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ABSTRACT

The conformational space of methacrylamide was explored by quantum mechanical modeling and sur-
veyed in the 59.6-104.0 GHz frequency range using a millimeter-wave Stark-modulated free-jet absorp-
tion spectrometer. According to the relative orientation of the two unsaturated bonds, two conform-
ers were observed, namely s-trans (A=5234.360(1), B=3364.9717(8) and C=2173.099(1) MHz) and s-cis
(A=5207.292(1), B=3470.930(1) and C=2113.496(1) MHz). The s-trans conformation is the global mini-
mum, with relative energy 4(2) k] mol~! and calculated isomerization barrier 15 k] mol~!. Except for
the methyl hydrogen atoms, s-cis-methacrylamide is planar and its methyl internal rotation barrier is
10.2(1) k] mol~!. In s-trans-methacrylamide the allyl and amino frames form a dihedral angle of about
30° and the methyl internal rotation barrier is 7.4 k] mol~!. This different behaviour is explained in terms
of attractive and repulsive intramolecular interactions between groups: CH,/CO and CH3/NH, for s-cis,
CH;/NH, and CH3/CO for s-trans. The tunneling splitting related to the double-well potential describing
the interconversion between the two equivalent s-trans forms is 837.97(2) MHz and was reproduced by a
one-dimensional flexible model using a 3.6 k] mol~! interconversion barrier.

Introduction

The structure and the charge distribution define the properties
of a molecule. For instance in the lock-and-key mechanism pro-
posed in 1890 by Emil Fischer, a ligand (the key) can bind the
receptor only if its structure matches the active site shape (the
lock). However, the interaction is bidirectional and as a molecule
acts on the surrounding environment so the environment influ-
ences the shape of the molecule. Indeed, molecules are not rigid
bodies, but adaptable objects whose structure is determined by a
balance of both intra- and inter-molecular non covalent interac-
tions. Among many examples, well known cases are the folding of
proteins and the double helix structure of nucleic acids. In partic-
ular the flexibility of a molecule increases with the number of ro-
tatable bonds, generating an increasing number of possible stable
structures called conformers. The full exploration of the structural
space can be approached only for the smallest systems, whereas,
more generally, efforts are devoted to the determination of local
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minima and the pathways connecting them, using both experimen-
tal and computational methods.

Among experimental techniques, rotational spectroscopy pro-
vides structural descriptors for relatively small molecules in iso-
lated phase. This limits the size of detectable systems, but the
obtained information is extremely accurate and can be directly
used for spectral identification of molecules in radio astronomical
sources [1]. Moreover, in an isolated environment, large amplitude
motions can greatly affect the rotational spectral shape, allowing
to achieve data on the corresponding shallow minimum regions of
the structural space, the reliable prediction of which constitutes an
issue for theoretical simulations.

In our group, we have been investigating since a long time the
structural and dynamical behaviour of amides variously substituted
in relation to their relevance in biological issues [2-10]. They give
rise to the peptide linkage between two amino acids in proteins
and are also commonly found in drugs such as the B-lactam an-
tibiotic family [11], anesthetics [12] and antipyretics [13]. The pres-
ence of the N-H and C=0 dipoles allows for amide frames to act
as hydrogen bond donors and acceptors giving place to two main
kind of secondary structures in proteins: «-helix [14] and B-sheet
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Fig. 1. Sketch, atoms’ numbering, and torsional coordinates of methacrylamide.
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[15]. Furthermore, amides’ poor reactivity and stability at physio-
logic pH allow for keeping the protein primary structure and thus
their functions unchanged. Unlike amines, amides behave neither
as bases nor as nucleophiles due to the fact that the electronic
lone pair on the nitrogen atom is delocalized on the adjacent car-
bonyl group forming a N-C partial double bond. This delocaliza-
tion also reduces the electrophilic nature of the carbonyl present
in amides relative to that of the carbonyl groups in compounds
such as aldehydes and ketones. In this paper, we present a confor-
mational study of methacrylamide performed with quantum me-
chanical calculations and free-jet rotational spectroscopy. From a
spectroscopic point of view, the study of methacrylamide is chal-
lenging. Even though it has only six heavy atoms (Fig. 1), because
of the proximity of four interacting functional groups a complex
internal dynamics, involving the torsion around the C2-C3 single
bond connecting the allyl non polar frame and the amide polar
frame, the methyl internal rotation and the wagging of the amino
group could be found. To our knowledge, no previous rotational
spectroscopy data on methacrylamide are available, whereas a the-
oretical investigation on the torsional pathways has already been
performed using B3LYP and MP2 methods coupled to Pople’s split
valence triple-¢ basis sets, together with the analysis of the vibra-
tional normal modes obtained at the B3LYP/6-311+G(d,p) level of
calculation [16].

Computational details

Quantum mechanical calculations, aimed to explore the struc-
tural space and to characterize the stationary points (local
minima and transition states), were performed employing the
GAUSSIAN16™! software package (G16, Rev. A.03). The valence
triple-zeta quality Dunning correlation consistent polarized type
basis set augmented with diffuse functions (aug-cc-pVTZ [17]) was
used in combination with three methods: the Moller-Plesset sec-
ond order perturbation theory (MP2 [18]) and the Becke-three-
parameters Lee-Yang-Parr hybrid density functional theory (B3LYP
[19,20]), both in the original version and corrected by the D3BJ
[21] Grimme empirical dispersion (B3LYP-D3). Evaluation of har-
monic force field was pursued with all the mentioned methods,
whereas anharmonic corrections were included through the second

1 Gaussian is a registered trademark of Gaussian, Inc. 340 Quinnipiac St. Bldg. 40
Wallingford, CT 06492 USA.
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Fig. 2. Theoretical potential energy for the skeletal torsion of methacrylamide, E(t).

order vibrational perturbation theory [22] only at the B3LYP/aug-
cc-pVTZ level of calculation. Torsional energy pathways were cal-
culated varying the corresponding coordinate by steps of 10°, while
all the other parameters were freely optimized. The C2-C3 torsional
path, obtained at the B3LYP-D3/aug-cc-pVTZ level of calculation
was directly analyzed by an automatised flexible model [23] in or-
der to determine the energies of the related vibrational modes.

Experimental details

Methacrylamide (purity 98%, molecular weight 85.11 g mol-1)
was purchased from Alfa-Aesar and used without any further pu-
rification. It appears as white odorless crystals, with melting point
380-385 K (107-112 °C) and boiling point 488 K (215 °C). Ar-
gon, purchased from SIAD (Societa Italiana Acetilene e Derivati),
was used as carrier gas. The rotational spectrum was recorded in
the millimeter-wave region (5.03-2.72 mm, 59.6-104.0 GHz) us-
ing a Stark-modulated free-jet absorption spectrometer [3,24,25].
The estimated uncertainties for the measurements is about 50 kHz.
The sample was heated to 353 K (80 °C) while a stream of ar-
gon (Py=18 kPa) was flowed over it. The mixture was then ex-
panded to about P,=0.5 Pa through a 0.3 mm diameter pinhole
nozzle heated to T=363 K (90 °C). The estimated rotational tem-
perature of the molecules in the jet is about 5-10 K. This value has
been estimated from relative intensity measurements on Q-branch
bands observed in previously studied molecular systems, such as
1,2-butanediol [25] and 1-chlorobutane [26].

Exploring the structural space

Methacrylamide is formed by an allyl and an amide frames
connected by a rotatable bond. Both frames, as a first approxima-
tion, have a C; symmetry and their relative orientation, described
by the C1=C2-C3=05 dihedral angle (t), defines the structure of
the molecule. An energy scan along this torsional coordinate pro-
vides the potential energy surface, E(7), given in Fig. 2. There are
two low energy regions, one at T=0°, corresponding to a s-cis ori-
entation of the two unsaturated bonds, and the other at around
t=180°, corresponding to a s-trans arrangement. In the s-trans re-
gion, E(t) has a double-minimum shape in which the minima, ly-
ing at T~150°, are separated by a barrier of 2.5-3 k] mol~!, cor-
responding to a planar skeletal structure. These minima are enan-
tiomers and, due to the low value of the energy barrier, constitute
a transient chirality system. Conversely, the s-cis region is char-
acterized by a single minimum, which is less stable than the s-
trans one by about 2 k] mol~!, and corresponds to a Cs symme-
try structure in which only the methyl hydrogen atoms lie out of
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Fig. 3. Theoretical potential energy for the methyl internal rotation of s-trans- and
s-cis-methacrylamide, E(«).

the symmetry plane. E(7) shows two equivalent absolute maxima
corresponding to a s-trans to s-cis isomerization barrier of about
15 k] mol~1. In the corresponding two transition states the allyl
and amide frames are almost perpendicular to each other (7=80°).
It is worth noting that the skeletal torsion motion is coupled to the
wagging motion of the amino group (w).

Comparing our data with those obtained using Pople’s basis sets
[16], we find that the predicted energy difference between con-
formers is more sensitive to the basis set in the case of MP2 (6-
311G(d,p) 4.7, 6-311+G(d,p) 5.6, aug-cc-pVTZ 2.1 k] mol~1) instead
of B3LYP (6-311G(d,p) 1.3, 6-311+G(d,p) 1.5, aug-cc-pVIZ 1.8 K]
mol~1). However, we also observe that comparing the results ob-
tained with the same basis set, the smallest difference between the
MP2 and B3LYP values is obtained using aug-cc-pVTZ.

The G16 output file concerning the torsional path obtained at
the B3LYP/aug-cc-pVTZ level of calculation was directly used as
input of an automatised flexible model [23], which provided the
vibrational eigenvalues and eigenstates related to the torsion mo-
tion. As regards the s-trans species, we find that the ground vi-
brational state (v=0) lies below the interconversion barrier and,
due to quantum tunnelling, it is split into two states separated
by 3.3 GHz. These states are symmetric (v=0*) or antisymmetric
(v=0") with respect to the torsional coordinate, which in this re-
gion can be considered as an inversion coordinate occurring paral-
lel to the molecular c-axis.

Besides the skeletal torsion coordinate, also the methyl internal
rotation, represented by the H9-C4-C2-C1 dihedral angle (o), must
be considered. The related calculated potential energy paths, E(),
for the two conformers are depicted in Fig. 3. A threefold shape
path is found for both forms. For the s-trans form the barrier is
about 7 k] mol~!, corresponding to a predicted splitting between
the A and E states of about 40 MHz. The barrier is higher in the
s-cis conformer, about 12 kJ mol~!, leading to smaller A/E splitting,
about 1 MHz.

Rotational spectrum

The free-jet rotational spectrum of methacrylamide, recorded
in the 59.6-104 GHz frequency region, was analyzed with the
CALPGM program suite [27], using the Watson S-reduction and I"
representation [28]. Preliminary predictions were done on the ba-
sis of the theoretical spectroscopic parameters reported in Table 1.
Strong u,-type and weak p,-type transition lines belonging to
both conformers were easily assigned. Looking at the spectrum re-
ported in Fig. 4, one can compare the 8¢, — 75 3 transition line de-
tected for both conformers at about 72 GHz. Two main findings
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I T T T T 1{MHz
71820 71830 71840 71850 71860 71870
Fig. 4. Excerpt of the free-jet absorption spectrum of methacrylamide showing the

862-753 transition line of both s-trans- and s-cis-methacrylamide, which are de-
picted with their principal inertial axes at the top.
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Fig. 5. Excerpt of the free-jet absorption spectrum of s-trans-methacrylamide show-
ing the 734-6,5 transition line with the assignment of the hyperfine structure aris-
ing from the inversion motion (0*/0 states), the N quadrupole coupling interac-
tion (F quantum numbers), and the methyl internal rotation (A/E states).

emerge: (i) the s-cis line is weaker than the s-trans one, despite its
My electric dipole moment being bigger, thus the s-trans species
is the global minimum, with an estimated energy difference 4(2)
k] mol~1; (ii) the s-trans line is split, in agreement with the pres-
ence of two inversion tunnelling states. The latter consideration is
confirmed by the observation of several p.-type interstate transi-
tion lines, in agreement with the inversion of the u. electric dipole
moment component between the two equivalent s-trans structures.
Moreover, as exemplified in Fig. 5, several lines showed additional
splittings due to the methyl internal rotation and the N nuclear
quadrupole interaction.

The 457 measured frequencies lines of s-trans-methacrylamide
are listed in the Appendix (Table A1) and were assigned using the
following Hamiltonian:

H:HR+HCD—|—HQ+HE+H01 (1)

where a specific rotational rigid operator is used for each of the
four involved states:

Hg = HAY + HAO + HEO" 4+ HEO (2)

while the quartic centrifugal distortion operator (Hcp) is common
to all states. Two different operators associated with the quadrupo-



Table 1

Theoretical molecular descriptors of methacrylamide calculated with the aug-cc-pVTZ basis set.

s-trans-methacrylamide

s-cis-methacrylamide

MP2 B3LYP B3LYP-D3 MP2 B3LYP B3LYP-D3
Energy values
E. [hartree] -286.083427 -286.732208 -286.749467 -286.082621 -286.731504 -286.748852
Eo [hartree] -285.975613 -286.625413 -286.642565 n.a.? -286.624724 -286.641965
AE, [k] mol] 0 0 0 2.12 1.85 1.63
AEy [k] mol'] 0 0 0 nad? 1.81 1.57
Dihedral angles
T [°] +149.7 +148.3 + 148.5 0 0 0
 [°] ¥ 1523 ¥ 160.5 ¥ 160.3 180 180 180
Electric dipole moment components
Ha [D] -0.76 -0.74 -0.74 -1.84 -1.89 -1.89
py [D] -2.95 -3.09 -3.09 3.37 3.42 3.42
e [D] 1.39 1.33 1.33 0 0 0
Heor [D] 335 3.45 3.45 3.84 3.91 3.91
Rotational constants
A [MHz] 5231.565 5257.551 5259.894 5221.136 5238.441 5241.372
B [MHz] 3390.232 3350.804 3364.710 3501.649 3472.164 3484.959
C [MHz] 2188.041 2185.222 2189.888 2123.647 2115.521 2120.748
Kk = &AL -0.210 -0.241 -0.235 -0.110 -0.131 -0.126
14N quadrupole coupling constants
Xaa [MHz] 0.85 1.05 1.06 1.96 2.12 2.12
Xbp [MHz] 1.90 2.10 2.09 1.83 2.01 2.01
Xce [MHz] -2.75 -3.15 -3.15 -3.80 -4.13 -4.12
Planar moments of inertia
Mgq [u A2] 141.72 142.99 142.45 142.75 143.98 143.45
My, [u A2] 89.25 88.29 88.33 95.22 94.91 94.85
M [u A?] 7.35 7.84 7.75 1.57 1.57 1.57
Methyl internal rotation parameters
ia [°] 54.4 545 545 56.7 56.8 57.0
ib [°] 37.6 37.8 37.7 333 332 33.0
ic [°] 79.3 78.9 78.8 90.0 90.0 90.0
I [uA?] 3.15 3.14 3.14 3.13 3.13 3.13
F [GHz] 160.5 160.8 160.7 161.4 161.7 161.7
V3 [k] mol] 743 6.95 6.92 12.47 11.60 12.87
Ao [MHz] 31.8 46.2 46.2 0.8 1.6 0.6
D, [MHz] 0.75 1.10 1.10 0.016 0.029 0.013

2 Not available: the frequency of the NH, wagging mode is imaginary.

Table 2

Spectroscopic parameters of s-trans-methacrylamide determined from experimental frequencies’ fitting, using
SPFIT [27] and adopting Watson'’s S-reduction and I"-representation. Two set of data are presented, obtained

using the G, (Fit I) or Fy. (Fit II) coupling constants, respectively.

Fit I Fit II
A-state E-state A-state E-state

A" [MHz] 5234.360(1)? 5234.334(1) 5234.338(1) 5234.312(1)
A~ [MHz] 5234.257(1) 5234.232(1) 5234.279(1) 5234.254(1)
B* [MHz] 3364.9717(8) 3364.9530(8) 3364.9403(8) 3364.9216(8)
B~ [MHz] 3364.8274(8) 3364.8084(8) 3364.7960(8) 3364.7771(8)
C* [MHz] 2173.099(1) 2173.101(1) 2173.130(1) 2173.132(1)
C- [MHz] 2173.186(1) 2173.188(1) 2173.217(1) 2173.220(1)
Xaa [MHz] 0.47(23) 1.77(27) 0.48(23) 1.77(27)
Xbb — Xec [MHZ] 4.24(6) 4.11(7) 4.24(6) 4.11(7)
D, [MHz] - 0.730(2) - 0.730(2)
D; [kHz] 0.701(2) 0.701(2)
Dj [kHz] 0.15(1) 0.15(1)
Dg [kHz] 0.51(1) 0.51(1)
dy [kHz] —0.297(1) -0.297(1)
d, [kHz] —0.1761(4) —0.1762(4)
AEg: [MHz] 837.97(2) 837.97(2)
Ga [MHz] 4.278(8) F,c [MHz] 6.12(1)
o’ [MHz] 0.044 0.044
N¢ 457 457

a Standard error in parentheses in the units of the last digit. ® Root mean square deviation of the fit. ¢ Number

of transitions in the fit.
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Fig. 6. Potential energy and vibrational eigenfunctions for the inversion motion of
s-trans-methacrylamide.

lar interaction of the N nucleus with the overall rotation were
considered for the A and E methyl internal rotation states, but
common to the v=0" and v=0- inversion states:

Hq = H§ + Hf ()

The methyl internal rotation operator, derived from a perturbation
treatment of internal rotation [29] on the basis of the principal axis
method (PAM [30]), acting only on the E states is:

Hg =D - P, (4)
and the inversion operator based on the inertial axis system is:
Ho- = AEg: +Go - P, (5)

In Egs. (4)-(5), P, is the angular momentum operator, D, is
the torsion-rotation parameter acting on the E states, G, is
the Coriolis coupling constant between the vibrational inver-
sion states and AEy: is the energy difference between the
same states. The obtained spectroscopic constants are reported
in Table 2. In the same table, we show that similar results
are obtained using an alternative coupling scheme based on
the reduced axis system, that is defining the inversion operator
as:

Ho: = AEg: + Fye - (P - Pe + P - By) (6)

For the treatment of tunneling between two equivalent minima,
the reduced axis method (RAM, Eq. (6)) is expected to be more
accurate than the inertial axis method (IAM, Eq. (5)) [31], but, if
there is a third minimum close in energy (the s-cis conformer in
the present case), it may be necessary to include parameters of
odd order (i.e. G,) into the Hamiltonian to describe the tunneling
between the equivalent states [32]. If the third minimum is suf-
ficiently higher in energy, the RAM interaction Hamiltonian with
even order parameters, such as F,., may be replaced by an IAM in-
teraction Hamiltonian with odd order parameters, such as G, [33].
This seems to be the case of methacrylamide, for which we ob-
tain two equivalent fittings: fit I and fit Il in Table 2) Indeed the
rotational constants values shift by 0.02+0.03 MHz, whereas all
the other parameters remain unchanged, including the standard
deviation of the fit. Despite only .- and pu,-type lines are al-
lowed for intrastate transitions, E-type transition lines with low K
showed additional components with respect to the expected dou-
blets of lines, because of the presence of the “electric dipole forbid-
den transitions” which apparently follow pc-type selection rules
[34].

The 134 measured frequencies lines of s-cis-methacrylamide are
listed in the Appendix (Table A2). Among them, only 6 E-type low
K. pc-forbidden transition lines were observed. The overall set of

Table 3

Spectroscopic parameters of s-cis-methacrylamide de-
termined from experimental frequencies’ fitting, using
both XIAM [36] and SPFIT [27] and adopting Watson's
S-reduction and [I'-representation.

SPFIT XIAM
A [MHz] 5207.292(1)  5207.290(3)
B [MHz] 3470.930(1) 3470.953(1)
C [MHz] 2113.496(1)  2113.472(1)
Xaa [MHz] 1.89(10) 1.87(11)
Xbb — Xec [MHz] 5.61(9) 5.52(11)
Dy [kHz] 0.447(4) 0.449(4)
Dk [kHz] 0.73(2) 0.71(2)
d; [kHz] -0.202(2) -0.203(2)
d> [kHz] —0.0371(8) -0.0371(9)
D, [MHz] 0.077(5) -
Vs [k] mol] - 10.2(1)°
o¢ [MHz] 0.048 0.062
Nd 134 134

2 Standard error in parentheses in the units of the last
digit. ® Fy and ia values fixed to the MP2/aug-cc-pVTZ
values. ¢ Root mean square deviation of the fit. ¢ Num-
ber of transitions in the fit.

detected lines was assigned through direct diagonalization of the
following Hamiltonian:

H = Hg + Hep + Ho + HE (7

where unique rigid rotor (Hg), quartic centrifugal (Hcp) and nuclear
quadrupole interaction (Hg) operators were used for the A and E
states, and Hg is the same perturbation term as for Eq. (4). Since
the s-cis conformer is not affected by Coriolis’ perturbation, be-
sides the Hamiltonian implemented in the CALPGM program suite,
we could also apply the combined axis method (CAM [35]) imple-
mented in the XIAM program [36], which fits a common set of ro-
tational constants for both the A and E states and directly supplies
the methyl internal rotation barrier. The values of the angles be-
tween the internal rotation axis (i) and the principal inertial axes
(a, b and c), and the moment of inertia of the internal top (Iy)
were fixed to the MP2/aug-cc-pVTZ values (Table 1). The spectro-
scopic constants obtained with the two methods, are compared in
Table 3.

Discussion
Structure

Planar moments of inertia describe the displacement of the
masses (m;) along the principal inertial axes:

Mgy = Zym; - &2 g=ab,c (8)

They are related to the rotational constants and can be obtained
by linear combination of the moment of inertia, for instance M. is
given by:

loa +15b Iec 9)
For planar molecules, with atoms lying on the ab inertial plane, the
M. value is expected to be zero, and slightly positive and negative
values are explained in terms of out of plane and in plane large
amplitude motions, respectively [37]. In the case of molecules with
Cs symmetry, and only out of plane methyl hydrogen atoms, a con-
tribution around 1.57 u A2 is expected for each methyl group. This
is exactly the case of s-cis-methacrylamide, for which M¢.=1.57 u
A2 is predicted by rigid calculations (Table 1) and M¢=1.79 u A2 is
obtained when including vibro-rotational coupling by anharmonic
vibrational B3LYP/aug-cc-pVTZ calculations, perfectly matching the

Mcc =



Mee=1.77 u A2 experimental value. Vibro-rotational analysis shows
that the vibrational motions that most affect the M. value are the
CCC in plane bendings and the out of plane torsion between the
amide and allyl groups (t) and the wagging of the amino group
(w). The Cs symmetry of this conformer is also confirmed by the
fact that, except for six pc-type forbidden E transition lines, only
JLa-type and pp,-type transition lines were observed, in agreement
with a null value of the w. electric dipole moment component.
We note that at the MP2/aug-cc-pVTZ level of calculation, despite
full and free geometry optimization leads to a Cs arrangement, an
imaginary vibrational frequency is obtained involving a combined
motion between the amino wagging (w) and the methyl internal
rotation (o). This unusual behaviour can be explained thinking to
the HNCCCH frame as a ring closed by a H-H link, where a pseu-
dorotation motion allows to switch between conformers avoid-
ing the Cs arrangement, but the underlying potential energy sur-
face is so shallow that the minimisation process converges in any
case to the Cs arrangement. In this hypothesis, the vibrational
ground state lies above the local maximum energy point and an
effective Cs structure is observed. The planar or pyramidal struc-
ture of the amino group in isolated amide compounds is a long
time debated topic. As regards the simplest amide (formamide),
based on the observation of an unusually intense signal related
to the NH, wagging vibrational satellite, Costain and Dowling pro-
posed a pyramidal model and an inversion barrier of 370+50 cm™!
[38], while Hirota et al. determined a single-minimum anhar-
monic inversion potential, V(@) = V5 - w? + V4 - w* [39]. Nowadays,
the planar structure of formamide is agreed upon [40]. How-
ever other amide compounds seem to have a double-minimum
amino inversion potential with a very small inversion barrier,
which allows for an effectively planar ground-state arrangement
[40].

As regards s-trans-methacrylamide, the experimental value of
the planar moment of inertia along the c axis, M=7.09 u A2,
clearly indicates that the structure is skewed, although its value
is slightly smaller than those calculated in the rigid approxima-
tion (Table 1). The inversion splitting associated with the inter-
conversion motion between the two equivalent skewed forms is
0.83797(2) GHz, about % of the predicted value. This means that
the inversion barrier should be higher than the calculated one,
indeed, using the automatized flexible model [23], we could re-
produce the experimental value scaling the torsional energy func-
tion using a factor 1.459, and obtaining an inversion barrier equal
to 3.6 k] mol~! (Fig. 6). In the crystal structure the heavy atom
structure of s-trans-methacrylamide is closer to being planar than
in the gas phase, being T~170° [41] instead of T~150°. In detail,
methacrylamide crystallizes as conformational polymorphs, where
each amide group establishes four OH-N hydrogen bonds. The or-
thorhombic, space group Pabc form contains the s-trans conformer
and the torsional angle is 7=173.5° at 294 °C and t=171.5° at
120 °C. The monoclinic, space group P2;/n form contains the s-
cis conformer and the torsional angle is close to zero (7=1.9°= at
294 °C, and t=>5.8° at 120 °C). The theoretical bond distances for
the isolated conformers and the experimental solid state bond dis-
tances determined from the Crystallographic Information File given
in [41] are listed in the Appendix (Figs. A1 and A2).

Methyl internal rotation

Looking at the methyl internal rotation, the experimental
torsion-rotation parameter of s-trans conformer (D,=730(2) kHz) is
an order of magnitude greater than the s-cis one (D,=77(5) kHz).
These values can be combined with structural parameters to eval-
uate the dimensionless perturbation first-order coefficients for the

Table 4
Methyl internal rotation barrier in allyl compounds, V3
[k] mol].

s-trans s-cis

Methacrolein [47] 5.8792(3) n.a.

Methacrolein (IR) [46] 5.31(4) 5.27(2)
Methacryloyl fluoride [48] 7.1 n.a.
Methacrylic acid [45] 7.31(1) 9.30(2)
Methacrylamide 7.4 10.2(1)
Propene [39] 8.3529(6)
Table 5

Experimental N nuclear quadrupole coupling con-
stants of methacrylamide, x g [MHz].

Xaa Xbb Xec
s-trans A 0.47(23) 1.88(15) -2.36(15)
s-trans E 1.77(27) 1.17(17)  -2.94(17)
s-cis 1.88(9) 1.86(9) -3.75(9)

threefold barrier introduced by Herschbach [42]:

D,
W = —Do (10)
' A - cos(ia)
The obtained coefficients can then be related to the reduced bar-
rier (s) by tabulated data [43], allowing the estimation of the
methyl internal rotation barrier as:

_9 F-s
T4 r

where Fj is the rotational constant for the rotation of the methyl
top around its C3 axis and r is an adimensional reducing factor
related to the molecular structure [44]. Moreover, using tabulated
data [42], it is possible to evaluate the Fourier coefficients of Math-
ieu’s eigenvalues for the ground state (w‘{=0) and thus to calculate
the splitting between the A and E levels as follow:

27 R
Ag=2L. 0
78 r-wy=0

Vs (11)

(12)

The resulting estimations are V3=7.4 k] mol~! and Ag=32 MHz
for s-trans-methacrylamide and V3=10.2 k] mol~! and Ay=4 MHz
for s-cis-methacrylamide. For the latter conformer, the value of
methyl internal rotation barrier directly fitted using the XIAM pro-
gram [36] is the same as expected: 10.2(1) k] mol~!. Even if the
atoms connectivity does not change, the methyl rotation is more
hindered by the proximity of the amino group with respect to
that of the carbonyl. The same trend is found in the case of
methacrylic acid [45], but not for methacrolein [46], as it can
seen in Table 4, where the V3 values of some allyl compounds are
compared.

Nuclear quadrupole coupling interaction

The N quadrupole coupling constants in the principal axes
systems are given in Table 5 for both conformers. A good agree-
ment between experimental and calculated data is found for the
s-cis conformer, the MP2 values being closer than the B3LYP
ones. Moreover, the out of plane component (x¢=-3.75(9) MHz)
is comparable to those of other C; amides like formamide (-
3.835(5) MHz [49]), acetamide (-3.945(2) MHz [50]), propio-
lamide (-3.908(3) MHz [51]), and thioacetamide (3.66(10) MHz
[3])



Table 6
Relative conformational stability of acrolein and methacrolein com-
pounds, AE=E;_s—Es_trans [k] mol™].

R=H R=CH;
CH,=C(R)-CO-HCH,=C(R)-CO-H 7.9(5) [52]  9.1(4) [46]
CH,=C(R)-CO-FCH,=C(R)-CO-F 0.4(4) [53]  4.3(1) [54]
CH,=C(R)-CO-OHCH,=C(R)-CO-OH -0.7(2) [55]  na.
CH,=C(R)-CO-NH,CH,=C(R)-CO-NH,  -6.5(6) [56]  4(2)

Conversely, the s-trans values obtained for the A and E states
are significantly different from the predicted ones. A good agree-
ment is obtained for the x. component considering the average
value between the A and E states:

A E
w=—73— §=abc (13)
that is X ..=-2.74(16) MHz against xMP2=-2.75 MHz. Unfortunately,
this approach does not work when applied to the x4 and xp,
components. We note that the values of Xl'qu and xE, are sim-

ilar and that their average value ¥o:=1.81(23) MHz is close to
xMP2=1.90 MHz. Although the values of x4 and x/ are not

similar, again their average value 7’25:0.94(19) MHz is close to
xMP2_0.85 MHz. To sum up, a fair match between experimental
and calculate values is achieved calculating the average values af-
ter exchanging the x/, and x£ values.

Stability

In Table 6 we compare the relative stability of the s-trans and
s-cis conformers of methacrylamide with those of other acrolein
derivatives. The s-trans conformer is more stable than the s-cis in
the case of methacrylamide, methacryloil fluoride, and methacrylic
acid, the latter two having a Cs symmetry. The substitution of the
methyl in the allyl group with a hydrogen atom results in a sta-
bilization of the s-cis conformers. The stabilization energy is about
3-4 k] mol~!, except for methacrylamide where it is more than
10 kJ mol~1.

Conclusions

The rotational spectrum recorded in the 59.4-104.0 GHz with a
Stark modulated free-jet absorption millimeter wave spectrometer
shows the presence of two forms of the molecule: the s-trans and
the s-cis; the former one being the most stable one. The spectrum
is characterized by a hyperfine structure related to the coupling
of the nuclear quadrupole of the nitrogen nucleus to the overall
rotation and to the torsion of the methyl group. Moreover, the sig-
nals of the s-trans form shows an additional splitting related to
the inversion motion between two non-planar equivalent struc-
tures. Only a thorough analysis of the spectrum guided by high
level quantum chemical calculations followed by an automatised
flexible model, has allowed the correct description of the underly-
ing nature of the motions involved. A fairly good match between
the calculated and experimental quadrupole coupling constants of
the s-trans conformer could only be achieved by calculating the av-
erage values after exchanging the xa, and xp, values. At the mo-
ment we are not able to explain this effect, and in order to con-
firm that it is not a simple numerical artifact, we are planning to
study similar molecular systems. This study has provided struc-
tural information on both conformers of metacrylamide as well
as an accurate determination of the barriers hindering the inter-
nal rotation and inversion motions and their dependence on the
geometry.

Acknowledgements

The authors thank Dr. Mario Zannoni, Department of Physics,
University of Milan - Bicocca for sharing the frequency multi-
plier equipment, and the CINECA award under the ISCRA initia-
tive for the availability of high performance computing resources
and support. The investigations have been supported by the Italian
MIUR (Attivita Base di Ricerca funds) and the University of Bologna
(Ricerca Fondamentale Orientata funds).

Appendix

<0.950> <0.949>
{[1.092]} {[1.090]}
(1.090) 74 (1.089) <1.241>

{[1.220]}

<0.949> ﬁééﬁf (1.226)
{[(1.088)]} <1.423> [1.505]
{1.498} § (1.496) <1.324>
[1.500]

(1.496) {1.365)

<0.950> ,
{[(1.082)]} {[1.332]}
(1.340)

Xcray> (1.007)
{B3LYP-D3} <0.950> <0.951>
[B3LYP] {[(1.081)]} {[1.003]}
(MP2) (1.004)

Fig. Al. Theoretical bond distances of isolated s-trans-methacrylamide calculated
with the aug-cc-pVTZ basis set and X-ray solid state bond distances determined at
294 °C [41].



Table A1
Measured frequencies for s-trans-methacrylamide, v [MHz].

PK KKK F-F V(A0*) V(AO") v(E0*) ) V(AO*-A0)  V(EO*-E0")  v(AO-A0*)  v(E0"-E0*)
6(2,4)-5(1,5) 6-5 6154221 6153739  61541.70  61536.89

6(2,4)-5(1,5) 7-6 61543.85  61539.00  61543.35  61538.55

6(2,4)-5(1,5) 5-4 6154421 6153939 6154335  61538.55

6(6,0)-5(5,1) 60418.78  60418.10

6(6,1)-5(5,0) 60414.92  60414.24

6(6,0)-5(5,0) 60416.96  60416.21

6(6,1)-5(5,1) 6041621  60415.47

6(6,0)-5(5,0) 61251.09  61252.49
6(6,1)-5(5,1) 61253.68  61251.68
7(3,4)-6(2,5) 7-6 65514.03  65508.92 6551347  65508.42

7(3,4)-6(2,5) 8-7 6551522  65510.14 6551470  65509.62

7(3,4)-6(2,5) 6-5 6551522  65510.14 6551470  65509.62

7(4,3)-6(3,4) 7-6 60077.03  60074.06 6007653  60073.54

7(4,3)-6(3,4) 8-7 60077.45 6007448  60077.08  60074.06

7(4,3)-6(3,4) 6-5 60077.45 6007448  60077.08  60074.06

7(5,2)-6(4,3) 6164825 6164549 6164825  61645.49

7(5,3)-6(4,2) 60740.84  60738.60 6074049  60738.35

7(6,1)-6(5,2) 6610494 6610410  66107.21  66106.31

7(6,2)-6(5,1) 66064.44  66063.62  66061.69  66060.76

7(7,0)-6(6,1) 70885.84  70885.05

7(7,1)-6(6,0) 70885.05  70884.46

7(6,1)-6(5,1) 6607249  66071.66

7(6,2)-6(5,2) 66096.23  66095.44

7(7,0)-6(6,0) 70885.84  70885.05

7(7,1)-6(6,1) 7088446  70883.61

7(5,2)-6(4,2) 6009448  60094.48 6176562  61765.45
7(5,3)-6(4,3) 60620.73  60620.37 6229243  62292.07
7(6,1)-6(5,1) 6523546 6523695 6690555  66907.04
7(6,2)-6(5,2) 65262.85  65260.71  66933.00  66930.88
7(7,0)-6(6,0) 70049.88  70050.36 71720.59
7(7,1)-6(6,1) 7005036  70048.96 71719.20
8(3,5)-7(2,6) 8-7 7837920 7837271 7837851  78372.05

8(3,5)-7(2,6) 9-8 7838045 7837392  78379.76  78373.24

8(3,5)-7(2,6) 7-6 7838045  78373.92  78379.76  78373.24

8(4,4)-7(3,5) 8-7 69849.98 6984536  69849.48  69844.86

8(4,4)-7(3,5) 9-8 69850.73  69846.09  69850.18  69845.55

8(4,4)-7(3,5) 7-6 69850.73  69846.09  69850.18  69845.55

8(5,3)-7(4,4) 9-8 68176.08 6817837  68175.79  68178.07

8(5,3)-7(4,4) 7-6 68176.08  68178.37 6817579  68178.07

8(5,4)-7(4,3) 9-8 65222.82  65226.94  65222.63  65226.74

8(5,4)-7(4,3) 7-6 65222.82 6522694  65222.63  65226.74

8(6,2)-7(5,3) 7182827  71827.23 7182827 7182723

8(6,3)-7(5,2) 7159436 71593.53  71593.53  71592.70

8(7,1)-7(6,2) 76562.75  76561.82

8(7,2)-7(6,1) 76554.93  76554.01

8(8,0)-7(7,1) 81353.71  81352.72

8(8,1)-7(7,0) 81353.71  81352.72

8(7,1)-7(6,1) 76558.02  76558.02

8(7,2)-7(6,2) 76558.76  76557.24

8(8,0)-7(7,0) 8135400  81353.08

8(8,1)-7(7,1) 8135272  81351.62

8(1,7)-7(0,7) 8-7 6385856  63858.18  65538.14  65537.77
8(1,7)-7(0,7) 9-8 63859.27  63858.89  65538.88  65538.48
8(1,7)-7(0,7) 7-6 63859.27  63858.89  65538.88  65538.48
8(2,6)-7(1,6) 8-7 6244044  62439.90 6411297  64112.40
8(2,6)-7(1,6) 9-8 62440.87 6244044 6411337  64112.97
8(2,6)-7(1,6) 7-6 62440.87 6244044 6411337  64112.97
8(2,7)-7(1,7) 8-7 63924.63 6392426  65604.31 65603.92
8(2,7)-7(1,7) 9-8 6392537  63924.96  65605.05  65604.64
8(2,7)-7(1,7) 7-6 6392537 6392496  65605.05  65604.64
8(3,6)-7(2,6) 8-7 63393.41 6339291  65066.59  65066.12
8(3,6)-7(2,6) 9-8 63393.80 6339341  65067.01 65066.59
8(3,6)-7(2,6) 7-6 63393.80 6339341  65067.01 65066.59
8(3,5)-7(2,5) 8-7 61304.51 61304.15
8(3,5)-7(2,5) 9-8 59639.13  59638.73  61304.92  61304.51
8(3,5)-7(2,5) 7-6 59639.13  59638.73  61304.92  61304.51
8(4,4)-7(3,4) 59923.85  59923.55 6158699  61586.69
8(4,5)-7(3,5) 8-7 6390749  63907.16  65576.11 65575.81
8(4,5)-7(3,5) 9-8 63907.80  63907.49 6557643  65576.11
8(4,5)-7(3,5) 7-6 63907.80  63907.49 6557643  65576.11
8(5,3)-7(4,3) 6512623 6512599 6679505  66794.78
8(5,4)-7(4,4) 66606.13  66605.82 6827676  68276.49
8(6,2)-7(5,2) 70803.42  70803.42 7247131 7247131

(continued on next page)



Table A1 (continued)

P KT (KK F-F V(AO*) V(AD") v(E0*) V(E0) V(AO*-A0")  v(EO*-E0")  v(AO"-A0*)  v(EO"-E0*)
8(6,3)-7(5,3) 7095020  70949.50 7261828  72617.59
8(8,0)-7(7,0) 82187.60  82187.60
8(8,1)-7(7,1) 82187.60  82186.41
9(4,5)-8(3,6) 9-8 81503.03 8149653  81502.22  81495.71

9(4,5)-8(3,6) 10-9 81503.76 8149725  81503.03  81496.53

9(4,5)-8(3,6) 8-7 81503.76  81497.25  81503.03  81496.53

9(5,4)-8(4,5) 9-8 75915.69  75912.01 7591527  75911.60

9(5,4)-8(4,5) 10-9 75916.13 7591244 7591569  75912.01

9(5,4)-8(4,5) 8-7 7591613 7591244 7591569  75912.01

9(5,5)-8(4,4) 68636.04 68636.04  68636.04

9(6,3)-8(5,4) 7772517 7772053 7772517 7772053

9(6,4)-8(5,3) 7678853  76784.67  76788.14 7678431

9(7,2)-8(6,3) $223228 8223121 8223451  82233.54

9(7,3)-8(6,2) 82179.75  82178.75 8217670  82175.71

9(8,1)-8(7,2) 87030.68  87029.52

9(8,2)-8(7,1) 87029.13  87028.11

9(9,0)-8(8,1) 9182152  91820.43

9(9,1)-8(8,0) 9182152  91820.43

9(7,2)-8(6,2) 82190.19  82189.28

9(7,3)-8(6,3) $2221.01  $2220.00

9(8,1)-8(7,1) 87030.14  87029.13

9(8,2)-8(7,2) 87028.80  87027.75

9(9,0)-8(8,0) 9182152  91820.43

9(9,1)-8(8,1) 9182043  91819.27

9(1,8)-8(0,8) 9-8 72071.83 7207137  73753.60  73753.00
9(1,8)-8(0,8) 10-9 7207244  72072.02 7375410  73753.60
9(1,8)-8(0,8) 8-7 72072.44  72072.02 7375410  73753.60
9(2,7)-8(1,7) 9-8 7101233 71011.83  72686.03  72685.52
9(2,7)-8(1,7) 10-9 71012.80 7101233 7268650  72686.03
9(2,7)-8(1,7) 8-7 71012.80 7101233 7268650  72686.03
9(2,8)-8(1,8) 9-8 72093.68  72093.09 — 73774.78
9(2,8)-8(1,8) 10-9 72094.19  72093.68 7377585 7377539
9(2,8)-8(1,8) 8-7 7209419  72093.68 7377585  73775.39
9(3,6)-8(2,6) 9-8 68386.43  68386.00  70052.11 70051.65
9(3,6)-8(2,6) 10-9 68386.89 6838643  70052.55  70052.11
9(3,6)-8(2,6) 8-7 68386.89 6838643  70052.55  70052.11
9(3,7)-8(2,7) 9-8 71418.92 7141842  73093.00  73092.50
9(3,7)-8(2,7) 10-9 7141937 7141892 7309345  73093.00
9(3,7)-8(2,7) 8-7 7141937 7141892 7309345  73093.00
9(4,5)-8(3,5) 66523.61 66523.27  68183.82  68183.45
9(4,6)-8(3,6) 9-8 7123812 71237.79  72906.15  72905.80
9(4,6)-8(3,6) 10-9 7123848 7123812 7290654  72906.15
9(4,6)-8(3,6) 8-7 7123848  71238.12 7290654  72906.15
9(5,5)-8(4,5) 72910.05  72909.70

9(5,4)-8(4,4) 69977.81 6997749  71638.15  71637.84
9(6,3)-8(5,3) 76153.14  76152.88

10(4,6)-9(4,5) 6161528  61613.77 6161500  61613.50

10(5,5)-9(5,4) 60748.82 60748.47  60745.98

10(4,7)-9(3.6) 10-9 6022230  60223.70  60222.30  60223.70

10(4,7)-9(3,6) 11-10 60222.05 6022347  60222.05  60223.47

10(4,7)-9(3,6) 9-8 60222.05 6022347  60222.05  60223.47

10(5,5)-9(4,6) 10-9 8548045  85474.83  85479.89  85474.27

10(5,5)-9(4,6) 11-10 85481.04 8547543 8548045  85474.83

10(5,5)-9(4,6) 9-8 85481.04 8547543 8548045  85474.83

10(5,6)-9(4,5) 11-10 7103897 7104027 7103897 7104027

10(5,6)-9(4,5) 9-8 71038.97 7104027 7103897  71040.27

10(6,4)-9(5,5) 84129.52 84129.20

10(6,5)-9(5,4) 8124273  81247.53 8124273  81247.53

10(7,3)-9(6,4) 8792556 8792425 8792556  87924.25

10(7,4)-9(6,3) 87676.74  87675.71 8767571  87674.68

10(8,2)-9(7,3) 92693.44  92692.32

10(8,3)-9(7.2) 92682.70  92681.55

10(10,0)-9(9,1) 102288.97  102287.78

10(10,1)-9(9,0) 102288.97  102287.78

10(8,2)-9(7.2) 92686.68  92685.54

10(8,3)-9(7,3) 9268856  92687.44

10(10,0)-9(9,0) 102288.97  102287.78

10(10,1)-9(9,1) 102287.78  102286.59

10(4,6)-9(3,6) 11-10 7422670 7422625

10(4,6)-9(3,6) 9-8 7422670 7422625

11(3.8)-10(3,7) 62098.04 6209849  62098.04  62098.49

11(4,7)-10(4,6) 66869.43  66868.61 6686943  66868.61

11(4,8)-10(4,7) 6096543 6096543 6096543  60965.43

11(5,6)-10(5,5) 67802.68  67800.03  67802.32  67799.70

(continued on next page)



Table A1 (continued)

J(K KT (KK P-F V(AO*) V(AO") V(E0*) V(EO") V(AO*-A0")  v(EO*-E0")  v(AO"-A0*)  v(EO"-E0*)
11(3,8)-10(4.7) 60053.99 6005326  60053.99  60053.26
11(4,8)-10(3,7) 63009.43 6301065  63009.43  63010.65
11(5,6)-10(4,7) 9707340 9706550  97072.68  97064.68
11(5,7)-10(4,6) 7281643 7281838 7281643 7281838
11(6,5)-10(5,6) 91631.37  91627.08  91630.85  91626.59
11(6,6)-10(5,5) 8457544 8457544 8457544 8457544
11(7,4)-10(6,5) 93760.55 93760.55
11(7,5)-10(6,4) 92847.76 92847.24
11(8,3)-10(7,4) 98340.76 9833950 9834324  98342.00
11(8,4)-10(7,3) 98282.52 9828133  98279.12  98277.89
12(2,10)-11(2,9) 6179079 6179170  61790.79  61791.70
12(3,10)-11(3,9) 61748.65 6174951 6174865  61749.51
12(2,10)-11(3,9) 6172724 6172805  61727.24  61728.05
12(3,9)-11(4.8) 6515141 6515141 6515141  65151.41
12(3,10)-11(2,9) 61812.19  61813.10 6181219  61813.10
12(4,8)-11(5,7) 65316.59  65313.84 6531625  65313.48
12(4,9)-11(3.8) 6643148 6643245 6643148  66432.45
12(5,8)-11(4,7) 74511.15 7451329  74511.15 7451329
12(6,7)-11(5,6) 13-12 86734.56 8673637 8673456  86736.37
12(6,7)-11(5,6) 11-10 8673456 8673637  86734.56 8673637
13(2,11)-12(2,10) 66108.57 66108.57
13(3,11)-12(3,10) 66093.09  66094.13  66093.09  66094.13
13(1,12)-12(2,11) 62237.80 6223934  62237.80  62239.34
13(2,11)-12(3,10) 6608622 6608726 6608622  66087.26
13(2,12)-12(1,11) 62238.60  62240.14 6223860  62240.14
13(3,10)-12(4,9) 6981190 6981190  69811.90  69811.90
13(3,11)-12(2,10) 66114.52 6611560 6611452  66115.60
13(4,9)-12(5.8) 71884.10 7188251 7188410  71882.51
13(4,10)-12(3,9) 70319.63 7032049  70319.63  70320.49
13(5,9)-12(4.8) 7668328 7668513 7668328  76685.13
13(6,8)-12(5.7) 88082.20 8808491 8808220  88084.91
14(0,14)-13(1,13) 6275325 6275549 6275325  62755.49
14(1,13)-13(2,12) 66581.85 6658357  66581.85  66583.57
14(1,14)-13(0,13) 6275325 6275549 6275325  62755.49
14(2,12)-13(3,11) 7043092 7043214 7043092  70432.14
14(2,13)-13(1,12) 66581.85 6658357  66581.85  66583.57
14(3,11)-13(4,10) 7426895  742690.60 7426895  74269.60
14(3,12)-13(2,11) 7044006 7044128 7044006 7044128
14(4,10)-13(5,9) 7739727 7739727 7739727 7739727
14(4,11)-13(3,10) 7445791 7445882 7445791  74458.82
14(5,10)-13(4,9) 79617.47 7961873 7961747  79618.73
14(6,9)-13(5,8) 8919583  89198.81 8919583  89198.81
15(0,15)-14(1,14) 6709824 6710066 6709824  67100.66
15(1,14)-14(2,13) 70925.88  70927.78 7092588  70927.78
15(1,15)-14(0,14) 6709824  67100.66 6709824  67100.66
15(2,13)-14(3,12) 7477195 7477337 7477195 7477337
15(2,14)-14(1,13) 7092588  70927.78 7092588  70927.78
15(3,12)-14(4,11) 78643.44 7864428 7864344  78644.28
15(3,13)-14(2,12) 7477478 7477619 7477478  74776.19
15(4,11)-14(5,10) 8226826 8226826 8226826 8226826
15(4,12)-14(3,11) 7871045 7871139 7871045 7871139
15(5,11)-14(4,10) 83203.72 8320461  83203.72  83204.61
16(0,16)-15(1,15) 7144315 7144575 7144315 7144575
16(1,15)-15(2,14) 7526997 7527207  75269.97  75272.07
16(1,16)-15(0,15) 7144315 7144575 7144315 7144575
16(2,14)-15(3,13) 7911272 7911422 7911272 79114.22
16(2,15)-15(1,14) 7526097 7527207  75269.97  75272.07
16(3,13)-15(4,12) 82088.45 8298953 8298845  82989.53
16(3,14)-15(2,13) 7911357 7911509 7911357  79115.09
16(4,12)-15(5,11) 86814.68 8681468  86814.68  86814.68
16(4,13)-15(3,12) 8301132 8301238  83011.32 8301238
16(5,12)-15(4,11) 8718247 8718332 8718247  87183.32
17(0,17)-16(1,16) 75787.93  75790.69  75787.93  75790.69
17(1,16)-16(2,15) 79614.19 7961647 7961419  79616.47
17(1,17)-16(0,16) 75787.93  75790.69  75787.93  75790.69
17(2,15)-16(3,14) 83454.03 8345576  83454.03  83455.76
17(2,16)-16(1,15) 79614.19 7961647 7961419  79616.47
17(3,14)-16(4,13) 8732491  87326.13 8732491  87326.13
17(3,15)-16(2,14) 83454.03 8345576  83454.03  83455.76
17(4,14)-16(3,13) 8733244 8733368 8733244 8733368
18(0,18)-17(1,17) 8013251 8013545 8013251 8013545
18(1,17)-17(2,16) 83958.47  83960.89 8395847  83960.89
18(1,18)-17(0,17) 80132.51 8013545 8013251 8013545
18(2,16)-17(3,15) 8779560 8779751 8779560  87797.51
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Table A1 (continued)

J(Ka" Ke")-J' (Ko K v(A0*) v(A0") v(E0") v(E07) v(A0*-A0")  v(EO*-EO")  v(A0-A0*)  v(EO-E0")
18(2,17)-17(1,16) 83958.47 83960.89 83958.47 83960.89
18(3,16)-17(2,15) 87795.60 87797.51 87795.60 87797.51
19(0,19)-18(1,18) 84476.80 84480.00 84476.80 84480.00
19(1,18)-18(2,17) 88302.45 88305.08 88302.45 88305.08
19(1,19)-18(0,18) 84476.80 84480.00 84476.80 84480.00
19(2,18)-18(1,17) 88302.45 88305.08 88302.45 88305.08
20(0,20)-19(1,19) 88820.91 88824.33 88820.91 88824.33
20(1,20)-19(0,19) 88820.91 88824.33 88820.91 88824.33
21(0,21)-20(1,20) 93165.04 93168.66 93165.04 93168.66
21(1,21)-20(0,20) 93165.04 93168.66 93165.04 93168.66
Table A2
Measured frequencies for s-cis-methacrylamide, v [MHz].
J(Ka" KT (Ka'Ke) F-F v(A) v(E)
5(4,2)-4(1,3) 5-4 60982.95
5(4,2)-4(1,3) 6-5 60983.76
5(4,2)-4(1,3) 4-3 60983.76
6(4,3)-5(1,4) 6-5 68192.44
6(4,3)-5(1,4) 7-6 68193.38
6(4,3)-5(1,4) 5-4 68193.53
6(2,4)-5(1,5) 6-5 64648.34
6(2,4)-5(1,5) 7-6 64650.48
6(2,4)-5(1,5) 5-4 64650.88
6(3,4)-5(0,5) 6-5 67979.29
6(3,4)-5(0,5) 7-6 67981.15
6(3,4)-5(0,5) 5-4 67981.51
6(4,3)-5(1,4) 6-5 68192.46
6(4,3)-5(1,4) 7-6 68193.38
6(4,3)-5(1,4) 5-4 68193.53
6(6,1)-5(5,0) 60162.05
6(6,0)-5(5,1) 60170.38
6(6,0)-5(5,0) 60163.67
6(6,1)-5(5,1) 60168.82
7(3,4)-6(2,5) 7-6 69054.49
7(3,4)-6(2,5) 8-7 69056.08
7(3,4)-6(2,5) 6-5 69056.08
7(4,3)-6(3,4) 7-6 61970.49
7(4,3)-6(3,4) 8-7 61971.32
7(4,3)-6(3,4) 6-5 61971.32
7(5,3)-6(4,2) 60354.47
7(5,2)-6(4,3) 61951.59
7(6,2)-6(5,1) 65879.68
7(6,1)-6(5,2) 65966.19
7(7,0)-6(6,0) 70581.01
7(7,1)-6(6,1) 70581.45
8(4,4)-7(3,5) 8-7 73199.89
8(4,4)-7(3,5) 9-8 73200.94
8(4,4)-7(3,5) 7-6 73200.94
8(5,4)-7(4,3) 8-7 64329.66
8(5,4)-7(4,3) 9-8 64329.38
8(5,4)-7(4,3) 7-6 64329.38
8(5,3)-7(4,4) 7-6 69243.43
8(5,3)-7(4,4) 9-8 69243.43
8(6,3)-7(5,2) 71378.10
8(6,2)-7(5,3) 71865.55
8(7,2)-7(6,1) 76335.91
8(7,1)-7(6,2) 76355.34
8(8,1)-7(7,0) 80995.59
8(8,0)-7(7,1) 80995.59
9(5,4)-8(4,5) 78359.55
9(5,5)-8(4,4) 9-8 67061.40
9(5,5)-8(4,4) 10-9 67060.97
9(5,5)-8(4,4) 8-7 67060.97
9(6,4)-8(5,3) 76274.53
9(6,3)-8(5,4) 78154.37
9(7,3)-8(6,2) 82009.08
9(7,2)-8(6,3) 82137.93
9(8,2)-8(7,1) 86762.00
9(8,1)-8(7,2) 86766.29
9(9,1)-8(8,0) 91409.55
9(9,0)-8(8,1) 91409.55
9(8,1)-8(7,1) 86763.05
9(8,2)-8(7,2) 86765.26
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Table A2 (continued)

J(Ke" K" )T (Ko Ke) F-F V(A) v(E)
10(4,6)-9(4,5) 62458.22
10(5,5)-9(5,4) 62911.79
10(6,4)-9(6,3) 60346.80
10(5,6)-9(4,5) 10-9 68873.64
10(5,6)-9(4,5) 11-10 68873.18
10(5,6)-9(4,5) 9-8 68873.18
10(6,5)-9(5,4) 10-9 80036.14
10(6,5)-9(5,4) 11-10 80035.97
10(6,5)-9(5,4) 9-8 80035.97
10(6,4)-9(5,5) 10-9 85439.75
10(6,4)-9(5,5) 11-10 85439.89
10(6,4)-9(5,5) 9-8 85439.89
10(7,4)-9(6,3) 87429.13
10(7,3)-9(6,4) 88022.61
10(8,3)-9(7.2) 92492.41
10(8,2)-9(7.3) 92523.42
11(5,7)-10(5,6) 63954.54
11(3,8)-10(3,7) 61442.76
11(4,8)-10(4,7) 60799.70
11(4,7)-10(4,6) 66950.38
11(6,5)-10(6,4) 67817.88
11(7,4)-10(7,3) 65521.18
11(7,5)-10(7,4) 65132.71
11(3,8)-10(4,7) 60407.19
11(4,8)-10(3,7) 61835.22
11(4,7)-10(5,6) 60535.33
11(5,7)-10(4,6) 11-10 70369.92
11(5,7)-10(4,6) 12-11 70369.49
11(5,7)-10(4,6) 10-9 70369.49
11(6,6)-10(5,5) 11-10 82421.84
11(6,6)-10(5,5) 12-11 82421.51
11(6,6)-10(5,5) 10-9 82421.51
11(7,5)-10(6,4) 92214.86
12(2,10)-11(2,9) 61027.93
12(3,10)-11(3,9) 61012.10
12(3,9)-11(3,8) 65394.75
12(4,9)-11(4,8) 65138.89
12(4,8)-11(4,7) 70700.09
12(5,8)-11(5,7) 68831.92
12(5,7)-11(5,6) 75494.96
12(6,6)-11(6,5) 75462.17
12(2,10)-11(3,9) 61005.54
12(3,10)-11(2.9) 61034.55
12(3,9)-11(4,8) 65002.38
12(4,9)-11(3,8) 65531.27
12(4,8)-11(5,7) 67280.93
12(5,8)-11(4,7) 12-11 72251.37
12(5,8)-11(4,7) 13-12 72251.00
12(5,8)-11(4,7) 11-10 72251.00
12(5,7)-11(6,6) 62799.55
13(2,11)-12(2,10) 65237.91
13(3,11)-12(3,10) 65233.16
13(3,10)-12(3,9) 69486.45
13(5,8)-12(5,7) 80087.44
13(1,12)-12(2,11) 61105.24
13(2,12)-12(1,11) 61105.24
13(2,11)-12(3,10) 65231.26
13(3,11)-12(2,10) 65239.75
13(4,10)-12(3,9) 69531.00
13(5,9)-12(4,8) 74952.45
13(6,8)-12(6,7) 76424.90
13(6,7)-12(6,6) 82541.71
13(7,7)-12(7,6) 77566.44
14(2,12)-13(2,11) 69455.01
14(3,12)-13(3,11) 69453.62
14(4,11)-13(4,10) 73617.65
14(4,10)-13(4,9) 78162.63
14(0,14)-13(1,13) 61226.36
14(1,14)-13(0,13) 61226.36
14(1,13)-13(2,12) 65330.56
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Table A2 (continued)

J(Ka"K")-J(Ka".Ke") F-F

V(A) v(E)

14
14
14
14
14
14
14
15
15
15
15
15
15
15
15
15
15
15
16
16
16
16
16
16
16
16
17
17
17
17
17
17
18
18

2,13)-13
2,12)-13
3,12)-13
3,11)-13
3,11)-13
4,11)-13
4,10)-13
4,12)-14
3,12)-14
0,15)-14
1,15)-14
1,14)-14
2,14)-14
2,13)-14
3,13)-14
3,12)-14
4,12)-14
5,11)-14
0,16)-15
1,16)-15
1,15)-15
2,15)-15
2,14)-15
3,14)-15
3,13)-15
4,13)-15
0,17)-16
1,17)-16
1,16)-16
2,16)-16
2,15)-16
3,15)-16
0,18)-17
1,18)-17

1,12)
3,11)
2,11)
4,10)
3,10)
3,10)
5,9)

411)
3,11)
1,14)
0,14)
2,13)
1,13)
3,12)
2,12)
4,11)
3,11)
4,10)
1,15)
0,15)
2,14)
1,14)
3,13)
2,13)
412)
3,12)
1,16)
0,16)
2,15)
1,15)
3,14)
2,14)
1,17)
0,17)

65330.56
69453.13
69455.50
73603.77
73648.31
73662.15
77541.46
77831.50
77841.17
65452.94
65452.94
69556.17
69556.17
73674.80
73675.35
77827.32
77845.30
82258.64
69679.49
69679.49
73781.82
73781.82
77897.24
77897.24
82043.53
82048.89
73906.08
73906.08
78007.75
78007.75
82120.41
82120.41
78132.49
78132.49

<0.950>
<0.950> {[1.080]}

[1.082]

<1.232>
{[1.219]}

<1.486> (1.224)

{1.507}
[1.509]
(1.502)

<1.369>
{1.330}
[1.331]

(1.338)

<1.323>
{1.365}

<0.950>
{[(1.088)]}

<1.403>
{1.504}
[1.505]

(1.501)

<0.950>
{[1.093]}
(1.092)

{[(1.005)]}
€<0.950>

{[(1.002)1}

<X-ray>
{B3LYP-D3}
[B3LYP]
(MP2)

Fig. A2. Theoretical bond distances of isolated s-cis-methacrylamide calculated
with the aug-cc-pVTZ basis set and X-ray solid state bond distances determined
at 294 °C [41].
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