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ABSTRACT

The millimeter-wawve rotational spectrum of 2-cyanopyridine was collected from 130 to 750 GHz, and the ground and two lowest-energy excited vibrational states
were analyzed. In total, ower 20,000 rotational transitions were least-squares fit for the three wibrational states to partial-octic, distorted-rotor Hamiltonians with low
error (o < 50 kHz). For the ground state, the many thousands of newly measured rotational transitions enabled substantial refinement of the rotational constants
and determination of the centrifugal distortion constants. The rotational spectrum was collected at room temperature, permitting the observation of the two lowest-
energy fundamental modes, Vag (A7, 154 cm— ") and vy (A, 175 cm '), and determination of their spectroscopic constantz. The two excited vibrational states are
Caorioliz coupled and require a two-state Hamiltonian Eight Coriclis-coupling parameters (G,, Gy, GF G} Fy. F)_, Gy,and GJ) have bean determined, az well as a precise

energy difference of 26,524 312 6 (40) cm~ ' between the vibrational states. A comparison of the ground-state spectroscopic constants, az well as the Corioliz

coupling-related parameters of analogous dyads iz prezented for multiple cyanoarenes.

1. Introduction

The cyanopyndine isomers [1,2] and other cyano-substituted arenes
[3-5] have become of particular interest to our group following the
recent detections of several substituted, five- and six-membered ring-
containing aromatic molecules in the mnterstellar medium (ISM): ben-
zomtrile [6], cyanoindenes [7] and eyvanonaphthalenes [2]. The detee-
tion of these aromatic nitriles in the interstellar medium provides strong
evidence for the presence of their parent aromatic specics. Benzene was
imtially detected in the ISM wvia infrared spectroscopy [2], but cannot be
observed with radicastrenomy because it lacks a permanent dipole
moment. The CN substitution of the benzene ring in benzonitrile pro-
vides a permanent dipole moment that, combined with ite abundance in
the source (TMC-1), enabled itz detection by rotational spectroscopy.
Pyridine, the N-heterocyelic analogue of benzene, has a moderate per-
manent dipole moment of 2.2 D, but hazs so far eluded detection in the
15M [10-13]. There are three regicizomeric nitrile-substituted pyridines
(Fiz. 1), two of which (2- and 3-cyvanopyridine) have substantially larger
dipole moments than pyridine, and all are attractive candidates for
radioastronomical detection [14].

Recently, our group has analyzed the spectra of 3-cvanopyridine [1]
and 4-cvanopyridine [2], and greatly expanded the number of reported

* Correzponding authors.

rotational transition frequencies in their ground and two lowest-energy
vibrationally excited states. The ground vibrational state of both of these
ieomers i adequately modeled by a distorted-rotor Hamiltonian, while
the lowest-energy excited wibrational states exhibit Corioliz coupling,
complicating the analyziz of their rotational spectra. Quartic and sextie
distortion constants, Corioliz perturbation terms, and a precise energy
separation for the dyad of wibrabonal states were determined by
applying a multi-state model. These reported transition frequencies and
spectroscopic constants, combined with those from previous works,
provide the foundation of future radicastronomical scarches. Az with the
earlier studies on 3- and 4-cvanopyridine, the current work on 2-cyano-
pyridine greatly expands the list of assigned rotational transition fre-
quencies and provides spectroscopic constante for the ground and two
lowest-energy vibrationally exeited states.

2-Cvanopyridine (Fiz. 2} iz a C;, near-prolate (x = —0.850), asym-
metric rotor with the largest measured dipole moment of the three
cyanopyridine isomere (g, = 547 (10) D and g = 1.87 (3) D, [14])
Recently, Vogt et al ublized the previous microwave data and vibra-
tional frequency measurements, along with new gas-phase electron
diffraction spectroscopy, to determine an equilibrium structure for each
of the eyanopyridine regioizomers [ ] 5-17]. The only reported rotational
transitions for 2-cyanopyridine, however, are 22 transitions between 8

E-mail addresses: rewoods@wizeedu (RC. Woods), robert memahon@wize edu (R.J. McMahon).

hitpa:/ doiorg,/10.1016/).jms 2023.111842

Received 7 August 2023; Received in revized form 9 September 2023; Accepted 7 October 2023

Available online 10 October 2023
0022-2852,/0 2023 Elsevier Inc. All rights reserved.


mailto:rcwoods@wisc.edu
mailto:robert.mcmahon@wisc.edu
www.sciencedirect.com/science/journal/00222852
https://www.elsevier.com/locate/yjmsp
https://doi.org/10.1016/j.jms.2023.111842
https://doi.org/10.1016/j.jms.2023.111842
https://doi.org/10.1016/j.jms.2023.111842
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jms.2023.111842&domain=pdf

P-M. Dorman et al.

=580 u=370 p=200
2-cyanopyridine  3-cyanopyridine  4-cyanopyridine

Fig. 1. 2-, 3-, and 4-Cyanopyridine regioizomers with experimental dipole
moments [14].

and 17 GHz [12]. Although no quadrupols sphitting was obeerved, the
observation of intense g- and b-type rotational transitions provided
adequate determination of the Ag, By, and Cp rotational constants.
Fundamental vibrational frequencies via infrared and Raman spectros-
copy of all of the evanopyridine izomers have been reported, including
those of Vg (A™, 154 em™ ") and vy (A, 175 em ™) for 2-cyanopyridine
[19].

2. Experimental and computational methods

A commercially available sample of 2-cyvanopyridine was used
without punification. The mullimeter-wave spectrometer has been pre-
viously deseribed, and the frequency range has recently been expanded
to 750 GHz [20-22]. Spectral segments from 130 — 235 GHz, 235 — 360
GHz, 365 — 500 GHz, and 500 — 750 GHz were collected at room tem-
perature and combined into a single spectrum using Kisiel's Aszignment
and Analysiz of Broadband Spectra software [22. 24]. The rotational
spectra were collected at a sample pressure of 5 mTorr in a continuous
flow In order to maintain a pure sample and constant pressure
throughout data collection. The complete spectrum from 130 to 750
GHz was obtained using automated data collection software owver
approximately twelve days with these experimental parameters: 0.6
MHz/zec sweep rate, 10 ms time constant, and 50 kHz AM and 500 kH=
FM modulation in a tone-burst design [25]. Pickett’s SPFIT/SPCAT [25]
was used for least-squares fithng, and analyses were completed using
PIFORM, PLANM, and AC [27 28]. A measurement uncertainty of 50
kHz was used for all newly acquired frequencies, and the specified
measurement uncertainty of 200 kHz was used for transitions reported
by Doraiewamy and Sharma [15].

The optimized molecular grometry of 2-cyanopyridine was obtained
using very tight convergence criteria with an ultrafine integration grid
(opt = verytght and int = grd = ultrafine). Computations were performed
at the B3LYP/6-311+G{2d,p) level of theory using Gaussian 16 through
the WebMO interface [29, 30]. Predicted values of the fundamental
vibrational frequencies, spectroscopic constants, wibration—rotation
interachion constants, Corolis coupling constants (L), and gquartic and
sextic eentrifugal distortion constants were determined from an anhar-
meonic frequency caleulabion. Computational output files are provided in

the supplementary material.
3. 2-Cyanopyridine rotational spectra

The rotational spectrum of 2-cyanopyridine iz sumilar to those of
structurally analogous molecules 2-cvanopyrimidine [4], cyanopyrazine
[5], 3-cyanopyridine [1], 4-cyanopyridine [2], phenyl isocyamide [31],
benzomitrile [32,33], 2-furonitrile [3], and phenylacetylens [34]. As
shown in Fiz. 3, despite thiz molecule being a prolate top, the most
visually apparent features of the spectrum of 2-cyanopryidine are
oblate-type bands of intense a-type R-branch transibions, at least up to
approximately 400 GHz. Above that frequency (Fig. 4), the inherently
weaker b-type R-branch transitions begin to dominate the spectrum.
Many weaker Q-branch, but no P-branch, transitions were observed. As
with the analopous molecules, transitions arising from many
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Fig. 2. 2-Cyanopyridine (C;, ga= 5.47 D and g = 1.87 D [14]) in the principal

vibrationally excited states are apparent in the spectrum (Fiz. 2), but
only those from the two lowest-enersy fundamental states were

analyzed in this work.

3.]1. Ground wibrational state

The observed frequency range for 2-cyanopynidine, namely 130 —
750 GHz, provided a large number of ground-state transibons (Fig. 5).
500 GHz, since only the most intense transitions beyond 500 GHz could
be measured, mamnly due to hardware limitations. A total of 10,606
distinet transitions were measured and least-squares fit to a partial-octic,
distorted-rotor Hamiltonian (05, = 40 kHz). The previously reported
rotational constantz [12] and predicted quartic and sextic distortion
constants were used to mnitially identify the most intense K, series of the
ground vibrational state, then refined with additional data In the data
distribution plots shown in Fiz. 5, the range of new millimeter-wave
transitions for the ground vibrational state appears in black, and the
incorporated microwave transitions from Doralswamy and Sharma [12]
are pregsented in blue. The final data set includes transitions ranging in J”
values from 2 to 195 and with K,” values from 0 to 66. The wide fre-
quency range, varety of transition types, extensive J/K quantum num-
ber range, and the very large number of transitions in the final data set
allowed for an excellent determination of a partial-octic, centrifugally
distorted Hamiltonian in both the A and & reductions using the I
representation.

The 2-cyanopyridine spectroscopic constants are presented in
Table 1 in both the & and A reductions using the I” representation. In
both reductions, the data set did not permit the determination of a
complete set of octic centrifugal distortion constants. The previously
repaorted Gy value, 1254.460 (4) MHz [15], 15 in good agreement with
the value determined in the present worke In contrast, the values of Ag
and By, (5836.756 (14) MHz and 1598.219 (4) MHz, respectively) are not
in agreement with the more accurate and precise values from the current
work. The newly determined values are improved by the addition of
over 10,500 new rotational transitions and the suceessful incorporation
of many new centrifugal distortion terms into the Hamaltonian. The
inertial defect of the ground state, A; = 0.073060 (6) uA”, is consistent
with a planar molecule. All of the quartic and sextie distortion constants
could be satisfactorily determined. The value of the by constant, how-
ever, 1= of some concern because the magnitude iz very small (and only
four times greater than ite statistical uncertamty) and the sign 1= oppo-
eite that of ite BALYP-predicted value. The value of by 1= predicted to be
quite emall relative to the other centrifugal distortion constants, so the
dizerepancy between predicted and observed values could be caused by
a quite small absolute error in the computed value. The experimental
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Flg. 8. (a) Experimental rotational spectrum (bottom) of 2-cyanopyridine from 2492 to 2541 GHz and predicted stick spectrum (top) from experimental spec-
troscopic constants. Prominent transitions of ground-state 2-cyanopyridine for the J' + 1 = 99 and J* + 1 = 100 bands appear in black. Transitions for vy, are zhown

in purple, and tranzitions for vz; are green Unaszsigned transitions are attributable
experimental and predicted spectra near the J' + 1 = 99 band region.

spectroscopic parameters, excluding the aforementioned by constant,
are well predicted wia the B3LYP/6-311+G(2d,p) calculation. The
rotational constants have remarkably small differences between pre-
dicted and experimental values: 0.05% n Ap, 0.1 1% in By, and 0.08% mn
Gy 1n both the A and 5 reductions. The computed quartic distortion
constants are all within 1 4% of the experimental values, with the largest
difference exhibited by Ag. Similarly, the sextic distorbion constants are
accurately predicted (within 23%), with the exceptions of @ and hy
(30% and 533%, respectively), suggesting that the experimental values
are indeed physically meaningful. Excluding Iy, all octic eentrifugal
distortion terms in the & reduction were well determined. In the A
reduction, three on-diagonal octic terms were well-determined (L,
Ljg, and Lgyy), and the remaining terms were held constant at zero. No
computational packages currently predict the octic centrifugal distor-
tion terms to calibrate the meaningfulness of these values. Comparing
experimental octic distortion constants for several analogous molecules,

to other vibrationally excited states of 2-cyanopyridine. (b) Expansion showing

however, will be discussed below.
3.2, Spectral analysiz of vy and vay

Consistent with the 3- and 4-cyanopyridine regicisomers and other
cyanocarenss [1-5,31,33], the two lowest-energy fundamental vibra-
tional states of 2-cyanopyridine are in-plane (30, A”, 154 em™! [19])
and out-of-plane (v21, A", 175 em ! [19]) bending modez of the CN
group with respect to the pyridine ring. Imitial predictions of the spectra
ground-state rotational constants (as corrected using B3LYP-computed
vibration-rotation interaction constants), in conjunction with experi-
mental ground-state centrifugal distortion constante. In Fiz. 6, the
vibrational manifold of 2-cyvanopyridine iz shown up to 550 cm 1usiug
fundamental vibrational energies observed by low-resclution Raman
spectroscopy [19]. As expected, imitial attempts to least-squares fit the
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Fig. 4. Predicted rotational spectrum of the ground vibrational state of 2-cya-
nopyridine from experimental spectroscopic constants at 292 K (ambient tem-
perature). g-Type transitons are displayed in purple, and b-type transitions are
dizsplayed in orange.

low-K,; series transitions of these vibrationally excited states to a single-
state Hamiltonian were unsuccessful. The symmetries of Vi and vy
allow for a- and b-type Conolis coupling interactions between these
fundamental states. In order to account for the g-axiz and b-axie Coriolis
coupling, the two states were treated with a combined A-reduced
Hamaltomian that included spectroscopic constants for each state, the
energy separation AEs 71, initially set to the previously experimentally
determined value [19], and computed Coriolis-coupling terms. As more
perturbed transition frequencies were included in the data set, G, and Gy,
termes were allowed to vary and addibional higher-order coupling terms
were added to model the rotational epectra of these two statesz. The A
reduction was used to allow for companzon with previous studies of
cyancarencs and to maintain a consistent reduction with the commeon
centrifugally distorted Coriolis terms, e.g., G, GL, etc., which uze an A-
reduction eentrifugal distortion expansion.

Fig. 3 chowe the predicted and experimental spectra of 2-cyanopyri-
dine in the ground state, Vo, and Vg, demonstrating the density of
transitions within a 5 GHz section of the 600 GHz-wide spectral range
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studied in this work. In 2-cvanopyridine, Q-branch transitions were of
sufficient intensity for a small set to be observed and measured in both
excited states. Ultimately, over 6600 and 5800 transifions were
measured for 1y, and ¥y, respectively, with J° values ranging from 11 to
198 and K,.” values ranging from O to 57. The full range of - and R-
branch transitions In Vo and 157 can be seen in the data distribution plots
mn Fig. 7. Although the breadth of data was lower for both excited states
than for the ground state, the coverage proved nonetheless sufficient to
obtain well-determined spectroscopic terme. The lack of high-error
transittons m Fig. 7 indicates that the Hamiltonian was adequate to
maodel the perturbed transition frequencies.

The spectroscopic constante for Vag and 199 (Table 2) are very similar
in magnitude and sign as each of their respective ground-state constants
— an indlication that the constants have not absorbed a large amount of
perturbation, which should ideally be addressed by coupling terms. Of
the quartic distortion constants, the values of A ; and off-diagonal 7 and
fg are within 4% of the corresponding ground-state wvalues, and the
values of the sextic constants that could be determined (@, ¢, and dyr)
are within 14%. The values of these constants are shifted mn the same
direction relative to the ground state for each respective term, thus the
changes of up to 14% are likely to be reasonable. The constants A 5, Ay,
and @y have potentially absorbed coupling. For the A jr and @y values,
the change in magmitudes are quite small (within 6.5% and 8.0% of the
ground-state values, reepectively), albeit in opposite directions for each
pair of constants. For A, the change in magnitude iz larger, with
changes of —42.2% and + 56.7% for the lower- and higher-energy states,
respectively. This is slightly concerning, and it i1z possible that the Ay
values have absorbed a small amount of the Cortoliz coupling. Unfor-
funately, computational state-specific centrifugal distortion constants
are not available to provide a meaningful estimate of the expected
change in centrifugal distortion upon wvibration. MNonetheless, the
coupling 1= treated effectively, as evidenced by numerous, well-fit
transitions affected by both global and loeal (rescnances) perturba-
tions, and we believe that the rotational and centrifugal distortion
constantz are largely free of Corioliz coupling, as demonstrated in
Table 2

Table 3 contains the computational and experimental wibra-
tion-rotation interaction constants (g wvalues), energy separation,
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Flg. 5. Data dismibution plots for the least-squares fit of spectroscopic data for the vibrational ground state of 2-cyanopyridine (A reduction, I' reprezentation]). The
size of the outlined circles in this plot corresponds to |{fuw — fate )/8f |, where &fis the measurement uncertainty, and all quotient values are less than 3. Black symbalz
denote data from the present work, blue symbolz denote data from Doraiswamy and Sharma [18].
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Table 1

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

Current work BaLYpP“ Current work Balyp “

AR (MH=) 5837.001016 (34) 5339.6 ARY (MH=) 5337000857 (£3) 5830.6
BE (MHz) 1586.232217 (16) 1596.4 BEY (MHz) 1593233457 (17) 1586.4
Y (MHz) 1254458439 (17) 12534 o (MH=) 1254 457178 (14 1253.4
Dy (kHz) 0.0349129 (15) 0.0338 Ay (kHe) 00473570 (11) 0.0455
Dy (kHz) 1.061181 (13) 0.999 A (kHz) 0966442 (12) 0.930
Dy (kH=) 0.245618 (79) 0279 Ay (kHz) 0307905 (71) 0.337
dy (kHz) —0.01149063 (43) —0.0110 & (kHz) 001148853 (53) 0.0110
da (kHz) — 000622494 (32) 000578 i (kHz) 0636926 (27) 0.600
H; (Hz) —0.000011785 (63) —0.0000110 @ (Hz) 0000003210 (26) 0.00000224
Hx (Hz) 0.00115935 (613 0000997 P (He) 0.0016522 (32) 0.00144
Hie; (Hz) —D.0063147 (713 —0.00549 @y, (Hz) —0.00B322 (14 —D.00717
He (Hz) 0.006044 (30) 0.00510 & (Hz) 0007526 (23] 0.00631
k, (Hz) 0.000000045 (13) —0.000000195 #; (Hz) 0000001390 (13) 0.00000107
k, (Hz) 0.000007666 (27) 000000663 #ig (Hzd 00008281 (19) 0.000730
ks (Hz) 0.000001511 (11) 000000126 #x (Hz) 0.DDE305 (57) 0.00703
Ly (mH=) 0.00000001103 (92) Ly (mH=) [0.]
Ly (mH=) — 0000001974 (12) Ly (mHz) —0.00000297E (91)
Ly (mHz) 0.00001876 (12} Lyx (mHz) — 00000140 (16)
Lyge; (mH=) —D.0001257 (14) Ly (mH=) —0.0000208 (45)
Ly (mHz) 0.0000741 (37) Ly (mHz) [0
Ly (mHz=) [od 1 (mH=) [0
L, (mHz) — 000000000756 (54) Ly (mHz) —0.000001175 (41)
L (mHz) — 000000000295 (32) Tiey (mHz) —0.0000115 (16)
L (mHz) — 0000000000972 (B6) I (mHz) —0.000342 (18)
Nitae 10,606" Witzees © 10,606°
G (MHz) 0.040 s (MHz) 0040
A, mdA® ¢ 0.073069 (6) A, (wAH ¢ 0.073717 (6)

# Caleulation at the B3LYP/6-311+G(2d,p) level.

¥ Number of independent transition frequencies.

* Includes transitions from Doraiswamy and Sharma [18].
# Inerrial defect (4;= I, — I, — I}, calculated using PLANM.
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Fig. 6. Vibrational energy levels of 2-cyanopyridine below 550 cm~'. Funda-
mental energies are experimental [ 197, while overtone and combination states
are estimated. The value of AEy, 5 results from the experimental perturbation
analyziz of vay and vy, in this work.

Cornoliz [ constants, and averaged vibration—rotation interaction con-
stants. The energy separation determined in thiz work is approximately
5 em ! larger than that determined previously (21 em™' [19]) but
approximately 6 em™" emaller than the B3LYP prediction. The compu-
tational over-prediction has been obeerved in previous investigations of
monosubstituted aromaties [1,2.4,531-33]. The computed wibra-
tion-rotation interaction constants for A, which correzpond to the
larger coupling term, show the telltale indication of Coriolis coupling, ©
e., similarly large magnitudes (cach over 100 MHz, in thiz case) of
oppoeite sign. In contrast, the experimentally determined a4 values are
rather cmall — varying by only single-MHz wvalues — indicating that
coupling has to a large extent been removed from these values. The
averaged ay value effectively cancels the Corioliz coupling effect found
in the mndividual ay values, and the agreement between computed and
experimental values for this averaged value iz exceptional. This iz likely
fortuitous in that the agreement iz even better than those for the g and
ar averaged values. The ag and o values, as well as their averaged
values, demonstrate close agreement between theory and experiment
The inertial defecte for these two vibrationally exeited states change in
the expected manner, mereasing in absolute value relative to the ground
state. The predicted [ walues are alse in excellent agreement with those
determined experimentally. Together, this level of agreement supports
the notion that Corioliz coupling between the states haz largely been
addressed appropriately by the chosen Coriolis terms. The rotational and
centrifugal distorbion constantzs can be expected to be physzically
meamingful for these states.
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Table 2

Journal of Molecular Spectroscopy 398 (2023) 111842

Spectroscopic constants for the coupled dyad of 2-cyanopyridine (A-reduced Hamiltonian, I" representation).

Ground State

30 (A ,154 cm H%P 21 (A, 175 cm H*?

5838.259 (54)
1600.017759 (18)
1256.400750 (19)

5833.638 (54)
1601.240899 (20)
1255.331832 (22)

A,® (MHz) 5837.000887 (83)
B, (MHz) 1598.233457 (17)
¢,® (MHz) 1254.457178 (14)
s (kHz) 0.0473570 (11)
sk (kHz) 0.986442 (12)
x (kHz) 0.307905 (71)
7 (kHz) 0.01148853 (53)
x (kHz) 0.638926 (27)
s (Hz) 0.000003210 (26)
sk (Hz) 0.0016822 (32)
ks (Hz) 0.008322 (14)
x (Hz) 0.007526 (23)
s (Hz) 0.000001390 (13)
s (Hz) 0.0008281 (19)
x (Hz) 0.008305 (57)

0.04816617 (89)
1.0273 (44)
0.17783 (100)
0.01156245 (22)
0.639238 (23)

0.000003652 (16)
0.0016733 (51)
0.007659 (28)
[0.007526]
[0.000001390]
[0.0008281]
[0.008305]

0.04834711 (97)
0.9229 (44)
0.48236 (100)
0.01186675 (29)
0.642574 (23)

0.000003529 (18)
0.0016713 (51)
0.008755 (29)
[0.007526]
[0.000001390]
[0.0008281]
[0.008305]

E30,21 (MHz)
E30.01 (cm )

G, (MHz)

G} (MHz)

GX (MHz)

G¥' (MHz)

Fy. (MHz)

F. (kHz)

G, (MHz)

G} (MHz)

Niines” 10,606
fir (MHz) 0.040
; (uA?? 0.073069 (6)

795178.89 (12)
26.5243126 (40)
9902.3 (22)

0.00613 (18)
0.004721 (45)
0.00000000260 (22)
0.4308 (11)
0.000000509 (89)

48.426 (21)
0.0000753 (12)

6603 5877
0.042 0.041
0.17820 (80) 0.33701 (80)

¢ Condensed-phase fundamental frequencies from reference [19].

b Bracketed values held constant at their respective ground-state value, all octic centrifugal distortion parameters (not shown) were held constant at their

respective ground-state values.
¢ Number of independent transition frequencies.

4 nertial defect ( i I. 1, I calculated from the B, constants using PLANM.

Table 3

Experimental and computed vibration rotation interaction constants, Coriolis-
coupling constants, energy separation, and averaged vibration rotation inter-
action constants for excited vibrational states 3¢ and »; of 2-cyanopyridine.

Experimental B3LYP! obs. calc.

Ao Aszo (MHz) 1.258 (54) 105.5 106. 8
By  Bso (MHz) 1.78302 (25) 1.75 0.034
Co Cs30 (MHz) 1.94375 (24) 1.92 0.024
Ao Az (MHz) 3.363 (54) 103.4 106.7
Bo Bz (MHz) 3.007442 (26) 2.86 0.147
Co Co21 (MHz) 0.874654 (26) 0.82 0.055
Ay Az - Ay An (MH2) 1.052 (76) 1.05 0.002
By Bz . By Ba (MHz) 2.395872 (36) 2.31 0.091
Co Cxo . Co Cxn (MHz) 1.409113 (35) 1.37 0.039

a 0.84824 (19) 0.819 0.021

3021

go ,” 0.0151499 (66) 0.0181 0.0075

E3p,21 (cm D] 26.5243126 (40) 32.7 6.2

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

4. Interpretation and analysis of resonances

The least-squares fit of the 2-cyanopyridine dyad includes several
local resonances like those shown in Fig. 8, which involve pairs of
rotational energy levels separated by K, 4 between the two vibra-
tional states. Fig. 9 demonstrates the progression of the undulations and

resonances present in 3. As visible in the plot, both the local resonances
and undulations trend significantly larger as K, increases, and the
former are not noticeable at all in the lowest K, series. The series that
contain large resonances, e.g., K, 14 , are very important for good
determination of the coupling terms and precise determination of the
energy separation. As many of these resonances are found at frequencies
beyond 410 GHz, spectral coverage up to 750 GHz was beneficial to
achieve a thorough analysis of this dyad. Most of the transitions corre-
sponding to the large local resonances shown in Fig. 9 (and in the
interlacing odd K| series, which are not explicitly shown in the figure, as
well as those of 2;) have been measured, assigned, and successfully
incorporated into the regression analysis. On the other hand, we were
not able to conclusively find or include any nominal interstate transi-
tions, and indeed these are predicted to be rather weak for this dyad.

5. Discussion

The B3LYP/6 311 G(2d,p) predicted constants have proven to
reliably estimate the rotational, quartic centrifugal distortion, and sextic
centrifugal distortion constants of the ground vibrational state. Table 4
presents a comparison of the ground-state spectroscopic constants of the
analogous molecules 2-cyanopyridine, 3-cyanopyridine [1], 4-cyano-
pyridine [2], 2-cyanopyrimidine [4], cyanopyrazine [5], and benzoni-
trile [32,33] to provide insight into the physical meaningfulness of these
constants. As a consequence of the different frequency ranges over
which these spectra were analyzed (2-cyanopyrimidine: 130 500 GHz,
2-cyanopyridine: 130 750 GHz, with relatively few measured transi-
tions above 500 GHz, and the remaining molecules: 130 360 GHz),
many of the spectroscopic constants of 2-cyanopyridine and 2-cyanopyr-
imidine are determined more precisely. The extensive frequency range
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Flg. B. Resonance plots for 2-cyanopyridine showing the K, = 16~ series for vy,
amd Ky = 127 zeriez for va). This resonance conforms to the AK, = 4 selection
rule for a-type Coriolis interactions. The plotted values are frequency differ-
zealed by (F + 1) in order to make the plots more horizontal. Measured tran-
zitions are represented by circles: vao (purplel, voy (green). Predictions from the
coupled least-squares fit are represented by a solid, colored line.

analyzed in both works, however, still does not provide enough infor-
mation to determine a full set of octic terme. Only for 2-cyanopyridine
could any off-diagonal octic constants be determined. With the excep-
tion of the S-reduction least-squares fit of 2-cyanopyridine, at least one
on-diagonal octic constant needed to be held at a value of zero for all of
the cyancarenss. The six molecules are structurally analogous, so the
consistency in sign and order-of-magmitude across respective spectro-
scopic constants iz expected, but nonetheless noteworthy. The signe and
magnitudes are quite consistent acroes this set of molecules for any given
constant. The largest and smallest rotational constants are within 7% of
one another, the quartic centrifugal distortion constants are within 35%,
and the sextic terms are within 37% (except @, whose smallest and
largest values are within 53 %). Discrepancies in the octic centrifugal
distortion terms are larger, as expected. In particular, the value of Ly 1=
quite consistent across all molecules for which it was determined except
Z2-cyanopyridine, where it i1z determined with the opposite =ign
(Table 4). This umque difference could indicate an error in the deter-
mination of this constant for 2-cyanopyridine. It iz more likely, however,
that the sign difference iz due to the determination of off-diagonal octic
centrifugal distertion terms for 2-cyanopyridine, and the lack thereof for
any of the other molecules. Indeed, if the off-diagonal octic terms are
held constant at values of zero, Ly becomes positive for 2-cyanopyri-
dine, but numerous transitions have to be rejected, indicating the ne-
cessity of these terme in the least-squares fit. It is therefore possible that
the sign diserepancy actually indicates that the Ly values determined
for the other four molecules are not phyeically meaningful

Jowrnal of Molecular Spectroscopy 398 (2025) 111542

Unfortunately, it would be necessary to determine the full s=t of octic
centrifugal distortion constante in order to conclude which of the pos-
sibilities iz the case. The only conclusion that can be drawn from the
available data iz that the distortion constants determined in any set, ez,
quartie, sextic, or octic, iIn which any constants are held to a value of zero
should be considered somewhat empirieal and not necessarnly phyzsically
meaningful Such a hmatation provides further motivation for compu-
tational prediction of the octic centrifugal distortion constante.

The Coricliz-coupling terme of the analogous coupled dyvads of 2-cya-
nopyridine, 3-cyanopyridine [1], 4-cyanopyridine [2], 2-cyanopyrimi-
dine [4], eyvanopyrazine [5], and benzomitrile [22,33], are compared
in Table 5. It is important to note that only g-aoas coupling exists for the
dyads of benzonitrile, 4-cyanopyridine, and 2-cyanopyrimidine due to
their molecular symmetry, Le. Cgy, and they are grouped accordingly.
BReasonably, the energy separations between the in-plane (ip) and cut-of-
plane (oop) nitrile bending modes vary across the different species, but
the coupling terms show a fair degree of similarity. The dominant
coupling term in these dyads, G, is ~10,000 MHz, while &) iz near
—0.005 MHz and Fp. iz approximately —0.4 MHz. These cbservations
would seem to suggest that the determined walues are phyeically
meaningful Within thiz group of molecules, there is some variation in
the particular coupling terms that were able to be determined. For
molecules in which like terms were determaned, the signs of the deter-
mined values are largely consistent. The b-axiz coupling terms show
similar agreement across the investizated molecules.

6. Conclusion

work, combined with computational estimates of nueclear quadrupole
coupling constants and previous experimental measurements of the
other eyanopyridines, provide a sufficient basziz for an astronomical
search for the series of isomernic evanc-substituted pyridines [1,2.35].
The detection of pynidine, or any of ite derivatives, in extraterrestrial
environments would be a substantial breakthrough for the astrochem-
ical community. The broad frequency coverage and large number of
obeserved rotational transitions enables a determination of spectroscopic
constants that are expected to predict transition frequencies very well to
higher and lower frequencies. The ability to extrapolate to higher fre-
quency arises, in part, due to the b-type transiions that dominate at
higher frequency and chare energy levels with a-type transibons
inchuded In the current data eet. Not only was the broad frequency
coverage helpful for analysiz of the ground state, but it allowed for an
excellent determination of the spectroscopic constants of the coupled
dyad of vibrationally excited states 195 and vy A least-squares fit would
have been possible from lower-frequency data, but the coupling was
more precisely constrained by including the resonant transitions that
oceurred bevond 410 GHz.

Our recent work on the spectroscopy of evano-arenes [1-5,22,33]
provides motivation for the continued development of computational
predictions of higher-order centrifugal distortion terme at the octic level
The very large data sets that include transitions at high J and K require
many centrifugal distortion constants to achieve a low-error fit With the
incomplete determination of constants at thizs level, computed constants
are needed to provide a reazonable benchmark and evidence that the
experimental constants are likely to have physical meaning. State-
specific quartic centrifugal distortion constants have recently been
determined for vibrationally excited states of the 1,2, 3-tnazoles [36]
and had been determined previously for other smaller molecules.
Dezpite these advanees in predicting quartic centrifugal distortion con-
stants, the inability to conveniently predict the quartic and sextic cen-
trifugal distortion constante for vibrationally excited states limite the
ability to assess the quality of the treatment of the Coriolis coupling in
the vibrationally excited states. Additionally, a routine method has not
been developed to predict higher-order Conolis-coupling terms that
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Table 4

Spectroscopic constants for the ground wibrational states of 2-cyanopyridine, 3-cyanopyridine, 4-cyanopyridine, 2-cyanopyrimidine, cyanopyrazine, and benzonitrile
(A-reduced Hamiltonian, [* reprezentation).

Z~cyanopyridine Fcyanopyridine [1] “4cyanopyridine [2] Z-cyanopyrimidine [4] cyanopyrazine [5] benzonitrile [32]
AR (MH=) SEIT.000837 (33) S823.05832 (11) G0OUETO2E (91) GO43.4539 (1) 600312822 (58] S655.265428 (B2)
ﬂ‘] (MHz) 1598233457 (17) 1571 351896 (300 1541160076 (12) 1651140609 (36) 1621 515806 (24) 1546.6757715 (BO)
i (MHz=) 1254457178 (14) 12371695980 (23) 1235999666 (11) 1296.639905 (39) 1276427155 (25) 12144040832 (69)
A, (kH=) 00473570 (113 00464584 (30) D.0469997 (26) 0.0433056 (22) 00492594 (19) D.0452656 (14)
Ay (kH=) 0.986442 (12) LO6374T (ZB) O.9FF71I9 (47) 1037502 (25) 1102415 (Z4) 0937963 (200
Ay (kH=) 0.307905 (71) 0.23366 (16] 03319 (27) 0.3608 (13) 03525 (13) 024411 (75)
&y (kH=) 0.01143853 (53) 0.0110955 (13) 0.01105714 (53) 0.01154427 (86) 001182909 (600 001101116 (54)
S (kH=) 0.633926 (I7) 0.67I7T1I () 0.64553 (17) 0660687 (56) 0. 702668 (42) 0609167 (65)
&y (Hz) 0000003210 (26) 0. DDED (12 000000285 (11) 0000001716 (34) O.ODTET (74) 0.000002466 (60)
@ (Hz) 0.0016322 (32) 00018504 (47) DLO0IFIE (11} 0.0017323 (24) 000159713 (18) DL.0015566 (41)
e (Hz) — 0008322 (14) — 0009199 (21) —QuUDOS245 (47) —0.008505 (15) — 000303 (15] —QUDO7B63 (16)
iy (Hz) 0.007526 (23) 0007458 (690 [o.oo7oG]” 0.0107 (10) 001097 (53] [0.0066915]°
#, (Hz) 00000013590 (13) 00001213 (53) [o.oo000116]° 0000001 226 (19) 00D 1544 (15 0.000001 159 (26)
g (Hz) 0.00038281 (19) 0.0DI0E]L (26) DL.O007S9T (71) 0.0008021 (15) 00204 (11] 00007396 (24)
e (Hz) 0.003305 (57) 0009045 (65) 0.00B50 (22) 0.003253 (34) 0009580 (31] 0.007460 (67)
Ly (mH=) [od [0l [0] 00000000167 (12) O.OD0GEE] (100 [0]
Lug (mH=) — 0000002576 (91) — 0L Z42 (10 —0uD00D00324 (12) —0.000002409 (17} — 00T I (15 —QUDOODO219E (359)
Lyg (mH=) —0L00001 40 (16) 000001754 (61) 0000013591 (93) 0.00001 443 (22) 0.0DDD17TESE (19] [0]
Ly (mH=) — 00000208 (48) — 00001407 (34) —0uDDO099] (B6) —0.0001149 (31) — 0001153 (26) —QUDOO0HG64 (15)
Ly (mH=) o] [2] [0] [al [o] 0004501 (75)

# Term held constant at the computationally predicted value.
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Table 5
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Energy separation between in-plane (ip) and out-of-plane (oop) nitrile bending modes and Coriolis-coupling coefficients for CN-substituted arenes.

2-cyanopyridine
Cs

3-cyanopyridine [1]
CS

cyanopyrazine [5] benzonitrile [32,33]
Cs CZV

4-cyanopyridine [2]
CZV

2-cyanopyrimidine [4]
C2v

Eip oop (cm )

26.5243126 (40)

15.7524693 (37)

24.8245962 (60) 19.1081698 (67)

9531. (46)
0.004594 (20)

0.412 (30)

18.806554 (11)

10136.164 (24)
0.004687 (16)

0.41065 (31)

38.9673191 (77)
10666.3 (75)
0.006165 (29)
0.00466 (14)

0.00000000635 (44)

0.3779 (26)

0.00000896 (32) 0.00000784 (38) 0.000006992 (97)

G, (MHz) 9902.3 (22) 9708.1023 (44) 10789.33 (63)

GJ (MHz) 0.00613 (18) 0.0050152 (79) 0.0052515 (62)
GK (MHz) 0.004721 (45) 0.029393 (77)
GY (MHz) 0.00000000260 (22) 0.00000000517 (11)
GXK (MHz)

Fpc (MHz) 0.4308 (11) 0.40297 (19)

Fj, (MHz) 0.000000509 (89)

F¥. (MHz) 0.00001113 (24) 0.00001287 (20)
Gy (MHz) 48.426 (21) 56.8014 (77) 134.02 (45)

G} (MHz) 0.0000753 (12) 0.00005652 (67) 0.0000378 (12)
GK (MHz) 0.000154 (18)

Fye (MHz) 1.079 (12)

F&: (MHz)

include centrifugal distortion. Without computational predictions of
higher-order coupling terms and centrifugal distortion constants for the
vibrationally excited states, and considering the difficulty of acquiring a
converging, low-error, least-squares fit that incorporates resonant
transitions but minimizes absorption of perturbation into rotational and
centrifugal distortion constants, it is difficult in reality, likely impos-
sible to assess whether the values obtained from the least-squares fit
are physically meaningful. At the present time, the spectroscopic con-
stants that cannot be predicted have to be judged either by their ability
to predict the perturbed rotational spectra or by comparison to analo-
gous systems in similar molecules. This situation highlights the need for
continued advances in computational predictions of spectroscopic
constants.
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