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ARTICLE INFO ABSTRACT

Keywords: The analysis of the rotational spectrum of 4-cyano-1-butyne, an open-chain isomer of pyridine, is presented
Rotational spectroscopy herein for the first time. Transitions for the ground vibrational states of both conformational isomers, anti and
Microwave gauche, were observed in the 8-38 GHz and 130-360 GHz frequency ranges and fit to effective sextic distorted-
Mllllmeteriwave rotor Hamiltonians with low uncertainty (cg; < 50 kHz), allowing for their potential detection by radio-
Astrochemistry

astronomy or in harsh reaction environments. The microwave region includes hyperfine-split transitions for both
conformers, allowing for the experimental determination of the yqq4, ypp, and y.. quadrupole coupling constants.
In the millimeter-wave region, not every observable ground-state transition could be satisfactorily addressed by a
single-state Hamiltonian due to Coriolis coupling with the low-energy vibrationally excited states. Thus, effective
single-state fits of the ground states were obtained by including only Kg-series transitions without obviously
perturbed energy levels. Importantly, the effective fit does include the most intense transitions throughout the
observed frequency ranges. The predicted values (MP2/cc-pVTZ) are in close agreement with the experimental
spectroscopic constants. These data provide a sufficient foundation for the identification of anti- and gauche-4-
cyano-1-butyne in the interstellar medium by radioastronomy. The gauche conformer is estimated to lie 1.00 (5)

Centrifugal distorted rotor
Quadrupole coupling

kcal/mol higher in energy than the anti conformer, as determined using experimental transition intensities.

1. Introduction

Organic nitriles and isonitriles are well represented in the catalogue
of >250 species detected in the interstellar medium (ISM) [1,2]. Because
of the CN moiety, these groups typically have sizeable molecular dipole
moments, resulting in intense rotational transitions detectable via
radioastronomy. Recently, the first examples of five- and six-membered
ring systems, ubiquitous in organic chemistry, were discovered in the
ISM as their nitrile-substituted derivatives: benzonitrile [3], 1- and 2-
cyanonaphthalene [4], and 1- and 2-cyano-1,3-cyclopentadiene [5,6].
These detections represent a dramatic advance in our understanding of
interstellar organic chemistry, yet it remains unclear if these ring sys-
tems are formed through decomposition of larger polycyclic species or
are generated from smaller precursors.

Computational and experimental studies of complex chemical re-
actions in the ISM are ongoing, and open-chain nitriles are emerging as
attractive candidates for a possible mechanistic connection to aromatic
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species [7-9]. Combined with their prominent dipole moments (usually
between 2 and 4 D), many nitriles possess observable hyperfine resolved
transitions at low frequency that can also assist in their identification in
the ISM. Open-chain nitriles of various chain lengths and levels of
saturation have been detected in different regions of the ISM [10-21]. In
a recent study, several open-chain nitriles and a few nitrile-substituted
five- and six-membered rings were generated and detected in a ben-
zene/nitrogen discharge [22]. Using spectral catalogues for known
molecules, a complex mixture of many isomers with the same elemental
formula were identified and assigned using microwave spectroscopy.
Organic nitriles and isonitriles have been of interest to our groups for
some time due to their relevance to astrochemistry [3-5,23-27]. The
Wisconsin group recently provided millimeter-wave rotational spectra
of several pyridine (CsHsN) isomers (1-6) (Fig. 1) [28-32]. Unlike
pyridine (7, a near-oblate, asymmetric top), these isomers are highly
prolate asymmetric tops with intense rotational transitions. A defining
characteristic in the rotational spectra of these CsHsN isomers is
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Fig. 1. CsHsN isomers that have been studied by rotational spectroscopy: (E)-1-
cyano-1,3-butadiene (E-1), (2)-1-cyano-1,3-butadiene (Z-1), 4-cyano-1,2-buta-
diene (2), 2-cyano-1,3-butadiene (3), (cyanomethylene)cyclopropane (4), 1-
cyanocyclobutene (5), 4-cyano-1-butyne (6), and pyridine (7).

whether the vibrational ground state is ‘isolated’ in the frequency region
of interest, which determines whether the system can be adequately fit
to a single-state Hamiltonian model. Observable coupling between the
ground and first fundamental states in the 130-360 GHz frequency
range becomes increasingly likely when there is a vibrationally excited
state that is close in energy and/or when a highly prolate species has a
particularly large value of Ay and low value of Cy. This creates a situa-
tion in which the 130-360 GHz rotational spectrum contains many
transitions with very high J and K, energy levels, allowing the ground-
state energy levels to approach the vibrationally excited-state energy
levels. The ground vibrational states of s-trans-Z-1-cyano-1,3-butadiene
(Z-1) [28], syn-2-cyano-1,3-butadiene (3) [31], (cyanomethylene)
cyclopropane (4) [29], and 1-cyanocyclobutene (5) [32], are isolated
and can be fit to a single-state, distorted-rotor Hamiltonian in the
130-360 GHz region with a low oy value. In contrast, the ground-state
rotational transitions of s-trans-E-1-cyano-1,3-butadiene (E-1) and both
conformers of 4-cyano-1,2-butadiene (2) [28] are not well fit by a single-
state distorted rotor Hamiltonian. In the latter cases, the spectra were
modeled with an effective Hamiltonian fit — a minimally perturbed,
single-state, least-squares fit with exclusion of any transition frequencies
that cannot be fit to a low-error distorted-rotor Hamiltonian (<50 kHz).

The open-chain isomer of pyridine presented herein, 4-cyano-1-
butyne (4-pentynenitrile, 6), has not been observed previously by
rotational spectroscopy. This species is a hydrogenated version of the
known interstellar molecules CsN and HCsN and is an ethynyl-
substituted derivative of the known interstellar molecule CH3CH,CN.
Its rotational constants were previously predicted, along with a collec-
tion of cyanodiacetylene-derived nitriles, to facilitate astronomical
detection [33]. The rotational spectrum of the corresponding isonitrile
(4-isocyano-1-butyne) was studied previously from 12 to 70 GHz [34],
resulting in spectroscopic constants for its anti and gauche forms. The
current rotational analysis of 4-cyano-1-butyne provides the first mea-
surement, assignment, and least-squares fitting of this astrochemically
intriguing species, facilitating an astronomical search and comparison to
its isonitrile counterpart.

2. Computational methods

Initial electronic structure calculations of anti- and gauche-4-cyano-1-
butyne were performed using Gaussian 16 [35] through the WebMO
interface [36] at the B3LYP/6-311+G(2d,p) level of theory. Optimized
geometries were obtained using “verytight” convergence criteria and an
“ultrafine” integration grid for both energy-minimized conformers.
Anharmonic vibrational frequency calculations were initially carried
out using B3LYP. Although these spectroscopic constants were suffi-
ciently accurate to begin analysis of the millimeter-wave spectrum of the
anti conformer, they were not sufficiently accurate to begin assignment
of the gauche conformer. (The millimeter-wave spectrum was assigned
before the microwave spectrum became available). Thus, anharmonic
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vibrational frequency calculations were performed at the MP2/cc-pVTZ
level, which provided spectroscopic constants that exhibit better
agreement with the experimental constants of both conformers. A co-
ordinate scan for the conformational analysis of the gauche and anti
conformers was completed at the MP2/6-311+G(2d,p) level. A com-
parison of the spectroscopic constants across the B3LYP and MP2 cal-
culations is provided in the Supplementary Material along with all other
computational output files.

3. Experimental methods

A sample of 4-cyano-1-butyne was purchased commercially (Sigma-
Aldrich, 97% purity), analyzed via 'H NMR, *C{'H}-NMR, and ATR-IR
spectroscopy (spectra available in Supplementary Material), and found
to be sufficiently pure to be used without further refinement. A sample of
4-cyano-1-butyne at room temperature and a pressure of 6 mTorr was
used to collect the 130-230 GHz and 235-360 GHz broadband spectra at
the University of Wisconsin on a spectrometer described previously
[24,37]. The 8-38 GHz region was collected using the same 4-cyano-1-
butyne sample on a Fourier-transform microwave spectrometer at Har-
vard [38]. A sample of the nitrile diluted to a concentration of 0.05% in
neon was supersonically expanded along the axis of a cavity-enhanced
Fourier transform microwave spectrometer through a pulsed pinhole
nozzle backed at 2.5 kTorr with a pulse length of 400 ps at a 6-Hz
repetition rate. The spectrometer operates from 5 to 40 GHz with a
line-center measurement accuracy of about 2 kHz. The large dipole
moment of 4-cyano-1-butyne yielded a peak signal-to-noise ratio of the
strongest transitions of about 102 for a 1-s integration time. The 8-38,
130-230, and 235-360 GHz segments were combined into a single
broadband spectrum using Assignment and Analysis of Broadband
Spectra (AABS) software [39,40]. Picket’s SPFIT/SPCAT was used to
conduct least-squares fitting and spectral prediction, while PIFORM,
PLANM, and AC programs were used for analysis [41]. A uniform fre-
quency measurement uncertainty of 2 kHz is assumed for all microwave
measurements and 50 kHz for all millimeter-wave measurements.

4. Results
4.1. 4-Cyano-1-butyne (6)

anti-4-Cyano-1-butyne (Fig. 2a) is a highly prolate (x = —0.995),
asymmetric top (C;) with dipole moment components predicted along
the a- and b-principal axes (4q = 3.2 D, yup = 0.84 D; MP2/cc-pVTZ)
giving rise to observable a- and weak b-type transitions. gauche-4-
Cyano-1-butyne (Fig. 2b) is a prolate (x = —0.751), asymmetric top (C1)
with dipole moment components predicted along each principal axis (¢4
=2.0D, up = 3.2 D, u. = 0.68 D; MP2/cc-pVTZ) creating potentially
observable a-, b-, and weak c-type transitions. With no experimental
spectroscopic constants available, the rotational constants (A, By, and
Cop) of both conformers, along with their quartic and sextic centrifugal
distortion constants, were calculated to facilitate initial transition
assignments.

(b)

Fig. 2. 4-Cyano-1-butyne structures with principal inertial axes: (a) anti (uq =
3.2 D, up = 0.84 D) and (b) gauche (uq = 2.0 D, pup, = 3.2 D, y, = 0.68 D).
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The two energy-minimized conformations (anti and gauche) of 4-
cyano-1-butyne are depicted on the conformational potential energy
surface (MP2/6-311+G(2d,p)) in Fig. 3. The gauche conformer is pre-
dicted to be ca. 0.42 kcal/mol (147 cm™Y) higher in energy than the anti
conformer (zero-point vibrational energy not included). This small en-
ergy difference is near the uncertainty of the level of theory employed.
The rotational transition intensities of the gauche conformer benefit from
statistical doubling due to its two enantiomeric forms. The barrier to
rotation between the gauche and anti conformers (>3 kcal/mol) is suf-
ficiently high that the transitions for each state are not expected to
display observable tunneling splittings, which would increase spectral
complexity and complicate the analysis. The vibrational spectra of 4-
cyano-1-butyne (6) were observed by IR and Raman spectroscopy
from 50 — 4000 cm ™" in the vapor, liquid, and solid states [42]. Klaeboe
et al. note the appearance of two distinct crystalline solids at low tem-
perature (90 K): one comprising purely the gauche conformers and the
other purely the anti conformer.

4.2. Spectral analysis

Both conformations of 4-cyano-1-butyne were observed in the 8-360
GHz range with strong a-type R-branch bands from the anti conforma-
tion dominating the spectrum. The rotational spectrum of anti-4-cyano-
1-butyne is composed of mainly “Rg; transitions that demonstrate the
typical band structure of a highly prolate, asymmetric top, in that
clusters of transitions share a single J value. Fig. 4 shows the rotational
spectrum in the 188.0-192.5 GHz range, where two such bands for the
ground vibrational state of the anti conformer (all solid lines) can be
distinguished. The K, = 0 transition of the J” + 1 = 66 band (magenta
solid line) appears ~ 3 GHz lower in frequency within transitions of the
J" +1 =65 band. The K, = 1"/1 transitions are separated by 2.8 GHz,
with the 1~ transition at lower frequency than K, = 0 and the 17 tran-
sition at higher frequency. As the K, value increases, the transitions

5
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progress to higher frequency until the first turnaround between K, = 2™
and 3*. In this spectral window, the plus- and minus-symmetry series
become degenerate at K, = 6 (same values of J and K, but with values of
K_ differing by one). Another turnaround is visible at K, = 8, after which
transitions progress to higher frequency until their transition intensities
become too weak to measure. Throughout the entire frequency region,
intense b-type R-branch transitions were observed, but only a few K,
series were of sufficient intensity to be included in the data set. No a-type
Q- or P-branches were observed in either frequency regime, although a
few sufficiently intense b-type, Q- and P-branch transitions were
observed in the microwave region and included in the least squares fit.

The rotational spectrum of gauche-4-cyano-1-butyne exhibits a more
typical prolate structure, wherein bands comprise transitions increasing
in K, with decreasing J. The bandheads are composed of quadruply
degenerate a- and b-type R-branch transitions (two “Ro transitions,
le,l, and bR,l,l) that share the same value of K.. In the 188.0-192.5
GHz frequency region, transitions proceed to lower frequency as K, in-
creases and become non-degenerate at K, = 5. The transitions progress
to lower frequency and complete a turnaround many hundreds of MHz
below the 188.0-192.5 GHz region. Eventually, two a-type transitions
with the same value of K, become a degenerate pair, while two b-type
transitions form another set of quadruply degenerate R-branch transi-
tions, this time with c-type transitions (two ‘Ry o transitions, le,l, and
bRL,l). No a- or b-type P-branch transitions were observed for this
conformer, although several series of b-type Q-branches were observed
in the microwave region and included in the data set. No a-type Q
branches were observed in either frequency regime.

4.3. anti-4-cyano-1-butyne ground state

The ground state of anti-4-cyano-1-butyne was least-squares fit to a
sextic, distorted-rotor Hamiltonian with low error (og; < 50 kHz). The
experimental and predicted spectroscopic constants are reported in both

anti

180

225 270 315 360

o
8C2-C3-C4-C5 /

Fig. 3. Computed conformational potential energy surface of 4-cyano-1-butyne (MP2/6-311+G(2d,p)).
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Fig. 4. Rotational spectrum of 4-cyano-1-butyne from 188.0 GHz to 192.5 GHz (bottom) and stick spectrum of the ground vibrational states (top). Dashed green lines
mark transitions of gauche-4-cyano-1-butyne, and solid-colored lines mark transitions of anti-4-cyano-1-butyne. Solid lines highlighted in magenta belong to the J” +
1 = 66 series of anti-4-cyano-1-butyne, and the corresponding K,” + 1 values are marked above. Many transitions belonging to other vibrational satellites are also

visible in the experimental spectrum.

the S and A reductions, I' representation in Table 1, and the output files
for the least-squares fit are included in the Supplementary Material. In
the microwave region, transitions are resolved into hyperfine multiplets
that are well-predicted by the distorted-rotor model. In the millimeter-
wave region, low-K, series also demonstrate distorted-rotor behavior,
but the experimental frequencies begin to subtlely deviate from those
predicted at K, = 21, even at the lowest J values. With increasing J, the
transitions continue to further deviate from predicted frequencies until
reaching a maximum deviation at J” + 1 = 104. As the value of J con-
tinues to increase, transitions slowly migrate back toward their pre-
dicted distorted-rotor frequencies. A single-state, distorted-rotor model
including transitions from K, = 0-20 can be fit to low error (o5, = 0.027
MHz), while fits that incorporate observable transitions with K, > 20
dramatically increase the error (o). This issue cannot be treated by
inclusion of higher-order centrifugal distortion terms, making it evident
that the ground state of anti-4-cyano-1-butyne is not amenable to a
single-state, distorted-rotor Hamiltonian. It is apparent that the ground
state is coupled to the lowest vibrationally excited state. Diminishing
signal intensity and spectral congestion with higher-energy vibrational
states make the extent to which transitions in the K, > 20 series expe-
rience perturbation unclear. To obtain an effective fit for the anti
conformer, all K, > 20 transitions were excluded from the data set to
allow the least-squares fit to produce minimally perturbed spectroscopic
constants. Over 2,100 independent transitions were measured, including

R-branch transitions with J” values ranging from 0 to 126. The range of
quantum number values for the newly measured ground-state transi-
tions of anti-4-cyano-1-butyne is provided in the Fig. 5 data distribution
plots.

The spectroscopic constants for the ground state of anti-4-cyano-1-
butyne are provided in Table 1 in both the A and S reductions. The
rotational constants show excellent agreement between the computed
values (MP2/cc-pVTZ) and the effective experimental constants (within
0.7% for Ag, 0.3% for By, and 0.3% for Cp). The quartic centrifugal
distortion constants are predicted by MP2 within 7.5% of the experi-
mental values, and the sextic centrifugal distortion constants are all
within 36.1%. Hyperfine-resolved transitions were not observed in the
millimeter-wave region, but transitions observed in the microwave re-
gion were resolved into hyperfine multiplets arising from quadrupolar
coupling to nitrogen. Experimental values of the nitrogen nuclear
quadrupole coupling constants yqq, ypp, and y.. show reasonable agree-
ment with predicted values (errors of 9.2%, 11.3%, and 7.5%, respec-
tively). Although our analysis does not address the coupling evident in
the millimeter-wave region, the agreement between the experimental
and predicted constants, large number of transitions fit to low error (og;¢
= 0.027 MHz), and lack of obvious perturbation in the fitted series make
us confident the current spectroscopic constants are physically
meaningful.
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Effective experimental and predicted spectroscopic constants for the ground vibrational state of anti-4-cyano-1-butyne (I' representation).

S reduction, I' representation

A reduction, I" representation

Calculated” Experimental Calculated” Experimental
A® (MHz) 24,886 25064.23614 (34) Ao™ (MHz) 25,128 25064.23616 (34)
By (MHz) 1473.0 1477.085286 (16) By (MHz) 1478.1 1477.087567 (21)
Co® (MHz) 1415.0 1419.396089 (15) Co™ (MHz) 1420.3 1419.393803 (20)
Dy (kHz) 0.1486 0.1501005 (14) Ay (kHz) 0.1493 0.1507951 (33)
Dk (kHz) —8.209 -8.13277 (13) A (kHz) -8.213 —8.13735 (13)
Dy (kHz) 301.8 307.79 (25) Ak (kHz) 301.8 307.83 (25)
dy (kHz) ~0.01330 —0.0131037 (16) 55 (kHz) 0.01330 0.0131051 (17)
d, (kHz) —0.0003219 —0.0003479 (15) ¢ (kHz) 1.056 1.1421 (50)
H; (Hz) 0.00007211 0.000070810 (63) @, (Hz) 0.00007357 0.00007258 (17)
Hyx (Hz) —0.004470 —0.0046249 (41) @ (Hz) —0.003748 —0.0039381 (42)
Hy; (Hz) —0.06956 —0.07285 (32) &y (Hz) ~0.1034 —0.07600 (32)
Hy (Hz) 6.956 [6.956] @y (Hz) 6.958 [6.958]
hy (Hz) 0.00001399 0.000013003 (78) ¢y (Hz) 0.00001404 0.000013048 (78)
hy (Hz) 0.0000007264 0.000000910 (83) ¢k (Hz) 0.001043 0.0061 (27)
hs (Hz) 0.00000005569 [0.00000005569] ¢k (Hz) 0.3878 [0.3878]
Yaa (MHz)" —-3.31 —3.6448 (36) Yaa (MHz)" -3.31 —3.6448 (36)
Zb» (MHz)" 1.43 1.6158 (17) 26 (MHz)" 1.43 1.6158 (17)
Zee (MHz)" 1.88 2.0290 (19) Zee (MHz)" 1.88 2.0290 (19)
A; (uA?y, ¢ —6.24 —6.257342 (5) A; (A2, ¢ —6.24 —6.256241 (7)
Niines” 128, 1994 Niines” 128, 1994
Gywave fir (MHZ) 0.0031 Gpwave it (MHz) 0.0031
0 mm-wave fit (MHz) 0.027 0 mm-wave fir (MHZ) 0.027
0 total fir (MHz) 0.027 G total fir (MHz) 0.027
O total w.fit 0.587 O total w.fit 0.588

2 Evaluated at MP2/cc-pVTZ.

b Constants converted from the field gradient axis system to the inertial moment axis system.

¢ Inertial defect (4; = I, — I, — Ip).
4 Calculated using PLANM from the B, constants.

¢ Number of independent transition frequencies for microwave and millimeter wave regions, respectively.
f Weighted deviation of global fits, where 2 kHz is assumed for microwave measurements and 50 kHz for millimeter-wave measurements.
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Fig. 5. Data distribution plots for the least-squares fit of spectroscopic data for the vibrational ground state of anti-4-cyano-1-butyne. R- and Q-branch transitions are
represented by black circles, while P-branch transitions are represented as pink triangles. The size of the outlined shape is proportional to the value of |(fobs. — feaic)/5f]

where &f is the frequency measurement uncertainty and all values are<3.

4.4. gauche-4-cyano-1-butyne ground state

The gauche conformer was successfully identified in the millimeter-
wave spectrum utilizing the MP2/cc-pVTZ predicted constants, and
the assignments were confirmed by the microwave data. The microwave
transitions are well-modeled by a distorted-rotor Hamiltonian, but
transition frequencies begin to deviate due to coupling in the 130-360
GHz frequency region, even in the lowest K, series. As done for the anti
conformer, an effective fit for the gauche conformer was obtained by
excluding transitions that deviated from distorted-rotor predicted

frequencies. In the 130-360 GHz region, most quadruply degenerate
transitions from K, = 0-10 were fit to low error (og; < 50 kHz) with
distortion constants that compared reasonably (signs and orders of
magnitude) with the predicted values. Including transitions with Kq >
10 resulted in a substantial increase in the error of the least-squares fit.
As with the anti conformer, this issue cannot be treated by inclusion of
higher-order centrifugal distortion terms, making it evident that the
ground state of gauche-4-cyano-1-butyne is not amenable to a single-
state, distorted-rotor Hamiltonian. Over 250 distinct transitions
including a- and b-type R-branch transitions with J” values ranging from
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Fig. 6. Data distribution plots for the least-squares fit of spectroscopic data for the vibrational ground state of gauche-4-cyano-1-butyne. The size of the outlined circle
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0 to 95 and K, < 10 were measured for the gauche conformer and are
represented in the data distribution plot in Fig. 6.

The experimental spectroscopic constants for the ground state of the
gauche conformer, along with the MP2-predicted constants, are reported
in Table 2. In the A-reduced least-squares fit, the effective experimental
rotational constants and the MP2/cc-pVTZ computed values show
modest agreement (within 2.6% for Ag, 2.1% for By, and 0.8% for Cp),
and the experimental quartic distortion constants are predicted within
12.3%. Because a limited number and type of K, series were able to be
included in the least-squares fit, some distortion terms were not well-
determined. Terms ®g; and @k were held constant at their predicted

Table 2

values, which afforded a satisfactory fit with an error (o5, commensu-
rate with the experimental uncertainty. The remaining sextic centrifugal
distortion constants differ substantially from their computed values.
Constant @ has a different sign compared to the predicted value - a
typical indication that a constant is absorbing coupling. There is
considerable disagreement between the experimental and calculated
values of the @, @y, and ¢; constants (196%, 128%, and 202%,
respectively). (In the S-reduced least-squares fit, the corresponding &;
and ¢, terms are predicted within 105% and 89%, but the experimental
value of @k differs from the prediction by almost 640%). Fixing any of
these constants to their predicted value, however, massively increases

Effective experimental and computed spectroscopic constants for the ground vibrational state of gauche-4-cyano-1-butyne (I" representation).

S reduction, I' representation

A reduction, I" representation

Calculated” Experimental Calculated” Experimental
A® (MHz) 6381 6548.45862 (12) Ae™ (MHz) 6381 6548.45742 (14)
Bo® (MHz) 2474 2422.661403 (29) Bo™ (MHz) 2474 2422.672036 (43)
Co® (MHz) 1910 1894.290818 (15) Co™ (MHz) 1910 1894.280311 (21)
Dy (kHz) 3.726 3.67941 (25) Ay (kHz) 3.886 3.83687 (41)
Dy (kHz) —24.32 —25.7254 (43) Ak (kHz) —25.28 —26.7203 (50)
Dy (kHz) 53.02 60.510 (11) Ag (kHz) 53.82 61.331 (13)
d, (kHz) ~1.398 —1.37935 (16) 55 (kHz) 1.398 1.37548 (20)
d, (kHz) ~0.08003 —0.082600 (60) 5k (kHz) 4.869 5.4147 (51)
H; (Hz) 0.02737 0.013356 (74) @, (Hz) 0.03059 0.010348 (97)
Hyk (Hz) —0.1564 0.0290 (24) b (Hz) —0.1001 0.3532 (55)
Hy; (Hz) —0.2009 [—0.2009] by (Hz) —0.4371 [-0.4371]
Hy (Hz) 1.231 [1.231] &y (Hz) 1.4074 [1.4074]
hy (Hz) 0.01409 0.007450 (34) ¢y (Hz) 0.0144 0.004763 (49)
hy (Hz) 0.001609 0.001493 (12) ik (Hz) 0.0174 0.724 (18)
hs (Hz) 0.0003110 0.0003189 (18) ¢k (Hz) 0.8080 1.742 (15)
Yaa (MHz)" 0.0738 0.07500 (67) Yaa (MHz)" 0.0738 0.07493 (87)
b» (MHz)" -1.957 —1.84832 (19) Zvp (MHz)" -1.957 —1.84807 (23)
Zec (MHZ)" 1.884 1.77332 (85) Zec (MHZ)" 1.884 1.7731 (11)
A; (WAH -18.95 —18.989536 (4) A; (uAD -18.95 —18.987155 (5)
Niines' 200, 250 Niines” 200, 250
Gywave fir (MHZ) 0.0018 Gywave fit (MHZ) 0.0018
0 mm-wave fit (MHz) 0.024 0 mm-wave fit (MHz) 0.024
0 total fir (MHz) 0.018 0 total fit (MHz) 0.026
O total w.fit 0.557 O total w.fit 0.691

2 Evaluated at MP2/cc-pVTZ.

b

¢ Inertial defect (4; = I, — I, — Ip).

4 Calculated using PLANM from the B, constants.

e

Constants converted from the field gradient axis system to the inertial moment axis system.

Number of independent transition frequencies for microwave and millimeter wave regions, respectively.

f Weighted deviation of global fits, where 2 kHz is assumed for microwave measurements and 50 kHz for millimeter-wave measurements.
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the error of the least-squares fit and does not allow incorporation of
many transitions into the data set. Under these circumstances, the
constants represent a convolution of the effects of coupling and cen-
trifugal distortion. As a result, the physical meaningfulness of these
centrifugal distortion constants is dubious, as is the ability of the con-
stants to predict transitions in the millimeter-wave region, where the
effects of centrifugal distortion are important. With a substantial
reduction in the size of the transition data set, it is not surprising that
there is poorer agreement between the computed and observed spec-
troscopic constants. As in the anti conformer, hyperfine-resolved tran-
sitions were not observed in the millimeter-wave region for the gauche
conformer, but several microwave transitions were resolved into hy-
perfine multiplets that were incorporated into the data set. The nitrogen
nuclear quadrupole coupling constants yqq, ysb, and y.. show excellent
agreement with predicted values (errors of 1.7%, 5.9%, and 6.2%,
respectively). Despite the shortcomings of the current analysis — the fact
that some of the spectroscopic constants differ from those predicted by
MP2 and may not be physically meaningful — the analysis includes only
transitions that appear to be devoid of perturbation and predicts, suc-
cessfully, the highest-intensity transitions up to 360 GHz. A comparison
of all predicted and experimental spectroscopic constants can be found
in the Supplementary Material.

5. Conformational energy difference from relative intensity
measurements

The energy difference between the gauche and anti conformers of 4-
cyano-1-butyne was estimated by comparing differences in the in-
tensities of their corresponding ground-state transitions (from 150 to
185 GHz) at 294 K [43]. The full analysis is presented in the Supple-
mentary Material, from which we estimate an energy difference of
Egquche — Eqnii = 1.00 (5) kcal/mol for 4-cyano-1-butyne. This energy
difference is slightly larger than the predicted value (0.42 kcal/mol;
MP2/cc-pVTZ) but is within range of the corresponding energy differ-
ence previously determined for the isomer, 4-isocyano-1-butyne (0.69
(14) kcal/mol) [34]. As expected, the structurally similar nitrile and
isonitrile functional groups do not exhibit significantly different steric or
electronic influences on the conformational equilibria.

(a)

anti-4-Cyano-1-butyne
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6. Lowest excited vibrational states

The computed vibrational manifold of anti-4-cyano-1-butyne below
500 cm ™! is shown in Fig. 7(a). Given the large value of the A rotational
constant, the small value of the Cy rotational constant, the predicted low
energy of its vibrational states, and indications of coupling in the
vibrational ground state, higher-energy vibrational states of the anti
conformer were expected to exhibit intense coupling interactions. The Cj
symmetry of the anti conformer and respective symmetries of the two
lowest-energy excited vibrations, vy7 (torsion, A”, 73 cm ™) and V17 (in-
plane bend, A', 118 em™Y), allows for Coriolis coupling between the
fundamental states along the a- and b- inertial axes (computed Coriolis
coupling terms G, = 47803 MHz, G, = 935 MHz). Attempts to identify
and assign ve7 and v,7 were made using the predicted vibration-rotation
interaction constants (MP2/cc-pVTZ). The computed a-axis vibra-
tion-rotation interaction constants, however, have unusually large
magnitudes and opposing signs from each other (1849.7 MHz for vo7 and
-1784.9 MHz for v17) — a hallmark for strongly coupled states. The
computed vibration-rotation interaction constants, applied to the
experimental ground-state rotational constant values, did not lead to the
identification of these fundamental states in the spectra. Nonetheless,
the excited vibrational states of the anti conformer form smooth series
that are visible in the Loomis-Wood plots of the ground vibrational state
near K, = 21. We were able to use the location of the intense bandhead
transitions and the same band pattern of the ground state to assign the
quantum numbers of the most intense transitions for states v17 and vay.
Unsurprisingly, we were unable to fit any of these states to low error
using a distorted-rotor Hamiltonian, and we saw behavior indicative of
intense coupling for each assignable state. A satisfactory distorted-rotor
fit of even the lowest-K, series of these vibrational states was not
possible, even when using many higher-order centrifugal distortion
constants. Given the observed behavior of the ground and excited
vibrational states, a multistate analysis will be required to treat the
perturbations in this system and obtain the spectroscopic constants of
the excited vibrational states of anti-4-cyano-1-butyne. Such an analysis
is beyond the scope of the current work. The situation for the anti
conformer of the related isonitrile, 4-isocyano-1-butyne, is not dissimi-
lar. Although the spectroscopic constants of the vibrational ground state
appear to be free of perturbation in the measured frequency range
(12-78 GHz), the vibrationally excited torsional modes show signs of

(b) gauche-4-Cyano-1-butyne
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Fig. 7. Vibrational energy levels of (a) anti- and (b) gauche-4-cyano-1-butyne below 500 cm™

! from computed fundamental frequencies (MP2/cc-pVTZ).
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unaddressed coupling [34]. The reported rotational constants do not
display the expected linear relationship when plotted as a function of
vibrational state [44,45].

The gauche conformer of 4-cyano-1-butyne exhibits a similarly
complex vibrational manifold below 500 cm ™! (Fig. 7(b)). The predicted
energies of its first two fundamental states, vy (torsion, A, 74 cm 1) and
Ve (bend, A, 169 cm_l), are low, and the vibrational manifold is
comprised of many combination and overtone states. Due to the asym-
metry of the gauche conformer (C;), Coriolis coupling can appear be-
tween the states along all three primary axes (computed Coriolis
coupling terms G, = 4841 MHz, G, = 205 MHz, G, = 94 MHz). The
predicted vibration-rotation interaction constants for vy and vq6, along
both a- and b-axes, are large in magnitude, similar in size, and opposite
in sign — features indicative of coupling. Instead of using the vibra-
tion-rotation interaction constants to identify the vibrationally excited
states, it was straightforward to identify transitions for the vibrationally
excited states of the gauche conformer due to their appearance as
straight series in the K, = 0, Loomis-Wood plot of the vibrational ground
state. Once again, we were unable to fit any of these states to low error
using a distorted-rotor Hamiltonian, and we observed behavior indica-
tive of intense coupling for each assignable state.

7. Conclusion

The ground vibrational states of both anti- and gauche-4-cyano-1-
butyne show coupling to their excited states. Utilizing a Hamiltonian
that models these couplings may allow the fitting of additional transi-
tions, but would likely require assignment of many vibrational states for
each conformer to completely address the spectroscopic deviations.
With highly perturbed rotational spectra of astrochemically important
molecules such as open-chain organic nitriles, we are often faced with
choosing between a perturbation analysis involving numerous states or
an effective distorted-rotor analysis to present to the spectroscopic
community. Measuring substantial portions of a molecule’s rotational
spectrum, while avoiding inclusion of transitions that show obvious
perturbation, appears to effectively model the most intense rotational
transitions. While not ideal, this method may be useful in characterizing
molecules likely to be sought by radioastronomers. In the current study,
we generated effective fits for anti- and gauche-4-cyano-1-butyne and
expect the constants presented above to enable those seeking either of
these CsHsN conformers in harsh interstellar environments to identify
them using the most intense transitions at frequencies up to 360 GHz.
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