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ABSTRACT
The rotational spectrum of 2-methylthiazole was recorded using two pulsed molecular jet Fourier transform microwave spectrometers oper-
ating in the frequency range of 2–40 GHz. Due to the internal rotation of the methyl group, all rotational transitions were split into A
and E symmetry species lines, which were analyzed using the programs XIAM and BELGI-Cs-hyperfine, yielding a methyl torsional bar-
rier of 34.796 75(18) cm−1. This value was compared with that found in other monomethyl substituted aromatic five-membered rings.
The 14N quadrupole coupling constants were accurately determined to be χaa = 0.5166(20) MHz, χbb − χcc = −5.2968(50) MHz, and
χab = −2.297(10) MHz by fitting 531 hyperfine components. The experimental results were supplemented by quantum chemical calculations.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5142857., s

I. INTRODUCTION

The complexity of molecules studied by molecular jet Fourier
transform microwave (MJ-FTMW) spectroscopy is steadily increas-
ing, providing an enormous number of high resolution spectra for
testing theoretical models. If the molecule can be described by using
a semi-rigid rotor, a fit of high quality can be achieved using a rigid
rotor Hamiltonian Hr supplemented by centrifugal distortion terms
Hcd, taking into account even higher J and K transitions.

When a molecule contains a methyl group undergoing internal
rotation hindered by a sufficiently low threefold potential barrier,
its microwave spectrum exhibits splittings of all rotational lines into
A and E torsional components and can no longer be treated using
a semi-rigid rotor model. Several programs have been developed to
treat the effect of internal rotation, i.e., a code written by Woods
named after what was called the Internal Axis Method (IAM) at
that time and we refer to as the Rho Axis Method (RAM) today,1

XIAM,2 BELGI in its Cs and C1 versions,3,4 Erham,5 and RAM366

(see http://www.ifpan.edu.pl/∼kisiel/prospe.htm), where additional

terms to account for the internal rotation Hir are added in the
Hamiltonian. Some molecules associated with a high or intermediate
barrier height can also be treated by the program JB95 provided by
Plusquellic,7 as well as by the program IAMCALC that is integrated
in Pickett’s CALPGM suite of programs containing the SPFIT and
SPCAT codes.8 An overview of internal rotation programs can be
found in Ref. 9.

A nucleus with a nuclear spin I ≥ 1 implies a spectroscopic
electric nuclear quadrupole moment. Hyperfine structures occur in
the microwave spectrum, i.e., the rotational levels with J > 0 of
the rigid rotor split into several hyperfine components. The size
and pattern of the splittings depend on the respective transition.
In the case of a 14N nucleus, the quadrupole moment is relatively
small and can often be treated using a first order perturbation
approximation.

The combination of a single 14N quadrupole coupling nucleus
and methyl internal rotation can be handled with the pro-
gram RAM36, which implies the molecular symmetry to be Cs.10

With the program XIAM, the symmetry is not restricted to Cs.
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However, XIAM often experiences difficulties in treating internal
rotations with low barrier heights because (i) only a limited number
of high order parameters can be fitted and (ii) the torsional interac-
tions between different vt states are not taken into account explic-
itly. The program BELGI has been extended in its hyperfine ver-
sions BELGI-Cs-hyperfine and BELGI-C1-hyperfine, which can treat
molecules with one internal rotor and one weakly coupling nucleus
like 14N. Its predictive power has been proven for several molecules
containing one methyl rotor and a nitrogen nucleus such as N-
tert-butylacetamide (Cs),11 N-ethylacetamide (C1),11 3-nitrotoluene
(Cs),12 and 2-methylpyrrole (Cs).13

Monomethyl derivatives of aromatic heterocyclic
five-membered rings containing a nitrogen nucleus are ideally suited
to test the Hamiltonian model because the V3 potential value
of the methyl group covers a wide range from low barriers like
those in 2-methylthiazole (34.9 cm−1)14 and 4-methylisothiazole
(105.8 cm−1)15 to intermediate barriers such as in 4- and
5-methylthiazole (357.6 cm−1 and 332.0 cm−1, respectively),16,17 as
well as in 2-, 4-, and 5-methyloxazole (252.0 cm−1, 428.3 cm−1, and
478.2 cm−1, respectively).18 The first molecule mentioned above,
2-methylthiazole (2MTA), has been studied by Grabow et al. in
the frequency range from 7 GHz to 13 GHz.14 The V3 potential of
34.938(20) cm−1 is the lowest of all examples. Two independent fits
were performed in this previous investigation using the program
XIAM.2 In the first fit, 16 torsional transitions were fitted with a
standard deviation of 443 kHz, which is more than 200 times the
measurement accuracy. The centrifugal distortion constants could
not be determined. In order to deduce the 14N nuclear quadrupole
coupling constants (NQCCs), only the splittings of 44 hyperfine
components were fitted in a second fit with a standard deviation
of 2.7 kHz. We believe that the Hamiltonian which describes the
microwave spectrum of 2MTA requires some higher order terms,
which are beyond the model used in XIAM. Therefore, we decided
to (i) extend the dataset to cover a much larger frequency range
from 2 GHz to 40 GHz to measure higher J and K values and (ii)
refit the dataset using the program BELGI-Cs-hyperfine11 by includ-
ing higher order terms in the Hamiltonian. The goal is to achieve
a global fit with a standard deviation close to the measurement
accuracy and a set of molecular parameters with high predictive
power.

II. EXPERIMENTAL AND QUANTUM CHEMICAL
METHODS
A. Quantum chemical calculations
1. Structure optimizations

In order to predict the structure of 2MTA, the Gaussian 03 pro-
gram package19 was used with three quantum chemistry methods:
the Hartree–Fock self-consistent field method, the B3LYP density
functional method, and the second-order Møller–Plesset perturba-
tion theory with all electrons explicitly included (MP2ae). The Pople
6-311++G(d,p) basis set was chosen in all cases. These three levels of
theory were chosen a priori, expected to provide reasonable predic-
tions at an affordable cost for a medium-sized molecule like 2MTA.
The equilibrium geometry of 2MTA optimized at the B3LYP/6-
311++G(d,p) level is shown in Fig. 1. The rotational constants are
collected in Table I.

FIG. 1. Geometry of 2MTA optimized at the B3LYP/6-311++G(d,p) level of theory.

Four conformations are of interest for studying the rotation of
the methyl group relative to the thiazole ring, which can be char-
acterized by the value of the dihedral angle α = ∠(S1,C2,C6,H9). In
the first conformation at α = 0○, the proton H9 is eclipsed with
the sulfur atom if we look along the C2–C6 bond. The second one
with α = 60○ has the H8 atom eclipsed with the nitrogen atom. In

TABLE I. The rotational constants (in MHz) of the most stable geometry of
2-methylthiazole calculated at the B3LYP/6-311++G(d,p), HF/6-311++G(d,p), and
MP2(ae)/6-311++G(d,p) levels of theory. The dihedral angle α is defined as
∠(S1,C2,C6,H9). For comparison, the data for the conformation with α = 60○

calculated at the MP2(ae)/6-311++G(d,p) level of theory are also given.

(e)a (00)b (0)c

B3LYP/6-311++G(d,p) α = 60○

A 5287.361 5256.606 5256.607
B 3238.812 3219.713 3219.711
C 2033.933 2021.676 2021.677

HF/6-311++G(d,p) α = 60○

A 5414.526 5388.873 5388.873
B 3273.155 3254.854 3254.854
C 2065.917 2054.512 2054.512

MP2(ae)/6-311++G(d,p) α = 32.9○

A 5319.383 5287.236 5287.236
B 3273.476 3250.856 3250.856
C 2052.720 2038.443 2038.443

MP2(ae)/6-311++G(d,p) α = 60○

A 5317.821 5284.436 5284.436
B 3271.103 3249.920 3249.920
C 2051.308 2037.267 2037.267

aEquilibrium constants.
bConstants including the vibrational correction.
cConstants including the vibrational correction and the centrifugal distortion.
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TABLE II. Dihedral angle α, the difference Δα between the conformers, the energy at the stationary points E, the energy difference ΔE between the conformers, the energy with
vibrational corrections E+ZPE, and the energy difference Δ(E+ZPE) between the conformers of 2-methylthiazole obtained while rotating the methyl group.

Method α/○ Δα/○ Type E/Hartree ΔE/cm−1 E+ZPE/Hartree Δ(E+ZPE)/cm−1

B3LYP 0.0 Max −608.453 587 36 −608.371 336 836
60.0 60.0→ 0.0 Min −608.453 382 733 52.61 −608.371 356 133 42.29

HF 0.0 Max −606.405 361 535 −606.317 339 835
60.0 60.0→ 0.0 Min −606.406 317 233 122.20 −606.317 383 933 96.74

MP2 0.0 0.0→ 32.9 Max −607.496 377 132 −29.37 −607.413 384 132 6.41
32.9 60.0→ 32.9 Min −607.496 390 530 −25.52 −607.413 381 230 22.98
60.0 60.0→ 0.0 Max −607.496 307 838 7 −3.84 −607.413 391 637 16.57

the third conformation at α ≈ 30○, the C6–H7 bond is roughly per-
pendicular to the ring plane. Finally, the fourth conformation at
α ≈ 90○ with the C6–H9 bond being roughly perpendicular to the
ring plane is equivalent to the α ≈ 30○ position, assuming that the
ring is planar as expected for an aromatic system. Due to symme-
try, each of these four conformations appears three times during a
full rotation of the methyl group about the C2–C6 bond. As sum-
marized in Table II, they all give rise to a stationary point of the
electrostatic energy at the MP2(ae)/6-311++G(d,p) level with those
at α = 32.9○ and α = 87.1○ as the most stable rotamers and two saddle
points at α = 0○ and 60○, while only the first two conformations are
found to be stationary in calculations at the B3LYP/6-311++G(d,p)
and HF/6-311++G(d,p) levels with the most stable rotamer
at α = 60○.

For all the above-mentioned conformers, the zero point energy
(ZPE) correction to the electrostatic energy was calculated as given
in Table II. For all maxima, geometry optimizations to a first-order
transition state were performed in addition by using the Berny algo-
rithm,20 which yielded the same results as those given in Table II.
With the MP2 method, the difference of the ZPE corrections for
the double-minimum and barrier dividing it is larger than the value
for this barrier, indicating that the zero-point vibrational level lies
above the barrier at α = 60○. However, the difference of the ZPE cor-
rections for the minima and the maxima of the potential surface is
smaller than the value of the three-fold barrier, suggesting that the
V6 contribution to the potential is of minor importance and there-
fore, the potential can be effectively described by a V3 term. The
Cartesian coordinates of the atoms are reported in Table S-I of the
supplementary material.

2. Methyl internal rotations
Potential energy scans were generated by rotating the methyl

group about the C2–C6 bond. The dihedral angle α was varied in
a grid of 10○ (2○ around the stationary points). All other geome-
try parameters were optimized. The potential energy curves showing
the rotation of the methyl group are presented in Fig. 2, where the
minima of all curves have been translated to the energy origin. The
corresponding data points are available in Table S-II of the sup-
plementary material. While the potential curves calculated with the
B3LYP and HF methods show normal threefold potentials without
V6 contribution, the MP2 method predicts V6 as the dominating
term with a value of 26.92 cm−1 and a V3 contribution of 6.92 cm−1.
These values were obtained by parameterizing the data points given

in Table S-II with a one-dimensional Fourier expansion as

V(α) = −607.496 842 Hartree +
6.92 cm−1

2
cos(3α)

+
26.92 cm−1

2
cos(6α) − 2.82 cm−1

2
cos(9α).

Therefore, they slightly deviate from those given in Table II.
Our best estimate for the V3 potential includes the ZPE correc-

tion, as shown in Table II under Δ(E + ZPE), whose value depends
on the method in use. The Hartree–Fock method is not expected to
be quantitative, whereas the V3 potential of 42.29 cm−1 from calcu-
lations using the density functional is presumed to be more quan-
titatively realistic. Finally, as the MP2 results are not in agreement
with those of the Hartree–Fock (96.74 cm−1) and the B3LYP meth-
ods, the experimental results are important to validate the results
from calculations. We emphasize that the small value of the methyl

FIG. 2. Potential energy curves of 2-methylthiazole (in cm−1) obtained by rotating
the methyl group about the C2–C6 bond. The dihedral angle α =∠(S1,C2,C6,H9)
was varied in a grid of 10○ (2○ around stationary points), while all other molec-
ular parameters were optimized at the B3LYP/6-311++G(d,p) (in blue), HF/6-
311++G(d,p) (in orange), and MP2(ae)/6-311++G(d,p) (in magenta) levels of
theory. The energies are relative to the energetically lowest conformations.
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FIG. 3. The 404 ← 313 transition of the A species of 2MTA with its quadrupole
hyperfine components given as F′ ← F. The splittings indicated by brackets
are due to the Doppler effect. For this spectrum, 41 free-induction decays were
co-added.

torsional barrier of 2MTA is a significant challenge for quantum
chemistry.

B. Measurements
2MTA, purchased from TCI Europe, Zwijndrecht, Belgium,

has a stated purity of 98% and was used without further purifica-
tion. The colorless liquid with a typical aromatic smell was placed
on a pipe cleaner in a stainless steel tube upstream the nozzle.
Under a helium stream at a backing pressure of 2 bars, the helium-
2MTA mixture was expanded into the vacuum chamber. The spec-
tra were recorded using two MJ-FTMW spectrometers operating
in the frequency ranges from 2 GHz to 26.5 GHz (the Aachen
big cavity)21 and 26.5–40 GHz (the Paris small cavity).22 All lines
appear as doublets because of the Doppler effect. A typical spec-
trum is shown in Fig. 3. Some intense lines can be measured
with a full width at half height smaller than 20 kHz, correspond-
ing to a measurement accuracy of 2 kHz, but in most cases, the
linewidths are larger. In some transitions, small splittings up to 10
kHz were observed, probably due to proton spin–spin and spin–
rotation coupling. The measurement accuracy is thus about 3 kHz.
In all fits carried out in the present work, all lines were equally
weighted.

III. MICROWAVE SPECTRUM
A. 14N nuclear quadrupole coupling

In the first step, we neglected the methyl internal rotation
effect and treated 2MTA as an effective rigid rotor with 14N nuclear
quadrupole coupling. The 34 A species transitions (including their
hyperfine splittings) reported in Ref. 14 were refitted with the pro-
gram XIAM in its rigid rotor mode with a root-mean-square (rms)
deviation of about 3 kHz. This fit allowed us to predict the whole
rigid rotor spectrum with sufficient accuracy to measure new A

species lines in the frequency range from 2 GHz to 40 GHz. All
lines appear as multiplets with a different number of components,
which could be straightforwardly attributed to the 14N hyperfine
structure. Three rotational constants A, B, and C, five quartic cen-
trifugal distortion constants, and two NQCCs were fitted for a
total of 278 A species hyperfine components to measurement accu-
racy. The molecular parameters are summarized as Fit XIAM A
in Table III.

B. Methyl internal rotation
In the second step, we took into account the methyl internal

rotation by including the 26 E species transitions from Ref. 14 in
the fit, and achieved a standard deviation of over 400 kHz. With
the parameters from this fit, a prediction of the E species frequen-
cies was performed between 2 GHz and 40 GHz. However, the
predicted frequencies did not match the experimental ones. Con-
sequently, the assignments of the hyperfine structure were carried
out by analyzing the hyperfine splittings instead of the absolute fre-
quencies. Finally, 278 A species and 253 E species lines were mea-
sured and fitted using the program XIAM with an rms deviation of
455.9 kHz, similar to the result of Ref. 14. The molecular parameters
from the so-called Fit XIAM A/E are presented in Table III. A list
of all fitted transitions is given in Table S-III of the supplementary
material. All attempts to reduce the large rms deviation using XIAM
failed.

In order to achieve a global fit with measurement accuracy, the
program BELGI-Cs-hyperfine11 was applied. By floating 21 param-
eters (plus the reduced rotational constant F of the methyl group
fixed at the value from the XIAM A/E fit), which are the NQCCs
χaa, χbb, and χab, together with the three rotational constants A, B,
C, five centrifugal distortion constants ΔJ , ΔJK , ΔK , δJ , and δK , the
Dab parameter multiplying the off-diagonal {Pa,Pb} term, the tor-
sional potential barrier height V3, the unitless parameter ρ, which
together with F, is associated with PaPα, and seven additional terms
beyond the rigid top–rigid frame model, the rms deviation of the fit
decreases to 3.2 kHz. All out-of-plane terms were set to zero due to
the Cs symmetry of 2MTA. The BELGI-Cs-hyperfine parameters in
the rho axis system are given in Table IV, and the parameters that
could be transferred to the principal axis system are presented in
Table III.

IV. DISCUSSION
The BELGI-Cs-hyperfine code improves the rms deviation of

2MTA to measurement accuracy by adding 7 effective parameters,
which are not available in the XIAM code. The operators contain-
ing the (1 − cos3α) term led to the most significant changes of the
fit. The rotational constants A, B, and C obtained from both fits, the
XIAM A/E and the BELGI fits, are well-determined and they agree
within 0.4%. Better agreement is not expected because (i) different
approaches are used in the two codes, (ii) different sets of parame-
ters are used, and (iii) the conversion of RAM parameters to PAM
parameters is not unique. The accuracy of the rotational constants
is higher by two orders of magnitude in the XIAM A fit. The rms
deviation of 3.0 kHz of the XIAM A fit, which is essentially the
measurement accuracy, indicates that for the A species of 2MTA,
a semi-rigid rotor model with centrifugal distortion corrections is
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TABLE III. Molecular parameters in the principal axis system obtained using the XIAM code (XIAM A and XIAM A/E) and the
BELGI-Cs-hyperfine code (BELGI). For the BELGI fit, the molecular parameters in the rho axis system were transformed into
the principal axis system. Details on the conversion are given in Ref. 23.

Par.a Unit XIAM A XIAM A/E BELGI hyperfine MP2(ae)b

A MHz 5490.326 86(14) 5343.110(23) 5323.498(49) 5284.436
B MHz 3266.223 383(76) 3266.069 7(98) 3264.195 5(93) 3249.920
C MHz 2052.328 264(68) 2052.396 3(88) 2051.508 0(15) 2037.267
ΔJ kHz 0.240 07(63) 0.458(72) 0.237 63(54) 0.223 817
ΔJK kHz 1.281 7(26) 1.01(29) 0.257 817
ΔK kHz 15.369 7(56) 0.883 085
δJ kHz 0.078 88(27) 0.180(30) 0.073 732
δK kHz 0.740 4(20) 1.00(22) 0.369 655
F0 GHz 159c 159
F GHz 164.515 5d 164.515 5e

ρ 0.033 540 793d 0.033 106 70(95)
V3 cm–1 34.796 75(18) 34.253 5(12) 6.92f

Dpi2J kHz −88.7(24)
Dpi2K MHz 0.331 0(79)
∠(i,a) ○ 4.458 9(15) 4.641 3(31) 5.581 7
∠(i,b) ○ 94.458 9(15) 94.641 3(31) 95.581 1
∠(i,c) ○ 90.0g 90.0g 89.920 4
χaa MHz 0.540 7(16) 0.44(17) 0.516 6(20) 0.462h

χbb − χcc MHz −5.315 9(24) −5.21(27) −5.296 8(50) −5.044h

χab
i MHz −2.297(10) −2.464h

NA/NE
j 278/0 278/253 278/253

rmsk kHz 3.0 455.9 3.2

aStandard error in parentheses in the unit of the last digits. Watson’s A reduction and Ir representation were used.
bValues calculated at the MP2(ae)/6-311++G(d,p) level, including the vibrational and centrifugal distortion corrections with
α = 60○ , except the values for the NQCCs.
cFixed to the ab initio value.
dDerived parameter.
eNot fitted. Fixed to the XIAM A/E value.
fThe potential energy contains a leading V6 contribution of 26.92 cm−1 .
gFixed due to symmetry.
hCalculated at the B3PW91/6-311+G(d,p)//MP2(ae)/6-311++G(d,p) level of theory. Values from Ref. 14 are χaa

= 0.5239(30) MHz, χbb − χcc = −5.239(15) MHz, and χab = −2.279(14) MHz.
iCannot be fitted in Fit XIAM A and not determinable in Fit XIAM A/E.
jNumber of fitted A and E species lines.
kRoot-mean-square deviation of the fit.

satisfactory. The inertial defect Δc = Ic − Ia − Ib = −3.083 uÅ2

confirms that the heavy atom skeleton is planar with a pair of
methyl hydrogen atoms out of plane. This value is very close to
that found for the isomers 4-methylthiazole (−3.092 uÅ2)16 and
5-methylthiazole (−3.077 uÅ2).17

The rotational constants obtained from the XIAM A fit agree
with the constants calculated at the MP2(ae)/6-311++G(d,p) level
of theory, including the vibrational correction and the centrifugal
distortion. The deviation is 1.10% for A, 0.50% for B, and 0.74%
for C with respect to the XIAM values. They are even smaller if
the values obtained for the equilibrium structure are taken (0.48%
for A, −0.16% for B, and 0.06% for C), suggesting that geometry
parameters of the equilibrium structure calculated at the MP2(ae)/6-
311++G(d,p) level of theory could be used directly to support the

vibrational ground state assignment in methyl substituted thiazoles.
The results from calculations using the more cost-efficient B3LYP
method are less accurate, but also reasonable.

The calculated centrifugal distortion constants are quite dif-
ferent from those deduced in Fit XIAM A, but in the same order
of magnitude as the values in Fit XIAM A/E. The large rms devia-
tion in the latter fit leads to low accuracy of the experimental val-
ues. The well-determined constants from the BELGI-Cs-hyperfine
fit refer to the rho axis system and cannot be directly com-
pared with the calculated values, which refer to the principal axis
system.

The NQCCs cannot be determined well in the XIAM A/E fit
because of the large rms deviation, but in the XIAM A and the
BELGI fits, they are accurately deduced and agree nicely in both
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TABLE IV. Molecular parameters of 2MTA in the rho axis system obtained using the
BELGI-Cs-hyperfine code.

Par.a Unit Value Operator

A MHz 5318.408(48) Pa
2

B MHz 3269.285 7(64) Pb
2

C MHz 2051.508 1(15) Pc
2

Dab MHz 102.256(68) {Pa,Pb}
ΔJ kHz 0.237 63(54) −P4

ΔJK kHz 0.976 8(28) −P2Pa
2

ΔK kHz −2.978(14) −Pa
4

δJ kHz 0.077 42(24) −2P2(Pb
2 − Pc

2)
δK kHz 0.751 7(27) −{Pa

2,(Pb
2 − Pc

2)}
2χaa MHz 1.472 5(34)
2χbb MHz −6.252 8(31)
2χab MHz −4.232(21)
V3 cm−1 34.253 5(12) (1/2) (1 − cos3α)
ρ Unitless 0.033 106 70(95) PaPα

F cm−1 5.487 65b Pα
2

Δab MHz −1.110(23) Pα
2{Pa,Pb}

Fv MHz 1.623 4(67) (1 − cos3α)P2

k5 MHz 31.971(78) (1 − cos3α)Pa
2

c2 MHz 0.466 6(53) (1 − cos3α) (Pb
2 − Pc

2)
dab MHz −3.192(61) (1 − cos3α){Pa,Pb}
k1 MHz −0.102 74(62) Pa

3Pα

c4 kHz 4.82(21) PaPα, (Pb
2 − Pc

2)
NA/NE/Nq

c 93/83/531
rmsd kHz 3.2

aAll parameters refer to the rho axis system and cannot be directly compared to those
referred to the principal axis system. Pa , Pb , and Pc are the components of the overall
rotation angular momentum, Pα is the angular momentum of the internal rotor rotating
about the internal rotor axis by an angle α. {u,v} is the anti-commutator uv + vu. The
product of the parameter and operator from a given row yields the term actually used in
the vibration–rotation–torsion Hamiltonian, except for F, ρ, and A, which occur in the
Hamiltonian in the form F(Pα–ρPa)2 + APa

2 , where F = h/8π2crIα (cm−1). Statistical
uncertainties are shown as one standard uncertainty in the last digit.
bFixed to the value from the XIAM A/E fit.
cNumber of A and E species transitions as well as hyperfine components.
dRoot-mean-square deviation of the fit.

fits as well as with the values from Ref. 14. Due to the rather
low barrier to internal rotation of the methyl group, the expecta-
tion value of the operator {Pa,Pb} is not negligible and therefore,
χab could be determined experimentally. Calculations of the 14N
NQCCs were performed by Bailey at the B3PW91/6-31G(2d,2pd)
level based on optimized molecular structures as given in Ref. 24.
Using the density functional B3PW91, Bailey also reported two pos-
sible orientations of the methyl group where the in-plane C6–H9
bond is in the cis or trans position with respect to the nitrogen
atom. This agrees well with our results obtained with the B3LYP
and HF methods, and the cis and trans conformers in Ref. 24 cor-
respond to our conformers at α = 0○ and α = 60○, respectively.
The calculated NQCCs for the cis conformer are χaa = 0.449 MHz,
χbb − χcc = −5.269 MHz, and |χab| = 2.338 MHz. The respective
values for the trans rotamer are 0.517 MHz, −5.186 MHz, and

2.307 MHz, showing that the experimentally deduced χaa value
is much closer to the predicted value of the trans conformation
with α = 60○.

The program XIAM yielded a methyl torsional barrier
of 34.796 75(18) cm–1, which is very close to the value of
34.2535(12) cm–1 determined by BELGI-Cs-hyperfine. The cal-
culated barrier heights ΔE given in Table II are 52.61 cm−1,
122.20 cm−1, and 29.37 cm−1 using the B3LYP, HF, and MP2 meth-
ods, respectively. While the values predicted with the HF method
are far from being accurate, the B3LYP method overestimates and
the MP2 method underestimates the torsional barrier height. Con-
sidering the ZPE corrections have shifted the predicted barriers to
the right direction for the B3LYP and HF methods with the respec-
tive values of 42.29 cm−1 and 96.74 cm−1, but the results still do
not satisfy the experimental requirements. For the MP2 method, it is
difficult to evaluate because the ZPE corrected difference is greater
than the non-corrected difference. Many of our previous studies
have pointed out the challenge of predicting the torsional barrier
heights.25 The calculated values vary strongly depending on the level
of theory in use.26–28 No method currently exists to solve this prob-
lem in general. If the V3 and V6 terms are fitted using the program
XIAM, both of them could be determined with respective values of
31.88(21) cm–1 and 17.2(12) cm–1, but the correlation between them
is −1.000 because only rotational transitions from the vibrational
ground state are available in the dataset. If the V6 term is fixed in
the XIAM A/E fit or in the BELGI fit to different values from 0 to
20 cm−1, the fits converge and the rms deviations remain almost
unchanged. The V3 value changes according to the fixed value of
V6 due to correlation. We conclude that the quantity of V6 con-
tribution cannot be determined and further investigation, includ-
ing higher torsional state is needed to lift its correlation with V3.
Therefore, the leading V6 contribution found in calculations at the
MP2/6-311++G(d,p) level cannot be validated by the experiment.

The V3 potential of 2MTA (1) decreases approximately by
one order of magnitude compared to the barrier heights of
357.55(14) cm−1 and 332.02(81) cm−1 observed for 4- (2)16 and
5-methylthiazole (3),17 respectively (for molecule numbering, see
Fig. 4). If we consider that the electronic environment around the
sulfur atom and the nitrogen atom were similar, there would be a
methyl group with C3v symmetry attached to a C2v frame. In such
cases, the V3 contribution of the potential would be zero and only
a V6 term would exist in the potential function expression. How-
ever, in 2MTA (1), the frame symmetry is not C2v. Therefore, the
electronic distribution is out of balance, which causes a low, but
significant V3 potential term. If the nitrogen atom disappears from
the ring, as in the case of 2-methylthiophene (4), the barrier height

FIG. 4. Comparison of the methyl torsional barriers of 2MTA (1) (this work) and
its two isomers 4- (2)16 and 5-methylthiazole (3)17 as well as 2-methylthiophene
(4).29
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increases to 194.1 cm−1,29 indicating that not only the position of the
methyl group, but also the presence of the nitrogen atom is crucial
for the value of this parameter.

The methyl torsional barrier of 34.1 cm−1 in 2MTA is much
lower than that found in the oxygen analog 2-methyloxazole
(252 cm−1).18,30 This is in agreement with the trend observed for the
monomethyl derivatives of furan and thiophene, e.g., 2-methylfuran
(416.2 cm−1)31 vs 2-methylthiophene (194.1 cm−1)29 and
3-methylfuran (380.5 cm−1)32 vs 3-methylthiophene (258.8 cm−1).33

The same is also found for the dimethyl substituted versions
with the only example 2,5-dimethylfuran (439.2 cm−1)34 vs
2,5-dimethylthiophene (248.0 cm−1).35

V. CONCLUSION
The microwave spectrum of 2MTA containing a methyl group

attached on the second position of the thiazole ring was assigned
under molecular jet conditions with supports from quantum chem-
istry. Highly accurate molecular parameters were determined using
the programs XIAM and BELGI-Cs-hyperfine. The internal rota-
tion of the methyl group causes torsional splittings of all rotational
transitions into the A and E species, which are additionally com-
plicated by the quadrupole coupling arising from the 14N nucleus.
Using the XIAM code, the whole dataset was reproduced with a root-
mean-square deviation of 455.9 kHz, while the BELGI-Cs-hyperfine
code reduced this value to 3.2 kHz. The barrier to internal rota-
tion of about 34 cm−1 is the lowest observed in three isomers
of methylthiazole. Comparison to other methyl substituted sulfur-
containing five-membered rings leads to the conclusion that not
only the position of the methyl group but also the presence of the
nitrogen atom strongly influences the barrier height. The results
found for 2MTA also confirm the trend that the ring methyl tor-
sion has a lower barrier in the sulfur analog than that in the oxygen
analog.

SUPPLEMENTARY MATERIAL

See the supplementary material for the Cartesian coordinates,
data points of the potential energy curves, and the frequency list.
The XIAM and BELGI-Cs-hyperfine inputs and outputs are available
as separate files. The BELGI-Cs-hyperfine code is currently available
with one of the authors (I.K.).
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