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ABSTRACT

The rotational spectra of N-, 2-, 4-, and 5-methylimidazole are reported and analyzed. Liquid N-methylimidazole was vaporized from a
reservoir, and each of 2-, 4-, and 5-methylimidazole was laser-vaporized from a solid target prior to mixing with argon buffer gas and
undergoing supersonic expansion from a pulsed nozzle. The spectra were recorded by chirped-pulse Fourier transform microwave spectroscopy in the 7.0–18.5 GHz frequency range. Rotational constants, A0 , B0 , and C0 , centrifugal distortion constants, DJ , DJK , DK , d1 , and
d2 , and nuclear quadrupole coupling constants of nitrogen atoms, χ aa (N1), χ bb (N1) − χ cc (N1), χ aa (N3), and χ bb (N3) − χ cc (N3), are determined from experimentally measured transition frequencies. Data recorded for isotopologues containing 13 C or 15 N are used to determine
the rs coordinates of all heavy atoms in N-, 2-, and 4-methylimidazole. The results allow fitting of parameters in the Hamiltonian that
describes internal rotation of the CH3 group about its local C3 axis. The V 3 terms in the periodic potential energy functions that describe
the internal rotation in N-, 2-, 4-, and 5-methylimidazole are determined to be 185.104(11), 122.7529(38), 317.20(14), and 386.001(19) cm−1 ,
respectively, by the internal axis method. The experiments are supported by density functional theory calculations. Observed variations in
barrier height are explained with reference to the symmetry of overlap between a π-like orbital on the CH3 group and π-orbitals on the
aromatic ring.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5119997., s

I. INTRODUCTION
Imidazole1,2 is one of a family of N-heterocyclic compounds, which also includes pyridine,3 pyrrole,4 pyrazole,5,6 and
pyrimidine,7 whose members are highly significant in both biochemistry8,9 and photochemistry.10,11 Structural isomers of methylimidazole exhibit very different physical properties as well as different
toxicity levels12 and can be key compounds in drug development9
and our understanding of tumor growth.13 The conformations
accessed by molecules depend on the potential energy landscape
governing conformational change14 and the temperature at which
a physical or chemical change occurs. In this context, the role of
microwave spectroscopy is to provide accurate measurements of
energetic barriers to internal rotation,15 conformational change,16
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and detailed information about intramolecular17 and intermolecular18 interactions that establish fundamental conformational preferences.19 Measurements are typically performed while probing a gas
sample undergoing supersonic expansion where the temperature of
molecules and complexes approaches 3 K. Under these conditions,
individual conformers can be isolated for study and the spectral signatures of internal rotation can be individually distinguished and
quantified.
It has been shown that the barrier to internal rotation of a CH3
group attached to a phenyl ring depends on the substitution position of the CH3 group and other ring substituents. For example,
while internal rotation of the methyl group in toluene is effectively
unhindered,20 a barrier is present if fluorine atom substituents are
attached to the aromatic ring on the ortho-21 and meta-22 positions.
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FIG. 1. Calculated structures (labeled from left to right) of N-MI, 2-MI, 4-MI, and 5-MI at the B3LYP(D3BJ)/aug-cc-pVTZ level. All heavy atoms are in the ab plane with only
the H atoms of the methyl group outside this plane. The C3 axis of the methyl group is always nearly aligned with the a-inertial axis and indicated with a dashed line. For each
isomer, the orientation of the calculated dipole moment vector, μ, is illustrated in pink with its length drawn proportional to its relative magnitude (see Table S2).

The presence of a fluorine atom in one ortho-21 position leads to a
three-fold, periodic barrier (it is therefore denoted as V 3 ) to rotation of the CH3 group of the order of 200–250 cm−1 . Lower barriers
of 16 cm−1 (V 3 ) or 5 cm−1 (V 6 ) result where a fluorine atom substituent is present in a single meta-22 or para-23 position. Where
fluorine substituents are present in both ortho-24 positions or in both
meta-24 positions, the results are (V 6 ) barriers that are 12 cm−1 and
7 cm−1 , respectively. Barriers (V 3 ) to internal rotation of the CH3
group in each of methylthiazole25–27 and methyloxazole28 depend
strongly on the ring position to which CH3 is attached. The potential barrier (V 3 ) hindering the internal rotation of the CH3 group
in 2-methylthiazole25 is 34.9 cm−1 which is smaller than the equivalent barriers in 4-methylthiazole26 and 5-methylthiazole27 which are
357.6 cm−1 and 332 cm−1 , respectively. A similar trend is observed
between 2-methyloxazole, 4-methyloxazole, and 5-methyloxazole.28
Results have also been reported for some isomers of methylisoxazole29–31 and methylisothiazole.32
Analyses of internal rotation of the CH3 group of 4- and
5-methylimidazole by millimeter-wave spectroscopy are provided
in the (University of Virginia) Ph.D. thesis of Harris.33 Values
of V 3 of 311.9362(78) and 378.416(68) cm−1 were reported for
4- and 5-methylimidazole, respectively. The present work will
report the values of spectroscopic parameters determined for a
wider range of methylimidazole isomers. The rotational spectra
of each of N-methylimidazole (N-MI), 2-methylimidazole (2-MI),
4-methylimidazole (4-MI), and 5-methylimidazole (5-MI) (illustrated in Fig. 1) have been measured by broadband microwave spectroscopy. Kraitchman substitution (rs ) coordinates34,35 are reported
for the heavy atoms in each isomer studied. Assignments of rotational transitions of A- and E-species35 allow the determination of
parameters in Hamiltonians that include internal rotation terms.
The results of Density Functional Theory (DFT) calculations are also
presented. It will be shown that the height of the barrier to internal
rotation of the CH3 group is strongly dependent upon the substitution position of the CH3 group. This dependence is explained with
reference to the symmetry of overlap between a π-like orbital on CH3
and π-orbitals on the imidazole ring.
II. EXPERIMENTAL
Bespoke techniques were used to prepare N-, 2-, 4-, and 5MI for spectroscopic interrogation in the gas phase. N- and 2-MI
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were probed individually by distinct experiments, while 4- and 5MI co-exist as a tautomeric mixture so were thus present in the
same spectrum. N-MI (Sigma-Aldrich, 99%) is a liquid under ambient conditions and was seeded into an argon backing gas (at backing pressure of 2 bars) from a reservoir mounted onto the face
plate of a pulsed valve36 from which gas was introduced into a
vacuum chamber. Laser vaporization was used to transfer each of
2-MI (Sigma-Aldrich, 99%) and 4(5)-MI (Sigma-Aldrich, 98%) into
the gas phase. The samples, respectively, prepared to contain these
isomers were each pressed into cylindrical rod targets of 13 mm
in diameter. The sample of 2-MI was mixed with copper powder (Sigma-Aldrich, <75 μm, 99%), while the matrix used during
the study of 4(5)-MI was a mixture of copper powder and MgSO4
(Sigma-Aldrich, ≥99.5%). The use of these matrices facilitates high
spectral intensities while reducing the amount of sample consumed
during experiments. Given that the 4(5)-MI tautomeric pair is relatively hygroscopic, the use of MgSO4 was crucial during sample
preparation due to its high affinity for water. During each experiment involving laser vaporization, the rod target was positioned a
short distance downstream of the pulsed valve from which the gas
sample was introduced. Laser vaporization was achieved by synchronizing the focused pulse of a Nd:YAG laser (1064 nm, 43 mJ pulse−1 )
with the passage of the gas pulse over the rod target from which
material was vaporized. The experiments that employed laser vaporization each used a backing gas of 7 bars of argon. Subsequent to the
supersonic expansion, the gas pulse passed into the vacuum chamber where it interacted with the microwave pulse introduced from a
horn antenna.
The broadband microwave spectrometer used during the
present experiments is described in detail elsewhere.14,36,37 A chirped
pulse that spans from 12.0 to 0.5 GHz (over a duration of 1 μs)
is generated by a 20 GS/s Arbitrary Waveform Generator (AWG)
(Tektronix AWG7102) and mixed against a 19 GHz reference provided by a Phased Locked Dielectric Resonant Oscillator (PDRO). A
low pass filter is used to select the lower frequency sideband (7.0–
18.5 GHz) prior to amplification of the microwave pulse by a 300
W Traveling-Wave Tube Amplifier (TWT). The net flow velocity of
the introduced gas sample is oriented perpendicular to the propagation of the microwave radiation. Subsequent to interaction of the
microwave pulse with the gas sample, the free induction decay (FID)
of the molecular emission is detected using a horn antenna and digitally recorded over a period of 20 μs by a 100 GS/s oscilloscope
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(Tektronix DPO72304XS). The time scales of the excitation pulse,
the FID recording (∼25 μs), and the passage of the gas sample
through the interaction region (∼200 μs) allow for eight measurements of the FID per valve pulse. FIDs are averaged in the time
domain and Fourier transformed to the frequency domain spectrum using a high-resolution window function. For unblended lines,
linewidths of approximately 100 kHz (FWHM) are achieved with an
approximate standard deviation of 10 kHz (∼10% of the linewidth).
The AWG, PDRO, and oscilloscope are phase locked to a 10 MHz
local oscillator provided by a Rb-clock (SRS FS725) so as to ensure
phase coherence in the time domain and accurate measurement of
transition frequencies.
III. DENSITY FUNCTIONAL THEORY CALCULATIONS
DFT calculations were performed using the Gaussian09 package.38 The harmonic hybrid functional,39–42 B3LYP, was used for
geometry optimizations alongside Grimme’s dispersion correction
with function damping43,44 (D3BJ). Dunning’s45 cc-pVTZ, aug-ccpVTZ, and Ahlrichs’46,47 valence polarized Def2-TZVP basis sets
were used. The experimentally determined rotational constants (see
Sec. IV) are most consistent with the results of the calculations
at the B3LYP(D3BJ)/aug-cc-pVTZ level (Table S1). The coordinates of optimized geometries, values of centrifugal distortion constants, potential energy curves scanned to estimate V 3 barriers
to internal rotation, and values of the nuclear quadrupole coupling term, χ ab (N3), are therefore calculated at this level. In order
to calculate the height of the V 3 barrier to internal rotation of
the CH3 group for each isomer, the potential energy was plotted
while scanning an appropriate dihedral angle (∠(C−−C−−CH3 ) for
4- and 5-MI, ∠(N−−C−−CH3 ) for 2-MI and ∠(C−−N−−CH3 ) for
N-MI). The ro-vibrational calculations of centrifugal distortion constants, scans of dihedral angles to determine V 3 barrier heights,
and partial charge analysis on individual atoms of methylimidazole were performed on optimized structures at the same level of
theory.
IV. RESULTS
A. Observations and spectral analysis
The DFT-calculated geometries of the methylimidazole isomers studied herein are displayed in Fig. 1. It is immediately apparent that N-, 2-, 4-, and 5-MI will all be near-prolate asymmetric
rotors with the a-inertial axis nearly aligned with the axis of the
H3 C−−C4 H4 N2 bond. The a- and b- axes will lie in the plane of the
aromatic ring and will be mutually perpendicular to the c- axis. The
dipole moment depends on the orientation of nitrogen atoms relative to the inertial axes in each isomer but always lies in the plane
of the aromatic ring. Rotational spectra between 7.0 and 18.5 GHz
were recorded and averaged over 1.14 M FIDs, 900 k FIDs, and 2.6
M FIDs during experiments to study N-, 2-, and 4(5)-MI, respectively, with the spectra of 4-MI and 5-MI recorded during the same
experiment. Selected transitions are displayed in Fig. 2. Between 150
and 300, spectroscopic transitions were ultimately assigned to the
spectrum of each isomer. Distinctive features of all spectra include aand b-type transitions and hyperfine structure introduced by the two
quadrupolar nitrogen nuclei of each isomer. The number of assigned
transitions of each type is broadly consistent with expectations based
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FIG. 2. The 303 → 202 transition of N-MI averaged over 1.15 × 106 FID’s illustrating
transitions of both A (m = 0) and E (m = ±1) symmetry species. Hyperfine splittings
are introduced by the two nitrogen nuclei which are very similar for both A- and Especies. The experimental spectrum is shown at the top (black) and the simulation
at the bottom (green and red). The simulation for the E-species is generated by
shifting the simulation for the A-species the appropriate amount of MHz.

upon the ratio of the |μa | and |μb | components of the dipole moment.
Alongside the spectrum of 2-, 4-, and 5-MI, a wide range of fragmentation products were observed including HC3 N,48 HC5 N,49 HC7 N,50
CH3 CN,51 CH2 ==CHCN52 (vinyl cyanide), CH3 CCCN53 (methylcyanoacetylene), and C5 N2 H3 1,2 (imidazole). This range is essentially the same as that observed during previous studies where imidazole54 and trans-urocanic acid14 were laser-vaporized under similar
conditions. After assignment of the spectrum of each methylimidazole isomer, some transitions remain unassigned in each spectrum.
Further work is tentatively exploring whether these assign to spectra of complexes where methylimidazole is attached to either an Ar
atom or a H2 O molecule.
Previous studies of methyloxazole28 and methylthiazole25,26
strongly imply that internal rotation of the CH3 group can be
expected to influence the values of rotational constants determined
through fitting of the observed spectroscopic transitions. The spectrum of each isomer was accordingly surveyed for evidence of
both A- and E-species transitions. Initially, only A-species transitions were considered and included in fits of spectroscopic parameters to measured transition frequencies which were performed with
the aim of qualitatively exploring the effects of internal rotation
on measured rotational constants by the principal axis method35
(PAM). These used Western’s PGOPHER program55 and Watson’s
S reduced Hamiltonian56 in the Ir representation,
1
1
H = HR − Q(N1) : ∇E(N1) − Q(N3) : ∇E(N3),
6
6

(1)

where H R is the energy operator for a semirigid asymmetric rotor
and the remaining terms represent interactions between the nuclear
electric quadrupole moment and the electric field gradient at each
nitrogen atom. H R includes A0 , B0 , and C0 rotational constants
and DJ , DJK , DK , d1 , and d2 centrifugal distortion constants. The
nuclear quadrupole moment dyadic is represented by Q, and the
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dyadic of the electric field gradient is ∇E. Components of the nuclear
quadrupole coupling tensor of each quadrupolar nitrogen nucleus
are denoted by χaa and (χbb − χcc ) with nitrogen atoms numbered
according to the usual convention when labeling heteroaromatic
molecules with N1 and N3 denoting the pyrrolic and pyridinic nitrogen atoms, respectively. Matrix elements were constructed in the
coupled asymmetric rotor basis, J + I N1 = F 1 , F + I N3 = F 2 , and
diagonalized in blocks of the quantum number, F.
Full details of the rotational constants (A0 , B0 , and C0 ),
centrifugal distortion constants (DJ , DJK , DK , d1 , and d2 ), and
nuclear quadrupole coupling constants [χ aa (N1), χ bb (N1) − χ cc (N1),
χ aa (N3), and χ bb (N3) − χ cc (N3)] determined during these initial fits
of spectroscopic parameters to transition frequencies of A-species
(m = 0) transitions are presented in Table S2. Values of d1 and d2
for N-MI and of d2 for 2-MI could not be determined experimentally and were fixed at DFT calculated results. Inclusion of d1 and d2
significantly reduced standard deviations and uncertainties in evaluated parameters when fitting the data for each of 2-, 4-, and 5-MI.
Inclusion of d1 and d2 did not significantly change the standard
deviation or uncertainties of evaluated parameters when the spectra of N-MI were fitted. In this case, they were included to ensure a
consistent approach for all isomers.
The fitted values of DJ and DJK are small for all structural
isomers of methylimidazole. These values are consistent with the
magnitude and values of centrifugal distortion constants determined
for other rigid, aromatic molecules such as N-methylpyrrole,57,58
2-methylpyridine,59 4-methylisoxazole,29 and 5-methylthiazole.27
The off-diagonal nuclear quadrupole coupling terms, χ ab (N1) and
χ ab (N3), were not determined from the experimental data and were
held fixed at calculated values. S/N (signal/noise) ratios of approximately 250:1 were achieved for the parent isotopologue of each
isomer permitting observation of the spectra of 13 C- and 15 Ncontaining isotopologues in natural abundance. These data allow
for determination of the coordinates of heavy atoms in the geometry of each isomer (see below). Values of χxx , χyy , and χzz (where
x, y, and z are the principal nuclear axes of the nuclear quadrupole
coupling tensor) were obtained through diagonalization of each
nuclear quadrupole coupling tensor in the frames of reference provided by each set of principal nuclear axes (Table S5). The results
for χxx , χyy , and χzz are not significantly changed from those determined earlier for imidazole at the precision of the experiments
performed.
B. Molecular geometries
A useful perspective from which to examine each isomer
geometry is provided by the planar moments35,60 which are
calculated as
1
(2)
Pαα = (−Iαα + Iββ + Iγγ ),
2
where α, β, and γ are permuted cyclically over the a, b, and c inertial axes. Bohn et al.60 tabulated the Pcc of a range of molecules and
noted that the contribution of a CH3 group to the appropriate planar
moment of a small, rigid molecule (where the only contributions are
made by the out-of-plane hydrogen atoms) is about 1.6 u Å2 . Values
of Pcc for N-, 2-, 4-, and 5-MI calculated from the rotational constants of the supplementary material, Table S2, are 1.50055(3) u Å2 ,
1.268 43(3) u Å2 , 1.548 73(1) u Å2 , and 1.571 17(2) u Å2 , respectively.
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The results for 4- and 5-MI are reasonably close to those expected
for rigid molecules where all heavy atoms lie in the ab plane. Pcc
of N- and 2-MI are significantly lower than those of 4- and 5MI consistent with the proposal that internal rotation of the CH3
group influences the rotational constants determined by fitting of the
A-species transition frequencies for these isomers. For that reason,
the rotational constants determined by the fits described in Sec. IV A
will hereafter be regarded as effective rotational constants and
denoted as A′0 , B′0 , and C0′ . An inertial defect can be calculated for
each isomer using
Δ0 = Ic0 − Ib0 − Ia0 ,

(3)

− 12 Δ0 .

where it can be noted that Pcc =
The effective inertial defects,
Δ′0 , of N- and 2-MI, thus determined from A′0 , B′0 , and C0′ , will be
used to quantify barriers to internal rotation of the CH3 group in
these isomers in Sec. IV C.
Substitution (rs ) coordinates of carbon and nitrogen atoms
can be determined from measured shifts in rotational constants on
isotopic substitution by the method described by Kraitchman and
implemented within the program KRA.34 Coordinates are determined from shifts in rotational constants on isotopic substitution so
require no assumptions about the structure of the molecule beyond
simple symmetry considerations. It is therefore possible to calculate
rs coordinates from the effective rotational constants, A′0 , B′0 , and
C0′ , as defined above, without significant loss of precision. This is
a necessary assumption when determining rs coordinates from the
experimental data because E-species transitions were not assigned
for 13 C- and 15 N-containing isotopologues. The details of rotational
constants and other spectroscopic parameters determined by fitting to observed transition frequencies for A-species transitions are
provided in Tables S3 and S4. The rs coordinates determined for
N-, 2-, 4-, and 5-MI from these results are presented in Table I
alongside Costain errors.61 Only the magnitudes of atomic coordinates can be determined, so the signs are deduced with reference
to the DFT-calculated coordinates. The data do not allow coordinates to be determined for the nitrogen atoms of 5-MI. Imaginary coordinates are obtained for some atoms located near inertial
axes indicating that these coordinates are very small and should
be assumed equal to zero. A comparison of the experimentally
determined rs coordinates and DFT-calculated re coordinates confirms a high level of consistency. Precise agreement is not expected
given that the calculations yield an equilibrium geometry, whereas
the experiment probes the geometry in the zero-point vibrational
state.
C. Internal rotation of CH3
Many previous works have explored the heights of barriers to internal rotation of CH3 groups attached to aromatic
rings.15,23,25–28,57,62,63 A 3-fold barrier can be generally represented
by a periodic function that describes how potential energy varies
with rotation angle where the first two terms depend on parameters
denoted as V 3 and V 6 . The V 3 barriers to CH3 rotation in each of
3- and 5- methylisoxazole were determined to be 334 and 272 cm−1 ,
respectively. The same parameter is 34.9, 358, and 332 cm−1 , respectively in 2-, 4-, and 5-methylthiazole.25–27 The trend is that V 3
depends significantly on the substitution position of the CH3 group.
The DFT calculations of the present work predict V 3 = 190 cm−1 ,
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TABLE I. Experimentally determined (r s ) and DFT-calculated (r e ) atomic coordinates (see Sec. III) on a- and b- inertial axes. Kraitchman equations appropriate to a planar
skeleton of heavy atoms are used, and ∣c∣ is assumed to be equal to zero.

N(1)

N-MI
2-MI
4-MI
5-MI

C(2)

(Å)

a

b

a

b

a

b

rs
re
rs
re
rs
re
rs
re

−0.6689(22)a
−0.6716
0.112(13)
0.1314
1.4323(11)
1.4227
...
−0.0855

0.0b
−0.0105
−1.0738(14)
−1.0695
−0.6051(25)
−0.6046
...
−1.0559

0.145(10)
0.1648
−0.6496(23)
−0.6595
1.3003(12)
1.3036
−1.3867(11)
−1.3898

−1.0635(14)
1.0658
0.0b
0.0457
0.7509(20)
0.7510
−0.6560(23)
−0.6484

1.4337(11)
1.4278
0.045(34)
0.0791
0.051(29)
0.0459
...
−1.4789

0.7094(23)
0.7083
1.1411(13)
1.1324
1.1248(13)
1.1192
...
0.6568

C(4)
a

(Å)
N-MI
2-MI
4-MI
5-MI
a
b

N(3)

rs
re
rs
re
rs
re
rs
re

1.4171(11)
1.4173
1.3902(11)
1.3898
−0.6891(22)
−0.6965
−0.070(21)
−0.1792

C(5)

C(6)

b

a

b

−0.6656(23)
−0.6651
0.7071(21)
0.7084
0.0b
−0.0448
1.1205(13)
1.1152

0.103(15)
0.1295
1.4481(10)
1.4477
0.130(12)
0.1446
0.6667(23)
0.7089

−1.1324(13)
−1.1303
−0.6578(23)
−0.6550
−1.1279(13)
−1.1253
0.0b
0.0731

a
−2.1209(7)
−2.1199
−2.1448(7)
−2.1463
−2.1865(7)
−2.1858
2.2001(7)
2.1950

b
0.0b
0.0154
−0.008(191)
−0.0053
−0.019(79)
−0.0197
0.029(53)
0.0209

Numbers in parentheses are Costain errors (in units of the last significant figure) calculated as δz = 0.0015/|z| Å, where z is the value of the coordinate.
An imaginary result was obtained, so this coordinate is assumed equal to zero.

115 cm−1 , 295 cm−1 , and 377 cm−1 for N-MI, 2-MI, 4-MI, and
5-MI, respectively, implying that the substitution position of the
CH3 group also determines V 3 barrier heights in structural isomers
of methylimidazole.
As shown in Fig. 1, the axis of the C−−CH3 bond (or N−−CH3 for
N−−MI) is very close to parallel with the a-inertial axis of methylimidazole for all the structural isomers examined during the present
work. Neglecting very small vibrational effects in the zero-point
state, only the hydrogen atoms of CH3 will contribute to Δ0 (and
Pcc ) for methylimidazole with the imidazole subunit assumed to be
planar. It follows that, in the limiting case where the CH3 group
undergoes unhindered internal rotation about an axis aligned with
the a-inertial axis, the moment of inertia of methylimidazole will
depend only on I a of the imidazole subunit. In this limiting case, the
A′0 constant can be expected to exceed the result expected for a rigid
rotor in the same geometry by 187 MHz. Analysis of the experimental data allow a comparison of the values of the effective rotational
constants, A0 ′ , B0 ′ , and C0 ′ , with results predicted while assuming
a rigid rotor geometry. The prediction assumes the rs coordinates
of heavy atoms shown in Table I and DFT-calculated (re ) results
for the internal coordinates that define the positions of hydrogen
atoms attached to the aromatic ring. It is further assumed that
r(C−−H) = 1.09 Å and ∠(C−−C−−H) = 110○ (or ∠(N−−C−−H) for
N−−MI) for the CH3 group. Internal coordinates in the known rs
geometry of imidazole were used to establish the coordinates of
nitrogen atoms for 5-MI.
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Selecting 2-MI for illustrative purposes, the rigid rotor assumption implies A(RR), B(RR), and C(RR) rotational constants of
8907.60, 3616.0, and 2614.51 MHz, respectively, and a moment of
inertia of the CH3 group about the C−−CH3 bond, I α , of ≅ 3.20 u Å2 .
In the case of 2-MI, it can be seen (Table II) that the fitted value of
the A′0 rotational constant exceeds the result obtained when assuming rigid rotor behavior by ∼100 MHz and that B′0 and C0′ also change
such that the effective inertial defect Δ′0 = 2.54 u Å2 . The differences
between fitted results and predictions which assume rigid rotor
behavior are greatest for 2-MI, but the same conclusion also applies
to N-MI and, to a lesser extent, to 4-MI and 5-MI. The described
differences between the rotational constants determined by fitting
A-species transitions and those obtained when assuming rigid rotor
behavior allow an estimation of the (V 3 ) barrier to internal rotation
while neglecting higher order terms (V 6 = V 9 = ⋯ = 0). The method
to be employed will adopt the “high-barrier” approximation35 to
treat internal rotation with the principal axis (PAM) method. It will
be assumed that contributions from the nonzero direction cosine
between the C3 axis of the methyl group and the b-axis are negligible. The approximate effective Hamiltonian for the ground torsional state (A-species, m = 0) may then be written in terms of Her(n)
schbach’s barrier dependent perturbation coefficients,25,35,64 Wvσ ,
as follows:
(2)
Ĥv=0,σ=0 = (A + Fρ2a W00 )̂
Pa2 + B̂
Pb2 + Ĉ
Pc2 ,

(4)
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TABLE II. Effective rotational constants and inertial defects determined by fitting to the frequencies of A-species transitions
compared with results implied by the assumption of rigid rotor behavior.

A0 ′ (MHz)
A0 (RR) (MHz)
B0 ′ (MHz)
B0 (RR) (MHz)
C0 ′ (MHz)
C0 (RR) (MHz)
Δ′0 (u Å2 )d

N-MIa

2-MIa

4-MIa

5-MIa,b

9194.581 7(17)c
9153.91
3609.781 92(71)
3626.68
2632.639 30(68)
2640.99

8992.759 11(97)
8907.60
3600.999 84(38)
3616.00
2604.966 76(32)
2614.51

8971.890 77(89)
9002.00
3508.273 56(31)
3515.11
2561.667 42(25)
2569.10

9057.125 12(100)
9023.03
3471.613 29(36)
3468.67
2549.439 64(33)
2545.88

−3.022 67(6)

−2.536 524(29)

−3.097 382(24)

−3.142 257(30)

a
Values of rotational constants given in italics are those implied by a rigid rotor (RR) geometry and the rs coordinates of the
carbon and nitrogen atoms given in Table I. Internal coordinates that establish the positions of hydrogen atoms are assumed
equal to the results of DFT calculations.
b
Values of rotational constants given in italics defined as in footnote (a) while making the additional assumptions that
r(N(1)−−C(2)), r(N(3)−−C(2)), r(N(3)−−C(4)), and angles internal to the imidazole ring are equal to rs results for imidazole.
c
Effective rotational constants (A0 ′ , B0 ′ , and C0 ′ ) determined by fitting to A-species transitions (full details of fits including the
values of centrifugal distortion and hyperfine constants are provided in Table S2).
d ′
Δ0 = I a ′ − I b ′ − I c ′ . The assumption of rigid rotor behavior leads to Δ0 ≅ 3.2 u Å2 for each isomer.

where ̂
Pa , ̂
Pb , and ̂
Pc are the rotational angular momentum components along the respective a-, b-, and c-axes. A, B, and C denote the
rotational constants for the rigid molecule (infinite barrier height),
(2)
F = h/[8π2 I α (1 − ρa )], ρa = I α /I a , and W00 is a perturbation coefficient which depends on the reduced barrier height, s = 4V 3 /9F.
The perturbation coefficient may be written in terms of the effective
moments of inertia (defined earlier) as follows:
(2)

W00 = (1 +

Δ′
Δ′
)(1 + ′ ).
Iα
Ia

(5)

Vibrational contributions of the imidazole subunit (Δ0 = +0.029
u Å2 for imidazole2 ) were subtracted from Δ′0 shown in Table II prior
to the analysis which follows. The procedure is strictly appropriate
′
only for low barrier heights such that ∣ ΔIα ∣ ≪ 1 and requires that the
contributions of other vibrations to Δ′ are small. These criteria apply
(2)
most directly to N-MI and 2-MI where the various Δ′0 lead to W00
≅ 0.042 and 0.182, respectively. When used alongside I α ≅ 3.20 u
Å2 for the CH3 group in the assumed structure, the tables compiled
by Hayashi and Pierce allow values of the reduced barrier height, s,
to be determined from extrapolation of the s-dependent values of
(2)
the W00 perturbation coefficients. These lead to values of s of 17.1
and 10.2 and hence to V 3 ≅ 215 cm−1 and 128 cm−1 for N-MI and
2-MI, respectively. Each of these results is within ∼15% of the DFTcalculated result but is somewhat sensitive to both the assumed I α
and neglected vibrational effects. For example, V 3 ≅ 141 cm−1 for
2-MI if it is assumed that I α = 3.10 Å. The result for N-MI will be
more sensitive than that for 2-MI. The results for 4-MI and 5-MI are
unsuitable for analysis by this method because they certainly do not
′
fulfill the criterion that ∣ ΔIα ∣ ≪ 1.
The assignment of transitions of torsional excited states allows
an alternative analysis that employs the Internal Axis Method
(IAM)35 as implemented in the program XIAM.65,66 The V 3
barriers predicted by the DFT calculations imply intervals between
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transitions of A (m = 0) and E (m = ±1) symmetry species (sharing the same J, K -1 , K +1 ) that are between 500 kHz and 10 MHz.
Following assignment of transitions of the A-species, it was possible to identify E-species transitions consistent with these expectations allowing for a simultaneous “global” fit of rotational constants (A0 , B0 , and C0 ), centrifugal distortion constants (DJ , DJK ,
DK , d1 , and d2 ) and internal rotation parameters to transitions of
both species (Table III). The parameters employed in the global fits
include F 0 , the effective rotational constant for an sp3 hybridized
methyl top, and also the V 3 term defined earlier to describe the
height of the C3 barrier to internal rotation. Fitted angles between
the C3 axis of the internal rotor and a, b, and c inertial axes are
denoted by ∠(i, a), ∠(i, b), and ∠(i, c), respectively, in Table III.
The fits were performed using initial values of δ and ε (angular
coordinates used by XIAM) established from the DFT calculations.
Unfortunately, while XIAM has been successfully used to analyze
the hyperfine structure in molecules that contain a single quadrupolar nucleus, it cannot be used to independently determine hyperfine
parameters for two quadrupolar nuclei. For this reason, a hybrid
approach was necessarily adopted to prepare the linelist required
by XIAM.
The DFT calculations and the results of the PGOPHER fits
of A-species transitions guided initial predictions of the frequencies of E-species transitions using XIAM. Similar hyperfine splittings
were observed for m = ±1 (E-species) and m = 0 (A-species) transitions which share the same J ′K ′ −1 K ′ +1 → J ′′K ′′ −1 K ′′ +1 which assisted
the initial assignment of the E species. It was often challenging to
distinguish precise center frequencies of J ′K ′ −1 K ′ +1 → J ′′K ′′ −1 K ′′ +1 transitions for the E species. For this reason, the center frequency of each
E species, J ′K ′ −1 K ′ +1 → J ′′K ′′ −1 K ′′ +1 transition, was initially estimated
by user inspection informed by the earlier PGOPHER analysis of
the hyperfine structure in the A species. As more transitions were
added to the fit, iterative corrections (typically less than 500 kHz)
were made to each guessed line center frequency. This procedure
will lead to the standard deviations given in Table III significantly
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TABLE III. Results of “global” fits of spectroscopic parameters to A- and E-species transition frequencies to determine rotational constants and internal rotation parameters for
N-, 2-, 4-, and 5-MI.

A0 (MHz)
B0 (MHz)
C0 (MHz)
DJ (kHz)
DK (kHz)
DJK (kHz)
d1 (kHz)
d2 (kHz)
χ aa (N1) (MHz)d
[χbb (N1) − χcc (N1)] (MHz)d
χ ab (N1) (MHz)d
χ aa (N3) (MHz)d
[χbb (N3) − χcc (N3)] (MHz)d
χ ab (N3) (MHz)d
V 3 (cm−1 )
F 0 (GHz)
∠(i, a) (deg)e
∠(i, b) (deg)e
∠(i, c) (deg)e
κf
Δ0 (u Å2 )
Paa (u Å2 )
Pbb (u Å2 )
Pcc (u Å2 )
σ RMS (kHz)g
Nh

N-MI

2-MI

4-MI

5-MI

9156.750 3(50)a
3609.958 2(16)
2632.446 2(16)
0.16(11)
32.07(1.10)
−2.99(14)
[−0.065 776]c
[−0.001 08]c
1.734 7(51)
3.637 3(83)
[−0.079 3]
−2.083 7(52)
−2.200(10)
[−2.927 6]
185.104(11)
157.929 1(88)
0.33(20)
90.00(32)
90.33(61)
−0.70
−3.207 01(14)
138.392 32(7)
53.588 46(7)
1.603 51(7)
8.9
32

8892.906 3(26)
3601.195 96(95)
2604.828 7(98)
[0.194 7(56)]b
−21.51(45)
7.44(10)
−0.076 4(90)
[0.005 12]c
1.301 0(59)
4.178(10)
[0.126 3]
1.374 2(64)
−5.399(10)
[1.777 7]
122.752 9(38)
157.690 1(44)
176.070 5(94)
86.25(11)
88.824 0(84)
−0.68
−3.149 7(7)
138.761 6(4)
55.254 6(4)
1.574 8(4)
13.8
46

8966.759 0(10)
3508.417 29(51)
2561.524 49(47)
0.288(20)
7.98(33)
1.566(74) (34)
−0.071 9(47)
−0.014 6(23)
1.406 5(49)
3.816 3(88)
[−0.105 1]
0.952 9(55)
−5.139 4(82)
[2.222 1]
317.20(14)
157.784(60)
187.79(12)
96.37(16)
85.53(15)
−0.70
−3.112 78(4)
142.491 203(21)
54.805 006(21)
1.556 392(21)
4.5
47

9054.932 7(15)
3471.743 71(51)
2549.306 63(32)
0.271(11)
1.76(36)
1.592(58)
−0.058 6(46)
−0.018 3(20)
1.163 0(66)
4.167(10)
[−0.064 3]
−2.097 5(57)
−2.415(12)
[2.971 1]
386.001(19)
[157.68]
187.539(66)
84.93(15)
84.44(14)
−0.72
−3.140 029(34)
143.999 219(17)
54.242 556(17)
1.570 015(17)
3.4
44

a

Numbers in parentheses are one standard deviation in units of the last significant figure.
Fixed to DJ determined by fitting to transitions of the A species of 2-MI (see Table S2).
c
Fixed to DFT-calculated results.
d
For each nitrogen atom, the displayed χ aa and [χbb − χcc ] are those obtained by fitting to A-species transitions only (see Table S2). The off-diagonal terms, χ ab (N1) and χ ab (N3), are
fixed to DFT-calculated values.
e
Angle between the three-fold axis of the methyl group (i) and the respective inertial axes (a, b, c).
f
Ray’s asymmetry parameter, κ.
g
Number of transitions included in the fit.
h
Root mean square deviation of the fit.
b

overestimating the precision of the results. However, the results
are highly consistent with both the results of the DFT calculations
and the preceding analysis of internal rotation which employed the
PAM. The fitted values of F 0 thus obtained for N-, 2-, and 4-MI
are 157.9291(88), 157.6901(44), and 157.784(60) GHz, respectively.
These are consistent with the assumption that I α ≅ 3.20 Å made earlier. It was necessary to fix F 0 = 157.68 GHz when fitting the data for
5-MI.
The fitted values of ∠(i, a) are consistently small (or close to
180○ ) thus confirming the a-inertial axis is very nearly aligned with
the C3 axis of the methyl group in all isomers. After assigning the
A-species (m = 0) transitions and those of the E species having
m = ±1, there are no further transitions in the observed spectrum
which might reasonably be assigned to states having |m| > 1. This is
consistent with the expectation of efficient cooling to states having
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m = 0 or ±1 in the supersonic expansion and precludes the possibility
of fitting the V 6 term. It can be noted that V 6 was undetermined during earlier studies of methyloxazole28 and methylthiazole.25–27 The
fitted values of V 3 for N-MI, 2-MI, 4-MI, and 5-MI are 185.104(3),
122.7529(38), 317.20(14), and 386.001(19) cm−1 , respectively. These
are in good agreement with both the DFT-calculated results of this
work and with the results of Harris33 for 4-MI and 5-MI (stated
earlier). The results are less consistent with the values yielded by
the analysis that employed the PAM, which yielded values of V 3
of 215 cm−1 and 128 cm−1 for N-MI and 2-MI, respectively. This
is unsurprising given the approximations involved in the analysis
performed using the PAM.
Barriers to internal rotation (V 3 ) for methylimidazole, methyloxazole, and methylthiazole are compared in Table IV. A graphical
overview of the barriers to internal rotation of a methyl group across
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TABLE IV. Barriers to internal rotation in N-methylpyrrole and N-, 2-, 4-, and
5-methylated azoles.

N-MIa
2-MIa
4-MIa
5-MIa
N-methylpyrroleb
2-methylthiazolec
4-methylthiazoled
5-methylthiazolee
2-methyloxazolef
4-methyloxazolef
5-methyloxazolef

V 3 (cm−1 )

F 0 (GHz)

185.104(11)
122.7529(38)
317.20(14)
386.001(19)
67.8021(38)
34.938(20)
357.59(11)
332.03(8)
251.83(12)
427.99(8)
477.88(13)

157.9291(88)
157.6901(44)
157.784(60)
157.68
...
165.1886
166.79(6)
164.20(36)
167.52(68)
167.67(27)
168.52(37)

a

The values obtained by the internal axis method (using the XIAM program) are
presented for this comparison (see text).
b
Reference 58. For N-methylpyrrole, a V 6 potential is determined.
c
Reference 25.
d
Reference 26.
e
Reference 27.
f
Reference 28.

a range of methylated heteroaromatic molecules is presented in
Fig. 3. The dependence of V 3 on the substitution position of the CH3
group is broadly similar for each azole. The highest V 3 are observed
where the substitution is in the 5-position with values ranging from
332 cm−1 (5-methylthiazole) to 478 cm−1 (5-methyloxazole). The
same parameter ranges from 317 cm−1 (4-MI) to 427 cm−1 (4methyloxazole) in the various 4-substituted azoles. The identities
of the heteroatoms have the greatest effect, and V 3 are significantly
lower, where the CH3 group is substituted onto the 2-position of the
ring. Whereas V 3 for 2-methylthiazole is 35 cm−1 , it is 123 cm−1
for 2-MI and 252 cm−1 for 2-methyloxazole. A strong effect of the
heteroatom is also apparent in a comparison of results for N-MI
and N-methylpyrrole.57,58 The former has V 3 of 185.104(11) cm−1
which is approximately three times higher than the value (V 6 ) of
67.8021(38) cm−1 in N-methylpyrrole.

scitation.org/journal/jcp

It is interesting to consider why the barrier to internal rotation
of the CH3 group is dependent upon its substitution position on the
imidazole ring. The immediate steric environment at the CH3 group
is very similar in each of N-methylpyrrole57 [∠(C(2)−−N(1)−−C(5))
is 110○ ] and N-MI [∠(C(2)−−N(1)−−C(5)) is 108○ ], yet the barriers
to internal rotation of the CH3 group in these two molecules are
different by a factor of three. This suggests an important role for
electronic effects. Spangler67 discusses how electronic and steric factors affect internal rotation and notes significant electronic effects
are possible where π electrons are adjacent to a CH3 group. Applying the model described by Spangler, it is necessary to examine
the interaction between a π-like orbital on the CH3 group and
π-orbitals on the aromatic ring to rationalize the observed barriers to internal rotation in methylimidazole isomers. Where there is
two-fold symmetry about the rotor axis (for example, toluene or Nmethylpyrrole), contributions to the torsional potential that result
from electronic overlap between the π-like orbital of CH3 and π
orbitals on the ring are of equal magnitude but opposite sign with
the result that they sum to zero. The overall result is a relatively
low V 6 barrier in which steric interactions make the dominant contribution. Where such high symmetry does not exist (for example,
in isomers of methylimidazole), the overlap of these orbitals leads
to a significant increase in barrier height. The model thus accounts
for the great difference between the heights of the barriers to internal rotation of CH3 in N-methylpyrrole and N-methylimidazole.
It also explains the orientations of the hydrogen atoms of CH3 in
the optimized, equilibrium geometries. Where the barrier to CH3
rotation is six-fold (in N-methylpyrrole, for example), it is expected
that all hydrogen atoms of the methyl group will be staggered with
respect to the plane of the ring in the geometry of the ground state
conformation. Where a V 3 barrier is present (in each methylimidazole isomer, for example), one hydrogen of the CH3 group will be
eclipsed with the plane of the ring in the ground state geometry. The
DFT-calculated coordinates of atoms agree with this basic expectation for all isomers of methylimidazole studied herein. Optimized
geometries of methylimidazole isomers are provided in Table S2 in
the supplementary material.
The implication is that the determined barrier heights of
methylimidazole isomers will depend significantly on the symmetry of the aromatic ring π-orbitals with which the CH3 interacts.
Their magnitudes will be very sensitive functions of the relative

FIG. 3. From left to right (top), imidazole (this work, values determined using
XIAM program), thiazole,25–27 isothiazole,25,32 (bottom) pyrrole,57,58 oxazole,28 and isoxazole.29–31 Colors are
used to label the barriers to internal rotation where a methyl group is substituted
onto these aromatic rings in N-, 2-, 4-,
and 5- substitution positions in blue,
red, green, and purple, respectively. The
barriers shown are appropriate only to
monomethylated isomers and are quoted
in units of cm−1 .
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populations and energies of these orbitals. A similar argument
will apply to barrier heights determined for methyloxazole and
methylthiazole isomers. Barriers to internal rotation of the CH3
group in each of 2-methyloxazole28 and 2-methylthiazole25 were
determined to be 252 cm−1 and 35 cm−1 , respectively. It was suggested25 that a higher degree of ring aromaticity exists in the latter molecule leading to the lower barrier. This would imply a
degree of aromaticity in 2-MI that is intermediate between that in
2-methyloxazole and 2-methylthiazole. The values of the nuclear
quadrupole coupling constants of nitrogen atoms, χ aa (N) and
χ bb (N) − χ cc (N), determined for methylimidazole isomers imply that
methylation of imidazole (in the N-, 2, 4, or 5 substitution positions) minimally affects the electronic environment at each nitrogen atom. However, these measurements do not necessarily provide insight into the full extent of aromaticity within the imidazole
ring. In principle, the extended Townes-Dailey analysis35 proposed
by Novick68 and the measured values of χ aa (N) allow the populations of different orbitals to be inferred from a sufficiently complete
experimental data set. However, the low symmetry of methylimidazole and the lack of experimentally determined values of χ ab (N)
preclude this analysis from being performed with high accuracy
on basis of the data reported herein. For this reason, an extended
Townes-Dailey analysis was not performed during the present
work.
V. CONCLUSIONS
The pure rotational spectra of structural isomers of methylimidazole were recorded in the 7.0–18.5 GHz frequency range.
Rotational constants, centrifugal distortion constants, nuclear
quadrupole coupling constants, and barriers to internal rotation
were determined experimentally and calculated by DFT methods.
Assignment and analysis of the spectra of 13 C and 15 N isotopologues
allowed for the determination of rs structural coordinates. The heavy
atom skeleton of each methylimidazole isomer is confirmed as planar with only the hydrogen atoms of the CH3 group of each isomer
contributing to measured inertial defects and planar moments. The
rs coordinates confirm that the a-inertial axis is almost aligned with
the C3 axis of the methyl group in each structural isomer. Nuclear
quadrupole coupling constants χ xx , χ yy and χ zz reported in the principal nuclear axes framework (x, y, z) are similar to those reported
for other imidazole derivatives69 and provided in the supplementary
material, Table S5. The values of V 3 and other parameters associated with the internal rotation of the methyl group were determined.
It is proposed that electronic effects significantly contribute to the
observed variation in barrier height with the substitution position of
the CH3 group in methylimidazole.
SUPPLEMENTARY MATERIAL
See supplementary material for outputs from the final cycle
of PGOPHER and XIAM fits for each isomer. DFT-calculated
results and the values of spectroscopic parameters are presented in
Tables S1–S5.
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