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Abstract

The ground state rotational spectra of a series of fluorinated benzonitriles (BN), namely: 2-
fluorobenzonitrile (2FBN), 3-fluorobenzonitrile (3FBN), 2,3-difluorobenzonitrile (23DFBN),
2,4-difluorobenzonitrile (24DFBN) and pentafluorobenzonitrile (PFBN), have been investigated
between 4 and 24 GHz using Fourier transform microwave (FTMW) spectroscopy. The assigned
transitions include those due to the parent as well as the '3C and >N singly-substituted
isotopologues which were observed in natural abundance. The spectroscopic analysis allowed the
derivation of substitution (rs) and effective ground state structures (ro) to investigate the effect of
mono-, di- and pentafluoro substitution on the geometry of the BN backbone and are compared
here with ab initio values of the equilibrium parameters (rc) obtained from MP2/6-311++G(2d,2p)
calculations. Analysis of the '*N hyperfine structure provides additional information about the
electronic structure surrounding the nitrogen atom. The observed geometry changes relative to
the reference BN compound are interpreted using natural bond orbital (NBO) analysis to
describe differences in the hybridization at various sites and contributions from plausible

resonance structures.



A. Introduction

Fluorine substitution has been shown to have significant effects on a compound’s
physical and chemical properties as it is a much heavier, more electronegative atom than
hydrogen. The C-F bond is the strongest single bond! in organic chemistry and the unique
chemistry of fluorinated compounds has been used to tune the properties of materials,?
pharmaceuticals® and agrochemicals.* In addition to serving as an electron withdrawing
substituent, one lone pair of electrons on the fluorine atom is also oriented such that it can donate
electron density into adjacent m-orbitals through hyperconjugation. A number of fluorinated
aromatic compounds have been investigated via high resolution microwave spectroscopy with
the aim of providing a better understanding of the influence of fluorination on the molecular
geometry. These include, but are not limited to, the effect of fluorine substitution on the aromatic
backbone in fluorobenzene®¢-’and fluoropyridine.®® In the monofluorinated species, the largest
geometric changes occur near the site of fluorination with an increase in the ring angle at that site
by 3-4° and a shortening of the adjacent C-C bonds by 0.006-0.010 A. This was attributed to
inductive effects due to the electronegative fluorine. The shortening of certain bond lengths in
the aromatic backbone is also consistent with an increase in n-electron density arising from
hyperconjugation involving the fluorine substituent and were supported by calculated

electrostatic potential surfaces in the case of the fluoropyridines.?



In this article, we describe our recent systematic investigation of the effect of fluorine
substituents at various sites on a benzonitrile (cyanobenzene) ring. The presence of a cyano
substituent in tandem with fluorine introduces the possibility of additional mesomeric and
inductive effects on the aromatic backbone which may be probed using the '“N nuclear
quadrupole interaction of the cyano group. Benzonitrile (BN) itself has an appreciable dipole
moment (4.5152(58) D)!? and its size makes it highly amenable to high level ab initio
calculations of its properties.!!:!? Experimentally, BN has been the subject of numerous
microwave spectroscopic investigations over the past sixty years.!3!%!°> Spectra of the '*C

16,17

isotopic species' *'’ allowed estimation of its substitution (rs) structure. Dreizler and co-

1819 were the first to report the '*N nuclear quadrupole coupling constants using Fourier

workers
transform microwave (FTMW) spectroscopy and provided an updated rs structure.?? Recent high
resolution microwave studies have settled discrepancies in the magnitude of the dipole moment!®
and have demonstrated that benzonitrile is a prototypical polyatomic for controlling population
of rotational states (including complete population inversion)?! and an attractive candidate for
deceleration and trapping experiments.?>??

Among the fluorinated variants of BN, the parent isotopologue of pentafluorobenzonitrile
(PFBN) was the first to be investigated via Stark modulated microwave spectroscopy?* and its

spectrum was later re-investigated with higher resolution using FTMW spectroscopy for analysis

of the N hyperfine structure.?> The monofluorinated species having substituents at the

26,27,28 28,29

ortho, meta®®?? and para®3°3! positions relative to CN have been investigated in
microwave waveguides and for 2-fluorobenzonitirile, the rotational spectrum is known into the
millimeterwave region (99 GHz).3? Although minor isotopologues were not observed, the

resolution of N hyperfine structure provided useful information about the electron density



around the cyano group as a function of the fluorine position. It was reported that when the
fluorine substitution is ortho or para to the cyano group, there is more electron density in the ©
orbitals perpendicular to the molecular plane (my) on nitrogen in comparison to the case in which
the substituents are in a meta arrangement. This was attributed to additional resonance structures
in the ortho and para species that have cumulenic C=C=N linkages.?® For the difluorinated
moieties, the literature is sparse. The rotational spectra of both 2,3-difluoro-**3* and 2,6-
difluorobenzonitrile®> were reported although only the former was studied with sufficient
resolution to estimate '“N quadrupole coupling constants.’® To the best of our knowledge, there
are no previous microwave spectroscopic studies of other di-, tri-, and tetra- fluorinated
benzonitriles and no reports of the '*C and '°N analogues of any of the aforementioned
fluorinated species for the purpose of structural investigation. The aim of the present systematic
study is to elucidate the effect of fluorination on the ring geometry as a function of the
substitution site relative to other electron withdrawing groups (F or CN).

In this paper, we report high resolution pulsed-jet FTMW spectra from 4-24 GHz of the
13C and "N singly-substituted variants of pentafluorobenzonitrile (PFBN), 2-fluorobenzonitrile
(2FBN), 3-fluorobenzonitrile (3FBN), 2,3-difluorobenzonitrile (23DFBN) and 2,4-
difluorobenzonitrile (24DFBN) for the first time as well as extend the list of observed transitions
for isotopologues of benzonitrile (BN). In order to have a complete dataset from which to derive
accurate structural parameters, we also re-measured previously reported transitions of the parent
species of each compound and extended the observation range to lower frequencies (4 GHz) in
many cases. The spectrum of the parent 24DFBN is reported here for the first time. The
rotational constants of all species were used to derive geometric parameters using both

Kraitchmann analyses (rs) and least squares fits of the moments of inertia (r,). The *N hyperfine



transitions provide additional information from which to interpret electronic structure changes in
the compounds under study. The results of these analyses are in favourable agreement with ab
initio calculations (MP2, 6-311++G(2d, 2p)) in this work (r.) and consistent with interpretation

based on natural bond orbital (NBO) analysis.

B. Experimental

The benzonitriles chosen for this study are commercially available with sufficient vapour
pressure for spectroscopic study. Samples of BN (99%), PFBN (99%), 2FBN (98%), 3FBN
(98%), 23DFBN (98%) and 24DFBN (97%) were purchased from Sigma-Aldrich and used
without further purification. As the first five samples are high boiling liquids (boiling points
greater than 162°C), a few millimeters of each substance were placed in a glass vessel and
approximately 1 bar of carrier gas (Ne or Ar) was continuously bubbled through the liquid before
the mixture was expanded into the vacuum chamber via a pulsed nozzle. The glass vessel was
seated in a heating bath that was maintained between 40-60°C to increase the vapour pressure of
the compound of interest. As 24DFBN is a solid (mp 47-49°C), a similar procedure was
followed except that the compound was melted in the vessel before the gas was bubbled through.
The spectra of all minor isotopologues were observed in natural abundance (**C-1.07%, °N-
0.36%). Rotational transitions of each compound were primarily collected using a Balle-Flygare
FTMW spectrometer which has been previously described.’” The high resolution (FWHM ~7
kHz) was necessary for elucidating the hyperfine splittings due to the '“N quadrupole moment.
For compounds for which there were not previous microwave studies as a starting point,
including 24DFBN and the minor isotopologues of species such as PFBN, a chirp FTMW

spectrometer’® was first used to record a series of 2 GHz surveys with lower resolution (~100



kHz). These broadband spectra served as a guide for subsequent high resolution measurements

using the cavity-based spectrometer.

C. Spectral assignment and analysis
i) Benzonitrile (BN) and pentafluorbenzonitrile (PFBN)

The dipole moment of BN is well-established experimentally (4.5152(58) D)!* and the a-
type rotational spectrum of the parent compound has been extensively reported as described
above. Owing to its C2y symmetry as shown in Figure 1, there are five unique carbon atoms in
BN for heavy atom substitution as well as a single nitrogen atom. Although the '3C isotopic
species were previously investigated, earlier studies either did not have sufficient resolution for

N hyperfine analysis!'®!”

or were limited in range (6-11 GHz) and did not provide lists of
transitions.?? As the aim of our study is to identify geometry changes that accompany
fluorination at various sites of the BN ring, we thought it important to start with a set of
comparable spectroscopic parameters for BN itself and thus decided to re-investigate the
microwave spectrum of BN and its 1*C and >N analogues in the region of 4-24 GHz. The
complete list of assigned transitions is provided as Supporting Information. The transitions were
fit using Pickett’s SPFIT program (Watson’s A-reduced Hamiltonian, I' representation)®” and the
resulting spectroscopic constants including '“N quadrupole coupling constants are reported in
Table 1. For the minor isotopologues, the ok centrifugal distortion constant was held fixed to the
value obtained for the parent compound because fewer transitions were recorded that were
sensitive to this parameter.

PFBN has C,v symmetry and an estimated dipole moment of 2.7864 D (Gaussian 09,*

MP2-6-311++G(2d,2p), this work) along the a-principal inertial axis as shown in Figure 1. Using



the rotational constants reported by M. Kriiger and H. Dreizler? for the parent species and the ab
initio geometry as a guide, we first investigated PFBN using survey scans between 8 and 14 GHz
using the cp-FTMW instrument to identify transitions from the five unique '*C and the ’'N
isotopologues which were not previously reported. A portion of a broadband spectrum is shown
in Figure 2. Once a preliminary assignment was complete, individual rotational transitions and
their N hyperfine structure were sought using the Balle-Flygare instrument from 4-24 GHz and
a sample spectrum of the 100 10-90 ¢ transition (Jx.k.) is provided in Figure 3. Due to the greater
mass of the pentafluorinated ring, a larger number of transitions fall within the range of the
spectrometers compared with BN. The full list of observed transitions is provided as Supporting
Information. The transitions were fit as described for BN and the resulting spectroscopic
constants are reported in Table 2 along with ab initio values for comparison. For the minor
isotopologues, three centrifugal distortion constants (Ak, 0, dx) were held fixed to the values
obtained for the parent compound. The *N nuclear quadrupole coupling constants were
estimated using both MP2 and DFT/B3LYP calculations (basis set 6.311++G(2d,2p)) with the
latter showing better agreement with the experimental values. The inertial defects (Ao) of BN
(0.0801 amu A?) and PFBN (-0.00111 amu A?) are small as one would expect for planar

molecules.

ii) 2-fluorobenzonitrile (2FBN) and 3-fluorobenzonitrile (3FBN)

The 2FBN and 3FBN molecules are shown in their principal inertial axis systems in
Figure 1. The rotational spectrum of 2FBN is composed of a- and b-type transitions as there are
appreciable dipole components along both axes of the molecular plane (n.=5.97 D, upy=-0.81 D

from MP2 (6-311++G(2d,2p)) calculations, this work). The same holds true for 3FBN as the



estimated values are p,=3.45 D, w=-2.64 D (this work). Due to reduced symmetry, there are
seven unique carbon atoms in each of these compounds leading to a total of eight observable
minor isotopologues (1*C, 1°N) in addition to the parent species previously studied.?%?7-282° The
observed transitions are compiled in the Supporting Information and the resulting spectroscopic
constants are given in Tables 3 and 4 for 2FBN and 3FBN, respectively. As fewer transitions
were observed for the minor species, some centrifugal distortion parameters were held fixed to
the values obtained from fitting the parent spectra as indicated in the tables. Certain transitions of
3FBN were found to be sensitive to the inclusion of the off-diagonal component of the
quadrupole coupling tensor (Xab); it was well-determined in the fit (1.8608(27) MHz) and
comparable to the ab initio value 1.875 MHz (DFT). For 2FBN, however, the observed
transitions were not sensitive to this parameter; perhaps because it is smaller in magnitude (-
0.837 MHz)(DFT). Fixing Xa» to the calculated value did not influence the overall fit and it was
thus not included in the final analysis. The inertial defects are 0.117 amu A?and 0.115 amu A2

for 2FBN and 3FBN, respectively.

iii) 2,3-difluorobenzonitrile (23DFBN) and 2,4-difluorobenzonitrile (24DFBN)

Both 23DFBN and 24DFBN are shown in their principal axis systems in Figure 1 and
their rotational spectra are comprised of a- and b-type transitions. The estimated dipole
components along the a- and b-axes are -3.39 D and -4.03 D, respectively for 23DFBN and -4.13
D and -1.08 D for 24DFBN, respectively from MP2 (6-311++G(2d,2p)) calculations (this work).
Owing to the smaller p, dipole component for 24DFBN, fewer b-type rotational transitions were
measured for the parent and none were observed for the eight minor isotopologues. The full set

of assigned lines for both species are compiled in the Supporting Information and the resulting



spectroscopic constants are given in Tables 5 and 6 for 23DFBN and 24DFBN, respectively. As
fewer transitions were observed for the minor species, some centrifugal distortion parameters
were held fixed to the values obtained from fitting the parent spectra as indicated in the tables.
The spectra were not sensitive to the inclusion of ya» and it was thus neglected in the final
analysis. The inertial defects were calculated to be 0.0856 amu A for 22DFBN and 0.0578 amu

A2 for 24DFBN.

D. Structure determination
From the spectroscopic analysis, it was determined that the inertial defects of BN and its
fluorinated derivatives are small and range from -0.00111 amu A?to 0.117 amu A2,

Consequently, planarity was assumed in subsequent structural analysis.

i) re equilibrium geometry

The geometry of each of the six compounds was optimized at the MP2 level using the
basis set 6-311++G(2d,2p)) in Gaussian 09.%° Those related to the benzene ring and nitrile group
are provided in Table 7 under the r. heading. Parameters involving H and F were needed to
perform the subsequent structural analysis (as described below) and these are provided as
Supporting Information. A natural bond orbital (NBO) analysis*! was performed for the
optimized structures using the keyword POP=NBOREAD in order to relate differences in the

equilibrium geometry to specific changes to the electronic structure upon fluorination.

ii) rs substitution geometry

The rotational constants from each parent molecule and its heavy atom counterparts were

10



used to perform a Kraitchman analysis*? to determine the corresponding atomic coordinates
using the KRA program.*® It is important to note that the Kraitchman equations provide only
absolute values of the coordinates and thus, the signs are inferred based on the orientation of
each molecule in its principal axis system based on the ab initio predictions. The resulting rs
parameters for BN, PFBN, 2FBN, 3FBN, 23DFBN and 24DFBN are summarized in Table 7.
The uncertainties are calculated according to the method described by Costain** which yields
large errors in coordinates for atoms situated near a principal inertial axis. As depicted in Figure
1, this leads greater uncertainty in parameters involving certain atoms such as C2 in 2FBN,

3FBN and 23DFBN and C6 in 24DFBN.

iii) ro ground state geometry

The ro geometries of the six rings were obtained by fitting the experimentally determined
rotational constants of each species to key geometric parameters that using the STRFIT
program.* In order to preserve the position of the H and F atoms relative to the rest of the ring,
the C-F and H-F distances were fixed at the appropriate ab initio values as were the differences
of the angles external to the ring (LFC2C3 — ZFC2C1, etc.). For 2FBN, for example, seven
bond lengths (C7-N, C1-C7, C1-C2, C2-C3, C3-C4, C4-C5, C5-C6), two angles involving the
cyano-substituent (£/NC7C1, ZC7C1C2) and four differences of angles (involving the F-C2
bond and the C-H bonds with C3, C4, C5) were fit to determine the BN backbone geometry. The
remaining external angles involving the C6-H bond, were then calculated trigonometrically from
the fit parameters (considering the ab initio difference (ZHC6CS5 — ZHC6C1) and the fit was
repeated until the results no longer varied. A similar procedure was followed for the others

taking symmetry into account for PFBN. The parameters and associated uncertainties for the

11



aromatic ring and the cyano substituent as summarized in Table 7 under the headings ro. The
maximum discrepancy between the observed and calculated rotational constants from this least

squares fitting procedure was only 0.02%.

E. 1“N hyperfine analysis

Comparison of the derived nitrogen nuclear quadrupole coupling constants () of the
substituted BN molecules provides further insight regarding the local electric field gradient
around the nitrogen nuclei across all species studied. The hyperfine constants reported in Tables
1-6 are in the molecular principal inertial frame although comparison of the field gradient along
the bonding axis of the N atom would be more meaningful. For BN and PFBN, the inertial frame
also coincides with the principal quadrupole tensor frame due to the symmetry. For the other
species in this work, due to the near coincidence of the principal quadrupole tensor axis with the
C=N bond, the quadrupole coupling constants along the bond may be obtained by diagonalizing
the quadrupole coupling tensor matrix in the molecular inertial frame (a, b, c), to obtain coupling
constants in the quadrupole tensor frame (X, y, z). The rotation angles between the two frames (a
—z, b —X, ¢ —Yy) are given in Table 8.

Unfortunately, the off-diagonal *N nuclear quadrupole coupling constants (yab) of all
species except 3FBN were not well-determined. For these cases, by assuming symmetric C=N
bonding, i.e. symmetric field gradient around the nitrogen nucleus, a simple transformation can
be done to first estimate the ypond (alSO ¥zz):+

Yaa = Ypond*(3c0s? 0-1)/2 (1)
where yaa 1s the nuclear quadrupole coupling constant along the least principal inertial axis; Ypond

is the coupling constant along the C=N bond and 0 is the angle between the C=N bond and the

12



least principal axis. For 3FBN (off-diagonal y.» well determined), both methods provide virtually
the same ypond values (-4.26 MHz vs. -4.27 MHz in Table 8). In order to evaluate yxx (Ycc = Yyy
due to the near coincidence of the ¢ and y axis), one can use the equation

Xzz T Yoo = Yaa oo 2),
as the trace of the coupling tensor matrix should not change before and after the diagonalization.
For 3FBN, both methods provide virtually the same yxx values (2.27 MHz vs. 2.28 MHz along
with ycc = 1.99 MHz).

For atomic N, since the 2p orbitals are half filled and thus produce a spherical field
gradient around the nucleus, quadrupole coupling does not happen in the free atom. However,
during bonding with other atoms, the hybridization of p atomic orbitals with s orbitals can cause
the spherical field gradient of the p orbitals to become unbalanced and thus introduces significant
electric coupling in molecules. For a C=N triple bond as in the BN molecules, the p, orbital of
the N atom participates in sp hybridization to form one ¢ bond with the carbon atom while the
pure px and py orbitals form two 7 bonds with carbon in - and normal to - the molecular plane,
respectively. The model to interpret nuclear quadrupole coupling constants is well-described,*®
taking the orbital hybridization, the covalent bonding polarity as well as the nuclear screening

effect into account;

N
o = (g, (o -y, )] x 200 3)
2 l+c gy
3 e N
Xxx = Xyy = B (n2p,- n2p,) X % )
I+c ey

where n represents the number of electrons in the specified p orbitals; eQq210(N) is the free

nitrogen atomic coupling constant of the 2p, electron with a value of -10 MHz; (1+c’en) is the

charge screening effect correction factor with c”, the negative charge on the N atom; en is the
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nuclear screening effect constant, with a value of 0.3 for the nitrogen nucleus. According to

Gordy and Cook,* the electron distribution due to sp hybridization can be described as:

anZ = 2(132 + (1 + ic) X (1- (st) (5)
nop, = 1+t 6)
ny, = 1 +my (7)

where o? is the s character in the hybrid orbitals and is assumed to be 0.5 for sp hybridization®;
the ionic character i across the C-N po bond can be evaluated by the electronegativity difference
between the carbon atom and nitrogen atom: is = [xc-xnJ/2 = 0.25; nx and @y are the ionic
character across the C-N pxt bonds in - and normal to - the molecular plane, respectively and the
negative charge on the N atom is ¢ = is+ 7x + Ty = i + M. Substituting equations (5)-(7) into (3)
and (4), we obtain:

pons = {[(1Hia)(1= 0)+20:2] — (2-11,)/2} <e Qo (NY [+ (it xex]  (8)
=20 = 5 (1) XQQa1aNY [+t <] ©)

For all species under study here, if we assume that the C-N po bonding is not affected by
fluorine substitution, is (0.25) and as® (0.5) can be fixed for all species allowing equations (8) and
(9) to be solved for the unknown mx and my. The resulting n parameters are listed in Table 8. The
assumption of no perturbation of the ¢ bond of CN is supported by results from NBO analysis of
the optimized geometries which show only very minor changes to the character of the C-N po
orbital as fluorine atoms are added to the ring. For BN, for example, the NBO that describes the
o bond of CN is 57.05% on nitrogen (the more electronegative of the two atoms) whereas in
PFBN, the NBO is only slightly less concentrated on nitrogen (56.76%); likely due to inductive
effects from the more electronegative pentafluorobenezene ring. For the partially fluorinated

species, the NBO character is intermediate to these two cases.
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F. Discussion

Comparison of the ro and r. structures in Table 7 for the six molecules under study shows
comparable trends and that the values themselves generally agree within the derived
experimental uncertainties. The largest discrepancy occurs in the parameters involving atoms in
close proximity to the CN group such as the C1-C7 and C7-N bond lengths as described in
Figure 1. The C7-N bond length is predicted to remain constant at 1.173 A (re) regardless of the
number of fluorine substituents and this is also observed in the experimentally-derived ro
structures, however, the values are smaller (1.156-1.158(3) A). The C1-C7 bond is more
variable in length but the experimental values (ro) tend to be 0.010 — 0.015 A greater than the r.
values. Interestingly, as one parameter seems systematically overestimated and the other
underestimated, the C1-N distance is close to the value expected at the MP2 level of theory. The
reliability of the re structures was checked by performing new calculations using DFT theory
(B3LYP) with various basis sets and similar discrepancies were noted. Molecular dynamics (MD)
simulations provide a possible explanation for the difficulty in modelling this seemingly simple
molecule.!! The low frequency in-plane (158-167 cm™) and out-of-plane (141 cm!) bending
modes in which the CIC7N subunit wags about C1 led to an average structure that is nonplanar.
In fact, MD simulations predict that the C1C7N entity makes an angle of 8° on average with the
ring. When this was considered in the analysis of gas phase electron diffraction (GED)
experiments of BN,!! the derived structure had a C1C7 bond length of 1.4326(11) A (in
agreement with the r. value in Table 7) and a C7N bond length of 1.1582(5)A (in agreement with
the ro value in Table 7). A more recent theoretical study of BN, however, found close agreement

in the geometry derived from high level quantum chemical calculations (MP2 and CCSD(T) with
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quintuple-zeta basis sets) (r.2°) with that from semi-experimental calculations (r.5%) which use
experimental rotational constants combined with ab initio estimates of rovibrational corrections
(that would presumably account for the vibrational averaging highlighted by the MD study).!?
Although the r. parameters in Table 7 (this work) do not provide the most accurate geometry of
BN around the cyano substituent, they provide a convenient means to track the anticipated
changes that accompany fluorination in the other species under study here. The trends observed
in the re values appear to be mirrored in the ro parameters, as described below, that were derived

from the microwave spectra.

i) Monofluorobenzonitrile

The geometric changes following fluorine substitution at the ortho or meta positions of
the ring relative to CN can be observed through comparison of the ro structures for 2FBN and
3FBN with that of BN in Table 7. In 2FBN, the C1C2C3 ring angle opens by ~3° and the C1-C2
and C2-C3 bonds shorten by 0.013 — 0.014 A which mirrors the trends in the re parameters. For
3FBN, the same alterations are seen with the C2C3C4 angle opening by ~4° but the bond length
change predicted for C2-C3 (0.007 A) is smaller than the experimental uncertainties in this
parameter. These geometry changes are attributed to the inductive effects of the fluorine atom
which draws electron density toward it creating a more polar C-F bond. Using Bent’s rule,*’ the
p-character of the hybrid orbital along this bond increases while the hybrid orbitals forming ¢
bonds within the ring have less p-character (more s-character) leading to larger ring angles and
shorter C-C bonds. These observations follow the trends observed in the related fluoropyridine®’
and fluorobenzene®’ rings and are in agreement with the NBO analysis which shows an increase

in p-character of ~6% along the CF bond in both 2FBN and 3FBN.
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Differences in geometry around the CN substituent itself provide more insight into
electronic structure changes that accompany fluorination. Comparison of the C6C1C2 angle that
describes the ipso carbon of the CN substituent shows that this angle is reduced by ~2° in 2FBN
relative to BN and 3FBN. The smaller angle in 2FBN moves the fluorine and nitrogen atoms
further apart and thus may be a means to compensate for electrostatic repulsion between them as
these sites carry the greatest negative natural charge (F: -0.384, N: -0.344). Comparison of the
NC7CI1 angle (which is linear in BN) reveals that when fluorine is ortho to CN, the nitrogen
atom is tilted slightly away from fluorine by 0.8(3)°; an effect not seen in 3FBN. As part of the
NBO analysis, second-order perturbation corrections to the energy were calculated to identify
possible interactions between donor and acceptor orbitals. The results show that there is a
potential stabilization (0.65 kcal/mol) through donation of electron density from the lone pair (n)
on fluorine to the antibonding m*orbital of CN which would distort the linear geometry at C7 in
2FBN but not for 3FBN. This type of distortion arising from a through-space interaction between
fluorine and CN has been observed before via x-ray crystallography and solution NMR in
intramolecular systems.*3

The N hyperfine splittings serve as an additional probe of the electronic structure on the
nitrogen atom including the relative electron density available for © bonding (nc) and how this is
partitioned between the in-plane 2px orbital (7x) versus out-of-plane 2py orbital (my) in the various
compounds as shown in Table 8. The notation used by Gordy and Cook*® (nx and my) refers to the
local electron density around nitrogen that contribute to the m ionic character and should not be
confused with the molecular orbitals delocalized between C7 and nitrogen. Compared with BN
itself, the total charge on nitrogen (¢ = is + 7x + 7y = i + 7 ) is slightly reduced in the

monfluorinated species which is in agreement with the natural charges at this site from the NBO
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calculation: BN (-0.365), 2FBN(-0.344) and 3FBN(-0.349). The 7z« character of 2FBN is reduced
slightly relative to BN and 3FBN which is consistent with the NBO results that shows the 7«
character on nitrogen in 2FBN is decreased by 0.53%. This may be a reflection of the minor
contributions from cumulenic C=C=N resonance structures caused by hyperconjugation of the
2py lone pair of electrons on the ortho fluorine as shown in Figure 4. In such structures, the
molecular orbital in C=N is perpendicular to the © system of the aromatic ring and its electron
density is more evenly shared between the two centers which reduces the my ionic character at
nitrogen itself. In comparison, the same resonance structures are not as favourable in 3FBN as
shown in Figure 4 as the stabilization of the aromatic ring electrons is reduced. In the my orbitals
on nitrogen, which are orientated to allow overlap with the aromatic ring, the electron density of
is slightly depleted relative to BN which is mirrored in the NBO predictions of 0.38% and 0.48%
reductions for 2FBN and 3FBN, respectively. This may be due to the increased electronegativity
of the -CsH4F group as a whole relative to -CeHs.

As a final note, the *N nuclear quadrupole coupling constants can be directly used to
predict whether there are changes to the bonding of the CN substituent with fluorine substitution
at various sites as described by Bottcher and Sutter.?® Using a LCAO-MO treatment, Bottcher
and Sutter derived x values in the quadrupole tensor frame showing that for nitrile-type bonding
(C-C=N), xxx=Xyy on nitrogen while for cumulenic arrangements (C=C=N) arising from fluorine
hyperconjugation, Xxx= -Xyy on nitrogen (reported using the axis system in this work which is
different than the one used in reference 28). Thus, xxx-Xyy provides a clue regarding the
relative importance of these resonance structures for the various compounds. The results

in Table 8 suggest that the nitrile and cumulenic resonance contributions are similar in BN

18



and 2FBN but for 3FBN, C=C=N type contributors are of reduced importance (Figure 4) in

comparison. In fact, its value is smaller than for all other compounds studied here.

ii) Difluorobenzonitrile
Changes to the ring geometry in 23DFBN and 24DFBN follow those reported earlier for

the difluoropyridines® and are consistent with the trends in the r. parameters. As described above,
the inductive effect of fluorine tends to open the ring angle at the site of fluorination and the C-C
ring bonds involving the ipso carbon tend to shorten although the uncertainties in ro values for
bond lengths are too large in some cases to confirm this. When substitution occurs on two
adjacent carbons, as in 23DFBN (and 2,3-difluoropyridine (DFP)), the angle opening is muted at
each fluorination site (~1° for 23DFBN, 0.4-0.7° for 23DFP) compared to the reference
compound to balance the inductive effect of fluorine (the tendency to widen the angle) with the
destabilizing effect of increasing ring strain at other angles. Concerning the geometry close to the
CN substituent, the C6C1C2 angle in both 23DFBN and 24DFBN is ~2° smaller relative to that
of BN as seen in 2FBN. For the NC7C1 angles, the r. values predict deviation from linearity as
in 2FBN and the NBO analysis shows a similar degree of n>n* donation (0.61-0.63 kcal/mol).

As in the monofluorinated species, the total charge on nitrogen is less in 23DFBN (-0.330)
and 24DFBN (-0.340) relative to BN (-0.360) and is largely a consequence of changes to the mx
and my ionic character on nitrogen. The trend in Table 8 shows a reduction in both mx and my
relative to BN. These observations are consistent with the NBO calculations showing 0.67% and
0.88% decreases in the myx orbital at nitrogen in 23DFBN and 24DFBN, respectively due to more
delocalization of the electron density across C7 and nitrogen in the cumulenic contributors.

There is a 0.81% reduction for my on nitrogen in 23DFBN and a smaller reduction in 24DFBN
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(0.24%). If one considers resonance structures based on donation of the lone pair on fluorine to
the © system of the aromatic ring, both 23DFBN and 24DFBN have cumulenic contributors
using the ortho fluorine substituent but the latter will have additional structures of this type from
the para fluorine. This will maintain greater electron density in my on nitrogen that partially
counteracts the electron withdrawing effect of the increased electronegativity of the -CsH3F2
group. The added importance of these cumulenic resonance contributors in 24DFBN is supported
by the greater negative charge on nitrogen in 24DFBN (-0.459) relative to 23DFBN (-0.326) and

by the values of yxx-Xyy in Table 8.

iii) Pentafluorobenzonitrile

Comparison of the ro structures for BN and PFBN in Table 7 shows several interesting
geometry changes. Upon perfluorination, the ring contracts as all bond lengths are reduced via
inductive effects of the fluorine atoms. The change is most significant for C2-C3 which may
suggest that resonance structures in which the para fluorine atom donates electron density to the
ring through hyperconjugation are favoured over other structures of this type. This is consistent
with the increased charge on C1 in PFBN (-0.294) versus BN (-0.198). Finally, the C6C1C2
angle is reduced by ~3° as reported above for the species with ortho fluorine atoms.

The charge at nitrogen (-0.293) of PFBN is the smallest of the six compounds studied
which is as expected due to the group electronegativity of -C¢Fs. This is reflected in the N
hyperfine analysis giving the lowest electron density in mc=mnx+my at nitrogen in Table 8.
Compared to BN, both the nx and 7y ionic character is reduced for PFBN and this is consistent
with the NBO analysis which shows 1.7% and 1.4% decrease in electron density on these

nitrogen orbitals compared to the reference compound. As in the previous cases, this reflects the
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importance of nitrile versus cumulenic-type resonance contributions that change the electronic
environment at nitrogen. Compared with the mono- and difluorinated rings, NBO results show
that the o CN bond is more affected in PFBN than for the other compounds with a 0.29%
reduction in electron density on nitrogen for this orbital relative to that of BN. This suggests that
the inductive effects from the five electron withdrawing fluorine atoms extend beyond the C1C7
bond in this case. Finally, the xxx-Xyy value of PFBN in Table 8 shows that it is intermediate to
those of 23DFBN and 24DFBN which fits with mesomeric arguments for the three
ortho/para substituents (favouring an increase in cumulenic contributions) versus the two
meta fluorine atoms (enhancing the nitrile character).

In conclusion, we measured and assigned the pure rotational spectra of the normal species
of BN, PFBN, 2FBN, 3FBN, 23DFBN and 24DFBN and their '3C and >N substituted analogues.
Analysis of the spectra provided estimates of the heavy atom geometries and the trends observed
compare favourably with ab initio results at the MP2 level (6-311++G(2d,2p)). As seen for other
fluorine substituted aromatic rings, the ring angle at the site of fluorination increases and the
adjacent C-C bonds decrease. When one fluorine atom is ortho to CN, the ring angle at C1
decreases and the CN bond tilts away from fluorine. These trends are explained using a
combination of electrostatic, inductive and resonance arguments and are supported by NBO

calculations as well as information derived from the observed '“N hyperfine structure.
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Table 1: Ground state spectroscopic constants of benzonitrile (BN) and its isotopologues (A reduction, I" representation).

| Normal | Bl | BC2 | BC3 | BC4 | Bc7 BN
Rotational constants®® / MHz
A 5655.2653(22) 5655.5075(55) 5563.9185(45) 5565.6669(50) 5655.4544(75) 5655.2407(31) 5655.270(15)
B 1546.875787(64) 1545.55183(16) 1546.80340(13) 1535.71305(14) 1523.65523(16) 1528.64068(16) 1502.14915(29)
C 1214.404045(54) 1213.60145(10) 1210.089718(98) 1203.37302(10) 1200.05780(10) 1203.136828(95) 1186.65856(21)
N nuclear quadrupole coupling constants®/ MHz
1.5(a0) ~6.35579(76) ~6.3438(84) 26.3666(80) 26.3661(86) 26.345(14) 26.360(16)
0.25(Ybb=Ycc) 0.08490(31) 0.0724(51) 0.0696(48) 0.0681(52) 0.0749(48) 0.0758(53)
Centrifugal distortion constants? /kHz
A 0.04500(34) 0.04616(77) 0.04573(64) 0.04510(69) 0.0446(10) 0.04513(36) 0.0392(37)
A 0.9372(19) 0.879(18) 0.921(13) 0.937(14) 0.907(26) 0.899(21) 0.911(28)
0 0.01121(23) 0.01111(72) 0.01146(64) 0.01103(70) 0.01186(77) 0.01057(74) 0.0172(38)
Ok 0.603(13) 0.603 0.603 0.603 0.603 0.603 0.603
rms /kHz 1.9 2.1 2.1 2.3 1.8 2.0 0.8
# lines 188 a-type 51 a-type 63 a-type 63 a-type 42 a-type 39 a-type 11 a-type

2 Rotational constants from reference 19: A= 5655.314(16) MHz, B=1546.8768(15) MHz, C=1214.4032(14) MHz

b Calculated rotational constants (MP2/6-311++G(2d,2p)) from this work: A=5666.8 MHz, B=1540.7 MHz, C=1211.4 MHz

¢ Calculated "N hyperfine constants from this work: B3LYP/6-311++G(2d,2p): 1.5(3aa)= -6.382 MHz, 0.25(3pb-Ycc)= 0.095 MHz;

MP2/6-311++G(2d,2p): 1.5(aa)= -5.842 MHz, 0.25(pb-%ec)= 0.018 MHz.

4 Some centrifugal distortion constants for minor isotopologues were held fixed to the parent values during the fit. These are given

here without uncertainties.
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Table 2: Ground state spectroscopic constants of pentafluorobenzonitrile (PFBN) and its isotopologues.

| Normal | Bl | BC2 | BC3 | Bc4 | Bc7 BN
Rotational constants®® / MHz
A 1029.368635(32) 1029.40041(35) 1026.38602(26) 1026.36077(29) 1029.40457(34) 1029.36990(42) 1029.3708(25)
B 764.5952880(91) 762.92535(24) 764.329754(66) 763.68961(11) 761.72244(24) 756.63541(27) 748.4102(14)
C 438.7218484(60) 438.177629(29) 438.092228(27) 437.877120(26) 437.781250(31) 436.089678(33) 433.343572(41)
N nuclear quadrupole coupling constants®/ MHz
1.5(a0) -6.5807(12) 26.583(39) 26.574(20) 26.577(23) 26.592(39) 26.625(45)
0.25(50-Yc0) 0.10804(68) 0.1055(29) 0.1107(26) 0.1082(26) 0.1080(29) 0.1080(34)
Centrifugal distortion constants? /kHz
A 0.006169(18) 0.006096(92) 0.006199(85) 0.006150(84) 0.006262(96) 0.00616(10) 0.00613(12)
A 0.044977(74) 0.0478(23) 0.0454(16) 0.0468(16) 0.0463(19) 0.0453(27) 0.0429(26)
Ak -0.02835(34) -0.02835¢ -0.02835 -0.02835 -0.02835 -0.02835 -0.02835
0 0.0023687(96) 0.0023687 0.0023687 0.0023687 0.0023687 0.0023687 0.0023687
Ok 0.029550(65) 0.029550 0.029550 0.029550 0.029550 0.029550 0.029550
rms /kHz 1.5 2.3 2.2 2.3 2.3 2.5 1.5
# lines 753 a-type 81 a-type 99 a-type 96 a-type 81 a-type 78 a-type 30 a-type

2 Rotational constants from ref.25: A=1029.351(44) MHz, B=764.603(21) MHz, C=438.7215(33) MHz

b Calculated rotational constants (MP2/6-311++G(2d,2p)) from this work: A=1025.8 MHz, B=761.8 MHz, C=437.2 MHz

¢ Calculated "N hyperfine constants from this work: B3LYP/6-311++G(2d,2p): 1.5(3aa)= -6.623 MHz, 0.25(3pb-Ycc)= 0.150 MHz;

MP2/6-3114++G(2d,2p): 1.5(xas)= -5.988 MHz, 0.25(xm-)ec)= 0.041 MHz.

4 Some centrifugal distortion constants for minor isotopologues were held fixed to the parent values during the fit. These are given

here without uncertainties.
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Table 3: Ground state spectroscopic constants of 2-fluorobenzonitrile (2FBN) and its isotopologues.

| Normal | Bci | Be2 | Bc3 | Bc4 | Bcs | Bce Bc7 BN
Rotational constants®® / MHz
A 2940.761152(88) 2938.1093(17) 2928.2761(24) 2922.5534(20) 2940.6938(25) 2910.0201(16) 2901.5861(19) 2935.6537(17) 2932.9825(14)
B 1512.700202(21) 1511.90776(24) | 1512.65041(29) 1502.35511(27) 1488.44249(32) 1498.29853(23) 1511.98048(29) 1497.25539(22) 1473.13738(26)
C 998.652010(12) 998.00280(13) 997.18671(17) 992.04545(16) 988.01581(19) 988.82807(13) 993.78347(17) 991.31529(14) 980.37874(14)
N nuclear quadrupole coupling constants®/ MHz
1.5(a0) ~6.27358(75) 26.2736(60) 26.289(10) 26.3029(85) 26.2776(92) ~6.2329(58) 26.2621(73) 26.2879(62)
0.25(1e) | 0.06078(20) 0.0572(23) 0.0576(30) 0.0612(28) 0.0604(33) 0.0557(24) 0.0547(29) 0.0618(22)
Centrifugal distortion constants? /kHz
A 0.04051(15) 0.0416(36) 0.0431(45) 0.0366(42) 0.0404(46) 0.0429(35) 0.0435(45) 0.0414(34) 0.0416(24)
A 0.50832(30) 0.506(26) 0.526(35) 0.550(32) 0.473(35) 0.477(25) 0.484(33) 0.510(26) 0.496(18)
Ax 0.4332(82) 0.4332 0.4332 0.4332 0.4332 0.4332 0.4332 0.4332 0.4332
§; 0.012490(80) 0.0135(23) 0.0130(29) 0.0093(27) 0.0122(31) 0.0131(23) 0.0120(29) 0.0137(22) 0.0125(19)
Ok 0.3018(10) 0.3018 0.3018 0.3018 0.3018 0.3018 0.3018 0.3018 0.3018
rms /kHz 2.1 1.9 2.3 2.3 2.5 1.8 2.3 1.9 0.8
# lines 291 a-, 81 b-type | 53 a-type 40 a-type 44 a-type 40 a-type 42 a-type 43 a-type 42 a-type 12 a-type

2 Rotational constants from reference 26: A=2940.745(12) MHz, B=1512.699(1) MHz, C=998.653(1) MHz

b Calculated rotational constants (MP2/6-311++G(2d,2p)) from this work: A=2932.6 MHz, B=1507.3 MHz, C=995.6 MHz

¢ Calculated "N hyperfine constants from this work: B3LYP/6-311++G(2d,2p): 1.5()aa)= -6.303 MHz, 0.25(ypb-)cc)=0.077 MHz,

yav=-0.837 MHz; MP2/6-311++G(2d,2p): 1.5(xaa)= -5.748 MHz, 0.25(pb-Ycc)= -0.014 MHz, %u=-0.736 MHz.

4 Some centrifugal distortion constants for minor isotopologues were held fixed to the parent values during the fit. These are given

here without uncertainties.
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Table 4: Ground state spectroscopic constants of 3-fluorobenzonitrile (3FBN) and its isotopologues.

| Nomal | Bci | BC2 | BC3 | BC4 | BCs BCe Bc7 BN
Rotational constants*® / MHz
A 3388.610731(60) | 3388.57485(74) | 3370.8436(13) 3384.43374(66) | 3370.32360(75) | 3313.22626(80) | 3342.58696(84) | 3385.73957(66) | 3378.01120(56)
B 1186.639032(12) | 1184.27282(18) | 1186.66485(35) | 1181.29819(16) | 1178.40377(19) | 1185.29439(21) | 1185.51849(21) | 1172.08051(16) | 1155.376497(95)
c 878.6966531(84) | 877.397519(81) | 877.51383(14) 875.485277(75) | 872.951906(86) | 872.811558(89) | 874.958221(96) | 870.499331(76) | 860.744972(66)
N nuclear quadrupole coupling constants®/ MHz
15() | -5.53745(68) 75.539(12) 15.552(21) 25.525(11) 5.562(12) 15.562(14) 25.500(14) 25.550(11)
0.25(- | -0.07205(16) 20.0736(15) 20.0737(22) 20.0747(14) 20.0662(16) 20.0706(17) 20.0739(18) 20.0691(14)
Xec)
b 1.8608(27)
Centrifugal distortion constants? /kHz
A 0.039200(60) 0.0384(11) 0.0371(20) 0.0399(10) 0.0391(12) 0.0351(13) 0.0405(13) 0.0371(10) 0.03782(52)
Ak 0.01094(51) 0.01094 0.01094 0.01094 0.01094 0.01094 0.01094 0.01094 0.01094
Ak 1.2575(53) 1.2575 1.2575 1.2575 1.2575 1.2575 1.2575 1.2575 1.2575
5 0.013913(32) 0.01418(92) 0.0121(17) 0.01523(85) 0.01429(97) 0.0109(10) 0.0151(10) 0.01254(85) 0.01264(50)
Ok 0.18155(84) 0.18155 0.18155 0.18155 0.18155 0.18155 0.18155 0.18155 0.18155
rms /kHz 1.7 1.6 2.3 1.5 1.7 1.7 1.9 1.5 1.0
# lines 249 a-,233 b-type | 36 a-, 12 b-type | 30 a-, 12 b-type 36 a-, 15 b-type 36 a-, 15b-type 35 a-, 12 b-type 36 a-, 15 b-type 36 a-, 15 b-type | 19 a-, 7 b-type

2 Rotational constants from reference 28: A=3388.61073(35) MHz, B=1186.63868(13) MHz, C=878.69740(10) MHz

b Calculated rotational constants (MP2/6-311++G(2d,2p)) from this work: A=3383.9 MHz, B=1181.8 MHz, C=875.9 MHz

¢ Calculated "N hyperfine constants from this work: B3LYP/6-311++G(2d,2p): 1.5()aa)=-5.562 MHz, 0.25()pb-)cc)= -0.063 MHz,

ya=1.875 MHz; MP2/6-311++G(2d,2p): 1.5(xaa)= -5.066 MHz, 0.25(}pb-yec)= -0.099 MHz, y:=1.680MHz.

4 Some centrifugal distortion constants for minor isotopologues were held fixed to the parent values during the fit. These are given

here without uncertainties.
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Table 5: Ground state spectroscopic constants of 2,3-difluorobenzonitrile (23DFBN) and its isotopologues.

| Normal | e | BC2 | BC3 | Bc4 | 13¢5 | BC6 Bc7 BN
Rotational constants®® / MHz
A 2260.152021(47) 2258.73587(84) 2256.79214(88) 2259.81277(73) 2247.48304(89) 2216.33857(72) 2230.08374(72) 2260.1463(10) 2259.19885(36)
B 1182.866459(15) 1180.64140(20) 1182.89578(21) 1177.28393(18) 1174.06050(22) 1181.13493(18) 1182.01545(18) 1168.65576(27) | 1151.97324(10)
C 776.3845304(91) 775.259812(78) 776.000957(84) 773.936658(68) 771.095766(85) 770.409717(69) 772.441013(68) 770.23650(10) 762.842501(40)
N nuclear quadrupole coupling constants®/ MHz
15(zm) | -5.80400(76) -5.7902(88) 75.8036(94) 25.7990(78) ~5.8469(98) ~5.8597(79) 75.7847(79) 5.815(12)
;;2)5(;%- 0.0315620) 0.0339(16) 20.0311(14) 20.0332(13) 20.0235(17) 20.0235(13) 20.0355(13) 20.0330(20)
Centrifugal distortion constants? /kHz
Ay 0.034910(91) 0.0359(16) 0.0357(15) 0.0346(14) 0.0346(14) 0.0331(14) 0.0363(14) 0.0357(21) 0.03396(88)
Ak 0.17894(45) 0.164(15) 0.173(19) 0.159(13) 0.157(13) 0.183(13) 0.160(13) 0.167(20) 0.1802(58)
Ax 0.0479(27) 0.0479 0.0479 0.0479 0.0479 0.0479 0.0479 0.0479 0.0479
5 0.012851(41) 0.01320(88) 0.01304(88) 0.01229(78) 0.01231(79) 0.01179(79) 0.01390(80) 0.0135(12) 0.01226(47)
3 0.16072(59) 0.168(13) 0.174(18) 0.157(12) 0.157(12) 0.155(11) 0.163(11) 0.165(18) 0.1627(69)
rms /kHz | 1.8 1.9 1.9 1.7 2.1 1.7 1.7 2.5 0.8
# lines 295 a-, 217 b-type 39 a-, 33 b-type 39 a-, 27 b-type 39 a-, 33 b-type 45 a-, 33 b-type 45 a-, 30 b-type 45 a-, 33 b-type 44 a-, 33 b-type | 21 a-, 14 b-type

2 Rotational constants from reference 36: A= 2260.1475(25) MHz, B=1182.8638(2) MHz, C=776.3842(1) MHz

b Calculated rotational constants (MP2/6-311++G(2d,2p)) from this work: A=2254.3 MHz, B=1178.9 MHz, C=774.1 MHz

¢ Calculated N hyperfine constants from this work: B3LYP/6-311++G(2d,2p): 1.5()aa)=-5.844 MHz, 0.25(3pb-Ycc)= -0.013MHz, yav=

-1.679 MHz; MP2/6-311++G(2d,2p): 1.5(xaa)= -5.312 MHz, 0.25(3p0-%cc)= -0.076 MHz, %a=-1.496 MHz.

4 Some centrifugal distortion constants for minor isotopologues were held fixed to the parent values during the fit. These are given

here without uncertainties.
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Table 6: Ground state spectroscopic constants of 2,4-difluorobenzonitrile (24DFBN) and its isotopologues.

Normal | BCl | B2 | BC3 | Bc4 | 3Cs | BC6 e BN
Rotational constants® / MHz
A 2932.25895(36) 2929.6350(30) 2919.9804(22) 2914.4250(32) 2932.1085(37) 2899.6703(29) 2892.9047(31) 2927.4453(32) 2925.0155(15)
B 933.040760(27) 931.64092(18) 932.89099(15) 931.14445(20) 927.30253(22) 930.13769(17) 933.04662(19) 923.75791(19) 912.733509(82)
C 707.757614(19) 706.80023(10) 706.953924(86) 705.62621(11) 704.44253(13) 704.18013(10) 705.44496(11) 702.12677(11) 695.599965(46)
N nuclear quadrupole coupling constants® / MHz
1.5()aa) -6.2977(26) -6.286(13) -6.290(10) -6.300(14) -6.306(16) -6.284(13) -6.297(22) -6.293(20)
0.25(xpb- 0.09447(76) 0.0983(34) 0.0984(26) 0.1014(38) 0.0945(42) 0.0981(33) 0.1008(35) 0.0963(36)
Xec)
Centrifugal distortion constants® /kHz
Ay 0.013523(63) 0.0147(12) 0.0142(10) 0.0131(14) 0.0124(15) 0.0137(12) 0.0142(13) 0.0143(13) 0.01218(43)
A 0.15751(50) 0.162(15) 0.150(11) 0.135(16) 0.129(18) 0.138(14) 0.140(18) 0.144(17) 0.1509(80)
Ax 0.719(63) 0.719 0.719 0.719 0.719 0.719 0.719 0.719 0.719
d; 0.003416(39) 0.00409(61) 0.00375(50) 0.00343(66) 0.00275(74) 0.00359(59) 0.00377(64) 0.00394(62) 0.00285(23)
Sic 0.1066(24) 0.138(38) 0.119(31) 0.099(41) 0.076(47) 0.088(37) 0.114(42) 0.109(41) 0.081(14)
rms /kHz | 2.3 1.7 1.3 1.8 2.0 1.6 1.7 1.7 0.5
# lines 315 a-, 68 b-type 54 a-type 53 a-type 54 a-type 54 a-type 54 a-type 49 a-type 52 a-type 23 a-type

2 Calculated rotational constants (MP2/6-311++G(2d,2p)) from this work: A=2926.211 MHz, B=928.314 MHz, C=704.741 MHz

b Calculated '*N hyperfine constants from this work: B3LYP/6-311++G(2d,2p): 1.5(}aa)=-6.331 MHz, 0.25(3pb-)cc)= 0.120 MHz,

7av=0.764 MHz; MP2/6-311++G(2d,2p): 1.5(aa)= -5.773 MHz, a=-0.661 MHz.

¢ Some centrifugal distortion constants for minor isotopologues were held fixed to the parent values during the fit. These are given

here without uncertainties.
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Table 7: Equilibrium (r.) (MP2/6-311G++(2d,2p)), substitution (rs)* and ground state effective (r,) structural parameters of BN, 2FBN,
3FBN, 23DFBN, 24DFBN and PFBN) determined in this work. Bond lengths are in A and angles in degrees.

benzonitrile 2-fluorobenzonitrile 3-fluorobenzonitrile
Te Is To Ie Is To Te Is Io
Ci-C, 1.401 1.381(6) 1.397(7) 1.396 1.357(7) 1.383(4) 1.401 1.393(14) | 1.398(10)
Co-Cs 1.393 1.417(12) | 1.397(8) 1.386 1.423(14) 1.384(2) 1.386 1.386(14) 1.388(7)
C3-C4 1.396 1.396(1) 1.398(6) 1.394 1.377(20) 1.397(4) 1.388 1.380(4) 1.386(3)
C4-Cs 1.397 1.417(23) 1.397(4) 1.395 1.398(2) 1.396(4)
Cs-Ce 1.391 1.399(4) 1.394(3) 1.393 1.389(3) 1.397(6)
Ce-C1 1.403 1.396(4) 1.402(5) 1.401 1.393(13) | 1.392(11)
Cr-Cy 1.435 1.450(3) 1.445(8) 1.431 1.449(4) 1.443(5) 1.435 1.447(5) 1.447(5)
N-C; 1.173 1.158(1) 1.158(3) 1.173 1.158(1) 1.157(1) 1.173 1.158(2) 1.158(3)

Z(C1-Co-C3) | 1195 | 118.1(5) | 119.1(5) | 1218 1202(7) | 122.1Q2) 118.0 117.05) | 117.1(5)

Z(C2-C3-Cy) 120.3 120.2(1) 120.1(3) 118.9 119.2(6) 118.4(2) 122.7 123.3(3) 123.2(2)

Z(C3-C4-Cs) 120.0 120.1(1) 120.2(6) 120.4 120.3(2) 120.6(1) 118.5 118.2(1) 118.3(2)

/(C4-Cs-Ce) 120.1 119.7(4) | 120.0(1) 120.7 120.5(1) | 120.6(2)

Z(C5-Ce-C1) 120.1 119.02) | 119.6(3) 119.3 1192(2) | 119.009)

/(Ce-Ci-Ca) | 1205 | 123.4(9) | 121.4(5) 118.7 121.6(6) | 119.2Q2) 120.8 121.7(5) | 121.8(8)

Z(C7-C1-C2) 119.8 118.3(1) 119.3(7) 120.4 119.0(6) 120.7(3) 1194 118.8(8) 118.6(9)

Z(N-C7-C)) 180 180 180 178.8 179.1(3) 179.2(3) 179.8 179.8(6) | 179.7(1.0)
D(N-C7-Ci-Cy) 0 0 0 180 180 180 180 180 180
o(x10°) 9.3 3.6 6.3
2,3-difluorobenzonitrile 2,4-difluorobenzonitrile pentafluorobenzonitrile
re Is To Te Is To Te Is To
Ci-G 1.395 | 1.375(11) | 1.386(7) 1.396 1.387(4) 1.385(6) 1.397 1.400(2) 1.400(2)
GG 1.391 | 1.391(14) | 1.389(3) 1.385 1.357(5) 1.376(5) 1.388 1.359(3) 1.372(3)
Cs5-C4 1.386 1.366(8) 1.381(4) 1.387 1.370(13) | 1.393(4) 1.392 1.391(1) 1.393(2)
C4-Cs 1.396 1.400(2) 1.398(4) 1.389 1.409(15) | 1.386(4)
Cs-Co 1.391 1.387(3) 1.396(6) 1.390 1.393(25) | 1.398(16)
Ce-Cy 1.403 1.409(4) 1.404(8) 1.402 1.403(15) | 1.402(11)
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Co-C; 1431 | 1.4382) | 1.437(4) 1.430 1.440(1) | 1.437(4) 1.426 1.435(1) | 1.43403)
N-C; 1.173 | 1158 1.158¢ 1.173 1.158(1) | 1.158(2) 1.173 L157(1) | 1.156(2)
/(C1-Co-C3) | 120.0 | 119.6(5) | 119.93) 122.1 123.53) | 122.9(3) 120.9 121.6(2) | 121.3(5)
/(C-Cs-Cy) | 1209 | 121.8(5) | 121.3(3) 117.5 117.4(4) | 116.8(3) 119.6 119.8(1) | 119.7(2)
/(C-C4Cs) | 1192 | 118.9(1) | 119.0Q2) 122.7 122.82) | 123.2(7) 120.4 119.8(1) | 120.12)
/(C4-Cs-Ce) | 1205 | 1203(1) | 120.42) 118.5 117.93) | 118.2(1)
/(Cs-Ce-C) | 1199 | 119.7(2) | 119.5(5) 120.7 120.0(7) | 120.1(8)
/(Ce-Ci-Cy) | 1195 | 119.7(5) | 119.8(8) 118.5 118.4(9) | 118.8(4) 118.6 117.42) | 118.0(4)
Z(C-Ci-C) | 119.6 | 121.0(5) | 120.1(6) 120.5 121.7(8) | 121.2(6) 120.7 121.32) | 121.03)
/(N-C-C)) | 1788 | 179.13) | 179.5(7) 178.9 1792(3) | 179.3(5) 180 180 180
D(N-C7-Ci-C2) | 180 180 180 180 180 180 0 0 0
5(x10°) 6.3 5.1 7.0

? Note that while the Kraitchman equations provide only absolute values of the coordinates, the signs are inferred based on the orientation of the

conformer in its principal axis system based on the ab initio predictions.
b Rotational constants from ref. 16 used to derived the 1 and 1, structures including deuterium isotopologues.

¢ Due to large Costain error, the 1, parameter was used.

4 C-N bond length was fixed to the average values of the other benzonitriles.
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Table 8: Results from the N hyperfine analysis including the angle 0 between the least principal inertial axis and the C=N bond,

nuclear quadrupole coupling constants in the principal coupling tensor frame, and the ionic character (7., 7x and 7y) at nitrogen in BN

and related molecules.??

Species 0 (°) X2z MHz) | yxx MHz) | xyy (MHZ) Xxx= Xyy Tc TTx Ty
benzonitrile 0 -4.237 2.288 1.949 0.339 0.270 | 0.122 0.148
2-fluorobenzonitrile 7.1 -4.281 2.311 1.970 0.341 0.262 | 0.118 0.144
. 17.3 -4.257 2.272 0.267 | 0.123 0.144
3-fluorobenzonitrile (17.3) (-4.27) (2.28) 1.990 0.282 (0.264) | (0.121) | (0.143)
2,3-difluorobenzonitrile 15.3 -4.322 2.324 1.998 0.326 0.255 0.115 0.140
2,4-difluorobenzonitrile 6.4 -4.279 2.369 1.910 0.459 0.263 0.114 0.149
pentafluorobenzonitrile 0 -4.387 2.410 1.977 0.433 0.243 | 0.105 | 0.138
¥ values are derived from the parent isotopologues.
b values are mostly derived by a rotation transformation based on the r, structures; values in parentheses are derived by diagonalizing
the quadrupole coupling tensor matrix in the molecular inertia frame.
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Figure Captions
Figure 1: Geometries of the benzonitriles in their principal axis systems based on the ab initio

(MP2/6-311++G(2d,2p) structures.

Figure 2: A portion of the cp-FTMW spectrum (60 000 cycles) of PFBN showing the 10 910 - 9 99 and

10 110- 9 19 rotational transitions for the parent and some minor isotopologues in natural abundance.

Figure 3: FTMW spectrum (100 cycles) of the 10 910 - 9 09 and 10 1 10- 9 1 ¢ rotational transition of

PFBN showing the hyperfine splitting arising from the "*N quadrupolar nucleus.

Figure 4: Possible resonance structures for 2FBN and 3FBN involving donation of the lone pair
on fluorine to the © orbitals of the aromatic ring. Note that two additional resonance contributors
are possible for 2FBN that are similar to the center drawing but with the negative charge on C3

or C5.
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Figure 1: Kamaee, Sun, Luong and van Wijngaarden
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Figure 2: Kamaee, Sun, Luong and van Wijngaarden
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Figure 3: Kamaee, Sun, Luong and van Wijngaarden
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Figure 4: Kamaee, Sun, Luong and van Wijngaarden
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