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Abstract: The microwave spectrum of 2-methylthiophene was recorded in a frequency range from 2
to 26.5 GHz using a molecular-jet Fourier transform microwave spectrometer with a Fabry-Pérot type
resonator chamber and coaxial arrangement of the resonator and the molecular beam. Measuring and
assigning spectra of the 34S and 13C isotopologues allowed the determination of the semiexperimental
equilibrium structure (rgE). Comparing the structure to that of thiophene revealed a decrease in
the Z(5—C2—-C3) angle from 111.595(6)° to 111.37(1)° by addition of the methyl group to the C(2)
position, as well as an increase in the S—C2 bond length from 1.7102(1) At01.72192) A. A-E splittings
from internal rotation of the methyl group were observed, and the V3 potential in the vibrational
ground state was determined to be 197.7324(18) cm 1. The V3 value and the rotational constants
check for A, B, C were calculated with a large number of different methods and basis sets for benchmarking
updates purposes by comparing them to the fitted parameters. The V3 value was also compared to those of
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other thiophene and furan derivatives to gain a better understanding of the steric and electrostatic
effects in these classes of compounds.
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1. Introduction
Academic Editor: Jesus Anzano

Thiophene was discovered in 1882 by Meyer in the indophenine test of a decarboxyla-

Received: 31 March 2023 tion reaction. In articles concerning benzene of different origins, he proposed thiophene as
Revised: 28 April 2023 a more reactive agent to act as the reacting compound [1]. Henceforth, thiophene became
Accepted: 19 May 2023 an interesting chemical for numerous organic syntheses. Similar to its analogous five-
Published: 30 May 2023 membered ring compounds on the base of furan and pyrrole, it serves as building block

for a variety of biological processes and complex chemical reactions [2—4]. An important
thiophene derivative, 2-methylthiophene (2MTP), is a base, an intermediate, or a side prod-
= uct of various reaction chains. As a side product of aquathermolysis [5], 2MTP continues
to react to 2,5-dimethylthiophene, which has applications as a ligand in complexes with
noble metals [6]. The photolytic reactions of 2MTP in the presence of TiO; as a catalyst for
either oxidizing the monomer or engaging 2MTP in a chain reaction form poly-2MTP [7].
The chemical and biological applications associated with this scaffold make the structure of
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transition frequencies, and they are linked directly to the atomic mass distribution in the
molecule. In an early investigation, the microwave spectrum of 2MTP in the torsional
ground state was measured by Pozdeev et al., where the rotational constants, dipole
moment components, and V3 potential barrier of 555 cal/mol (194.1 cm™1) hindering the
methyl internal rotation were determined from a small number of low-J transitions [8]. A
few years later, the authors also reported some frequencies assigned to the first torsional
excited state of the A torsional symmetry, which were fitted using perturbation terms
included in an effective Hamiltonian model to yield a V3 value of 209.7 cm~!. Introducing
a Vi term in the model led to a V3/V ratio of 208.9 cm~1/1.5 cm™! [9]. A later work
by Tanabe et al. re-examined the molecule using gas electron diffraction combined with
microwave data from Pozdeev et al., focusing on structure determination [10]. To accurately
determine the molecular structure and methyl internal rotation parameters of 2MTP, in the
present study, we applied a state-of-the-art molecular jet Fourier-transform microwave (M]-
FTMW) spectroscopy technique combined with modern quantum chemical calculations.
This theory—experiment joint-venture has become the method of choice to investigate many
small molecular systems similar to 2MTP [11-15]. The high sensitivity and resolution of
the experimental setup also enabled the observation of the 3*S and '3C isotopologues in
natural abundance, allowing the determination of the structure of 2MTP in the gas phase
for the heavy atom backbone.

The structure determination of 2MTP is challenging because the methyl internal
rotation with a relatively low torsional barrier leads to splittings of all rotational transitions
into A-E doublets. The Hamiltonian model needs to consider these splittings. As a
consequence, the rotational constants required for structure determination are strongly
perturbed. A simple method to solve this problem and determine unperturbed rotational
constants was proposed for molecules containing methyl internal rotation in Ref. [16], as
successfully applied for 2-acetylfuran [17] and 2-acetylthiophene [18]. We will also use this
method to determine the structure of 2MTP. As not many methylthiophene derivatives
have been investigated, the experimental and theoretical results regarding 2MTP will serve
as benchmarks for further research in this molecular class. The barrier to methyl internal
rotation has been compared with those of other thiophene derivatives in Ref. [19] and will
be discussed in more detail here.

2. Quantum Chemical Calculations
2.1. Geometry Optimizations

Quantum chemical calculations were first carried out with the Gaussian 16 suite of
programs [20] to optimize the geometry of 2MTP and determine relevant geometry param-
eters, especially the rotational constants. A series of calculations with different methods
and basis sets were employed for benchmarking purposes, including the ab initio MP2 [21]
and coupled cluster methods (including single and double excitations [22] augmented with
a perturbational estimate of the effects of connected triple excitations [23]). Calculations
with density functional theory (DFT) employed the Becke’s three-parameter exchange
functional with the Lee-Yang-Parr fit for the correlation functional (B3LYP) [24,25] and the
Becke’s three-parameter exchange functional with Perdew and Wang'’s gradient-correlated
correlation functional (B3PW91) [24-26]. Additionally, the M06-2X [27], wB97X-D [28],
MN15 [29], and PBE [30] functionals were used. For all functionals where dispersion correc-
tions are not included, calculations were carried out with Grimme’s dispersion correction
(D3) [31], with or without Becke-John damping (D3BJ) [32], and partly with the Coulomb-
attenuation method (CAM-B3LYP) [33]. Various basis sets of different resource intensity
were associated with the methods. The Pople basis sets [34] allow for fast calculations
with either primitive functions (6-31G, 6-311G), with or without diffuse functions (+ or
++) but always with polarization functions (d,p), (df,pd), (2d,2p), (2df,2pd), (3df,3pd). The
Dunning basis sets [35] were used in their regular (cc-pVDZ, cc-pVTZ) and augmented
form (aug-cc-pVDZ, aug-cc-pVTZ) [36].
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For all calculations, bond lengths and angles were allowed to relax and converged into
the minimum shown in Figure 1 with an anti-orientation between the in-plane hydrogen atom
and the sulfur atom, confirming the planarity as a result of the delocalized 7-electrons of the
aromatic ring. The syn-configuration is a transition state. The nuclear coordinates obtained
from calculations at the MP2/6-311++G(d,p) level of theory (with very tight converging
criteria) are listed in Table S1 in the Supporting Information. A complete list of the predicted
rotational constants across all aforementioned levels of theory can be found in Table S2.

Figure 1. Geometry of 2MTP in the principal axis system optimized at the MP2/6-311++G(d,p) level
of theory, including atomic labeling. H(10) lies behind H(11). The hydrogen atoms are in light gray,
the carbon atoms are in dark gray, and the sulfur atom is yellow.

For a precise molecular structure determination, we calculated the ab initio Born-
Oppenheimer (BO) equilibrium structure r5€ using the CCSD(T) method, two basis sets
(correlation-consistent polarized weighted core-valence triple zeta (cc-pwCVTZ), and
quadruple zeta (cc-pwCVQZ) [37]). All electrons were correlated (ae). The CCSD(T)
calculations were performed with Molpro [38,39]. The results are given in Table 1.

Table 1. Optimized structures of 2MTP (distances in A, angles in degree).

Fe @ /SED 1SE € 7SEd SEe re f
cc-pwCVTZ cc-pwCVQZ I I I v
C5-5 1.7189 1.7146 1.7135(3) 1.7137(4) 1.7139(4) 1.721(77) 1.7314(79)
C4-C5 1.3653 1.3640 1.3633(5) 1.3637(1) 1.3628(6) 1.3676(75) 1.3654(75)
C3-C4 1.4264 1.4246 1.4268(7) 1.4242(2) 1.4267(7) 1.428(30) 1.428(35)
C2-C3 1.3677 1.3666 1.3651(5) 1.3654(75) 1.3676(75)
C2-S 1.7272 1.7225 1.7219(1) 1.7215(5) 1.7221(2) 1.7253(67) 1.7158(70)
C2-C9 1.4969 1.4953 1.49434(6) 1.4950(1) 1.49434(6) 1.5083(22) 1.5108(22)
C9-H, 1.0904 1.0896 1.090(1) 1.08942(8) 1.089(1)
C9-Hs 1.0891 1.0883 1.089(2) 1.08817(7) 1.089(2)
C5-Hé6 1.0770 1.0765 1.078(2) 1.07634(5) 1.077(2)
C4-H7 1.0796 1.0790 1.081(2) 1.07882(6) 1.081(2)
C3-H8 1.0807 1.0801 1.081(2) 1.07992(6) 1.081(2)
S-C5-C4 111.449 111.377 111.37(1) 111.362(7) 111.39(2) 111.32(22) 111.24(22)
C3-C4-C5 112.349 112.348 112.354(7) 112.34788(5) 112.359(8) 112.36(25) 112.57(30)
C2-5-C3 92.364 92.516 92.55(1) 92.55(1) 92.52(3) 92.66(27) 91.64(27)
S-C2-C9 121.316 121.358 121.303(8) 121.367(4) 121.298(8) 121.63(67) 121.75(57)
H,—C9-C2 111.593 111.574 111.6(1) 111.570(2) 111.6(1)
Hs-C9-C2 109.498 109.490 109.4(3) 109.4883(8) 109.42(2)
H6-C5-S 120.361 120.346 120.6(3) 120.343(1) 120.6(3)
H7-C4-C5 123.468 123.444 123.5(2) 123.439(2) 123.5(2)
H8-C3-C4 124.087 124.122 123.5(2) 124.129(3) 123.6(3)
H,—C9-C2-S 60.353 60.350 60.1(1) 60.3495(2) 60.2(1)

a Both basis sets are combined with the CCSD(T)_ae method. P Using the CCSD(T)_ae/cc-pwCVQZ values as
predicates. The errors are with 1o uncertainties. ¢ Extrapolation of the CCSD(T) structure using the semiexperimental
rotational constants. ¢ Using the extrapolated structure as predicates. © Using Kraitchman'’s equations [40] with exper-
imental ground state rotational constants corrected with only cubic force field obtained at the MP2/6-311++G(d,p)
level of theory. Errors are estimated with Costain’s rule [41]. f Substitution structure using Kraitchman’s equations
with experimental ground state rotational constants without any correction.
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The cc-pwCVTZ basis set was used to check the convergence. The largest differences
for the bond lengths are for the S-C bonds (0.0043 A for S—C5 and 0.0048 A for S-C2). This
is compatible with the results of thiophene, c-C4H,S, where the enlargement of the basis
set from cc-pwCVTZ to cc-pwCVQZ at the CCSD(T) level of theory leads to a shortening
of the S-C bond of 0.0045 A [18]. For the other bond lengths, the shortening is less than
0.002 A. For the bond angles, the largest difference is only 0.15° for the /(C2—S—C3)
angle. Furthermore, in the case of thiophene, the CCSD(T)_ae/cc-pwCVQZ structure
is in almost perfect agreement with both the best semiexperimental structure and the
best theoretical estimate, with the only significant difference being for the Z(S—C2—H)
angle [18]. The small discrepancy for the Z(S—C2—H) angle can be easily explained by the
fact that the Cartesian coordinates of C(2) and H are small. In such a case, the theoretical
value is expected to be more accurate [42]. These results confirm the stated accuracy for the
CCSD(T)_ae/cc-pwCVQZ structure.

2.2. Methyl Internal Rotation

2MTP has a methyl group next to the sulfur hetero-atom undergoing internal rotation.
The potential energy curve of the methyl torsion was modeled by altering the dihedral angle
a = Z(C3-C2-C9-H12) and calculating the energy, while all other geometry parameters
were optimized at the MP2/6-311++G(d,p) and B3LYP-D3BJ/6-311++G(d,p) levels. Taking
advantage of the C3 symmetry of the methyl group, & was only varied in 14 steps of 10°
to model a full methyl rotation. The obtained energy values were parameterized with a
Fourier expansion and drawn as a contour plot, which is shown in Figure 2. The Fourier
coefficients are in Table S3 of the Supporting Information. The V3 term is 183.02 cm ™! in
the MP2 and 236.31 cm ™! in the B3LYP-D3B]J calculation. Subsequently, we applied all
levels of theory used for benchmarking the geometry of 2MTP mentioned in Section 2.1. to
calculate the methyl torsional barrier. The results are also given in Table S2.
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Figure 2. Potential energy curves of 2MTP by varying the dihedral angle « = Z(C3-C2-C9-H12) in
steps of 10° while other geometry parameters were optimized at the MP2/6-311++G(d,p) (blue curve)
and B3LYP-D3BJ/6-311++G(d,p) (black curve) levels of theory. Energies are given relative to the
energy minimum (Eypp = —591.2452610 Hartree, Egsryp = —592.4225408 Hartree).

3. Microwave Spectroscopy

The microwave spectra of 2MTP were measured using a MJ-FTMW spectrometer with
a Fabry-Pérot type resonator vacuum chamber, operating from 2 to 26.5 GHz with an
experimental resolution of 2 kHz [43]. The substance was purchased from Sigma-Aldrich
with a purity of >98% and was used as received. A pipe cleaner for use as a reservoir was
loaded with the sample and placed upstream of the pulsed nozzle. Helium was streamed
over the reservoir held at a pressure of 1.8 bar, and the 2MTP-helium gas mixture was
expanded into the vacuum chamber at a pressure of 10~ mbar, cooling the molecules down
to about 2 K rotational temperature. The A and E transitions from Pozdeev et al. [8] were
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first remeasured and fitted using the XIAM program [44]. Note that the frequency of the
271 + 149 E-species transition was misinterpreted in Ref. [8]. We then used the molecular
parameters obtained from this fit to predict and measure further lines in the frequency
range of the spectrometer without recording survey scans. The measured branches were
]+10J+1 — ]0,]/ ]+11J+1 — ]1,], and ]+11J — ]1,],1 for the a—type transitions, with K; < 2 and
J < 6. The main branches for the b-type transitions were [+11 1.1 < Joj, J[+1o 41 < J15, J1,j-1
< Joj,and Jo ;1 < J1, with K; < 5 and | < 9. Each rotational transition appeared as a
Doppler doublet from the coaxial arrangement of the resonators and the molecular beam.
The A-E splitting ranges from a few MHz to a few tens or hundreds of MHz, as shown
exemplarily in Figure 3.

5.1890 MHz 24.3878 MHz
4788.7479 9 19,886.5604
A : A
/\ﬁ 211 | 202 ~ JAVAN MH GOM
4788.6 4789.0 4793.8 4794.2 19,862.0 19,862.4 19,886.4 19,886.8
Frequency / MHz Frequency / MHz

Figure 3. Four high-resolution spectra of the b-type Q-branch 217 < 2y, and 615 < 6¢ transitions of
2MTP. The Doppler splittings are connected by brackets. The transition frequencies are indicated
and marked by the corresponding torsional species. The A-E torsional splittings are 5.1890 MHz
and 24.3878 MHz, respectively, showing that the A-E splitting depends on the | and K, quantum
numbers. For the spectra from lower to higher frequencies, 32, 17, 28, and 40 free-induction decays
(FIDs) were co-added. The polarization frequencies are marked with red lines. Intensities are given
in arbitrary units and normalized for all spectra.

A total of 75 A and 73 E lines were fitted using the XIAM program [44], with the
utilization of the rotational constants, quartic centrifugal distortion constants in Watson S
reduction, the V3 potential term, and the angle ¢ between the internal rotor axis and the
a-principal axis. To check whether the reduction choice affects the values of the rotational
constants [45], the same data set was fitted with Watson A reduction. The rotational constants
and internal rotation parameters have almost the same values as in the fits with Watson S
reduction—confirming that the centrifugal distortion corrections have a negligible effect
on the derived structure. This is usually the case for heavy molecules with small rotational
constants [46]. Furthermore, we also fitted three higher order parameters, D 2 Dplg x D P
which described the coupling between the overall rotation and the internal rotor (often
illustrated as the centrifugal distortion of the internal rotor). These parameters have a major
impact on the accuracy of all other fitted parameters, especially the rotational constants,
as well as the overall standard deviation of the fits. Two best fits that we performed were
those where (1) D, 2] D 2K and D p2- are fitted and (2) only D » 2] and D p2K are fitted, as

shown in Tables S4—S6 m  the Supportmg Information. It is clear from Table S4 that fitting
D P2 is essential to obtain not only better standard deviations for the parent species and

the 343 isotopologue fits but also a better accuracy of the rotational constants. However, the
accuracy of the rotational constants for all >C isotopologue fits is lower than for the parent
species and the 34S isotopologue fits if Dy_is fitted, probably due to the smaller data sets.

Therefore, D, was fixed to the value of the parent species fit in all 1*C isotopologue fits.
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The spectrum of 2MTP is of low intensity as a result of the weak dipole moment
components y,; = 0.375(5) D and p;, = 0.560(5) D [8]. The ab-plane containing all heavy
atoms acts as a symmetry plane, leading to a c-dipole moment value of zero, and only 4- and
b-type spectra are observable for the A species. Despite the small y; and p;, values, we still
searched for the 34S and 13C isotopologue spectra. The rotational constants of these minor
isotopologues were calculated by substituting the mass of the 3S atom with that of the
345 atom or the mass of the 1>C atom with that of the corresponding '3C atom. The minor
isotopologue frequencies predicted using these rotational constants were additionally
corrected with the differences between the experimental frequencies of the main species
and the frequencies predicted with the Bg (with ¢ =4, b, ¢) constants calculated at the
MP2/6-311++G(d,p) level (see Equations (1) and (2) of Ref. [47]). Small scans around the
predicted shifted frequencies (max. +15 MHz) were needed to find the first three transitions
of each minor isotopologue. Fitting them enabled us to straightforwardly identify all other
A species lines. The signal to noise ratio was much lower than that of the parent species,
accounting for a low natural abundance of 4.25% for the 34S isotopologue and 1.07%
for the 13C isotopologues. While the same branches as that of the parent species were
measured, they only reached | < 5 and K,; < 1, resulting in the less accurate determination
of centrifugal distortion constants. The barrier to internal rotation was not expected to
vary upon isotopologic substitution. To find E species transitions, the V3 value of the
parent species was taken and only § was adjusted. The predicted E-species frequencies
were sufficiently accurate, and the lines were found straightforwardly. The A-E splittings
remained almost the same between different isotopologues. The experimental parameters
and the frequency lists are presented in Tables 2 and 57-513 in the Supporting Information,
respectively.

Finally, we also search for the spectrum of the %3S isotopologue, since 33S spectra
could be observed for another thiophene derivative, 2-thiophenecarboxaldehyde, using the
same experimental setup [48]. Due to the 33S nuclear spin of I = 3/2, hyperfine splittings
are expected for all rotational transitions. To locate the >*S F-components of a rotational
transition, scan measurements by overlapping high-resolution spectra with 250 kHz steps
were carried out within a range of about 20 to 30 MHz around the frequency predicted
using the isotopic shift. For each measurement, 1000 FIDs were co-added due to the
expected very low line intensity, which results from the low abundance of 0.75% of the 335
isotopologue in addition to the splittings into various hyperfine components together with
the A-E splittings. Combined with the already small dipole moment components, we only
found a few 33§ transitions with their most intense F-components, and the number of lines
was too small to establish a reliable fit. Figure S1 in the Supporting Information shows a
g spectrum of the 313 <— 2, transition.
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Table 2. Molecular parameters of 2MTP for all observed isotopologues obtained with the XIAM program, including the rotational constants A, B, C, the centrifugal

distortion constants Dy, Djk, Dk, d1, d», and the V3 potential. For atom numbering, see Figure 1.

Par @ Unit Parent 34g BBC(2) 1BBC@m) Bc@) BC(s) 13C(9)
Ag MHz 5299.85002(45) 5161.33031(63) 5296.47565(86) 5194.52016(96) 5232.18924(71) 5297.71936(65) 5298.8233(15)
By MHz 3114.09632(30) 3112.72380(44) 3101.70161(38) 3114.13512(38) 3078.91352(30) 3064.14021(29) 3015.87188(63)
Co MHz 1985.26582(21) 1964.94486(32) 1979.75497(20) 1970.31198(19) 1961.46901(20) 1964.55468(18) 1944.73180(31)
Dy kHz 0.1659(41) 0.1625(75) 0.1461(76) 0.1397(73) 0.1471(64) 0.1584(60) 0.126(11)
Djk kHz 1.1631(57) 1.135(11) 1.330(74) 1.100(79) 1.170(50) 1.245(45) 1.39(12)
Dk kHz 0.252(15) 0.214(31) 0.252b 0.252P 0.252b 0.252 P 0252
dq kHz —0.06917(83) —0.0703(13) —0.0633(41) —0.0522(41) —0.0588(28) —0.0633(28) —0.0526(68)
dy kHz —0.02293(29) —0.02415(50) —0.02293 P —0.02293 b —0.02293 P —0.02293 b —0.02293 P
Vs cm™! 197.7324(18) 197.5735(27) 197.8327(16) 197.8717(15) 197.6937(15) 197.7704(14) 197.8801(24)
Dy kHz —14.93(65) —18.25(97) —14.31(44) —14.09(39) —14.24(44) —14.310(40) —12.61(62)
Dk kHz —296.9(19) —286.49(28) —298.2(35) —278.0(32) —288.1(31) —294.9(26) —347.7(55)
Dy kHz 8.22(46) 7.36(71) 822" 8.22P 8.22P 8.22P 8.22°
Z(@i,a) deg 3.678(23) 4.013(32) 3.871(18) 3.712(17) 2.313(27) 3.976(16) 3.898(27)
Z(@i,b) ¢ deg 86.322(23) 85.987(32) 86.129(18) 86.288(17) 87.687(27) 86.024(16) 86.102(27)
Acd uA? —3.079855(50) —3.077964(76) —3.080517(60) —3.079360(62) —3.079026(54) —3.080329(50) —3.07801(11)
Ne¢ 148 127 51 47 55 54 42
of kHz 44 5.6 2.8 2.5 29 2.6 3.8

2 All parameters refer to the principal axis system. Watson’s S reduction in I representation was used. Standard error in parentheses is in the units of the last significant digits. ® Value fixed
to that of the parent species. ¢ Derived from the fitted parameter J, Z(i,c) was fixed to 90° due to symmetry. d Inertial defect, I, — I, — I,. € Number of lines. f Standard deviation of the fit.
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4. Semiexperimental Equilibrium Structure

In the semiexperimental method, the equilibrium rotational constants are derived from
experimental ground state rotational constants Bg and rovibrational corrections ABSib calcu-
lated from a quantum chemical force field [46]. There is a much smaller electronic correction
ABE1 or Which is estimated by using the diagonal elements of the rotational g-tensor. The
g-tensor was computed at the B3LYP/6-31+G(3df,2pd) level. Here, the values for the parent
species are g, = —0.0595, gy, = —0.0597, and g, = 0.0148. The contributions of the electronic
correction of 173 kHz for A, 102 kHz for B, and 16 kHz for C are small but not negligible. There
is still a much smaller correction ABEEnt originating from the centrifugal distortion. However,
in the present case of 2MTP with small rotational constants, it is completely negligible. The
structure is obtained by fitting only the equilibrium moments of inertia.

The equilibrium rotational constants BS may be written as:

¢ _ pb ¢ ¢
Be - BO + ABvib + ABelec (1)
with 1
¢ _ 4
ABjy = 524 @)
i
and -
¢ __m 4
ABelec - _migg BBO (3)

¢

. . . . . . e
7 is the vibration-rotation interaction constant, — the electron-

My
proton mass ratio, and BI%O the BO-equilibrium rotational constant of the r5© structure
computed at the CCSD(T) level. In order to calculate the rovibrational corrections, the an-
harmonic force field of all isotopologues was calculated at the B3LYP-D3/6-311+G(3df,2pd)
level using Gaussian 16 [20]. The corrections to the ground state rotational constants and
the equilibrium rotational constants are given in Table 3.

In these equations, «

Table 3. Corrections to the ground state rotational constants and semiexperimental equilibrium
rotational constants (in MHz). For atom numbering, see Figure 1.

Isotopologue ¢ Bg Exp—calc? ABgib ABglec
Parent a 5331.4578 —0.0004 31.435 0.1728
b 3134.1632 0.0047 19.965 0.1019

c 1998.1047 0.0009 12.855 —0.0161
345(1) a 5191.7574 —0.0244 30.263 0.1639
b 3132.6954 0.0042 19.87 0.1018

c 1977.5740 0.0001 12.645 —0.0158
13C2) a 5225.5364 0.0004 30.847 0.1693
b 3134.0950 —0.0067 19.858 0.1019

c 1983.0151 —0.0013 12.719 —0.0159
13¢(3) a 5329.1650 —0.0241 31.275 0.1706
b 3083.8288 0.0019 19.590 0.0987

c 1977.2129 —0.0022 12.674 —0.0158
13C4) a 5263.0555 —0.0001 30.699 0.1672
b 3098.7631 —0.0036 19.750 0.0996

c 1974.1143 0.0003 12.661 —0.0157
13C(5) a 5327.8373 0.0001 31.189 0.1727
b 3121.4697 —0.0005 19.667 0.1011

c 1992.4330 0.0000 12.694 —0.0160
13C(9) a 5330.4216 0.0000 31.429 0.1683
b 3035.0735 0.0000 19.107 0.0956

c 1957.2253 0.0000 12.509 —0.0155

@ Residuals of the fit using the CCSD(T)_ae/cc-pwCVQZ values as predicates.
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There are 20 independent parameters to determine, and the experimental constants of
six isotopologues provide only 18 moments of inertia. This is not enough to determine a
structure, especially since the rotational constants of the deuterated species are unknown.
For this reason, the mixed estimation method was used [49-51]. The CCSD(T)_ae/cc-
pwCVQZ structure was used as supplementary data in the least-squares fit. This method
has the advantages of determining all the structural parameters without bias and of check-
ing the compatibility of the ab initio structure with the semiexperimental equilibrium
rotational constants. The uncertainties used to estimate the weights are 0.002 A for the bond
lengths and 0.3° for the angles. To estimate the uncertainty of the rotational constants, the
iteratively reweighted method was used [52] (see also Section 9.5 of Ref. [42]). The results
are given in Table 1, and the residuals of the fit are listed in Table 3. The fitted parameters
are quite close to the BO structure, and the standard deviations of the fitted parameters are
smaller than the uncertainties of the predicates. This indicates that the semiexperimental
and BO structures are compatible.

As a further check, the method developed by Kummli et al. [53,54] was employed.
The idea is to extrapolate (or interpolate) the ab initio CCSD(T)_ae/cc-pwCVTZ and
CCSD(T)_ae/cc-pwCVQZ values in order to reproduce the experimental rotational con-
stants. For details, see Refs. [42,53,54]. Each parameter is determined three times using the
three rotational constants. The range R of the obtained values allows us to estimate the
standard deviations using the following equation [55]:

. R
-~ 1.40n1/3

where 7 is the number of data (here n = 3). Note that this equation does not take into
account the probable systematic errors. In other words, s is probably too small. This
“extrapolated” structure, also given in Table 1 (structure II), is in good agreement with the
semiexperimental structure, confirming its accuracy. Nevertheless, the “extrapolated” C—H
bond lengths seem to be more accurate than the semiexperimental values. However, the
differences are small, and we need to remember that the fitted values are determined by the
predicates. This can be validated again by comparing the C5—H and C4—H bond lengths
shown in Table 1 to the respective values of 1.07714(17) and 1.07856(14) A determined for
thiophene where over 20 isotopologues, including deuteriums, were available [56].

Finally, this “extrapolated” structure was used as a predicate. The results (also given in
Table 1 as structure III) are fully compatible with the semiexperimental structure obtained
with the help of the CCSD(T)_ae/cc-pwCVQZ values as predicates (structure I). It is worth
noting that three semiexperimental bending angles, Z(H6—C2-5), Z(H7—-C4—-C2), and
Z(H8—-C2—-C4), are slightly less precise. This can be explained by the fact that the b
coordinate of C(2), b(C2) = —0.2050(6) A, is quite small.

We note that overall, different computational levels were used, e.g., BBLYP/6-31+G(3df,
2pd) level for the g-tensor, B3LYP-D3/6-311+G(3df,2pd) (this work) or B2PLYP-D3/6-
311+G(3df,2pd) [18] for the anharmonic force field constants, and CCSD(T) for the BO
rotational constants. To calculate a reliable equilibrium structure, the CCSD(T) method is
generally required. Therefore, it was used to calculate the BO structure. Concerning the

calculation of the ABgib correction, there is not much difference between the B3LYP-D3
and B2PLYP-D3 results. In both cases, there is a small systematic error, which does not

significantly affect the structure. Finally, for the ABS1 oc Correction, it is an almost negligible
correction; thus, it requires calculations with less accuracy. From our experience working
with many molecules, the BBLYP method gives satisfactorily results to calculate ABE1 o TOT
this correction, nearly identical results are obtained with B3LYP and B3LYP-D3.

To evaluate the importance of all these corrections, we performed a simple Kraitchman
analysis [40] to obtain the 75 substitution structure using Kisiel’s programs KRA and EVAL
available from the PROSPE website [57] with the experimental rotational constants without
any corrections. The determinable bond lengths and angles are shown in Table 1. They

show the large difference between the s and the 7, structure. This is comprehensible since
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the r structure is determined with rotational constants of the vibrational ground state. We
then re-performed the Kraitchman analysis using only a simple cubic force field correction
calculated at the MP2/6-311++G(d,p) level of theory. The rSF structure obtained with
this correction, also given in Table 1 (structure 1V), is closer to the r. structure than the
ts structure is, but the low precision of the determined bond lengths and angles clearly
demonstrate the need of using the additional corrections mentioned above.

As a final remark on the structure determination, it is important to note that MJ-
FTMW spectroscopy is a sensitive technique, allowing the measurements of many minor
isotopologues in natural abundance, such as 345 (4.2%) and 13C (1.1%), as for the present
study on 2MTP, and in some cases, even N (0.35%) and 'O (0.21%), as reported in
many investigations in the literature where microwave structures have been determined.
However, the sensitivity is not enough to measure deuterated isotopologues at natural
abundance, and a synthesis is not always straightforward. Therefore, cases where an
insufficient amount of isotopologues are available are often found, and there are not
enough independent moments of inertia to determine all geometry parameters. For future
studies, carrying out H/D exchange syntheses to obtain access to deuterated isotopologues
might prove worthwhile [56,58-61].

5. Discussion
5.1. Molecular Parameters

For the parent species of 2MTP, 148 lines could be fitted to a standard deviation of
4.4 kHz using the XIAM program. The calculated values for the molecular parameters are
in good agreement with the experiment. Transitions with high | and K; values, such as
945 < 936 and 551 < 54y, are still considered to improve the accuracy of the determined
centrifugal distortion constants despite individual deviations up to 20 kHz, therefore
trading by the slightly higher standard deviation of the fit. The ground state rotational
constants A = 5299.85002(45) MHz, B = 3114.09632(30) MHz, and C = 1985.26582(21) MHz
are determined with high precision. For the '3C and 3S isotopologues, the accuracy of
the deduced parameters is slightly lower since fewer transitions are available with lower
values of | and K;, but the standard deviations of all fits are satisfactory.

For the rotational constants, the fitted parameters in the ground state Ag, By, and
Cp are compared to the calculated equilibrium parameters from combinations of differ-
ent methods and basis sets to find the level that gives the best match. Theoretically, this
comparison is not meaningful, and the best level of theory should be the most elaborated
and the most resource-intensive level, e.g., MP2/6-311++G(3df,3pd) and CCSD/cc-pVDZ.
Practically, experimentalists are searching for an accidental match between equilibrium
rotational constants obtained from resource-efficient geometry optimizations with experi-
mental ground state rotational constants as assignment guidance rather than performing
expensive anharmonic frequency calculations to access computed ground state rotational
constants. Only after the experimental constants are available, such expensive calcula-
tions become meaningful, as have been performed in the present study to obtain high
quality rSF structures. In this work, the best B,—By matches were achieved at the B3LYP/6-
311(++)G(2df,2dp) and B3LYP/6-311(++)G(3df,3dp) levels. Grimme’s dispersion correction,
with or without Becke-Johnson damping or with or without diffuse functions, has no effect
on the results. The Dunning basis sets (aug-)cc-pVTZ work well in combination with the
B3LYP method. The B3LYP, M06-2X, wB97X-D, and MN15 functionals provide comparable
results in combination with the 6-311(++)G(d,p) basis sets.

Although the mean equilibrium pseudo-inertial defect at —3.11138 uA? is larger than
the ground state one (—3.07986 uAZ), it is rather small, indicating that the two out-of-plane
hydrogen atoms are not too distant (H, - H, = 1.96 A). This may be explained by the value
of the Z(H,—C9—H,) angle at 107.43° being much smaller than the standard tetrahedral
value of 109.47° due to interactions between the H, and the sulfur atoms. The distance
between these two atoms is only 3.08 A; the sum of the van der Waals radii is 3.09 A. This
could also explain the large value of the Z(H; —C9—C2) angle, which is responsible for the
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Thiophene

asymmetry of the methyl group. According to the ligand close-packing model [62], the
distance between two non-bonded atoms attached to the same atom is nearly constant and
is the sum of the ligand radii of the two atoms. Actually, the ligand radius depends on the
charge of the atom, and it decreases as the charge becomes less negative (or more positive).
The charges on the atoms were calculated with the Charge Model 5 [63]. The values of
q(H,) = +0.089 a.u. explain the small radii of the out-of-plane hydrogen atoms.

Although the CH; and CH, bond lengths of 1.089 A and 1.090 A, respectively, are
close, the methyl group is asymmetric, with the Z(H; —C9—C2) angle being 2.3(3)° larger
than Z(Hs—C9—C2). This is usual for an asymmetric top, and the consequence is a methyl
tilt. The angle of the C2—C9 bond with the g-axis is 5.05°, whereas the angle of the internal
rotation axis with the a-axis is 3.70°. The C2—C9 bond length at 1.4943 A is quite close
to the value found in propene for the C—C single bond, which is 1.495 A [64]. The bond
multiplicity of 5 is the same in propene and 2MTP, and Stoicheff established that the
C—C bond lengths decrease with the bond multiplicity [65]. This was later confirmed by
Kuchitsu [66], see also Section 8.5.3.4 of Ref. [42].

The comparison of the structure of 2MTP with two other mono-substituted thiophenes,
2-acetylthiophene and 2-thiophenecarboxaldehyde, as well as the unsubstituted thiophene,
reported in Ref. [18], confirms the asymmetric deformation of the ring. Whereas the two sul-
fur bonds of thiophene are equal with rSF = 1.7102(1) A, the addition of the methyl group
at C(2) increases the bond length to rSE(S—C2) = 1.7219(2) A and rSE(S—C5) = 1.7135(3) A,
respectively. This change in length and the added asymmetry to the ring were also ob-
served for 2-acetylthiophene [18] and 2-thiophenecarboxaldehyde [48]. As a result, the
angle /(5—C2=C3) changes and is smaller for 2MTP compared to thiophene. Figure 4
visualizes the differences in structure between 2MTP and the other thiophene derivatives.

S

6 1.4268(8) g)

2-Methylthiophene syn-2AT syn-2TPC

Figure 4. Comparison of the rSF /(S-C2=C3) angle (purple, in degree) and bond lengths (blue, in A)
of 2MTP (this work) with thiophene [18] and the syn-conformers of 2-acetylthiophene (2AT) [18] and
2-thiophenecarboxaldehyde (2TPC) [48].

5.2. Methyl Internal Rotation

The barrier to methyl internal rotation of 2MTP (molecule (1) in Figure 5) was deter-
mined to be 197.7324(18) cm ™!, which is different than the value of 194.1 cm~! determined
by Pozdeev et al. [8]. This is partly due to the misinterpretation of an E-species line in
combination with the much smaller number of lines used in Ref. [8], but mainly because
different Hamiltonian models are utilized. We tested by refitting the data set of Ref. [8] with
the fitted parameters used in Table 2 and obtained a V3 value close to 197.7 cm~!. We also
note that V3 strongly correlates with the moment of inertia Fy of the methyl internal rotor.
Because only data in the torsional ground state are available, we decided to fix F to 160 GHz,
a value often found for methyl groups and close to the value of 159.808(80) GHz that is
obtained if F is fitted. This value is also close to the value of 159.707(19) GHz reported for
2,5-dimethylthiophene [67]. Changing the fixed value of Fy would lead to a change in the
V3 value. For example, if F is fixed to 158 GHz, we find a V3 value of 195.3 cem~ L
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Figure 5. Comparison of the V3 potential (in cm~!) of methyl groups at the 2-position of thiophene
or furan derivatives (marked in blue). (1) 2MTP (this work), (2) 2,5-dimethylthiophene [67], (3) syn-2-
acetyl-5-methylthiophene [68], (4) 2-methylfuran [69], (5) 2,5-dimethylfuran [70], (6) syn-2-acetyl-5-
methylfuran [71].

Comparing the barriers of the parent species and the minor isotopologues, Table 2
shows that the values are different outside the errors. Since the threefold internal rotation
barrier V3 is an electronic property, it should be the same for all isotopic variants. In the
Hamiltonian, the V3 term is multiplied with (1 — cos3c). Only the angle § between the
internal rotor axis and the a-principal axis could vary upon different isotopologues. If only
V3 and d would be fitted, the V3 value of all minor isotopologue fits could be fixed to that of
the parent species fit. However, when D , 21 D, 27 and Dpz are fitted, a correlation between

the rotational constants A, B, and C w1th V3 appears through these parameters. Because
the rotational constants change upon isotopic substitution, these changes affect D » 2 D, 27

and D P and the changesin D P D K and D P2 affect V3, causing chfferences in the V3

values of isotopic variants.

Comparing the experimental V3 value to the calculated values given in Table S2 in the
Supporting Information, the predictions are generally good. There are many levels of theory
that yield values with less than 10 cm ! deviation from the experimental one. This kind of
benchmarking regarding the methyl torsional barriers is still in a very early stage and has only
been performed previously for the three derivatives of acetylmethylthiophene [68]. Further
investigations are needed to recognize a trend and find out the levels that can be recommended
to calculate the barrier to methyl internal rotation in methylthiophene derivatives.

The V3 value of 2MTP is lower than that found for 2,5-dimethylthiophene (2)
(248.0 cm™!) [67] where an electron releasing methyl group with +I effect is present at
the 5-position of the ring, whereas it is higher than the value of 157.3 cm ™! in 2-acetyl-5-
methylthiophene (3) [68] where the 5-position is occupied by an electron withdrawing acetyl
group with —I effect. Since substituents at the 2- and the 5-positions cannot interact sterically,
the electronic properties of the other substituent on the ring are most probably the reason
why the 2-methyl torsional barrier is tuned. It is also well-known that the methyl torsional
barriers in sulfur-containing molecules are usually lower than their oxygen analogs. This
trend is observed for all thiophene/furan pairs shown in Figure 5. The electronic effects on
methyl torsions mentioned above are also well-demonstrated by the three furan derivatives:
2-methylfuran (4) [69], 2,5-dimethylfuran (5) [70], and 2-acetyl-5-methylfuran (6) [71].
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6. Conclusions

The microwave spectrum of 2MTP was measured in the range of 2 to 26.5 GHz to
precisely deduce the V3 potential hindering the methyl internal rotation in the torsional
ground state, which transpired to be 197.7324(18) cm ™!, using the XIAM program. Spectra of
345 and 13C isotopologues were also observable. With the accurately determined rotational
constants A, B, C for the parent species and the minor isotopologues, in the presence
of A-E methyl torsional splittings, the semiexperimental equilibrium structure r5F was
determined, which is in good agreement with the Born-Oppenheimer structure obtained at
the CCSD(T)_ae/cc-pwCVQZ level. The addition of a methyl group neighboring the sulfur
atom results in structural changes, as evidenced by an increase in the C—S bond length
from rEE (S—C) =1.7102(1) A for thiophene to rEE (S—C2) = 1.7219(2) A. Consequently, the
bond angle Z(S—C2—C3) decreases from 111.595(6) Ain thiophene to 111.37(1) A in 2MTP.
Furthermore, the methyl group was found to be asymmetric. While the C—Hg and C—H,
bond lengths vary only between 1.089 A and 1.090 A, the /(H,—C9—C2) bond angle is
2.3(3)° larger than the Z(Hs—C9—C2) angle. This results in a tilt angle of 5.05° of the C2—C9
bond with the a-axis, whereas the angle J between the internal rotor and the g-axis is 3.70°.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/spectroscj1010005/s1, Table S1. Nuclear coordinates of 2MTP in
the principal axis system calculated at the MP2/6-311++G(d,p) level of theory; Table S2. Equilibrium
rotational constants A, B, C and the V3 torsional barrier for 2MTP calculated at different levels of
theory and their deviations to the experimental values AA, AB, AC; Table S3. Coefficients of the
Fourier expansion for the potential energy curves of the methyl internal rotation of 2MTP given in
Figure 2; Figure S1. Four spectra of the b-type R-branch 3;3 < 2, transition of the 33g isotopologue
of 2MTP, featuring the A- and E-species from methyl internal rotation and some components of the
quadrupole hyperfine structure; Table S4. Rotational constants of 2MTP for all observed isotopologues
obtained with the XIAM program when Dy Dy, and D, _ are fitted. For all 13C isotopologue
fits, the values of Dy and d, were fixed to those of the parent species; Table S5. A section of Table 2
showing the rotational constants of 2MTP for all observed isotopologues obtained with the XIAM
program when DP? & Dplz k- and DP?* are fitted for the parent species and the S isotopologue fits.
For all 13C isotopologue fits, the values of D, da, and DP?* were fixed to those of the parent species;
Table S6. Rotational constants of 2MTP for all observed isotopologues obtained with the XIAM
program when only D » 2] and D 2K are fitted. For all 13C isotopologue fits, the values of Dk and dp
were fixed to those of the parent spec1es Table S7. Observed frequencies (v,) of the parent species of
2MTP; Table S8. Observed frequencies (v,y,) of the 3*S isotopologues; Table S9. Observed frequencies
(Vops) Of the 13C(2) isotopologues; Table S10. Observed frequencies (v,ys) of the 13¢(3) isotopologues;
Table S11. Observed frequencies (v,y,) of the 13C(4) isotopologues; Table S12. Observed frequencies
(Vops) Of the B3C(5) isotopologues; Table S13. Observed frequencies (V) of the 13C(9) isotopologues.
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