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The rotational spectrum of cyanopyrazine (2-pyrazinecarbonitrile, p-C4H3N2-CN) has been obtained from 130 to
500 GHz. Rotational transitions of cyanopyrazine have been measured, assigned, and least-squares fit for the first
time. Over 7000 transitions of the ground vibrational state have been least-squares fit to partial octic, A- and S-
reduced Hamiltonians with low statistical uncertainty (cg; = 34 kHz). Similar to other cyanoarenes, the first two
fundamental modes are the out-of-plane (v37, A”’) and in-plane (v19, A) nitrile bending modes, which form an a-
and b-axis Coriolis-coupled dyad. Greater than 5800 transitions from each of these vibrational modes were fit to a
partial octic, A-reduced Hamiltonian (cg; = 38 kHz), and the analysis reveals the precise energy separation,
AE»7 19, between the coupled vibrational states, as well as values for eight a- and b-type Coriolis-coupling co-
efficients, G,, GJ, GX, G¥, FK, Gy, G], and F,.. Cyanopyrazine is a strongly polar derivative of pyrazine, thus
cyanopyrazine can serve as a potential tracer molecule for its nonpolar parent compound in extraterrestrial
environments. The transition frequencies and spectroscopic constants provided in this work, combined with
theoretical or experimental nuclear quadrupole coupling constants, provide the foundation for future radio-

astronomical searches for cyanopyrazine.

1. Introduction

The feasibility of radioastronomical detection of a molecule depends
upon its population in the source of interest and on the intrinsic intensity
of its rotational transitions due to its dipole moment. The direct de-
tections of benzene [1] and other nonpolar species [1,2] in extrater-
restrial environments rely upon infrared spectroscopy, but can be
supported or suggested by detection of their polar, substituted de-
rivatives by radioastronomy. The recent radioastronomical detections of
benzonitrile [3] and two cyanonaphthalenes [4] not only provide
confirmation of these species in the interstellar medium (ISM), but also
suggest the presence of their parent species, benzene and naphthalene.
The presence of these nitrile-substituted aromatic molecules and the
many other nitrile-containing organic species in the ISM [5-7] inspired
the recent rotational spectral analyses of several nitrile-containing het-
eroaromatic compounds (Fig. 1) by our group, including benzonitrile
[8,91, 3-cyanopyridine [10], and 4-cyanopyridine [11] up to 360 GHz in
their ground and vibrationally excited states. Similarly inspired,
McNaughton et al. reported the 2 to 100 GHz spectroscopy of several
polycyclic aromatic nitriles (1-cyanonaphthalene, 2-cyanonaphthalene,
9-cyanoanthracene, and 9-cyanophenanthrene) [12]. To facilitate
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astronomical searches for additional cyanoarenes, we have measured
the laboratory rotational spectra of cyanopyrazine (presented in this
work), 2-cyanopyridine [13], and 2-cyanopyrimidine [14].

Unlike its isomeric dinitrogen-containing benzene analogues, pyr-
idazine (uq, = 4.22 D [15]) and pyrimidine (yq = 2.334 D [16]), pyrazine
(D2p, 4 = 0) does not possess a permanent dipole moment due to the para
relationship of the nitrogen atoms and cannot be the direct target of a
radioastronomical search. While neither pyridazine nor pyrimidine has
been detected in the ISM [17-20], and both molecules are part of a
larger dilemma regarding the apparent absence of aromatic heterocycles
in the list of organic molecules in the ISM, pyrazine represents an
intriguing possibility as an astrochemical species. Pyrazine is nearly
isoenergetic with pyrimidine, both of which are 19.7 kcal/mol more
stable than pyridazine [21-23]. Due to its lack of a permanent dipole
moment, tracer molecules are required to explore the potential contri-
bution of pyrazine to interstellar organic chemistry. Substituted pyr-
azines have not garnered significant attention in the spectroscopy
community. Transition frequencies and rotational constants have been
provided for chloropyrazine [24,25], but not for other substituted pyr-
azines. Given the prevalence of organic nitriles in the ISM, cyanopyr-
azine is an ideal tracer molecule for pyrazine. Detection of any
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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
cyanoarenes.

out-of-plane in-plane AE (cm™)
benzonitrile [8,9] Vao, By Va3, By 19.1081701(74)
3-cyanopyridine [10] V30, A" Vo1, A’ 15.7524693 (37)
4-cyanopyridine [11] V2o, By V30, Bo 18.806554 (11)

heterocycle or substituted heterocycle in the ISM would represent a
dramatic breakthrough for the field [17-20], because derivatives of the
parent aromatic compounds are ubiquitous in biologically relevant
molecules. Alkylated pyrazines are found in various natural sources,
including coffee beans, cocoa beans, and vegetables and are produced by
insects, fungi, and bacteria [26].

The two lowest-energy vibrational modes of the cyanoarenes are
typically the out-of-plane and in-plane nitrile bending modes, which are
often sufficiently close in energy to observe Coriolis coupling between
them at millimeter-wave frequencies. Analysis of the rotational spectra
for these vibrational modes for benzonitrile [8,9], 3-cyanopyridine [10],
and 4-cyanopyridine [11] provided highly accurate and precise relative
energy values, Table 1. The Coriolis coupling and resultant state mixing
necessitate that transitions of the vibrational modes are least-squares fit
as a Coriolis-coupled dyad. It is this interaction that results in numerous
resonant transitions and coupling-allowed, nominal interstate transi-
tions that provide the accurate and precise vibrational energy spacing.
Only for benzonitrile have the precise band origins of each mode been
measured by high-resolution infrared spectroscopy [9]. Herein, we
report the rotational spectroscopy and analysis of the ground and two
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lowest-energy vibrationally excited states of cyanopyrazine from 130 to
500 GHz.

2. Experimental methods

A commercial sample of cyanopyrazine was used without further
purification for all spectroscopic measurements. The rotational spec-
trum was collected using a millimeter-wave spectrometer that has been
previously described [27,28] in the 130 to 230 and 235 to 360 GHz
frequency ranges, in a continuous flow at room temperature, with
sample pressures of 3 to 12 mTorr. Additional spectral data were ob-
tained with a newly acquired amplification and multiplication chain
that extends the frequency range to 500 GHz. The separate spectral
segments were combined into a single broadband spectrum using
Kisiel’s Assignment and Analysis of Broadband Spectra (AABS) software
[29,30]. The complete spectrum from 130 to 500 GHz was obtained
automatically over approximately nine days using the following exper-
imental parameters: 0.045 kHz frequency increment, 0.6 MHz/s sweep
rate, 10 ms time constant, and 50 kHz AM and 500 kHz FM modulation
in a tone-burst design. Pickett’s SPFIT/SPCAT [31] were used for least-
squares fits and spectral predictions, along with Kisiel’s PIFORM,
PLANM, and AC programs for analysis [32]. A uniform frequency
measurement uncertainty of 0.050 MHz was assumed for all
measurements.

3. Computational methods and results
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/

~a

Fig. 3. Cyanopyrazine (Cs, g = 4.2 D, up = 0.1 D, B3LYP) structure with
principal inertial axes.
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Fig. 2. Predicted spectrum (SPCAT) of the ground vibrational state of cyanopyrazine at 292 K.
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Fig. 4. Predicted (top) and experimental (bottom)
rotational spectra of cyanopyrazine from 368.2 to
372.4 GHz. Ground-state cyanopyrazine with
prominent transitions for the J” + 1 = 144 and J” +
1 = 145 bands appear in black. Transitions for vy,
are in purple and transitions for vi9 are in dark
green. Unassigned transitions are attributable to
other vibrationally excited states of cyanopyrazine.
(For interpretation of the references to colour in this

LA ] 7 AT T T DR IApT D figure legen(.i, the.3 reader is referred to the web
' l| version of this article.)

369 370 371 372
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of these vibrationally excited states (vide infra). The relatively low value

200 [T T T T T T of Cy (—~1276 MHz) for all cyanopyrazine vibrational states results in the
190 R-branch E Kq = 0 series transition near 130 GHz having a value of J” + 1 = 51 and
}ig B increasing to J” + 1 = 195 just below 500 GHz. This range of J” + 1 (and
160 E the resulting range of K,;) quantum numbers provides a wealth of
150 3 spectroscopic information on the centrifugal distortion and necessitates
140 . a high-order Hamiltonian to adequately model the spectrum.
130 -
120 ° 3
- 110 ] 4.1. Ground-state spectral analysis
T 10 i 3
90 . ® 3 The ground-state spectrum of cyanopyrazine (uq = 4.2 D, up = 0.1 D,
80 7] B3LYP; x = —0.854) has not been reported, despite this benzonitrile
gg 23 E analog being commercially available. The strong electron-withdrawing
50 g E effect of the nitrile group results in a dipole moment nearly coinci-
40 - ] dental with that substituent (Fig. 3) and the a principal axis. Due to the
30 - asymmetry of the ring caused by the nitrile substitution, there is also a
20 g S - slight b-axis dipole component. The large difference in the a- and b-axis
10 ||||||_ dipole components results in a-type transitions that are roughly 2000
0 0 10 20 30 10 50 60 70 times more intense than the b-type transitions. As a result, the rotational
p spectrum of cyanopyrazine is dominated by intense “Rg; transitions
Ka across the frequency range (Fig. 4). Despite being a prolate molecule,
cyanopyrazine and other substituted arenes [8-11,35] have prominent
Fig. 5. Data distribution plot for the least-squares fit of spectroscopic data for oblate-type bands, in which transitions in the bands begin at K, = 0 and
the vibrational ground state of cyanopyrazine. The size of the symbol is pro- increase in K, as frequency increases. Cyanopyrazine displays prolate-
portional to the value of |(fops. — feat)/3f], where of is the frequency mea- type bands at high K,, though the spacing and intensity make them
surement uncertainty, and all values are smaller than 3. much less prominent. The much weaker Q-branch transitions could not
be observed and assigned for cyanopyrazine owing to the spectral den-
6-311+(2d,p) levels of theory were obtained using “verytight” conver- sity created by excited vibrational states of cyanopyrazine. Thus, the
gence criteria and an “ultrafine” integration grid, and subsequent final transition data set for the ground vibrational state contained only a-
anharmonic vibrational frequency calculations were carried out using type, R-branch transitions. As shown in Fig. 5, these transitions cover a
second-order vibrational perturbation theory (VPT2). All computational broad range of quantum numbers, including J” +1 = 42 to 189 and K, =
output files can be found in the supplemental material. 0 to 66. The spectral density and frequency range investigated allowed
for the measurement, assignment, and least-squares fitting of 7078 in-
4. Cyanopyrazine rotational spectra dependent transition frequencies to partial octic, A- and S-reduced
Hamiltonians with low error (65 = 34 kHz). The resulting spectroscopic
The recently expanded frequency range of our instrument allowed us constants are reported in Table 2, along with their corresponding
to measure the spectrum of cyanopyrazine up to 500 GHz, a frequency computed values. Though several octic terms are required in the A and S
coverage beyond that used in previous works on cyanoarenes (up to 375 reduction least-squares fits, no readily available computational software
GHz) [8-11]. This range is nearly optimal for cyanopyrazine at the is able to provide these values for comparison. Thus, Lx and the off-
ambient laboratory temperature (Fig. 2), as it covers the most intense diagonal octic terms that could not be satisfactorily determined were
transitions based upon the rotational populations. The expanded fre- held at values of zero in the least-squares fitting.
quency coverage was also advantageous for the least-squares fitting of The B3LYP-computed rotational constants are in excellent agreement
Vo7 and vy, due to the high J” + 1 values of the most intense transitions with the experimental values, similar to that seen for 3- and 4-
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Table 2
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Experimental and computational spectroscopic constants for the ground vibrational state of cyanopyrazine (S- and A-reduced Hamiltonians, I” representation).

S reduction, I representation

A reduction, I" representation

Experimental B3LYP ° MP2 © Experimental B3LYP * MpP2 ¢
Ao (MHz) 6003.12984 (58) 6016.1 5950.4 Ao (MHz) 6003.12822 (58) 6016.1 5950.4
B, (MHz) 1621.517450 (24) 1619.4 1605.5 B, (MHz) 1621.518806 (24) 1619.4 1605.5
Co (MHz) 1276.428481 (25) 1276.7 1264.1 Co (MHz) 1276.427155 (25) 1276.7 1264.1
D, (kHz) 0.0359497 (18) 0.0348 0.0345 Ay (kHz) 0.0492594 (19) 0.0471 0.0472
Dy (kHz) 1.182301 (25) 1.11 1.15 Ak (kHz) 1.102415 (24) 1.04 1.07
D (kHz) 0.2897 (13) 0.317 0.282 Ak (kHz) 0.3525 (13) 0.379 0.345
d (kHz) ~0.01183021 (59) ~0.0112 ~0.0113 5y (kHz) 0.01182909 (60) 0.0112 0.0113
dy (kHz) ~0.00665773 (39) —0.00616 —0.00636 5k (kHz) 0.702668 (42) 0.660 0.677
H, (Hz) ~0.000014359 (71) ~0.0000123 ~0.0000135 &, (Hz) 0.000001797 (74) 0.00000275 0.00000306
Hyx (Hz) 0.0013660 (16) 0.00117 0.00129 b, (Hz) 0.0019713 (18) 0.00170 0.00185
Hy; (Hz) —0.007530 (15) —0.00646 —0.00718 Dy (Hz) —0.009803 (15) —0.00845 —0.00932
Hy (Hz) 0.01171 (81) 0.00594 0.00652 by (Hz) 0.01097 (83) 0.00738 0.00807
hy (Hz) 0.000000244 (14) —0.000000153 —0.000000148 ¢y (Hz) 0.000001844 (15) 0.00000129 0.00000142
hy (Hz) 0.000008265 (11) 0.00000756 0.00000829 $ox (Hz) 0.0009204 (11) 0.000864 0.000945
hs (Hz) 0.0000016326 (42) 0.00000145 0.00000156 ¢k (Hz) 0.009580 (31) 0.00862 0.00925
L, (mHz) 0.0000000295 (10) Ly (mHz) 0.0000000361 (10)
Lyx (mHz) ~0.000002512 (15) Lyx (mHz) —0.000002972 (15)
Ly (mHz) 0.00002268 (18) Ly (mHz) 0.00001795 (19)
Lk (mHz) —0.0001332 (26) Lyky (mHz) —0.0001153 (26)
Lg (mHz) [0.] Lg (mHz) [0.]
A; (UA?HPC 0.075770 (12) A; (UA?HPC 0.076419 (12)
Nijnes ! 7078 Niines 7078
ofic (MHz) 0.034 o5 (MHz) 0.034

@ Evaluated with the 6-311+G(2d,p) basis set.

b Inertial defect, 4; = I. — I — I.

¢ Calculated using PLANM from the B constants.
4 Number of fitted transition frequencies.
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Fig. 6. Vibrational energy levels of cyanopyrazine below 500 cm™' from
computed fundamental frequencies (B3LYP/6-311+G(2d,p)). The value of
AE7 19 results from the experimental perturbation analysis of vy; and vy in
this work.

cyanopyridine [10,11]. The largest discrepancy between the experi-
mental and computed rotational constant values is for Ap, which is over-
estimated by 13 MHz (0.21%). The B3LYP values of By and Cj are within
2.1 MHz and 0.3 MHz of their experimental values, respectively. All of
the B3LYP quartic centrifugal distortion constants are in good agree-
ment (within 10% of their experimental values) in both reductions.
There is much poorer agreement between the computed sextic distortion

constants and the experimental values, typically varying from 6 to 30%.
Both &, and Hg, however, differ by about 50% from their computed
values, while h; is the wrong sign. At first glance, it appears that the MP2
computed values are worse than their B3LYP counterparts. Though the
agreement of the MP2 values is inferior for the rotational constants, the
deviations from the experimental values all remain less than 1%. For
nearly all of the remaining spectroscopic constants, the MP2 value is
closer to the experimental value than the B3LYP-computed value. All of
the MP2 quartic centrifugal distortion constants are within 5% of their
experimental values, and all of them show better agreement than the
B3LYP values. With regard to the sextic centrifugal distortion constants,
the general agreement of the MP2-computed constants is between 0.2
and 6%. The exceptions are @;, Pk, ¢, Hk, and h;, with large discrep-
ancies of 70%, —26%, —23%, —44%, and —160%, respectively. As with
the B3LYP value of hy, its MP2 value has the incorrect sign. Despite the
issues with both sets of computed spectroscopic constants, both B3LYP
and MP2 values provide a priori predictions of the rotational spectrum of
cyanopyrazine sufficient to identify and assign its transitions in the
experimental spectrum.

4.2. Spectral analysis of v27 and vig

Similar to other cyanoarenes [8-11], the first two fundamental
modes of cyanopyrazine are the out-of-plane and in-plane nitrile
bending modes, vy and vpq, respectively. These two vibrational states
form a Coriolis-coupled dyad that is well separated in energy from the
ground state and the next vibrationally excited state, 2v9y. The previous
low-resolution infrared (IR) spectroscopy of cyanopyrazine provides an
assignment of most of the cyanopyrazine vibrational modes [36-39],
though there is some ambiguity about the assignment of the modes at
160, 173, and 339 cm™ !, with both of the lower modes assigned A"
symmetry [38]. The two lowest-frequency modes, vy7 (A”) and v19 (A"),
are predicted to have energies of 137 and 167 em™! (B3LYP) or 136 and
162 cm™! (MP2). It is likely that the mode at 339 cm ™2, designated A’ in
the solution phase IR and Raman vibrational study, is ve¢ (A’), but it is
not clear whether either of the modes observed at 160 and 173 cm ™' are
Vo7 (A”) or vig (A'). As a result of that ambiguity, the vibrational state
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Fig. 7. Data distribution plots for the least-squares fit of spectroscopic data for the lowest-energy fundamental states of cyanopyrazine, voy (purple) and vi9 (dark
green). The size of the symbol is proportional to the value of |(fops. — fearc.)/5f|, where &f is the frequency measurement uncertainty, and all values are smaller than 3.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

diagram shown Fig. 6. is based upon the computed (B3LYP) fundamental
frequencies. The initial predictions for these vibrational states were
based upon the experimental ground-state rotational constants,
computational vibration-rotation interaction constants, and the ground-
state centrifugal distortion constants. After initial measurement,
assignment, and least-squares fitting of these fundamental states, it
became clear that a single-state Hamiltonian was insufficient to model
their rotational spectra. To address this problem, a Coriolis-coupled
dyad Hamiltonian was employed similar to our previous works
[8-11,35,40,41]. The A” and A’ symmetries of these states allow both a-
and b-axis Coriolis coupling. Thus, initially, computed G4 Gp, and
AE57,19 values were added to the least-squares fit. As transitions were
added to the fit, these parameters were allowed to vary, and additional
parameters were included until the available transitions could be
modeled adequately. The breadth of transitions is shown in Fig. 7, and
the resulting spectroscopic constants are provided in Table 3.

The final least-squares fit of the Coriolis-coupled dyad (vy; and v9)
contained over 12,000 transitions, including many transitions involving
energy levels perturbed by the coupling, many intensely shifted resonant
transitions created by nearly degenerate energy levels of vy7 and v19, and
37 formally forbidden, coupling-allowed, nominal interstate transitions.
Due to the intensity of the transitions for each vibrationally excited
state, the number of transitions for each state in the final data set for vy
and vi9 (6257 and 5893, respectively) is decreased only slightly from
that of the ground state (7078). In the frequency range studied, the
observed transitions range from 42 to 191 in J” 4 1 and from O to 60 in
K,. Since many of the intense resonant transitions and nominal interstate
transitions occur beyond 360 GHz, extending the measured spectral
range to 500 GHz was an important factor in obtaining a satisfactory
least-squares fit. Data from the higher frequency range had not been
necessary in previous works on analogous species [8-11] and can be
attributed to the larger energy difference between the coupled states in
cyanopyrazine, relative to the previously studied compounds (Table 1).

In cyanopyrazine, the energy separation between vo7 and v19 (AE27,19 =
24.8245962 (60) cm™!) requires higher values of J and K for the energy
levels of vy7 to approach those of v19 closely enough to create resonances
(vide infra). It is important to note that this energy difference varies
substantially from the frequencies reported for the two lowest-energy
fundamentals in the previously reported low-resolution IR and Raman
spectroscopic data [38] of 173 and 160 cm !, casting doubt on the
previous liquid-phase IR assignments. In addition to determining a
highly accurate and precise AE,;7 19 value, the least-squares fit provides a
nearly complete set of spectroscopic constants of a sextic centrifugally
distorted, A-reduced Hamiltonian (excluding the off-diagonal terms ¢k
and ¢x) and eight Coriolis-coupling coefficients (Gq, G, GX, GV, FX , Gy,
Gi, and F,.). Attempts to include Fj in the least-squares fit were made,
but were not successful. In view of that result, we found it surprising that
FX was necessary to achieve a reasonable fit and could be well
determined.

The computed spectroscopic constants B, and C, are in quite close
agreement with their experimentally determined values (Table 4). At
both the MP2 and B3LYP levels, the predicted vibration-rotation
interaction constants (By — B,) differ by less than 10% from their
experimental values, with the MP2 values in slightly closer agreement
than the B3LYP values. The very close agreement seen for the By — B,
values provides evidence that the deperturbation of the constants in the
computational results and the treatment of the Coriolis-coupling were
both reasonably effective. For the Ay — A, values, however, there is a
very large discrepancy between the computed and experimental values.
At both levels of theory, the magnitudes of the Ay — A, values are
computed to be five or six times larger than the experimental values.
This is largely due to residual Coriolis coupling in the computed values,
given the very large magnitudes of the values and the smaller magni-
tudes of the experimental Ay — A, values in this and similar works. The
B3LYP-predicted values are slightly closer to the experimental ones than
the MP2 values, in this case. Given the fairly large experimental Ay — A,
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Table 3
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Experimentally determined parameters for the ground state and vibrationally excited states o7 and 19 of cyanopyrazine (A-reduced Hamiltonian, I” representation).

ground state ¢

Va7 (A", 136 cm'1) @

Vio (A, 162 cm 1) @

A, (MHz) 6003.12822 (58) 6026.492 (18) 5977.166 (18)

B, (MHz) 1621.518806 (24) 1623.29554 (16) 1624.75111 (17)

C, (MHz) 1276.427155 (25) 1278.422236 (28) 1277.400270 (27)
Ay (kHz) 0.0492594 (19) 0.05013381 (98) 0.0504064 (10)
A (kHz) 1.102415 (24) 1.12777 (17) 1.05278 (17)

Ak (kHz) 0.3525 (13) 0.3421 (28) 0.4081 (42)

& (kHz) 0.01182909 (60) 0.01191174 (61) 0.01227503 (66)
5 (kHz) 0.702668 (42) 0.704032 (38) 0.706581 (29)
@) (Hz) 0.000001797 (74) 0.000002534 (20) 0.000002850 (20)
@y (Hz) 0.0019713 (18) 0.0020104 (37) 0.0018932 (37)
Dy (Hz) ~0.009803 (15) ~0.0104488 (91) ~0.008731 (12)
& (Hz) 0.01097 (83) 0.00672 (61) 0.00602 (53)

¢ (Hz) 0.000001844 (15) 0.000002043 (12) 0.000002359 (14)
Gk (Hz) 0.0009204 (11) [0.0009204] [0.0009204]

o (Hz) 0.009580 (31) [0.009580] [0.009580]
AE»;,19 (MHz) 744222.67 (18)

AEs719 (cm™) 24.8245962 (60)

G, (MHz) 10789.33 (63)

G/ (MHz) ~0.0052515 (62)

G.X (MHz) ~0.029393 (77)

G (MHz) 0.00000000517 (11)

FyX (MHz) ~0.00001287 (20)

Gy (MHz) ~134.02 (45)

Gy’ (MHz) 0.0000378 (12)

F. (MHz) ~1.079 (12)

A (uA?)¢ 0.012604 (26) 0.02917 (26)
Niines © 6257 5893

ot (MHz) 0.038 0.037

¢ QOctic centrifugal distortion constants not shown and held constant at their ground-state values in Table 2.
b Fundamental frequencies calculated using MP2/6-311+G(2d,p).

¢ Inertial defect, A;=1.— I, — I.
4 Calculated using PLANM from the By constants.
¢ Number of fitted transition frequencies.

values, it is possible that they also retain untreated Coriolis coupling,
though to a much lesser extent than the computed values. The MP2

Ez7,19 value of 26.4 cm L is in excellent agreement with the very
precise experimental value, while the B3LYP value is an overestimate by
6 cm 1. The Coriolis %, ,, values show very good agreement between
theory and experiment at the B3LYP and MP2 levels of theory, which,
combined with the low g value, indicates a satisfactory treatment of
the a-axis and b-axis Coriolis coupling in the least-squares fit.

Further evidence of an adequate treatment of the dyad by the
Hamiltonian model is the ability to include many resonant and nominal
interstate transitions in the data set, whose prediction is heavily
dependent on the Es7 19 value and Coriolis-coupling constants. Sharp
a-type and b-type resonances are observed due to mixing of 27 and 19
energy levels that are nearly degenerate, as shown in Fig. 8. A minus
superscript on the K, value indicates that K, K. J 1, whereas a

plus superscriptindicatesthatK, K., J.AtJ 1 157,thereisan

intense a-type resonance between 57 and 19 witha K; 2 selection
rule. The resonant transitions are displaced from their unperturbed
transition frequencies by about 1.5 GHz. There are additional small
resonances in the K; 16 series of 19 that correspond to resonances in
different 57 series. Each of these series displays the large undulations
due to centrifugal distortion and Coriolis coupling between these states.
Fig. 9 shows how these resonances and undulations progress across the
K, series of 37. The undulations and resonances become more pro-
nounced and move to progressively higher J 1 values as a function of
K,. While it is generally possible to obtain quartic distortion constants
and preliminary values of the energy difference and Coriolis-coupling
constants from the undulations, many local resonances are often
needed to obtain precise determinations of the latter constants. The
resonance progression plot shows that, for cyanopyrazine, most of the
intense resonances occur after /1 100, reiterating the importance
of obtaining the higher-frequency data (360 500 GHz) used in this
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Table 4
Vibration-rotation interaction and Coriolis-coupling constants of cyanopyrazine.
Experimental B3LYP ? MP2 ?
Ao - Ay (MHz) —23.364 (18) 112.0 138.7
By — By7 (MHz) —1.77673 (17) -1.71 —1.66
Co — C27 (MHz) —1.995081 (37) -1.97 -1.92
A - Ajo (MHzZ) 25.962 (18) —109.5 —136.4
By — B1g (MHz) —3.23230 (17) -3.07 -3.18
Co — C19 (MHz) —0.973115 (37) —0.90 —0.95
(Ao — Azy) er (Ao = A19) s 1.299 (13) 1.29 1.14
(By — Bay) ;r (By — Blg)(MHZ) ~2.50452 (12) -2.39 —2.42
(Co — Ca7) Z (Co — 619)(MHZ) —1.484098 (26) —1.43 —1.44
a 0.899 0.804 0.808
CZ7A19
b 0.0413 0.036 0.037
{3710
AE37,19 (em™) 24.8245962 (60) 30.6 26.4

%Evaluated with the 6-311+G(2d,p) basis set.
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Fig. 8. Resonance plots for cyanopyrazine showing the K, = 16 series for v19
and K, = 187 series for vy;. These two resonances conform to the AK, = 2
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 tran-
sitions are represented by circles: vo; (purple), vio (green). Predictions from the
final coupled fit are represented by a solid, colored line. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Journal of Molecular Spectroscopy 389 (2022) 111703

work.

Two additional types of transitions are observed in the excited-state
spectra of cyanopyrazine that are made possible by the coupling of the
fundamental states: b-type transitions that are more intense than they
would be due purely to the b-axis dipole moment and nominal interstate
transitions. As observed with cyanocyclobutene [41], the state mixing of
vy7 and vqg allows intensity transfer from a-type transitions to b-type
transitions. In this case, b-type transitions are observed for each vibra-
tionally excited state, unlike cyanocyclobutene where they were only
observed in vy7. The result is that there are many b-type, R-branch
transitions assigned, measured, and least-squares fit for the dyad despite
the very small up (approximately 42 times smaller than u,). Formally
forbidden, nominal interstate rotational transitions are observable from
the energy levels with the most intense state-mixing. They share at least
one energy level with a transition involved in a resonance and borrow
intensity from those resonant transitions. In some cases, the intensity
borrowing is so profound that the intrastate resonant transitions have
vanishingly small intensities and cannot be observed. In other cases,
such as the one highlighted in Fig. 10, all four transitions (two intrastate
resonant transitions and two interstate transitions) can be observed and
included in the least-squares fit. Since the four transitions involve the
same four energy levels, the average of the nominal interstate fre-
quencies should be the same as that of the intrastate frequencies. For the
particular set depicted in Fig. 10, the averages differ by only 25 kHz,
giving confidence in their assignment and in the dyad least-squares fit
overall. The inclusion of the many b-type transitions and the nominal
interstate transitions provides a substantial constraint on the AEyy 19
value and Coriolis-coupling constants. As a result, we are confident that
the spectroscopic constants provided are well-determined and likely to
be physically meaningful and predictive beyond the studied frequency
range.

5. Conclusion

The transition frequencies and spectroscopic constants for cyano-
pyrazine, presented in this work, provide the necessary laboratory data
for future astronomical searches for this potential pyrazine tracer.
Combined with computed or experimental nuclear quadrupole coupling
constants, the spectroscopic constants should reliably predict transition
frequencies to much lower or slightly higher frequencies for the ground
and two lowest-energy fundamental states. While this work provides the
precise and accurate energy separation between vibrational modes vy;
and vjg, high-resolution infrared spectroscopy or other spectroscopy
that would provide a direct measurement of the frequency of either vy,
or V19 is needed to determine both fundamental frequencies. This mea-
surement would be somewhat challenging due to the low predicted IR
intensities of vo7 and v19 (1.5 and 0.4 km/mol, respectively; MP2). Such
an investigation would also resolve the ambiguity concerning the proper
assignment of these two modes from the previous low-resolution
infrared study. A high-resolution infrared study would further provide
the necessary information to begin to address the complex set of inter-
acting vibrationally excited states higher in energy than vy and vi9. The
two-quanta states of vy; and vig are expected to form a complicated
tetrad of states with vyg (0.8 km/mol, MP2), as shown in Fig. 6. Although
the millimeter-wave intensities of these transitions are expected to be
strong enough to readily observe their spectra, and many perturbation
constants can be predicted by scaling the coupling constants between vay
and vy9 by a factor of v/2, achieving a satisfactory least-squares fit will
still be a challenging endeavor.
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