings, B. Peng, A.
Petrone, T. Henderson, D. Ranasinghe, V.G. Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang,
M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O.
Kitao, H. Nakai, T. Vreven, K. Throssell, J.A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M.J.
Bearpark, J.J. Heyd, E.N. Brothers, K.N. Kudin, V.N. Staroverov, T.A. Keith, R. Kobayashi, J.
Normand, K. Raghavachari, A.P. Rendell, J.C. Burant, S.S. lyengar, J. Tomasi, M. Cossi, J.M.
Millam, M. Klene, C. Adamo, R. Cammi, J.W. Ochterski, R.L. Martin, K. Morokuma, O. Farkas,
J.B. Foresman, D.J. Fox, Gaussian 16, Revision B.01, Inc., Wallingford CT, 2016.

[21] S. Grimme, J. Antony, S. Ehrlich, H. Krieg, J. Chem. Phys. 132 (2010) 154104.

[22] S. Grimme, S. Ehrlich, L. Goerigk, J. Comput. Chem. 32 (2011) 1456.

[23] Y. Zhao, D. G. Truhlar, Theor. Chem. Acc. 120 (2008) 215.

[24] J.-D. Chai, M. Head-Gordon, Phys. Chem. Chem. Phys. 10 (2008) 6615.

[25] C. Mgller, M.S. Plesset. Phys. Rev. 46 (1934) 618.

[26] R.J. Bartlett, M. Musial, Rev. Mod. Phys. 79 (2007) 291.

[27] W.C. Bailey, J. Mol. Spectrosc. 209 (2001) 57.

[28] W.C. Bailey, Calculation of Nuclear Quadrupole Coupling Constants in Gaseous State
Molecules. <http://nqcc.wcbailey.net/index.html>.

[29] W. Kohn, L. J. Sham, Phys. Rev. A. 140 (1965) 1133.

[30] A.D. Becke, J. Chem. Phys. 104 (1996) 1040.

[31] C. Adamo, V. Barone, Chem. Phys. Lett. 274 (1997) 242.

[32] A. Schéfer, C. Huber, R. Ahlrichs, J. Chem. Phys. 100 (1994) 5829.

[33] D. Feller, J. Comp. Chem. 17 (1996) 1571.

15



[34] K.L. Schuchardt, B.T. Didier, T. Elsethagen, L. Sun, V. Gurumoorthi, J. Chase, J. Li, T.L.

Windus, J. Chem. Inf. Model. 47 (2007) 1045.

[35] P. Pyykk®d, J. Li, Nuclear Quadrupole Moments, Report HUKI 1-92, ISSN 0784-0365
(1992).

[36] J.-U. Grabow, W. Stahl, H. Dreizler, Rev. Sci. Instrum. 67 (1996) 4072.

[37] V. Van, T. Nguyen, W. Stahl, H.V.L. Nguyen, I. Kleiner, J. Mol. Struct. 1207 (2020)
127787.

[38] L. Ferres, K.-N. Truong, W. Stahl, H.V.L. Nguyen, ChemPhysChem 19 (2018) 1781.
[39] E.G. Schnitzler, N.A. Seifert, I. Kusuma, W. Jager, J. Phys. Chem. A 121 (2017) 8625.
[40] H.V.L. Nguyen and W. Stahl, J. Mol. Spectrosc. 264 (2010) 120.

[41] H.V.L. Nguyen, J.-U. Grabow, ChemPhysChem 21 (2020) 1243.

[42] Z. Kisiel, O. Desyatnyk, L. Pszczotkowski, S. B. Charnley, P. Ehrenfreund, J. Mol.
Spectrosc. 217 (2003) 115.

[43] L. Ferres, W. Stahl, H. V. L. Nguyen, Mol. Phys. 114 (2016) 2788.

[44] H. V. L. Nguyen, J. Mol. Struct. 1208 (2020) 1279009.

16



