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ABSTRACT

Low barriers to internal rotations are especially challenging for both the experimental and theoretical determinations because they result in
large tunneling splittings which are hard to assign and in potential functions that can be difficult to model. In the present work, the internal
rotations of two methyl groups of 2,4-dimethylanisole were analyzed and modeled using a newly developed computer code, called ntop,
adapted for fitting the high-resolution torsion-rotation spectra of molecules with two or more methyl rotors. The spectrum was measured
using a pulsed molecular jet Fourier transform microwave spectrometer operating in the frequency range of 2.0-26.5 GHz, revealing internal
rotation tunneling quintets with splittings of up to several gigahertz. The V3 potential barriers are 441.139(23) cm™" and 47.649(30) cm ™
for the o- and p-methyl groups, respectively. Quantum chemical calculations predicted only one conformer with the methoxy group in the
anti position related to the neighboring o-methyl group. While the results from geometry optimizations were reliable, ab initio calculations
at the MP2 level did not reproduce the low torsional barriers, calling for further experiments on related systems and additional theoretical

models.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5116304

. INTRODUCTION

Large amplitude motions (LAMs) arising from hindered inter-
nal rotations are an important feature in structural chemistry.
Among experimental methods, the investigation of the pure rota-
tional spectrum in the microwave region provides the most accurate
description of the molecular structure, because the primary spec-
troscopic data deduced from these spectra, the rotational constants,
depend on the mass distribution within the molecules. For terminal
methyl groups, the internal rotation effects cause tunneling splittings
of the rotational energy levels, from which the potential barriers can
be determined precisely. This method has been applied extensively
for many molecules with one methyl rotor hindered by a three-fold
barrier, which occurs when the methyl top is attached to a molecular
frame of C; or C; symmetry.

Some investigations on molecules undergoing internal rota-
tions of two methyl tops were performed. However, such coupled
LAMs are much less studied in the literature. The classical examples
are acetone, dimethyl ether,”" and methyl acetate.” Some dimethyl

substituted aromatic systems such as 2,5-dimethylthiophene,’
2,5-dimethylfuran,” and dimethylbenzaldehyde® were also investi-
gated. One of the reasons for this limited number of studies is that
the spectra of such molecules are hard to assign and to predict.
Furthermore, new theoretical tools involving effective Hamiltonians
often have to be developed in order to reproduce the experimental
spectra.

We recently started a systematic investigation on dimethyl
substituted anisoles”'’ and report here the results for the coupled
internal rotations determined from the microwave spectrum of 2,4-
dimethylanisole (24DMA). While anisole is a rigid backbone molec-
ular system, for which the detection of the rotational spectrum is
relatively simple,I " the presence of low barrier(s) to internal rotation
by introducing methyl substituent(s) on the phenyl ring produces
large splittings in the order of several gigahertz of the rotational lev-
els. This renders the spectral assignment and analysis considerably
challenging.

Several computer programs are commonly used for fitting rota-
tional spectra. Currently, the vast majority of rotational spectra
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can be analyzed by SPFIT/SPCAT included in the program suite
CALPGM written by Pickett.'” Further general fitting programs for
rotational spectroscopy are available at the “Programs for ROta-
tional SPEctroscopy” (PROSPE)"’ website. Among them, several
programs, e.g., XIAM written by Hartwig,'* can handle the effects
of internal rotation up to three internal rotors, which are typically
methyl groups. If the barrier to internal rotation is low, higher
order perturbation effects often have to be considered, as included
in two-top programs written by Ohashi,"” Kleiner,'® Groner,'” and
Ilyushin.1 We wrote a new internal rotation program, called ntop,
for fitting torsion-rotation spectra of molecules with: (i) n inequiv-
alent or equivalent methyl rotors (the number of rotors n can be
adjusted to the value required), (ii) three-fold or six-fold barriers,
and (iii) Cyy, Cs, or C; symmetry at equilibrium. In the present
paper, ntop is used for fitting the microwave spectrum of 24DMA
as a first test of application to a molecule with two inequiva-
lent methyl tops, three-fold barriers, and Cs; symmetry at equilib-
rium.

The methylanisole family with its three isomers o-, m-, and
p-methylanisole'® *” has already been studied by using microwave
spectroscopy. The barrier height of the methyl rotor varies in a wide
range, depending on the methyl position. Therefore, it is interest-
ing to compare the barriers of the monomethylanisoles with those
of 24DMA to understand the dependence of coupled LAMs in
aromatic systems.

Il. THEORETICAL SECTION

A. Quantum chemical calculations

If not stated otherwise, all quantum chemical calculations were
performed using the GAUSSIAN program package (Ref. 21) at the
MP2/6-311++G(d,p) level of theory. For a conformational analy-
sis, the dihedral angle y = £(C;, Cy, Ou4, Ci5) was varied in a grid
of 10°, corresponding to a rotation about the C;-O14 bond, while
all other geometry parameters were optimized. The obtained energy
points were parameterized by a Fourier expansion with the coeffi-
cients given in Table S1 in the supplementary material. The potential
energy curve is plotted in Fig. 1. It indicates only one energy mini-
mum at y = 180°. The geometry of this minimum was reoptimized
under full geometry relaxation, yielding the only stable conformer
of 24DMA with all heavy atoms located in plane, as illustrated in
Fig. 1. The Cartesian coordinates are available in Table S2 in the
supplementary material. Due to steric hindrance, the methoxy group
favors an anti position relative to the o-methyl group. The predicted
rotational constants are A = 2410.28 MHz, B = 961.89 MHz, and
C = 696.54 MHz. The calculated dipole moment components of
Ya = 0.26 D, yp = —1.07 D, and pc = 0.01 D imply strong b-type,
weak a-type, and no c-type transitions in the microwave spectrum.
Frequency calculations indicate one imaginary frequency, which
describes the bending motion of the phenyl ring. It is well-known
that the MP2/6-311++G(d,p) level of theory often yields an imag-
inary frequency for stable planar ring systems, which has been
reported for benzene and arene.”

To calculate the barriers to internal rotation of the ring methyl
groups at the para and ortho positions, the dihedral angles a = 2(Cs,
Cy, Cio, Hp) and B = 4(Cy, Cy, Cio, Hi2), respectively, were each
varied in a grid of 10°, while all other coordinates were optimized at
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FIG. 1. The potential energy curve of 24DMA obtained by rotating the methoxy
group about the C1—O+4 bond by varying the dihedral angle y = £(Cy, C1, O14, C+s)
in a grid of 10° at the MP2/6-311++G(d,p) level of theory. The relative energies are
given with respect to the lowest energy conformation with E = —424.245216 3
Hartree. Only one minimum exists at y = 180°. Inset: The only conformer
of 24DMA obtained under full geometry optimizations at the same level of
theory.

the MP2/6-311++G(d,p) and B3LYP/6-311++G(d,p) levels of the-
ory. For the p- and the o-methyl group, threefold torsional poten-
tials were obtained, as illustrated in Figs. 2 and 3, respectively. The
Fourier coefficients of these potential energy curves are available in
Table S3 in the supplementary material.

For the p-methyl group, a discrepancy between the two meth-
ods was found. The value of a at the energetic minima optimized
with MP2 is +19.69°, while it is almost zero in B3LYP calculations
(see Fig. 2). Consequently, MP2 states that the equilibrium geometry
of 24DMA is Cy, as can be recognized by the hydrogen positions of

75

°B3LYP «MP2

60
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Energy / cm™"
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FIG. 2. Threefold torsional potentials obtained by varying the dihedral angle
a = «£(Cs, Cq4, Cq9, Hpp), corresponding to the internal rotation of the p-methyl
group. Calculations were carried out using the MP2 and B3LYP methods with the
6-311++G(d,p) basis set. Energies relative to the lowest conformations with their
absolute energies of E = —424.245 216 3 Hartree (MP2) and E = —425.522 424 5
Hartree (B3LYP) are given.
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FIG. 3. Threefold torsional potentials obtained by varying the dihedral angle
B = £(Cq, Ca, C1o, Hy2), corresponding to the internal rotation of the o-methyl
group. Calculations were carried out using the MP2 and B3LYP methods with the
6-311++G(d,p) basis set. Energies relative to the lowest conformations with their
absolute energies of E = —424.245 215 6 Hartree (MP2) and E = —425.522 424 3
Hartree (B3LYP) are given.

the p-methyl group in the inset of Fig. 1, whereas B3LYP predicts a
C;s structure. The Vg contribution calculated with the MP2 method
is 7.83 cm™ . For this reason, we decide to determine the barrier
height by the difference between the optimized minimum and the
transition state,” which is 61.61 cm™" and 57.68 cm™" for calcula-
tions with the MP2 and B3LYP methods, respectively. On the con-
trary, the two methods are in good agreement in calculations for the
o-methyl group (Fig. 3). The V3 potential calculated with the MP2
and the B3LYP method using the transition state is 453.24 cm™" and
393.98 cm™, respectively.

For the methoxy methyl group of anisole, Reinhold et al.
reported a barrier to internal rotation of about 1200 cm™"."" There-
fore, a barrier of over 1000 cm™" is also expected for 24DMA.
Previous investigations on the three isomers of monomethy-
lanisole'® " as well as on 2,3-° and 3,4—dimethylanisole“’ evidenced
that torsional splittings arising from the methoxy methyl group
are not resolvable with our experimental resolution and can be
neglected.

B. Symmetry considerations

The appropriate molecular symmetry group for a molecule with
two inequivalent methyl groups exhibiting internal rotation and
C, point-group symmetry at equilibrium is Gis. The assumption
of Cs point-group symmetry requires the internal rotation axes of
both methyl groups to lie in the plane of symmetry at equilibrium.
Recently, we introduced a labeling scheme for 3,4-dimethylanisole,
for which Gig is written as the semidirect product (Cﬁ ® Cé) &,
The direct product C; ® C} of the two intrinsic (superscript I)
Cs groups of the internal rotors, which is an invariant subgroup
of Gis, decomposes into five orbits (01, 02) under C;. One repre-
sentative of each orbit forms the first part of the symmetry label,
e.g., (10). The numbers ¢ = 0, 1, and 2 represent the three sym-
metry species A, E,, and Ey, respectively, of the Cs group. They
correspond to the transformation properties of the Cs-adapted pla-
nar rotor wave functions ¢/®¥*?% with k € Z and the torsional
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angle a. If the quantum numbers K, and K. are known, the tor-
sional states can be labeled conveniently by the first part (o1, 02) of
the full symmetry label given in Table 1 of Ref. 10. This abbreviated
notation will also be used for 24DMA, which obeys the same nuclear
spin statistics and selection rules as those of 3,4-dimethylanisole."’
For 24DMA, o1 and 0 represent the o- and p-methyl groups,
respectively.

C. The ntop code

The ntop code is based on a molecular model consisting of a
rigid asymmetric frame and #» rigid symmetric tops. Here, we will
focus on the n = 2 case but in general molecules with more than 2
tops can also be treated with ntop. The Hamiltonian, which refers to
the principal axis system, will be written as given in Ref. 24

1 -
H- EPTI '"P+V(ay, ) + Hy, (1)
with the n + 3 dimensional (transposed) angular momentum vector

pf = (Pa, Py, Pe, p1,p2) (2

and the inertia tensor

I, 0 0 Miala,  Aials,
0 I 0 Aiplay,  Aiypla,
-] o 0 L My M | 3)
Aialey Aipley Aijeley, Iy 0
Aialay,  Aipplay,  Aiyel, 0 I,

Pg, Py, P, are the components of the overall angular momen-
tum, pi1, p» are the angular momenta of the internal rotation of
top 1 and 2, respectively, I,, Ij, I are the principal moments of
inertia of the entire molecule, I,,, I, are the moments of inertia
of top 1 and 2, respectively, Ai 4,45, Aic are the direction cosines
between the internal rotor axis i; of top 1 and the principal axes
a, b, and ¢, and Ai,4, 5,5, Aiyc are the direction cosines correspond-
ing to top 2. V(a1, az) is the torsional potential written as a
n-dimensional Fourier expansion depending on the torsional angles
a1, az. The Hamiltonian term Hj, contains all higher order terms
beyond the rigid frame-rigid top model like centrifugal distortion
which are added in the usual way and will not be discussed here in
detail.

After the inertia tensor is set up, it is inverted numerically. In
frequency units, the inverted tensor is given by

A" Zy Zae Qa Qa2
Za B Zye Qu Qn
I =|Zse Zye C Qa Qal. (4)
Qu Qu Qu Fh Fn
Qz Qn Qa2 F2 R

On the diagonal are the effective rotational constants of the
entire molecule A’, B, C’ and of the two internal rotors Fi, F. F12
is associated with the kinetic interaction term betweentop 1 and
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top 2. Qi with g = a, b, cand i = 1, 2 are Coriolis-like interaction
terms between the overall rotation and the internal rotation, and Zg,-
with g, g' =a, b, c arise as a rotation of the coordinate system under
the influence of internal rotation.

With Egs. (1)-(4), the Hamiltonian can be written as

H=H,+H;+Hyy+H;+Hy, (5)
with
H, = A'P, +B'Py+ C'P2+ Y Zg{Py, Py}, (6)
g#g'
> Vs
H; =) | Fip; +7(17cos3ai)+~-~ , (7)
i
Hy=2) QuPepi, (8)
&i

Hi; = 2F13p1p2+ V12 cos 3a; cos 3az + Vi, sin 3a; sin 3+ (9)

In a first step, the matrix of the pure torsional Hamiltonian H;
is set up for each top in its respective torsional state ¢ using the plane

wave basis,
1 i(3k;+0;)a;
=1/ —e .
Vi 2

The basis is cut off at a certain k = kjuax, where kjax = 8 turned
out to be sufficient in most cases. After diagonalizing the Hamilto-
nian matrices, in a second step, the product of the basis functions of
the individual tops is used to set up the matrix of H; + H;, where
H;; describes the kinetic top-top interaction as well as the potential
coupling terms. Here, the torsional eigenvalues obtained before are
simply added on the diagonal. Also, in this step, the basis function v;
is truncated at a certain maximum value v;ax.

Finally, in a third step, a product basis consisting of the basis
functions vy obtained from the previous step up to a maximum value
Vit,max and the symmetric top functions are used to diagonalize the
complete Hamiltonian including the pure rotational part H,.

The truncation parameters Kmax, Vmax, and Vi max were
increased until convergence of the fit was achieved.

I1l. EXPERIMENTAL SECTION
A. Measurements

The substance with a stated purity of 97% was purchased from
Sigma Aldrich, Taufkirchen, Germany, and was used without fur-
ther purification. A 7 cm piece of the pipe cleaner was soaked with
the substance and inserted into a stainless steel tube placed upstream
of the nozzle. Helium was used as a carrier gas. The 24DMA-He
mixture entered the vacuum chamber under a backing pressure of
200 kPa.

All spectra were recorded using a supersonic jet Fourier trans-
form microwave spectrometer operating in the frequency range
from 2 to 26.5 GHz.”> At first, a broadband survey was recorded
from 10.0 to 14.0 GHz. The lines observed in the stepped scan
were remeasured at a higher resolution, appearing as doublets,
due to the Doppler effect. The instrumental linewidth (HWHM)
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FIG. 4. Two typical spectra of the a-type 7¢; < 6gs transition of 24DMA
which splits into the (00), (10), (01), (11), and (12) torsional species. The fre-
quency is in gigahertz. The Doppler doublets are marked by brackets. For
each of these spectra, 400 free induction decays were coadded prior to
Fourier transformation. The polarization frequency is 10.46625 GHz for the
spectrum at the left hand side and 10.51650 GHz for that at the right hand
side.

is 2 kHz.” The measurement accuracy for 24DMA is about 4 kHz
due to line broadening from unresolved splittings arising from
the internal rotation of the methoxy methyl group as well as
spin-spin and spin-rotation coupling of the hydrogen atoms. Two
typical spectra recorded at high resolution and the broadband survey
are given in Figs. 4 and 5, respectively.

B. Spectrum assignment and fits

Some rigid rotor b-type transitions from the R-branches
K,=1<«0and K, =0 « 1 with J = 6, 7, and 8 in the broad-
band survey were first assigned and the three rotational constants
could be fitted preliminarily. The (00) and (10) torsional species aris-
ing from the internal rotation of the o-methyl group were assigned
straightforwardly, because the splittings are very narrow and both
components could be captured together in a single high resolution
measurement. The number of a- and b-type lines was gradually

Intensity / a.u.

T T T
10 1 12 13 14
Frequency / GHz

FIG. 5. The broadband survey of 24DMA from 10 to 14 GHz. The experimental
spectrum is the upper trace. The lower trace displays the theoretical spectrum (with
the color code used in Fig. 4) predicted using the molecular parameters obtained
from Fit XIAM given in Table |.
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increased until about 50 (00) and 50 (10) transitions were included in
a fit with a standard deviation of about 4 kHz for a torsional barrier
of about 440 cm™".

The assignment of the torsional splittings arising from the
p-methyl group was much more challenging because the barrier to
internal rotation is low and starting values predicted by quantum
chemical calculations were not sufficiently accurate. Nevertheless,
the a- and b-type transitions could be assigned and finally also some
rigid-rotor forbidden but LAM perturbation-allowed c-type transi-
tions. In total, 583 torsional species lines were identified and fitted
to a standard deviation of 24.1 kHz using the program XIAM."" The
fitted parameters are three rotational constants, five quartic centrifu-
gal constants, and three higher order parameters for the p-methyl

rotor Dyij2, Dpiok2, and Dpjp— >, which multiply 2(p2 - ﬁfp)zf’z,

ARTICLE scitation.org/journalljcp

{(p2 - f)TP)Z,Pﬁ}, and {(p2 - [3713)2’ (Pi - Pf)}, respectively. The
anti-commutator of two operators is marked by curly brackets. None
of the three higher order parameters describing the o-methyl rota-
tion could be fitted. The molecular parameters are listed as Fit XIAM
in Table I. A list of all fitted frequencies along with their deviations
is available in Table $4 in the supplementary material.

We then applied the ntop code to the same data set. For
the low barrier rotor, three additional parameters V; multiplying
P*(1 - cos(3a)), Vk multiplying P2(1 - cos(3a)), and V_ mul-
tiplying (Pi -p? )(1 - cos(3a)) decreased the standard deviation
to 4.2 kHz. Fitting the potential coupling term Vi, multiplying
cos3a; - cos3a; was necessary. The ntop fit is summarized as Fit
ntop in Table 1. The deviations are also listed in Table S4 in the
supplementary material.

TABLE I. Molecular parameters of 24DMA as obtained with the program XIAM and ntop.

Par.’ Unit Fit XIAM Fit ntop Cale.

A MHz 2419.1198(17) 2411.905(53) 2420.0°

B MHz 963.364.03(57) 973.172(54) 958.3"

C MHz 698.24277(38) 687.553(99) 695.4"

Dy kHz 0.0161(15) 0.01100(15) 0.014 96"
Dk kHz 0.036(12) 0.0441(11) 0.038 42"
Dx kHz 0.200(51) 0.2941(49) 0.2707°
d kHz —0.00509(99) —0.005 704(87) —0.004 986"
d kHz —0.00127(42) 0.000732(46) —0.0007421"
Vi cm ™! 446.65(16) 441.139(23) 453.24¢
Via© cm ™! 59.0120(1) 47.649(30) 61.61°
D‘gizj,lt MHz —0.064 1 1(95)

DPQK,I( MHz 0.037 8(45)

Dpi27,1C MHz —0.075 52(89)

Dpizy2" MHz 2.882(85) 0.0994(16)

Dyirk2 MHz 84.12(40) 0.5262(34)

Dpir—2° MHz —2.665(82) —0.7248(61)

Viz GHz —201.83(52)

Vit MHz 1.930(32)

Vit MHz 10.215(70)

Vo, MHz —14.58(13)

2(iy,a)° deg 62.974(49) 62.753 4(44) 61.50°
2(iy,b)° deg 27.026(49) 26.9734(5) 28.50°
2(i,0)° deg 90.00° 90.00° 90.10¢
2(i,)" deg 178.0670(2) 178.08844(13) 177.97¢
2(iz,b)" deg 91.9330(2) 91.9351(2) 91.74¢
2(izc) deg 90.00° 90.00° 88.97°

N 583 583

o® kHz 24.1 42

*All parameters refer to the principal axis system. Watson’s S reduction and I" representation were used.

®Ground state constants from anharmonic frequency calculations at the B3LYP/6-311++G(d,p) level of theory.

“Rotors 1 and 2 refer to the o- and p-methyl groups, respectively.
4From geometry calculations at the MP2/6-311++G(d,p) level of theory.

Fixed due to symmetry.
fNumber of lines.
8Standard deviation of the fit.

J. Chem. Phys. 151, 104310 (2019); doi: 10.1063/1.5116304
Published under license by AIP Publishing

151, 104310-5


https://scitation.org/journal/jcp
https://doi.org/10.1063/1.5116304#suppl
https://doi.org/10.1063/1.5116304#suppl

The Journal
of Chemical Physics

IV. DISCUSSION

Using the program XIAM, the microwave spectrum of the only
conformer of 24DMA including 583 torsional transitions was fitted
with a standard deviation of 24.1 kHz, yielding accurately deter-
mined molecular parameters. All quantum-chemically predicted
rotational constants are in very satisfactory agreement with the
experimental values (see Table I), including the centrifugal distor-
tion constants predicted from anharmonic frequency calculations at
the B3LYP/6-311++G(d,p) level of theory. The ground state rota-
tional constants obtained from these calculations are A = 2420.0,
B =958.3, and C = 695.4 MHz.

A fit of the same data set with the program ntop yields a stan-
dard deviation of 4.2 kHz. Being about twice the instrumental accu-
racy of 2 kHz, this is consistent with the molecular line broadening
from the unresolved methoxy methyl internal rotation and hydrogen
hyperfine structure. Consistently, if the (00) species lines are fitted
separately, which often only require a rigid rotor Hamiltonian cor-
rected by quartic centrifugal distortion terms, a standard deviation
of 4.5 kHz is obtained. Some combination difference loops were cal-
culated which also indicated residues of about 4 kHz. Therefore, we
conclude that the standard deviation of 4 kHz is not due to the lack
of parameters in the Hamiltonian.

Similar to the case of p-methyl anisole,”’ the six-fold contri-
bution in the potential barrier is neglected, even though the calcula-
tions at the MP2/6-311++G(d,p) level of theory have suggested some
contribution for the p-methyl rotor. The ntop fit with pure V'3 terms
given in Table I states that the use of Vi terms is not necessary.
If the Vi parameter is fixed to the predicted value, fits with simi-
lar quality are obtained, although the standard deviation is slightly
higher than that in the fits where Vy is fixed to zero, indicating that
the Vi contribution cannot be determined from the present data
set.

The calculated torsional barriers of the o- and p-methyl groups
are 453.24 cm ™" and 61.61 cm™", respectively, which are in the same
order of magnitude of the experimental values, but higher for both
rotors (see Table I for comparison). It is remarkable that the barrier
heights are significantly different in Fit XIAM and Fit ntop. This phe-
nomenon is often observed when effective parameters are floated.
Because of the strong correlation with V3, Fy was fixed to 160 GHz
in both, Fit XIAM and Fit ntop, which corresponds to I = 3.159 uA?,
a value often found for methyl groups in aromatic molecules.

The barrier heights of the o- and p-methyl tops obtained with
ntop are 441.139(23) and 47.649(30) cm™}, respectively. The first
conclusion that can be drawn is that the torsional barriers of the
o0- and p-methyl groups do not change significantly compared to the
values of the respective monomethylanisoles. The barrier to internal
rotation of the o-methyl group in o-methylanisole'® (3) is 444.05(41)
cm™" and the one of the p-methyl group in p-methylanisole’ (9) is
49.6370(1) cm ™! (see Fig. 6 for a better comparison and molecule
numbering). This is probably due to the distance between the two
ring methyl groups. However, since the potential coupling term V1,
in ntop is needed, the two LAMs are not independent of each other.
The barrier height of the p-methyl group deduced with XIAM is
59.0120(1) cm ™', surprisingly different from that obtained with ntop
and that of the p-methyl group in p-methylanisole. Currently, we
have no conclusive statement other than it is conceivable that the
values of these barrier absorbed effects are not explicitly treated in
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FIG. 6. Torsional barriers in cm~' of the o- and p-methyl groups
in substituted toluene: (1) o-Fluorotoluene,”” (2) anti o-cresol,”® (3)
o-methylanisole,'® (4) 2,4-dimethylanisole (this work), (5) 0-*3Cl-chlorotoluene,’
(6) syn 2,5-dimethylbenzaldehyde,® (7) p-fluorotoluene,® (8) p-cresol,** (9)
p-methylanisole,”” (10) p-*3Cl-chlorotoluene,*® and (11) p-tolualdehyde.

XIAM but are accounted for by the additional parameters fitted in
ntop.

The second conclusion is that the barrier of the p-methyl top
is by an order of magnitude lower than that of the o-methyl top.
The latter can be well-explained by steric hindering, because of the
bulky methoxy group in the vicinity of the o-methyl group. This
steric effect is evident in the upper trace of Fig. 6, where the barrier
to internal rotation of the o-methyl group in o-substituted toluene
derivatives is compared. The molecules are ordered by increasing
hindrance of the o-substituent, showing a clearly increasing trend of
the potential barrier from (1) to (6).'%*"

All p-substituted toluene derivatives show torsional barriers
significantly smaller than the o-isomers. As discussed in Ref. 20,
there is an intuitive explanation for the low barrier of the ring methyl
group in p-substituted toluenes. The frame has a perfect C, symme-
try in toluene or in molecules with a symmetric substituent at the
para position like p-fluorotoluene (7) or p-chlorotoluene (10). In
combination with the local C3, symmetry of the ring methyl group,
the V3 contribution of the potential would be zero and only a small
Ve term exists, which is 4.9 cm™! in the case of toluene,’’ 4.8298(63)
cm™! for p-fluorotoluene (7),” and 4.872(14) for p-chlorotoluene
(10).” If the substituent is slightly asymmetric, such as an alcohol
group in p-cresol (8),” a methoxy methyl group in p-methylanisole
(9)" and 24DMA (4), or an aldehyde group in p-tolualdehyde
(1 1),37' the C,y symmetry of the frame is lowered, causing a V'3 poten-
tial term. The smaller the substituent is (OH < CHO < OCH3), the
less the Cyy symmetry of the frame is broken and consequently the
lower the V3 contribution to the potential becomes [18.39(3) cm™!
(8)" <28.111(1) em™! (11)* < 49.6370(1) (9)”° ~ 47.649(30) cm ™"
(4), respectively]. In o-substituted toluenes, the frame has no longer
Cyy symmetry. Therefore, the V3 potential term is dominant and
the V¢ potential becomes negligible. We emphasize that all these
arguments are intuitive. Searching for the origin of methyl internal
barriers remains a challenging task for both experiments and theory
for decades, because there are several dependent contributions for

J. Chem. Phys. 151, 104310 (2019); doi: 10.1063/1.5116304
Published under license by AIP Publishing

151, 104310-6


https://scitation.org/journal/jcp

The Journal

of Chemical Physics

36

this parameter.”” Systematic quantum chemical calculations includ-
ing natural bonding orbitals method might help to give evidence for
the arguments above.

SUPPLEMENTARY MATERIAL

See supplementary material for Fourier coefficients, Cartesian
coordinates, and frequency lists.
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