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Abstract 

The molecular jet Fourier-transform microwave spectrum of 4,5-dimethylthiazole has been 

recorded between 2.0 and 26.5 GHz, revealing torsional splittings arising from two 

inequivalent methyl internal rotations with relatively low hindering barriers and nitrogen 

quadrupole hyperfine structures. Two global fits with 1009 hyperfine components of 315 

rotational transitions involving five torsional species were performed using the program 

XIAM and BELGI-Cs-2Tops-hyperfine, an extended version of the BELGI-Cs-2Tops code 

which includes the effect of the 14N quadrupole coupling, giving a root-mean-square deviation 

of 399.8 kHz and 4.2 kHz, respectively. Compared to the monomethyl substituted thiazole 

derivatives, the barriers to internal rotation are drastically lower. This is also in contrast to 

chemical intuition which suggests high barriers due to steric hindrance. Because of the strong 

interaction between the methyl groups, strong top-top couplings in both the potential energy 

and kinetic parts of the Hamiltonian were observed.  

 

Keywords: internal rotation, large amplitude motions, quadrupole hyperfine structure, 

rotational spectroscopy, dimethylthiazole 
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1. Introduction 

Thiazole is a five-membered heterocyclic compound that contains a sulfur atom and a 

nitrogen atom in the ring. It exists as the basic structure element in a variety of organic 

compounds such as vitamin B1 and clomethiazole [1]. It is also a precursor in the production 

of fungicides, drugs (e.g. alagebrium), and dyes [2]. Thiazole derivatives participate in several 

biosyntheses as required for the formation of thiamine [1], where the sulfur atom is obtained 

from cysteine. Whereas thiazoles are well-represented in biomolecules, their related 

compounds oxazoles, where the sulfur atom is replaced by an oxygen atom, are not. 

Thiazole and its monomethyl derivatives have been studied thoroughly by microwave 

spectroscopy (see Figure 1) [3-6]. Whereas their structures are proved to be relatively rigid, 

the internal dynamics arising from the internal rotation of the substituted methyl group are 

hard to predict. It is particularly interesting to compare the hindering potentials of the methyl 

rotors, which strongly depend on the position of the methyl substituent. While changing the 

methyl group from the 4- (3) [5] to the 5-position (4) [6] does not significantly influence the 

hindering potential (357.6 cm−1 and 332.0 cm−1, respectively), it decreases drastically to one 

tenth in 2-methylthiazole (2, 34.9 cm−1, for molecule numbering see Figure 1) [4]. The same 

trend can be recognized in the related compounds, oxazoles, where the hindering potentials 

are 251.8 cm−1, 428.0 cm−1, and 477.9 cm−1 for 2- (6) [7], 4- (7) [8], and 5-methyloxazole (8) 

[7], respectively. It is also notable by comparing (2) and (6), (3) and (7), as well as (4) and (8) 

that substitution of an oxygen by a sulfur atom significantly reduces the hindering potential. 

An explanation for these observations is the aromatic character of azole rings. Thiazoles are 

characterized by larger π-electron delocalization than the corresponding oxazoles and have 

therefore greater aromaticity. This aromaticity is evidenced by the chemical shift of the ring 

protons in 1H-NMR spectroscopy, which is between 7.27 and 8.77 ppm. It clearly indicates a 

strong diamagnetic ring current. The calculated π-electron density marks the 5-position as the 

primary site for electrophilic substitution and the 2-position as the site for nucleophilic 

substitution [9]. 

The question of how the hindering potentials are influenced if two positions in the 

thiazole ring are substituted by methyl groups prompted us to study 4,5-dimethylthiazole (5) 

(45DMTA). To the best of our knowledge, only two dimethyl substituted aromatic five-

membered heterocyclic compounds, 2,5-dimethylthiophene [10] and 2,5-dimethylfuran [11], 

have been studied by microwave spectroscopy so far. 
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Figure 1: The 14N quadrupole coupling constant χcc (in MHz) of thiazole and its methyl-

substituted derivatives as well as methyl torsional barriers in methyl substituted thiazoles and 

oxazoles (in cm−1). (1) Thiazole, (2) 2-methylthiazole [4], (3) 4-methylthiazole [5], (4) 5-

methylthiazole [6], (5) 4,5-dimethylthiazole (this work), (6) 2-methyloxazole [7], (7) 4-

methyloxazole [8], (8) 5-methyloxazole [7]. 

 

Because 45DMTA has in addition to the two methyl tops a 14N nucleus with a nuclear 

spin I = 1, hyperfine splittings occur in the microwave spectrum. Currently, the combination 

of two methyl internal rotations with one 14N quadrupole coupling can be treated with only 

one program, the XIAM code, where nuclear quadrupole interactions are treated in a first order 

approximation [12]. However, spectra of molecules with low barriers to internal rotation often 

cannot be modeled correctly with XIAM due to the limited number of fit parameters [13-15]. 

Implementing higher order terms in the program is a difficult task. 

The disadvantages of the XIAM code in dealing with low barriers to internal rotation 

can be overcome with the BELGI-Cs-2Tops program, which succeeded to fit the microwave 

spectra of molecules with Cs symmetry and two methyl tops to experimental accuracy, e.g. 

methyl acetate [16], ethyl methyl ketone [17], and dimethylbenzaldehyde [18], by adding 

higher order terms in the Hamiltonian [19]. However, BELGI-Cs-2Tops does not include the 

quadrupole coupling effect. Therefore, we decided to extend the program to a BELGI-Cs-

2Tops-hyperfine version to treat the microwave spectrum of 45DMTA by taking into account 

the effect of weak nuclear quadrupole coupling using a first order perturbation approximation. 
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2. Theoretical part 

2.1. Quantum chemical calculations 

2.1.1. Geometry optimizations 

As other thiazole rings, 45DMTA is planar and aromatic because of the π electron 

delocalization of the two conjugated double bonds. This constraint confines the structural 

analysis to have only one starting geometry. Full geometry optimizations were performed on 

this initial forms using the B3LYP, M06-2X, MP2, and CCSD methods in combination with 

various Pople and Dunning basis sets [20,21] as implemented in the GAUSSIAN09 package 

[22]. The geometry optimized at the MP2/6-311++G(d,p) level of theory is shown in Figure 2 

in the principal axes of inertia. The nuclear Cartesian coordinates are given in Table S-1 in the 

Supplementary Material. Harmonic frequency calculations were carried out to verify whether 

the stationary point is a saddle point or a true minimum geometry. An interesting feature of 

45DMTA is that the dipole moment component in a-direction is accidentally almost zero. 

Therefore, the total dipole moment vector is almost exactly parallel to the b principal axis, 

and we expect a pure b-type spectrum. 

 

 

Figure 2: The atom numbering and geometry of 4,5-dimethylthiazole calculated at the 

MP2/6-311++G(d,p) level of theory, as viewed along the c principal axis. The dipole moment 

is given as a blue arrow. The methyl groups attached to the 4- and 5-ring position are called 

the 4- and 5-methyl groups, respectively. The hydrogen atom H10 is located behind H9, and 

H14 is behind H12. This figure illustrates that: (i) all heavy atoms are located on the ab plane 

and (ii) the dipole moment is almost exactly parallel to the b principal axis with the 

components of 0.01 D, 1.79 D, and 0.00 D in a-, b-, and c-direction, respectively. 
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2.1.2. 14N nuclear quadrupole coupling constants 

As mentioned in the introduction, 45DMTA contains one 14N nucleus with a nuclear spin of I 

= 1. Therefore, nuclear quadrupole coupling will result in a hyperfine pattern for each 

rotational line. The splittings between the hyperfine components depend on the nuclear 

quadrupole coupling constants (NQCCs). From the optimized structure at the MP2/6-

311++G(d,p) level, we carried out a single point electric field gradient calculation at the 

B3PW91/6-311+(d,p) level of theory using a calibration factor of eQ/h = 4.599 MHz a.u.−1 

[23]. This combination is a validated method for the prediction of NQCCs in π-conjugated 

amides in particular and might be also suitable for aromatic rings like 45DMTA. The 

calculation results in nuclear quadrupole coupling tensors with the diagonal elements χaa = 

0.8070, χbb = −3.2397, χcc = 2.4327 MHz, as well as the off-diagonal elements χab = −2.1512, 

χac = 0.0117, and χbc = 0.0028 MHz. Due to the Cs symmetry of the molecule, χac and χbc 

should be zero. However, since no symmetry constraints were used during the geometry 

optimizations, a perfect Cs symmetry was not achieved, resulting in small, but non-zero 

values for these parameters as well as the c-coordinates of all heavy atoms given in Table S-1. 

For comparison, we also performed calculations using the B3PW91/6-311+G(df,pd)//MP2/6-

311++G(d,p) combination and the calibration factor of eQ/h = 4.5586(40) MHz a.u.−1 [24].  

The respective values of the nuclear quadrupole coupling tensor elements are 0.7159, 

−3.2149, 2.4990, −2.1036, 0.0105, and 0.0030 MHz.  

2.1.3. Methyl internal rotations 

Beside the 14N nucleus which causes hyperfine splittings of all rotational transitions, 

45DMTA features two methyl groups undergoing internal rotation. The resulting torsional 

fine splittings mainly depend on the orientations of the methyl groups in the molecule, the 

moment of inertia of the methyl group, and the barriers hindering the internal rotation. While 

the orientations of the methyl groups and their moments of inertia can be calculated well by 

geometry optimizations, predicting the barrier heights is a much more difficult task. The 

predicted values vary in a wide range and depend strongly on the level of theory in use 

[10,25]. Even within the same molecule, a level that predicts reasonable value for one methyl 

group may fail for another methyl group [26]. High level quantum chemical methods such as 

coupled cluster and diffusion quantum Monte Carlo does not directly mean the best 

agreement with the experiments [27]. However, the magnitude (low, intermediate, or high) of 

the barrier heights is often correct, which serves as a good starting point for the spectral 

assignment. 
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For 45DMTA, we calculated the barrier heights of the methyl groups attached to the 4- 

and 5-ring position, henceforward called the 4- and 5-methyl groups, respectively, by varying 

the dihedral angles α2 = ∠(N3,C4,C7,H8) and α1 = ∠(S1,C5,C11,H12), respectively, in a grid of 

2° (for atom numbering see Figure 2) with the MP2, B3LYP, M06-2X, and CCSD methods in 

combination with the 6-311++G(d,p) basis set. All other geometry parameters were 

optimized. A rotation of only 120° was sufficient due to the three-fold symmetry of the 

methyl groups. The potential energy curves corresponding to the 4-methyl group are depicted 

in the left panel of Figure 3, all of which have negligible V6 contributions. The Fourier 

coefficients are available in Table S-2 in the Supplementary Material. It is interesting that the 

barrier height of 158.8 cm−1 calculated using the coupled cluster method is similar to that 

obtained with the much more cost-efficient B3LYP method (165.6 cm−1), but significantly 

higher than that predicted by MP2 (63.0 cm−1). The value of 98.2 cm−1 from calculations with 

Truhlar’s M06-2X method [28] is in between. 

In the case of the 5-methyl group, the potential energy curves predicted by the B3LYP, 

M06-2X, and CCSD methods, illustrated in the right panel of Figure 3, indicate normal three-

fold potentials with no V6 contributions. On the other hand, the MP2 method predicts a 

considerable V6 contribution of about 55 % (see Table S-2 in the Supplementary Material for 

Fourier coefficients). For the 5-methyl group, like for the 4-methyl group, the calculated 

barrier heights are quite different and vary from about 25 cm−1 to 130 cm−1. Again, the 

B3LYP method yields the highest value, the MP2 method the lowest, and the values from 

CCSD and M06-2X calculations are almost the mean value of them. 

 

Figure 3: Left hand side: The potential energy curves corresponding to a rotation of the 4-

methyl group calculated using the MP2, B3LYP, M06-2X, and CCSD methods in 

combination with the 6-311++G(d,p) basis set. The dihedral angle α2 = ∠(N3,C4,C7,H8) is 

varied over a grid of 2°. Right hand side: the respective potential energy curves corresponding 



8 
 

to a rotation of the 5-methyl group by varying the dihedral angle α1 = ∠(S1,C5,C11,H12). In 

both figures, energy values relative to the energetically lowest conformation with Emin = 

−646.4816118 (MP2), −647.7803704 (B3LYP), −647.6327793 (M06-2X), and −646.5253342 

Hartree (CCSD) are used. 

 

As an alternative, geometry optimizations to a first order transition state of the methyl 

groups were performed at various levels of theory using the Berny algorithm to calculate the 

barrier heights [29]. The rotational constants and angles between the internal rotor axes and 

the principal axes of inertia obtained from geometry optimizations as well as the V3 potentials 

from the transition state calculations are collected in Table S-3. 

The discrepancy in predicting the methyl barrier heights and especially the abnormally 

high V6 contribution in MP2 calculations induced us to perform two-dimensional potential 

energy surfaces (2D-PES) depending on α1 and α2 to study the coupling between the two 

methyl rotors. The dihedral angles α1 and α2 were varied over a grid of 10°. The 

corresponding energies were parameterized with a 2D Fourier expansion based on terms 

representing the correct symmetry, which are listed in Table S-4 in the Supplementary 

Material. Using these Fourier terms, the PES were drawn as a contour plot depicted in Figure 

4. All PES indicate significant coupling between the two rotors, shown by the deviation in 

forms of the minimum regions from circles (oval for calculations using the DFT and CCSD 

methods, rhomb for the M06-2X method, and double minimum for the MP2 method). The 

top-top coupling will be revisited in the discussion. 
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Figure 4: The potential energy surfaces of 45DMTA depending on the rotation of the 4- and 

5-methyl groups calculated with the MP2 (top left), B3LYP (top right), M06-2X (bottom left), 

and CCSD (bottom right) methods and the 6-311++G(d,p) basis set. The dihedral angles α1 = 

∠(S1,C5,C11,H12)  and α2 = ∠(N3,C4,C7,H8) were varied in 10° steps. The color codes indicate 

the energy (in percent) relative to the energy minima (0 %) and the energy maxima (100 %). 

 

2.2. The BELGI-Cs-2Tops-hyperfine code 

The BELGI-Cs-2Tops program has been slightly modified to treat hyperfine splittings in the 

rotational spectrum arising from weak nuclear quadrupole coupling of the nitrogen atom. A 

perturbation approach has been applied, which is similar to that used first for acetamide (see 

Eq. 1 of Ref. [30]), then for N-tert-butylacetamide (see Eq. 1 of Ref. [31]).  The molecular 

symmetry is Cs in all cases, only the number of rotors increases to two in the present case.  

In BELGI-Cs-2Tops-hyperfine, like in the BELGI-Cs-2Tops code [19], we follow the 

Hamiltonian initially described by Ohashi et al [32]. The Hamiltonian is set up using a 

modified Principal Axis Method (PAM) in which the coefficients of the three quadratic 

rotational operators (PxPy + PyPx), (PyPz + PzPy), and (PzPx + PxPz) are kept fixed to zero in 

the fit (see Eq. (6) of Ref. [32]). We will refer to it hereafter as the Ohashi-Hougen 

Hamiltonian. In this Hamiltonian, the nuclear quadrupole interaction terms were also 

included, taken from the usual form (e.g. Eq. (1) of [30]).  

However, the BELGI-Cs-2Tops-hyperfine code differs from that in Ref. [32] because it 

solves the torsion-rotation Hamiltonian in a two-step diagonalization procedure [33], where 
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the first step deals with the torsion-K-rotation part of the problem, and the second step deals 

with all the rest. This procedure is explained in details in Eq. (3) of Ref. [19] and in Eqs. (1) 

and (2) of Ref. [18]. 

In the BELGI-Cs-2Tops-hyperfine code, the expectation values of various 

combinations of angular momentum components 〈���〉, 〈���〉, 〈�	�〉, and 〈���� + ����〉 are 

calculated. Subsequently, their numerical values are transferred into the standard hyperfine 

energy expression: 

��� (�, �, �� = 2 �(�,�,���(� +1� ����〈���〉  + ���〈���〉 − (��� + ��� � 〈�	�〉  + ���〈���� + ����〉�  (1) 

where f (I, J, F) is the Casimir function [34].  

The shifts for each rotation-torsion energy level, and therefore those of the hyperfine 

components, can be calculated using Eq. (1). This enables us to take into account all hyperfine 

patterns as well as to fit the rotational and rotation-torsional molecular parameters together 

with the nuclear quadrupole coupling constants in a global fit. The BELGI-Cs-2Tops-

hyperfine code is currently available by one of the authors (I.K.). 

In order to deduce physical meaning from the results of the fit, it is convenient to 

transform from the quasi-PAM parameters to PAM quantities. The details of the conversion 

program will be described in detail in section 2.3 below.  

 

2.3 Conversion of the quasi-PAM parameters to PAM quantities 

In section 6.1 of Ref. [32], the transformation of the rotation-torsion parameters obtained from 

the fit in quasi-PAM into PAM quantities is given. However, the transformation of the 

quadrupole coupling tensor into the principal axis system is not discussed. Here, we will 

briefly repeat the conversion from quasi-PAM parameters into PAM quantities in the vector-

matrix notation, give an algorithm facilitating the transformation, and extend it to the 

transformation of the quadrupole coupling tensor. 

If we focus on the quadratic kinetic energy terms of the Ohashi-Hougen Hamiltonian 

(Eq. 6 of Ref. [32]), it can be conveniently written as 

�� !(�� = "#$"        (2) 

with 
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" =
%
&'

�(�)�*+,+�-
./ ,   $ =

%
&&
'

0′ 0 0 345, 345�0 6′ 0 347, 347�0 0 8′ 0 0345, 347, 0 �, 34�,�345� 347� 0 34�,� �� -
..
/

. 

The quantities 09, 69, 89, �,, ��, �,�, 5,, 5�, 7,, 7� are the parameters obtained from a fit 

with the BELGI-Cs-2Tops-hyperfine code (e.g. see Table 5 of Ref. [19]).  

In the same way, the quadratic kinetic energy terms in the classical PAM rigid frame-

rigid top Hamiltonian for two internal rotors (Eq.7 of Ref. [32]) can be written as  

�:� !(�� = ":#$: ":                      (3) 

with 

": =
%
&'

�����	+,+�-
./,   $: =

%
&'

0′′ ;�� 0 <, <�;�� 6′′ 0 =, =�0 0 8′′ 0 0<, =, 0 �, �,�<� =� 0 �,� �� -
./ 

and 

099 = 0 + �,>,�� +��>��� + 2�,�>,�>��      (3a) 

699 = 6 + �,>,�� +��>��� + 2�,�>,�>��       (3b) 

899 = 8                         (3c) 

;�� = �,>,�>,� + ��>��>�� + �,�(>,�>�� + >��>,��       (3d) 

<, = −�,>,� − �,�>��          (3e) 

<� = −��>�� − �,�>,�                      (3f) 

=, = −�,>,� − �,�>��           (3g) 

=� = −��>�� − �,�>,� .           (3h) 

We note that in Eq. (3), 099, 699, ;�� are the same as Aaa, Abb, and Aab of Eq. (12) from 

Ref. [32]. 
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The 5-dimensional angular momentum vector ": of the classical PAM Hamiltonian can 

be transformed to the " vector of the Ohashi-Hougen Hamiltonian by the application of the 

rotation matrix @ (similar to the transformation matrix above Eq. (11) in Ref. [32]). 

" = @":               (4) 

with 

@ =
%
&'

cos Θ − sin Θ 0 0 0sin Θ cos Θ 0 0 00 0 1 0 00 0 0 1 00 0 0 0 1-
./. 

Combining Eqs.  (2), (3), and (4), we obtain 

$: = @$@F,.       (5) 

From this transformation, it is obvious that 

�, = �,, �� = ��, �,� = 34�,�.         (6) 

Eq. (5) is conveniently evaluated numerically by matrix multiplication for a given 

rotation angle Θ observing that @F, = @#. However, there are only a few discrete angles 

which are consistent with the equations (3d-h). To find these angles, we vary Θ until 

consistency is achieved. Therefore, for a given Θ the quantities <,, <�, =,, =� of $:  as given in 

(3e-h) are used to obtain 

>,� = (<��,� − <,���/H,     >�� = (<,�,� − <��,�/H (6a) 

>,� = (=��,� − =,���/H,     >�� = (=,�,� − =��,�/H (6b) 

with 

H = �,�� − �,�� . 
Then ;��, also obtained for the given value of Θ, is used to calculate the expression 

∆= ;�� − �,>,�>,� + ��>��>�� + �,�(>,�>�� + >��>,��.  (7) 

From Eq. (3d) it is clear that ∆ = 0 for a properly chosen value of the Θ angle. 

Therefore, to roughly determine all possible values of Θ, we calculated them in the range 

J−K, KL in steps of 0.0001. If for two successive angles Θ,, Θ� the condition ∆(Θ,� ∙
∆(Θ�� < 0 is fulfilled, then there will be an angle Θ between Θ, and Θ� for which ∆ = 0.  
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Four possible values of Θ were determined that way.  Then we refined them to 10-9 using the 

bisection algorithm [35] and obtained Θ = 0.016699 rad, Θ + K 2⁄ , Θ − K 2⁄ , and Θ − π. 

Assuming that the coordinate system does not change much, i.e. the a axis (PAM) almost 

corresponds to the z axis (quasi-PAM), then only the angle Θ = 0.016699 rad is a physically 

meaningful solution. The angle with the smallest absolute value was also chosen by Ohashi et 

al. [32]. The other angles corresponding to the change of the x and z axes and a rotation of 

180°, which will change the directions of the x and z axes, are also allowed solutions.   

Once the transformation of Eq. (5) is carried out with the correct value of Θ, the values 

for 099, 699, 8′′ in the matrix $:  can be used to determine the structural rotational constants 

0, 6, 8 from (3a-c). 

The direction cosines T between the internal rotor axes i1 and i2 and the inertial a and b 

axes are obtained using the equations (8c-d) of Ref. [32] together with TU�� + TU�� = 1, V =
1,2. We obtain 

TU�� = W,XW , TU�� = ,,XW  (8) 

with 

Y = Z��>U���>U�[� = Z6>U�0>U� [�. 
From equations (8c-d) of Ref. [32] it is clear that the signs of the direction cosines must be the 

same as the signs of the corresponding > values. The angles between the internal rotor axes 

and the principal axes of inertia are obtained then with ∠]^U, ℎ` = arccos TU� , ℎ = a, b, c. 

Once the direction cosines are determined, equations (8c-d) of Ref. [32] also enable us 

to obtain the moments of inertia of the internal rotors �U and the corresponding rotational 

constants �dU. 

�U = efghfihf , �dU = ihfghf 0.  (9) 

We also use the rotation matrix @ to transform the 14N quadrupole coupling tensor j obtained 

from the BELGI-Cs-2Tops-hyperfine fit to the coupling tensor jk which refers to the principal 

axes of inertia. 

jk = @j@Fl    (10) 
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with 

j =
%
&'

�(( �)( 0 0 0�)( �)) 0 0 00 0 �** 0 00 0 0 1 00 0 0 0 1-
./  amn     jk =

%
&'

��� ��� 0 0 0��� ��� 0 0 00 0 �		 0 00 0 0 1 00 0 0 0 1-
./. 

 

2.4. Symmetry considerations 

G18 is the appropriate molecular symmetry group for 45DMTA which has a frame with Cs 

point-group symmetry and two inequivalent methyl groups [36,37]. There are different 

notations to describe the symmetry species of this group. In the Ohashi-Hougen code written 

to fit the microwave spectrum of N-methylacetamide [32], as well as in the BELGI-Cs-2Tops-

hyperfine code, energy levels are labeled with A (=A1+A2), E1, E2, E3, and E4. Recently, 

another labeling scheme, for which the G18 group is written as the semi-direct product 

(8oe⊗8oe� ⨴ 8q, has been introduced for 3,4-dimethylanisole [38] and then applied for 2,4-

dimethylanisole [39]. Using this scheme, the torsional species can be labeled by the first part 

(σ1,σ2) of the full symmetry label given in Table 1 of Ref. [38]. We will also use the 

abbreviated notations (00), (10), (01), (12), and (11) for 45DMTA, where σ1 and σ2 represent 

the 5- and the 4-methyl groups, respectively. The notations A, E1, E2, E3, and E4 correspond to 

(00), (10), (01), (12), and (11), respectively. 

The seven protons and one nitrogen atom in 45DMTA result in 384 spin functions. 

The representation of the total nuclear spin function is Γns= 96 (00)·A' + 48 (10)·A + 48 

(01)·A + 24 (11)·A + 24 (12)·A. The selection rules for torsional components are (00)⋅A′ ↔ 

(00)⋅A′′, (10)·A ↔ (10)·A, (01)·A ↔ (01)·A with the spin statistical weight of 96 and (11)·A 

↔ (11)·A and (12)·A ↔ (12)·A with the spin weight of 48, showing that if only the spin 

statistical weight is considered, the intensity of the (11) and (12) torsional components are 

only half of that of the other species. 

 

3. Microwave spectrum 

3.1. Experimental setup 

The sample of 45DMTA was purchased from TCI Deutschland GmbH, Eschborn, Germany, 

with a stated purity of over 97% and used without further purification. The rotational spectra 

were measured using a COBRA-type pulsed molecular jet Fourier transform microwave 

spectrometer covering the frequency range from 2.0 to 26.5 GHz [40]. The sample was placed 
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on a piece of a pipe cleaner as carrier material, which was inserted in a stainless steel tube 

close to the nozzle. Helium at a pressure of approximately 200 kPa flowed over the sample 

and the resulting 45DMTA-helium mixture was expanded into the Fabry-Pérot cavity.  

To obtain the spectrum, the time domain signal was Fourier transformed. In our 

spectrometer, the supersonic jet and the resonator are coaxially aligned. Thus, each rotational 

transition is split into two components due to the Doppler effect. The rest frequency is 

calculated as the arithmetic mean of the frequencies of the Doppler components. The line 

widths are approximately 15-30 kHz for isolated lines. However, we observed additional 

splittings in the order of more than 10 kHz in many transitions, which are probably caused by 

spin-spin or spin-rotation coupling. Therefore, the estimated measurement accuracy is about 4 

kHz.  

 

3.2. Spectral analysis 

The dipole moment components predicted at the MP2/6-311++G(d,p) level of theory are 

0.01 D, 1.79 D, and 0.00 D in a-, b-, and c-direction, respectively. Because of the negligible 

components in a- in c-direction, we expect a pure b-type spectrum for 45DMTA. 

Preliminary predictions of the spectrum using a rigid-rotor Hamiltonian were based on 

the rotational constants calculated at the MP2/6-311++G(d,p) level of theory given in Table 

S-3 of the Supplementary Material. A broadband scan in the frequency range 9.00 − 

13.25 GHz was automatically recorded as overlapping spectra in steps of 0.25 MHz. It 

revealed a very dense spectrum, which made the assignment quite challenging. We searched 

first for the b-type J+10,J+1 ← J1,J, J+11,J+1 ← J0,J, and J+11,J ← J2,J−1 lines with J ranging 

from 2 to 4. The (00) torsional state of these transitions could be identified by trial and error, 

which allowed us to predict other (00) lines well. 

All rotational lines show hyperfine structures, as can be seen in Figure 5, due to the 

quadrupole coupling of the 14N nucleus. As a next step, this effect was taken into account. 

Using the NQCCs calculated in section 2.1.2, the hyperfine structures of the (00) torsional 

state were readily assigned. A fit using a rigid-rotor model with centrifugal distortion 

correction and first order approximation for the quadrupole coupling yielded molecular 

parameters with sufficient accuracy. 
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Figure 5: Typical spectra of the (11) torsional species of the 414 ← 303 transition of 45DMTA 

recorded at high resolution. The frequencies are in MHz. The quadrupole components are 

given by F’ ← F; the Doppler pairs are marked by brackets. Three spectra are illustrated and 

can be distinguished by different colors. For each spectrum, 50 decays were co-added. 

 

After excluding all (00) lines, an amount of approximately four times of the assigned 

lines remain in the broadband scan. They belong to the other torsional species arising from the 

internal rotations of the two methyl groups. The program XIAM [12] was used to predict the 

torsional splittings. The initial values of the angles between the internal rotor axes and the 

principal axes of inertia as well as the hindering potentials were taken from ab initio 

calculation at the MP2/6-311++G(d,p) level of theory, those of the rotational constants, the 

centrifugal distortion constants, and the NQCCs from the rigid-rotor fit. The (01) and (10) 

species were assigned after a lot of trial and error, and we were able to get a satisfactory fit 

including the (00), (01), and (10) torsional species with their hyperfine components. However, 

we failed to assigned any (11) and (12) species with the prediction using molecular 

parameters from this fit. 

In figure 6, a portion of the broadband spectrum with the 404 ← 313 and 414 ← 303 

rotational transitions is given as an example. It shows that the splitting between the (10), (11), 

and (12) torsional species is rather small for some transitions, resulting in a triplet pattern. 

This gave us a hint to identify the (11) and (12) lines. Using the fit in which the (00), (01), 

and (10) lines are included with sufficient accuracy, all lines belong to those species were 

marked in the broadband scan. The remaining lines belong to the triplet were then identified 

as (11) and (12) lines of the same rotational transition as (10) in the same triplet.  
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Figure 6: A portion of the spectrum of 45DMTA showing the five torsional components (00), 

(10), (01), (11), and (12) of the 404 ← 313 (in red) and 414 ← 303 (in blue) rotational 

transitions. Two other intense lines (in black) are marked with their torsional species and rigid 

rotor quantum numbers J, Ka, Kc. The lines are broadened or split because of the quadrupole 

coupling arising from the 14N nucleus. 

Despite the fact that we were successful to find some (11) and (12) lines within the 

broadband scan range, the molecular parameters obtain from the XIAM fit, where all five 

torsional species were included, did not yield satisfactory results at this stage. Therefore, we 

were not able to assign any further (11) and (12) lines out of the range of the broadband scan. 

To overcome this problem, the (10) species, corresponding to the σ = 1 state of the 5-methyl 

group with lower barrier, had to be excluded, and we performed two separated fits, one with 

the (00), (01), (11) and the other with the (00), (01), and (12) species. With the predictions 

from these two fits, we were able to extend considerably the assignment of the (11) and (12) 

torsional species. The hyperfine structure analysis of the (10), (01), (11), and (12) species was 

straightforward. The frequency list is available in Table S-4 in the Supplementary Material.  

As can be seen in the frequency list, there are some c-type perturbation allowed 

transitions and some transitions which are neither a-, b-, nor c-type. It is not a surprise 

because the quantum numbers Ka and Kc have no meaning for the symmetry of the rotational 

transitions apart from the (00) species. In all other species, the Ka, Kc quantum numbers just 

indicate the order of energy in analogy to the asymmetric top energy level. One interesting 

point is that though the value of the dipole moment in the a-direction is almost zero, we could 

still observe the (00) component of one a-type transition, 414 ← 313, with its hyperfine 

structure. 
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4. Results of the Fits 

A total of 315 rotational transitions with 1009 hyperfine components were assigned and fitted 

using the XIAM and the BELGI-Cs-2Tops-hyperfine codes, treating two methyl internal 

rotations and a weakly coupling quadrupole nucleus. While the XIAM fit gives a root-mean-

square (rms) deviation of 399.8 kHz, the BELGI-Cs-2Tops-hyperfine fit offers a satisfactory 

rms deviation of 4.2 kHz. The coverage of the data and the quality of the fits are shown in 

Table 1. The molecular parameters from the XIAM fit and the results from ab inito calculation 

at the MP2/6-311++G(d,p) level of theory are given in Table 2. For comparison, parameters 

from the BELGI-Cs-2Tops-hyperfine fit which have been transformed into the PAM system 

are also listed in Table 2. The BELGI-Cs-2Tops-hyperfine parameters in the quasi-PAM 

system are shown in Table 3. 

 

Table 1. Overview of the data set coverage and fit qualities for 45DMTA. 

Γa (σ1σ2) Nhf
b Nt

c rmsd Jmax
e Kmax

f 
A (00) 214 68 2.9 9 7 
E1 (10) 209 66 6.3 8 6 
E2 (01) 212 68 4.0 9 6 
E3 (12) 180 58 3.5 7 6 
E4 (11) 194 55 3.5 7 5 

XIAM fit  1009 315 399.8 9 7 
BELGI fit  1009 315   4.2 9 7 

a Symmetry species of the lines in each row. 
b Number of hyperfine components in the torsional data group. 
c Number of torsional components in each data group. 
d Root-mean-square deviation of each data group in kHz. 
e Largest J and Ka values in each data group. 

 
 

Using XIAM, the rotational constants, the centrifugal distortion constants, and the 

nuclear quadrupole coupling constants can be obtained. The internal rotation parameters 

which are the V3 hindering potentials, the angles between the internal rotation axes and the 

principal a-axis, the higher order parameters Dpi2K, Dpi2J and Dpi2− (for definition, see Ref. 

[41]) were also determined from the fit. A fit without any top-top coupling parameters was 

performed first, where the rms deviation was about 4.2 MHz. Since the 2D-PES, given in 

section 2.1.3, indicated possible couplings between the two methyl groups, we attempted to 

reduce the rms deviation by including the top-top coupling parameter Vcc, multiplying the 
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cosine terms of the two tops. The rms decreases by approximately 10 times to 399.8 kHz. 

However, the parameters are highly correlated. All attempts to reduce the rms deviation by 

fitting another top-top coupling parameter including the sine terms, Vss, were not successful. 

We note that the sign of DJ should be positive, which is confirmed by the results of the 

BELGI fit given in Tables 2 and 3. The negative value obtained with XIAM might arise from 

the large rms deviation. Consequently, the deduced centrifugal distortion constants are not 

physically meaningful. The DJ constant is contaminated by the internal rotation effects which 

are insufficiently described with XIAM and becomes an effective parameter which no longer 

presents the effect of centrifugal distortion. Furthermore, because only transitions in the 

ground torsional state are included, there are strong correlations between the V3 potentials and 

�U. Therefore, the �U values of both methyl groups were fixed to the calculated values, which 

correspond to �dU values of 160 GHz.  

 

Table 2. Molecular parameters of 45DMTA referred to the inertial principal axis system 

(PAM) obtained by the programs XIAM and BELGI-Cs-2Tops-hyperfine as well as from ab 

initio calculation at the MP2/6-311++G(d,p) level of theory . 

 

Parametera Unit XIAM BELGI ab initiob 

A GHz 3.187379(11) 3.10317(73) 3.177 
B GHz 2.457116(11) 2.462464(91) 2.448 
C GHz 1.4116299(57) 1.41137155(90) 1.407 
DJ kHz –0.348(83) 0.0953(27) 0.1220 
DJK kHz 2.52(29)  0.4159 
DK kHz –2.01(37)  -0.1047 
d1 kHz 0.093(40)  -0.04370 
d2 kHz –0.094(16)  -0.002793 
V3,1 cm−1 61.697(19) 71.007(38) 27.2 
ρ1 unitless 0.015900c 0.015744(11) 0.0154618 
F0,1

 GHz 160d 161.3(12) 160 
F1 GHz 162.580c 161.2419d 162.9108 
∠(i1,a) ° 108.9544(7) 109.149(24) 106.98 

∠(i1,b) ° 18.9544(7) 19.149(24) 16.98 

∠(i1,c) ° 90e 90e 89.98 
Dpi2J,1 kHz 63.7(25)   
Dpi2K,1 MHz –0.5882(46)   
Dpi2−,1 kHz 140.7(19)   
V3,2 cm−1 126.543(13) 131.524(69) 64.3 
ρ2 unitless 0.019891c 0.018990(23) 0.0194656 
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F0,2 GHz 160d 163.23(21) 160 
F2 GHz 163.251c 160.7439d 163.089986 
∠(i2,a) ° 175.0838(40) 175.661(13) 176.64 

∠(i2,b) ° 94.9162(40) 94.339(13) 93.36 

∠(i2,c) ° 90e 90e 89.99 
Dpi2J,2 kHz 45.3(57)   
Dpi2K,2 MHz –0.671(11)   
Dpi2−,2 kHz 90.2(42)   
F12 GHz 0.8630c 0.0433(99) 0.88 
 cm−1 0.0288c 0.00145(33)  0.0294 
Vcc cm−1 –4.765(12) –5.294(12) 5.5 
Vss cm-1  –13.14(20)  
χaa MHz 0.55(12) 0.5401(13) 0.8070 

χ−
f MHz –5.71(16) –5.6659(29) −5.6724 

χab MHz –2.04(23) –2.2358(24) −2.1512 
rmsg kHz 399.8 4.2  
Nh  1009 1009  

a All parameters refer to the principal axis system. Watson’s S reduction and Ir representation was used. b Centrifugal 

distortion constants obtained by anharmonic frequency calculation at the MP2/6-311++G(d,p) level of theory. The rotational 

constants of the vibrational ground state are A = 3.161 GHz, B = 2.432 GHz, and C = 1.399 GHz. NQCC values obtained at 

the B3PW91/6-311+(d,p)//MP2/6-311++G(d,p) level. c Derived parameters. d Fixed parameter. e Fixed due to symmetry.  f χ− 

= χbb − χcc. g Root-mean-square deviation of the fit. h Number of hyperfine components.  

 

Using the same data set the BELGI-Cs-2Tops-hyperfine code floated 37 parameters, 

which are the three rotational constants A, B, C, five quartic centrifugal distortion constants, 

the NQCCs χaa, χbb, and χab in Eq. (1), the r1 and r2 parameters multiplying the off-diagonal 

�)+� and �)+, terms, respectively, the potential barrier heights for each top V31 and V32, the 

rotation-torsion coupling term q1 and q2 (which are related to the ρ1 and ρ2 constants). Fifteen 

higher order terms were also determined representing the rotation-torsion interaction beyond 

the rigid top-rigid frame model, and finally five terms corresponding to the top-top interaction 

(V12cc, V12ss, F12, B12, r12P). At the beginning, we also tried to fit the two reduced internal 

rotational constants F1 and F2, but the rms deviation of the fit did not significantly decrease 

and the parameters were highly correlated, as it is often the case when the data set only 

contains transitions from the ground torsional state. The F1 and F2 parameters were then fixed 

to values obtained when they were floated. We note that �U = rshth  with 7U = 1 − �U uihf4
ef +

ihv4
ev w. The rms deviation of the BELGI-Cs-2Tops-hyperfine fit is 4.2 kHz, which is almost the 

measurement accuracy.  
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Table 3. Molecular parameters of 45DMTA referred to the quasi-PAM axis system obtained 

by the program BELGI-Cs-2Tops-hyperfine. 

 

Operatora Par.b Programc Unit Valued 

�(� A OA GHz 3.16755(72)  �)� B B GHz 2.496028(75)  �*� C C GHz 1.41137155(90) −�x ∆J DJ kHz 0.0953(27) −���(� ∆JK DJK kHz 1.047(32) −�(x ∆K DK kHz –5.051(46) −2��]�)� − �*�` δJ ODELN kHz 0.0322(13) 

−y�(�, ]�)� − �*�`z δK ODELK kHz 0.2172(38) (1/2�(1 − c{|},� V3,1 V31 cm-1 71.007(38) (1/2�(1 − c{|},�~�(, �)� V3,1AB V31AB MHz  –14.558 (77)             +,� f1 F1 GHz 161.2419e +,��� f1J F1J MHz –1.1211(54) �(+, q1 Q1 GHz 2.1144(21) �(o+, q1K Q1K MHz –0.03949(20) �)+, r1 R1 GHz –4.6166(36) 
(1/2)~�(�, �)�+, r1K R1K MHz 0.02734(23) +,��)� B1 B1 MHz 0.830(23) +,��*� C1 C1 MHz 0.9544(55) (1/2�(1 − c{|}�� V3,2 V32 cm-1 131.524(69) (1/2�(1 − c{|}�� �� V3,2J V32J MHz –4.956 (77) (1/2�(1 − c{|}�� �(� V3,2K V32K MHz 198.6(14) (1/2�(1 − c{|}��~�(, �)� V3,2AB V32AB MHz 5.10(25) (1/2�(1 − c{|}��]�)� − �*�` V3,2BC V32BC MHz –6.423(76) +�� f2 

e F2 GHz 160.7439 +���(� f2K F2K MHz 8.299(66) �(+� q2 Q2 GHz 6.0878(75) �(o+� q2K Q2K MHz 0.4181(32) �)+� r2 R2 GHz 0.46744(72) (1/2�~�(�, �)�+� r2K R2K MHz 0.2741(28) +���)� B2 B2 MHz –0.3179(92) +�����(� ∆2JK DEL2JK kHz –0.278(11) |^m3},|^m3}� V12S V12S cm-1 –13.14(20) 
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(1 − c{|3},�(1 − c{|3}�� V12C V12C cm-1 –5.294(12) +,+� f12
f F12 cm-1 0.00289(66) +,+�(+, + +���) r12P R12P MHz –4.666(74) +,+��)� B12 B12 MHz –0.0700(47) 

 2χaa
 g XAA MHz 0.6137(13)  

 2χbb
 g XBB MHz –3.1766(13)  

 2χab
 g XAB MHz –2.1716(24)   

 rmsh  kHz 4.2 
 Ni   1009 

a Operator which the parameter multiplies in the program. α1 and α2 correspond to the 5- and the 4-methyl groups, 
respectively. {u, v} is the anti-commutator uv + vu. 
b Notation of Eq. (6) and Table 3 of Ref. [32], except for A, B, and C, where the prime was removed. 
c Notation used in the program input and output. 
d Value of the parameter obtained from the final least-squares fit, with one standard uncertainty given in parentheses. 
e Fixed to values obtained in a previous fit. 
f Note that �,� = 34�,�, as given in Eq. (6). 
g Hyperfine energies were calculated using Eq. (1) of Refs. [30,34] 
h Root-mean-square deviation of the fit. 
i Number of hyperfine components.  
 

 

5. Discussion 

5.1. Quality of the fits 

The fit given as Fit XIAM in Table 2 has an rms deviation of 399.8 kHz, which is 100 times 

the estimated measurement accuracy of 4.0 kHz. This can be explained by the relatively low 

hindering potentials of both methyl groups and the rather significant coupling between the 

two tops. Similar deviations have been found in many one-top problems with similar barrier 

heights treated by the program XIAM, i.a. ethyl acetate (101.606(23) cm−1, 85.3 kHz) [42], 

allyl acetate (98.093(12) cm−1, 54.0 kHz) [43], and vinyl acetate (151.492(34) cm−1, 92.3 

kHz) [44]. If top-top coupling is present, as in the case of pinacolone, the rms deviation 

determined by XIAM is even worse (121.532(57) cm−1, 1155.8 kHz) [45].  

We notice that the rms value can be reduced from 399.8 kHz to about 350 kHz by 

fitting F12. However, this rms value is still not comparable to the measurement accuracy. 

Thus, we decided to keep this parameter as a derived parameter rather than floating it in the 

XIAM fit since it is correlated with other parameters in the fit. The XIAM fit presented in 

Table 2 follows a model considering two molecular subunits (the top and the frame) with 

fixed geometries and fixed dihedral angles describing the orientation of these subunits within 

the molecule. Indeed, very few higher order terms in XIAM allow for distortion from this rigid 

frame-rigid top model. Therefore, the value of F12 derived from the XIAM fit fairly matches 

the one calculated at the MP2/6-311++G(d,p) level of theory which also corresponds to a 
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rigid frame-rigid top model. On the other hand the F12 value obtained by BELGI-Cs-2Tops-

hyperfine is 20 times smaller than the value from the XIAM fit (see Table 2). This is probably 

due to the different approach used in the BELGI-2Tops-hyperfine code, where f12 is an 

effective parameter with a different meaning compared to that from the rigid top-rigid rotor 

model. Fifteen higher order terms have to be used in the BELGI-Cs-2Tops-hyperfine code in 

order to achieve the measurement accuracy. Those higher order terms allow for various 

distortion and Coriolis effects.   

5.2. Geometry parameters 

The rotational constants obtained from the XIAM fit differ from the values calculated at the 

MP2/6-311++G(d,p) level of theory by –0.33% for A, –0.37% for B, and –0.33% for C (with 

respect to the XIAM values). This result matches well with our expectation for the level of 

theory in use. Since the rotational constants from the XIAM fit are deduced from the 

vibrational ground state and the results obtained from the ab initio calculations refer to the 

molecular equilibrium values, they are not directly comparable. The rotational constants in the 

vibrational ground state obtained from anharmonic frequency calculations given in the 

footnote of Table 2 are not in better agreement with the experimental values with deviations 

of –0.82% for A, –1.02 % for B and –0.89% for C.  In general, the rotational constants are 

predicted well with various combinations of method and basis set (see Table S-3 in the 

Supplementary Material). The MP2/6-311++G(d,p) level of theory yielded good results for 

45DMTA and is therefore recommended for substituted thiazoles. Results from calculations 

using the more cost-efficient Truhlar’s method or B3LYP method are also satisfactory. 

While the B and C constants determined from XIAM and BELGI-Cs-2Tops-hyperfine 

are essentially similar with deviation of only 0.22% and −0.02%, respectively, the A 

rotational constants differ by −2.64% (with respect to the XIAM values). Due to symmetry, the 

C constant should be the same in XIAM and BELGI-Cs-2Tops-hyperfine. The small deviation 

of −0.02% for the C constant can be explained by the contamination from higher order terms. 

The significant difference on the A rotational constant between the XIAM and the BELGI-

family codes has been frequently observed in previous work [17,46,47]. The centrifugal 

distortion constants are not well-determined in the XIAM fit (probably because of the 

limitation on the maximum J and K values accessible in our experiments and the large rms 

deviation of the fit) and those from BELGI-Cs-2Tops-hyperfine in the quasi-PAM system are 

not comparable with the values calculated using anharmonic frequency calculations.  
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The conjugated π electron system in thiazoles and oxazoles causes the planarity of the 

molecules, which is directly associated with the aromaticity. In the cases of thiazole and 

oxazole, the inertial defect Δc = Ic – Ia – Ib is almost zero with a value of 0.074 [3] and 0.056 

uÅ2 [48], respectively, where Ia, Ib, Ic are the principal moments of inertia. In the cases of 

mono-methyl substituted derivatives, we obtained inertial defects close to 3.2 uÅ2 caused by 

two out-of-plane hydrogen atoms, which are, e.g., –3.059, –3.092, and –3.077 uÅ2 for n-

methylthiazole (n = 2 (1), 4 (2), 5 (3), respectively, for molecule numbering see Figure 1) [4-

6] as well as –3.127, –3.100, and –3.121 uÅ2 for n-methyloxazole (n = 2 (5), 4 (6), 5 (7), 

respectively) [7,8]. In 45DMTA, there are two methyl substitutions with two pairs of out-of-

plane hydrogen atoms, leading to an inertial defect of 6.4 uÅ2. This is similar to the values of 

–6.275, –6.280, –6.469, and –6.508 uÅ2 found for 2,5-dimethylthiophene [10], 2,5-

dimethylfuran [11], and trans and cis-2-acetyl-5-methylfuran [26], respectively, which are 

also aromatic five-membered rings possessing two methyl groups. 

 

5.3. 14N nuclear quadrupole coupling constants 

The experimentally deduced 14N NQCCs from both XIAM and BELGI fits are in very good 

agreement. Calculated values obtained using the combination B3PW91/6-

311+G(d,p)//MP2/6-311++G(d,p) recommended for formamides possessing conjugated π-

electron systems [23] are sufficiently accurate for the assignment. This combination also 

yielded satisfactory results for some other aromatic rings such as benzonitrile [49] and 2-

methylpyrrole [50]. However, in this particular case of 45DMTA, values from calculations 

using the traditional combination B3PW91/6-311+G(df,pd)//MP2/6-311++G(d,p), which 

performs better for aliphatic formamides, are slightly closer to the experimental values. 

In thiazole, monomethyl thiazoles, and 45DMTA, the principal c-axis is perpendicular 

to the ring plane. Therefore, it is collinear with one principal axis of the coupling tensor, 

enabling direct comparison of the χcc components. A summary of the 14N coupling constants 

χcc is also presented in Figure 1. The value of 2.41 MHz found for thiazole (1) [3] is 

essentially the same as that of 2.390 MHz for 2-methylthiazole (2) [4], indicating that 

methylation effect on χcc can be almost neglected (for molecule numbering see Figure 1). 

Comparison of the χcc value for different nitrogen containing heterocycles and their mono-

methyl derivatives confirms this conclusion [50]. Surprisingly, in 4- (3) and 5-methylthiazole 

(4), the value of χcc increases significantly to 2.539 and 2.711 MHz, respectively. The χcc 

value found in 45DMTA (5) lies in between the values of χcc in 4-methylthiazole (3) and 5-
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methylthiazole (4). Obviously, the +I effect of methyl groups [51] play a significant role for 

the π electron distribution within the ring, which also contributes to the unexpected low 

barriers to internal rotation of the methyl groups and the different electronic surrounding of 

the nitrogen nucleus. This might also explain the better performance of the B3PW91/6-

311+G(df,pd)//MP2/6-311++G(d,p) over the B3PW91/6-311+G(d,p)//MP2/6-311++G(d,p) 

combination. 

 

5.4. Methyl torsional barriers 

As can be seen in Figure 1, the barriers to internal rotation of 357.55(14) cm−1 and 332.02(81) 

cm−1 found for the methyl groups in 4- (3) [5] and 5- methylthiazol (4) [6], respectively, are 

very similar. In the case of 45DMTA (5), we expected higher values of this parameter due to 

sterical hindrance, as previously observed in aromatic six-membered rings such as 3,4-

dimethylbenzaldehyde [18], 3,4-dimethylanisole [38], and o-xylene [52] (about 500 cm−1 in 

all cases). Surprisingly, the experimentally deduced barrier height decreases drastically to 

61.697(19) cm−1 for the 5-methyl and 126.543(13) cm−1 for the 4-methyl group. A similar 

situation has been observed in 2,3-dimethylanisole [53], where the barrier height of the o-

methyl group featuring the highest sterical hindrance is only about 27 cm−1, while the value 

for its neighboring m-methyl group is 518.7(12) cm−1. In a work on methyl substituted 

naphthalenes, Schnitzler et al. reported that the barrier of the methyl internal rotation in 1-

methylnaphthalene is so high, that the torsional splittings are not resolvable in the spectrum 

[54]. This usually corresponds to a value of approximately 1000 cm−1 or higher value of the 

barrier to internal rotation. If a methyl group is added in the close proximity, as in the case of 

1,2-dimethylnaphthalene, the barrier height of the 1-methyl group decreases remarkably to 

306.96(25) cm−1, while the value of the 2-methyl group increases from 227.12(42) cm−1 

(found for 2-methylnaphthalene) to 437.95(75) cm−1 [54]. We believe that the low torsional 

barriers observed for the two methyl groups of 45DMTA as well as for the 1-methyl group of 

1,2-dimethylnaphthalene can be explained similarly as for the o-methyl group of 2,3-

dimethylanisole. Following the atom numbering in Figure 2, and assuming that the electronic 

environment of the C5 atom and its methyl group would be exactly the same as the one around 

the N3 atom, the local frame symmetry of the 4-methyl group would be C2v and therefore, the 

leading term in the expansion of the potential function would no longer be V3 but V6. In 

reality, the C5 atom and its methyl group have a different electronic environment compared to 



26 
 

the N3 atom. Thus, the frame symmetry is slightly out-of-balance, resulting in a small V3 

contribution.  

The same explanation can also be applied for the 5-methyl group. The higher barrier 

found for the 4-methyl group compared to that of the 5-methyl group, can be due to the fact 

that the electronic surrounding for one carbon atom with an attached methyl group is more 

similar to that for a sulfur atom than that for a nitrogen atom.  The closer one is to a C2v 

symmetry, the lower the barrier will be. 

Quantum chemical calculations at all levels of theory in use result in a V3 potential 

barrier lower for the 5-methyl group than for the 4-methyl group (see Figure 3). This is in 

agreement with the experimental results. However, the value of this parameter for each top 

varies strongly depending on the level of theory (for the 4-methyl group between 16 and 

272 cm−1 and for the 5-methyl group between 24 and 174 cm−1). Currently, attempts to find a 

level of theory which yields sufficiently accurate V3 potential value to satisfy the experimental 

data are still not successful, and predicting the barriers to internal rotation remains a difficult 

task. 

 The V6 contribution in the potential barrier of the 5-methyl group could not be 

determined with the current data set. Therefore, the significant contribution of over 50% 

found in calculations at the MP2/6-311++G(d,p) level cannot be validated experimentally.  

While the barrier to internal rotation of 126.543(13) cm−1 of the 4-methyl group 

deduced from the XIAM fit is in agreement with the value of 131.524(69) cm−1 from BELGI-

2Tops-Cs-hyperfine, the value of the 5-methyl group differs by approximately 10 cm−1 (see 

Table 2). The differences might be caused by effects absorbed into the torsional barriers 

which are accounted for by the high order parameters fitted in BELGI-Cs-2Tops-hyperfine but 

not treated in XIAM.  

5.5. Top-top coupling 

The value of the top-top potential coupling constant V12c, multiplying the (1 − cos 3α1)(1 − 

cos 3α2) operator, is −4.765(12) cm-1 and −5.294(12) cm−1 in the XIAM and BELGI-Cs-2Tops-

hyperfine fits respectively, i.e. about 7 % of the V3,1 potential barrier height for the 5-methyl 

group and close to the value of −3.5 cm−1 found for methyl acetate [19]. The value found for 

the closely related constant V12s, multiplying sin 3α1⋅sin 3α2, is −13.14(20) cm−1, larger than 

that of V12c.  



27 
 

The value and sign of V12c obtained from the XIAM fit agrees well with those of the 

BELGI fit, while V12s cannot be determined by XIAM. Table 2 and 3 show that the effects 

associated with this top-top torsional mode coupling near the equilibrium configuration are 

actually larger in 45DMTA than in methyl acetate [19], since the difference |V3,1 − V3,2| is 

about 61.5 cm-1, while V12s is only about −13 cm−1
.  

 

6. Conclusion 

The microwave spectrum of 45DMTA with five torsional species and 14N quadrupole 

hyperfine splittings were recorded under molecular jet conditions and successfully assigned 

assisted by quantum chemistry. In total, 97 rotational transitions with 315 torsional and 1009 

quadrupole hyperfine components were identified and highly accurate molecular parameters 

were determined using the programs XIAM und BELGI-CS-2Tops-hyperfine. While the fitting 

procedure was a challenge for XIAM, BELGI-CS-2Tops-hyperfine could reduce the rms 

deviation by a factor of approximately 100 times down to 4.2 kHz, a value close to the 

measurement accuracy. In contrast to the intermediate barriers found for the respective 

monomethyl derivatives (357.6 cm−1 for 4-methylthiazole and 332.0 cm−1 for 5-

methylthiazole) and in spite of steric hindrance, the torsional barriers of both methyl groups in 

45DMTA are low (126.543(13) cm−1 for the 4-methyl group and 61.697(19) cm−1 for the 5-

methyl group). This is most probably due to potential coupling between the two methyl 

groups arising from motions with an anti-geared character. Methylation at the fourth and/or 

fifth position(s) significantly influence(s) the π electron distribution within the ring, resulting 

in different electronic surroundings for the nitrogen nucleus and higher values of the χcc 

component of the quadrupole tensor. 
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