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INTRODUCTION

High resolution studies on small organic molecules undergoing large amplitude motions (LAMs) have received growing interest in the last decades, because the intramolecular dynamics are not only interesting but also fundamentally important investigations in physics and chemistry. The combination of microwave spectroscopy and quantum chemical calculations is an excellent tool to determine the structure and LAM parameters of a molecule, as demonstrated in many cases previously published in the literature. [START_REF] Andresen | Acetyl Methyl Torsion in Pentan-2-one As Observed by Microwave Spectroscopy[END_REF][START_REF] Eibl | Conformational Effect on the Almost Free Internal Rotation in 4-Hexyn-3-ol Studied by Microwave Spectroscopy and Quantum Chemistry[END_REF][START_REF] Melandri | The Double Donor/Acceptor Role of the NH3 Group: Microwave Spectroscopy of the Aminoethanol-Ammonia Molecular Complex[END_REF][START_REF] Shubert | Communication through the Phenyl Ring: Internal Rotation and Nuclear Quadrupole Splitting in p-Halotoluenes[END_REF] The two main types of LAMs are inversion tunneling and internal rotation. Some recent investigations on inversion tunneling are, e.g., the proton tunneling in diethyl amine [START_REF] Nguyen | The Effects of Nitrogen Inversion Tunneling, Methyl Internal Rotation, and 14 N Quadrupole Coupling Observed in the Rotational Spectrum of Diethyl Amine[END_REF] , the ring tunneling in phenyl formate [START_REF] Ferres | Molecular Structure and Ring Tunneling of Phenyl Formate as Observed by Microwave Spectroscopy and Quantum Chemistry[END_REF] and acetanilide, [START_REF] Cabezas | The Two Conformers of Acetanilide Unraveled Using LA-MB-FTMW Spectroscopy[END_REF] or the intra-molecular hydrogen transfer in 5-methyltropolone. [START_REF] Ilyushin | Isotopic Dependence of the Hydrogen-Transfer-Triggered Methyl-Group Rotation in Deuterated 5-Methyltropolone[END_REF] There are a vast amount of examples for internal rotation, such as the methyl internal rotation in 2,4-difluorotoluene, [START_REF] Nair | The Low Internal Rotation Barriers of Halogenated Toluenes: Rotational Spectrum of 2,4-Difluorotoluene[END_REF] methyl mercaptane, [START_REF] Lees | Torsion-Rotation Structure and Quasi-Symmetric-Rotor Behavior for the CH3SH Asymmetric CH3-Bending and C-H Stretching Bands of E Parentage[END_REF] and 5-methyl furfuran. [START_REF] Hakiri | Communication through the Furan Ring: Conformational Effect on the Internal Rotation of 5-Methyl Furfural Studied by Microwave Spectroscopy[END_REF] Coupled LAMs are reported much more rarely. Methyl amine is one of the classical cases where the interplay between the NH2 tunneling and the methyl internal rotation remains a challenge until today. [START_REF] Ohashi | Microwave Spectrum of Methyl Amine: Assignment and Analysis of the Torsional State[END_REF] Investigations on several molecules undergoing internal rotations of two methyl tops are available, e.g. refs. 13-17, however, in only few cases such as the three isomers of dimethylbenzaldehyde (DMBA), [START_REF] Tudorie | Coupled Large Amplitude Motions: A Case Study of the Dimethylbenzaldehyde Isomers[END_REF] o-and m-xylene, [START_REF] Rudolph | Microwave Spectrum, Barrier for Methyl Rotation, Methyl Conformation, and Dipole Moment of ortho-Xylene[END_REF][START_REF] Thomsen | The Microwave Spectra of m-Xylene and m-Xylene-d10. Determination of the Low Methyl Internal Rotation Barrier[END_REF] and 2,3-dimethylanisole [START_REF] Ferres | Interplay between Microwave Spectroscopy and X-ray Diffraction: The Molecular Structure and Large Amplitude Motions of 2,3-Dimethylansiole[END_REF] the methyl rotors are attached to a phenyl ring. If they are located in the neighboring ring positions, steric effect might strengthen the coupling between the LAMs and complicate the spectrum. [START_REF] Tudorie | Coupled Large Amplitude Motions: A Case Study of the Dimethylbenzaldehyde Isomers[END_REF][START_REF] Ferres | Interplay between Microwave Spectroscopy and X-ray Diffraction: The Molecular Structure and Large Amplitude Motions of 2,3-Dimethylansiole[END_REF] The three isomers of mono-methylanisole have been thoroughly studied by microwave spectroscopy, yielding highly accurate values for the barriers to internal rotation. For o-methylanisole, the cis and the trans conformer of m-methylanisole, and p-methylanisole, the respective barrier heights are 444.05(41) cm -1 , [START_REF] Ferres | Methyl Internal Rotation in the Microwave Spectrum of o-Methyl Anisole[END_REF] 55.7693(90) cm -1 and 36.6342(84) cm -1 , [START_REF] Ferres | Conformational Effects on the Torsional Barriers in m-Methylanisole Studied by Microwave Spectroscopy[END_REF] as well as 48.7400(93) cm -1 . [START_REF] Ferres | The Effect of Internal Rotation in p-Methyl Anisole Studied by Microwave Spectroscopy[END_REF] The potential barriers of the methyl groups in dimethylanisoles cannot be directly derived from those of the mono-methylanisoles. Currently, studies on only one example of dimethylanisole are available in the literature, and many fitting problems occur because of the strong LAM coupling [START_REF] Ferres | Interplay between Microwave Spectroscopy and X-ray Diffraction: The Molecular Structure and Large Amplitude Motions of 2,3-Dimethylansiole[END_REF] . Therefore, we decide to study a related case, 3,4-dimethylanisole (34DMA), where the two methyl tops are also in neighboring positions.

Like the other members in the dimethylanisole family, 34DMA features a methoxy group and two methyl groups attached to the aromatic ring. Therefore, 34DMA possesses four degrees of freedom of interest: the orientation of the methoxy group and the internal rotations of three methyl groups. Each of the latter results in three partially energetically degenerated states, and the former yields two conformers of different energies. While the internal rotation of the methoxy methyl group is rather isolated, the other three degrees of freedom are connected by the conjugated -system in the ring. Therefore, 34DMA is ideally suited to study the conformational effect (i.e. the methoxy orientation) on the internal rotations of the methyl groups in combination with the coupling between these LAMs.

THEORY

Quantum Chemical Calculations. The rotations about the C3-C19, C4-C10, and O14-C15 bonds (for atom numbering see Figure 1) correspond to the internal rotation of three methyl groups and do not create new conformations. Therefore, the conformational landscape of 34DMA is determined by the orientation of the methoxy group. By rotating this group about the C1-O14 bond, a potential energy curve was calculated at the B3LYP/6-311++G(d,p) level of theory using the Gaussian09 program package, 25 where the dihedral angle α = (C2,C1,O14,C15) was varied in steps of 10°, while all other degrees of freedom were allowed to relax during the optimization process. We chose this level because it has yielded reliable results in the studies of all three isomers of mono-methylanisoles. [START_REF] Ferres | Methyl Internal Rotation in the Microwave Spectrum of o-Methyl Anisole[END_REF][START_REF] Ferres | Conformational Effects on the Torsional Barriers in m-Methylanisole Studied by Microwave Spectroscopy[END_REF][START_REF] Ferres | The Effect of Internal Rotation in p-Methyl Anisole Studied by Microwave Spectroscopy[END_REF] The potential energy curve was parameterized with the Fourier coefficients given in Table S1 in the Supporting Information (SI), then drawn as a contour plot depicted in Figure 2. Two minima with an energy difference of 1.09 kJmol 1 exist at α = 0° and 180°, which will be referred to as cis-34DMA (conformer I) and trans-34DMA (conformer II), respectively, henceforward. The geometries of these minima were used as starting points for fulloptimizations also at the B3LYP/6-311++G(d,p) level of theory. The optimized structures are illustrated in Figure 1. The Cartesian coordinates of both conformers are available in Table S2 in the SI. Harmonic frequency calculations were carried out subsequently, which confirmed that both minima are stable conformers and not saddle points. For trans-34DMA the calculated dipole moment components are a = 0.18 D, b = 0.90 D, and c = 0.00 D. The respective values for the cis conformer are a = 0.15 D, b = 1.58 D, and c = 0.00 D. Therefore, strong b-type, weak a-type, and no c-type transitions are expected in the microwave spectrum. The optimized dihedral angles are α = 0.15°, β = 0.02°, γ = 0.04°, δ = 179.88° for cis-34DMA, and α = 179.97°, β = 0.01°, γ = 0.01°, δ = -179.96° for trans-34DMA (II). Because the predicted energy difference obtained from structure optimizations is only 0.91 kJmol 1 , both conformers might be present in the experimental spectrum under supersonic jet conditions. Anharmonic frequency calculations were carried out to provide centrifugal distortion constants and rotational constants for the vibrational ground state.

To calculate the barriers to internal rotation of the ring methyl groups at the meta and para positions, the dihedral angles  = (C2,C3,C19,H22) and  = (C5,C4,C10,H13), respectively, were each varied in a grid of 10°, while all other coordinates were optimized at the B3LYP/6--311++G(d,p) level. Threefold torsional potentials were obtained, as illustrated in Figure 3. The Fourier coefficients of these potential energy curves are available in Table S3 in the SI. For the meta methyl group, the V3 potential is 364.26 cm -1 for the cis conformer and 421.38 cm -1 for the trans conformer. The respective values for the para methyl group are slightly higher (393.22 cm -1 and 444.70 cm -1 ). Geometry optimizations to a first-order transition state of the methyl groups using the Berny algorithm [START_REF] Schlegel | Optimization of Equilibrium Geometries and Transition Structures[END_REF] yielded essentially similar values (366.90 cm -1 and 420.56 cm -1 for the meta methyl group as well as 394.66 cm -1 and 447.09 cm -1 for the para methyl group). To study the coupling between the internal rotations of the two methyl groups, a two-dimensional potential energy surface (2D-PES) of the cis conformer depending on  and  was calculated by varying these dihedral angles in a 10° grid. The potential energies were parameterized with a 2D Fourier expansion based on terms representing the correct symmetry of  and . The Fourier coefficients are summarized in Table S4 in the SI. The PES drawn as a color contour plot given in Figure S1 using these coefficients shows almost no potential coupling between  and . Due to the limited computational resources, the PES calculations were not redone for the trans conformer.

For the methoxy methyl group, the barrier to internal rotation was reported to be about 1200 cm -1 in the case of anisole. [START_REF] Reinhold | Room Temperature Chirped-pulse Fourier Transform Microwave Spectroscopy of Anisole[END_REF] Therefore, a barrier of over 1000 cm -1 is expected for both conformers of 34DMA. Previous investigations on the three isomers of monomethylanisole [START_REF] Ferres | Methyl Internal Rotation in the Microwave Spectrum of o-Methyl Anisole[END_REF][START_REF] Ferres | Conformational Effects on the Torsional Barriers in m-Methylanisole Studied by Microwave Spectroscopy[END_REF][START_REF] Ferres | The Effect of Internal Rotation in p-Methyl Anisole Studied by Microwave Spectroscopy[END_REF] as well as on 2,3-dimethylanisole [START_REF] Ferres | Interplay between Microwave Spectroscopy and X-ray Diffraction: The Molecular Structure and Large Amplitude Motions of 2,3-Dimethylansiole[END_REF] have proven that torsional splittings arising from the methoxy methyl group are not observable with our experimental resolution and can be neglected.

Group theory.

Symmetry labels. Considering the configuration of 34DMA which has a Cs symmetry and two inequivalent methyl rotors, it is well-known that the molecular symmetry group of such a molecule is G18 with the character table given in Table 1. [START_REF] Dreizler | Gruppentheoretische Betrachtungen zu den Mikrowellenspektren von Molekülen mit zwei behindert drehbaren dreizähligen-symmetrischen Molekülgruppen[END_REF][START_REF] Bunker | Molecular Symmetry and Spectroscopy[END_REF] Different symmetry labels are currently in use which arise from different product decompositions of G18. One of them is based on the direct product 𝐶 3𝑣 [START_REF] Andresen | Acetyl Methyl Torsion in Pentan-2-one As Observed by Microwave Spectroscopy[END_REF] 𝐶 3𝑣 [START_REF] Eibl | Conformational Effect on the Almost Free Internal Rotation in 4-Hexyn-3-ol Studied by Microwave Spectroscopy and Quantum Chemistry[END_REF] , and the symmetry species of G18 are labeled with the labels of both subgroups 𝐶 3𝑣 [START_REF] Andresen | Acetyl Methyl Torsion in Pentan-2-one As Observed by Microwave Spectroscopy[END_REF] and 𝐶 3𝑣 [START_REF] Eibl | Conformational Effect on the Almost Free Internal Rotation in 4-Hexyn-3-ol Studied by Microwave Spectroscopy and Quantum Chemistry[END_REF] as given in column S3 of Table 1. [START_REF] Dreizler | Gruppentheoretische Betrachtungen zu den Mikrowellenspektren von Molekülen mit zwei behindert drehbaren dreizähligen-symmetrischen Molekülgruppen[END_REF] Using the permutation-inversion group formalism, Bunker and Jensen derived a character table of methylsilane, where the different species are denoted by their degeneracy letter A, E, and a running index, [START_REF] Bunker | Molecular Symmetry and Spectroscopy[END_REF] as shown in column S2 of Table 1.

Table 1. Character table of the molecular symmetry group G18 of 34DMA. [29]. e Symmetry labels based on the direct product 𝐶 3𝑣

G18 a E β α αβ αβ 2  Equiv. rot. b R0 R0 R0 R0 R0 R2c S1 c S2 d S3 e 1 f 2 f 2 f 2 f 2 f 9 f wt g (00)A′ A1 A 1 1 1 1 1 1 1024 (00)A′′ A2 B 1 1 1 1 1 -1 1024 (10)A E1 E 2 2 -1 -1 -1 0 1024 (01)A E2 E 2 -1 2 -1 -1 0 1024 (11)A E3 E 2 -1 -1 2 -1 0 512 (12)A E4 E 2 -1 -1 -1 2 0 512 a  = (1 2 3),  = (4 5 6),  = (2 3)( 5 
(1) 𝐶 3𝑣 [START_REF] Eibl | Conformational Effect on the Almost Free Internal Rotation in 4-Hexyn-3-ol Studied by Microwave Spectroscopy and Quantum Chemistry[END_REF] , see ref. We prefer a more instructive third labeling scheme (column S1) for 34DMA, for which G18 is written as the semi-direct product (𝐶 3 𝐼 𝐶 3 𝐼 ) ⨴ 𝐶 𝑠 , as reported by Ezra. [START_REF] Ezra | Symmetry Properties of Molecules[END_REF] A similar labeling scheme has been proposed by V. Van et al. for 2,5-dimethylthiophene, a molecule with two equivalent methyl rotors. [START_REF] Van | Two Equivalent Methyl Internal Rotations in 2,5-Dimethylthiophene Investigated by Microwave Spectroscopy[END_REF] The theoretical background was also described in detail by Altmann. [START_REF] Altmann | Induced Representations in Crystals and Molecules, Point, Space and Nonrigid Molecule Groups[END_REF] The direct product 𝐶 3 𝐼 𝐶 3 𝐼 of the two intrinsic (superscript I) 𝐶 3 groups of the internal rotors, which is an invariant subgroup of G18, decomposes into five orbits (σ1,σ2) under 𝐶 𝑠 . One representative of each orbit forms the first part of the symmetry label in column S1, e.g. (10).

The numbers σ = 0, 1, 2 represent the three symmetry species A, Ea, Eb, respectively, of the group C3. They correspond to the transformation properties of the C3-adapted planar rotor wave functions 𝑒 𝑖(3𝑘+𝜎)𝜑 with 𝑘 ∈ ℤ and the torsional angle 𝜑. Each orbit is associated with its little co-set. They form subgroups of 𝐶 𝑠 . Only for the orbit (00) the little co-set is 𝐶 𝑠 , while it is 𝐶 1 for all other orbits (01), ( 10), (11), and (12). The symmetry species of the little co-sets provide the second part of our symmetry labels in column S1. Selection rules. The dipole moment vector in space fixed coordinates is invariant under pure permutation operations but changes sign under inversion. Therefore, it transforms as Γμ = (00)A′′. In the vibronic ground state, transitions between two rotorsional levels i and j are allowed if Γ i Γ μ Γ j ⊃ (00)A ′ . The resulting torsional components along with their spin statistical weights are given in Table 2. They were determined by correlation with the molecular symmetry group Cs(M) of the hypothetical rigid 34DMA. According to the spin statistical weight, the strength of the ( 11) and ( 12) torsional components is only half of other species.

Nuclear

The (00)A′ species associates with the KaKc = ee and oe transitions (e = even, o = odd) and the (00)A′′ with the eo and oo transitions. Therefore, for the (00) torsional components, two different a-type (ee ↔ eo and oe ↔ oo) and two different b-type transitions (ee ↔ oo and eo ↔ oe) are allowed with equal spin statistical weights.

Obviously, if the quantum numbers Ka and Kc are known, the torsional states can be labeled conveniently by the first part (σ1,σ2) of the full symmetry label. This abbreviated notation will be used throughout this paper. 

EXPERIMENT

Experimental setup. The microwave spectra were recorded using a molecular jet Fourier transform microwave spectrometer operating in the frequency range from 2.0 GHz to 26.5 GHz. [START_REF] Grabow | A Multioctave Coaxially Orientated Beam-Resonator Arrangement Fourier-Transform Microwave Spectrometer[END_REF] The substance 34DMA with a stated purity of 99% was purchased from TCI Eschborn, Germany, and used without further purification. The colorless compound was trickled on a piece of pipe cleaner and inserted in a stainless steel tube mounted upstream the nozzle. Helium was used as carrier gas and the 34DMA-He mixture was expanded into the cavity at a backing pressure of 2 bar. A broadband scan from 8.5 to 13.5 GHz was recorded by overlapping spectra with 0.25 MHz step size. A portion of the scan is given in Figure 4. All signals observed in the broadband scan were remeasured at higher resolution where they appeared as doublets due to the Doppler effect. The line width average is 15 kHz, corresponding to a measurement accuracy of about 2 kHz. Figure 5 depicts a typical spectrum recorded at high resolution. Spectrum assignments. The assignment was started with the spectrum of the more stable trans conformer predicted to have the calculated dipole moment components a = 0.18 D, b = 0.90 D, and c = 0.00 D. Initially, the internal rotations were neglected and trans-34DMA was treated as a rigid rotor, i.e. only the (00) species was considered. The theoretical spectrum was calculated using the program XIAM [34] in its rigid-rotor mode. Some transitions with Ka = 0 and 1 could be assigned straightforwardly.

To analyze the methyl internal rotations, a two-top spectrum was predicted using the rotational constants from the rigid-rotor fit. The angles  between the internal rotor axes and the principal a axis and the barrier heights were taken from quantum chemical calculations. The assignment of the ( 01), ( 10), (11), and ( 12) torsional species was ambiguous because of the small torsional splittings. Therefore, first assignment attempts were performed for b-type transitions with Ka = 2 and 3 featuring larger splittings. After the two-top fit was improved and provided better predictive power, lower Ka transitions could also be assigned. Finally, a-type transitions were measured and fitted. Because of the small dipole moment component in the adirection, only a limited number of a-type lines could be found. In total, 84 (00), 84 (01), 82 (10), 83 (11), and 82 (12) torsional species lines were assigned and fitted to a standard deviation of 3.2 kHz using the program XIAM. The molecular parameters of this fit are listed as Fit II in Table 3. A list of all fitted frequencies is available in Table S5 in the SI.

After the assignment of trans-34DMA, many lines remained in the broadband scan. They belong to the spectrum of cis-34DMA with the calculated dipole moment components a = 0.15 D, b = 1.58 D, and c = 0.00 D. The assignments were carried out in the same manner as done for the trans conformer. The two-top XIAM fit with a standard deviation of 3.9 kHz contains 61 (00), 63 (01), 65 (10), 64 (11), and 59 (12) torsional species lines. The molecular parameters of this fit are given as Fit I in Table 3, the frequency list in Table S6 in the SI. 

RESULTS & DISCUSSION

Using the program XIAM, the spectra of cis-34DMA and trans-34DMA including 312 and 415 lines, respectively, were fitted to standard deviations close to measurement accuracy, yielding accurately determined molecular parameters. All calculated rotational constants are in very satisfactory agreement with the experimental values, whereby the deviations are less than 5

MHz for both conformers. The centrifugal distortion constants obtained from anharmonic frequency calculations at the B3LYP/6-311++G(d,p) level of theory are also in good agreement with the experimental values. Since the phenyl ring of 34DMA is quite rigid, all centrifugal distortion constants are small.

It should be mentioned that all predicted rotational constants refer to the equilibrium re structure, while the experimental constants represent the vibrational ground state r0 structure.

Theoretical rotational constants of the r0 structure can be obtained by anharmonic frequency Although the standard deviations obtained from Fit I and Fit II are good, they are still by a factor of two larger than the estimated measurement accuracy of about 2 kHz. Therefore, an additional fit for each conformer was performed, where only the (00) species lines were taken into account, while all internal rotation parameters were fixed to those of the global fits.

These fits are given as Fit (00) in Table 3. The standard deviations of Fit (00) are not significantly lower than those of Fit I and Fit II, showing that the deviations of about 4 kHz of the global fits are not due to the lack of parameters in the Hamiltonian. Some combination difference loops were calculated for both conformers, and they also indicate differences of about 4 kHz.

Because of the strong correlation with V3, F0 was fixed to the calculated values in both Fit I and Fit II. The barrier heights of the meta and para methyl tops are 430.00(37) and 467.90(17) cm -1 , respectively, for cis-34DMA, as well as 499.64 (26) and 533.54(22) cm -1 , respectively, for trans-34DMA, leading to the following conclusions: (i) The torsional barriers of both methyl groups are higher in the trans than in the cis conformer, and (ii) The barrier of the meta methyl top is lower than that of the para methyl top in both conformers. The first observation hints that conformation effects, corresponding to different orientations of the methoxy group, on the ring methyl internal rotations are present. On the other hand, the trend is in contrast to the trend reported in 3,4-DMBA, stating that the barriers to internal rotation are higher in the anti (trans) than in the syn (cis) conformer for both methyl tops (see Figure 6). [START_REF] Tudorie | Coupled Large Amplitude Motions: A Case Study of the Dimethylbenzaldehyde Isomers[END_REF] As discussed in ref. 37, there are two factors that affect the height of a methyl barrier: the steric hindrance and the electronic effect. In the two conformers of both, 34DMA and 3,4-DMBA, the steric effect does not play a significant role because of the long distance between the two substituents and the methoxy group. Therefore electronic properties are more likely to be responsible for the inversion in the barrier heights in the trans and cis configurations, because for 3,4-DMBA the -system of the ring is extended by the carbonyl group. On the other hand, the barriers to internal rotation of the meta and para methyl groups of 34DMA are by an order of magnitude higher than the respective values found in m-and p-methylanisole. A similar trend was found in 3,4-DMBA, as shown in Figure 6. This is clearly due to steric hindrance arising from the close proximity of the two ring methyl groups. 2) m-methylanisole, [START_REF] Ferres | Conformational Effects on the Torsional Barriers in m-Methylanisole Studied by Microwave Spectroscopy[END_REF] (3) p-methylanisole, [START_REF] Ferres | The Effect of Internal Rotation in p-Methyl Anisole Studied by Microwave Spectroscopy[END_REF] (4) 3,4-dimethylbenzaldehyde, [START_REF] Tudorie | Coupled Large Amplitude Motions: A Case Study of the Dimethylbenzaldehyde Isomers[END_REF] (5) m-methylbenzaldehyde, [START_REF] Shirar | Impact of Molecular Conformation on Barriers to Internal Methyl Rotation: The Rotational Spectrum of m-Methylbenzaldehyde[END_REF] (6) p-methylbenzaldehyde. [START_REF] Saal | Microwave Study of Internal Rotation in para-Tolualdehyde: Local Versus Global Symmetry Effects at the Methyl-rotor Site[END_REF] The calculated torsional barrier of the meta methyl group is 364.26 cm -1 for cis-34DMA

and 421.38 cm -1 for trans-34DMA, which are in the same order of magnitude of the experimental values, but lower in both cases (see Table 3 for comparison). For the para methyl group, the values of 393.22 cm -1 for cis-34DMA and 444.70 cm -1 were determined for trans-34DMA. The experimental values of 467.90(17) cm -1 and 533.54(22) cm -1 , respectively, are again higher than the theoretical ones.

Finally, it should be mentioned that after the spectra of the trans and the cis conformer of 34DMA have been assigned, no unidentified lines remain in the broadband scan. This indicates that complexes, isotopologues in natural abundances, and torsional excited states are not present under our measurement conditions.

CONCLUSIONS

The spectra of two conformers of 3,4-dimethylanisole measured under molecular jet conditions were assigned using a combination of Fourier transform microwave spectroscopy, group theory, and quantum chemistry. The splittings of each rotational transition into five torsional species arising from the internal rotations of two non-equivalent ring methyl groups were observed. A labelling scheme for the group G18 written as the semi-direct product (𝐶 3 𝐼 

Figure 1 .

 1 Figure 1. Molecular structures of the two conformers cis (I) and trans (II) of 34DMA optimized at

Figure 2 .

 2 Figure 2. The potential energy curve of 34DMA obtained by rotating the methoxy group about the

Figure 3 .

 3 Figure 3. Threefold torsional potentials obtained by varying the dihedral angles  = (C2,C3,C19,H22)

  28. f Number of elements in class. g Spin statistical weight.

  spin statistics. The total wave function 𝜓 𝑡𝑜𝑡 = 𝜓 𝑒𝑙 • 𝜓 𝑣𝑖𝑏 • 𝜓 𝑟𝑜𝑡𝑜𝑟𝑠 • 𝜓 𝑛𝑠 must obey the Pauli principle, i.e. it changes sign under an odd number of fermion permutations (here protons) and retains sign under an even number of permutations. According to the character table, it belongs either to the (00)A′ or (00)A′′ species. There are 4096 nuclear spin functions arising from 12 protons in 34DMA with the representation Γns = 768 (00)A′  256 (00)A′′  512 (10)•A  512 (01)•A  256 (11)•A  256 (12)•A. It is the product of the representations Γ = 16 (00)•A' + 8 (10)•A + 8 (01)•A + 4 (11)•A + 4 (12)•A for the (1 2 3) and (4 5 6) triples, Γ = 6 (00)•A' + 2 (00)•A'' for the (7 8 9) triple, and Γ = 8 (00)•A' for the three protons attached to the phenyl ring. The spin weights were determined by counting the number of allowed total wave functions for Γel = Γvib = (00)A′. The results are given in the last column ofTable 1 (under wt).

Figure 4 .

 4 Figure 4. A portion of the broadband scan between 9.3 and 9.6 GHz. All signals are marked with their

Figure 5 .

 5 Figure 5. A typical spectrum of the b-type 111  000 transition of cis-34DMA which splits into the (00),

  calculations. However, they show larger deviations to the experimental values compared to those of the re structure, because the calculations in electronic structure packages are generally not able to describe the LAMs correctly. The potential is assumed to be a quartic potential in Cartesian coordinates rather than a triple-well potential in internal coordinates. For cis-and trans-34DMA the centrifugal distortion corrected rotational constants of the ground vibrational state are A0 = 2585.740 MHz, B0 = 900.041 MHz, and C0 = 676.459 MHz, and A0 = 2846.265 MHz, B0 = 846.597 MHz, and C0 = 660.936 MHz, respectively.

Figure 6 .

 6 Figure 6. Torsional barriers in cm -1 of the meta and para methyl groups in methylanisoles and

  𝐶 3 𝐼 ) ⨴ 𝐶 𝑠 was introduced. Quantum chemical calculations at the B3LYP/6-311++G(d,p) level of theory yielded reasonable structural parameters, as well as barrier heights in the expected order of magnitude. The barriers to internal rotation are mainly influenced by electronical effects and steric effects arising from the adjacent positions of the ring methyl groups. Steric effect arising from different orientations of the methoxy group is not significant because of the long distance to the rotors, but also observable, showing that conformation effects on the ring methyl internal rotations are present. ASSOCIATED CONTENT Supporting Information. Fourier coefficients of the potential energy curves, Cartesian coordinates of the trans and cis conformers, figure and Fourier coefficients of the 2D-PES, lists of fitted frequencies along with their residuals.

Table 2 .

 2 Spin statistical weights of torsional components of allowed transitions of 34DMA.

	Transitions	wt
	(00)A′ ↔ (00)A′′ 1024
	(10)•A ↔ (10)•A 1024
	(01)•A ↔ (01)•A 1024
	(11)•A ↔ (11)•A 512
	(12)•A ↔ (12)•A 512

Table 3 .

 3 Molecular parameters of the cis (I) and the trans (II) conformers of 34DMA as obtained with the program XIAM. Geometry parameters obtained from geometry optimizations, centrifugal distortion constants from anharmonic frequency calculations. d Fixed to the fitted value of Fit I. e Fixed to the calculated value. f Fixed to the fitted value of Fit II. g Fixed due to Cs symmetry.

	Par. a	Unit	Fit I-(00) b	Fit I	Calc. I c	Fit II-(00) b	Fit II	Calc. II c
	A	MHz 2616.26903(81)	2616.26800(29)	2618.5487	2880.65424(58)	2880.65412(24) 2882.1896
	B	MHz 908.83530(46)	908.83478(15)	903.6490	855.06364(19)	855.063955(74) 850.7875
	C	MHz 683.42679(20)	683.427404(67)	680.3615	667.85553(12)	667.855520(43) 665.0552
	ΔJ	kHz	0.0216(41)	0.0180(14)	0.01628	0.0116(12)	0.01288(48)	0.01131
	ΔJK	kHz	0.027(17)	0.0101(57)	0.00835	0.0413(56)	0.0344(22)	0.03646
	ΔK	kHz	0.288(46)	0.268(15)	0.24894	0.401(48)	0.392(19)	0.34957
	δJ	kHz	0.0065(23)	0.00500(76)	0.00464	0.00298(69)	0.00339(27)	0.00269
	δK	kHz	0.208(43)	0.071(15)	0.04495	0.025(20)	0.0394(76)	0.04155
	V3,1	cm -1	430.00 d	430.00(37)	364.26	499.64 f	499.64(26)	421.38
	V3,2	cm -1	467.90 d	467.90(17)	393.22	533.54 f	533.54(22)	444.70
	F0,1	GHz	162.23 d	162.23 e	162.23	162.40 f	162.40 e	162.40
	F0,2	GHz	163.77 d	163.77 e	163.77	163.70 f	163.70 e	163.70
	(i1,a)	°	117.14 d	117.14(13)	120.38	131.74 f	131.74(14)	135.58
	(i2,a)	°	176.3 d	176.3(15)	177.50	158.85 f	158.85(30)	162.50
	(i1,b) °	27.14 d	27.14(13)	30.38	41.74 f	41.74(14)	45.58
	(i2,b) °	86.3 d	86.3(15)	92.50	111.15(30) f	111.15(30)	107.50
	(i1,c)	°	90.00 d	90.00 g	90.00	90.00 f	90.00 g	89.99
	(i2,c)	°	90.00 d	90.00 g	89.98	90.00 f	90.00 g	90.00
	N h		61	312		84	415	
	σ i	kHz	5.0	3.9		3.7	3.2	

a All parameters are given with one standard uncertainty in parentheses. Watson's A reduction and I r representation were used. b Fit including only the (00) torsional species. c Calculated at the B3LYP/6-311++G(d,p) level of theory. h Number of lines. i Standard deviation of the fit.
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