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The rotational spectrum of 2-cyanopyrimidine has been obtained from 130 GHz to 500 GHz. Over 7500 vibra-
tional ground-state transitions have been assigned and least-squares fit to partial octic, A- and S-reduced
Hamiltonians with low error (og; = 36 kHz). The two lowest-energy fundamental modes, the out-of-plane (vig)
and in-plane (vyy) nitrile bending modes, form a Coriolis-coupled dyad similar to the analogous fundamental
states of other cyanoarenes. The coupled dyad was least-squares fit to a partial octic, A-reduced Hamiltonian (o
= 47 kHz) with over 6700 transitions for each vibrational state, including transitions that are perturbed or
involved in resonances, as well as symmetry-allowed nominal interstate transitions resulting from Coriolis
coupling. The spectroscopic information from these transitions enabled the determination of a highly precise
energy separation (AEig 27 = 38.9673191 (77) em ™) and six Coriolis-coupling coefficients (G, Gl GK, GV, Fy,
and FX.). The spectroscopic constants and transitions presented in this work provide the foundation for future

radioastronomical searches for 2-cyanopyrimidine.

1. Introduction

There has been long-standing interest in elucidating the molecular
composition of various extraterrestrial environments, with particular
attention on aromatic compounds. The detection of benzene via infrared
spectroscopy in proto-planetary nebula CRL 618 [1] was a catalyst to
search for other aromatic molecules; the search for aromatic heterocy-
cles, however, has been unsuccessful [2-5]. Pyrimidine is of particular
interest as an astronomical target because its core is present in various
biological and prebiotic molecules. These include thymine, uracil,
cytosine, thiamine (vitamin B1), and alloxan, as well as various syn-
thetic drugs [6]. Therefore, detection of pyrimidine in an extraterrestrial
environment would signify detection of a biologically relevant molecule
in a harsh, possibly prebiotic environment. Despite multiple attempts,
there have been no reported interstellar detections of this molecule
[2,5,7]. Radioastronomy, which relies on the population of the species
in the source observed and on the intrinsic intensity of its rotational
transitions due to its dipole moment, is the preferred method of detec-
tion because it is reasonably unambiguous in molecular identification.
The inability to detect nonpolar or weakly polar aromatic molecules has
led to attempts to detect simple derivatives of those molecules with
nitrile substituents, which tend to bestow a large dipole moment. The
larger dipole moment leads to a greater chance of detection by

* Corresponding authors.

radioastronomy, which is illustrated by the prevalence of nitrile-
containing molecules detected in the interstellar medium (ISM) [8,9].
Such attempts to detect nitrile-containing derivatives have been suc-
cessful for benzonitrile [10] and cyanonaphthalenes [11], suggesting
their parent molecules are also present in space. These astronomical
detections rely on the availability of accurate spectroscopic constants
determined from laboratory spectra. Given the success of nitrile-
substituted detections, our group reported the rotational spectral ana-
lyses of several nitrile-containing aromatic and heteroaromatic com-
pounds (Fig. 1), including benzonitrile [12,13], 2-cyanopyridine [14],
3-cyanopyridine [15], 4-cyanopyridine [16], cyanopyrazine [17], and
2-cyanopyrimidine (presented in this work) in their ground and vibra-
tionally excited states. In contrast to the situation with benzonitrile and
the cyanopyridines, for which some spectroscopic data had been pre-
viously available [18-21], 2-cyanopyrimidine and cyanopyrazine did
not have previously reported rotational spectra.

The two lowest-energy vibrational modes for molecules containing a
n-conjugated nitrile moiety are typically the in-plane and out-of-plane
bending modes of the nitrile, and these modes are often sufficiently
close in energy that Coriolis coupling is observed in the millimeter-wave
frequency transitions. Analysis of the rotational spectra for these
vibrational modes for benzonitrile [12,13], 3-cyanopyridine [15], 4-cya-
nopyridine [16], cyanopyrazine [17], 1-cyanocyclobutene [22],
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Fig. 1. Cyanoarenes derived from benzene, pyridine, pyrimidine, and pyrazine.
Table 1

Energy differences between out-of-plane and in-plane nitrile bending modes for
molecules containing a n-conjugated nitrile moiety.

out-of- in- AEip_o0p (em™ )
plane plane
benzonitrile [12,13] Vg, By V33, Bo 19.1081701(74)
3-cyanopyridine [15] v3g, A" Va1, A 15.7524693 (37)
4-cyanopyridine [16] V20, Bq V30, Ba 18.806554 (11)
cyanopyrazine [17] Vo7, A" V19, A’ 24.8245962 (60)
2-cyanopyrimidine (this work) V1, By Va7, Bo 38.9673191 (77)
1-cyanocyclobutene [22] Voy, A vi7, A/ 14.0588093 (43)
(cyanomethylene)cyclopropane Vay, A" vi7, A —29.8975453 (33)
[23]
acrylonitrile [24,25] V15, A v, A/ —104.378277 (6)

(cyanomethylene)cyclopropane [23], and acrylonitrile [24] required
the use of vibrationally coupled Hamiltonians to assign the observed
rotational transitions and resulted in the determination of highly accu-
rate and precise energy separations between the two fundamental states
(Table 1). For each of the cyano-substituted aromatic compounds
observed, the out-of-plane nitrile bending mode is lower in energy
(Table 1). The coupling and state mixing result in rotational transitions
influenced by Coriolis perturbation. This perturbation results in the
appearance of local resonances, i.e., transitions whose frequencies are
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drastically shifted from where they would be expected in the absence of
perturbation, and formally forbidden, nominal interstate transitions.
While band origins can be determined from high-resolution infrared
spectroscopy, as has been done for benzonitrile [13] and acrylonitrile
[24], it is the various coupling interactions affecting the rotational
transition frequencies that enable the highly precise determination of
the energy separation between vibrational states. This work presents the
rotational spectroscopy and analysis of the ground and two lowest-
energy vibrationally excited states of 2-cyanopyrimidine from 130
GHz to 500 GHz.

2. Experimental methods

A commercial sample of 2-cyanopyrimidine (Oakwood, 99% purity)
was used without further purification. Using a millimeter-wave spec-
trometer that has been previously described [26,27], the rotational
spectrum of 2-cyanopyrimidine was collected from 130 to 230 and from
235 to 360 GHz in a continuous flow at room temperature, with a sample
pressure of 3 mTorr. Additional spectral data were obtained with a
newly acquired amplification and multiplication chain that extended the
frequency range to 500 GHz with a sample pressure of 4 mTorr. The
separate spectral segments were combined into a single broadband
spectrum using Kisiel’s Assignment and Analysis of Broadband Spectra
(AABS) software [24,28]. The complete spectrum from 130 to 500 GHz
was obtained using automated data collection software over approxi-
mately nine days given these experimental parameters: 0.6 MHz/sec
sweep rate, 10 ms time constant, and 50 kHz AM and 500 kHz FM
modulation in a tone-burst design [29]. Pickett’s SPFIT/SPCAT pro-
grams [30] were used for least-squares fits and spectral predictions,
along with Kisiel’s PIFORM, PLANM, and AC programs for analysis
[31,32]. A uniform frequency measurement uncertainty of 0.050 MHz
was assumed for all measurements.

3. Computational methods

Electronic structure calculations were carried out with Gaussian 16
[33] using the WebMO interface [34] to obtain theoretical spectroscopic
constants. Optimized geometries at the B3LYP/6-311+(2d,p) and MP2/
6-311+(2d,p) levels were obtained using “verytight” convergence
criteria and an “ultrafine” integration grid. Subsequent anharmonic
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Fig. 2. Predicted rotational spectrum of the ground vibrational state of 2-cyanopyrimidine at 292 K.
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Fig. 3. 2-Cyanopyrimidine (C,, 4y = 6.5 D, B3LYP) structure with principal
inertial axes.

vibrational frequency calculations were carried out to obtain vibra-
tion-rotation interaction constants and predictions of the centrifugal
distortion constants. These methods have been effective to generate the
necessary spectroscopic constants for adequate a priori predictions for
other cyanoarenes [12,13,15-17]. From the optimized geometries,
magnetic calculations were also performed to obtain theoretical nuclear
quadrupole coupling constants. Computational output files can be found
in the supplementary material.

4. 2-Cyanopyrimidine rotational spectrum

The rotational spectrum of 2-cyanopyrimidine was obtained from
130 to 500 GHz. This frequency range satisfactorily covered the most
intense rotational transitions, as judged by comparison to the predicted
rotational populations in the 2-cyanopyrimidine spectrum at ambient
temperature (Fig. 2). While the peak transition intensities occur near
220 GHz, there is still substantial intensity well beyond 400 GHz. As will
be discussed below, this extension in the frequency range to 500 GHz
was vital in the analysis of the Coriolis-coupled dyad of vig and vy,
because most resonances were observed between 375 and 500 GHz,
providing crucial coupling information.

4.1. Ground-State spectral analysis
The rotational spectrum of 2-cyanopyrimidine (x = 6.5 D (B3LYP),

k = —0.851) has not been previously reported. As a consequence of Cs,
symmetry and the nitrile substituent lying along the a-principal axis
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(Fig. 3), 2-cyanopyrimidine exhibits only a-type rotational transitions.
The rotational spectrum of this prolate, asymmetric top is thus domi-
nated by “Ro; ground-state and vibrationally excited-state transitions
across the frequency range studied. Fig. 4 shows a small subset of the
spectrum from 198 GHz to 199 GHz along with predicted stick spectra
for the ground state and the two lowest-energy vibrationally excited
states, v1g and vy7. It is apparent that the spectrum also includes unas-
signed transitions that are due to higher-energy vibrationally excited
states, but they are not addressed in this work. Similar to other mono-
substituted arenes, despite being a near-prolate top (x = —0.851), the
most prominent band structure for the ground state of 2-cyanopyrimi-
dine follows the recognizable oblate-type band pattern at low K,
[12,13,15-17,35]. Bands start at K, = 0 and increase in K, as J” de-
creases. The band in Fig. 4 begins with a K.-degenerate pair of “Rg
transitions, which lose degeneracy at higher K, values. The degenerate
Ry, transitions have quantum numbers that follow either K, + K, = J or
K, + K. =J+ 1, and K series with these selection rules are subsequently
referred to as K, and K, respectively.

The vibrational ground state of 2-cyanopyrimidine has been least-
squares fit to partial octic A- and S-reduced, single-state Hamiltonians
with low error (o5t = 36 kHz). As shown in Fig. 5, the final transition
data set (~7600 transitions) encompasses an extensive range of quan-
tum numbers with J” + 1 = 42 to 189 and K, = 0 to 63. The resulting
spectroscopic constants are reported in Table 2 along with respective
computed values (B3LYP and MP2). Though a partial octic Hamiltonian
was utilized, no computational comparison is possible for the octic
centrifugal distortion constants, because there is no readily available
software to compute these values. As a result, octic terms that were
undeterminable in the least-squares fit were set to a value of zero. There
were an insufficient number of nuclear quadrupole coupling-resolved
transitions to obtain experimental nuclear quadrupole coupling con-
stants, therefore these terms were not included in the Hamiltonian.
Least-squares fitting files and computed nuclear quadrupole coupling
constants can be found in the supplementary material.

The MP2-computed rotational constants are in satisfactory agree-
ment with the experimental values (within ~ 1%), but the B3LYP-
computed rotational constants are closer in agreement (within ~
0.13%). This result is similar to the situation observed for cyanopyrazine
[17]. The B3LYP-computed quartic centrifugal distortion constants are
also in good agreement with the experimental values (within 10%), with
Ak and Dk having the largest difference from experiment. The MP2
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Fig. 4. Experimental rotational spectrum (bottom) of 2-cyanopyrimidine from 198 to 199 GHz and stick spectra (top) from experimental spectroscopic constants. The
ground state (blue), v1g (magenta), and v,y (green) are labeled by the upper energy-level quantum number, J” + 1. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Data distribution plot for the least-squares fit of spectroscopic data for
the vibrational ground state of 2-cyanopyrimidine. The size of the outlined
circle is proportional to the value of |(fobs. — fealc.)/5f], where 5f is the frequency
measurement uncertainty and all values are less than 3.

quartic centrifugal distortion constants are in slightly closer agreement
with the experimental values (within 5%), with §; and d; having the
largest discrepancies. There is poorer agreement for the sextic centrif-
ugal distortion constants for both sets of computed values. With the
exception of @k and ¢, the B3LYP values are within ~ 15%, and the

Table 2
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Fig. 6. Vibrational energy levels of 2-cyanopyrimidine below 600 cm™! from
computed fundamental frequencies (B3LYP/6-311+G(2d,p)). The value of
AE; g7 results from the experimental perturbation analysis of v;5 and vy7 in this
work (vide infra).

MP2 values are within 10%, excluding Hg, and h;. The B3LYP values of
@k and Hg are approximately half of their experimental values, and the
MP2 values are only slightly closer. The values of ¢; and h; are the
smallest of the sextic centrifugal distortion constants, so it is not sur-
prising that their predictions have large relative errors. The worst of

Experimental and computational spectroscopic constants for the ground vibrational state of 2-cyanopyrimidine (A- and S-reduced Hamiltonians, I" representation).

A Reduction, I" representation

S Reduction, I" representation

Experimental * B3LYP " MP2 " Experimental * B3LYP " MP2 "
Ao (MHz) 6043.4539 (12) 6051 5986 Ao (MHz) 6043.4535 (12) 6051 5986
By (MHz) 1651.140609 (36) 1649 1635 By (MHz) 1651.139276 (36) 1649 1635
Co (MHz) 1296.639905 (39) 1295 1284 Co (MHz) 1296.641199 (39) 1295 1284
Ay (kHz) 0.0483056 (22) 0.0464 0.0460 Dy (kHz) 0.0354922 (20) 0.0345 0.0338
Ayk (kHz) 1.037502 (25) 0.976 1.01 Dk (kHz) 1.114400 (26) 1.05 1.08
Ak (kHz) 0.3608 (18) 0.389 0.351 Dy (kHz) 0.3003 (18) 0.330 0.290
&y (kHz) 0.01154427 (86) 0.0111 0.0110 d; (kHz) —0.01154436 (86) —0.0111 —0.0110
Sk (kHz) 0.660687 (56) 0.621 0.635 d, (kHz) —0.00640999 (54) —0.00594 —0.00611
&; (Hz) 0.000001716 (84) 0.00000174 0.00000187 H; (Hz) —0.000012737 (77) —0.0000117 —0.0000129
Dk (Hz) 0.0017323 (24) 0.00149 0.00163 Hj (Hz) 0.0011987 (19) 0.00103 0.00115
Dk (Hz) —0.008505 (15) —0.00739 —0.00819 Hg; (Hz) —0.006498 (16) —0.00566 —0.00634
Py (Hz) 0.0107 (10) 0.00653 0.00718 Hg (Hz) 0.0116 (10) 0.00528 0.00583
¢y (Hz) 0.000001226 (19) 0.000000881 0.000000922 h; (Hz) —0.000000239 (19) —0.000000409 —0.00000046
¢k (Hz) 0.0008021 (15) 0.000751 0.000824 h, (Hz) 0.000007394 (15) 0.00000674 0.00000740
¢k (Hz) 0.008258 (34) 0.00731 0.00779 hs (Hz) 0.0000014737 (48) 0.00000129 0.00000139
Ly (mHz) 0.0000000167 (12) L; (mHz) 0.0000000114 (12)
Ljx (mHz) —0.000002409 (17) Lyx (mHz) —0.000002025 (17)
Lk (mHz) 0.00001448 (22) Lk (mHz) 0.00001835 (22)
Lixy (mHz) ~0.0001149 (31) Lixy (mHz) ~0.0001301 (31)
Lg (mHz) [0.] Lg (mHz) [0.]
A; (uA?) <4 0.057658 (21) A; (uA?) < 0.057568 (21)
Nlines ¢ 7591 Nlines ¢ 7591
65 (MHz) 0.036 65 (MHz) 0.036

@ Off-diagonal octic centrifugal distortion terms (not shown in table) were held constant at a value of zero.
b Evaluated with the 6-311+G(2d,p) basis set.
¢ Inertial defect, A; = I, — I — Ip.
4 Calculated using PLANM from the B, constants.
¢ Number of fitted transition frequencies.
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Fig. 7. Data distribution plots for the least-squares fit of spectroscopic data for the lowest-energy fundamental states of 2-cyanopyrimidine, v;g (magenta) and vy
(green). The size of the symbol is proportional to the value of |(fops. — featc.)/5f], where &f is the frequency measurement uncertainty, and values greater than 3 are
depicted in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

these, the MP2 prediction of h;, is approximately twice the size of the
experimental value. Unlike the case of cyanopyrazine [17], however, no
sign change in the value of h; was observed for 2-cyanopyrimidine. On
average, the MP2 computed distortion constants are in closer agreement
with experiment than the B3LYP values. Despite the discrepancies
described for each set of computed values, they provide very good a
priori predictions of the rotational spectrum and are important in
assisting the early stage of least-squares fitting.

4.2. Spectral analysis of v1g and vay

The two lowest-energy vibrationally excited states of 2-cyanopyrimi-
dine are an isolated, Coriolis-coupled dyad, similar to those seen in other
cyanoarenes [12,13,15-17]. The lower-energy vibration, vig (By, 132
cm ! B3LYP), is an out-of-plane bend of the nitrile group with respect to
the aromatic ring, while vy7 (B, 175 cm ! B3LYP) involves an in-plane
bend of the nitrile group. The vibrational manifold of 2-cyanopyrimi-
dine below 600 cm ™! is presented in Fig. 6, which depicts additional
possible coupled states, especially above 450 cm™!. This work focuses
only on the coupled dyad of v;g and vy7. The initial assignment of v;g and

Table 3
Experimentally determined spectroscopic constants for the ground and vibrationally excited states vig and v,; of 2-cyanopyrimidine (A-reduced Hamiltonian, I"
representation).
ground state * v1g (B, 133 em™ 1) &P Va7 (B, 175 cm ™ 1) P
A, (MHz) 6043.4539 (12) 6051.08 (13) 6032.06 (13)
B, (MHz) 1651.140609 (36) 1653.012774 (36) 1654.267680 (36)
C, (MHz) 1296.639905 (39) 1298.754909 (32) 1297.555132 (34)
A; (MHz) 0.0483056 (22) 0.0492650 (13) 0.0493417 (13)
Ak (MHz) 1.037502 (25) 1.06773 (49) 0.98437 (49)
Ak (MHz) 0.3608 (18) [0.3608] 0.4143 (13)
&y (MHz) 0.01154427 (86) 0.01162990 (85) 0.01194518 (88)
Sk (MHz) 0.660687 (56) 0.663053 (60) 0.662360 (57)
@; (MHz) 0.000001716 (84) 0.000002372 (31) 0.000002309 (31)
@ (MHz) 0.0017323 (24) 0.0017797 (84) 0.0016502 (88)
Py (MHz) —0.008505 (15) —0.008081 (11) [-0.008505]
@ (MHz) 0.0107 (10) [0.0107] [0.0107]
¢5 (MHz) 0.000001226 (19) 0.000001384 (18) 0.000001592 (18)
¢k (MHz) 0.0008021 (15) 0.0008179 (11) 0.0007685 (11)
¢k (MHz) 0.008258 (34) 0.008228 (26) 0.008475 (27)

AEg 27 (MHz)
AEg 27 (em™)
G, (MHz)

Gq (MHz)

GX (MHz)

Gy’ (MHz)

Fy. (MHz)

Fi. (kHz)

A; (uA?) 4
Nlines ¢

og (MHz)

0.057658 (21)
7591
0.036

—0.1214 (19)
7114
0.046

1168210.84 (23)
38.9673191 (77)
10666.3 (75)
—0.006165 (29)
—0.00466 (14)
0.00000000635 (44)
—0.3779 (26)
—0.000006992 (97)
0.1997 (19)
6712
0.048

# Octic centrifugal distortion constants are not shown and, for the excited states, are held constant at their ground-state values in Table 2.
b Fundamental frequencies calculated using B3LYP/6-311+G(2d,p).

¢ Inertial defect, A; = I, — I — Ip.
4 Calculated using PLANM from the B, constants.
¢ Number of fitted transition frequencies.
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Table 4
Vibration-rotation interaction and Coriolis-coupling constants of the 2-cyano-
pyrimidine vyg-voy dyad.

Experimental B3LYP ° MP2 ?
A — Arg (MHz) ~7.62 (13) 81.13 95.75
By — B1g (MHz) —1.872165 (51) -1.84 -1.77
Co — C1g (MHz) —2.115004 (50) —-2.09 -2.03
Ao — Ay; (MHz) 11.39 (13) —~77.53 —-92.33
By — By (MHz) —3.127071 (51) —-2.96 -3.08
Co — Co7 (MHz) —0.915227 (52) —-0.85 -0.91
(Ap — Ais) ; (Ao *A”)(MHz) 1.88 (09) 1.80 1.71
(Bo — Bis) z (Bo — 327)(MHZ) —2.499618 (36) —2.40 —~2.43
(Co — C1g) ; (Co — 027)(MHZ) —1.515115 (36) —1.47 —~1.47

a 0.873 0.809 0.810

{827
AEg,27 (cm™") 38.9673191 (77) 42.70 36.64

2 Evaluated with the 6-3114+G(2d,p) basis set.

Vo7 was performed using a single-state, distorted-rotor Hamiltonian for
each vibrational state. Computationally predicted rotational constants
and ground-state distortion constants were used for initial predictions.
This technique allowed for the assignment of three series corresponding
to K, =0, 1, and 2 for both states, but there was apparent perturbation in
each least-squares fit that was untreated in a single-state model. Thus, a
two-state model was adopted, initially using the AE;g 57 and G, values
predicted by B3LYP and the rotational constants A, B, and Cy, (Ao is the
experimental ground-state value and B, and C, are the experimental
ground-state values corrected by the respective B3LYP vibra-
tion-rotation interaction constants, ag and ac, for each vibrational
state). The vibration-rotation interaction constant, a4, was not used
because it showed clear signs of absorbed perturbation (equal magni-
tude but opposite sign for each state; vide infra). Quartic, sextic, and
octic distortion constants were set to their ground-state values, and in
the initial least-squares fitting process, only AE and C, were allowed to
vary. As transitions were added to the least-squares fit, additional
rotational, centrifugal, and Coriolis-coupling coefficients were varied to
model the experimental spectrum until all observed transitions for each
vibrational state were assigned across the frequency region measured.
The extent of the rotational transitions measured is shown in Fig. 7, and
the spectroscopic constants determined in the least-squares fit are pro-
vided in Table 3.

The final least-squares fit is an exhaustive collection of transitions
across the frequency region and totals over 7100 transitions for v;g and
6700 for vo7. The totals are only slightly lower than that for the ground
state (~7600), which is expected due to the somewhat lower intensity of
vibrationally excited states. The observed transitions range from 42 to
192 in J” + 1 for both states and K, = 0 to 63 and 62 for v1g and vay,
respectively. The data set includes transition frequencies that are shifted
via global perturbations and intense resonances and includes 17 transi-
tions that are formally forbidden, coupling-allowed interstate transi-
tions. To achieve a satisfactory fit, it was necessary to extend the
frequency range beyond 360 GHz, because most resonances occur in this
region. These highly perturbed resonant transitions are critical in
determining accurate and precise Coriolis-coupling constants. The
importance of data in the higher frequency region was noted in the
earlier case of cyanopyrazine [17], and it is even more important for 2-
cyanopyrimidine. Attempts to obtain a satisfactory least-squares fit
using only data from the 130 GHz to 360 GHz frequency range were
ultimately unsuccessful. Least-squares fitting of the final data set,
including resonant transitions and symmetry-allowed interstate transi-
tions, provides a precise energy separation between vig and vay (AE1g 27
— 38.9673191 (77) cm ™ 1). Based on similar results in molecules where
the band origins have been measured independently by high-resolution
infrared spectroscopy [13], the accuracy is presumed to be comparable
to the precision. This large energy separation required much higher
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values of J and K of v;g before the energy levels are sufficiently close to
create resonances than in some previous works with smaller energy
separations between the coupled modes [12,13,15,16,35]. Along with a
precise value of AE1g o7, the least-squares fit provides a nearly complete
set of quartic and sextic distortion constants, excluding Ag for vig, @gy
for vy; and @k for both vyg and vy;. Unfortunately, Ak of v1g could not be
determined, which is attributed to the high correlation of Ax with A;g
and the limitation of being able to measure only “Ro transitions. In
addition, six Coriolis-coupling terms (Gg, Gl, GX, GV, Fy,, and FL.) were
determined. The inclusion of all of these coupling terms was needed to
obtain a satisfactory least-squares fit with a total error lower than the
measurement uncertainty of 50 kHz.

A measure of the quality of the least-squares fit comes from the
comparison of the computed rotational constants to those experimen-
tally determined, to establish whether or not any of the computed
constants show signs of untreated Coriolis coupling. The vibra-
tion-rotation interaction constants (Table 4) provide a straightforward
comparison between the experimental and computed values, where
unaddressed Coriolis coupling appears as large values with opposing

10

(v-vy)/(J ”+1) /MHz

0
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Fig. 8. Resonance plots for 2-cyanopyrimidine showing the K, = 11~ series for
vig and K, = 7" series for vy;. These two resonances conform to the AK, = 4
selection rule for a-type resonances. The plotted values are frequency differ-
ences between excited-state transitions and their ground-state counterparts,
scaled by (J” + 1) in order to make the plots more horizontal. Measured
transitions are represented by circles: v1g (magenta), vy, (green). Red circles
indicate transitions whose obs. — calc. values are more than three times the
experimental uncertainty. Predictions from the final coupled fit are represented
by a solid black line. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 9. Superimposed resonance plots of v1g for “Rg 1 odd-K, series from 5 to 45 for 2-cyanopyrimidine. Measured transitions are omitted for clarity, but they are
indistinguishable from the plotted values on this scale. The plotted values are frequency differences between excited-state transitions and their ground-state

counterparts, scaled by (J” + 1).

sign between the two vibrational states. The MP2 values of By — B, and C
— Cy are in excellent agreement with the experimental values (within
6%), which provides confidence in the method to determine the vibra-
tion-rotation interaction constants. The corresponding B3LYP values are
approximately as accurate as the MP2 values for By — B, and Cy - C,
(within 7%). In contrast, both the B3LYP and MP2 values of Aj — A, show
poor agreement with the experimental values, each having similarly
large discrepancies and much larger magnitudes than the experimental
values (Table 4). The disagreement indicates the presence of untreated
Coriolis coupling in both computational results or in the experimental
values. The fact that the experimental values are significantly smaller
than either computed value suggests that the least-squares fit may be
performing a better job of treating the Coriolis coupling. This situation,
in which the experimental Ap — A, values have different signs than the

computed values, was also noted in previous works [17,22]. The average
of the computed Ag — A, values for v1g and vy cancels out the unad-
dressed Coriolis effects, and these averages are in excellent agreement
with the experimental average (Table 4). Unsurprisingly, the corre-
sponding average values for the B, and C, values are also in excellent
agreement between both theoretical treatments and experiment. The
AE1g 27 values for both computational methods are in close agreement;
the B3LYP value is approximately 4 cm ™ too large and the MP2 value is
approximately 2 cm ™" too small. The experimental Coriolis (% ,, value
is also in satisfactory agreement with both the MP2 and B3LYP values
with the experimental value being slightly larger (7%). The agreement
between experimental and computational Coriolis {{g,, values, along
with a low og; value, indicate a satisfactory treatment of the Coriolis
coupling that is present in the v;g-vp7 dyad of 2-cyanopyrimidine.

Fig. 10. Energy diagram (left) depicting a

oo o o o

representative matched pair of nominal
interstate transitions between the vig
\ | (magenta) and v, (green) vibrational states

of 2-cyanopyrimidine. Standard R ; transi-
\ tions within vibrational states are denoted by
\ vertical arrows. The diagonal, dashed arrows
\

indicate nominal interstate transitions that
are formally forbidden but enabled as a
result of rotational energy-level mixing.

Values printed on each of the arrows are the
corresponding transition frequency (in MHz)
with its obs. — calc. value in parentheses. The
marked energy separation is between the two
strongly interacting rotational energy levels.
Resonance plots (right) of the K, series of v1g
and vy; show the corresponding resonant
intrastate transitions. (For interpretation of
the references to colour in this figure legend,
the reader is referred to the web version of
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Table 5
Experimental energy separations for selected organic species for the out-of-plane
and in-plane nitrile bending modes.

AEi,_o0p (em™) ortho meta para
N
benzonitrile [12,13] 19.1081701(74) 0 0 0
3-cyanopyridine [15] 15.7524693 (37) 0 1 0
4-cyanopyridine [16] 18.806554 (11) 0 0 1
cyanopyrazine [17] 24.8245962 (60) 1 1 0
cyanopyrimidine (this work) 38.9673191 (77) 2 0 0

The successful incorporation of many resonant and nominal inter-
state transitions into the data set indicates an adequate treatment of the
dyad by the Hamiltonian, since these transitions are highly dependent
on AE;g27 and the Coriolis-coupling coefficients utilized in the least-
squares fit. One example of the state mixing between vibrational states
is shown in Fig. 8, where a sharp resonance occurs between the K, =11~
series of v1g and K, = 7% series of vyy (AK, = 4). The most-perturbed
transition, at J” + 1 = 176, is ~ 500 MHz from its unperturbed loca-
tion. Each of these series also displays large undulations occurring from
both global coupling perturbation and centrifugal distortion. The pro-
gression of the global undulation, from low to high frequencies as K,
increases, is displayed in Fig. 9. This plot highlights several of the res-
onances present for the vg-vp7 dyad, and the most perturbed transition,
located in K, = 43, is ~ 1 GHz from its unperturbed location. Most
resonances are above J’ + 1 = 130, reaffirming the utility of the
extension of the frequency range to 500 GHz.

A total of 17 independent nominal interstate transitions were
measured and incorporated into the least-squares fit, and they were
crucial in finalizing several Coriolis-coupling constants and confirming
the assignment of some resonant transitions. These nominal interstate
transitions occur when rotational energy levels from each vibrational
state are close enough in energy that intense state-mixing occurs. In
many cases, it is possible to measure corresponding intrastate and
interstate transitions for each level to create a matched set of four
transitions (Fig. 10). As these four transitions involve the same energy
levels, the average of the interstate transition frequencies must be the
same as the intrastate transition frequencies. This condition confirms the
assignment of all transitions when the difference between the sets of
transitions is less than the measurement uncertainty of 50 kHz. The
frequency difference between the transitions in Fig. 10 is only 36 kHz
despite the higher obs. — calc. for individual transitions, e.g., the intra-
state transition of v;g, where it is one of two transitions in the fit that is
greater than three times the measurement uncertainty and is shown in
red in the resonance plot of Fig. 10 and in the data distribution plot
(Fig. 7). The typical working procedure for least-squares fitting is to
scrutinize transitions with greater than two times the measurement
uncertainty with regards to including such transitions in the least-
squares fit. This transition displays an abnormal line shape, which is
likely due to another underlying transition distorting its true frequency.
Although this would typically warrant the exclusion of this transition,
the very limited number of these important resonant and nominal
interstate transitions in the data set make even this imperfectly
measured transition highly valuable for the coupling information it
provides. As a result, it was retained in the final data set with explicably
high error.

Measurement of the precise and accurate value of the energy dif-
ference for the out-of-plane and in-plane nitrile bending modes for a
variety C(sp%)-CN-containing organic molecules, including the previ-
ously studied cyanoarenes, allows for an analysis of the structural factors
that impact the vibrational mode energies. As shown in Fig. 1, the
structure of each of the cyanoarenes recently studied in our group
[15-17] differs from benzonitrile [12,13] by N-atom substitution in the
aromatic ring. Similar to benzonitrile, 3-cyanopyridine [15] and 4-cya-
nopyridine [16] have ortho C-H groups adjacent to the nitrile. Cyano-
pyrazine [17] has an ortho C-H group and a nitrogen atom. 2-
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Cyanopyrimidine from this work completes this series by providing
analogous data for a cyanoarene with two ortho nitrogen atoms. There is
a monotonic increase in the AE;j, oo, values with increasing sub-
stitutions of ortho C-H groups with nitrogen atoms shown in Table 5.
There is a smaller change to AEj,_op With meta substitution in the
reverse direction, such that the effects of ortho and meta substitution are
approximately +10 and —3 cm™?, respectively.

5. Conclusion

To expand the search for heterocyclic aromatic molecules in the
interstellar medium, the current study provides the necessary laboratory
data for 2-cyanopyrimidine. The larger dipole moment of 2-cyanopyri-
midine (6.5 D) vs pyrimidine (2.3 D) increases the possibility of detec-
tion in the ISM if these species were to have similar abundances. The
combination of the spectroscopic constants provided here, along with
computed (provided in Supplementary Material) or experimental nu-
clear quadrupole coupling constants, would reliably predict transition
frequencies much lower or slightly higher in frequency than the fre-
quency range of the current measurements (130-500 GHz). The least-
squares fit of the Coriolis-coupled dyad of v;3 and vy allows for a pre-
cise determination of the energy separation of the fundamental modes,
AE1g27, although high-resolution infrared spectroscopy is needed to
determine the fundamental frequencies. This infrared study would be
challenging, however, since vi;g and vo; have quite low predicted in-
tensities (0.1 and 0.6 km/mol (MP2), respectively). Of the cyanoarenes
studied to date, 2-cyanopyrimidine exhibits the largest energy difference
for the out-of-plane and in-plane nitrile bending modes (AEip_op =
38.9673191 (77) cm™1). This large energy separation notwithstanding, a
two-state Hamiltonian is required to adequately address the transition
frequencies observed for each vibrational state — even in the 130 — 360
GHz range. At the same time, highly-perturbed transition frequencies
(resonances) above 360 GHz are required to adequately describe the
Coriolis perturbation and obtain a satisfactory least-squares fit. This
behavior demonstrates how broadly Coriolis perturbation can affect
transition frequencies, even those that are not “highly” perturbed as
resonances, and that the resonant transitions provide important con-
straints on the determination of the spectroscopic parameters that
cannot be obtained from transition frequencies influenced by the global
Coriolis interaction alone.
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