N
N

N

HAL

open science

Methyl Internal Rotation in the Microwave Spectrum of

Vinyl Acetate
Ha Vinh Lam Nguyen, Atef Jabri, Vinh Van, Wolfgang Stahl

» To cite this version:

Ha Vinh Lam Nguyen, Atef Jabri, Vinh Van, Wolfgang Stahl. Methyl Internal Rotation in the
Microwave Spectrum of Vinyl Acetate. Journal of Physical Chemistry A, 2014, 118 (51), pp.12130-

12136. 10.1021/jp5075829 . hal-03183158

HAL Id: hal-03183158
https://hal.science/hal-03183158v1
Submitted on 27 Mar 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03183158v1
https://hal.archives-ouvertes.fr

Methyl Internal Rotation in the Microwave

Spectrum of Vinyl Acetate

Ha Vinh Lam Nguyen™ “*, Atef Jabri®, Vinh Van®, and Wolfgang Stahl*

*Institute of Physical Chemistry, RWTH Aachen University, Landoltweg 2, D-52074 Aachen,

Germany

" Laboratoire Interuniversitaire des Systémes Atmosphériques (LISA), CNRS UMR 7583/IPSL et
Universités Paris Est UPEC & Paris Diderot UPD, Université de Paris Est, 61 avenue du Général

de Gaulle, F-94010 Créteil cedex, France
ABSTRACT

The rotational spectrum of vinyl acetate, CH3(CO)OCH=CH:, was measured using two
molecular beam Fourier transform microwave spectrometers operating in the frequency range
from 2 to 40 GHz. Large splittings up to 2 GHz occurred due to the internal rotation of the acetyl
methyl group CH:CO with a V3 potential of 151.492(34) cm', much larger than the barrier of
approximately 100 cm ™' often found in acetates. The torsional transitions were fitted using three
different programs XIAM, ERHAM, and BELGI-Cs, whereby the rotational constants,
centrifugal distortion constants, and the internal rotation parameters could be determined with
very high accuracy. The experimental results were supported by quantum chemical calculations.

For a conformational analysis, potential energy surfaces were calculated.
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INTRODUCTION

The microwave spectroscopic investigations on allyl acetate' have shown that the barrier to
internal rotation of the acetyl methyl group is 98.093(12) cm ', almost the same as that found for
a series of alkyl acetates. Starting from the barriers of 102.413(20) cm ™' and 101.606(23) cm™" in
methyl acetate’ and ethyl acetate,’ respectively, a barrier of approximately 100 cm™' was always
found when the alkyl chain is longer, like in the case of n-propyl acetate (103.341(18) cm™),* n-
butyl acetate (99.66(36) cm™'),” n-pentyl acetate (102.4646(39) cm')° up to n-hexyl acetate
(99.759(28) cm™").” Even when the alkyl chain is branched like in isopropyl acetate® and isoamyl
acetate,’ the internal rotation barrier of the acetyl methyl group seems to be unaffected. Back to
the case of allyl acetate, the allyl group does not affect the acetyl methyl barrier either; however,
there is a long distance between the double bond and the methyl rotor. It is thus interesting to
study vinyl acetate, where the double bond is attached directly to the carboxyl group and -
electron conjugation becomes possible.

The free-jet millimeter absorption spectrum of vinyl acetate has been already investigated by
Velino et al. in the frequency range from 60 to 80 GHz." In this study, a barrier to internal
rotation of 155.07(9) cm™' for the acetyl methyl group was reported, which is considerably higher
than the barrier of about 100 cm™' found for all other saturated alkyl acetates aforementioned as
well as for allyl acetate.' A global fit using the program XIAM'' was carried out for 101
transitions with 3 <J < 25 and 3 < K. < 5. Unfortunately, the experimental resolution of 40 kHz
of the millimeter spectrometer in Bologna was not in the same order of magnitude for a

reasonable comparison with the resolution of 2 kHz for the microwave spectra measured in



Aachen. A standard deviation of 0.08 MHz, which is twice the stated experimental resolution,
could be achieved while 14 parameters were fitted. We thus decided to remeasure vinyl acetate
using two molecular beam Fourier transform microwave (MB-FTMW) spectrometers. Using
three programs, XIAM,'' ERHAM," and BELGI-Cs,"” which are available at the web site given
in Ref. 14, we expected to achieve better standard deviations. Afterwards, the gas phase structure
of vinyl acetate was determined by comparing the experimental parameters with the results from

quantum chemical calculations.

MICROWAVE SPECTROSCOPY

Experimental setup. All spectra were recorded in the frequency range from 2 to 40 GHz using
two MB-FTMW spectrometers, which are modified versions of the spectrometers described in
Refs. 15-17. Vinyl acetate was obtained from Merck Schuchardt OHG, Hohenbrunn, Germany,
and used without further purification. A gas mixture containing 1% substance in helium at a total
pressure of 60 to 110 kPa was used throughout. We chose helium as carrier gas because the
cooling is not as effective as with argon or neon, and therefore also higher J levels can still be
observed.

The spectrometers can be operated in two different modes, the high resolution mode and the
scan mode. Since the rotational constants reported in Ref. 10 possess sufficient accuracy, all
spectra could be measured directly in the high resolution mode. All lines are split into doublets
due to the Doppler effect; the molecular transition frequency is the center frequency. The
splittings depend on both, the center frequency and the velocity of the molecular beam. Figure 1
illustrates a typical spectrum in the high resolution mode. A broadband scan in the frequency
range from 19100 to 19900 MHz was also recorded; two sections of it are shown in Figure 2 as

an example of the A-E splittings.



Measurements. First, the rotational constants and barrier to internal rotation of the acetyl
methyl group from Ref. 10 were taken to predict the microwave spectrum using the program
XIAM. In total, 90 A and 101 E species with 0 <J < 15 and 0 < K. < 4 and wide A-E splittings
up to 2 GHz could be found easily. They are all very intense b-type transitions. The line width is
from 20 to 40 kHz (see Figure 1), much larger than the value of 1 kHz found for the 1 «— 0
transition of OCS at 12 GHz."® In some transitions, splittings up to 10 kHz could be resolved. We
attribute these splittings and the large line widths to spin-spin and spin-rotation couplings of the
protons, which will not be considered further.

Fits. In a next step, the rotational constants 4, B, C, the centrifugal distortion constants Aj, Ak,
Ak, 04, Ok, the V3 potential, the polar-coordinate d, and the moment of inertia were fitted with the
program XIAM. The angles between the internal rotor axis and the principal axes were derived
from & and €, where 9 is the angle between the internal rotor axis and the g-axis and ¢ is the angle
between the b-axis and the projection of the internal rotor axis onto the bc-plane, which is fixed
to 0 in this case due to the almost Cs symmetry of vinyl acetate. The fitted parameters are given
as Fit [ in Table 1. A list of all transition frequencies is available in the Supporting Information
(Table 1S). In a second fit (Fit II in Table 1), the internal rotation parameters were fixed to the
values obtained from Fit I and only the A species lines were fitted. Table 1S also contains the
residuals of all 90 transitions in Fit II.

The program XIAM uses the Combined Axis Method (CAM) where the internal rotation
problem is set up in the principal axis system. The Hamiltonian matrix is subsequently
transformed into individual rho axis systems for each internal rotor, and Coriolis coupling terms

can be eliminated. In the rho axis system, the eigenvalues are calculated in the product basis of



symmetric top functions for the overall rotation and linear combinations of free rotor functions
for the torsion. Finally, the eigenvalue matrix is transformed back to the principal axis system.

As an alternative, a fit of the same 191 transitions was performed using the program
ERHAM." This program is often used to fit rotational spectra of molecules with one or two
internal rotors. ERHAM sets up and solves an Effective Rotational HAMiltonian. The frame
symmetry can be Cs or Ci for single or non-equivalent rotors and Cz, Cav, or Cs for equivalent
rotors. Parameters which are comparable to those fitted by the program XIAM are presented as
Fit III (Table 1), additional parameters in Table 2. The residuals of all transitions are also
available in Table 1S in the Supporting Information.

Furthermore, the program BELGI-Cs was used to include the microwave data measured in
Aachen and the millimeterwave data published in Ref. 10 in a global fit. BELGI-Cs uses the Rho
Axis Method (RAM), and all parameters obtained in the fit are referred to the rho axis system.
Many higher order terms, not only in the total angular momentum P but also in the angular
momentum of the internal rotor P, and in cross-terms between them, can be fitted. BELGI-Cs
uses a two-step diagonalization procedure, which was described in details in Ref. 3 and 13 and
will not be repeated here. Some parameters are transformed in the principal axis system by a
rotation about the c-axis and indicated as Fit V in Table 1. The BELGI-Cs parameters in the rho
axis system are summarized in Table 3. All fitted transitions along with their residuals are listed
in Table 28S.

QUANTUM CHEMICAL CALCULATIONS

Potential energy surfaces — conformational analysis. One of the first quantum chemical
results for vinyl acetate were obtained in 1976 by Aroney ef al. using the program GAUSSIAN 70

and standard LCAO self-consistent-field molecular orbital theory."” Calculations at the MP2/6-



311++G(d,p) level of theory in Ref. 10 exhibited three stable conformers. This method-basis set

2022 and has become one of the most

combination is widely used in the spectroscopic community
often used levels, which was applied for all molecules studied in Aachen in the last few years.
Unlike the case of allyl acetate, where the vinyl group is tilted out of the CH3(C=0)O plane by
an angle of approximately 120°,' in the most stable conformer of vinyl acetate, all heavy atoms
are almost located in a mirror plane (see Figure 3). The vinyl group is tilted by a small angle of
7° out of the symmetry plane of the ester group. This is interesting, since the same effect occurs
in many molecules investigated in Aachen like ethyl methyl ketone,” diethyl ketone,** ethyl
valerate,” and methyl isobutyl ketone.*® We thus decided to study the conformational landscape
of vinyl acetate in more detail by calculating a potential energy surface (PES) at the
MP2/6-311++G(d,p) level of theory using the GAUSSIAN 09 program package.”” Two dihedral
angles @1 = Z (Os, Cs, O7, Cs) and @2 = £ (Cs, O7, Cs, Co) were varied in a grid of 10° (for atom
number see Figure 3), while all other geometry parameters were allowed to relax. The
corresponding energies were parameterized by a two-dimensional Fourier expansion based on
terms representing the totally symmetric functions of @1 and ¢2; the Fourier coefficients are given
in Table 3S in the Supporting Information. Using these coefficients, the PES could be drawn as a
contour plot visualized in Figure 4. In agreement with the results of Velino et al.,'’ the PES
shows two possible trans conformers at (¢1, ¢2) = (0°, 180°) and (0°, 0°) and an enantiomeric
pair of a cis conformer at (180°, 180°+50°). An extremely broad minimum exists in the region
centered at @1 = 0° and @2 = 180°, which corresponds to the most stable conformer (conformer I)
with a Cs symmetry. Another minimum is located at @1 = @2 = 0° which presents the other trans
conformer (conformer II). This minimum is not well pronounced and looks like a maximum in

Figure 4. However, in higher resolution, as shown in Figure 1S in the Supporting Information, a



minimum can be clearly recognized. The stabilization energy is approximately 12.6 kJ-mol™
higher than that of conformer I. From our experience, it is unlikely to observe conformer II under
molecular beam conditions. Two minima with an energy of about 28 kJ-mol ' are located at g1 =
180° and @2 = 180°£50° which represent an enantiomeric pair of the cis conformer (conformer
III/II1*). In agreement with our investigations on many esters like ethyl acetate,’ ethyl pivalate®
as well as the theoretical studies of Oki et al.*’ and Aroney et al.”, cis esters are much higher in
energy than trans esters. Therefore, we focused only on conformer I of vinyl acetate in the
present study. It should be noted that we define the frans conformation as indicated in Figure 3
and Ref. 29, which is different from the definition in Refs. 10 and 19. The coordinates of the
most stable conformer I are given in Table 4S in the Supporting Information.

Calculations at the B3LYP/6-311++G(d,p) level of theory show a more distinctive minimum
for conformer II. The enantiomeric pair of conformer III/II[* collapses into a single broad
minimum. No significant changes of the absolute minimum (conformer I) can be recognized.
The corresponding PES is illustrated in Figure 5, the Fourier coefficients are also listed in Table
3S.

A potential curve obtained by rotating the vinyl group around the O7-Cs bond shown in Figure
6 almost corresponds to a cut of the PES through ¢: = 0°. There, the dihedral angle ¢> was varied
in a grid of 10°; all other parameters were optimized (in the PES, ¢1 was also fixed). Due to the
Cs symmetry of the CH3(C=0)O frame, it was sufficient to vary ¢2 from 0° to 180°. Calculations
at the MP2/cc-pVTZ level were additionally performed. The Fourier coefficients are summarized
in Table 5S. A closer look at the minimum region calculated in 1° step width at the

MP2/6-311++G(d,p) level shows clearly a double minimum for conformer I with two minima at



@2 = 180°t7°, whereas calculations at the B3LYP/6-311++G(d,p) level indicate a single
minimum at @2 = 180°.

Internal rotation. The barrier to internal rotation of the acetyl methyl group in vinyl acetate
was calculated at different levels of theory by varying the dihedral angle @3 = £ (Os, Cs, Ci1, H4)
in a grid of 10°. Only a rotation of 120° was needed due to the Csv symmetry of the methyl
group. The potential curves were parametrized by Fourier expansions. The barrier heights, some
sets of Fourier coefficients, and three potential curves calculated at the B3LYP/cc-pVQZ,
MP2/cc-pVTZ, and CCSD/cc-pVDZ levels of theory are available in Table 6S, Table 7S, and
Figure 28S, respectively, in the Supporting Information. We also calculated two PES at the
MP2/6-311++G(d,p) and B3LYP/6-311++G(d,p) levels (given in Figure 3S and 4S) where two
dihedral angles @1 and @3 as well as ¢2 and @3 were varied in a grid of 10°. From these PES, no
significant couplings between the motions could be observed.

Basis set variation. For the most stable conformer I, optimizations at different levels of theory
with the HF, B3LYP, MP2, and CCSD methods were carried out in order to explore the variation
of molecular parameters with the method applied. The rotational constants A, B, C, the acetyl
methyl barrier to internal rotation, the angles of the internal rotor in the principal axes of inertia,
and the dihedral angles @1 and ¢ are indicated in Table 6S in the Supporting Information.
Additionally, harmonic frequency calculations were carried out for the HF, B3LYP, and MP2

methods to verify whether the geometries were transition states or stable conformers.

RESULTS AND DISCUSSION
The program XIAM achieves a standard deviation of 92.3 kHz for 191 microwave transitions

(Fit I in Table 1), which is abnormally 46 times larger than our estimated experimental accuracy



of 2 kHz. The fit can be improved by fixing the internal rotational parameters to the values
obtained from the global fit and fitting only A species transitions. The standard deviation is then
significantly reduced to 1.2 kHz (Fit II in Table 1), which shows that the program XIAM can fit
A species transitions of vinyl acetate perfectly but not the E species. This abnormally large
standard deviation is often observed with the XIAM code when the internal rotor axis is almost
in the middle of the a- and b-axis (£(i,a) = £(i,b) = 45°), and the barrier is rather low.

The global fit with the program ERHAM yields a very good standard deviation of 4.9 kHz.
The rotational constants, centrifugal distortion constants, and the angles between the internal
rotor axis and the principal axes are in reasonable agreement with the values obtained by XIAM.
Using the ERHAM code, some effective parameters are fitted, but unfortunately, the V3 potential
cannot be deduced easily.

The program BELGI-Cs can fit 96 millimeterwave and 191 microwave transitions globally
using 18 parameters to standard deviations of 67.8 kHz and 2.9 kHz, respectively. The deviation
found for the microwave transitions is almost the experimental resolution for isolated line (2
kHz). The rotational constants 4, B, C, centrifugal distortion constants, V3 potential, and the Dab
parameter, which multiplies the P.P» + PoPa operator and is due to the use of the non-principal
axis system, were floated. The (reduced) rotational constant of the internal rotor F' was fixed to
5.56622 ¢cm’', the value obtained from a preliminary XIAM fit, since only transitions in the
torsional ground state are available and this parameter is then strongly correlated to V3. Finally, 6
higher-order terms between the internal rotation and the global rotation (Fv, ks, 2, dab, Dacsin3, and
Dacksins) were required to obtain a root-mean-square deviation very close to measurement

accuracies.



The BELGI fit improves the root-mean-square deviation for 96 millimeterwave transitions
which are weighted 40 kHz. We note that five lines from Ref. 10 showed an observed-calculated
residual four times larger than the measurement uncertainty and decided to exclude them from
our fit. The A4 rotational constant obtained from the BELGI code (after a transformation into the
PAM system) differs by about 25 MHz from the values obtained by the XIAM and ERHAM
codes. This parameter is also determined with less accuracy, probably due to the strong
correlations with other parameters.

The V3 potential of the acetyl methyl group is 151.492(34) cm™' according to XIAM (Fit I),
slightly different from the value in Fit IV (Ref. 10) and Fit V (BELGI-Cs). However, the reduced
barrier s = 4V3/9F from the BELGI fit is very similar to that in the XIAM fit (see Table I).
Comparing to the value of 98.093(12) cm ' found for allyl acetate, the barrier rises significantly.
In vinyl acetate, the vinyl group is attached directly to the oxygen atom, whereas in allyl acetate,
a CH2- group is in between. In isopropenyl acetate, an internal rotation barrier of 135.3498(38)
cm ' was obtained,” which is in between the barriers found for vinyl acetate and allyl acetate.
Obviously, if the vinyl group is bound directly to the ester group, m-electron conjugation,
extending from the vinyl double bond to the ester group, seems possible and could increase the
barrier. In allyl acetate, the vinyl group cannot conjugate with the carbonyl group and the barrier
remains near 100 cm™'. The electronic and structural effects on internal rotation barrier by an
interaction of the methyl group with the © system via hyperconjugation has been discussed by
Spangler,’’ however, mainly on aromatic systems. Further discussion on the torsional barrier
changes in substituted toluenes due to m molecular orbital orientation effect, n* «—m excitation,
and m ionization was also given in the overview written by Weisshaar.”> We will continue the

work on unsaturated acetates to study this feature in detail.
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The B and C rotational constants match the values calculated at the MP2/6-311++G(d,p) level
of theory almost exactly; the 4 rotational constant differs by 105 MHz. Calculations at the
B3LYP/cc-pVTZ level of theory yielded the best agreement with the experimental values for all
rotational constants (see Table 6S). The barrier height varies in a wide range from 93 cm™ to 225
cm ' and depends strongly on the chosen method-basis set combination.

Finally, quantum chemical calculations carried out at our most often used level of theory,
MP2/6-311++G(d,p), show that the most stable conformer is located at (¢1,¢2) = (0°,180°+7°)
and the Cs conformation at (¢1,p2) =(0°,180°) is a transition state. We tried to measure c-type
transitions using polarizing pulses with a power of 2 W, whereas b-type transitions are already
over-polarized with a few mW. The absence of c-type transitions suggests that the effective
structure of vinyl acetate has a Cs symmetry. However, due to the low c-component of the dipole
moment (0.11 Debye) and a possible tunneling process between two enantiomers at ¢ =+7° and
—7°, it is difficult to decide by the absence of c-type transitions, whether the output power is not

sufficient, a tunneling exists, or the real molecular structure indeed has a symmetry plane.

CONCLUSION

The microwave spectrum of vinyl acetate was measured using two MB-FTMW spectrometers
and reproduced by three program codes XIAM, ERHAM, and BELGI-Cs. The program XIAM
can fit the A species to a standard deviation of only 1.2 kHz. For the E species, the predictive
power of XIAM is not satisfactory. The program ERHAM enables a fit of the microwave data set
with the standard deviation close to experimental resolution. However, some effective tunneling
parameters had to be added while the barrier to internal rotation cannot be obtained directly.
Using the program BELGI-Cs, a global fit including both, the microwave and the millimeter

wave transitions, was carried out and the whole data set with 287 torsional transitions was fitted
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using 18 parameters. The barrier height is determined with high accuracy to be 151.492(34) cm™
and 158.5787(52) cm ' using the program XIAM and BELGI, respectively. For a conformational
analysis, potential energy surfaces were calculated, whereby three stable conformers were
observed. The potential curve obtained by rotating the vinyl group was carried out at different
levels of theory. Calculations at the MP2/6-311++G(d,p) level yielded a double minimum

potential where the vinyl group is tilted against the ester frame by an angle of approximately 7°.
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TABLES

Table 1. Molecular parameters of vinyl acetate obtained by the programs XIAM, ERHAM, and BELGI-Cs.

Parameter'  Unit  Fit] Fit I1 Fit 111 Fit IV Fit V
XIAM XIAM ERHAM Ref. 10 BELGI-Cs

A GHz  9.400225(19) 9.40023177(11)  9.40126497(75) 9.40186(4)  9.375162(96)
B GHz  2240145(24) 2.240142373(34) 2.24171253(21) 2.241742(6)  2.243104(21)
C GHz  1.831944(17) 1.831941565(34) 1.83242483(19) 1.832332(7)  1.8329208(21)
A kHz  0.1725(82)  0.18107(17) 0.17756(93) 0.15(1) 0.1643(11)
A kHz 1.740(54) 1.7955(12) 1.8251(63) 1.84(1)
Ak kHz 8.51(38) 9.3848(57) 7.637(72) 10.7(6)
8 kHz  0.0416Q27)  0.036955(54) 0.03594(31) ~0.0347(7)
Sk kHz  0.52(13) 0.9284(23) 0.647(18) ~0.0071(4)
Vs em™ 151.492(34)  151.492° 155.07(9) 158.5787(52)

kJ-mol™' 1.81224(40)  1.81224° 1.855(1)
5 12.5981 12.66192
Iy uA’ 3.28858(59)  3.28858" 3.3258(51) 3.215(2) 3.21012(84)
Z/(i,a) ° 41.3205(89)" 41.3205° 37.53(11) 41.05(1) 41.30950(86)
Z(i,b) o 48.6795(89)°  48.6795" 52.47(11) 48.95(1) 48.69050(86)
Dyizs MHz  0.1531(28)  0.1531° 11(1)
Diiz- MHz  0.0916(15)  0.0916°
o° MHz  0.0923 0.0012 0.0049 0.08 0.0678'70.0029¢
Na/Ne" 90/101 90/0 90/101 101 147/140

® All parameters refer to the principal axis system. Watson’s A reduction in I" representation was used. " Fixed to the values in Fit I
(see text). ¢ Reduced barrier s = 4V3/9F. ¢ Derived from §, Z(i,c) is fixed to 90.0° in all fits due to Cs symmetry. ¢ Standard deviation of
the fit. ' Millimeterwave data.  Microwave data. " Number of the A (N4) and E species lines (Nk).
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the nomenclature, see Ref. (12).

Table 2: Additional molecular parameters of vinyl acetate fitted by the program ERHAM. For

Parameter Unit Value

p 0.049879(20)
B ° 10.380(38)
€10 GHz —4.43447(84)
[Ga]1o MHz 77.71(11)
[Gv]io MHz 2.15(15)
[A—(B+C)/2]10 MHz 2.2384(44)
[(B+C)/2]10 kHz -36.2(30)
[(B-C)/4]10 kHz -9.2(14)
[Asx]10 kHz 0.3403(40)
[Ax]1o0 kHz 4.715(41)
[d/]10 kHz 0.00132(21)
[Ok] 10 kHz 0.0707(84)
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Table 3: Spectroscopic constants of vinyl acetate in the RAM system obtained with the program

BELGI-Cs.

Operator® Parameter” BELGI-CS Unit Value®
notation

P. A OA GHz 9.073193(99)

P’ B B GHz 2.545073(15)

P’ C C GHz 1.8329208(20)

{Pa,Pv} Dab DAB GHz —1.436133(34)

{Pa,Pv}(1-cos3a) dab ODAB MHz —4.691(19)

—P* A DJ kHz 0.1643(11)

—P.* Ak DK kHz 9.789(34)

P° H HJ Hz 0.0147(26)

P.° Hi HK Hz 14.6(15)

—2P*(Py*-P?) O ODELN Hz 26.22(23)

—{P,(Py"—P)} & ODELK kHz 0.393(16)

P, F F cm’ 5.56622¢

(1/2)(1—cos 3a) Vs V3 cm’ 158.5787(52)

PP, Yo, RHORHO unitless  0.0457099(41)

(1—cos3a)P’ Fy FV MHz —4.691(19)

(1—cos3a)P.’ ks AKS5 MHz 99.41(33)

(I—cos3a)(P—PS) ¢ C2 MHz -2.553(16)

{Pa,Pc}sin3a Dacsinz® DAC MHz 29.64(94)

P.>{P.,P.}sin3a Deacksini® DACK MHz 0.1020(84)

Weight / kHz Na/Ne/N' Root mean square deviation / kHz

5 90/101/191 2.9

40 57/39/96 67.8

Not included® 2/3/5

* All constants refer to a rho-axis system. Therefore, the inertia tensor is not diagonal and the
constants cannot be directly compared to those of a principal axis system. Pa, Pv, and P. are the
components of the overall rotational angular momentum. P, is the angular momentum of the
internal rotor rotating around the internal rotor axis by an angle a. {u,v} is the anti-commutator
uv + vu.

® The product of the parameter and operator from a given row yields the term actually used in
the zeroth-order torsional Hamiltonian, except for F, p, and 4, which occur in the Hamiltonian in
the form F(Po—pP:)* + AP.%.

¢ Statistical uncertainties are shown as one standard uncertainty in unit of the last digit.

4 Fixed to the value in a preliminary XIAM fit (see text).

¢ These two constants used to be called D« and Duck, but we decided to rename them to
emphasize the sin3a dependence.

19



"Number of the A species (Na), E species lines (Nk), and the total number of lines (N) included
in the fit.

¢ From the fit in Ref. 10, excluded since the obs.-calc. values are four times larger than the
experimental resolution.

FIGURES

Figure 1. A typical spectrum of the 624 «— 615 A species transition of vinyl acetate. The
experimental resolution is 2 kHz, the line width 38 kHz (FWHH). The Doppler splitting is

indicated by bracket. For this spectrum, 26 decays were co-added.
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Figure 2. Two sections of a typical broadband scan of vinyl acetate covered by overlapping
spectra with a step width of 0.25 MHz. For each single measurement, 50 decays were co-added.
The A-E splitting of the 624 «— 615 transition is about 635 MHz. All lines are very intense b-type

transitions. The narrow splitting on top of each line is due to over-polarization.
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Figure 3. Geometry of the most stable frans conformer I of vinyl acetate calculated at the
MP2/6-311++G(d,p) level of theory. The vinyl group is tilted by 7° out of the Ci-(Cs=0s)O7

plane. The red arrow indicates the direction of the dipole vector pointing from minus to plus.
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Figure 4. The potential energy surface of vinyl acetate obtained by rotating the dihedral angles
o1 = £ (Os, Cs, O7, Cs) (rotation around the Cs—O7 bond) and @2 = £ (Cs, O, Cs, Co) (rotation
around the O—Cs bond) for a conformational analysis. Calculations were performed at the
MP2/6-311++G(d,p) level of theory. The absolute energy of the lowest conformation is
E =-305.7221345 Hartree. Two stable trans conformers (I and II) as well as the enantiomeric

pair of a cis conformer (III/IIT*) are found.

60.96
54.87
48.77
42.67
36.58
30.48
24.39
18.29
12.19

6.10

L 0.00
-180° 0° 180°  kJ mol™

Figure 5. The potential energy surface of vinyl acetate obtained by rotating the dihedral angles
¢1 and @2 calculated at the B3LYP/6-311++G(d,p) level of theory. The absolute energy of the
lowest conformation is E =-305.5670175 Hartree. The enantiomeric pair III/III* in Figure 4

collapses into a single broad minimum (III).
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Figure 6. The potential curve of vinyl acetate obtained by rotating the vinyl group around the
07—Cs bond (varying the dihedral angle @2 = £ (Cs, O7, Cs, Co) in a grid of 10°) calculated at the
MP2/6-311++G(d,p), B3LYP/6-311++G(d,p), and MP2/cc-pVTZ levels of theory. The absolute
energies of the lowest energy conformations are E =-305.2746103 Hartree, —306.5670175

Hartree, and —305.9079105 Hartree, respectively. A double minimum at @2 = 180°+7° can be

observed by calculations at the MP2/6-311++G(d,p) level.
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