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The rotational spectra of ethyl methyl ketone, CH3CH2COCH3, were measured in the microwave
region from 2 to 40 GHz using two molecular beam Fourier transform microwave spectrome-
ters. Splittings due to internal rotations of both, the acetyl methyl group −COCH3 and the ethyl
methyl group CH3CH2CO−, could be completely resolved. All measured transitions were fitted
using two different codes, XIAM and BELGI-Cs-2Tops. Molecular parameters like the rotational
constants and the centrifugal distortion constants were determined with very high accuracy. The
barrier to internal rotation of the acetyl methyl group was fitted to 181.502(98) cm−1, much lower
than the value of 763.87(65) cm−1 found for the ethyl methyl group. The splittings in the spectrum
due to internal rotation of the acetyl methyl group are accordingly much larger, up to 1.2 GHz,
whereas for the ethyl methyl group only splittings from a few hundreds of kHz up to 4 MHz were
observed. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4878412]

I. INTRODUCTION

Ethyl methyl ketone is one of the smallest aliphatic ke-
tones which is widely used as a solvent in chemistry and in-
dustry. From a spectroscopic point of view, the methyl groups
in ethyl methyl ketone undergo interesting dynamics, i.e.,
they internally rotate with different hindering barriers. The
CH3CH2CO− methyl group will be called the ethyl methyl
group and the −COCH3 methyl group the acetyl methyl
group throughout this text. Ethyl methyl ketone has already
been investigated very early in 1969 by Pierce et al.1 There,
only rotational transitions in the vibrational ground state and
only the internal rotation of the acetyl methyl group were re-
ported. Twenty years later, Pozdeev et al.2 determined the
barriers to internal rotation of both methyl groups, also ob-
tained from measurements in the microwave region. For the
acetyl methyl group, splittings in the torsional ground state
could be resolved, yielding a barrier of 181.17(35) cm−1. The
higher barrier of the ethyl methyl group was reported to be
795(10) cm−1 and could only be determined from very few
resolvable splittings of some transitions in the ground state
with high J and high K quantum numbers.2 Recently, new data
of ethyl methyl ketone were recorded in the microwave and
millimeter-wave regions from 8 GHz to 1 THz. Quite a num-
ber of different program codes for fitting molecules with in-
ternal rotations were used to fit this data set.3 However, also in
that work only the internal rotation of the lower-barrier acetyl
methyl group was studied. This is clearly due to the fact that
the splittings of the high-barrier ethyl methyl group were too
small to be resolved in the spectra.

Using two molecular beam Fourier transform microwave
(MB-FTMW) spectrometers in Aachen, many molecules
which contain one or several ethyl groups were investigated.4

a)Author to whom correspondence should be addressed. Electronic mail:
lam.nguyen@lisa.u-pec.fr. Telephone: +33 145 88 28 75.

In some cases like methyl propionate,5 ethyl acetate,6 diethyl
ketone,7 and diethyl amine,8 splittings due to internal rotation
of the ethyl methyl group could be resolved with the reso-
lution of approximately 2 kHz of the spectrometers. There-
fore, we expected that those splittings in ethyl methyl ketone
can also be resolved and this molecule should be treated as a
two-top molecule. Quantum chemical calculations were car-
ried out to get the necessary starting values.

In the past methyl propionate, CH3CH2COOCH3,5 was
measured and fitted with the programs XIAM9 and BELGI-
Cs-2Tops.10 We found an intermediate barrier to internal rota-
tion of the methoxy methyl group −OCH3 of about 429 cm−1

and a high barrier of 820 cm−1 for the ethyl methyl group. In
diethyl ketone, two equivalent ethyl methyl rotors show a sim-
ilar barrier of 771.93(27) cm−1.7 The splittings from the ethyl
methyl group were several hundreds of kHz in both cases and
we expect splittings in the same order of magnitude in the
microwave spectrum of ethyl methyl ketone.

The title compound is also expected to be a good test
case for the BELGI-Cs-2Tops code. The first molecule fitted
with this program was methyl acetate CH3COOCH3,10 which
has an acetyl methyl group with low barrier to internal rota-
tion and a methoxy methyl group with an intermediate bar-
rier. The above mentioned molecule, methyl propionate, has
one high and one intermediate barrier. Then, a third molecule
with three isomers, 3,4- (syn and anti), 2,5- (syn), and 3,5-
dimethylbenzaldehyde (DMBA), which explored various bar-
rier heights, was also studied.11 In the present study, results
from the BELGI-Cs-2Tops code will be compared with those
obtained from the XIAM code.

II. EXPERIMENTAL SETUP

The microwave spectrum of ethyl methyl ketone was car-
ried out using two MB-FTMW spectrometers operating in

0021-9606/2014/140(21)/214303/8/$30.00 © 2014 AIP Publishing LLC140, 214303-1
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the frequency ranges from 2 to 26.5 GHz and from 26.5 to
40 GHz, respectively. The setups have been described in de-
tails in Refs. 12 and 13 and will not be repeated here. Ethyl
methyl ketone was obtained from Merck Schuchardt, Hohen-
brunn, Germany. A mixture of 1% ethyl methyl ketone in he-
lium at a stagnation pressure of 100 kPa for the pulsed jet was
used to record all spectra.

The spectral lines were directly measured in the high res-
olution mode of the spectrometers. The line widths depend
on the respective transitions and vary from 20 to 25 kHz. All
lines are very strong, however, many of them have additional,
clearly resolved small splittings, which might correspond to
spin-spin or spin-rotation coupling of the protons. A spectrum
with additional splittings is shown in Fig. S-F1 in the supple-
mentary material.14 Therefore, the estimated accuracy of the
line position for isolated lines rises to 4 kHz.

III. QUANTUM CHEMICAL CALCULATIONS

Neither in the old spectroscopic investigations1, 2 nor in
the more recent work3 quantum chemical calculations were
reported. However, such theoretical methods became a pow-
erful support to microwave spectroscopy in predicting stable
conformers and barrier heights. On the other hand, the exper-
imental parameters obtained by microwave spectroscopy are
needed to verify the values calculated by quantum chemistry.

By rotating the ethyl group around the C1−C7 bond (for
atom numbers see Fig. 1) a potential curve of ethyl methyl ke-
tone was calculated. The dihedral angle ϕ1 = � (O2,C1,C7,C8)
was varied in steps of 1◦ while all other geometry parame-
ters were optimized. At first, the calculations were performed
at the MP2/6-311++G(d,p) level of theory using the Gaus-
sian 09 package.15 This method and basis set was chosen,
since it yielded reasonable rotational constants for other ke-
tones such as methyl isobutyl ketone16 and methyl neopentyl
ketone.17 It is also widely used in the microwave spectro-
scopic community.18–20

The potential curves obtained using the different meth-
ods MP2, B3LYP, HF, and the basis set 6-311++G(d,p) are
shown in Fig. 2. Three pairs of energetic minima are found
in these curves. The fully optimized structures and addi-

FIG. 1. The most energetic favorable conformer of ethyl methyl ketone cal-
culated at the MP2/6-311++G(d,p) level of theory.

FIG. 2. The potential energy curve of ethyl methyl ketone obtained by rotat-
ing the ethyl group around the C1−C7 bond (varying the dihedral angle ϕ1
= � (O2,C1,C7,C8)) in steps of 1◦ calculated using different methods MP2,
B3LYP, and HF with the 6-311++G(d,p) basis set. The relative energies with
respect to the lowest energy conformer (see Fig. 1, total electronic energies E
= −231.851840 Hartree, −232.543057 Hartree, and −231.061847 Hartree
for the MP2, B3LYP, and HF method, respectively) are given. II∗ and III∗
are the enantiomers of conformer II and III. The double minimum located
between ϕ1 = −10◦ and +10◦ is emphasized in an enlarged scale.

tional harmonic frequency calculations showed that all of
them represent stable conformers rather than saddle points.
However, two conformers (conformer II and III) are about
4 kJ/mol higher in energy than the energetically lowest con-
former (conformer I). Therefore, we expected that they cannot
be observed in the microwave spectrum under our molecular
beam conditions. Further optimizations and frequency calcu-
lations at different levels of theory such as correlation con-
sistent basis sets including HF, DFT, MP2, and CCSD meth-
ods were performed for conformer I to check for geometry
convergence. The combinations of the HF, B3LYP, and MP2
methods with the basis set 6-31G(d,p) and cc-pVDZ show
an almost Cs symmetry with the � (i1,c) and � (i2,c) angles
very close to 90◦ (see Table I). The optimized geometry at
the MP2/6-311++G(d,p) level of theory shows a C1 sym-
metry structure, where the ethyl group is tilted out of the
molecular plane by an angle of −8.40◦. An overview of the
quantum chemical calculations for all methods and basis sets
for conformer I is given in Table I. Similar calculations for
conformer II and III can be found in the supplementary ma-
terial (Table S-1).14 The Cartesian coordinates of the nuclei
in the principal axes of inertia for all conformers optimized
at the MP2/6-311++G(d,p) level of theory are available in
Table S-2, the Fourier coefficients of the three potential curves
in Fig. 2 and in Table S-3a of the supplementary material.14

As mentioned above, the equilibrium geometry of the
most stable conformer I depends strongly on the method and
basis set. At the MP2/6-311++G(d,p) level of theory the opti-
mized structure was lacking a symmetry plane and we found
a C1 symmetry, whereas by “chemical intuition” a structure
with a symmetry plane (Cs) was expected. The ethyl group
is tilted out of the acetyl plane by an angle of approximately
10◦, represented by two minima which correspond to a pair
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TABLE I. The rotational constants A, B, and C in GHz, the deviations (Dev.) between the experimental and calculated rotational constants in MHz, the angles
between the internal rotor axis and the principal axes of inertia (i1,a), (i1,b), (i1,c) of the acetyl methyl group and (i2,a), (i2,b), (i2,c) of the ethyl methyl group,
and the barrier to internal rotation V3 ,1 of the acetyl methyl group and V3 ,2 of the ethyl methyl group of conformer I calculated using various methods and basis
sets.

Method/basis set A Dev. B Dev. C Dev. � (i1,a) � (i1,b) � (i1,c) � (i2,a) � (i2,b) � (i2,c) V3 ,1/cm−1 V3 ,2/cm−1

HF/6-31G(d,p) 9.766 − 220 3.599 − 2 2.762 − 16 27.71 117.71 90.00 149.42 59.42 89.99 191.4 938.0
HF/6-31+G(d,p) 9.744 − 199 3.591 6 2.757 − 11 28.01 117.98 88.90 149.56 59.66 87.76 155.5 943.2
HF/6-31++G(d,p) 9.746 − 201 3.591 6 2.756 − 10 27.99 117.98 89.13 149.59 59.65 88.24 159.0 944.5
HF/6-311G(d,p) 9.780 − 235 3.597 0 2.764 − 18 28.05 118.01 88.68 149.51 59.65 87.33 168.6 945.4
HF/6-311+G(d,p) 9.759 − 214 3.592 4 2.761 − 15 28.31 118.25 88.26 149.60 59.85 86.45 162.7 963.7
HF/6-311++G(d,p) 9.765 − 219 3.592 5 2.760 − 14 28.25 118.21 88.61 149.65 59.81 87.17 165.2 961.4
HF/6-311++G(3df,2pd) 9.812 − 267 3.604 − 7 2.768 − 22 28.10 118.10 89.99 149.70 59.70 89.99 193.1 967.7
B3LYP/6-31G(d,p) 9.529 16 3.571 26 2.728 18 27.68 117.68 90.00 149.35 59.35 90.00 176.8 692.4
B3LYP/6-31+G(d,p) 9.497 48 3.557 40 2.720 26 28.19 118.13 88.36 149.54 59.76 86.69 111.2 729.7
B3LYP/6-31++G(d,p) 9.495 51 3.557 40 2.720 26 28.22 118.16 88.24 149.52 59.78 86.42 112.0 727.2
B3LYP/6-311G(d,p) 9.564 − 19 3.573 24 2.733 13 28.00 117.97 88.71 149.42 59.56 87.35 144.7 656.9
B3LYP/6-311+G(d,p) 9.533 12 3.567 30 2.730 16 28.45 118.36 87.92 149.54 59.90 85.77 112.3 709.7
B3LYP/6-311++G(d,p) 9.535 10 3.567 30 2.730 16 28.42 118.34 88.05 149.56 59.88 86.03 114.4 708.2
B3LYP/6311++G(3df,2pd) 9.599 − 53 3.583 14 2.740 6 28.16 118.16 89.66 149.70 59.71 89.31 134.7 699.9
B3LYP/cc-pVDZ 9.518 27 3.572 25 2.729 17 27.70 117.70 89.99 149.43 59.43 89.98 . . . . . .
B3LYP/cc-pVTZ 9.598 − 53 3.585 12 2.741 5 28.04 118.04 89.95 149.63 59.63 89.90 . . . . . .
B3LYP/cc-pVQZ 9.605 − 59 3.584 13 2.741 5 28.16 118.15 89.58 149.69 59.71 89.14 . . . . . .
MP2/6-31G(d,p) 9.498 47 3.621 − 24 2.754 − 8 27.45 117.45 90.00 149.02 59.02 89.99 207.6 849.6
MP2/6-31+G(d,p) 9.438 107 3.610 − 13 2.748 − 3 28.13 118.00 87.58 149.04 59.51 85.12 135.9 875.6
MP2/6-31++G(d,p) 9.438 108 3.609 − 13 2.748 − 2 28.15 118.03 87.65 149.07 59.52 85.22 139.9 879.6
MP2/6-311G(d,p) 9.467 78 3.610 − 13 2.752 − 6 28.17 118.03 87.49 148.92 59.44 84.90 151.6 861.2
MP2/6-311+G(d,p) 9.440 105 3.605 − 8 2.749 − 3 28.46 118.29 87.14 149.02 59.69 84.17 136.4 902.2
MP2/6-311++G(d,p) 9.443 102 3.605 − 8 2.748 − 2 28.42 118.27 87.29 149.05 59.66 84.47 138.8 898.4
MP2/6-311++G(3df,2pd) 9.564 − 19 3.635 − 38 2.767 − 21 27.78 117.78 89.75 149.26 59.26 89.50 153.7 845.7
MP2/cc-pVDZ 9.428 117 3.594 2 2.736 10 27.59 117.59 89.99 149.11 59.11 89.98 . . . . . .
MP2/cc-pVTZ 9.548 − 3 3.640 − 43 2.769 − 23 27.79 117.77 89.11 149.18 59.24 88.21 . . . . . .
MP2/cc-pVQZ 9.587 − 42 3.648 − 51 2.776 − 30 27.77 117.76 89.43 149.24 59.26 88.86 . . . . . .
CCSD/6-311++G(d,p) 9.482 64 3.581 16 2.736 10 28.37 118.26 87.64 149.20 59.66 85.18 . . . . . .
CCSD/cc-pVDZ 9.453 92 3.570 27 2.724 21 27.66 117.66 89.99 149.19 59.19 89.99 237.9 876.3
CCSD/cc-pVTZ 9.591 − 45 3.617 − 20 2.760 − 14 27.88 117.88 89.50 149.33 59.35 88.99 . . . . . .

Experimenta 9.545 3.597 2.746 26.34 116.34 89.91 147.59 58.13 84.69 183.2 764.8

aWith respect to the XIAM fit.

of enantiomers as shown in Fig. 2. This symmetry breaking
is frequently observed in cases where an ethyl group is at-
tached directly to a carbonyl group. It induced us to study the
torsional behavior of the ethyl group in more detail by calcu-
lating a two-dimensional potential energy surface (PES) as a
function of the torsional angles ϕ1 = � (O2,C1,C7,C8) and ϕ2

= � (O2,C1,C3,H4) at the MP2/6-311++G(d,p) and B3LYP/6-
311++G(d,p) levels of theory. We optimized the geome-
try with ϕ1 and ϕ2 fixed at certain values in a grid of 10◦.
Due to symmetry, calculations for only one sixth of the total
PES are needed. The corresponding energies were parame-
terized with a two-dimensional Fourier expansion based on
terms, representing the correct symmetry of the angles ϕ1 and
ϕ2. The corresponding coefficients are reported in Table S-4
in the supplementary material.14 The B3LYP-PES is smoother
and less Fourier coefficients were needed than in the case
of the MP2 method for a parameterization with the same
quality (see Table S-4 in the supplementary material).14 Fi-
nally, using these Fourier coefficients the energy surface was
drawn as a contour plot given in Figs. 3 and 4. In both cases,

FIG. 3. The potential surface of ethyl methyl ketone obtained by rotat-
ing the ethyl group and the acetyl methyl group calculated at the MP2/
6-311++G(d,p) level of theory.
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FIG. 4. The potential surface of ethyl methyl ketone obtained by rotat-
ing the ethyl group and the acetyl methyl group calculated at the B3LYP/
6-311++G(d,p) level of theory.

extremely broad minima exist in the region centered at ϕ1

= 0◦, ϕ2 = 0◦ and ±120◦. The broad minima are more pro-
nounced in the PES calculated at the B3LYP/6-311++G(d,p)
level of theory. A closer look at each of these broad min-
ima shows a clearly double minimum with a maximum be-
tween them (see Fig. S-F2 and S-F3 in the supplementary
material).14 To study this in detail, a further one-dimensional
energy plot was carried out, where we rotated the methyl
group by varying the angle ϕ2 in steps of 1◦ while optimizing
all other geometry parameters. Also here, it can be recognized
that the potential curve calculated at the HF/6-311++G(d,p)
level is very flat in the range from ϕ2 = −20◦ to +20◦ (as
well as −130◦ to −110◦ and 110◦ to 130◦) (Fig. 5). Calcu-
lations at the MP2 and B3LYP methods and the same ba-
sis set show clearly two minima at ϕ2 ≈ ±10◦ (as well as

FIG. 5. Potential energy curve obtained by rotating the acetyl methyl group
around the C1−C3 bond (for atom number see Fig. 1) by varying the dihedral
angle ϕ2 = � (O2,C1,C3,H4) with a step width of 1◦ calculated using the same
methods and basis set given in the caption of Fig. 2. The relative energies
with respect to the lowest energy conformer are given. The double minimum
located between ϕ2 = −20◦ and +20◦ is emphasized in an enlarged scale.

FIG. 6. The potential energy curve obtained by rotating the ethyl methyl
group around the C7−C8 bond (for atom number see Fig. 1) by varying the
dihedral angle ϕ3 = � (C1,C7,C8,H9) with a step width of 1◦ calculated using
the same methods and basis set given in the caption of Fig. 2. The relative
energies with respect to the lowest energy conformer are given.

−130◦/−110◦ and 110◦/130◦) which corresponds to the fully
optimized structures. For a comparison, no double minimum
occurred when we rotated the ethyl methyl group by fixing
and varying the dihedral angle ϕ3 = � (C1,C7,C8,H9) in a grid
of 1◦ while all other parameters were optimized (see the en-
ergy potential curve in Fig. 6). There, a normal V3 poten-
tial has been found without a pronounced V6 contribution.
These data were parameterized by Fourier series, which are
also given in Table S-3 in the supplementary material (S-3b
and S-3c).14

From Figs. 5 and 6, the calculated barriers to internal ro-
tations of both, the acetyl methyl and the ethyl methyl group,
at the MP2/6-311++G(d,p) level of theory can be determined
to be 139 cm−1 and 898 cm−1, respectively. These values
differ strongly by using the same basis set but other meth-
ods. Using the B3LYP method, 114 cm−1 and 708 cm−1 have
been found and for the HF methods, the values are 165 cm−1

and 961 cm−1. The barriers were also calculated using various
combinations of methods and basis sets, as given in Table I.
They differ also in cases, where the same method but different
basis sets have been used.

IV. SPECTRAL ANALYSIS

A. Microwave spectrum

As mentioned in the Introduction, there are two methyl
groups in ethyl methyl ketone which can undergo internal ro-
tation. The torsion of the acetyl methyl group has a low bar-
rier of approximately 181 cm−1 and causes a wide splitting of
each line in the spectrum in an A and E component.1

At the beginning, the rotational constants given in Ref. 1
were used to predict the rotational transitions in the frequency
range from 2 to 40 GHz for the A species. Many b-type tran-
sitions were immediately found. All of them are very strong.
The dipole moments in a-, b-, and c-direction were measured
to be 0.079(25) D, 2.775(15) D, and 0.0 D, respectively, as
reported in Ref. 1. This was confirmed by the values obtained
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FIG. 7. A spectrum showing the AA and AE species of the 514 ← 423 tran-
sition of ethyl methyl ketone. The experimental resolution was 4 kHz, the
typical line width approximately 30 kHz (FWHH). The splitting indicated by
brackets is due to the Doppler effect. For this spectrum 53 FIDs (free induc-
tion decays) were co-added.

by quantum chemical calculations, which are 0.14 D, 3.36 D,
and 0.02 D, respectively, using the MP2/6-311++G(d,p)
level of theory. No c-type transitions are expected. The dipole
moment in the a-direction is very small, however not zero.
Therefore, some a-type transitions could also be measured.

In a next step, a prediction including the internal rota-
tion of the acetyl methyl group has been carried out using the
program XIAM. The starting value for the internal rotation
barrier of 181 cm−1 was taken from Ref. 1. The angles be-
tween the internal rotor axis and the principal axes of inertia
were taken from the optimized geometry carried out at the
MP2/6-311++G(d,p) level of theory.

The E species of some a- and b-type transitions which
have small A-E splittings of a few ten MHz could be found
easily. Transitions with large A-E splittings were more dif-
ficult to find. Often, small scans of 5-10 MHz were needed.
With these E species lines, the barrier as well as the angles
between the internal rotor axis and the principal axes could
be fitted. Using the fitted parameters, a new prediction was
carried out and all E species lines could be measured directly.

All A species lines appear as doublets, which can be
seen in a spectrum recorded in the high resolution mode of
the spectrometers shown in Fig. 7. Some E species lines are
clearly triplets (see Fig. 8). Some others have larger splittings
and the triplet components are separated by up to 1.5 MHz.
As discussed already in Refs. 5 and 6, the A species addition-
ally split into two torsional components due to the internal
rotation of the ethyl methyl groups, which we will refer as the
AA and AE species, and the E species into three components,
which will be called the EA, EE, and EE∗ species. The first
letter of the symmetry label refers to the acetyl methyl group
and the second letter to the ethyl methyl group.

In a next step, the XIAM code was used to calculate the
complete spectrum with all five torsional components. A start

FIG. 8. A spectrum showing the EA, EE, and EE∗ species of the 111 ← 000
transition. For this spectrum 28 FIDs were co-added.

value of 795 cm−1 was taken as the barrier to internal rotation
of the ethyl methyl group, as given in Ref. 2. The angles be-
tween the internal rotor axis and the principal axes were taken
from quantum chemical calculations. The predicted absolute
frequencies were often off by up to 1 MHz, but the splittings,
mainly in the order of a few hundred kHz, could be calculated
with high accuracy. From the order of the AA and AE as well
as the EA, EE, and EE∗ species, we could easily assign the
fine splittings in each spectrum.

B. Fits

First, the data set which contains totally 295 rotational
transitions was fitted using the program XIAM. XIAM has
been described in details in Ref. 9. It uses a combined axis
method (CAM) which sets up the rotation-torsion Hamilto-
nian in the rho-axis system (RAM) for each top, then con-
verts the RAM parameters into principal axis system (PAM)
parameters. Using XIAM, standard parameters like the rota-
tional constants A, B, and C, the centrifugal distortion con-
stants, and the two barriers to internal rotation V3,1 and V3,2

for each methyl group could be determined with high accu-
racy. It should be noted that J and K values are limited to 9
and 4, respectively, due to the very low rotational tempera-
ture (about 1 K) in the molecular beam. The angles � (i1,i) and
� (i2,i) (i = a, b, c) between the internal rotor axis and the a, b,
and c principal axes, as well as three higher order parameters
Dpi2J, Dpi2K, and Dpi2− could also be determined. All fitted
parameters are given in Table II. The standard deviation ob-
tained from the program XIAM was 18.2 kHz, much larger
than our experimental accuracy. This will be discussed in
Sec. V.

Then, the same set of rotational transitions was fitted us-
ing the BELGI-Cs-2Tops code. This program code has been
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TABLE II. The molecular parameters referred to the PAM system obtained
from a fit using the programs XIAM and BELGI-Cs-2Tops.

Constant Unit XIAM BELGI-Cs-2Topsa Calc.b

A GHz 9.5453136(18) 9.5021(52) 9.443
B GHz 3.5972498(12) 3.59892(88) 3.605
C GHz 2.7463872(12) 2.7470076(38) 2.748
�J kHz 0.6466(45) 0.6637(14)
�JK kHz 2.461(21)
�K kHz 7.789(84)
δJ kHz 0.1509(21)
δK kHz 0.531(35)
V3 ,1 cm−1 183.1702(89) 181.502(98) 138.8
Iα ,1 uÅ2 3.1986 (fixed) c 3.157(17) 3.1943
� (i1,a) ◦ 26.3375(42) 26.24(12) 28.42
� (i1,b) ◦ 116.3373(44) 116.24(12) 118.27
� (i1,c) ◦ 89.91(11) 90.0 (fixed) 87.29
Dpi2J,1 kHz 151.5(13)
Dpi2K,1 MHz −1.6908(62)
Dpi2−,1 kHz 79.51(75)
V3 ,2 cm−1 764.8(16) 763.87 (65) 898.4
Iα ,2 uÅ2 3.1986 (fixed)c 3.131(18) 3.1610
� (i2,a) ◦ 147.59(82) 150.04(40) 149.05
� (i2,b) ◦ 58.13(80) 60.04(40) 59.66
� (i2,c) ◦ 84.69(12) 90.0 (fixed) 84.47
F12 cm−1 not fitted 0.651 (41)
σ /Nd kHz 18.2/295 5.3/295
σA/NA

e kHz 6.0/64
σE1/N E1 kHz 4.6/58
σE2/NE2 kHz 6.2/63
σE3/NE3 kHz 4.4/53
σE4/NE4 kHz 4.6/57

aBELGI-Cs-2Tops constants are transformed into PAM constants using Eqs. 10-14 of
Ref. 21.
bCalculation at the MP2/6-311++G(d,p) level of theory using the program
Gaussian 09.
cDerived from F0 = 158 GHz (fixed).
dStandard deviation of the fit/total number of lines.
eStandard deviation/number of lines of each symmetry species.

developed to fit the high-resolution torsion-rotational spec-
tra of molecules with two inequivalent methyl rotors and a
CS symmetry at equilibrium. Using this code, the rotational
spectra of methyl acetate, methyl propionate, and DMBA iso-
mers could be reproduced within their experimental accuracy.
BELGI-Cs-2Tops has been described in details in Refs. 5 and
10 and will not be repeated here. The readers are also re-
ferred to Ref. 21 for the theoretical model on which the code
is initially based. All measured lines of ethyl methyl ketone
were weighted in the least squares fit by the inverse of the
square of the estimated measurement error of 4 kHz. In total,
the same data set containing 295 rotational transitions in the
ground torsional state were fitted using 19 molecular param-
eters to a unitless standard deviation of 1.36 (i.e., 5.3 kHz).
All parameters are given in Table III. Parameters, which can
be transformed into the PAM system and compared with the
parameters from XIAM, are also given in Table II. A list of
all frequencies fitted using both program codes along with
the residuals are available in Table S-5 in the supplementary
material.14

It should be noted that in all calculations using BELGI-
Cs-2Tops the symmetry labels are based on the permutation-

TABLE III. Spectroscopic constants of ethyl methyl ketone obtained with
the program BELGI-Cs-2Tops.

Operatora Parameterb Valuec/cm−1

Jz
2 A 0.349221(66)

Jx
2 B 0.121177(20)

Jy
2 C 0.09163031(13)

−J4 �J 0.22138(46) × 10−7

−J2 Jz
2 �JK 0. 1187(19) × 10−6

−Jz
4 �K −0.78(53) × 10−6

−2J2(Jx
2−Jy

2) δJ 0.5233(20) × 10−8

−Jz
2(Jx

2−Jy
2) δK 0. 5478(42) × 10−7

p1
2 F1 5.5831d

p2
2 F2 5.5664d

p1 p2 F12 0.651(41)
(1/2)(1−cos 3α1) V3,1 181.502(98)
(1/2)(1−cos 3α1)J2 V3,1J −0.0001463(31)
(1/2)(1−cos 3α1)Jz

2 V3,1K 0.00555(15)
(Jx

2−Jy
2) (1−cos 3α1) V3,1BC −0.619(29) × 10−4

(1/2)(1−cos 3α2) V3,2 763.87(65)
Jz p1 q1 −0.6309(21)
Jz J2 p1 q1J 0.963(42) × 10−6

Jz Jz
2 p1 q1K −0.1794(99) × 10−4

Jz p2 q2 −0.6060e

Jx p1 r1 −0.10037(41)
Jx p2 r2 −0.1133(18)

aOperator which the parameter multiplies in the program.
bNotation of Eq. 6 and Table 3 of Ref. 21, except for A, B, and C where the prime was
removed.
cValue of the parameter obtained from the final least-squares fit, with one standard un-
certainty given in parentheses.
dFixed to values calculated from the structure and using the direction cosines from the
XIAM code, see also text. Note that F12 is named f12 in Eq. 6 of Ref. 21.
eFixed to a value from a previous fit (see text).

inversion group G18.22 The local mode symmetry labels cor-
respond to the G18 symmetry labels by AA ↔ A1/A2, AE ↔
E2, EA ↔ E1, EE ↔ E3, and EE∗ ↔ E4.

V. RESULTS AND DISCUSSION

Using the program XIAM, 295 torsional components of
ethyl methyl ketone could be fitted by floating the rotational
constants A, B, C, the centrifugal distortion constants �J, �JK,
�K, δJ, δK, the two barrier heights V3,1 and V3,2 for each top,
the polar-coordinates of the internal rotation axes in the prin-
cipal axes system (δ and ε), and three higher order parameters
Dpi2J, Dpi2K, and Dpi2−. The angles between the two methyl
rotors and the principal axes � (i1,i) and � (i2,i) (i = a, b, c)
were derived from δ and ε. The moment of inertia of the two
tops Iα ,1 and Iα ,2 were kept fixed at 3.1986 uÅ2, correspond-
ing to F0 = 158 GHz, a value often found for methyl groups,
since only transitions in the rotational ground state were mea-
sured and these parameters are thus strongly correlated with
V3,1 and V3,2. With this set of 16 parameters, the spectrum
could be reproduced with a root-mean-square (rms) deviation
of 18.2 kHz, much higher than our experimental accuracy. We
found some transitions where the frequencies of the EA (E1),
EE (E3), and EE∗ (E4) species, or in some cases even all five
torsional species, are systematically off by almost the same
value. It is clear that this systematical error was caused by
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some missing parameters which are not available in the XIAM
code.

The BELGI-Cs-2Tops code floats 19 parameters, which
are the rotational constants A, B, C, the five centrifugal distor-
tion constants DJ, DJK, DK, δJ, δK, the two barrier heights V31

(the lower barrier height of the acetyl methyl group) and V32

(the higher barrier of the ethyl methyl group), one J(J + 1)
and one K2 dependent parameter (V31J and V31K, respec-
tively). A (Jx

2 − Jy
2)(1 − cos 3α1) term (V31BC), as well as the

rotation-torsion coupling term q1, which multiplies the oper-
ator Jz p1 (equivalent to the term −2F1ρ1a for top 1 term in
the RAM approach) and r1, which multiplies the operator Jx

p1 (equivalent to the term −2F1ρ1b). The J(J + 1) and K2

dependences of q1 were additionally floated. For top 2 which
corresponds to the higher barrier, only the r2 term has been
fitted, while the q2 term was kept fixed. At the beginning, q2

has also been floated but even though the standard deviation
decreased to 4.5 kHz (slightly lower than when we fixed this
parameter), larger uncertainties in the A and B rotational con-
stant were found, likely due to the difficulty of un-correlating
all the internal rotation and global rotation parameters while
small energy splittings are present. Therefore, we decided to
fix the value of the q2 parameter to the value obtained while
floating it. Finally, internal rotation constants for top 1 (F1)
and for top 2 (F2) were kept fixed to the values derived from
the XIAM code. One kinetic interaction term between the two
tops (F12) could also be determined.

A number of additional higher order parameters have
been used in comparison with XIAM, but the BELGI-Cs-
2Tops fit provides a much better quality with an rms deviation
of only 5.3 kHz, almost within our measurement error.

However, the rotational constant A (and B to some ex-
tend) as well as the angles between the ethyl methyl internal
rotor axis and the PAM a-axis � (i2,a) or b-axis � (i2,b) are
not well determined in the BELGI-Cs-2Tops fit. This is simi-
lar to the case of syn-2,5 dimethyl-benzaldehyde,11 an isomer
of DMBA which also has one low and one high barrier to
internal rotation. The internal rotation parameters related to
the high barrier are not so well determined, since the inter-
nal rotation splittings used for their determination are small.
The ethyl methyl rotor angles also differ by a few degrees
from the angles determined by the XIAM code. It should be
noted that in the XIAM fit, this methyl top is slightly out of
plane, whereas in the BELGI-Cs-2Tops fit, we assumed that
all heavy atoms are located on a molecular plane.

The rotational constants obtained with both programs are
in reasonable agreement, however, they do not agree within
the standard errors. The comparison with the values from
quantum chemical calculations showed that the B3LYP/6-311
method in combination with the polarization function (d,p)
yielded the most accurate rotational constants with the devi-
ations of −18.73 MHz, 24.65 MHz, and 13.20 MHz for the
A, B, and C rotational constants, respectively. A better agree-
ment cannot be expected since the quantum chemical data
refer to the equilibrium structure whereas the experimental
data yield rotational constants for the ground vibrational state
and no corrections have been made. At the MP2/cc-pVTZ
level of theory, the best value for the A rotational constant
was obtained with an excellent deviation of only 3 MHz.

This is in good agreement with the calculations carried out
for linalool,23 a much larger molecule than ethyl methyl ke-
tone. The CCSD method also yielded reasonable values for
the rotational constants. However, they are not much better
than the calculations using the MP2 method. Therefore, we
conclude that for molecules of this size, the MP2 and B3LYP
methods are sufficient for calculating the rotational constants.
The largest deviations were obtained using the HF method.
It should be noted that all standard deviations were given in
MHz and not in percent.

The torsional barrier of the acetyl methyl group was
fitted to 183.1702(89) cm−1 and 181.502(98) cm−1 by the
XIAM code and the BELGI-Cs-2Tops code, respectively,
in good agreement with the barrier of 181.17(35) cm−1 re-
ported in Ref. 1. The barrier of 764.8(16) cm−1 for the ethyl
methyl group also matches the barrier of 795(10) cm−1 from
Ref. 2 and is similar to the barriers of 771.93(27) cm−1 ob-
served for diethyl ketone7 and 820.46(99) cm−1 observed for
methyl propionate.5 Splittings arising from the ethyl methyl
groups are up to 4 MHz, much smaller than those from the
acetyl methyl group (up to 1.2 GHz). However, they are still
much larger than splittings found for some other molecules
with similar barriers to internal rotation (up to 500 kHz and
600 kHz in diethyl ketone or methyl propionate, respec-
tively). It might be due to the different location of the ethyl
methyl group in the principal axis system. Comparing the ex-
perimental barriers with those obtained by quantum chemi-
cal calculations, we found that the values calculated at the
MP2/6-311++G(d,p) level of theory differ by approximately
−17.5% and 24.2%. However, it is known that the barriers
to internal rotations calculated with this method and basis set
usually have large deviation to the experimental values. A sys-
tematic quantum chemical investigation on internal rotational
barriers would be helpful for assignments of microwave spec-
tra and is planned for the future. No combination of method
and basis set is currently known, which can predict the barrier
height with sufficient accuracy. Table I shows that the cal-
culated barrier for the ethyl methyl group at the B3LYP/6-
31G+(d,p) level of theory has the smallest deviation to the
experimental value (35 cm−1). However, at the same level, the
calculated barrier of 111 cm−1 for the acetyl methyl group has
a higher deviation of 72 cm−1. Nevertheless, the same basis
set without diffuse functions lead to a reasonable agreement
for both barriers (72 cm−1 for the ethyl methyl group and 6
cm−1 for the acetyl methyl group).

The angles between the internal ethyl methyl rotor axis
and the ab plane are surprisingly not zero in the XIAM fit.
The ethyl methyl group is tilted out of plane by an angle
of 5◦, whereas the acetyl methyl group is in-plane (see
Table II). Quantum chemical calculations predicted both
methyl groups in some cases in-plane, in some other cases
out-of-plane or they predicted the same effect with an out-of-
plane ethyl methyl group with a tilted angle between 0◦ and
5◦ and an in-plane acetyl methyl group, depending strongly
on the methods and basis sets. The best agreement with the
experimental values was carried out at the MP2/6-311G(d,p)
level of theory. The B3LYP methods in combination with the
Pople basis sets24–26 and the diffuse functions also yielded
reasonable agreements. It could be noted that the correlation
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consistent basis sets show better agreement for the rotational
constants, while the Pople basis sets could calculate better
the internal rotor angles. The HF method yielded the biggest
deviations both for the rotational constants and internal
rotor angles. It should be noted that all calculated values are
compared with the experimental values from the XIAM fit.

The same effect occurred in all other ketones we studied
before where an ethyl group is attached directly to a carbonyl
group. In diethyl ketone,7 each ethyl group is calculated to be
out of the molecular plane by an angle of approximately 10◦.
In methyl neopentyl ketone,17 also a titled angle of 10◦ has
been found. This is a very interesting effect, which will be
continued studying in our future works on ketones.

VI. CONCLUSION

Using two molecular beam Fourier transform microwave
spectrometers the torsional fine structure with all five
rotational-torsional species arising from two inequivalent
methyl groups of ethyl methyl ketone, the acetyl methyl group
and the ethyl methyl group, could be fully resolved and ana-
lyzed in a global fit using two codes, BELGI-Cs-2Tops and
XIAM. The acetyl methyl group has a relatively low barrier
to internal rotation (181.502 (98) cm−1, as determined by the
BELGI-Cs-2Tops code) causes splittings up to 1.2 GHz in the
spectrum. Splittings due to the ethyl methyl group are much
smaller, in the order of a few hundred MHz up to 4 MHz. We
found that for this molecule, the program BELGI-Cs-2Tops is
much more suitable to analyze the spectrum compared to the
XIAM code, since some additional parameters can be added.
Using BELGI-Cs-2Tops, the spectrum could be reproduced
within our experimental accuracy using 19 fitted parameters
for 295 lines with a ratio of 15.5 lines/parameter. For the first
time, the spectroscopic work was supplemented by quantum
chemical calculations for this molecule. On the other hand,
quantum chemical calculations were validated by rotational
spectroscopy. We found reasonable agreements between the
calculated and experimental results obtained from both XIAM
and BELGI-Cs-2Tops fits. With advanced quantum chemical
methods, it could be shown that the equilibrium geometry of
the lowest energy conformer has no mirror plane. However,
in the torsional ground state an effective Cs symmetry was
found and BELGI-Cs-2Tops could be used with some suc-
cess. A full two-dimensional potential energy surface depend-
ing on both, the torsional angle of the entire ethyl group and
the acetyl methyl group, was calculated using MP2 and DFT
methods. This gives a clear picture of the rather complex tun-
neling path of the acetyl methyl internal rotation. It also ex-
plains the rather large V6 contribution of the one-dimensional
acetyl methyl potential curve.
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