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Recently, several cm-wave transitions of benzonitrile have been detected in the interstellar medium
(TMC-1). In this work, the mm-wave spectrum of benzonitrile (C¢HsCN, Ca,, 4 = 4.5 D), a planar asym-
metric rotor molecule, is reported in the 103-360 GHz frequency region. Over 3000 rotational transitions
have been newly measured for the ground state and were combined with previous data in a global fit,
which allows predictions of both low-temperature hyperfine resolved and high-frequency unresolved
rotational spectra. Rotational transitions in the lowest fundamentals, vy, and vs3 (141 and 163 cm™,
respectively), have been observed for the first time, and were complemented by identification of several
nominal interstate transitions resulting from strong interstate mixing. Application of a two-state,
Coriolis-coupled model accounted, to within experimental precision, for many identified interstate per-
turbations resulting in AE,; 33 = 19.108185(7) cm™! and |{52.33] = 0.841(7). This study provides insight into
the generic problem affecting the lowest excited vibrational states of this molecular class and describes
the techniques allowing its successful analysis. The new data provide the foundation for future remote

detection applications of benzonitrile.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

Since the reported infrared detection of benzene in the inter-
stellar medium (ISM) by Cernicharo et al. [1], there has been
increased motivation to detect analogous aromatic molecules more
reliably by radioastronomy [2,3]. Two small aromatic molecules,
cyclopropenylidene [4,5] and cyclopropenone[6], have already
been detected in the ISM. Due to its strong dipole moment
(a = 4.5 D) [7], being a derivative of benzene, and the fact that
numerous nitriles have been detected in the ISM [8], benzonitrile
(CeHsCN, depicted in Fig. 1) provided a very attractive target for
direct detection in the ISM by means of its rotational transitions
and radioastronomy.

Indeed, benzonitrile has been detected in the ISM [9,10] by
observation of nine hyperfine-resolved rotational transitions in
Taurus Molecular Cloud 1 (TMC-1) [11] from 18 to 23 GHz using
the Green Bank Telescope. These astronomical observations in
the cm-wave region motivate a refinement of the benzonitrile
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spectroscopic constants and an extension of the mm-wave broad-
band spectrum. Despite the availability of instruments that can
observe mm-wave spectra, such as the Atacama Large Millimeter
Array (ALMA), nearly all of the mm-wave data previously available
for benzonitrile have been in a relatively narrow band of 152-160
GHz [12] and no astronomical searches in the mm-wave region
have been reported.

Benzonitrile is a prolate (k = —0.85) asymmetric rotor with Cy,
symmetry and its substantial dipole moment along its a-inertial
axis results in intense “R-type absorptions. The rotational spectrum
of benzonitrile has been studied extensively in the cm-wave region
(1-30GHz) [7,9,13-18]. Erlandsson and Lide independently
published the first rotational spectral analyses in 1954 [13,14].
Bak et al. later published infrared (IR) and cm-wave analyses of
benzonitrile, producing a complete substitution structure based
on data for the parent isotopologue and all possible mono-
substituted isotopologues [15,19]. This structure was refined by
Casado et al. with the addition of several Q-branch transitions for
most of the mono-substituted isotopologues [16]. Green and
Harrison refined the analysis of the experimental IR spectrum,
accounting also for the lowest wavenumber modes [20], while
Csaszar and Fogarasi carried out a computed harmonic force field
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Fig. 1. Benzonitrile structure with principal rotation axes.

analysis [21]. Wlodarczak et al. extended the observed spectro-
scopic transitions into the mm-wave region (up to 160 GHz), pro-
viding a substantial improvement in the determination of the
centrifugal distortion constants [12]. The rotational constants,
hyperfine coupling constants, and dipole moment were well-
determined by supersonic expansion Fourier-transform microwave
(FTMW) spectroscopy [7]. In the course of the study by Dahmen
et al., the rotational constants for the heavy isotopologues of ben-
zonitrile were refined, resulting in an updated substitution struc-
ture [22]. Most recently, Rudolph et al. determined the semi-
experimental equilibrium structure of benzonitrile using B3LYP-
calculated vibration-rotation interaction (o;) constants and the
previously published rotational constants for ten isotopologues
[23].

Parallel to the laboratory spectroscopic work, several authors
have suggested mechanisms of formation and postulated the pres-
ence of benzonitrile in extra-terrestrial bodies and the ISM [24-
28]. Khare et al. demonstrated that an electric discharge of a mix-
ture of methane, ammonia, and water generated benzonitrile at a
range of temperatures (150-600 °C) [24]. While not directly analo-
gous to the ISM, these experiments were designed to show that
complex organic molecules could be generated from simple gases
under conditions observed in the Jovian planets. Balucani et al.
explored the formation of benzonitrile and a hydrogen atom using
a crossed molecular beam collision of a cyano radical and benzene,
concluding that the barrierless reaction was favorable by 95 kj/mol
[25]. Woods et al. suggested that, in the proto-planetary nebula
CRL 618, the concentration of benzonitrile, generated primarily
via the reaction between benzene and cyano radical, was similar
to that of benzene [26]. Additionally, Woon explored this reaction
computationally (MP2 and B3LYP) and concluded that benzonitrile
formation dominated the chemistry of benzene and cyano radical
across a wide range of temperatures and pressures relevant for
Titan’s atmosphere [27]. Most recently, Parker et al. observed ben-
zonitrile after mixing nitrosobenzene and vinyl cyanide in a pyro-
lytic reactor [28]. They proposed that phenyl radical is generated
in situ along with cyanovinyl radical, which subsequently decom-
poses to the cyano radical and reacts with the phenyl radical to
form benzonitrile. Thus, benzonitrile has been a clear target for
radioastronomical detection due to its favorable dipole and ability
to be generated from cyano radical [29] and benzene, [1,30,31]
which have both been detected in the ISM.

In the current study, we performed new measurements of the
rotational spectrum of benzonitrile in the 103-360 GHz frequency
region. Extensive measurements were performed for the ground
state, and for the two lowest energy vibrational states. The rota-
tional transitions in these two states have been assigned for the
first time and were found to be only partially amenable to a
single-state model. As has been observed with other single-ring
aromatic compounds and larger polycyclic aromatic hydrocarbons
(PAHs) [32-34], these two lowest energy vibrational states are

strongly coupled. In the case of quinoline [34], phenylacetylene
[32], and the current work, transitions in these two states were fit-
ted with a two-state model that ultimately accounted for all
observable transitions to within the measurement accuracy. The
coupling of the two lowest-energy vibrational modes appears to
be the norm for these aromatic molecules and should be consid-
ered when investigating these species and preparing for their
radioastronomical observations.

2. Experimental methods

Commercially available samples of benzonitrile were used
without further purification for all measurements. The 103-136
GHz (low) and 185-207 GHz (mid) portions of the spectrum were
recorded with the millimeter-wave spectrometer in Warsaw that
uses source modulation and second derivative detection. The
low-frequency segment was recorded using a synthesizer-driven
12 x VDI multiplier source [35] and the mid-frequency range
was collected using a phase-locked direct generation BWO source
[32]. Both spectra were acquired at room temperature and 5 mTorr
sample pressure. The 250-360 GHz (high) spectrum was collected
on a broadband spectrometer in Madison with benzonitrile pres-
sures of 2-6 mTorr [33]. The high-frequency benzonitrile spectrum
was collected at room temperature and at —50 °C, the latter to
minimize the abundance and resulting intensity of transitions in
high-energy vibrational satellites.

The spectra were combined into a single broadband spectrum
using the Assignment and Analysis of Broadband Spectra (AABS)
software [36,37]. In addition to the AABS suite, the PIFORM, PISLIN,
PMIXC, PLANM, and AC programs were used for spectral viewing
and analysis [38,39]. Least-squares fits and spectral predictions
were carried out using Pickett’s SPFIT/SPCAT [40]. In the fits, we
assumed uniform frequency measurement uncertainty of 50 kHz
for all present measurements, and uncertainties specified by the
respective authors for the literature data. In the case where such
a value was not given (Ref. [18]) we assumed an uncertainty of
5 kHz, which resulted in weighted, root mean square (rms) devia-
tion for this subset that was similar to those for the other literature
data subsets.

3. Computational methods

The CCSD/ANO1 [41] geometry optimization and VPT2 anhar-
monic frequency calculations were performed using CFOUR 2.0
[42]. The geometry optimization utilized analytic gradients
[43,44] with the frozen core approximation. Numerical differentia-
tion of the analytic second derivatives at displaced points was used
to obtain cubic force constants [45,46], which allowed calculation
of vibration-rotation interaction constants (o; values). A geometry
optimization using OPT = tight with an ultrafine grid and anhar-
monic vibration-rotation calculations at the B3LYP/6-311+G(2d,p)
level were conducted in Gaussian 09 [47] via the WebMO interface
[48]. Output files of computational work are provided in the Sup-
plementary Material. The two levels of anharmonic computations
were designed to test a stepwise computing approach, since the
B3LYP calculation corresponded to 246 basis functions and the
much lengthier CCSD calculation (two months on a multi-node
cluster) was based on 315 basis functions. Centrifugal distortion
constants were also predicted by the B3LYP and CCSD calculations.
Unfortunately, the quartic force constants in the CCSD calculation
were poorly determined, resulting in unreasonable anharmonic
frequencies for many states. These problems affected primarily
the highest wavenumber modes. Though not as drastic, the low
energy vibrational modes also had unreasonable anharmonic
energy differences. The lowest-order vibration-rotation (o)
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changes in rotational constants and centrifugal distortion con-
stants, however, require only a cubic anharmonic contribution,
and those were less affected than the correction from harmonic
to fundamental frequencies, as evidenced by their close agreement
to empirically determined values.

4. Analysis of rotational spectra
4.1. Ground state

The benzonitrile spectrum in the 103-136 GHz, 185-206.5 GHz,
and 250-360 GHz ranges is fairly dense and features multiple
vibrational satellites. While the assignment, measurement, and
least-squares fitting of three states are discussed in this work, ten-
tative assignments have been made also for three more fundamen-
tals and several additional overtones and combination bands. A
sample region of the experimental spectrum at the onset of the
submillimeter region is shown in Fig. 2, with an accompanying
stick spectrum for the ground state, v,,, and vss.

Throughout our observational range, the most intense transi-
tions for benzonitrile and its observed vibrational states belong
to n =2, type-II*, “Ro; bands [49,50]. In such series, the values of
| decrease, and those of K, increase on moving away from the lead
line in the band. Within a given band, the leading line is at lowest
frequency, and consists of two degenerate transitions for the same
value of J: one for K, = 0, the other for K, =1, but with the same
value of K. The quantum numbers for the energy levels of the
two degenerate transitions are, therefore, connected by the condi-
tions K, + K. =J and K, + K. =] + 1, respectively, and notation I, and
K1 is used below for brevity. At higher values of K, these transi-
tions lose the degeneracy, while at even greater values of K, the
degeneracy returns but the two degenerate components are now
for same value of K,. For the ground state lines in the region of
Fig. 2, these two transition points between degeneracy and split-
ting are at K, = 14/, 15! and above K, = 25, respectively. The inten-
sities of the measured rotational transitions are affected by nuclear
spin statistical weights resulting from the presence of two pairs of
symmetry equivalent protons in the phenyl ring of benzonitrile.
The statistics are not immediately apparent in the spectrum, since
many lines are degenerate spectroscopic doublets, but are readily
visible for close pairs of lines with the same value of K. The statis-
tics are 5:3 for even:odd symmetry of the vibronic wavefunction in
the ground state, and reverse to 3:5 for B-symmetry states, in a
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situation identical to that described in more detail for pheny-
lacetylene [32]. The R-branch bands are separated by ~2400 MHz
(approximately 2C), but are interspersed with many lower J, higher
K, transitions, which do not group into easily discernible patterns.

For the vibrational ground state, we measured over 3000 new
absorptions, all belonging to “Rg; branch transitions, ranging in J”
from 37 to 147 and in K, from O to 68. The present measurements
were fitted in a single global fit combining previous hyperfine-
resolved and hyperfine unresolved literature data. The resulting
spectroscopic constants in Watson’s asymmetric rotor Hamiltonian
(A-reduction, I representation) [51] are reported in Table 1. The
current scope and the extent of expansion of the rotational data
set are apparent from the diagram in Fig. 3. The first two columns
of Table 1 report previous fits based either only on hyperfine
resolved supersonic expansion measurements [7,9] or only on
hyperfine unresolved frequencies [12]. Even though we did not
make any hyperfine resolved measurements, we find that the pre-
cision in the nuclear quadrupole splitting constants j, and yp for
the nitrogen nucleus is improved by a factor of three. This provides
a corresponding increase in prediction accuracy for cm-wave tran-
sition in low temperature astrophysical environments.

Similarly, even though we did not measure any Q-branch tran-
sitions, which are most effective in determining the purely K
dependent Hamiltonian parameters, we find that the precision in
rotational constant Ay and in the centrifugal distortion constant
Ay has been improved by well over an order of magnitude. The
experimentally determined spectroscopic parameters are found
to be in good agreement with the two anharmonic calculations.
It is difficult to choose between the two sets of computed results
except, perhaps, for poorer B, from the CCSD calculation. Neverthe-
less, the performance of both computations concerning the ground
state rotational constants is equally impressive, and the correc-
tions A. — Ap between ground state to equilibrium are consistent
and close to 42 MHz; B, — By and C, — Cy are near 6 MHz. The com-
putations overestimate the observed inertial defect, 4; = 0.080084
(3) uA?, as was found in ref [23], where it was also shown that fur-
ther improvement requires electron mass contribution corrections.

We have been able to determine all but one sextic centrifugal
distortion constants, and these are in excellent agreement with
the values computed from the anharmonic force field. A comparison
of sextic constants for a molecule of this size and is quite rare, as
benchmark studies of sextic constant computations have only been
made for molecules with a few atoms. Interestingly, we have not
been able to determine the sextic centrifugal distortion constant
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Fig. 2. Benzonitrile rotational spectrum from 311,900 to 312,600 MHz (top) and stick spectrum of the ground vibrational state, v,,, and vs3 transitions (bottom). The strongest
transitions belong to the n =2, type-II* bands, indicated above the spectrum, where values of J are marked. Many yet-to-be analyzed transitions belonging to other

vibrational satellites are visible.
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Table 1

Experimental and computational spectroscopic constants for the ground vibrational state of benzonitrile.

Wlodarczak [12]* McGuire [9]° Current work® B3LYP! CCSD®

Ao (MHz) 5655.2647(20) 5655.26522(59) 5655.265371(75) 5650.12 5661.67
Bo (MHz) 1546.87589(16) 1546.875836(63) 1546.8757804(76) 1546.59 1544.99
Co (MHz) 1214.40434(14) 1214.404061(48) 1214.4040772(67) 1213.97 1213.50
A; (kHz) 0.045287(22) 0.04563(28) 0.0452653(27) 0.04358 0.04316
Ay (kHz) 0.93268(29) 0.9333(24) 0.937906(27) 0.8790 0.8886
A (kHz) 0.3175(112) 0.272(64) 0.24234(77) 0.2795 0.2570
57 (kHz) 0.0110056(51) 0.01111(16) 0.01101589(73) 0.01056 0.01047
ok (kHz) 0.60649(24) 0.6136(73) 0.609088(74) 0.5690 0.5743
&, (Hz) 0.00000051(22) 0.000000765
@y (Hz) 0.0015435(46) 0.00133
@y (Hz) —0.00552(15) —0.007849(17) ~0.00727
@y (Hz) 0.200(24) [0.] 0.00624
¢ (Hz) 0.000001412(38) 0.00000104
oy (Hz) 0.0007431(30) 0.000677
¢ (Hz) 0.007106(76) 0.00561
L; (UHz) 0.0000585(56)
Ly (UHzZ) —0.002085(52)
Lig (HHZ) —0.0428(18)
Ly (nHz) 4.468(90)
Yaa (MHz) —4.23797(89) —4.23755(27)
%vp (MHzZ) 2.28907(118) 2.28872(38)
A; (uA2)f 0.080007(67) 0.080099(23) 0.080084(3) 0.0873 0.0924
N& 166 146 4073
o (MHz) 0.00130 0.0248
Grms' 0.622 0.520

¢ Fit to previous hyperfine unresolved data up to 160 GHz.
Fit to hyperfine resolved data from supersonic expansion measurements.

Evaluated with the 6-311+G(2d,p) basis set.
Evaluated with the ANO1 basis set.

Inertial defect, A4; = I. — I, — Ip.

Number of fitted transition frequencies.
Unitless deviation of the weighted fit.

R A

a

Fig. 3. Data distribution plot for the global fit of combined spectroscopic data for
the vibrational ground state of benzonitrile. The size of the plotted symbol is
proportional to the value of |(fops. — feaic.)/ofl, where df is frequency measurement
uncertainty, and all values are smaller than 3. Black symbols denote data from the
present work, colored symbols mark literature [7,9,12,16,18]. Circles mark “Ro;
branch transitions, and crosses identify literature Q-branch transitions and a single
P-branch transition. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Global fit to the present mm-wave measurements and the available literature data [7,9,12,16,18].

®y, while it was necessary to use the related, higher-order constant
L. This may be the first indication that at the very high K, values of
up to 68 reached by the present data there is some interaction with
rotational levels of vibrational states above the ground state.

4.2. The lowest vibrational states, v,; = 1 and v33 = 1

The first excited vibrational states of the two lowest fundamen-
tal modes, v5, (141 cm™!, B; symmetry) [20,21] and v35 (163 cm™!,
B, symmetry) [20,21], are sufficiently close in energy that their
rotational spectra display the effects of a strong vibration-
rotation interaction. These two low-frequency vibrations are
mutually perpendicular bends associated with the nitrile func-
tional group (R—C=N). The v,; normal mode is the out-of-plane
bend of the nitrile with respect to the aromatic ring, while vs3 is
the corresponding in-plane bend. Fig. 4 shows the complex vibra-
tional energy level pattern for this molecule; eighteen excited
vibrational states are expected to be present below 600 cm™'. All
of these states are expected to give rise to measurable rotational
transitions in the room temperature rotational spectrum. Even
though the analysis of the 2v;;, v,5+v33, and 2vs3 triad and of the
fundamentals v,1, V15, and vq, is ongoing, it is not yet sufficiently
mature for inclusion in the present work. Tables of all fundamental
modes, their symmetries, harmonic frequencies, and infrared
intensities calculated at the B3LYP/6-311+G(2d,p) and CCSD/
ANO1 levels of theory are provided in the Supplementary Material.

The rotational transition patterns for both v,, and vs3 are
dominated by the same type-II" bands, as seen in Fig. 2, and show
similar degeneracy behavior to that of the ground state. Since
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Fig. 4. The vibrational energy levels of benzonitrile below 600 cm™~!, drawn from
harmonic values of the CCSD/ANO1 calculation. Four combination levels above 530
cm~ ! involving vq5 and v,; modes have been omitted for clarity. The denoted v33-
v, energy difference results from the perturbation analysis of the present work.

separation between successive bands is also determined by 2C and
the vibrational changes in this rotational constant are small (less
than 2 MHz) these excited state bands turn out to be close in fre-
quency to the corresponding bands for the ground state. The distri-
bution of lines in type-II" bands, however, is critically dependent
on the effective inertial defect in each state, and in both cases this
is significantly different from that in the ground state. The result is
a much broader line distribution for v33, and an equally broad band
structure for v,,, but one that is characterized by a turnaround (see
Fig. 2).

Analysis of rotational transitions in the two states commenced
with assignment of low K lines in low- and mid-frequency ranges,
and two separate single-state asymmetric rotor fits. Anharmonic
calculations of vibrational changes in rotational constants were
used for initial predictions, while starting values of centrifugal dis-
tortion constants were set to the experimentally determined val-
ues of the ground state. This allowed confident assignment of the
lowest frequency, lowest K, transitions, up to the point when sat-
isfactory deviations of fit could not be reached with single state fits
even on significant expansion in the number of fitted centrifugal
distortion constants. At the same time, the values of many such
constants began to significantly diverge relative to those of the
ground state, but in opposite directions for the two states, in a clear
signature of interstate coupling. Setting up a suitable two-state fit
required determination of the type of interaction taking place.
Since v,, and v33 belong to By and B, irreducible representations,
respectively, of the C,, symmetry point group of the benzonitrile
molecule, this excluded the possibility of a Fermi resonance.
Coriolis-coupling would, however, be allowed along the inertial
axis whose angular momentum component transforms like the
irreducible representation of the product B, ® B, =A,. This is
the a-inertial axis and coupling between first excited states of
the two modes is directly proportional to the value of the relevant
Coriolis coupling constant, in this case (3,3;. The corresponding

spectroscopic constant, G, is directly related to (3, 55 by

Wy + W33

/(W22 X (W33

where ,, and ws3 are the harmonic frequencies for the two
modes, and A is normally identified with the rotational constant
Ao, since this is a harmonic level expression accounting for changes

Go = @2.33/‘-‘ (1)

relative to the ground state. The key coupling parameters for setting
up the calculation were thus the vibrational energy difference, AE,
between the two states and the first-order Coriolis coupling coeffi-
cient, G, which were both estimated on the basis of the computa-
tions. Even prior to refining the fit, it was possible to see with
Loomis-Wood type techniques built into the AABS package [36] that
there were a considerable number of local, level-crossing reso-
nances affecting rotational transition frequencies. Matching such
resonances in the two vibrational states (as described below)
allowed rapid refinement of the values of the interstate coupling
terms. It turned out that, in addition to G,, only three other coupling
coefficients (G, Fy., and Fi.) were required in an expansion of the
coupling Hamiltonian described previously [52]. The final analysis
requires only these four parameters and AE in order to describe
all of the observed effects of the interstate interactions down to
experimental accuracy. The resulting values of spectroscopic con-
stants from the two-state least squares fit of the measured transi-
tions for the v,, and vs3 dyad are listed in Table 2 and
distribution plots of obs. — calc. frequencies from the final fit are
shown in Fig. 5.

The excited vibrational state transitions in the mm-wave spec-
trum are, as for the ground state, observable only for the “Rg;
selection rule and were measured up to K, =47. Transitions for
higher values of K, were also assignable and consistent with the
final fit. Nevertheless, the upper cutoff in K, was imposed in order
to avoid introducing instabilities into the data set from very weak
transitions where frequency measurements became considerably
more prone to errors from blending with other lines. The final data
set includes around 3000 independent lines for each vibrational
state; deviations of fit are less than 40 kHz both for the overall cou-
pled state fit and for the data subsets for each vibrational state.
These values show that the frequency measurement error of 50
kHz assumed in weighted fits involving present data is somewhat
overestimated. Table 2 allows a direct comparison of the excited
state constants against those for the ground state, showing mini-
mal vibrational variation of centrifugal distortion constants. In fact,
this small variation allowed us to use, as parameters of fit, six
fewer high-order centrifugal distortion constants than in the
ground state. All of the excited state quartic constants are within
3% of the ground state values, and the three best-determined sextic
constants change within 21% relative to the ground state, all of
which is indicative of very satisfactory decoupling of perturbation
effects from centrifugal distortion.

The only apparent deficiency of the coupled fit is the poor deter-
mination of Ayj, As3, G, and, as it turns out, also of Fy.. This is due to
practically unit correlation between these four parameters and is
similar to the situation encountered before for quinolone [34]
and phenylacetylene [32]. The correlation matrix for these param-
eters is provided in the Supplementary Material. The measured
transition set already determines the vibration-rotation energy
level structure completely and the indeterminacies cannot be bro-
ken by introducing transitions with different selection rules, even
such as far-infrared vibration-rotation transitions in the case of
quinolone [34]. It is still possible, however, to reduce the number
of intercorrelated parameters by fitting their suitable linear combi-
nations [32,34], also listed in Table 2. In the present case, we find
that (A, +As3)/2 is determined very precisely, while the poor
accuracy in the separate A, and Ass values arises from the practi-
cally indeterminate (Ay, — As3)/2. Complete data files and results of
the fits are available in the Supplementary Material.

4.2.1. Understanding the resonances

The two fundamentals exhibited the effects of both global and
local perturbations. Fig. 6 illustrates a representative, broad, non-
resonant global perturbation between v,, and vs3, for the K,=9
transition series. In the absence of perturbation, this type of plot
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Table 2

Experimentally determined parameters for 75, = 1 and v33 = 1 excited vibrational states of benzonitrile compared to those for the ground state.

gs. v5=1 (By, 141 cm™ 1) [20,21] v33=1 (By, 163 cm 1) [20,21]
A, (MHz) 5655.265371(75) 5654.5(20) 5654.8(20)
B, (MHz) 1546.8757804(76) 1548.621160(52) 1549.725942(47)
C, (MHz) 1214.4040772(67) 1216.238170(44) 1215.222889(52)
Ay (kHz) 0.0452653(27) 0.0459950(27) 0.0461715(27)
Ay (kHz) 0.937906(27) 0.94708(40) 0.90714(40)
Ay (kHz) 0.24234(77) [0.2423]* [0.2423]*
9y (kHz) 0.01101589(73) 0.01108369(59) 0.01136762(49)
5k (kHz) 0.609088(74) 0.607315(93) 0.612108(91)
@; (Hz) 0.00000051(22) 0.000001166(86) 0.000000675(89)
Py (Hz) 0.0015435(46) 0.0013917(22) 0.0016545(22)
@y (Hz) —0.007849(17) —0.00619(12) —0.00907(12)
$k (Hz) 0.0007431(30) 0.0007493(41) 0.0006727(42)
AE (MHz) 572848.96(20)°
AE (cm™1) 19.108185(7)"
Go (MHz) 9532.(62)"
G} (MHz) —0.004588(27)"
Fye (MHz) —0.411(39)°
Ff. (kHz) —0.00981(44)"
(Axa + As3)[2 (MHzZ) 5654.61500(70)
(A22 — As33)[2 (MHz) 0.1(20)
N 3001 2933
o (MHz)" 0.033680 0.037337

2 Ay, along with all sextic and octic centrifugal distortion constants not listed explicitly, were fixed at the ground state values from Table 1.
> AE, G, and F. parameters are for coupling with the 75, = 1 vibrational state, which is at lower energy.
¢ Deviations for the two vibrational state subsets: the overall standard deviation of the coupled fit to 5934 lines is 0.0356 MHz.
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Fig. 5. Distribution plots of values of |(fobs. — feaic.)/f] for the coupled fit of measured transitions in the two lowest excited vibrational states in benzonitrile. There are only a
limited number of transitions with values of |(fobs. — fealc-)/9f] > 3, and those are plotted in red, demonstrating that there is no systematic pattern of deviations from the
assumed Hamiltonian. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

would be of relatively small amplitude, but this is considerably
enhanced by the present Coriolis interaction.

The effective A rotational constants for the excited states would
carry additional Coriolis contributions given by [32]:

28 (s, 20t s

Ap—Ag="" 2

BT O~ .
2A° 23w3; + w3

Az —Ag=— (8 =33 T 3

33 0 033 (522‘33) w§3 — CO%Z ) 3)

which amplify the effects arising from molecular asymmetry, as
seen in Fig. 6. The plots for the two states also display two examples
of very sharp level-crossing resonances at J> 100. Efficient and
unambiguous identification of such resonances requires suitable
visualization techniques in order to guide measurements and fits.
The most useful tools are Loomis-Wood and resonance plots, both
built into the AABS package [36]. Loomis-Wood type plots align seg-
ments of recorded spectra on calculated frequencies of successive
transitions of a given type. These plots allowed initial line assign-
ments by following transition series for a selected value of K, as a
function of J. Transitions near the maxima of sharp resonances were
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Fig. 6. Difference frequency plot for K, = 9 rotational transition sequences in 75, = 1
(copper) and #33 =1 (green) vibrational states, indicating the effect of the non-
resonant part of the Coriolis perturbation between these two states. The plotted
values are frequency differences between excited state transitions and their ground
state counterparts, scaled by (J’ + 1) in order to make the plots more horizontal.
Measured transitions are represented by open circles, while dotted lines identify
the much smaller asymmetry contribution responsible for reduction in the
amplitude of the plot for z33=1. Two local perturbations are also visible at
J>100. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

more difficult to assign, and this was facilitated by means of reso-
nance plots, as in the example in Fig. 7. In the implementation of
the rotational Hamiltonian, the calculation of transition frequencies

100 110 120 130
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Fig. 7. Resonance plots depicting degenerate AK, = 2 and AK, = 4 local perturba-
tions between v,, and v33. Measured transitions are represented by open circles and
predictions from the final coupled fit are in black. The two plots have identical
dispersion along the vertical axis and their exact mirror image correspondence
confirms the K, assignment of the resonance partners.

involves diagonalization of separate matrices for each value of J. For
a given value of J, a simple resonance between two rotational
energy levels in two different vibrational states results in equal
and opposite contributions to the level energies, and thus to transi-
tion frequencies. The resonance effects are readily visible in simple
frequency difference plots between excited state transitions and
their ground state counterparts. Such plots are not critically depen-
dent on the progress of the fit and, when made as a function of J,
allow matching characteristic mirror image resonance spikes, typi-
cally belonging to higher K, transitions in the lower vibrational
state and lower K, transitions in the upper state. This is due to
the requirement for the rotational levels in the two vibrational
states at the same value of J to be matched in energy.

The difference 4K, for perturbed transitions in the two vibra-
tional states is a useful measure of the type of resonance and
Fig. 7 highlights a complication arising from the level degeneracies
prevalent in benzonitrile. It turns out that this gives rise to a AK, =
2 perturbation degenerate with a 4K, = 4 perturbation, as marked
in the figure. These two perturbation series are distinct since they
originate from separate pairs of matrices of the Hamiltonian. Fig. 7
also allows reading off the magnitude of the perturbation at the
maximum, which is close to 360 MHz for the J” = 119 transitions
and would be immensely challenging to assign without using the
proper coupling terms.

Once a fit is moderately advanced, it is possible to obtain an
overview of the complete perturbation landscape between the
two vibrational states, as shown in Fig. 8. The contour plot is, in
this case, based on values of mixing coefficients for individual
energy levels, which are available in the output of the SPCAT pro-
gram. The plots in Fig. 7 can be seen to correspond to vertical cuts
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K,
Fig. 8. Contour plot depicting the coupling landscape between rotational levels in
152 =1 and 133 = 1 vibrational states. The mapped values are (1 — Pp,ix) where Pp,ix is
the mixing coefficient of a given vibration-rotation energy level. Resonances between
levels in the two vibrational states are apparent as matching, similarly shaped islands
along the horizontal direction (same J) but differing in the values of K, (see text). Red
arrows indicate examples of several distinct types of resonances between the two
vibrational states. The two prominent diagonal sequences appear to be resonances
for AK, = 3, but are in fact sums of AK, = 2 and AK, = 4 resonances, hence the
horizontally elongated resonance islands. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Energy diagrams illustrating the origin of representative nominal rotation-vibration transitions between 25, = 1 and 33 = 1 vibrational states. The vertical arrows mark
the standard “Rg ; pure rotation transitions, while the slanted arrows indicate the transitions enabled by strong mixing between rotational levels in the two vibrational states.
The marked transition frequencies are in MHz and the quantities in parentheses are obs.-calc. values from the final fit. The AE values in red are the energy differences
between the most perturbed levels. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

through the contour plot in Fig. 8, made at centers of the islands of
perturbation matched along the J coordinate. It is easily seen that
resonances are most frequent above J =100 and this region fortu-
nately turns out to be well covered by the 250-360 GHz spectral
segment. The dominant series of resonances is in the form of the
prominent diagonal chains of islands extending from bottom left
to top right. These islands result from the combined 4K, = 2 and
AK,; = 4 (4K = 3) rule and the effect of this degeneracy, visible
in Fig. 8, is to elongate the perturbation islands along the K, coor-
dinate so that their apparent centers are separated by AK, = 3.
Non-degenerate, 4K, = 4 and 4K, = 6 (4K, = 5) perturbations are
also possible and examples are indicated in Fig. 8.

A near-final fit also facilitated a search for nominal interstate
transitions. These are transitions between rotational levels in the
two vibrational states, involving transitions at the perturbation
maxima, such as those in Fig. 7. Perturbation induces mixing
within pairs of such levels with the result illustrated for two differ-
ent examples in Fig. 9. In each case, there is a pair of levels sepa-
rated by less than 1 GHz, and their mixing allows observation not
only to the standard (vertical) rotational transitions within each
vibrational state, but also to the interstate (diagonal) transitions
between the vibrational states. The interstate transitions are nor-
mally forbidden. In these two cases, their intensity is comparable
to those of the pure rotational transitions, although it decreases
rapidly with a decrease in level mixing. There are, however, useful
precautions that can be taken in order to avoid spurious assign-
ment of often weak lines. Since mixing gives rise to both (733 =1)
«— (1my=1)and (»n =1) « (w33 =1) transitions of equal intensity,
the most robust solution is to measure only such “matched pairs”.
An additional check of the procedure is that the average of nominal
interstate transition frequencies is expected to be identical to the
average of the corresponding intrastate transition frequencies. A
table of these interstate transitions with their corresponding
intrastate transitions, their frequencies, and the average frequency
analysis is provided in the Supplementary Material. We have been
able to identify and include in the data set a total of 11 such pairs,
and their frequencies are fitted to within experimental accuracy,
helping to precisely define the energy difference between the
two studied vibrational states to microwave accuracy.

4.2.2. Comparison with computations
The key results from anharmonic force-field calculations to
compare with experiment are vibrational changes in rotational

Table 3

Comparison of experimental and computed vibration-rotation interaction constants
(negative o; values) in rotational constants for 75, =1 and 233 = 1 excited vibrational
states of benzonitrile.”

vap=1 v33=1 Mean”
Expt. deperturbed
A, — Ao (MHz) ~0.8(20) ~0.5(20) ~0.6(1.4)
B, — By (MHz) 1.74538(5) 2.85016(5)
C, — Co (MHz) 1.83409(5) 0.81882(5)
Calc. B3LYP
A, — Ao (MHz) ~129.85 128.47 ~0.69
B, — Bo (MHz) 1.7101 2.7187
C, — Co (MHz) 1.8043 0.7678
Calc. CCSD
A, — Ao (MHz) —158.06 156.89 —0.59
B, — By (MHz) 1.6720 2.7375
C, — Co (MHz) 1.7712 0.7778
Expt. effective®
A, — Ao (MHz) ~160.13(2) 159.14(2) ~0.49(1)
B, — By (MHz) 1.6102(5) 2.7739(4)
C, — Co (MHz) 1.9631(5) 0.9023(3)
Estimated Coriolis term‘
A, — Ao (MHz) ~137.8(51) 137.7(5.1) ~0.05(359)

2 By the convention used in the CFOUR program, the numbers shown are the
o values.

b The average of values for the two states, equal to [(Az2 — Ag) + (As3 — Ag)]/2.

¢ Obtained by refitting the complete two-state data set on setting all coupling
parameters to zero, to a cutoff parameter of 30, see text.

4 Estimated using Eqs. (2) and (3) and the experimental value of {3, 33.

constants. The respective values are listed in Table 3, although
some care is necessary in making the comparison. There is excel-
lent agreement between experiment and both computations con-
cerning vibrational changes in B and C rotational constants for
the two vibrational states. On the other hand, there is apparent dis-
agreement in the values of (A, — Ao). The coupled fit shows that
there is practically no change from the ground state, while compu-
tations predict large, opposed sign changes for the two states. It
should be realized, however, that computations include contribu-
tions from Eqs. (2) and (3), which are explicitly taken out in the
coupled fit by use of the G, parameter [32]. Since these
Coriolis contributions are quite symmetric, however, the mean of
the sum of the calculated vibrational changes can be compared
with the well-determined experimental value derived from
(Agz +As3)/2 in Table 2. This comparison turns out to be quite
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Table 4
Comparison of selected experimental and calculated vibrational parameters for 2, =
1 and 2335 = 1 excited vibrational states of benzonitrile.

Expt. B3LYP CCSD
V45 (cm™1) 141° 145.0 (144.2)° 147.2 (155.5)°

va3 (cm™ ) 163° 168.9 (168.1)° 166.9 (169.2)°
AE (cm™) 19.108185(7) 23.9 (23.9)° 19.7 (13.9)°
%233 0.841(7) 0.8268 0.8300

A;i (122=1) (UA?) —2.8559(4)° —2.284 —2.726

Ai (v33=1) (uA?) 2.8018(3)° 2.397 2.744

2 Ref. [20].
b Values given for harmonic and (anharmonic) treatment of vibrations.
¢ Calculated from rotational constants from the effective fit.

satisfactory. We can also attempt to derive effective values of
experimental rotational constants by foregoing the interstate cou-
pling, and fitting two single-state asymmetric rotor Hamiltonian
models to the data set by using a cutoff criterion in obs. — calc.
frequencies in order to reject the most perturbed transitions. This
procedure is not completely unambiguous as it gives slightly dif-
fering results depending on the type of “annealing” from the cou-
pled state fit, but the specimen result listed in Table 3 is reasonably
close to the direct values from the computations.

Table 4 compares experiment and computation concerning the
remaining vibrational quantities. The precise energy difference of
19.108185(7) cm~! between the two vibrational states determined
presently cannot be compared to data of high-resolution vibration-
rotation spectroscopy, although it is consistent with the available
low resolution infrared values [20] and with computational predic-
tions. The current coupled-cluster or DFT values of {5, ;5 (0.8300
and 0.8268, respectively) are both excellent estimates of the exper-
imentally determined value ({5,4; = 0.841(7)). Both calculations
differ from experiment by only ~2%, although we should note that
5,33 is actually a harmonic force field quantity, and a much more
rudimentary MP2/6-31G(d,p) calculation delivers an equally
acceptable (3, 33 = 0.8266. Finally, the calculated values of inertial
defect for the two excited states differ considerably from the very
small value for the ground state, but compare well with those
derived from the effective fit made in Table 3, with a marked pref-
erence for the coupled-cluster result.

5. Conclusions

In this paper, we report the results of extensive measurements
on a broadband rotational spectrum of benzonitrile. The spectrum
was newly recorded with the use of several different mm-wave
spectrometers and around 3000 rotational transitions have been
measured in the ground state and in each of the two lowest excited
vibrational states. A global single-state fit of all available data is
reported for the ground state, while transitions in the newly
assigned 75,=1 and 133 =1 states revealed multiple effects of
interstate Coriolis perturbations, requiring the use of a two-state
coupled fit. We have been able to identify and to measure many
level-crossing resonances for quantum number value differences
AK, = 2, 4, and 6 between the two excited states based on predic-
tions of vibration-rotation interaction constants from anharmonic
force field calculations, and the use of dedicated graphical tech-
niques of analysis. The final experimental results benchmark the
usefulness of anharmonic computations for a molecule of this size.
Prediction of sextic centrifugal distortion constants for the ground
state was found to be at a useful average 15.5% accuracy for the five
best determined constants. The calculated vibrational changes in
rotational constants also turned out to be sufficiently precise for

spectroscopic analysis, especially when comparing the values asso-
ciated with the rotational axis involved in the Coriolis perturbation
(a axis). The final two-state fit was sufficiently accurate to enable
measurement of several nominal interstate transitions between
157 = 1 and 133 = 1 accessible due to state mixing. The present work
reinforces previous results [32,34], in suggesting that a pair of
strongly coupled lowest excited vibrational states is a generic fea-
ture of small aromatic molecules. The spectra reported in this work
lay the foundation for future mm-wave searches for benzonitrile in
the ISM.
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