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ABSTRACT: The gas-phase rotational spectrum of 1-cyano-2-
methylenecyclopropane (C;, C;H;N), an isomer of pyridine, is
presented for the first time, covering the range from 235 to 500
GHz. Over 3600 a-, b-, and c-type transitions for the ground
vibrational state have been assigned, measured, and least-squares fit
to partial-octic A- and S-reduced distorted-rotor Hamiltonians with
low statistical uncertainty (o3 = 42 kHz). Transitions for the two
lowest-energy fundamental states (1, and v,5) and the lowest-
energy overtone (2u,,) have been similarly measured, assigned,
and least-squares fit to single-state Hamiltonians. Computed
vibration—rotation interaction constants (B,—B,) using the
B3LYP and MP2 levels of theory are compared with the
corresponding experimental values. Based upon our preliminary
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analysis, the next few vibrationally excited states form one or more complex polyads of interacting states via Coriolis and anharmonic
coupling. The spectroscopic constants and transition frequencies presented here form the foundation for both future laboratory
spectroscopy and astronomical searches for 1-cyano-2-methylenecyclopropane.

B INTRODUCTION

Approximately 300 molecules have been detected in the
interstellar medium (ISM) and more than 25% are nitriles. The
unusually high proportion of nitriles is due, in part, to their
typically large dipole moments, which result in sufficiently
intense rotational transitions to be detectable by radio-
astronomy.l’2 We have a strong interest in studying organic
nitriles, particularly the nitrile-containing isomers of pyr-
idine’™® and aryl nitriles/isonitriles.””"* Our work on aryl
nitriles and isonitriles has primarily focused on characterizing
their rotational spectra to provide the necessary data to enable
their use as potential tracer molecules for the corresponding
parent species, e.g, furan, benzene, pyridine, pyridazine,
pyrimidine, and pyrazine. For instance, neither benzene nor
pyrazine possesses a permanent dipole moment, and as a
result, neither can be detected by radioastronomy. Furan,
pyridine, pyridazine, and pyrimidine possess permanent dipole
moments. Nevertheless, neither they nor any other hetero-
aromatic compounds have been successfully detected in the
interstellar medium.">~** Similarly, isomers of pyridine (1—6,
Figure 1) could serve as tracer molecules for pyridine. A recent
detection of (E)-l-cyano-1,3-butadiene (E-1), an isomer of
pyridine, in the GOTHAM observations of TMC-1 especially
motivates further study of pyridine isomers.”*
1-Cyano-2-methylenecyclopropane (7, C;, CsH;N, Figure
2), a highly prolate, asymmetric top (x = —0.85), is a newly
synthesized structural isomer of pyridine. It possesses strong
dipole components along all three principal axes (u, = 3.7 D,
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Figure 1. C;H(N isomers that have been studied by rotational
spectroscopy: (E)-1-cyano-1,3-butadiene (E-1),* (Z)-1-cyano-1,3-
butadiene (Z-1),*° 4-cyano-1,2-butadiene (2),%* 2-cyano-1,3-buta-
diene (3),” 4-cyano-1-butyne 1), (cyanomethylene)cyclopropane
(5),° l-cyanocyclobutene (6),° 1-cyano-2-methylenecyclopropane
(7), and pyridine (8).%°
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Figure 2. 1-Cyano-2-methylenecyclopropane (7, C,, CsH;N)
structure with principal inertial axes and dipole moment (green
arrow; p, = 3.7 D, y, = 1.5 D, and p, = 0.94 D, MP2/cc-pVTZ).

u, = 1.5 D, and p, = 0.94 D, MP2/cc-pVTZ), making it an
appealing molecule for laboratory study and for a radio-
astronomical search. 1-Cyano-2-methylenecyclopropane (7) is
higher in energy than pyridine (52 kcal/mol, MP2/cc-pVTZ)
due, in part, to its strained three-membered ring and lack of
aromaticity. Intriguingly, seven molecules with three-mem-
bered rings have been found in the interstellar medium to date:
cyclopropenylidene (¢-C3H,),”” cyclopropynyl radical (c-
C,H),”* ethynyl cyclolpropenylidene (c-C3HCCH),™ cyclo-
propenone (c-H,C;0),”" ethylene oxide [¢-CH,(O)CH,],*>*
propylene oxide [CH,CH(O)CH,],** and the bicyclic cluster
SiC,.*° Herein, presented for the first time is a detailed analysis
of the rotational spectra of the ground vibrational state, the
first two fundamental states, and the lowest-energy overtone
state of 1-cyano-2-methylenecyclopropane (7), covering the
frequency range from 235 to 500 GHz. Interstellar detection of
molecules via radioastronomy requires either specific transition
frequencies that have been experimentally measured in the
laboratory or a set of experimentally determined spectroscopic
constants that can predict transitions with sufficiently high
accuracy and precision. The transitions and spectroscopic
constants presented in this work should serve as a basis for the
search for this molecule in an interstellar medium over a wide
frequency range.

B EXPERIMENTAL AND COMPUTATIONAL
METHODS

Synthesis. 1-Cyano-2-methylenecyclopropane (7) was
prepared as shown in Scheme 1. A rhodium acetate-catalyzed
cyclopropanation reaction of ethyl diazoacetate afforded the
cyclopropane ring in 9, followed by the elimination of HBr to
generate the 7 bond in 10. The ester 10 was converted to the
corresponding amide 11, which was subsequently dehydrated
by treatment with phosphoric anhydride to afford 1-cyano-2-
methylenecyclopropane (7). The synthetic details and
spectroscopic characterization of synthetic intermediates are
available in our contemporaneous work on the photo-
isomerization of (cyanomethylene)czrclopropane (5) into 1-
cyano-2-methylenecyclopropane (7).

Spectroscopy. The rotational spectrum of 1-cyano-2-
methylenecyclopropane (7) was collected from 23S to 500
GHz using a previously described millimeter-wave spectrom-
eter in a continuous flow at room temperature, with a sample
pressure of 12 mTorr.””~** The complete spectrum from 235
to 500 GHz was obtained using automated data collection
software in less than 2.5 days with the following experimental
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Scheme 1. Synthesis of 1-Cyano-2-
methylenecyclopropane (7)
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parameters: 0.6 MHz/s sweep rate, 10 ms time constant, and
50 kHz AM and 500 kHz FM modulation in a tone-burst
design. The separate spectral segments were combined into a
single broadband spectrum using Kisiel's Assignment and
Analysis of Broadband Spectra (AABS) software.”** Pickett’s
SPFIT/SPCAT was used for least-squares fitting and spectral
predictions,*’ along with the PIFORM program for analysis.**
A uniform frequency measurement uncertainty of 50 kHz was
assumed for all measurements.

Computation. Electronic structure calculations were
carried out with Gaussian 16" using the WebMO interface.*®
Optimized geometries were obtained with various levels of
theory (including the MP2/cc-pVTZ level) using “VeryTight”
convergence criteria and an “UltraFine” integration grid, and
subsequently anharmonic vibrational calculations were carried
out in Gaussian 16. The results of these calculations are
discussed in the Supporting Information. Through the course
of this investigation, it became clear that there were some
issues with the computed spectroscopic values in the Gaussian
output files. As a result, an optimized structure was obtained
separately, using a development version of CFOUR,"” at the
MP2/cc-pVTZ level and subsequently used for a second-order
vibrational perturbation (VPT2) anharmonic frequency
calculation by evaluating the cubic force constants using
analytical second derivatives at displaced points.**™>° The
anharmonic vibrational calculations provided computed rota-
tional constants, quartic and sextic centrifugal distortion
constants, and vibration—rotation interaction constants. All
computational output files are provided in the Supporting
Information. Only the MP2/cc-pVTZ-computed spectroscopic
constants from CFOUR will be discussed in the remainder of
this paper.

B RESULTS AND DISCUSSION

Ground Vibrational State. The three large dipole
moment components result in rotational spectra that contain
many observable a-, b-, and c-type transitions. Figure 3
provides the complete predicted spectrum of 1-cyano-2-
methylenecyclopropane (7) at frequencies up to 750 GHz at
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Figure 3. Predicted rotational spectrum of the ground vibrational state of 1-cyano-2-methylenecyclopropane (7) to 750 GHz at 292 K. a-Type
transitions are displayed in blue, b-type transitions are displayed in green, and c-type transitions are displayed in yellow.
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Figure 4. Predicted (top) and experimental (bottom) rotational spectra of 1-cyano-2-methylenecyclopropane (7) from 310.0 to 319.0 GHz.
Ground-state transitions for the J” + 1 = 66 and J” + 1 = 67 bands appear in black, v,; in purple, v,4 in green, and 2v,; in red.

292 K. The a-type (AK, = 0) transitions have their peak
intensity at lower frequency, while the b- (AK, = +1) and c-
type (AK, = +1) transitions have their intensity maximum at
higher frequency. This circumstance allows for a much greater
range of transition J and K energy levels in the same frequency
range. In the spectral segment from 310 to 319 GHz shown in
Figure 4, for example, the spectrum is dominated by intense a-
type, Ry, transitions, which form prominent prolate-type band
structures. These recognizable bands are those expected from a
moderately prolate molecule, x = —0.846, at high-J and high-K,
values. These bands are separated by approximately B + C
(~4.7 GHz). The K, = 0 transitions for each band are located
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at much lower frequencies. For the J” + 1 = 67 band shown in
Figure 4, the K, = 0"/1” transition (K, degenerate, oblate-type
behavior) is 29.3 GHz lower in frequency than the main body
of the band and appears as a degenerate set of two more-
intense a-type and two less-intense b-type R-branch transitions.
As K, increases, the transitions progress to higher frequencies
and eventually lose their K, degeneracy, forming quartets of
transitions (at K, 77/8" for the J” + 1 = 67 band,
asymmetric-top behavior). At moderate values of K, (K, = 12*
for the J” + 1 = 67 band), the transitions turn around and
progress toward lower frequency with increasing K, eventually
forming K, degenerate pairs of a-type R-branch transitions (at

https://doi.org/10.1021/acs.jpca.3c08002
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Table 1. Spectroscopic Constants for the Ground Vibrational State of 1-Cyano-2-methylenecyclopropane (7) (S- and A-
Reduced Hamiltonian, I" Representation)

A, (MHz)
B, (MHz)
C,"® (MHz)
D (kHz)
Dik (kHz)
Dy (kHz)
d, (kHz)

d, (kHz)
H,; (Hz)
Hik (Hz)
Hy (Hz)
Hy (Hz)

h, (Hz)

hy (Hz)

hy (Hz)

L (uHz)
Ly (uHz)
Ly (uHz)
Lixg (uHz)
Ly (uHz)

I, (uHz)

L, (uHz)

Iy (uHz)

I, (uHz)
Nines”

o5 (MHz)
e

A; (uA?)

S reduction, I" representation

experimental

7780.58024 (38)
2566.80795 (12)
2132.05792 (13)
1.182678 (23)
—7.264766 (87)
37.0123 (11)
—0.332432 (14)
—0.0279227 (71)
0.0031770 (26)
—0.001669 (12)
—0.164367 (52)
0.7200 (13)
0.0015011 (18)
0.0003449 (12)
0.00004182 (26)
—0.00000832 (10)
—0.00016332 (58)
0.0012279 (33)
0.000102 (12)
—0.00771 (54)
—0.000005039 (77)
—0.000002107 (58)
—0.000000242 (19)
[0.0]°
3604
0.041
—0.846065925 (61)
—24.805848 (17)

MP2“

7731
2563
2128
1.188
—7.353
36.66
—0.3333
—0.02715
0.003170
—0.001445
—0.1659
0.7260
0.001520
0.0003550
0.00004280

—0.889
—34.3

A reduction, I" representation

A, (MHz)
B, (MHz)
Co® (MHz)
A (kHz)
A]K (kHz)
Ay (kHz)

5, (kHz)

Sx (kHz)
D, (Hz)
d)]K (Hz)
(DKJ (Hz)
@y (Hz)

¢] (Hz)

¢]1< (Hz)
¢y (Hz)

L (uHz)
Ly (uHz)
Lk (uHz)
Ly (uHz)
Ly (uHz)

I (uHz)

Ik (uHz)

lK] (#Hz)

Ix (uHz)
Nines”

o5 (MHz)
e

A; (uA?)°

experimental

7780.57901 (39)
2566.81361 (12)
2132.05216 (13)
1.238500 (25)
—7.60087 (13)
372913 (11)
0.332470 (14)
2.79381 (76)
0.0038662 (34)
0.010728 (99)
—0.21721 (37)
0.7588 (14)
0.0015450 (18)
0.02201 (13)
0.2825 (19)
—0.00001259 (16)
—0.0001628 (75)
0.001246 (27)
0.000434 (21)
—0.00767 (54)
—0.000005363 (82)
—0.0000822 (59)
0.00086 (14)
[0.0]°
3604
0.042
—0.846062005 (61)
—24.804784 (17)

MP2“

7731
2563
2128
1.243
—7.679
36.93
0.3333
2.704
0.003880
0.01137
—-0.2192
0.7659
0.001563
0.02292
0.2869

—0.889
—34.3

“Calculated using the cc-pVTZ basis set in CFOUR. “Bracketed values held constant. “Number of independent transition frequencies. 9= (2B -
A — C)/(A — C) using a custom script. “Inertial defect (A; = I, — I, — I,) calculated from the B constants using a custom script.
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K, = 187/18" for the J” + 1 = 67 band, true prolate-type
behavior). In the J” + 1 = 67 band, the R-branch series
progresses to lower frequency until K, = 347/34", where the
transitions form the distinct prolate-type bands, shown in
Figure 4. This series turns around once again to progress
toward higher frequencies with increasing K, until the
transitions become lost in the spectral confusion as they
become progressively less intense. For 1-cyano-2-methylene-
cyclopropane (7), these bands are highly overlapped with
transitions of one band running through many others, visually
obscuring the K, = 0 band origins. Further complicating the
initial transition assignments, similar spectral patterns are
visible for many vibrationally excited states (including vy, V54
and 2u,;), albeit with decreasing intensity as the vibrational
energy increases. Due to the spectral density of the transitions
from the ground and vibrationally excited states, the initial
transition assignments relied heavily on computed rotational
and centrifugal distortion constants. The initial predictions,
combined with the use of Loomis—Wood plots of the
predicted “Ry; K, = O series, were critical to begin the
measurement, assignment, and least-squares fitting process.
Once the initial assignments were made, progressing along the
a-type series described above allowed for a rapid refinement of
the spectroscopic constants and the accurate prediction and
subsequent assignments of many more a-, b-, and c-type
transitions.

In the end, more than 3600 independent transitions for the
ground vibrational state have been measured, assigned, and
least-squares fit to partial-octic, distorted-rotor Hamiltonians in
both the A (o5, = 41 kHz) and S (65 = 42 kHz) reductions.
Although the data set is dominated by a-type transitions, the
significant dipole components along the b- and c-axes result in
a large number of b- and c-type transitions of both R- and Q-
branch types. The large number of transitions, large frequency
range, and number of nondegenerate a-, b-, and c-type
transitions in the data set combine to provide a complete
determination of the rotational constants and centrifugal
distortion constants through the sextic level (Table 1). As
shown in Figure 5, these transitions cover a large range of
quantum numbers, from 15 to 117 for J” and from 0 to 59 for
K!. The computed spectroscopic constants (MP2/cc-pVTZ,
CFOUR) are presented in Table 1, alongside their
experimentally determined values. The computed rotational
constants are all within 0.7% of their experimentally
determined values. The MP2 quartic centrifugal distortion
constants are in quite good agreement with the experimental
values (within 1.2%), with only d, and &y displaying larger
deviations (3.5%) from their experimentally determined values.
Expectedly, the agreement between the computed sextic
distortion constants and the experimental values is somewhat
diminished but still quite good, with the computed values
being within 6% of the experimental values, except for Hp,
which deviates by 13.4%. This is not dissimilar from the
agreement that was found in our related work on
(cyanomethylene)cyclopropane (S5), the closely related
isomer.” All of the constants are needed to achieve a
satisfactory fit. The likelihood that all of the experimentally
determined values are physically meaningful will be further
supported by the analysis of the fitted constants across the
v U,, series (vide infra). That the centrifugal distortion
constants with the worst agreement with their experimental
counterparts include all of the J/K-dependent, sextic
centrifugal distortion constants in both the A and S reduction
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suggests a systematic, albeit small, issue with the computed
geometry or cubic force constants. All octic distortion
constants, except I, and I, were successfully determined. The
values of I, and I, were held constant at zero in the least-
squares fit, as computed values are not available for the octic
centrifugal distortion constants. The lack of a computational
comparison also makes it more difficult to judge the physical
meaningfulness of the octic distortion constants.
Vibrationally Excited States (v,; v,s and 2v,;). The
vibrational energy manifold of 1-cyano-2-methylenecyclopro-
pane (7) below 500 cm™, which includes the vibrationally
excited states analyzed in this work (1, 1,6 and 20,,), is
shown in Figure 6. Even though many of the higher-energy

500 1/23 7
_— 4I/w7
- — Uty
[ 2V27+V26
— Vartls
400 — 2wy N
Vng —— 3y
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_ 300 | = 1
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fundamental overtone combination
states states states

Figure 6. Vibrational energy levels of 1-cyano-2-methylenecyclopro-
pane (7) below 500 cm™ from computed fundamental frequencies
(MP2/cc-pVTZ). All states are of A symmetry.

states were sufficiently intense to identify in the spectral data,
this work focuses on the two fundamental and the first
overtone states, all of which could be treated with single-state,
distorted-rotor Hamiltonians. We believe that the higher-
energy vibrational states form Coriolis- and anharmonic-
coupled polyads based upon our observation of perturbations
of their transition frequencies. The complete analysis of these
other vibrationally excited states is beyond the scope of the
current work.

The lowest-energy fundamental, v,, (4, 118 cm™!, MP2),
involves a symmetric scissor motion of the nitrile and exocyclic
methylene groups. The next lowest-energy fundamental, vy
(A, 199 ecm™), is best described as a nitrile bending vibration.
The lowest-energy overtone is 2u,, (A, 237 cm™), which is
less than 50 cm™' higher in energy than v,s Utilizing the
experimental centrifugal distortion constants from the ground
state and correcting the ground-state rotational constants with
the computed vibration—rotation interaction constants (B,—
B,) [using either B3LYP/6-311+G(2d,p) or MP2/6-311+G-
(2d,p) in Gaussian 16] provided surprisingly good initial
predictions (vide infra) of the v,, and v, spectra. The poor
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Table 2. Spectroscopic Constants for the Ground and Three Lowest-Energy Vibrationally Excited States of 1-Cyano-2-
methylenecyclopropane (7) (S-Reduced Hamiltonian, I” Representation)

gs. vy, (118 cm™)? Uy (199 cm™!)? 20, (237 cm ™)
A (MHz) 7780.58024 (38) 7795.9069 (78) 7785.7914 (97) 7811.1669 (91)
B,® (MHz) 2566.80795 (12) 2575.55474 (47) 2570.02452 (59) 2584.25774 (60)
C,® (MHz) 2132.05792 (13) 2134.39410 (34) 2135.70106 (42) 2136.66803 (45)
Dy (kHz) 1.182678 (23) 1.185238 (50) 1.188216 (65) 1.187597 (73)
Dy (kHz) —7.264766 (87) —7.11284 (25) —7.38331 (33) —6.96318 (33)
Dy (kHz) 37.0123 (11) 36.940 (33) 37.299 (39) 36.766 (23)
d, (kHz) —0.332432 (14) —0.338241 (43) —0.333450 (54) —0.343878 (52)
d, (kHz) —0.0279227 (71) —0.030752 (14) —0.027517 (16) —0.033629 (10)
H; (Hz) 0.0031770 (26) 0.0031137 (57) 0.0031522 (74) 0.0030552 (88)
Hy (Hz) —0.001669 (12) —0.001779 (98) —0.00179 (12) —0.002116 (55)
Hyy (Hz) —0.164367 (52) —0.15923 (36) —0.16803 (39) —0.15426 (15)
Hy (Hz) 0.7200 (13) 1.047 (50) 0.856 (60) [1.374]°
h, (Hz) 0.0015011 (18) 0.0015080 (48) 0.0014812 (61) 0.0014999 (60)
h, (Hz) 0.0003449 (12) 0.0003671 (20) 0.0003476 (24) 0.00038914 (92)
hy (Hz) 0.00004182 (26) 0.00004663 (20) 0.00004258 (21) 0.00005518 (82)
Ly (uHz) —0.00000832 (10) —0.00000726 (25) —0.00000630 (31) —0.00000635 (41)
Ly (uHz) —0.00016332 (58) —0.0001582 (21) —0.0001710 (28) —0.0001448 (34)
Ly (uHz) 0.0012279 (33) 0.001176 (12) 0.001246 (14) 0.001167 (14)
Ly (uHz) 0.000102 (12) [0.000102]° [0.000102]° [0.000102]®
Ly (uHz) —0.00771 (54) [-0.00771]" [-0.00771]® [-0.00771]"
I, (uHz) —0.000005039 (77) —0.00000489 (20) —0.00000365 (26) —0.00000434 (27)
l, (uHz) —0.000002107 (58) —0.000002201 (98) —0.00000219 (11) [-0.000002295] ©
I, (uHz) —0.000000242 (19) [—0.000000242] © [-0.000000242] © —0.000000320 (51)
I, (uHz) [0.0]° [0.0]° [0.0]° [0.0]°
Niines” 3604 1958 1475 1409
6 (MHz) 0.041 0.039 0.041 0.040
K —0.846065925 (61) —0.84415450 (29) —0.84625983 (39) —0.84224520 (36)
A; (uA?)° —24.805848 (17) —24.268943 (83) —24.91996 (11) —23.73347 (10)

“Vibrational energy calculated at the MP2/cc-pVTZ level in CFOUR. “Bracketed values held constant at zero, at their respective ground-state
value, or at a value extrapolated from lower-energy vibrational states using an appropriate polynomial. “Number of independent transition
frequencies. d=(02B-A—-C)/(A-C), using a custom script. “Inertial defect (A; = I, — I, — I,) calculated from the B, constants using a custom

script.

agreement between the computed (Gaussian 16) and
experimental vibration—rotation interaction constants subse-
quently obtained from the least-squares fits of v,, and v,¢ was a
key observation that led us to identify an error in the computed
values (Supporting Information). The initial prediction of the
2v,, spectrum was made using the linear extrapolation of
ground-state and v,; spectroscopic constants. The good
predictions of the spectra for all of these states made the
initial assignment, measurement, and least-squares fitting quite
straightforward, despite the spectral density. In the final least-
squares fits, centrifugal distortion constants that could not be
determined were held constant at the corresponding ground-
state values (or extrapolated values in the case of 2v,,). The
range of measured transition frequencies and associated
quantum numbers included in the analysis for these vibration-
ally excited states is only slightly reduced relative to the ground
vibrational state. No c-type transitions, however, could be
assigned and measured for these states, due to their lower
populations. The final data set for v,; included over 1900
transitions least-squares fit to both A- and S-reduced, partial-
octic, distorted-rotor Hamiltonians, with low error (o5, = 39
kHz). Similarly, the final data sets for v,¢ and 2v,, included
over 1400 transitions each, fit to both A- and S-reduced,
partial-octic, distorted-rotor Hamiltonians, with comparably
low error (vy4 0g = 41 kHz; 2157, 0, = 40 kHz). The resulting
S-reduction spectroscopic constants are presented in Table 2
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along with the ground-state constants for a convenient
comparison. The data distribution plots and A-reduction
spectroscopic constants are available in the Supporting
Information.

The computed (CFOUR) and experimental vibration—
rotation interaction constants (By—B,) for v,, and v,¢ are
provided in Table 3, as well as the experimental values of 2v,,
for comparison. The relative intensity of the transitions and a
comparison of the computed and experimental vibration—

Table 3. Experimental and Computed Vibration—Rotation
Interaction Constants for 1-Cyano-2-
methylenecyclopropane (7)

experimental MP2“ obs.—calc.
Ag—Ay; (MHz) ~15.3267 (78) ~16.06 0751
B,—B,, (MHz) —8.74679 (49) —8.678 —0.069
Co—Cy, (MHz) —2.33618 (36) 2279 —0.057
Ag—Ays (MHz) —5.23576 (40) —6.302 1.069
By—B,s (MHz) —3.21733 (61) —3272 0.055
Co—Cys (MHz) —3.64248 (43) —3.743 0.101

Ag— Ay, (MHz) —30.58467 (91)
By — B,,,, (MHz) —17.44979 (61)
Co— Cy,, (MHz) —4.61011 (47)

“Evaluated with the cc-pVTZ basis set in CFOUR.
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Figure 7. (a) Relative rotational constants, (b) relative quartic centrifugal distortion constants, (c) relative sextic distortion constants, (d) relative
octic distortion constants, and (e) relative second moments for 1-cyano-2-methylenecyclopropane (7) as a function of vibrational excitation (v v,
where v =0, 1, 2). Open symbols represent values fixed in the least-squares fits to those extrapolated from the lower-energy states in the vibrational

sequence.

rotation constants make the assignment of v,,, vy and 2v,,
unambiguous. The agreement between computed and
experimental constants is excellent, with little deviation for
Vy; and U, Similarly, the vibration—rotation interaction
constants for 2v,; demonstrate a linear relationship to the
fundamental. The vibration—rotation interaction constants
(Ayg—A, and By—B,) for 1,4 are smaller than those for v,,. The
origin of this difference is likely associated with the difference
in vibrational motion between the two modes. In v,,, the
scissoring motion of the nitrile and exocyclic methylene groups
causes those groups to move further from the a- and b-axes,
whereas in 1, only the nitrile group bends, which has a
smaller impact on the A, and B, values. Collectively, these
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observations provide support for the physical meaningfulness
of the spectroscopic constants, determined for both the ground
state and the excited vibrational states, as well as the
appropriateness of the use of a single-state Hamiltonian
model for each. As will be described below, the reliability of
these spectroscopic constants also provides an important
benchmark for computational chemistry software.

For all three vibrationally excited states (1,5, 54, and 2v,,), a
full set of quartic and sextic centrifugal distortion constants has
been determined for the A and S reduction, except for Hy of
2v,; (Table 2). As expected, the number of octic centrifugal
distortion constants that could be satisfactorily determined by
least-squares fitting decreased as the vibrational energy
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increased, primarily due to the decrease in the number of
transitions included in the data set. The quartic centrifugal
distortion constants of fundamental vibrational states v,, and
Uy show the expected small deviations (<10%) in centrifugal
distortion from the ground state. The sextic centrifugal
distortion constants show greater deviations, with Hy and h;
changing by 48 and 15%, respectively. The spectroscopic
constants of 2v,, are quite similar to those expected by linear
extrapolation from the ground state and v,; which will be
discussed in detail below. The close agreement between the
centrifugal distortion constants for the vibrationally excited
states and those of the ground vibrational state suggests that
these values, particularly the quartic constants, should provide
good experimental benchmarks for future computational
predictions.

Analysis of vv,; (v=0, 1, and 2) Series. The robust data
set derived from the current experimental measurements of the
ground state, vy;, and 2v,; of 1-cyano-2-methylenecyclopro-
pane (7) allows a more rigorous analysis of the spectroscopic
constants for each species. If all of the experimental
spectroscopic constants determined by least-squares fitting
are physically meaningful, the variation of the spectroscopic
constants across the v v,; series should be smooth and nearly
linear.”' ~>® In Figure 7, each of the spectroscopic constants is
plotted as a function of v,, along with a linear trendline model.
Constants were included only when two or more values were
experimentally determined to be able to fit a linear regression
model to the experimental data. Open symbols represent fixed
constants that were not determined in the least-squares fitting
process. Figure 7a,e shows the minimal deviation from linearity
in the relative rotational constants and resulting second
moments across the series. The relative deviation from the
extrapolated value is less than 0.4% for each constant. Similarly,
Figure 7b—d shows the relative centrifugal distortion constants
across the v v,, series. The quartic centrifugal distortion
constants also vary linearly with vibrational excitation. The
smooth linear progression of the quartic distortion constants
provides unambiguous confirmation that all of them are
physically meaningful and are well-determined in the least-
squares fits. The sextic centrifugal distortion constants
demonstrate a linear trend. Of the seven sextic distortion
constants for each of the three vibrational states of 7 (v 1,7, v =
0, 1, and 2), the only constant that is not determinable in the
least-squares fits is the term Hy for 2v,,. Holding the value of
the Hy constant at the extrapolated value depicted in Figure 7c,
however, provides a satisfactory least-squares fit for 2v,,. That
the remaining sextic, as well as the octic, centrifugal distortion
constants display the expected linearity suggests that the
extrapolated value of Hy is a reasonable estimate of its actual
value and that the values of the remaining constants are
physically meaningful. The octic centrifugal distortion
constants that are determinable in the current study
demonstrate a smooth dependence on vibrational excitation
(Figure 7d), although the plots are slightly less smooth and
with greater deviation from linearity than the quartic or sextic
centrifugal distortion constants. To the best of our knowledge,
this is the first time that such an analysis has been carried out
on the octic constants of any molecule. The near linearity
suggests that the octic distortion constants are as physically
meaningful as they can be given that some of the octic terms
were held constant at zero.

Analysis of the Computational Results. As discussed
above, the agreement between the computed (CFOUR)
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spectroscopic constants and those determined experimentally
is excellent. In the course of this work, we identified (and
describe in detail in the Supporting Information) previously
unreported issues with the computed spectroscopic constants
reported in Gaussian 16. The spectroscopic constants are
reported in a representation different from what the output
representation label indicates (issue #1). The computational
output files from Gaussian 16 indicate that the centrifugal
distortion constants are in the III" representation, though they
are actually I". This has been confirmed by comparison to the
experimental values and by direct calculation of the A- and S-
reduction quartic centrifugal distortion constants from the 7
distortion constants using the equations in Tables 8.14 and
8.16 in Gordy and Cook.>” The S-reduction spectroscopic
constant Hj is computed to have the wrong sign and
magnitude for molecules of C; symmetry (issue #2). This is
particularly problematic given the increased need for the
inclusion of sextic centrifugal distortion in least-squares fits due
to the increased prevalence of wide-frequency-range milli-
meter-wave spectrometers. While all of the A-reduction
spectroscopic constants are well-predicted, the generation of
reliable computed constants in the S reduction is also
important, as the A reduction is known to break down for
molecules that are highly prolate, oblate, or spherical.”*~%*
Finally, the previously reported issue in determining the
vibration—rotation interaction constants®® appears to not have
been addressed for molecules of C; symmetry (issue #3). To
the best of our knowledge, this is the first report of these issues.

B CONCLUSIONS

The rotational transitions of 1-cyano-2-methylenecyclopropane
(7), a newly synthesized isomer of pyridine, are available for
the first time. Combined with its companion work, the analysis
of 7 herein provides a near-complete spectroscopic character-
ization of this new compound.”® The large number of
transitions (over 3600) across a 265 GHz frequency range,
covering transitions with over 100 ] energy levels, affords a
satisfactory determination of a nearly full set of spectroscopic
constants through the octic level of centrifugal distortion.
These spectroscopic constants are likely to predict the
spectrum well outside the observed frequency range due to
the inclusion of a-, b-, and c-type transitions in the data set and
the types of transitions that will be encountered in new
frequency ranges. The higher-frequency spectrum of 7 (>500
GHz) will be dominated by b- and c-type transitions whose
energy levels are already well-described by the spectroscopic
constants because there are a-type transitions in the data set
with those energy levels. Likewise, the lower-frequency
spectrum of 7 (<235 GHz) will be dominated by a-type
transitions with energy levels already included in the data set
for b- and c-type transitions. Combined with computed or
experimental nuclear quadrupole coupling constants, these
constants should adequately predict all of the rotational
transitions available to current radiotelescopes.

Meaningful analysis and prediction of experimental rota-
tional spectra require the availability of reliable computational
prediction of spectroscopic parameters. Detailed studies of the
ground and vibrationally excited states of molecules over a
wide range of frequencies and quantum numbers, in turn,
provide new benchmarks for computational predictions. This
study provides spectroscopic constants for two fundamental
vibrational states that can be used as benchmarks for the future
development of computational methods. Despite some recent
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advances,”*”"” very few studies have included computational

prediction of the centrifugal distortion of vibrationally excited
states. In addition, we unintentionally provided a benchmark
for the existing computational software. The uncovered issues
in Gaussian 16 make it more difficult to make accurate initial
predictions of the rotational spectra for C; molecules in the
ground and excited vibrational states. These issues may cause
spectroscopists to question the physical meaning of obtained
rotational constants that are quite different than their
theoretical predictions, as that disagreement can be a sign of
unaddressed coupling between vibrational states. We are
hopeful that these issues will be addressed in the future
given the widespread use of Gaussian 16 by the spectroscopic
community and its relative ease of use for most experimental
chemists.
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