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Electron-withdrawing eﬀects on the molecular
structure of 2- and 3-nitrobenzonitrile revealed
by broadband rotational spectroscopy and their
comparison with 4-nitrobenzonitrile†
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The rotational spectra of 2- and 3-nitrobenzonitrile were recorded via chirped-pulse Fourier transform
microwave spectroscopy in the frequency range of 2–8 GHz. These molecules each display large dipole
moments, making them viable candidates for deceleration and trapping experiments with AC-electric
fields. For both molecules, the main isotopologues and all isotopologues of the respective
15

N-,

18

13

C-,

O-monosubstituted species in their natural abundance were assigned. These assignments

allowed for the structural determination of 2- and 3-nitrobenzonitrile via Kraitchman’s equations as well
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as a mass-dependent least-squares fitting approach. The experimentally determined structural
parameters are then compared to those obtained from quantum-chemical calculations for these two
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molecules and 4-nitrobenzonitrile. Structural changes caused by steric interaction and competition for
the electron density of the phenyl ring highlight how these strong electron-withdrawing substituents

rsc.li/pccp

affect one another according to their respective positions on the phenyl ring.

1 Introduction
Nitrobenzonitrile (NBN) consists of two electron-withdrawing
groups, both of which have negative inductive and mesomeric
eﬀects on the phenyl ring. This leads to an electron poor
aromatic ring relative to benzene, which can also be described
as deactivated. The position of the nitro group with respect to
the nitrile group produces three diﬀerent molecular dipole
moments varying in magnitude. The para position, corresponding
to 4-NBN, produces the weakest molecular dipole moment as it
has two electron-withdrawing groups pulling from opposite ends
of the phenyl ring. Moving to the meta (3-NBN) and ortho (2-NBN)
positions partly redistributes the electron density of the phenyl
a
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ring to one side, resulting in a more polar molecule. As benzonitrile and some of their derivatives display interesting biochemical
and physical properties,1–3 all three NBN molecules have been
previously investigated via Hartree–Fock and density functional
theory methods.4 Besides the intriguing chemistry that arises from
the strongly electron-withdrawing groups present in NBN, part of
our motivation stems from the potential application of deceleration
and trapping techniques. The large dipole moment to mass ratios
for 2-NBN (6.97 D : 148.12 u), and 3-NBN (4.38 D : 148.12 u), together
with the ease at which they can be seeded into a molecular beam,
make these molecules ideal candidates for experiments that aim
to control and manipulate a molecule’s motion using external
electric,5 magnetic6 or electromagnetic fields.7–9 A detailed
knowledge of a molecule’s rotational energy level structure,
provided by the study of its microwave spectrum, is particularly
useful for manipulation experiments that aim to utilise the
DC- or AC-Stark effect.10
Owing to their polarity, these molecules can be studied
using high resolution chirp-pulse Fourier transform microwave
(CP-FTMW) spectroscopy. The high sensitivity and resolution
oﬀered by this technique allows for the detection of rotational
signatures for heavy atom isotopologues, relevant for the determination of structural parameters,11–14 as well as information
on the nuclear quadrupole coupling that arises due to the
presence of 14N nuclei in NBN. These, in turn, can provide
valuable information on the electronic environment and thus
the effect on bonding with the respective nucleus. As of yet,
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microwave spectroscopy has not been applied to either 2- or
3-NBN. The almost negligible dipole moment of 4-NBN (0.09 D)
makes the acquisition of its pure rotational spectrum difficult.
Consequently, we utilize the 4-NBN structures determined via
quantum-chemical calculations and X-ray crystallography15 to
compare with the structural parameters of 2- and 3-NBN
determined in this investigation. Such a comparison provides
insight into how the arrangement of the electron-withdrawing
substituents on the phenyl ring impacts upon the molecular
structures of NBN.

2 Experimental details
The broadband rotational spectra of 2- and 3-NBN were recorded
using the Hamburg CP-FTMW COMPACT spectrometer, a detailed
description of the set-up can be found in ref. 16. For details
concerning recent improvements to the Hamburg spectrometer,
such as the incorporation of the ‘fast frame’ approach,11 refer to
ref. 13. CP-FTMW spectroscopy is a fast, robust and sensitive
coherence spectroscopy technique.17 A broadband microwave
chirp is created using an arbitrary waveform generator (AWG),
which is coupled into the vacuum chamber. The microwave
excitation chirp is amplified by an adjustable travelling wave
tube (TWT) amplifier at 50% gain with an output power of
approximately 75 W.14 Due to the large dipole moments of both
molecules a 50% gain is preferred over full gain at 100%, which
corresponds to an output power between 300–600 W, reasons for
this will be discussed later in Section 4. Horn antennas broadcast
the microwave chirp into the vacuum chamber where it interacts
with a sample of supersonically expanded, internally cold molecules. Polarization of the sample is achieved, and a macroscopic
dipole moment is formed when the molecules are resonant with a
frequency within the chirp. The decay of this macroscopic dipole
moment is recorded as a free induction decay (FID) in the time
domain with a high-speed digital oscilloscope.
Phase stability allows for averaging high numbers of acquisitions
in the time domain to obtain a good signal to noise (S : N) ratio.
For both measurements, a carrier gas of neon was used at a

backing pressure of 2.5 bar. Each sample was supersonically
expanded into the spectrometer via a pulsed nozzle at a repetition
rate of 9 Hz. In the case of 2-NBN, approximately 5 million
acquisitions were recorded over approximately 19 hours, and
after Fourier transformation a rotational spectrum with a S : N
ratio of 4000 : 1 was produced. For 3-NBN, approximately 3.1
million acquisitions were recorded over approximately 12 hours,
and after Fourier transformation a similar S : N ratio was produced.
The S : N ratios of both spectra were fully suﬃcient to observe the
singly substituted 13C-, 15N-, and 18O-isotopologues in their natural
abundances of 1.1%, 0.36%, and 0.2%, respectively.

3 Computational details
Quantum-chemical calculations were performed in Gaussian0918
for all three NBN molecules. Structure optimization calculations
were carried out using the aug-cc-pVTZ basis set with the B3LYP
hybrid functional including and excluding Grimme’s empirical
dispersion (GD3BJ). Including Grimme’s empirical dispersion
resulted in only minor diﬀerences to the parameters obtained
when it was excluded, thus the later discussion relies on the
information obtained via the B3LYP/aug-cc-pVTZ calculations
for comparison purposes. The obtained rotational parameters,
including the nuclear quadrupole coupling constants (NQCCs),
of each NBN molecule are listed in Table 1. For the rotational
parameters obtained when including Grimme’s empirical dispersion
refer to Table S1 in the ESI.†
Additional calculations of the NQCCs were also carried out
as follows. Molecular structures for 2-, 3- and 4-NBN were
obtained by optimization at the B3P86/6-31G(3d,3p) level of
theory. On these structures, calculation of the nitrile nitrogen
electric field gradients (EFGs) was made with the B3PW91/
6-311+G(df,pd) model,19,20 and converted to NQCCs via the
factor 4.5586(40) MHz per a.u. For the nitrogen of the nitro
group the B3PW91/6-311+G(d,p) model20,21 was employed, and
converted via 4.599(12) MHz per a.u. This latter model has
proven to be more accurate than the former for pi-electron
conjugated nitrogen environments. Otherwise, the former is the

Table 1 Spectroscopic constants of 2-, 3-, 4-nitrobenzonitrile (NBN) determined experimentally and via quantum-chemical calculations. N11 refers to
the nitrogen atom of the nitro group and N15 to the nitrogen atom of the nitrile group. For a detailed labelling of the atoms refer to Fig. 2(b), (d) and (e).
The standard errors of the obtained values are included in parentheses, and values for the number of lines assigned (Nlines) and the root-mean-square
deviation of the fit (s) are also provided

Experiment

B3LYP/aug-cc-pVTZ

Parameter

2-NBN

3-NBN

2-NBN

3-NBN

4-NBN

A [MHz]
B [MHz]
C [MHz]
DK [kHz]
DJK [kHz]
DJ [kHz]
waa (N11) [MHz]
wbb  wcc (N11) [MHz]
waa (N15) [MHz]
wbb  wcc (N15) [MHz]
ma/mb/mc [D]
Nlines
s [kHz]

1506.5484(2)
1240.8070(6)
685.2525(5)
0.149(5)
0.267(6)
0.162(6)
0.779(1)
0.470(3)
0.401(1)
4.197(2)
—
289
4.9

2269.92862(9)
749.97847(4)
563.99011(3)
—
—
—
0.727(2)
0.766(3)
2.518(1)
1.528(2)
—
256
3.2

1499.04
1254.69
683.01
—
—
—
0.9335
1.0777
0.2163
5.2325
6.69/1.94/0
—
—

2282.75
751.43
565.33
—
—
—
0.8777
1.2983
2.8007
1.7141
0.14/4.38/0
—
—

3985.67
593.84
516.84
—
—
—
1.1533
1.0238
4.8451
0.1309
0.09/0/0
—
—
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Comparison of the NQCCs determined experimentally to those obtained via the quantum-chemical calculations described in Section 3

2-NBN

3-NBN

Parameter

Exp.

B3LYP

B3PW91

Exp.

B3LYP

B3PW91

waa (N11) [MHz]
wbb  wcc (N11) [MHz]
wab (N11) [MHz]
waa (N15) [MHz]
wbb  wcc (N15) [MHz]
wab (N15) [MHz]

0.779(1)
0.470(3)
—
0.401(1)
4.197(2)
—

0.9335
1.0777
0.2907
0.2163
5.2325
3.2362

0.805
0.525
0.357
0.367
4.607
2.957

0.727(2)
0.766(3)
—
2.518(1)
1.528(2)

0.8777
1.2983
0.4956
2.8007
1.7141
3.2931

0.743
0.749
0.553
2.548
1.528
2.957

recommended model. These calculated NQCCs are compared
with experimentally determined constants in Table 2. Calculated
NQCCs of 4-NBN are displayed in the ESI† in Table S2.

4 Results and discussion
The broadband rotational spectra of 2- and 3-NBN measured
with the TWT amplifier at 50% gain and the corresponding fits
to the asymmetric-rotor Hamiltonian operators are displayed
in Fig. 1(a) and (c), respectively. After assignment of the strong
a- and b-type transitions for 2- and 3-NBN, respectively, the
quantum-chemical rotational parameters could be directly
compared to those determined experimentally. The microwave
spectrum was fitted using an asymmetric rotor Hamiltonian
(Watson S-reduction in the IIIl and Ir representations for 2-NBN
and 3-NBN, respectively) with the program PGOPHER.22 It is
important to note that for comparison purposes later the
quantum-chemical calculations employed do not consider
zero-point vibration. The rotational quantum numbers involved
in the assigned transitions range from J = 1 up to J = 9 for 2-NBN,
and from J = 1 up to J = 10 for 3-NBN. In total 289 lines were
assigned for the main isotopologue, the parent molecule, of
2-NBN with an average error of the fit of 4.9 kHz. For the parent
molecule of 3-NBN, 256 lines were assigned with an average
error of the fit of 3.2 kHz.
A 50% gain of the TWT amplifier (corresponding to an
output power of approximately 75 W) is utilized in this study
to prevent population transfer/inversion and stepwise multiresonance eﬀects, which have been previously observed for
other molecules with large dipole moments and high excitation
powers.14,16 A lower gain can prevent these population-altering
eﬀects and lead to a better agreement of transition intensities with
those predicted by PGOPHER, thus simplifying the assignment.
The rotational temperature of the simulated spectra was set to
1 K, which is the approximate temperature of a supersonically
expanded sample of NBN seeded with neon in the experimental
set-up. The recorded spectra diﬀer noticeably for each NBN
molecule. 2-NBN, a near-oblate molecule with a large ma, produces
a clear a-type spectrum (Fig. 1(a)), whereas 3-NBN, a near-prolate
molecule with a large mb, produces a more congested b-type
spectrum that is harder to recognize (Fig. 1(c)). For 2-NBN, the
measured transition intensities agree reasonably well with those
predicted, which is not the case for 3-NBN. The measured
transition intensities between 5 and 8 GHz for 3-NBN are clearly
weaker than those predicted with PGOPHER. This cannot be a
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temperature eﬀect, as adjusting the temperature within the
range of what is normal for a supersonically expanded sample
seeded in neon (1–2 K) offers no improvement to the agreement
of transition intensities of 3-NBN. As 3-NBN has a smaller dipole
moment (4.38 D) compared to 2-NBN (6.97 D), a larger gain
might have been more appropriate. Irrespective of the mismatch
in transition intensities a large number of transitions within the
5–8 GHz frequency range could be reliably assigned, because of
the high frequency resolution offered by CP-FTMW spectroscopy.
A closer look at the hyperfine structure of 2-NBN due to the
nitrogen nuclei of the nitro and nitrile groups can be found in
Fig. 1(b). Note for the spectra that display hyperfine structure
(Fig. 1(b) and (d)) both the red and blue lines represent the
simulated spectra, and only the lines in blue were assigned. The
observed hyperfine structure in Fig. 1(b) and (d) arises from
the coupling of the two nitrogen atom’s nuclear charge density
with the electric potential generated by the electrons and other
nuclei present in the molecule. For two nuclei that have the
same, or comparable, coupling strength the most convenient
scheme to describe this coupling interaction is the (I1I2I12JFMF)
representation.23 In this scheme the combined nuclear spins (I) of
the nitrogen nuclei (I1 + I2 = I12) couple with the molecular rotational
angular momentum J to give a total angular momentum of F,
and the new angular momentum quantum numbers are
I12 = I1 + I2,
F = J + I12
Fig. 1(b) and (d) use this coupling scheme to label the quantum
numbers involved in the observed transitions.
The NQCCs are not only sensitive to the local electronic
environment of the nucleus, but also to the orientation of the
principal axis system of the molecule. Fig. 2(a), (c) and (e) show
the orientation of the principal axis system for 2-, 3-, and 4-NBN,
respectively. Initial calculations mostly predicted more negative
values for the NQCCs compared to those determined experimentally. The exception being the experimental waa value of the
N15 atom for 2-NBN, which is almost 200 kHz more negative
than the predicted value (refer to Table 1). Further calculations
and the application of models described in more detail in
ref. 19–21 resulted in a much better agreement of the predicted
NQCCs with those determined experimentally (Table 2). For the
atom labelling of 2-, 3-, and 4-NBN refer to Fig. 2(b), (d) and (e),
respectively. Note that N11 and N15 consistently refer to the
nitrogen atoms of the respective nitro and nitrile groups.

Phys. Chem. Chem. Phys.

View Article Online

Published on 03 August 2018. Downloaded by Max Planck Institute for the Structure and Dynamics of Matter on 8/22/2018 1:38:21 PM.

Paper

PCCP

Fig. 1 Broadband rotational spectra of (a) 2-NBN and (c) 3-NBN. Nuclear quadrupole coupling splitting due to the N11 (nitro) and N15 (nitrile) atoms of (b)
0
2-NBN and (d) 3-NBN. The F and I12 quantum numbers for the JKa
JKa;Kc ¼ 303
202 (b) and 414 ’ 303 (d) transitions are also displayed. For each
0 ;Kc0
plot the lower trace (red/blue) represents a simulation of the fitted spectroscopic parameters reported in Table 1 and has been given an oﬀset for better
visibility of the S : N ratio of the experimental spectrum (black). Blue lines included in plots (b) and (d) indicate which lines were assigned, due to the high
line density the red lines of these plots were not assigned.

Focusing on the experimental NQCCs and comparing those
determined for 2-NBN with 3-NBN, the diﬀerences observed for
the N11 atom relative to the N15 atom are much less significant.
Changes to the molecular arrangement of NBN causes the
principal axis system to reposition accordingly (Fig. 2(a, c and e)).
For both 2- and 3-NBN, the N11 atom lies close to the a inertial axis
and is positioned a similar distance away from the centre of mass.
The N15 atom of 2-NBN lies close to the b inertial axis, whereas
for 3-NBN, the N15 atom is now positioned further away from
the centre of mass and closer to the a-axis. This repositioning
results in comparable NQCCs of the N11 atom, but more
significant diﬀerences for the N15 atom (refer to Table 2 and
Tables S2 and S3 of the ESI†). Changes to the structure of these
molecules will also have an eﬀect on the local electronic
environment of the nitrogen nuclei and thus their respective
NQCCs. Evaluation of the structural parameters of each molecule
should provide more insight into how the local electronic
environments of the substituents change according to their
position on the phenyl ring.
The high sensitivity of CP-FTMW spectroscopy facilitates the
observation of singly substituted 13C-, 15N-, and 18O-isotopologues in their natural abundance for both 2- and 3-NBN.
For 2-NBN the lines attributed to the isotopologues of the
0
JKa
JKa;Kc ¼ 515
414 and the 505 ’ 404 transitions are
0 ;Kc0

Phys. Chem. Chem. Phys.

displayed in Fig. 3(a). Lines for the isotopologues of the 111 ’ 000
transition for 3-NBN are displayed in Fig. 3(b). The number of
lines assigned and the rotational constants derived from the fits
of each isotopologue for 2- and 3-NBN are summarized in the
ESI† in Tables S4 and S5, respectively. With this information,
both the substituted (rs) and mass-dependent (r(1)
m ) coordinates
for each of the listed atoms could be determined and compared
with the equilibrium (re) coordinates obtained via quantumchemical calculations and with each other. The re-structure
corresponds to a hypothetical equilibrium structure at a potential
energy minimum without zero-point vibration.
The rs-coordinates for 2-NBN were calculated with the KRA
program24 using Kraitchman’s equations.25 For a molecule that
displays a large inertial defect (D = Ic  Ia  Ib), it is normal
protocol to employ the non-planar approach when applying
Kraitchman’s equations. Inertial defects are usually a result of
out-of-plane hydrogens or low-lying out-of-plane vibrations, or
even a combination of both.26,27 Although 2-NBN has an
inertial defect of 5.24 mÅ2 the majority of the rs-coordinates
generated with the non-planar approach produce imaginary
components. For this reason, only the rs-structure determined
via the planar approach is reported here (refer to Tables S6 and
S7 in the ESI†). It has been previously reported that the position
of an atom with respect to the molecule’s centre of mass or the
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Fig. 2 Comparison of the calculated (background) and the experimentally determined (spheres, foreground) atom positions, excluding hydrogen, for
2-NBN (a) and (b), and 3-NBN (c) and (d). The calculated molecular structure of 4-NBN is also included in (e). All calculated atom positions are obtained
from B3LYP/aug-cc-pVTZ geometry optimizations. Experimental atom positions determined via the planar Kraitchman equations (rs-structure) are given
in (a) and (c), and via the mass-dependent least-squares fit approach (r(1)
m -structure) in (b) and (d). Also included is a reference to the inertial axis frames in
(a), (c) and (e) and the atom labels in (b), (d) and (e).

molecule’s inertial axes can impact upon the reliability of the
rs-coordinates determined.27,28 In spite of this behaviour and
the large inertial defect, the planar approach only generates
an imaginary component for the C1 atom of 2-NBN. Thus
structural parameters that rely on the position of the C1 atom
could not be evaluated, whereas all the other rs coordinates for
heavy atoms could be evaluated. The rs-structure of 2-NBN
produces some unexpected behaviour, especially for the nitro
group where the rs(N11O13) bond length is over 0.1 Å larger
than the N11O12 bond length. Although some degree of steric
interaction between the nitrile and nitro group of 2-NBN might
be expected, it is unlikely to be to the extent that the rs-structure
indicates. Instead of only one bond reducing in length, it is
more plausible that both reduce in length in order to maintain
the symmetry of the resonance structure for the nitro group.
Diﬀerences in the determined rs(N–O) bond lengths for molecules
with a nitro group are not uncommon, especially for molecules
similar in size to NBN where the mass of the nitro group plays a
significant role in determining the orientation of the molecule’s
inertial axis system. When comparing the structural parameters of
a nitro group between molecules, the O  O distances are often
used instead of the N–O distances.14,29,30
For 2-NBN, a value of 1.985(4) Å is determined for the
rs(O  O) distance. Although this distance has a relatively small
uncertainty value, it should be considered with care as it does not
follow any logical trend when considering the O  O distances
reported for other nitro containing molecules.30 More importantly,

This journal is © the Owner Societies 2018

the rs(O  O) distance deviates significantly from the determined
r(1)
m (2.137(9) Å) and calculated re (2.166 Å) O  O distances of this
investigation. Cox and Waring30 list the structural parameters
reported for a series of molecules containing a nitro group
(R-NO2), and discuss how the electronegativity of the attached
group (R) aﬀects these parameters. One of the largest O  O
distances reported was 2.188 Å for NO2F,31 where the R group
(fluorine) is extremely electronegative. At the opposite end of the
scale, the smallest O  O distance of 2.090 Å was reported for
NO2 and determined via a neutron diﬀraction study.32 The
electronegativity of benzonitrile falls between these two extremes,
yet the rs(O  O) distance determined for 2-NBN is considerably
smaller than the distance reported for NO2.
A mass-dependent structural fit is less susceptible to the
eﬀects that reduce the accuracy of the rs-coordinates as it takes
into account the inertial defect. This approach can be employed
to yield the r(1)
m geometry. For 2-NBN, a least-squares fit of the
structure to the rotational constants and additional parameters
was performed in the STRFIT program.24 The additional parameters (ca = 0.05(2) and cb = 0.32(2) m1/2 Å) account for the
isotope-dependent rovibrational contribution to the molecule’s
moments of inertia.33 From the least-squares fit method we
obtain a complete set of reliable structural parameters, which
can be directly compared to those determined via quantumchemical calculations (refer to Tables S6 and S7 in the ESI†).
The r(1)
m -coordinates produce the expected resonance structure
for the nitro group, as both the N–O bonds are essentially
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equivalent within the errors, and also a more realistic O  O
distance of 2.137(9) Å. Interestingly, the more reasonable r(1)
m
(O  O) value determined here is still considerably smaller than
those reported for other nitrobenzene derivatives. For example,
4-nitroanisole (NO2C6H4OCH3) displays an r(1)
m (O  O) distance
of 2.167(3) Å,14 which is larger than the distance determined for
2-NBN by approximately 0.03 Å. Considering that benzonitrile
is a more electronegative moiety than anisole, a larger O  O
might be expected for 2-NBN. However, the steric interaction of
the nitro and nitrile substituents restricts the O  O distance in
2-NBN, this is made especially clear by the increase in the r(1)
m
(O  O) distance observed for 3-NBN (2.185(6) Å).
A recent gas electron diﬀraction study of nitroxoline reports
an alternative consequence of steric interaction between a nitro
group and the hydrogen atom of a neighbouring aromatic ring
in the form of a non-planar dihedral angle.34 The nitro group of
nitroxoline is twisted by an angle of 8  31 with respect to the
plane of the aromatic ring it is bonded to. For 2-NBN, there is
no such twisting of the nitro group observed, instead it is the
bond lengths and angles of the respective substituents that
are most aﬀected. While the quantum-chemical calculations
predict the structural parameters of the phenyl ring quite
accurately, they appear limited when considering the influence
of these highly electronegative, neighbouring substituents.
Calculations have overestimated each of the bond lengths
and distances of the nitro group (including C1N11, N11O12,
N11O13 and O12  O13, refer to Table S6 in the ESI†) for 2-NBN.
In the case of 3-NBN these limitations are less apparent,
although there are still discrepancies observed for the nitro
group (see Table S8 in the ESI†). According to the experimentally
determined rotational constants of 3-NBN, the magnitude of its
inertial defect (0.42 mÅ2) is significantly smaller than that of
2-NBN. The smaller inertial defect, however, does not prevent
the planar approach of Kraitchman’s equations from producing
an imaginary component for the C5 atom. Thus, structural
parameters that involve the C5 atom could not be evaluated.
When performing the least-squares fit method for 3-NBN the
additional parameter included was ca = 0.030(4) m1/2Å. Both
methods used to provide experimentally determined structures
for 3-NBN produce structural parameters that adhere to the
expected resonance structure of the nitro group. Although the
nitro groups of the experimentally determined structures are
very similar, the structures of the phenyl ring diﬀer quite
significantly. The determined rs-coordinates for the phenyl ring
produce an incomplete structure with larger errors. Similar to
2-NBN, the r(1)
m -structure of the phenyl ring is closely matched by
the predicted equilibrium (re) structure, and it is now the nitro
group alone where discrepancies arise. For a direct comparison
between the experimentally determined and calculated atom
positions for 2-NBN and 3-NBN refer to Fig. 2.
Comparing the structural parameters for the phenyl rings of
the diﬀerent NBN molecules can provide information on the
electron-withdrawing strength of the respective substituents.
As previously mentioned the experimental parameters of the
phenyl ring for both 2- and 3-NBN are in good agreement with
the calculated parameters. Thus, the parameters predicted for
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Fig. 3 Satellite lines of singly substituted 13C, 15N, 18O isotopologues of (a)
0
2-NBN and (b) 3-NBN. Displayed in (a) are the JKa
JKa;Kc ¼ 515
414
0 ;Kc0
0
and 505
404 transitions, and displayed in (b) is the JKa
JKa;Kc ¼ 111
000
0 ;Kc0
transition.

the phenyl ring of 4-NBN with quantum-chemical calculations
can be used to validate the observation of possible trends. The
carbon–carbon (C–C) bond lengths of the phenyl ring differ
noticeable for each NBN molecule (refer to Tables S6, S8 and
S10 in the ESI†). For each NBN molecule, the longest of the C–C
bonds for the phenyl ring are consistently bonded to the nitrile
group. This is a strong indicator that the nitro group is the most
electron-withdrawing of the two substituents.
When comparing the structures of 2-, 3-, and 4-NBN we
consider the structures obtained via the least-squares fitting
method as well as those obtained via quantum-chemical calculations
(Table 3). The calculated structural parameters of both substituents
are almost unchanged regardless of their respective positions on the
phenyl ring. However, this is contradictory to the experimental
structures. The nitro group of NBN is what exhibits the most
noticeable structural changes according to its position. For the
nitrile group, the most revealing diﬀerence is in the +CCN
value. Here, 2-NBN exhibits a significant deviation from 1801 for
the +CCN angle, whereas 3- and 4-NBN do not show this
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Table 3 Comparison of selected structural parameters determined
experimentally for 2- and 3-NBN with those determined via quantumchemical calculations for 4-NBN, as well as a selection taken from an X-ray
crystallography study.15 All quantum chemical calculations utilize the
B3LYP hybrid functional with the aug-cc-pVTZ basis set

2-NBN

3-NBN

4-NBN

Parametera

r(1)
m

B3LYP

r(1)
m

B3LYP

X-ray15

B3LYP

C–NO2
N–Ob
O  O
+ONO

1.471(3)
1.204(6)
2.137(9)
125.1(5)

1.479
1.220
2.166
123.12

1.483(4)
1.231(6)
2.185(6)
125.1(5)

1.480
1.220
2.166
125.14

1.483(13)
1.214(15)
—
124(1)

1.480
1.220
2.167
125.09

C–CN
C–N
+CCN

1.439(4)
1.152(6)
171.7(5)

1.430
1.152
171.70

1.431(2)
1.152(3)
179.6(3)

1.431
1.152
179.57

1.438(12)
1.155(15)
179(1)

1.430
1.152
180.00

a
Bond lengths in Å and angles in degrees.
bond lengths obtained.

b

Average of the two N–O

deviation (see Table 3), which is attributed to the steric interaction with the neighbouring nitro group. Our experimental
value for the +CCN angle of 3-NBN (179.6(3)1) is essentially the
same as the +CCN angle reported for 4-NBN (179(1)1) in the
X-ray crystallography study.15 Thus, the meta position is already
a suﬃcient distance away from the nitro group to prevent this
steric interaction.
For the nitro group it is important to note that its structural
parameters are especially sensitive to changes in its local
electron density.14,30 In general, increasing the electronegativity
of the species connected to the nitro group results in changes to
its structure, such as a decrease in the N–O bond length and an
increase in the ONO angle and the O  O distance. The smaller
r(1)
m (N–O) bond length of 2-NBN (1.204(6) Å) compared to 3-NBN
(1.231(6) Å) suggests this change to the structural arrangement
of NBN could be considered as equivalent to an increase in
electronegativity of the benzonitrile moiety. A smaller r(1)
m (O  O)
distance of 2-NBN (2.137(9) Å) compared to 3-NBN (2.185(6) Å)
would seem to negate this. However, considering the magnitude
of the decrease in r(1)
m (N–O) bond lengths and the constant
r(1)
(+ONO)
angle
observed
(125.1(5)1), it is likely that the
m
aforementioned steric interaction prevents an increase in the
O  O distance of 2-NBN. Thus, the observed changes can still
be rationalised by an effective increase in electronegativity
moving from the meta- to the ortho-benzonitrile configuration,
which forces the nitro and nitrile substituents to compete more
directly for the electron density of the phenyl ring.

5 Conclusions
The high-resolution broadband spectra of 2- and 3-NBN were
recorded. For both molecules singly substituted 13C, 15N, and
18
O isotopologues in their natural abundance were observed
and subsequently assigned. The accurate rotational parameters
obtained for the isotopologues meant that both the substituted
(rs) and mass-dependent least-squares fit (r(1)
m ) structures could be
obtained. Results from the least-squares fitting approach provided
a complete set of structural parameters for both molecules,
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and with reduced errors the structures were also considered
more reliable. The experimentally determined structures were
then compared with each other and the structures obtained via
quantum-chemical calculations. Diﬀerences in the experimentally
determined NQCCs were the first indication that the local
electronic environments of the nitrogen nuclei were aﬀected
by the change in the structural arrangement of NBN. After
further analysis of the substituents’ structural parameters, it
became clear that the structure of the nitro group of NBN was
sensitive to the position of the nitrile group on the phenyl ring.
A degree of steric interaction between the nitrile and nitro groups
was detected within 2-NBN as a +CCN angle significantly smaller
than 1801 was observed, whereas the +CCN angle of 3-NBN was
essentially linear. In addition to this steric interaction, having the
substituents bonded to adjacent carbons on the phenyl ring also
appeared to increase competition for the ring’s electron density.
A result of this competition was observable diﬀerences in the
structures of the respective nitro groups, such as smaller N–O
bond lengths for 2-NBN (1.204(6) Å) compared to 3-NBN (1.231(6) Å).
This behaviour has been previously observed in nitro groups
that are bonded to moieties of differing electronegativities.14,30
In the case of 2- and 3-NBN the moiety remains the same, but
the proximity of the electron-withdrawing nitrile to the nitro
group has altered. Thus, the consequent changes to the structure of the nitro group were then rationalised as being comparable to an increase in the electronegativity of the benzonitrile
moiety when moving from the meta to the ortho configuration.
Considering how common nitro group containing proteins are
throughout the field of biochemistry, understanding the structural impact nearby substituents can have on a nitro group
could be helpful when attempting to interpret the behaviour of
an entire protein on a larger scale.
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