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The 130-360 GHz rotational spectrum of syn-2-cyano-1,3-butadiene (CsHsN) — a
molecule of astrochemical relevance
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ABSTRACT ARTICLE HISTORY
The analysis of syn-2-cyano-1,3-butadiene (CsHsN, g = 3.2 D, up = 2.3 D) inits ground vibrational Received 29 May 2021
state and two lowest-energy excited vibrational states, v,7 (A”, 144cm~") and vy (A, 163cm™"), Accepted 29 July 2021

in the 130-360 GHz frequency region has been completed. Nearly 4200 rotational transitions have KEYWORDS

been measured in the ground vibrational state for the first time, resulting in the determination of Astrochemistry; Coriolis
the spectroscopic constants for a complete octic Hamiltonian with low error. Analysis of the two coupling; rotational
lowest-energy, Coriolis-coupled fundamentals reported herein, each containing circa 3000 tran- spectroscopy; pyridine
sitions, yielded two possible least-squares fitting solutions. Both solutions address perturbation isomer; Titan atmosphere
between the two vibrational states, including resonances and several nominal interstate transi-

tions, using four a-type and five b-type Coriolis coupling terms (G, G2, GX, Fpc, Gp, G, Fac, and

FK., with or without F..). The energy separation between the two states, AE7,19 = 12.307065 (2)
cm™~!, agrees between the two solutions within their statistical uncertainties, giving confidence that
this value is accurate despite the differing Coriolis-coupling terms. The precise rotational and dis-
tortion constants determined in this work provide the foundation for an astronomical search for
syn-2-cyano-1,3-butadiene across the radio band.

Introduction . o . :
species are organic nitriles, including recent detections of

More than 200 molecules have been detected in the  benzonitrile [3], 1- and 2-cyanonaphthalene [4], hydrox-
interstellar medium (ISM) or in circumstellar shells  yacetonitrile [5], and silyl cyanide [6]. Due to their char-
- the majority of these detections via radioastron-  acteristically strong dipole moments and composition of
omy [1,2]. Approximately ten percent of the detected  relatively abundant elements, nitriles (R-CN) represent
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Figure 1. Nitriles detected in the ISM (vinyl cyanide, cyanoal-
lene, and cyanodiacetylene) with structures similar to 2-cyano-
1,3-butadiene.

inviting targets for additional radioastronomical detec-
tions. A series of highly unsaturated nitrile-containing
carbon chains (HCj,+ 1N with n = 0-5) have been
detected [7-12], as well as several partially unsat-
urated [13-16] and fully saturated [17-19] organic
nitriles. Specifically, the known interstellar molecules
vinyl cyanide (C3H3N) [14], cyanoallene (C4H3N) [16],
and cyanodiacetylene (CsHN) [7] exhibit structural
similarities to the molecule of interest in the current
work: 2-cyano-1,3-butadiene (CsHsN) (Figure 1). Our
group synthesised and characterised several astrochem-
ically relevant nitriles and isonitriles in order to anal-
yse their rotational spectra [20-23]. Although neither
McCarthy et al., who examined the electrical discharge
of benzene with molecular nitrogen [24], nor Zwier
and coauthors, who examined the gas-phase pyrolysis
of 3-pentenenitrile [25], detected 2-cyano-1,3-butadiene
among their products, it may nevertheless be considered
a likely interstellar molecule. Irradiation of cyanoacety-
lene with ethylene with 254 nm light, for example, pro-
duces 2-cyano-1,3-butadiene [26]. A theoretical study
suggested that 2-cyano-1,3-butadiene is a predominant
product in the reactions of cyano radical with 1,2-
butadiene and cyano radical with 1-butyne [27]. There
are, however, no published spectroscopic data available
to enable a radioastronomical search for this nitrile.

An additional reason for targeting the cyano-butadiene
isomers is that they share the same molecular formula as
pyridine (CsHsN, u = 2.19 D). Pyridine, along with sev-
eral other nitrogen heterocycles, is an aromatic molecule
of substantial astrochemical interest. Not only has pyri-
dine been implicated as a building block for nitrogen-
substituted polycyclic aromatic hydrocarbons (NPAHs)
[28], but it is also a building block of nicotinic acid

(Vitamin B3) and nicotinamide. These pyridine-based
moieties are precursors to nicotinamide adenine dinu-
cleotide (NAD), a key coenzyme in metabolism [29].
Nicotinic acid of interstellar origin has been detected on
the Murchison meteorite [30,31], and a possible route to
interstellar formation from pyridine has also been sug-
gested [32]. Detection of extraterrestrial pyridine could
shed light on the chemistry occurring in extreme, prebi-
otic environments. To date, however, pyridine has eluded
detection in the ISM [33]. This work on 2-cyano-1,3-
butadiene could enable its detection in the ISM and an
exploration of the chemistry of CsHsN species in that
environment.

Materials and methods
Experimental

As described recently, 2-cyano-1,3-butadiene was pre-
pared from acrylonitrile and acetaldehyde and purified
by distillation [22]. Rotational spectra were collected on
a broadband spectrometer with a pressure of 3 mTorr at
room temperature. The 130-360 GHz spectrum was col-
lected using the instrument described previously [21,34],
using two separate Virginia Diodes amplification and
multiplication chains and Virginia Diodes Zero-Bias
Detectors for the 130-230 GHz and 235-360 GHz fre-
quency segments. In each region of the spectrum, we
assume a uniform frequency measurement uncertainty
of 0.05 MHz. The spectra were combined into a single
broadband spectrum using Assignment and Analysis of
Broadband Spectra (AABS) software [35,36]. Pickett’s
SPFIT and SPCAT programs [37] were used to conduct
least-squares fitting and spectral prediction, respectively.
Kisiel's PIFORM, PMIXC, PLANM, and AC programs
were used to analyse data, reformat output files, and
generate various plots [38].

Computational

Density functional theory computations were performed
at the B3LYP/6-3114-G(2d,p) level of theory using
Gaussian 16 software [39] and the WebMO [40] user
interface. Optimised geometries for syn- and gauche-
2-cyano-1,3-butadiene were obtained using ‘very tight’
convergence criteria and an ‘ultrafine’ integration grid
(opt = verytight int = grid = ultrafine). Anharmonic
vibrational frequency calculations provided the funda-
mental vibrations, the vibration-rotation interaction con-
stants (Agp—A,), and the Coriolis coupling () constants.
A relaxed coordinate scan of rotation about the cen-
tral C-C bond for 2-cyano-1,3-butadiene was also per-
formed. An optimisation and anharmonic vibrational



frequency calculation using the above-described crite-
ria were also performed for the syn-syn-cis (SSC) con-
former of glycolic acid [41] to enable direct comparison
of computational accuracies. Computational output files
are provided in the supplemental material.

Results
Conformational analysis of 2-cyano-1,3-butadiene

Like 1,3-butadiene [42], 2-cyano-1,3-butadiene has two
low-energy conformations — syn and gauche. The syn
conformation is a planar, Cs structure that allows effec-
tive T conjugation throughout the molecule. The higher-
energy gauche conformations are an enantiomeric pair
of nonplanar, C; structures, in which steric interactions
between the methylene groups create a twist around the
central C-Cbond. The computed dihedral angle between
the two terminal carbon atoms of gauche-2-cyano-1,3-
butadiene is 33.3° a value similar to that determined for
1,3-butadiene (33.8 (13)°) [42]. The computed energy
difference between the syn and gauche conformers is 3.1
kcal/mol or 1080 cm™! (including ZPVE). The barrier to
conformational exchange (Figure 2) is only 6.5 kcal/mol,
which allows these species to interconvert readily at room
temperature. Even if assuming the statistical doubling
due to two enantiomeric forms of the gauche conformer,
the energy difference of ca. 3 kcal/mol results in an equi-
librium population of the gauche conformational iso-
mer of only 1.0% of the total for 2-cyano-1,3-butadiene
at the temperature the spectrum was collected (298 K).
This low population makes the detection of the gauche
conformation unlikely, due to the high spectral density
of the syn conformation. Detection of the gauche con-
former is further complicated by its possible tunnelling
splitting, which would nullify the statistical doubling in
intensity and make the distorted rotor prediction insuf-
ficient to assign its transitions. The syn conformer of
2-cyano-1,3-butadiene is only about 1 kcal/mol higher in
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Figure 2. Computed conformational potential energy surface of
2-cyano-1,3-butadiene (B3LYP/6-3114-G(2d,p)).
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energy than the E-1-cyano isomer, but approximately 23
kcal/mol (CCSD(T)/cc-pVTZ//B3LYP/cc-pVTZ) higher
in energy than pyridine [43].

Analysis of rotational spectra

As expected - based upon the conformational analysis,
the comparable dipole moments (B3LYP/6-311+(2d,p))
of the syn (u, =32 D, up =23 D) and gauche
(g = 39D, up = 1.6 D, u = 0.1 D) conformers, and
the very dense spectrum of the syn conformer - only
the syn conformer (Figure 3) was observed in the spec-
trum. The spectral density of thousands of observable
transitions for each of the three lowest-energy vibra-
tional states in this frequency range is compounded by
the fact that there are many additional vibrational states
with transitions more intense than the gauche conformer
(1080 cm™!). Figure 4 shows the manifold of 16 vibra-
tionally excited states with energies less than 500 cm™!.
The ground state is separated from the lowest-energy
excited vibrational state, v,7, by 144 cm™! and was thus

Figure 3. syn-2-Cyano-1,3-butadiene structure with principal
inertial axes.
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Figure 4. Vibrational energy levels of syn-2-cyano-1,3-butadiene
below 500cm™" from computed fundamental frequencies
(B3LYP/6-3114+G(2d,p)). The value of AE;719 results from the
experimental perturbation analysis of v;7 and v1g in this work.
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expected to behave as a distorted rotor. The first two fun-
damentals v,7 (A”, 144cm™!) and vi9 (A, 163cm™1)
are much closer in energy (19 cm™!) and were expected
to require a coupled-dyad treatment. Centred around
300 cm~!, there is a pentad of the first overtone states
(2v27 and 2v19), first combination state (v,74+Vv19), and
third and fourth fundamentals (v,s and vig). While
higher-energy vibrational states are also visible in the
spectrum, the assignment and least-squares fitting of
their spectra is not addressed in the current work.

Ground state

syn-2-Cyano-1,3-butadiene is a highly asymmetric
oblate-top molecule (Cs, ¥ = 0.187) with large g-axis
and b-axis dipole moments. Its rotational spectrum is
dominated by clearly distinguishable R-branch bands
comprised of strong, degenerate “Ry j, b R_;1,and b Ry
transitions. While these transitions are easily assignable
in the early stages of fitting, the Q-branch transitions
are much more spread out than the R-branch transi-
tions, making the Q-branch transitions difficult to visibly
discern before a fairly predictive least-squares fit is estab-
lished. A portion of the experimental spectrum in the
region near 167.65 GHz is provided in Figure 5, which
depicts a typical R-branch series near its bandhead. We
did not observe hyperfine-resolved transitions due to

40 38

N-quadrupole coupling in our frequency range. Strong
transitions of vibrationally excited states are also clearly
visible in Figure 5, many of which can be attributed to the
two lowest-energy states, vy7 and vyg.

Transitions for the ground state of syn-2-cyano-1,3-
butadiene were fit to a distorted-rotor Hamiltonian with
octic centrifugal distortion terms (A-reduced, I" repre-
sentation and S-reduced, III" representation). The result-
ing spectroscopic parameters are presented in Table 1,
along with their corresponding computational values for
the S-reduced, III" representation. Due to the large a-axis
and b-axis dipole moments, the broad spectral range, and
the large number of transitions (> 4000) included in
the least-squares fit, all octic centrifugal distortion terms
were satisfactorily determined in a fit with low statisti-
cal error (0.033 MHz). The predicted quartic and sextic
centrifugal distortion constants, with the exception of dy,
are in good agreement with the experimental values. The
predicted rotational constants are within 2% and all of
the distortion constants agree to within 12%, with the
clear exception of d;. While it may initially seem surpris-
ing that d; is predicted to have the opposite sign from
that determined experimentally, it is likely due to the
very small magnitude of d; — almost 50x smaller than
the next smallest quartic distortion constant. A slight
underprediction of the near-zero d; value leads to a neg-
ative value. Although it would be highly desirable to

Vio | T T

=

g.s.
vy =1

Vo= 1

R

1y 11,1

LREL

|
Rt

167.7

I
167.8

frequency /GHz

Figure 5. 2-Cyano-1,3-butadiene rotational spectrum from 167.65 to 167.88 GHz (bottom) and stick spectra for the ground vibrational
state, vy7, and v1g of the syn conformer (top). Values on the numberlines at the top indicate the J” + 1 values of the corresponding

transitions.
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Experimental and computational spectroscopic constants for the ground vibrational state of syn-2-cyano-1,3-butadiene.

S Reduction, llI" representation

A Reduction, I" representation

Experimental® B3LYP Experimental

Ao (MHz) 4773.019689 (77) 4819. Ao (MHz) 4773.011589 (78)
By (MHz) 3665.214370 (55) 3607. By (MHz) 3665.217803 (55)
Co (MH2) 2071.623950  (66) 2061. Co (MH2) 2071.626692  (66)
D; (kHz) 2.883776 (44) 2.73 Ay (kHz) 2.506066 (32)
Dy (kHz) —5.075865 (77) —4.73 Ak (kHz) —9.656771 (82)
D (kHz) 2375684 (42) 2.18 Ak (kHz) 11.89902 (10)
dq (kHz) 0.020027 (25) —0.0510 8, (kHz) 1161226 (11)
d, (kHz) —0.9523601 (95) —0.923 8k (kHz) —0.181326 (43)
H; (Hz) 0.010119 (12) 0.00918 @, (Hz) 0.0069441 (76)
Hyk (Hz) —0.036931 (26) —0.0331 @k (Hz) —0.030943 (37)
Hgy (Hz) 0.044472 (24) 0.0396 Dyy (Hz) 0.006032 (62)
Hk (Hz) —0.017681 (10) —0.0157 Ok (Hz) 0.044383 (51)
h1 (Hz) 0.001990 (10) 0.00192 ¢, (Hz) 0.0034811 (28)
hy (Hz) 0.0050266 (64) 0.00468 ¢k (Hz) —0.010379 (16)
h3 (Hz) 0.0011408 (12) 0.00104 ¢k (Hz) 0.029736 (20)
Ly (uHz) —0.0435 (12) Ly (uHz) —0.01135  (59)
Ly (uHz) 0.2024 31) Ly (uHz) 0.0542 (52)
Lyk (uHz) —0.3960 (40) Lk (uHz) —0.178 (11)
Lk (uHz) 0.3488 (31) Lkks (uHz) 0.504 (13)
Lk (uHz) —0.1112 (12) Lk (uHz) —0.5463 (96)
I1 (uHz) —0.0259 (12) 1y (uHz) —0.00586  (24)
I (uHz) —0.0282 (10) ik (uHz) 0.0353 (21)
I3 (uHz) —0.01357  (36) Ixy (uHZ) 0.1162 (36)
I4 (uHz) —0.001241 (68) I (uHz) —0.4869 (51)
A; (uA?)P 0.185363 (8) 0.228 A; (uA?)P 0.184990 (8)
Niines* 4185 Niines* 4185

ofit (MHz) 0.033 ot (MHz) 0.033

aConverted from Ill' representation by applying opposite sign to all odd-numbered, off-diagonal distortion constants.

PInertial defect, A; = I, — Iq — Ip. Calculated using PLANM from the By constants.

“Number of fitted transition frequencies.

compare the experimentally determined octic centrifu-
gal distortion constants with their theoretically predicted
values, current computational chemistry software pack-
ages cannot perform these calculations, because they
require the implementation of higher-order vibrational
perturbation theory. Data distribution plots for measured
R- and Q-branch transitions are provided in Figure 6,
demonstrating the breadth of data. Q-branch transitions
cover a range of K, values from 0 to 60 and J” values from
33 to 100. R-branch transitions cover a range of K, values
from 0 to 55 and J” values from 13 to 85.

The lowest-energy vibrationally excited states v,z
and v 19

The two lowest-energy vibrationally excited states, vyy
(A”,144cm ™) and v1g (A, 163 cm™!), are an a-type and
b-type Coriolis-coupled dyad. The lowest-energy vibra-
tion (vy7) is a torsion about the C2-C3 bond, while v;g
is an in-plane wag of the cyano group. The data distribu-
tion plots for vy7 and v;g are provided in Figure 7. The
measured transitions cover a narrower range of quantum
numbers than the ground state, as would be expected due
to the lower intensity of the vibrationally excited states.

The data distribution plots for v,y and v;9 look similar
to one another, as well as to the ground-state plot, with
regard to the distribution of larger errors, indicating no
obvious systematic error in the coupled-state treatment.

Both a- and b-types of Coriolis coupling have a dis-
cernable effect on the spectra of vy7 and vj9 as a result
of the C; symmetry of syn-2-cyano-1,3-butadiene, its
large a- and b-type dipole moments, and its substan-
tial Coriolis-coupling constants (¢, ;9 and {21’7,19). These
Coriolis-coupling constants are directly related to the
spectroscopic constants G, and Gj through Eq. (1),
where w is the harmonic vibrational frequency of the cor-
responding mode, and x is the corresponding inertial axis
[44].

w27 + w19

Gy = ——
V@27 X W19

(1)

X X A~ e X
$7,19Be = 2857 198,

The initial least-squares fitting of v,7 and v19 was remark-
ably straightforward, using the predicted G, and G, val-
ues, the predicted energy difference, and the ground-state
distortion constants. The values of C, were predicted
using the experimental Cy value and the correspond-
ing computed vibration-rotation interaction constants,
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Figure 6. Data distribution plot for the least-squares fit of spectroscopic data for the vibrational ground state of syn-2-cyano-1,3-
butadiene. The size of the plotted symbol is proportional to the value of |(fops,—fcalc)/3f |, where &f is the frequency measurement

uncertainty (0.05 MHz), and all values shown are smaller than 3.

while the values of A, and B, were set to correspond-
ing experimental ground-state values. As the first dozen
R-branch K, series were added to the least-squares fit, it
became possible to fit Gy, and the interaction between the
states could be relatively well modelled. Adding higher
K, series enabled inclusion of G, and higher-order cou-
pling terms. Fitting of the available R- and Q-branch
transitions, including resonances and nominal interstate
transitions, resulted in a low-error (0.040 MHz) least-
squares fit with a well-determined energy separation and
several coupling coeflicients. While the value of G, and
the energy separation remained relatively stable through-
out the fitting process, the value of G, was volatile. In the
end, two different solutions, labelled Fit I and Fit II, were
able to model the spectra with the same energy differ-
ence, AE;719 = 12.307065 (2) cm ™. Table 2 presents the
ground-state spectroscopic constants in the A reduction,
I' representation, along with two sets of spectroscopic
constants for the v37:v19 dyad. The octic centrifugal dis-
tortion constants, not shown explicitly in the table, are
held constant at their corresponding ground-state values.

Fit T and Fit II are both presented here because it
is unclear which set of spectroscopic constants is more
physically meaningful. Fit I and Fit II are distinguished
by the inclusion (Fit I) or exclusion (Fit II) of Fl. in
the Hamiltonian. Inclusion of this coupling term has a
relatively small impact on the rotational and distortion
constants, but a relatively large impact on G, and other

Coriolis coupling terms. Between the two least-squares
fits, the values of the corresponding states’ rotational
constants differ by less than 0.01%. The quartic distor-
tion constants agree within 0.25% between fits, with the
exception of §k. The latter differs by 1.8% for v,7 and
2.5% for v19 upon exclusion of F{lc. This difference does
not, however, appear to be substantial, considering that
8k changes by approximately 14% and 35% upon excita-
tion from the ground state to v,7 and vj9, respectively.
Similarly, ®; and ¢; for both states change by 2.0-2.5%
between the two fits, the values of ®;x are within 1.2%
for both states, and the other fitted sextic distortion con-
stants are within 0.45%. In contrast, the value of G, in Fit
I increases by 40.2% in Fit II. As might be expected, the
other F,. terms are also impacted substantially by inclu-
sion or exclusion of Fl,.. Importantly, however, the energy
separation between the two least-squares fits is nearly
unaffected by the inclusion or absence of F{lc, and the two
values fall within the experimental error of one another -
determined to the millionth of a wavenumber digit. The
experimentally determined value (12.307065 (2) cm ) is
approximately two-thirds of the predicted value (19.605
cm™ ).

In order to discern the better, or more physically
meaningful, of the two least-squares fits, one might com-
pare the experimentally determined values to those pre-
dicted computationally. The B3LYP prediction of G is
1918 MHz, which is approximately 11% different from
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frequency measurement uncertainty (50 kHz). Values for which this relative erroris > 3 are plotted in red.

1731.9 (10) MHz in Fit I and 12% different from the
1708.65 (70) MHz in Fit II. The value of G,, however,
is predicted to be 1025.44 MHz. This value is nearly an
order of magnitude larger than the value determined in
Fit I (135.1 (19) MHz), and the value in Fit II is only
54 MHz closer to the prediction. Since predictions of
additional coupling terms - their values or even which
terms are necessary to properly address coupling between
perturbing states — are not readily available, computa-
tional predictions do not offer an effective way to suggest
which of the two sets of constants is more physically
meaningful. The two least-squares fits do agree on the

energy separation between v,7 and vi9 within the error
of the energy (368956.53 (5) MHz). The errors of the
fits and comparison of the spectroscopic constants to
their ground-state values do not provide a clear answer,
either. Inclusion of an additional coupling term could
affect the extent of state mixing, and therefore change the
predicted intensities of various transitions. None of the
observed transitions’ predicted intensities, however, dif-
fer sufficiently between Fit I and Fit IT to enable a choice
based on transition intensities. The fact that Fit I enabled
the fitting of 81 more transitions than Fit II appears to
be the only indication that Fit I is better able to model
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Table 2. Experimentally determined parameters for v,7 and v19 excited vibrational states of syn-2-cyano-1,3-butadiene compared to
those for the ground state (A-reduced Hamiltonian, I" representation).?

Fit| Fit Il

ground state V7 (A", 144 cm™") vig (A, 163 cm™") v7 (A", 144 cm™") vig (A, 163cm™")
A, (MHz) 4773.011589  (78) 4777.0079 (15) 4791.5856 (13) 4777.0574 (17) 4791.5398 (16)
By (MHz) 3665.217803  (55) 3649.663 (10) 3665.811 (10) 3649.4474 (65) 3666.0288 (65)
Cy (MHz) 2071.626692  (66) 2073.14036 (1 2069.96427  (11) 2073.137345  (69) 2069.961582  (89)
Ay (kHz) 2506066  (32) 248463  (22) 245624  (22) 247990  (15) 246104  (14)
A (kHz) —9.656771  (82) —9.67560  (49) —937343  (49) —9.66066  (15) —9.38847  (17)
Ak (kHz) 11.89902  (10) 1191046  (18) 1177140  (19) 1190831  (17) 1177322 (18)
85 (kHz) 1161226 (11) 1.14949  (10) 113712 (10) 1.147151  (73) 1.139456  (73)
8k (kHz) —0.181326  (43) —0.15618  (29) —0.11757  (29) —0.15896  (28) —0.11469  (28)
@, (Hz) 0.0069441 (76) 0.0070293  (80) 0.0062762 (89) 0.0068778  (65) 0.0064332 (75)
dy (Hz) —0.030943  (37) —0.031698  (21) —0.028573  (26) —0.031361  (20) —0.028907  (25)
Dy (Hz) 0.006032  (62) [0.006032] [0.006032] [0.006032] [0.006032]
Dy (Hz) 0.044383  (51) 0.045319  (64) 0.044718  (82) 0.045369  (70) 0.044513  (83)
¢, (Hz) 0.0034811  (28) 0.0035287 (39) 0.0031480 (42) 0.0034552 (32) 0.0032223 (36)
¢ (Hz) —0.010379  (16) —0.010658  (11) —0.010148  (11) —0.010624  (12) —0.010181  (11)
ok (Hz) 0.029736  (20) [0.029736] [0.029736] [0.029736] [0.029736]
AE (MHz) 368956.534 (49) 368956.516 (50)
AE(cm™") 12.3070652 (16) 12.3070646 (17)
Gg (MHz) 135.1 (19) 189.4 (16)
G}, (MH2) —0.027244  (60) —0.026539  (64)
GK (MHz) 0.005204  (57) 0.004510  (60)
Fpe (MH2) —4.106 (24) —3.450 (21)
Gp (MHz) 1731.9 (10) 1708.65 (70
Gy (MH2) 0.024318  (92) 0.021749  (43)
Fac (MHz) 1.598 (14) 2.0219 (44)
Fl. (MHz) 0.00001080 (34) [0.0]
FX. (MHz) —0.00002339 (43) —0.00001578 (37)
A (uA?)P 0.184990  (8) —0.49221 (38) 081366  (38) —0.49894 (25 0.82117  (25)
Niines© 3039 3013 2994 2977
o (MHz) 0.040 0.039 0.040 0.040

@Values in square brackets held fixed at the specified value in the least-squares fit.
PInertial defect, A; = I — I — Ip. Calculated using PLANM from the By constants.

“Number of fitted transition frequencies.

the rotational spectra of v,7 and v9. While there is no
evident commonality between these 81 lines, a number
of them are affected by resonances. Attempts to fit addi-
tional distortion constants or coupling terms resulted in
either non-convergence of the least-squares fit, or con-
stants that were not well-fit and did not meaningfully
improve the least-squares fit.

Since our group has not previously encountered a case
where a coupling term, such as G,, has been so poorly
predicted, we attempted to find a third least-squares fit
with a G, value closer to that predicted. It is evident that
a- and b-type Coriolis coupling terms interplay with one
another. We thus considered that, while it may appear
reasonable to attempt to fit the zeroM-order coupling
terms (i.e. G, and Gy) first, followed by the higher-order
terms, perhaps it is necessary to first fit one set (e.g. all
b-type terms) before fitting the other, to prevent convolu-
tion of their effects. Fit III was attempted in this manner —
by first fitting the b-type Coriolis coupling terms. At early
stages and throughout the fitting process, we attempted

to fit G, in order to observe its effect. At these early
stages, however, the least-squares fit failed to converge
when G, was allowed to vary, and there was nearly no
effect on the overall error of the least-squares fit. This
seemed to indicate both that there was not sufficient data
to address G,, and that G, was not the most important
term for addressing perturbation in low K, series. Addi-
tion of Gj, addressed the global perturbation observed
in low K, series and allowed b-type resonances to be
fit, along with additional b-type coupling terms, while
the a-type resonances continued to be poorly predicted.
Around K, = 16-20, a curvature resembling a global
perturbation became evident in Loomis-Wood plots. No
distortion terms were able to address this curvature and,
after addition of several such series, the least-squares fit
failed to converge. At this point, inclusion of G, enabled
convergence and substantially decreased the overall error
of the least-squares fit. The spectral prediction using
the resulting constants eliminated the curvature previ-
ously observed in Loomis-Wood plots and began to bring



a-type resonances closer to fitting. Through this proce-
dure, however, the value of G, dropped from 1025 to
~ 300 MHz. It is expected that further fitting and refine-
ment would lead to Fits I and II, and not result in a G,
value closer to the computational prediction. To further
test the sensitivity of G, to the inclusion or omission of
other, higher-order Coriolis terms, we also attempted a
least-squares fit of the spectroscopic data with Fp, arbi-
trarily set to zero. The fitting procedure did converge, and
in fact, the value of G, did increase to 453 MHz. This
value, however, remains far from the predicted value.
Moreover, this fit was inferior to Fits I and II in several
respects, including its inability to fit many resonances,
and was therefore not considered further.

As it appears that Fit I better models the rotational
spectra of vy7 and v, all discussion henceforth refers
to Fit I. In comparison to the ground state, the rota-
tional and distortion constants of v,7 and vi9 appear to
be reasonably determined, physically meaningful values.
The values of the rotational constants for both vibra-
tionally excited states are within 0.5% of the correspond-
ing ground-state constant. Upon excitation to vz, the
largest change occurs in the value of B,;, whereas the
largest change upon excitation to vi9 occurs in Ajg.
Among the distortion constants, éx displays the largest
changes from the ground state by 13.9% for v,7 and 35.2%
for vig. Although the percent change of x for vjg is
the largest of any of the constants, it may parallel the
large change in A9 from the ground-state value. Since
the values of §k for the two vibrationally excited states
do not diverge from the ground-state value (shift of equal
magnitude, but opposite direction), we do not expect
that they are absorbing perturbation. Moreover, x does
not appear in the table of most strongly correlated val-
ues (correlation matrix provided in the fitting output file
and in the supplemental material). All of the fitted sextic
distortion constants for v,; are within 3% of the corre-
sponding ground-state values, with the values of ®jx and
¢jx having the greatest change upon excitation. Upon
excitation to vi9, the greatest change is observed in ®;
and ¢y, which both change by approximately 9.6% from
the ground state.

Interpretation and analysis of the resonances

The resonance landscape of v,7 and v19 is dominated,
both in quantity and in size, by a-type resonances, i.e.
resonances that have an even number value of AKj,
between the near-resonant v;9 and v;; states. Such a-type
resonances observed in Ry branch transitions in this
work have perturbing interactions between opposite-
symmetry states. That is, one series exhibiting resonance
behaviour involves transitions with quantum numbers
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where K; + K. = J (denoted with a superscript ‘“+’ over
the K, value), and the corresponding series in the
other perturbing state involves transitions between levels
with quantum numbers K,; + K. = J+ 1 (denoted with
a superscript ‘— over the value of K;). An example of
such a pair of resonance plots is provided in Figure 8,
where the selection rule for this particular set of reso-
nances is AK, = 2. This set of transitions displays one
of the most substantial displacements observed in the
current work, appearing approximately 6.3 GHz away
from the frequency that would be expected absent the
local perturbation. In general, a-type resonances within
the quantum number range of the work presented here
are predicted to appear up to 7.8 GHz away from their
expected location without perturbation, although the
transitions with the largest displacements fall just out-
side of the spectral range in which we can measure them.
All of the a-type resonances we observed conform to
a AK, = 2 or 4 selection rule. The b-type resonances
(AK,; = odd number selection rule) in our spectral
region tend to exhibit smaller displacements than the
a-type resonances. An example is depicted in Figure 9,
where AK, = 5 and the maximum local perturbation is
less than 0.5 GHz from the expected location absent local
perturbation. Unlike the a-type resonances, perturb-
ing states involved in b-type resonances have the same
symmetry.

The Coriolis coefficient Gj is much larger than G,
while the a-type resonances dominate the observed spec-
tral region both in quantity and magnitude. A set of
resonance progression plots, presented in Figure 10, dis-
play both a set of “Rg; branch, K, series and a set
of le,l branch, K, series (even values of K, only). In
these plots, the y-axis displays the difference between the
V7 transition frequency and its corresponding ‘deper-
turbed’ transition frequency, scaled by J”+1. The deper-
turbed frequency is that predicted using the same spec-
troscopic constants as in the coupled-state fit, but exclud-
ing all coupling terms, enabling a visualisation of the
effect of the Coriolis coupling. Patterns observed in other
Coriolis-coupled states of planar molecules [1,45-49],
such as the presence and progression of a global undu-
lation and an increase in resonance magnitude with
increasing J, appear in these plots, as well.

For syn-2-cyano-1,3-butadiene, the resonance plots
for the a-type, R-branch transitions (Figure 10, top panel)
and for the b-type, R-branch transitions (Figure 10, bot-
tom panel) are identical at higher values of J”+1. The
prominent resonances occur in that high-J region, where
the a- and b-type transitions are degenerate. At lower val-
ues of J”+41, however, the a- and b-type transitions are
non-degenerate, and the global perturbation behaviour
observed differs significantly between the two sets of
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J”—|—1

Figure 8. Resonance plots for syn-2-cyano-1,3-butadiene show-
ing the K, = 22 series for vy7 and K; = 20~ series for vqg, an
example of resonances conforming to the AK; = 2 selectionrule.
The plotted values are frequency differences between excited-
state transitions and their ground-state counterparts, scaled by
(J741) in order to make the plots more horizontal. Measured
transitions are represented by circles: vy7 (copper), vi9 (green).
There are no measured transitions with |(fops, —fcalc)/0f | > 3.
Predictions from the final coupled fit are represented by a solid,
black line. The two resonances are mirror images of one another,
confirming the K, assignment of these resonance partners.

transition types. While the undulation in the a-type plot
has a serpentine shape whose amplitude increases only
slightly with increasing K, (Figure 10, top panel), the
shape of the undulation in the b-type plot is akin to a hill
shape whose amplitude increases more rapidly (Figure
10, bottom panel).

Figure 11 shows the same bR, resonance progres-
sion plot for syn-2-cyano-1,3-butadiene as in Figure 10,
but over a smaller set of 41 values and such that each
K, series is vertically staggered to better elucidate the
shape of resonances. The large resonances in K, series 6
through 16 are somewhat inconsistent in shape and do
not increase in position by a steady value of J, indicat-
ing that the energy-level crossings responsible for these
resonances occur at variable intervals between J values.

T T
T

T
v Ka =29 10

35 40 45 50
i
J +1

Figure 9. Resonance plots for syn-2-cyano-1,3-butadiene show-
ing the K; = 297 series for vy7 and K, = 24~ series for vq9, an
example of resonances conforming to the AK; = 5 selection rule.
The plotted values are frequency differences between excited-
state transitions and their ground-state counterparts, scaled by
(J”41) in order to make the plots more horizontal. Measured tran-
sitions are represented by circles: v,7 (copper), vig (green). The
missing data point at J” +1 = 40 in the plot of vy9 was not
included, due to overlap with a ground-state transition. There
are no measured transitions with |(fops—fcaic)/8f | > 3. Predic-
tions from the final coupled fit are represented by a solid, black
line. The features of the two resonance plots are mirror images
of one another, confirming the K; assignment of these resonance
partners.

After K, = 16, the resonances of the v37:v19 dyad of syn-
2-cyano-1,3-butadiene take on a more regular shape and
J progresses in regular steps of three.

As part of the coupled-state analysis, 16 matched pairs
of nominal interstate transitions are included in FitI. The
formally forbidden, simultaneous vibrational and rota-
tional transitions are enabled by substantial energy-level
mixing between the two states. An example of a matched
pair is depicted in Figure 12. In order for a pair of nominal
interstate transitions to be a matched pair, their quan-
tum numbers must describe two real, within-state tran-
sitions when either the upper or the lower energy levels
are swapped between the nominal interstate transitions.
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Figure 10. Superimposed resonance plots of v,7 for %Ry K+
(top) and me (bottom) series with even values of K; between
2 and 24 for syn-2-cyano-1,3-butadiene. 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 deperturbed counter-
parts, scaled by (J”+1). The x- and y-axes are set to the same scale
for each of the resonance plots.
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Figure 11. Superimposed resonance plots of v,; for bRH series
with even values of K; between 2 and 24 for syn-2-cyano-1,3-
butadiene, vertically offset to simplify viewing individual plots.
Measured transitions are omitted for clarity, but they are indistin-
guishable from the plotted values on this scale. The plotted values
are frequency differences between excited state transitions and
their deperturbed counterparts, scaled by (J'+1).
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Figure 12. Energy diagram depicting a representative matched
pair of nominal rotation-vibration transitions between v;7 (cop-
per) and vq9 (green) vibrational states of syn-2-cyano-1,3-
butadiene. Standard “Rg,; transitions within vibrational states are
denoted by vertical arrows. The diagonal, dashed arrows indi-
cate nominal interstate transitions that are formally forbidden, but
enabled as a result of vibrational-rotational state 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 the energy separation between the
two strongly interacting rotational energy levels.

Matched pairs of nominal interstate transitions, there-
fore, have the same ] values and their frequencies are
typically predicted equally well. The average frequency
of the within-state transitions and the average frequency
of the matched nominal interstate transitions must be
the same, within experimental error. In the example
presented in Figure 12, these averages are 0.001 MHz
apart, well within the experimental error of frequency
measurement. A list of the measured nominal interstate
transitions along with their average frequency analysis is
provided in the supplemental material.

Comparison with computational estimates

The successful analysis of perturbed vibrationally excited
states is reliant upon the ability to identify and assign
their transitions in an initial fit. To this end, computa-
tional predictions of the vibration-rotation interaction
constants are of particular utility. A comparison of the
predicted and experimental vibration-rotation interac-
tion constants is provided in Table 3. As expected, the
Co-C, values are quite well predicted, with the value for
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Table 3. Vibration-rotation interaction constants for v,7 and v1g
of syn-2-cyano-1,3-butadiene.

Experimental B3LYP/6-311+(2d,p)

Va7

Ao—A27 (MHZ) —4.00 —6.51
30—327 (MHZ) 15.55 14.36
Co—Cy7 (MHz) —1.51 —1.39
V19
Ap—A19 (MH2) —18.57 —1534
30—319 (MHZ) —0.59 —0.86
C()—C19 (MHZ) 1.66 1.68
average
(Ao—Av)ave (MHz) —11.29 —10.92
(Bo—Bv)ave (MHz) 7.84 6.75
(Co—Cv)ave (MHZ) 0.075 0.14

V19 remarkably close to its experimental value. The theo-
retical Ag-A, and By-B,, values are also in generally good
agreement with the experimentally determined values.
For v,7, the largest discrepancy is in the value of Ag-A,,
which is over-predicted by half its experimental value.
For vy9, itis the Bo-B, value whose magnitude is too large
by alittle over one-third of the experimental value. When,
however, the average of the vibration-rotation interac-
tion constants is examined (to balance out any potentially
unaddressed perturbation factors in the theoretical treat-
ment), the Ag—A, and By-B, averages fall within 10% of
their experimental counterparts.

Discussion

The coupled-state analysis presented here provides an
example of a Coriolis-coupled dyad, adding to the small
body of data available on such dyads involving both a-
and b-type Coriolis coupling. While most of the com-
putational predictions for both the ground and vibra-
tionally excited states are in good agreement with the
experimental data, the present dyad analysis produces
a value of G, that is in poor agreement with the theo-
retical prediction. This discrepancy is unexpected, given
the many previously studied coupled states (particularly
those containing an aromatic ring and those of propi-
onitrile) [21,45,46,48-50], where G, was quite well com-
putationally predicted. Our efforts to reduce this dis-
agreement by modifying the least-squares fit have been
unsuccessful. This turns out, however, to not be the first
such example [41], as one of the predicted Coriolis-
coupling coefficients for vy4:v29 dyad of SSC-glycolic acid
(G420 = 2599.36 MHz, B3LYP/6-3114+G(2d,p)) is sig-
nificantly different (76%) from the corresponding exper-
imentally determined value (1477 (22) MHz). The pre-
dicted value of G;}“O (2382.82 MHz), on the other hand,
is only 8% different from the experimentally determined

value of 2585.0 (95) MHz. It appears, based on the limited
data available, that while the Coriolis-coupling coeffi-
cients (Gy) for substituted cyclic species are predicted
quite well, computing those for acyclic species accurately
is not always so straightforward. Attributing this prob-
lem to inaccuracies in the calculation of the Coriolis
zeta constant is difficult to justify, because this param-
eter only depends on the normal coordinate analysis
(the structure and harmonic force field), and computed
results are not at all sensitive to basis set and corre-
lation treatment. As discussed earlier, omitting the Fj,
term does not fully address the discrepancy between
the predicted and experimental values of G,. Perhaps
the omission of some higher-order (anharmonic) term
in the spectroscopic Hamiltonian is responsible for the
problem, but we have not been able to identify that
term so far. It is alternatively possible that the issue
arises from the determination of G, and G, from the
spectral data, as the two terms interact strongly in the
observed resonances, making the accuracy of the smaller
constants highly affected by any errors in the larger
constant.

The ground-state rotational spectrum of syn-2-cyano-
1,3-butadiene has been measured and analysed here for
the first time, resulting in a set of spectroscopic con-
stants that include all of the octic centrifugal distortion
constants. The experimental data provide the basis for
an astronomical search for this highly polar species in
the interstellar medium using high-frequency data (a
low-frequency search would additionally require values
of the N-quadrupole coupling terms, which can be rea-
sonably well predicted theoretically). In terms of astro-
chemistry, this molecule represents a significant target
for detection in its own right and because it is an iso-
mer of the long-sought heterocyclic aromatic molecule,
pyridine.

Supplemental material

See supplemental material for least-squares fitting files
of 2-cyano-1,3-butadiene, output files from computa-
tions, computed vibration-rotation interaction constants,
computed vibrational frequencies and infrared intensi-
ties, and nominal interstate transitions for the v,7 and
V19 dyad with their corresponding within-state transi-
tions. These files may be found at https://doi.org/10.1080/
00268976.2021.1964629.
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