
Geometry of the argon…imidazole complex revealed by the microwave
spectra of four isotopologues
Ryan Welch a,1, Mark D. Marshall a,*, Eva Gougoula b,2, Nicholas R. Walker b,*, Helen O. Leung a,*

a Department of Chemistry, Amherst College, P. O. Box 5000, Amherst, MA 01002-5000, USA
b Chemistry-School of Natural and Environmental Sciences, Newcastle University, Bedson Building, Newcastle-upon-Tyne, UK

A R T I C L E I N F O

Keywords:
Intermolecular interactions
Microwave spectroscopy
Rotational spectroscopy
Molecular structure

A B S T R A C T

The rotational spectra of four isotopologues of an isolated complex formed between an argon atom and imid-
azole, Ar…imidazole, have been recorded in the 6–19 GHz region by Fourier transform microwave spectroscopy.
Rotational transition frequencies have been 昀椀tted to Watson’s S-reduced Hamiltonian to yield rotational, cen-
trifugal distortion and nuclear quadrupole coupling constants for the complex. Rotational constants determined
for the parent and three 15N-containing isotopologues allow the three-dimensional structure of the complex to be
described. The two angles, θ and ϕ, which de昀椀ne the orientation of the Ar atom relative to the imidazole ring
have been determined for the 昀椀rst time in addition to the distance between Ar and the center of mass of the
imidazole sub-unit, R. Fitting of structural parameters to the experimentally-determined moments of inertia
yields a structure where Ar is positioned above the ring plane at a distance of 3.519 Å from the center of mass of
the imidazole sub-unit. In the experimentally determined, average geometry, the intermolecular axis (drawn
through Ar and the center of mass of the imidazole sub-unit) is oriented at 6ç from the normal to the ring plane.
The experimental results allow for four alternative possibilities for ϕ with 62.0(39)ç being that which is most
consistent with expectations for this parameter based on previous work. The experimentally-determined nuclear
quadrupole coupling constants imply that the electric 昀椀eld gradient at each of the nitrogen nuclei of imidazole
does not signi昀椀cantly change on formation of the complex with Ar.

1. Introduction

Imidazole, a planar aromatic heterocycle, contains three function-
alities: a π electron cloud, a hydrogen bond donor (a pyrrolic nitrogen,
N1), and a hydrogen bond acceptor (a pyridinic nitrogen, N3). Extensive
hydrogen bonding is found in both its solid and liquid phases leading to
high melting (90çC) and boiling (256çC) points [1]. It is a key compo-
nent of the nucleic acid bases, adenine and guanine, and of the side chain
of histidine. It has an important role in biochemistry, being able to
participate in multiple weak interactions simultaneously. The central
objective of the present work involves characterization of the weak
interaction between an imidazole molecule and an argon atom within an
isolated, gas phase complex formed of these sub-units. The interaction
between argon and imidazole is selected for study because it is an
important, prototypical example of a dispersion interaction occurring
between the π electrons of an imidazole ring and a polarizable, neutral

species.
Recent studies have explored how weak interactions formed between

imidazole derivatives and other molecules depend on (electronic and
geometric) molecular structure and internal dynamics. The present
study reports structural parameters that will serve as key benchmarks
within this broader context of contemporary interest in the molecular
physics of such weak interactions. For example, recent studies [2] have
explored the geometries of complexes formed between H2O and each of
N-methylimidazole and 2-methylimidazole. Detailed studies of com-
plexes formed between an argon atom and each of N-methylimidazole,
2-methylimidazole, 4-methylimidazole and 5-methylimidazole are
currently progressing at Newcastle University by authors of this work.
Analyses of spectra of complexes which contain methylimidazole are
challenging because of splittings introduced by internal rotation of the
CH3 group. It will not always be possible to obtain spectra for many
different isotopologues, limiting the structural information that may be
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obtained from such studies. The present work will establish benchmark
results for the Ar…imidazole complex which represents a logical starting
point from which to examine dispersion interactions with an imidazole
ring. The results will inform and support ongoing and future analyses of
rotational spectra of complexes that contain derivatives of imidazole.

Christen et al.’s comprehensive analysis of the microwave spectrum
of imidazole [3] built on previous works [4,5] to provide a complete
substitution structure from information available for eleven iso-
topologues of the molecule. In addition to structural information, values
of nuclear quadrupole coupling constants were determined for each
nitrogen atom, providing insight into the electronic environment within
the ring. Recently, the microwave spectrum of imidazole has been re-
analyzed with the aim of providing more accurate values of transition
frequencies [6]. The 昀椀rst rotational spectrum (measured from 60 − 78
GHz) of the isolated, gas phase complex, Ar…imidazole, was reported by
Caminati et al. [7] and analyzed to determine the distance between Ar
and the center of mass of imidazole. Nuclear quadrupole hyper昀椀ne
structure was not resolved and data were recorded for only one iso-
topologue, precluding determination of the three-dimensional structure
of this complex. We present here an analysis of low J rotational transi-
tions (between 6 and 19 GHz) for four isotopologues of Ar…imidazole,
which allows for the precise determination of rotational constants and
nuclear quadrupole coupling constants. These results allow for a more
comprehensive, three-dimensional description of the geometry of the
Ar…imidazole complex than has been available previously. Further-
more, analysis of the nuclear quadrupole coupling constants of the
complex will show that the attachment of Ar to imidazole is not
accompanied by signi昀椀cant changes in electric 昀椀eld gradients at the
nitrogen nuclei within the molecule.

2. Experiment

Two different microwave spectrometers are used during the present
work. These employ alternative methods of sample preparation, each of
which is found to generate intense signals for imidazole and the Ar…

imidazole complex. A Balle-Flygare Fourier transform microwave
(FTMW) spectrometer is used at Amherst College [8] to measure line
centers of transition frequencies for isotopologues of Ar…imidazole in
the 6–19 GHz region. Typically, 4k data points are collected during
measurements performed using this instrument giving a resolution
element of 2.44 kHz. For very strong signals, 8k data points are collected
and these are either Fourier transformed directly or zero-昀椀lled to a 16k
record length before Fourier transformation, giving a 1.22 or 0.61 kHz
resolution element, respectively. The nozzle used to introduce the
chemical sample into the vacuum chamber is mounted parallel to the
resonator axis. As a result, each spectral line is Doppler doubled, and the
mean frequency of the two Doppler components gives the rest frequency
of the transition. Spectral lines of approximately 15–25 kHz FWHM are
recorded such that the standard deviation achieved by 昀椀ts of line center
frequencies to the rotational Hamiltonian is of the order of a few kHz.
The other spectrometer used by the present work is a chirped-pulse (CP)
FTMW spectrometer at Newcastle University [9,10]. The broad band-
width of this instrument allows for the simultaneous recording of many
transitions from 7.5 – 18 GHz and the alignment of the nozzle axis
perpendicular to the microwave propagation means recorded transitions
are not Doppler doubled. However, this spectrometer has lower reso-
lution than the Balle-Flygare FTMW spectrometer with respect to the
measurement of line center frequencies. During the present work,
therefore, this CP-FTMW spectrometer is used only to perform broad
surveys of spectral features and not to measure individual line center
frequencies.

A heated reservoir (temperature of about 100çC) is used to introduce
imidazole into the argon 昀氀ow using the Balle-Flygare FTMW spec-
trometer. The brass nozzle with reservoir, similar to the arrangement
described by Suenram et al. [11], is constructed as shown in Fig. 1. A
昀氀exible, Kapton insulated heater wraps around the nozzle and up to 10

W of power can be applied to the heater. The heated nozzle, after being
attached to a pulsed valve, is inserted into one of the mirrors that form
the Fabry-Perot cavity. The nozzle and mirror are not in contact so that
the only insulator between the two is vacuum, which works effectively.
The resulting gaseous sample is introduced by the pulsed nozzle into the
Fabry-Perot cavity of the spectrometer while employing a backing
pressure of 3–4 bar. A pulse of microwave radiation is then applied to
excite the species of interest. After the excitation pulse has dissipated,
the molecular free induction decay (FID) signal is coupled out of the
cavity, down-converted twice by a two-stage heterodyne detection sys-
tem to a center frequency of 2.5 MHz, and digitized at a 10 MHz sam-
pling frequency. The signal is corrected for background, Fourier
transformed, and averaged to generate the resolution and linewidth as
described in the opening paragraph of this section. Imidazole-1,3-14N2 is
obtained from Acros (99% purity). Three 15N substituted isotopologues
are supplied (in two samples) by Icon Services: one sample of the doubly
substituted imidazole-1,3-15N2 (99% 15N) and another comprising 25%
each of two singly substituted isotopologues, imidazole-1-15N and
imidazole-3-15N. The rest of the mixture contains an equal amount of the
most abundant isotopologue (imidazole-1,3-14N2) and the doubly
substituted isotopologue (imidazole-1,3-15N2).

The spectrum displayed in Fig. 2 is recorded using the chirped-pulse
FTMW spectrometer while employing laser vaporization followed by
supersonic expansion for generation of the Ar…imidazole complex. A
target rod is initially prepared through compression of mixed solid
crystalline salts (containing isotopes in their naturally-occurring abun-
dance ratios) of imidazole and silver iodide (AgI) using a hydraulic
bench press. This rod is mounted into a bespoke mount positioned a few
millimeters downstream of the pulsed nozzle used to introduce gaseous
sample into the vacuum chamber of the spectrometer. A focused Nd:YAG

Fig. 1. A schematic diagram of the heated nozzle used at Amherst College for
the study of Ar-imidazole.
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laser pulse (wavelength of 1064 nm, pulse duration of 10 ns, pulse en-
ergy of ~40 mJ) is then used to vaporize material from the surface of the
rod into a 昀氀ow of argon gas (backing pressure of 6 bar). The rod is
continually rotated and translated during experiments. The design fea-
tures of this laser vaporization source have been described in detail
previously [12]. The resulting gas mixture undergoes supersonic
expansion and microwave spectra are recorded for molecules and
complexes within the expanding sample. Following a 1 μs chirped po-
larization pulse, the resulting FID is down-converted to a 0.5 – 12. GHz
bandwidth and digitized at a 25 Gs s–1 sampling rate for 20 μs. Eight
polarization/digitization cycles are performed for each opening of the
pulsed valve. A wide range of target rod compositions have been
employed during experiments performed to study a series of imidazole-
containing complexes. The results displayed in Fig. 2 are obtained while
using a rod consisting of AgI and imidazole (in a 1:1 ratio by mass). This
composition is found to yield transitions of acceptable signal/noise for
the Ar…imidazole complex even while transitions of other molecules
and complexes are also observed within the spectra.

3. Quantum chemical calculations

The equilibrium geometry of the Ar…imidazole complex is deter-
mined using Density Functional Theory (DFT) calculations, as imple-
mented in the ORCA 5.0 package [13,14]. The hybrid functional of

Becke-Lee-Yang-Parr (B3LYP) [15,16] is employed with Grimme’s
dispersion correction (D3BJ) [17,18], along with the augmented triple-ζ
(aug-cc-pVTZ) [19] basis set. The optimized geometry is shown in Fig. 3.
Calculated molecular parameters including rotational constants (Ae, Be,
Ce), nuclear quadrupole coupling constants (χaa, χbb, χcc, χab, χac, χbc) for
each nitrogen nucleus (with signs for the off-diagonal components
consistent with the right-handed coordinate system shown in Fig. 3) and
the magnitudes of the electric dipole moment components (μa, μb, and
μc) are summarized in Table S1 of the supplementary information. The
calculated atomic coordinates (re) are given in Table S2.

4. Results

4.1. Spectral analysis

The values of spectroscopic parameters reported by Caminati et al.
[7] allowed for transitions of Ar…imidazole to be readily identi昀椀ed
during the present work. Most are b-type with only a small number of c-
type transitions (and none for Ar…imidazole-1-15N) observed. This
contrasts with the situation for the imidazole monomer where mainly a-
type transitions were observed. This is expected because, as noted by
Caminati et al., each of the inertial axes of Ar…imidazole is signi昀椀cantly
rotated (by almost 90ç) from their orientations (relative to the positions
of the atoms within the imidazole ring) in the isolated imidazole

Fig. 2. Section of CP-FTMW spectrum. The black trace is the experimentally-recorded spectrum, obtained from an average over 240k FIDs and representing 30k gas
pulse/laser vaporization shots. The red trace (displayed against an inverted scale) is simulated from the experimentally-determined spectroscopic parameters under
the assumptions of a rotational temperature of 2 K and a (FWHM) linewidth of 50 kHz.

Fig. 3. The a and b inertial axes for the imidazole monomer (left) and for Ar…imidazole (right). The small purple sphere in the left 昀椀gure of the right panel indicates
the projection of argon in the imidazole plane in the complex. Atom colors: C, dark gray; H, light gray, N, blue; Ar, purple.
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monomer. In the absence of nuclear quadrupole coupling interactions,
the population in each rotational energy level in the doubly substituted
15N isotopologue is not divided amongst hyper昀椀ne levels; therefore, we
are able to observe more rotational transitions for this isotopologue than
for the most naturally-abundant isotopologue. On the other hand, since
each of the singly-substituted 15N isotopologues is generated from a
sample containing only 25% of the corresponding imidazole monomer,
the number of rotational transitions observed is fewer even though the
hyper昀椀ne structure is much simpler than that of the most abundant
isotopologue.

The spectra for the 212–101 transitions for all isotopologues are
shown in Fig. 4. The hyper昀椀ne structure of the most abundant iso-
topologue and the singly-substituted isotopologues is displayed over a
4.6 MHz region for comparison. The complexity of the spectrum of the
most abundant isotopologue is apparent. Conversely, the spectrum of
the doubly-substituted isotopologue is very simple, showing only a
Doppler doublet (this spectrum was taken before all experimental con-
ditions were optimized; thus, it has a relatively low signal-to-noise
ratio). The spectrum of each isotopologue is analyzed and 昀椀tted while
using the Watson S-reduced Hamiltonian (HR) [20] in the Ir represen-
tation with the inclusion of the interaction between the electric 昀椀eld
gradient and the nuclear quadrupole moment for each 14N nucleus. For
each of the singly-substituted species, the total angular momentum is
F = J+ I14N, where J is the rotational angular momentum of the mole-
cule and I14N is the spin angular moment of the 14N nucleus. For the most
abundant isotopologue where two quadrupolar 14N nuclei are present,
we 昀椀rst couple the rotational angular momentum with the spin of N3
(I14N3) to give an intermediate angular momentum F1, which in turn is
coupled with the spin of N1 (I14N1) to give the total angular momentum,
F. This coupling scheme is appropriate because of the dissimilar electric
昀椀eld gradients experienced by the two nuclei and provides a useful
labelling for the resulting hyper昀椀ne energy levels.

The spectroscopic constants are determined using Pickett’s nonlinear

least squares program [21] and listed in Table 1. Because of the large
number of rotational transitions observed, in addition to the rotational
constants, 昀椀ve quartic and two sextic centrifugal distortion constants are
determined for Ar-imidazole-1,3-15N2. For the other isotopologues,
some of the centrifugal distortion constants cannot be determined and
are 昀椀xed to the values of those for the doubly substituted isotopologue.
All diagonal components of the nuclear quadrupole coupling tensors are
determined for N1 and N3. In addition, an off-diagonal component, χbc,
is available for N3 (See Section 4.3 for a discussion of the sign for this
component). The three quartic centrifugal distortion constants, DJ, DJK,
and DK, differ by only 1–3% among the isotopologues. As expected, the
magnitudes of these constants are greatest for the lightest isotopologue,
Ar-imidazole-1,3-14N2, and smallest for the heaviest isotopologue, Ar…

imidazole-1,3-15N2. Contrary to this trend, the magnitude of d1 for Ar…

imidazole-1,3-15N2 is more than twice that for Ar…imidazole-1,3-14N2.
This constant, however, is 2–3 orders of magnitude smaller than DJ, DJK,
and DK. With the exception of Ar-imidazole-1,3-15N2, the centrifugal
distortion constants for the other isotopologues cannot all be determined
independently. As a result, it is not appropriate to compare the values of
this constant nor attribute signi昀椀cance to the observed variations among
the isotopologues. A comparison of the spectroscopic constants deter-
mined here for the most abundant isotopologue with those of Caminati
et al. [7] shows that there is good agreement with the present study
yielding the more precise values. Observed and calculated transition
frequencies with assignments for all isotopologues studied are provided
in Tables S3 – S6 of the supplementary information.

4.2. Structure determination

Ar…imidazole is a slightly asymmetric near-prolate top with an
asymmetry parameter between −0.990 and −0.995 for each of the four
isotopologues. To determine the structure of the complex, we take the
substitution geometry of the imidazole monomer as described by
Christen et al. [3] and assume that it remains unchanged upon

Fig. 4. The 212–101 rotational transition for four isotopologues of Ar-imidazole. The transitions for the most abundant and singly substituted isotopologues are
displayed over a 4.6 MHz range, and are obtained by concatenating the center portions of overlapping spectra, each approximately 1 MHz wide and optimized for
their individual ranges. The spectral lines for the doubly substituted isotopologue comes from one single spectrum, and is shown over a 1.75 MHz range. Each spectral
line is Doppler doubled. The number of averages for each 1 MHz spectrum varies, but is typically between 500 and 1000.
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complexation. Three parameters are then necessary to specify the
structure of Ar…imidazole: R is the distance between Ar and the center
of mass of imidazole, θ is the angle between the imidazole plane and R,
and ϕ is the azimuthal angle of R measured from the a axis of imidazole
(Fig. 5). These parameters are determined using Kisiel’s STRFIT program
[22] by 昀椀tting to the moments of inertia, Ia, Ib, and Ic, of the four iso-
topologues. In fact, four alternative sets of results [the results of 昀椀ts (i)-
(iv) as shown in Table 2 and Tables S7 – S10] can be obtained with each
having low ΔIrms (root mean square difference between observed and
昀椀tted moments of inertia). Fit (i) has the lowest ΔIrms (0.113 u Å2). The
values of ΔIrms for the other three sets are 1.4–2.1 times greater than this
“best 昀椀t.” The values of R and θ in all four 昀椀ts differ by no more than
0.001 Å and 0.33ç, respectively. The major difference among the 昀椀ts is
the value of ϕ.

The values in the 昀椀ts represent Ar positions in the four quadrants
de昀椀ned by the a-b axis system of the imidazole monomer. The best 昀椀t
gives a standard deviation of 3.9ç in ϕ while the worst has a standard
deviation of 9.8ç. The standard deviation in ϕ thus appears rather large
even for 昀椀t (i) but it is instructive to calculate the structural parameters
for each isotopologue individually from its moments of inertia. For
example, restricting ϕ to be acute gives the results for the four iso-
topologues listed at the bottom of Table 2. As expected from the small
standard deviations of the values of R and θ in 昀椀t (i), these parameters
agree well among the isotopologues. The angle ϕ, however, has two
different sets of values: 52–54ç vs 60–62ç. Values of ϕ are similar for
different isotopologues which contain the same nitrogen isotope in the
1-position but different nitrogen isotopes in the 3-position. In the 昀椀tted
geometry, N3 lies very close to the b axis of the complex and isotopic
substitution in this position has less effect on the results of the structure
昀椀t than does substitution at N1. In any case, the apparent large differ-
ence in the values of ϕ among the two sets of isotopologues is actually
insubstantial. Within the geometrical model used, the a/b/c coordinates

Table 1
Spectroscopic constants (in MHz, except as otherwise noted) for four isotopologues of Ar-imidazole obtained in this worka and by Caminati et al. [7].

This work Caminati et al.b

Ar…imidazole-1,3-14N2 Ar…imidazole-1-15N Ar…imidazole-3-15N Ar…imidazole-1,3-15N2 Ar…imidazole-1,3-14N2

A 4829.519483(63)c 4771.93556(23) 4764.99370(35) 4707.48786(13) 4829.51(1)
B 1389.270161(30)c 1382.962345(39) 1383.074836(73) 1376.666390(34) 1389.18(3)
C 1380.639372(41)c 1371.029369(57) 1369.28128(11) 1360.159588(47) 1380.83(3)
DJ/10−3 5.02635(56) 4.94599(65) 4.9483(14) 4.87146(46) 5.20(1)
DJK/10−3 31.1594(35) 30.9665(41) 30.8208(81) 30.6511(64) 30.99(6)
DK/10−3 −33.6593(66) −33.553(45) −33.300(68) −33.227(14) −33.9(1)
d1/10−6 −24.02(50) −37.63(62) −42.7(12) −50.71(17) −

d2/10−6 −3.302d −3.302d −3.302d −3.302(60) −1.4(8)
HJK/10−6 −1.728d −1.728d −1.728d −1.728(75) −

HKJ/10−6 5.74d 5.74d 5.74d 5.74 (35) −

χaa (N1) −2.47845(40) − −2.47839(87) − −

χbb (N1) 1.24334(53) − 1.22864(84) − −

χcc (N1) 1.23512(42) − 1.24976(81) − −

χaa (N3) 2.18461(41) 2.18533(43) − − −

χbb (N3) −3.95998(45) −3.56374(44) − − −

χcc (N3) 1.77538(42) 1.37841(42) − − −

χbc (N3) 0.6774(74) 1.5977(54) − − −

rms/kHz 1.19 0.63 1.34 0.63 100

J range 0 – 7 0 – 7 0 – 7 0 – 9 6 – 17
Ka range 0 – 3 0 – 2 0 – 2 0 – 3 2 – 8
# rotational transitions 30 21 27 49 32
# b type 25 21 21 44 −e

# c type 5 0 6 5 −e

# hyper昀椀ne components 404 72 89 0 [Unresolved]e

a 1σ standard deviations in the parameters are given in parentheses.
b Ref.[7].
c When calculated for this isotopologue at the B3LYP-D3BJ/aug-cc-pVTZ level, the Ae, Be and Ce rotational constants are 4815.5 MHz, 1396.8 MHz and 1389.8 MHz

respectively and the |μa|, |μb| and |μc| dipole moments are 0.1 D, 3.6 D and 0.7 D respectively (see Table S1).
d Fixed at the value appropriate to Ar…imidazole-1,3-15N2.
e In this work, transitions were observed to be blended such that some b- and c-type transitions could not be distinguished from each other, preventing a deter-

mination of the number of each. Additionally, hyper昀椀ne structure was not resolved.

Fig. 5. Parameters required to characterize the structure of Ar…imidazole. R is
the distance between Ar and the center of mass of imidazole, θ is the elevation
of Ar from the imidazole plane, and ϕ is the azimuthal angle of R measured
from the a axis of imidazole (shown). Atom colors: C, dark gray; H, light gray,
N, blue; Ar, purple.
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of an atom would be independent of ϕ if θ = 90ç (for any given value of
R). Given that θ j 84ç for the complex, the geometry is close to that limit
and the 10ç range in the 昀椀tted values of ϕ actually implies positions for
the Ar atom that are only 0.07 Å apart. It follows that differences in the
values of ϕ determined for the various isotopologues may simply re昀氀ect
small changes in zero-point motions of the complex on isotopic substi-
tution. Indeed, because the rms deviations of the four 昀椀ts (Table 2) are
similar and we expect the complex to exhibit large amplitude motion, it
may be more appropriate to regard Ar as being located 3.519 Å from the
center of mass of the imidazole monomer while undergoing large
amplitude motion within a broad and shallow potential energy mini-
mum in its zero-point state. Fig. 6 presents this potential minimum,
calculated using Gaussian 16′s [23] implementation of B3LYP-D3BJ/
aug-cc-pVTZ. The position of the argon atom over the face of the imid-
azole monomer (昀椀xed to the experimentally determined geometry of
Ref. [3]) is scanned while optimizing the height of the argon atom above
the imidazole plane. Indeed, the minimum is quite shallow, with the
structures resulting from 昀椀ts (i)–(iv) all being within 35 cm−1 of each
other. Nevertheless, 昀椀t (i) does line up very nicely with the minimum
value of the potential.

The results imply that the orientations of the a, b and c inertial axes of
the imidazole monomer (relative to the atoms of the imidazole ring)
very nearly map onto the b, c, and a axes of the Ar…imidazole complex.
For example, in the geometry determined by 昀椀t (i), an angle of only 7.4ç

lies between the ab plane of the monomer and the bc plane of the
complex. The angle between the ac plane of the monomer and the ab
plane of the complex is 9.9ç; and that between the bc plane of the
monomer and the ac plane of the complex is 7.9ç. The rotation angles are
very similar [within 2ç of the result for 昀椀t (i)] for the results of 昀椀ts (ii)-
(iv).

The geometry determined for Ar…imidazole-1-15N rationalizes the
absence of c type transitions for this complex. Stark-effect measurements
performed on the isolated imidazole monomer by Christen et al. [3]
identi昀椀ed that the dipole moment of imidazole-1,3-14N2 is inclined 10.7

(5)ç counter-clockwise from the a axis (where the rotation is about the c
axis) of the molecule. Christen et al. also noted that the a and b inertial
axes of imidazole-1-15N are generated by a counter-clockwise rotation
(about the c axis) of the inertial axis framework of the imidazole-
1,3-14N2 parent by 10.2ç. The implication is that the a-axis is almost
parallel with the dipole moment in imidazole-1-15N and that the dipole
moment along the b axis of this isotopologue will therefore be extremely
small. Applying the same logic to the model geometry of the Ar…

imidazole complex, a counter-clockwise rotation (about the a-axis) of
11.2ç generates the b and c inertial axes of the Ar…imidazole-1-15N
isotopologue from those of the Ar…imidazole-1,3-14N2 parent such that
the dipole moment on the c axis is very small. Coupled with the fact that
the number density for the complex is less than that for the monomer
within the probed sample, it is unsurprising, therefore, that we do not
observe c type transitions for Ar…imidazole-1-15N.

4.3. Nuclear quadrupole coupling constants

The χaa, χbb and χcc, nuclear quadrupole coupling constants of a
molecule are projections of its nuclear quadrupole coupling tensor onto
the respective inertial axes. They can usually be determined experi-
mentally for transitions involving low J values. Rotation of the nuclear
quadrupole coupling tensor from the inertial axis framework into the
principal nuclear axis framework yields a diagonal matrix with χxx, χyy
and χzz as diagonal components which do not depend on the inertial axis
orientations. It thus becomes possible to draw comparisons between χxx,
χyy, χzz, nuclear quadrupole coupling constants for nuclei within mole-
cules and complexes even where they have widely varying geometries.
The described transformation from the inertial axis framework into the
principal nuclear axis framework requires that one or more of the off-
diagonal components of the tensor, χab, χbc and/or χac must be known
from either experiment or theory. Experimentally-determined results
are rarely available for these parameters and it has become conventional
to use calculated values for this purpose. The spectroscopic 昀椀ts of the
present work yielded results for χaa, χbb and χcc of each nucleus for all
isotopologues and also for χbc(N3) for the parent and Ar…imidazole-

Table 2
Structural parameters of Ar…imidazole determined by 昀椀ts to the moments of
inertia of the isotopologues and by calculating directly from each isotopologue
while restricting the value of ϕ to be acute.

R/Å θ/ç ϕ/ç ΔIrmsa/u
Å2

Fits to experimental data for all isotopologuesb

Fit (i) 3.51919
(27)c

83.82
(23)

62.0(39) 0.113

Fit (ii) 3.51940
(36)c

83.86
(32)

120.8
(58)

0.156

Fit (iii) 3.51853
(57)c

84.15
(49)

246.1
(98)

0.234

Fit (iv) 3.51827
(46)c

83.99
(37)

304.6
(63)

0.183

Ref [7] 3.516d − − −

Calculation from experimental data for individual isotopologues ​
Ar…imidazole-1,3-14N2 3.51937 83.68 52.40 ​
Ar…imidazole-1-15N 3.51980 83.54 61.90 ​
Ar…imidazole-3-15N 3.51813 83.79 53.83 ​
Ar…imidazole-1,3-15N2 3.51876 83.62 60.49 ​

B3LYP-D3BJ/aug-cc-
pVTZ

3.5089c 86.2 72.9 ​

a ΔIrms =
�������������������������������������������������������������������������������������������������������

3

(Iobs − Icalc)
2/(#observables −#parameters)

:

.
b 1σ standard deviations in the parameters are given in parentheses.
c The results shown imply derived point-to-plane distances of the argon atom

from the plane of the imidazole ring of 3.499(62) Å, 3.499(47) Å, 3.50(16) Å and
3.498(62) Å from 昀椀ts (i) – (iv) respectively. The equivalent distance from the
result of the B3LYP-D3BJ/aug-cc-pVTZ calculation is 3.501 Å.

d The determination of R made by Ref. [7] employed a variant of the
Kraitchman method. See Refs. [40] and [41].

Fig. 6. The potential energy surface (B3LYP-D3BJ/aug-cc-pVTZ) for the argon
atom moving over the face of the imidazole ring. The axes represent the loca-
tion of the argon atom, with reference to the a and b inertial axis coordinates of
the imidazole molecule. The distance of the argon atom above the imidazole
plane is optimized to give the lowest energy. The locations of the imidazole ring
atoms are indicated by white circles, and the location of the argon atom cor-
responding to 昀椀ts (i)–(iv), described in the text, are depicted by smaller pur-
ple circles.
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1-15N isotopologue. The off-diagonal components of the nuclear quad-
rupole coupling tensor, χab and χac, were not determined experimentally
for either N1 or N3 for any isotopologue. Calculations of the nuclear
quadrupole coupling tensors were therefore performed during the pre-
sent work at the B3LYP-D3BJ/aug-cc-pVTZ level to yield the results
shown in Table 3. The calculated values of each (χaa, χbb, χcc) parameter
are all within 6% of the experimental results for N1 and within 15% for
N3. The differences between the experimental and theoretical results
re昀氀ect uncertainties in the experimental determinations which arise
because of blending of transitions and the precision limits of the in-
strument; inaccuracies in the calculation arising from the level of theory
and method employed; and because the calculation is for the re geometry
of the complex whereas the experiment is performed for the complex in
the zero-point state. The agreement is only marginally improved (for
some constants, and in fact worsened for others) by performing the
calculation using the experimental, average structure. Such a calculation
also continues to ignore the actual averaging of the parameters over the
zero-point motion of the complex. We therefore assume uncertainties of
20% in the values of the DFT-calculated χab, χbc and χac parameters used
to determine χxx, χyy and χzz during the present work. The signs for off-
diagonal elements of the symmetric quadrupole coupling tensor depend
on the arbitrary choice made for the positive direction of each Cartesian
axis, although for a given choice of axis system, relative signs are sig-
ni昀椀cant. The signs for each nitrogen nucleus reported here are appro-
priate for the axis system shown for Ar…imidazole-1,3-14N2 in Fig. 3.

The experimentally-determined value of χbc was employed alongside
the results for χaa, χbb and χcc to determine χxx, χyy and χzz for N3 of the
Ar…imidazole-1,3-14N2 parent using the QDIAG program available on
the PROSPE website [24]. The calculated results for χab and χac of this
nucleus are extremely small and were included in the matrix used to
perform the transformation but have negligible effects. For N1, calcu-
lated values of χab, χbc and χac were used alongside the experimentally-
determined results for χaa, χbb and χcc in the transformation to deter-
mine χxx, χyy and χzz. In this case, the results of the transformation are
more sensitive to the calculated values (and the uncertainties assumed)
for each of χab, χbc and χac. The values of χxx, χyy and χzz thus obtained for
both nuclei, respectively, are very similar to those determined for a
range of other imidazole-containing molecules and complexes [25] as
shown in Table 4 and Table S11. Experimentally-determined nuclear
quadrupole coupling constants depend on both the electric 昀椀eld gradient
at the nucleus under consideration and the nature of vibrational motions
within a molecule or complex. For this reason, and given the levels of

uncertainties in the results, it is not possible to draw a clear correlation
between the small variations in χxx, χyy and χzz across the molecules and
complexes featured in Table 4 and signi昀椀cant changes in electric 昀椀eld
gradient at either N1 or N3 across the series. Nevertheless, the agree-
ment between the principal nuclear quadrupole coupling constants for
each nitrogen in imidazole and Ar-imidazole strongly suggest that argon
perturbs the electric 昀椀eld gradient of imidazole minimally, if at all.
Further support for this is presented below.

A useful check of internal consistency can be performed on basis of
the results for χbc of the Ar…imidazole-1,3-14N2 and Ar…imidazole-
1-15N isotopologues. The rotation angles required to rotate the nuclear
quadrupole coupling tensor of one isotopologue into the other should be
consistent with the angles that transform the two respective inertial axes
frameworks. In the experimental geometry of the complex [that
described by the results of 昀椀t (i) in Table 2], isotopic substitution of 15N
in position 1 rotates the b and c inertial axes counter-clockwise (about
the a-axis) by 11.2ç from their orientations in the parent isotopologue.
The results of χbc = 0.6774(74) and 1.5977(54) MHz for Ar…imidazole-
1,3-14N2 and Ar…imidazole-1-15N (respectively) imply that the nuclear
quadrupole coupling tensor of Ar…imidazole-1,3-14N2 is rotated into
that of Ar-imidazole-1-15N by a similar counter-clockwise rotation of
9.8ç. The high level of consistency in these results provides a strong
validation of the model geometry. It should be noted that the signs of χbc
for Ar…imidazole-1,3-14N2 and Ar…imidazole-1-15N are not available
from experiment and depend on the arbitrary choice made for the pos-
itive directions of the b and c inertial axes. The signs chosen (and shown
in Table 4) are consistent with the axes system shown in Fig. 3. In
principle, if the electric 昀椀eld gradient at each N nucleus is unperturbed
on complexation, the rotation matrix which transforms the inertial axes
of the imidazole monomer into those of Ar…imidazole will be the same
as that which transforms the nuclear quadrupole coupling tensor of the
former into the latter. We performed this check while employing the
diagonal elements of the quadrupole coupling tensor of imidazole pro-
vided by Christen et al. [3] and the only off-diagonal element, χab, is
calculated using the same level of theory given in Section 3 (0.1485 MHz
and 0.8661 MHz for the N atoms in positions 1 and 3, respectively). The
diagonal components of the rotated tensors, χaa, χbb, and χcc, differ from
the experimental values for Ar…imidazole by 1.3%, 7.3%, and 4.7% for
nitrogen in position 1 and by 0.3%, 0.8%, and 2.1% for nitrogen in
position 3. These small differences are likely due to differences in zero-
point motions in the imidazole monomer and its argon complex and
uncertainties in the calculated χab values for imidazole, and indicate that

Table 3
Calculated and experimentally-determined nuclear quadrupole components (in MHz) of each 14N nucleus in Ar…imidazole-1,3-14N2.

N1 N3
B3LYP-D3BJ/aug-cc-pVTZ Exp. B3LYP-D3BJ/aug-cc-pVTZ Exp.

χaa −2.5794 −2.47845(40) 2.5095 2.18461(41)
χbb 1.3163 1.24334(53) −4.3652 −3.95998(45)
χcc 1.2636 1.23512(42) 1.8557 1.77538(42)
χab 0.0992 − −0.0899 −

χac 0.3629 − −0.0483 −

χbc 0.1408 − 0.5623 0.6774(74)

Table 4
The principal nuclear quadrupole coupling components (in MHz) for imidazole and Ar…imidazole.a

Ar…imidazole Imidazole (Christen et al.b) N-Methylimidazole (Gougoula et al.c) 2-Methylimidazole (Gougoula et al.c)
N1 N3 N1 N3 N1 N3 N1 N3

χxx 1.108(28) 1.844(3) 1.108(66) 1.818(85) 0.943(10) 2.04(69) 1.225(28) 1.97(26)
χyy 1.408(29) 2.196(3) 1.406(63) 2.267(84) 1.7427(64) 2.1419(27) 1.514(29) 2.0124(59)
χzz −2.516(14) −4.040(2) −2.514(11) −4.085(68) −2.6860(49) −4.18(69) −2.7395(58) −3.98(27)
a 1σ standard deviations in the parameters are given in parentheses.
b The principal nuclear quadrupole coupling components for each nitrogen are obtained using the experimental diagonal nuclear quadrupole coupling constants in

Reference [3] and the χab value computed theoretically, as given in Section 4.
c Reference [25]. Results for 4-methylimidazole and 5-methylimidazole (also retrieved from Reference [25]) are provided in Supplementary Table S11.
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there is little, if any at all, perturbation to the electric 昀椀eld gradients at
the nitrogen nuclei of imidazole upon complexation.

5. Discussion

Microwave spectroscopy has been employed to study a range of
complexes formed from an aromatic molecule and an argon atom. The
prototype example of Ar…benzene is a symmetric top [26]. However,
the introduction of a heteroatom leads to asymmetry with respect to the
position and orientation of the argon atom relative to the ring. For
example, in Ar…pyrrole [27,28], Ar…pyridine [29–31], and Ar…furan
[28,32–34], the distance between Ar and the center of mass of the
heterocycle is always about 3.5 Å with the argon atom positioned above
the ring plane but with the intermolecular axis oriented 3–11ç from the
normal to the heterocycle ring plane. The attractive interaction between
argon and an electronegative heteroatom such as oxygen or nitrogen
leads to the described asymmetry. The deviation of the intermolecular
axis from the normal is greater for Ar…furan than for Ar…pyridine [29]
or Ar…pyrrole [27], probably because oxygen is smaller and more
electronegative than nitrogen.

The structures of complexes formed between Ar and heterocycles
such as pyrazole, pyridazine and pyrimidine (which each contain two
heteroatoms) are also known. In every case, the distance from the Ar
atom to the center of mass of the heteroaromatic ring is about 3.5 Å. In
Ar…pyrazole, the intermolecular axis forms an angle of 8ç with the
normal to the ring plane and this axis is rotated 13ç with respect to the
N-H orientation [35]. Experiments performed to study Ar…pyridazine
[36] and Ar…pyrimidine [37] established that the intermolecular axis
deviates from the normal to the plane within each complex. However,
they did not unambiguously de昀椀ne the position and orientation of the
argon atom relative to the heterocyclic ring, having been performed only
for a single isotopologue of each complex. In each of Ar…pyridazine and
Ar…pyrimidine, therefore, it is presumed that the Ar is closer to the
nitrogens than to other atoms within the ring. Microwave spectroscopy
and ab initio calculations performed for the Ar…oxazole complex
con昀椀rm that Ar is closer to oxygen than to the other atoms in the het-
erocycle with the intermolecular axis oriented 9ç from the normal to the
ring plane [38].

The results of the present work have been achieved through analysis
of the spectra recorded for four isotopologues. The data set thus allows
for high precision in the determination of two structural parameters (R,
θ) even while there remains ambiguity in a third (ϕ). The distance be-
tween Ar and the center of mass of imidazole (R) is 3.519 Å and the
intermolecular axis is oriented 6ç from the normal (determined as 90ç –

θ) to the imidazole plane. The result for R is very similar to that of 3.516
Å reported earlier which justi昀椀es the approximation, based on the
Kraitchman method [39] (see also Refs. [40;41]), used by Caminati et al.
[7] and re昀氀ects that this parameter is minimally sensitive to the values
of θ and ϕ. Ambiguity in ϕ exists because of the high degree of symmetry
in the distribution of mass with respect to rotation of the ring about the
normal to the ring plane within the complex. As might be expected,
therefore, the four solutions for the molecular geometry as identi昀椀ed in
Table 2 [昀椀ts (i)-(iv)] can be interchanged by a 90ç rotation of the ring
about the normal to the plane followed by a small movement of the
argon atom. Moreover, as noted earlier, the four solutions may largely
re昀氀ect small differences in zero-point vibrational motions on isotopic
substitution. The lowest residuals are achieved for those two sets of
results which are most consistent with the results of previous works to
study other complexes, and also with the result of the B3LYP-D3BJ/aug-
cc-pVTZ calculation performed during the present work. Speci昀椀cally,
the solutions where ϕ is either 62.0(39)ç or 120.8(58)ç would place the
argon atom on that side of the imidazole ring which is closest to the
nitrogen atoms as would be expected from consideration of the elec-
tronegativities of the atoms within the ring. The result of 62.0(39)ç is
closest to that of 72.9ç yielded by the B3LYP-D3BJ/aug-cc-pVTZ
calculation. Given the relatively weak intermolecular interaction

between argon and imidazole, large amplitude motions are to be ex-
pected that will cause the instantaneous geometry of the complex to
deviate signi昀椀cantly from that determined through the present analysis,
which employs the assumption of a semi-rigid geometry for the molecule
in its ground vibrational state. Nevertheless, it is satisfying to note the
high level of agreement between the values of R and θ determined herein
for Ar…imidazole and those reported previously for similar complexes.

6. Conclusions

Measurement of pure rotational spectra for four isotopologues of the
imidazole…Ar complex has allowed three intermolecular parameters in
the structure of the complex to be determined from rotational constants
昀椀tted to the observed transition frequencies. The angles which de昀椀ne the
orientation of the argon atom relative to the imidazole ring have been
determined for the 昀椀rst time. The orientation of the intermolecular axis
(de昀椀ned by a line which passes through argon and the center of mass of
imidazole) tilts slightly (90ç – θ g 6ç) away from the normal of the
imidazole plane. The experimental results allow various possibilities for
ϕ, the angle between the projection of the internuclear axis onto the
plane of the ring and the a axis of the imidazole monomer sub-unit. A
result of ϕ = 62.0(39)ç is most consistent with the result of a B3LYP-
D3BJ/aug-cc-pVTZ calculation and with expectations based on previ-
ous work which suggest that an attractive interaction will draw the
argon atom toward the nitrogen atoms of the ring. The experimentally-
determined nuclear quadrupole coupling constants show that the
attachment of argon to imidazole does not lead to signi昀椀cant pertur-
bation of the electric 昀椀eld gradient within the heteroaromatic ring.
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