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3,5-Difluoronitrobenzene (3,5-DFNB) and 2,6-difluoronitrobenzene (2,6-DFNB) have been studied by gas-
phase electron diffraction (GED), MP2 ab initio, and by B3LYP density functional calculations. Refinements
of ry and r, static and r,; dynamic GED models were carried out for both molecules. Equilibrium 7, structures
were determined using anharmonic vibrational corrections to the internuclear distances (r. — r,) calculated
from B3LYP/cc-pVTZ cubic force fields. 3,5-DFNB possesses a planar structure of C,, symmetry with the
following r. values for bond lengths and bond angles: n(C—C),, = 1.378(4) A, (C—N) = 1.489(6) A, (N—0)
=1.217(2) A, HC—F) = 1.347(5) A, 0C6—C1—C2 = 122.6(6)°, IC1—C2—C3 = 117.3(3)°, 0C2—C3—C4
= 123.0(3)°, OC3—C4—C5 = 116.9(6)°, OC—C—N = 118.7(3)°, OC—N—-0 = 117.3(4)°, DO—N—-0O =
125.5(7)°, OC—C—F = 118.6(7)°. The uncertainties in parentheses are three times the standard deviations.
As in the case of nitrobenzene, the barrier to internal rotation of the nitro group in 3,5-DFNB, Voo = 10 £
4 kJ/mol, is substantially lower than that predicted by quantum chemical calculations. The presence of
substituents in the ortho positions force the nitro group to rotate about the C—N bond, out of the plane of the
benzene ring. For 2,6-DFNB, a nonplanar structure of C, symmetry with a torsional angle of p(C—N) =
53.8(14)° and the following r, values for structural parameters was determined by the GED analysis: r(C—C),,
=1.383(5) A, HC—N) = 1.469(7) A, (N—0) = 1.212(2) A, {C—F) = 1.344(4) A, 0C6—C1—C2 = 118.7(5)°,
OC1—C2—C3 = 121.2(2)°, OC2—C3—C4 = 119.0(2)°, OC3—C4—C5 = 121.1(4)°, OC—C—N = 120.6(2)°,
OC—N—-0 =115.7(4)°, DO—N—0 = 128.6(7)°, HC—C—F = 118.7(5)°. The refinement of a dynamic model
led to barriers Vy = 16.5 &+ 1.5 kJ/mol and Vyy = 2.2 &£ 0.5 kJ/mol, which are in good agreement with values
predicted by B3LYP/6-311++G(d,p) and MP2/ cc-pVTZ calculations. The values of C—F bond lengths are
similar in both molecules. This is in contrast to the drastic shortening of the C—F bond in the ortho position
in 2-fluoronitrobenzene compared to the C—F bond length in the meta and para position in 3- and
4-fluoronitrobenzene observed in an earlier GED study.

1. Introduction

Nitrobenzene and fluorosubstituted nitrobenzenes are of
interest since they have different conformational behavior due
to the mutual influence through the benzene ring between a nitro
group and fluorine atoms in different positions. The structure
and dynamic properties of nitrobenzene have been the subject
of several experimental and theoretical investigations.!~* This
molecule possesses a planar equilibrium structure with a large-
amplitude motion around the C—N bond. From experimental
microwave spectroscopy (MW) and gas-phase electron diffrac-
tion (GED) studies, ' the barrier to internal rotation was found
to be 12.5 and 17.2 kJ/mol, respectively, which is considerably
lower than theoretical predictions (19.7—31.4 kJ/mol).*

The effect of fluorination of the benzene ring on the structure
and dynamic properties has been investigated for 2-, 3-, and
4-fluoronitrobenzene and for 2,4,6-trifluoronitrobenzene.>® From
MW and GED studies,’8 it was shown that 3- and 4-substituted
molecules were planar, with the barrier to internal rotation of

* To whom correspondence should be addressed. E-mail: dorofeeva@
phys.chem.msu.ru.

T Moscow State University.

# Universitit Tiibingen.

10.1021/jp800941z CCC: $40.75

17.1 and 14.5 kJ/mol, respectively. Thus, compared to the parent
molecule, the substituents in the meta and para positions have
practically no effect on the internal rotation of the nitro group.
However, the substituents on the benzene ring in the ortho
position can force the NO, group to rotate out of the plane of
the ring. 2-Fluoronitrobenzene was found to be nonplanar, with
torsional angles of 32 or 38° determined from MW and GED
data,>” respectively. A substantially larger value of the torsional
angle, 57°, was obtained for 2,4,6-trifluoronitrobenzene from
an analysis of the MW spectrum.’ Unfortunately, the barriers
to internal rotation could not be determined from experimental
data>’ for the above ortho-substituted molecules. Quantum
chemical calculations of the torsional potentials were performed
for 2-fluoronitrobenzene and 2,6-difluoronitrobenzene at the
MP2/6-31G(d)//HF/6-31G(d) level of theory,® which does not
always provide reliable result for such potentials.

In connection with these studies, the structural and dynamical
properties of symmetrically fluorinated compounds 3,5-difluo-
ronitrobenzene (3,5-DFNB) and 2,6-difluoronitrobenzene (2,6-
DFNB) are of great interest. In the present paper, we report the
results of a GED study and MP2 and B3LYP calculations with
6-31(d,p), 6-3114++(d,p), and cc-pVTZ basis sets for these two
compounds. To determine the torsional potentials for internal
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TABLE 1: Experimental Conditions of the Gas-Phase
Electron Diffraction Experiment

3,5-DFNB 2,6-DFNB
long short long short
camera camera camera camera
camera distance 362.28 193.94 362.28 193.94
(mm)
nozzle temperature 333 333 337 343
X
accelerating 60 60 60 60

voltage (kV)

electron wavelength 0.049491  0.049186 0.049309 0.049618

(A)
number of plates 3 2 3 3
used
range of s 34-18.0 8.0—33.0 34-18.0 82-32.6

values (A1)

scale factor 0.643(14Y 0.619(21) 0.680(16) 0.731(24)

@ Here, s = 4mA™" sin(6/2), where 0 is the scattering angle and 4
is the electron wavelength. » Value in parentheses is the estimated
standard deviation.

rotation of the nitro group, a dynamic model was applied in
the interpretation of GED data. Besides conformation, the
change in geometrical parameters due to fluorination is also of
considerable interest. From a GED study,’ the value of the C—F
bond length in 2-fluoronitrobenzene was found to be about 0.03
A shorter than that in 3- and 4-fluoronitrobenzene.8 The observed
difference was distinctly larger than that predicted by quantum
chemical calculations. The GED investigation of 2,6- and 3,5-
DENB could provide support for this trend of shortening of the
C—F bond in ortho positions, while the quantum chemical
calculations at a high level of theory could resolve the
contradiction between experimental and theoretical results.

2. Experimental Section

Commercial samples of 3,5-DFNB and 2,6-DFNB with
purities of 99 and 98%, respectively, were purchased from the
Aldrich Chemical Co. and used without further purification.
Electron diffraction intensities were recorded using the electron
diffraction apparatus at Moscow State University. Details of
the experimental conditions are given in Table 1. The electron
wavelength was calibrated against diffraction patterns of CCly.
The optical densities were measured using a commercial Epson
Perfection 4870 photo scanner. The data were processed with
the program UNEX® using standard routines. The final modified
intensity curves are shown in Figures 1 and 2. Numerical values
of the experimental intensity curves with the backgrounds are
available as Supporting Information (Table S1 and S2 for 3,5-
and 2,6-DFNB, respectively). The similarity of the difference
curves for the two molecules in the range of 5 A~! (Figures 1
and 2) was determined by a small defect of our new sector,
which was corrected later. This effect has practically no
influence on the final results.

3. Quantum Chemical Calculations

Ab initio MP2 and density functional B3LYP calculations
with different basis sets (6-31G(d,p), 6-311++G(d,p), and cc-
pVTZ) were carried out to obtain the initial values for geometric
and torsional parameters. Potential functions for internal rotation
around the C—N bond were obtained by calculating the total
energies for torsional angles from 0 to 90° with 10° increments,
while all other structural parameters were optimized. To perform
the GED refinements, the vibrational amplitudes and vibrational
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Figure 1. Experimental (open cycles) and theoretical (solid line)
molecular intensities sM(s) and the difference curves AsM(s) for the r.
structure model of 3,5-DFNB.
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Figure 2. Experimental (open cycles) and theoretical (solid line)
molecular intensities sM(s) and the difference curves AsM(s) for the r.
structure model of 2,6-DFNB.

corrections to internuclear distances are also needed, and these
were calculated with the harmonic and anharmonic force fields
obtained from the B3LYP/cc-pVTZ calculations. All calculations
were carried out using the Gaussian 03 program package.!?

3.1. Geometry and Torsional Potential. Computed bond
lengths, bond angles, and potential barrier heights for 3,5- and
2,6-DFNB are given in Tables 2 and 3, respectively. Molecular
structures of 3,5- and 2,6-DFNB with atom numbering are
shown in Figure 3. The torsional potentials for 3,5- and 2,6-
DFNB obtained from quantum chemical calculations are given
in Figures 4 and 5, respectively. In general, the geometric
parameters are not very sensitive to the computational method.
Bond lengths agree to within 0.02 A, and the bond angles differ
by no more than 0.9°. It may be noted that the MP2/6-31G(d,p)
method predicts rather long N—O bonds.

All calculations for 3,5-DFNB result in planar structures
(p(C—N) = 0°), except for the MP2/6-311G++(d,p) method,
which predicts a nonplanar structure with torsional angle
@(C—N) = 15.7° and with a small barrier of V; = 0.2 kJ/mol
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TABLE 2: Structural Parameters of 3,5-DFNB Calculated at Different Levels of Theory

B3LYP MP2

parameter” /6-31G(d,p) /6-311++G(d,p) /cc-pVTZ /6-31G(d,p) /6-311++G(d,p) /cc-pVTZ
Cl—C2 1.392 1.390 1.386 1.392 1.394 1.388
C2—C3 1.389 1.386 1.383 1.390 1.392 1.386
C3—C4 1.392 1.388 1.385 1.391 1.393 1.388
C—N 1.476 1.485 1.481 1.472 1.478 1.471
N—-O 1.229 1.223 1.220 1.242 1.231 1.228
C2—H 1.083 1.082 1.079 1.080 1.084 1.079
C4—H 1.081 1.080 1.078 1.078 1.083 1.078
C—F 1.342 1.346 1.341 1.349 1.342 1.336
C6—Cl1—C2 123.3 123.3 123.2 123.6 123.7 1234
Cl1—-C2—-C3 117.0 116.8 117.0 116.6 116.5 116.8
C2—C3—-C4 122.6 122.9 122.7 123.0 123.1 122.8
C3—C4—-C5 117.6 117.3 117.5 117.2 117.2 117.5
C—C—N 118.4 1184 118.4 118.2 118.2 118.3
C—N-0 117.5 1174 1174 117.4 117.2 117.3
O—N-O 125.1 125.2 125.2 125.2 125.6 125.5
Cl1—C2—H 121.3 1214 121.3 121.7 121.4 121.4
C3—C4—H 121.2 121.3 121.3 1214 121.8 121.3
C4—C3—F 118.6 1184 118.5 1184 118.3 118.5
@(C2—C1—-N—-09) 0 0 0 0 15.7 0
Vo - - - - 0.2 -
Voo 30.1 23.0 23.8 24.0 16.5 214
“Bond lengths are in 10\, angles are in degrees, and barriers for internal rotation (Vy, V) are in kJ/mol.

TABLE 3: Structural Parameters of 2,6-DFNB Calculated at Different Levels of Theory
B3LYP MP2

parameter? /6-31G(d,p) /6-311++G(d,p) /cc-pVTZ /6-31G(d,p) /6-311++G(d,p) /cc-pVTZ
Cl—C2 1.400 1.393 1.391 1.394 1.394 1.389
C2—C3 1.389 1.385 1.383 1.389 1.390 1.385
C3—C4 1.395 1.393 1.389 1.396 1.399 1.392
C—N 1.464 1.475 1.471 1.455 1.462 1.456
N—-O 1.228 1.220 1.218 1.242 1.231 1.228
C3—H 1.084 1.082 1.080 1.081 1.085 1.079
C4—H 1.085 1.083 1.081 1.082 1.085 1.080
C—F 1.335 1.340 1.334 1.345 1.338 1.333
C6—Cl1—C2 118.6 118.8 118.8 119.3 1194 1194
Cl1—-C2—C3 121.2 121.2 121.1 120.8 121.0 120.9
C2—C3-C4 119.0 118.8 118.9 118.9 118.8 118.9
C3—C4—-C5 121.0 121.2 121.1 121.1 121.2 121.1
C—C—N 120.7 120.6 120.6 120.3 120.3 120.3
C—N-0 117.0 116.8 116.8 116.7 116.7 116.6
O—N-O 125.9 126.3 126.3 126.5 126.7 126.8
C3—C4—H 119.5 1194 1194 1194 1194 1194
C4—C3—H 122.2 122.0 122.0 122.0 122.0 122.0
Cl1—-C2-F 119.6 119.1 119.3 119.0 118.7 118.9
@(C2—C1—N—-09) 432 59.0 54.2 53.5 66.2 62.6
Vo 7.9 14.2 11.8 16.4 24.6 17.9
Voo 7.0 1.8 2.2 39 1.8 0.9

“Bond lengths are in 10\, angles are in degrees, and barriers for internal rotation (Vy, V) are in kJ/mol.

at the planar configuration. This result, however, has to be
considered with caution since it has been demonstrated that the
MP2 method with this basis set results in a nonplanar structure
for benzene.!! Calculated barriers for perpendicular orientation
of the NO; group (V) range between 16.5 and 30 kJ/mol, the
lowest value being predicted by the MP2/6-311G++(d,p)
method (see Table 2).

According to quantum chemical calculations at different levels
of theory (Table 3), 2,6-DFNB possesses a nonplanar equilib-
rium structure with torsional angles ¢(C—N) from 43 to 66°.
Except for the B3LYP/6-31G(d,p) method, all theoretical models
lead to rather high barriers at the planar configuration (12—25
kJ/mol) and small barriers for orthogonal orientation (1—4 kJ/
mol). The B3LYP/6-31G(d,p) method predicts very similar and
relatively small barriers of V = 8 kJ/mol and Vo9 = 7 kJ/mol.

Thus, the quantum chemical calculations give fairly different
conclusions about the internal rotation in 3,5- and 2,6-DFNB.
The values in Tables 2 and 3 and Figures 4 and 5 demonstrate
appreciable differences in torsional angles and barrier heights.
For this reason, it is of interest to analyze the GED intensities
not only with a static model but also with a dynamic one using
different theoretical torsional potentials as starting potential
functions. For this purpose, the theoretical energy values were
approximated by a Fourier cosine potential

V(¢)=%V2(1 — oS 2§0)+%V4(1 —cos 4¢) @))

where @ is the torsional angle around the C—N bond. In some
instances the use of three potential coefficients V», Va4, and Vs
led to a somewhat better reproduction of theoretical energy
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Figure 3. Molecular structures of 3,5-DFNB and 2,6-DFNB with atom
numbering.
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Figure 4. Potential functions for internal rotation around the C—N
bond in 3,5-DFNB calculated at the different levels of theory.
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Figure 5. Potential functions for internal rotation around the C—N
bond in 2,6-DFNB calculated at the different levels of theory.

values. Attempts to refine three parameters V», Vi, and Ve in
the GED analysis, however, were not successful. The results of
B3LYP/cc-pVTZ calculations were used as the starting values
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and constraints for the parameters used in the GED analysis of
static and dynamic models.

3.2. Force Field Calculations. In this study, a structural
analysis was carried out to obtain an experimental—theoretical
approach to the equilibrium r, geometry by calculating anhar-
monic vibrational corrections based on the cubic force field.
The equilibrium structure, quadratic and cubic force constants,
and vibrational frequencies for 3,5- and 2,6-DFNB were cal-
culated at the B3LYP/cc-pVTZ level. The harmonic force
constants were calculated from analytical expressions for the
second energy derivatives, and the cubic force constants were
obtained by numerical differentiation of the second derivatives.
From the quadratic and cubic force constants, the amplitudes
of vibration (#) and harmonic (r,; — r,) and anharmonic (r, —
r,) vibrational corrections to the internuclear distances were
calculated using the SHRINK program.'>!3 The calculated
values of the amplitudes of vibration and the vibrational
corrections are given in Table S3 (Supporting Information).
These parameters were used as initial values in the GED analysis
of static models. For dynamic models, the vibrational amplitudes
and harmonic vibrational corrections for each pseudoconformer
were also obtained from B3LYP/cc-pVTZ calculations. The
vibrational amplitudes were calculated by including the con-
tributions from all normal modes except the torsion about the
C—N bond.

The r. structure determined in this work is one of the possible
approximations to the equilibrium geometry. To define ac-
curately the explicit type of structure that has been obtained
from a GED experiment, a systematic nomenclature was recently
proposed by McCaffrey et al.'* In accordance with this
nomenclature, the equilibrium structure obtained in this work
is designated as 7,3 1.

4. Analysis of the Gas-Phase Electron Diffraction Data

The analysis of GED data was carried out by applying the
least-squares method to the molecular intensities using the
UNEX program.” In this program, the molecular geometry is
specified in a format of a Z-matrix. To keep the symmetry C»,
or C, for 3,5- and 2,6-DFNB, the interatomic distance C1++-C4
was chosen as an independent parameter together with bond
lengths and angles given in Table S4 (Supporting Information).
Two types of C—C and C—H bonds were refined in groups,
with the differences between them constrained to theoretical
values. The C—C—H angle was set to the calculated value in
all refinements.

Four GED models, namely, the r,, 1, and 7. static models
and the r,; dynamic model, were analyzed for 3,5-DFNB, and
the latter three models were considered for 2,6-DFNB. The
determination of starting values for the parameters used in the
GED analysis is described in sections 3.1 and 3.2. Vibrational
amplitudes were refined in groups. The groups were selected
according to the length of the interatomic distances, and the
differences within each group were set to calculated values.

To investigate the large-amplitude motion in 3,5- and 2,6-
DFNB, a dynamic model was applied in the present GED study.
This model is based on the concept that the large-amplitude
motion due to torsion of the nitro group can be represented by
a mixture of ten pseudoconformers with the dihedral angle
@(C—N) ranging from 0 to 90° in steps of 10°. The statistical
weight of each pseudoconformer was determined on the basis
of its symmetry; the statistical weights of 1 and 2 were used
for the Cy, (@ = 0 and 90°) and C, (¢ = 10—80°) forms,
respectively. All pseudoconformers were treated as distinct
molecules undergoing the usual framework vibrations, except
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TABLE 4: Molecular Structure of 3,5- and 2,6-DFNB Obtained by Gas-Phase Electron Diffraction

3,5-DFNB 2,6-DFNB
Static model Dynamic model Static model Dynamic model
parameter” 7 (Un) re (Ue) 7 (Un) 7 (Un) re (Ue) i (Oni)
Cl—-C2 1.390(5)" 1.380(4) 1.387(4) 1.387(5)% 1.379(5) 1.387(5)%
C2—-C3 1.379(18) 1.375(15) 1.383(15) 1.400(13) 1.392(13) 1.398(13)
C3—-C4 1.390° 1.379% 1.386° 1.385% 1.377° 1.387°
C—N 1.500(7) 1.489(6) 1.506(6) 1.480(7) 1.469(7) 1.470(7)
N-O 1.218(2) 1.217(2) 1.215(2) 1.216(2) 1.212(2) 1.215(2)
C—F 1.344(6) 1.347(5) 1.352(4) 1.344(4) 1.344(4) 1.342(4)
C—H¢ 1.097(24)° 1.092(25)° 1.104(28)° 1.076(15)° 1.0814 1.081¢
C4—H 1.099¢ 1.093¢ 1.106° 1.075¢ 1.080¢ 1.080¢
C6—C1—-C2 122.1(6) 122.6(6) 122.9(6) 119.0(4) 118.7(5) 118.6(4)
Cl1-C2-C3 117.7(3) 117.3(3) 117.1(3) 121.0(2) 121.2(2) 121.2(2)
C2—-C3-C4 122.4(3) 123.0(3) 122.8(3) 118.8(2) 119.0(2) 119.0(2)
C3—-C4-C5 117.5(6) 116.9(6) 117.2(6) 121.3(4) 121.1(4) 120.9(4)
C—C—N 118.9(3) 118.7(3) 118.6(3) 120.5(2) 120.6(2) 120.7(3)
C—N-0O 116.9(4) 117.3(4) 116.93) 115.6(4) 115.7(4) 115.7(4)
O—N-0O 126.2(8) 125.5(7) 126.2(7) 129.0(7) 128.6(7) 128.6(7)
C-C-F 118.7(8) 118.6(7) 118.6(6) 118.9(5) 118.7(5) 119.2(5)
C—C—Hs 121.3¢ 121.3¢ 121.3¢ 122.0¢ 122.0¢ 122.0¢
C3—C4—-H 121.2¢ 121.2¢ 121.2¢ 119.4¢ 119.4¢ 119.4¢
@(C2—C1—-N—-09) 0.0 0.0 62.9(13) 53.8(14) 58.8(5)
Vs 10.0(40)" —14.3(3)
V4 —1.0(10)" =7.7(6)
Ry 4.4 3.5 4.0 3.4 4.5
Rs 5.8 5.6 4.9 5.5 5.1
Riot 4.8 4.2 4.3 4.3 4.7

“Bond lengths are in A, angles are in degrees, and potential coefficients (V,, Vi) are in kJ/mol; values in parentheses are three times the
standard deviations. Together with total value of the disagreement factor (Ry), the R factors (in %) are given for long (R.) and short (Rs)
camera distances. * The C1—C2 and C3—C4 bond lengths were refined in the group together with each other, whereas the C1-++C4 distance
was refined independently (see Table S4 of Supporting Information for adjustable parameters). < C2—H for 3,5-DFNB and C3—H for
2,6-DFNB. ¢ Theoretical B3LYP/cc-pVTZ values were used in the refinement of GED models. ¢ The C4—H bond was refined in the group
together with the above C—H bond. / C4—C3—F for 3,5-DFNB and C1—C2—F for 2,6-DFNB. ¢ C1—C2—H for 3,5-DFNB and C4—C3—H for
2,6-DFNB. " The value of Voo = 10 kJ/mol corresponds to the values of V, and V4 determined by GED. / The values of Vo = 16.5 kJ/mol and
Voo = 2.2 kJ/mol correspond to the values of V, and V4 determined by GED.

for torsional motion about the C—N bond. The differences in
bond lengths, bond angles, and vibrational amplitudes between
the planar conformer with ¢(C—N) = 0° and other pseudocon-
formers were taken from quantum chemical calculations. The
molecular parameters of the planar conformer were refined in
the structural analyses, but the values of other pseudoconformers
were deduced by adding the calculated differences to the refined
values of the planar conformer. The results of different quantum
chemical calculations were used as starting values for the
potential coefficients V, and V4 in eq 1. These coefficients were
refined in the least-squares procedures in addition to the
geometrical parameters from Table S4 (Supporting Information).

4.1. 3,5-Difluoronitrobenzene. Two starting values for the
torsional angle, p(C—N) = 15.7° (MP2/6-311++G(d,p)) and
@(C—N) = 0° (all other theoretical models in Table 2) were
used in the GED analysis of static models. A nonplanar structure
with ¢(C—N) = 11.5 & 7.9° was obtained only for the r, model,
where vibrational corrections were ignored. Essentially, a planar
structure was determined in all GED refinements in which
vibrational corrections, both harmonic and anharmonic, were
used. The results obtained for the refinement of r,; and r, static
models are given in Table 4 (geometrical parameters) and in
Table S5 of the Supporting Information (vibrational amplitudes).
The resulting radial distribution curve for the 7, static model is
shown in Figure 6.

The B3LYP/6-31G(d,p) and MP2/6-311++G(d,p) potential
functions were used as starting approximations in the dynamic
model refinements. As can be seen from Figure 4, these two
functions have the highest and the lowest torsional barrier among
theoretical potentials calculated in this work. The results

NO,

. |
| I J | 1 I I

cr-a107 AT \ 3708 | NoF
00/ C2+N €208 C3-N
AfC) ot
| 1 I 4 I I |
0 1 2 3 4 6

r, A

Figure 6. Experimental (open cycles) and theoretical (solid line) radial
distribution curves f(r) of 3,5-DFNB with difference curve Af(r) for
the r. static model. The distance distribution is indicated by vertical
bars.

obtained from the refinements of these two potential functions
are shown in Figure 7a and b. The refined GED potential
depends on the initial model; however, in both cases, the refined
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Figure 7. The dynamic model refinements for 3,5-DFNB. The solid line is the intial theoretical potential function, and the dashed line is the result
of the GED refinement: (a) B3LYP/6-31G(d,p) theoretical potential, (b) MP2/6-311++G(d,p) theoretical potential, (c) hypothetical potential with
low barrier height, and (d) the result of potential coefficients V, and V; scanning.

value of the Vo barrier is lower than the initial guess. Thus,
the least-squares procedure can not give an unambiguous
solution in this case since the starting values of the V, and V4
coefficients are probably too far from the actual values. These
analyses suggest that the actual value of the Vo barrier is lower
than 15.4 kJ/mol (Figure 7b). To estimate the lowest value of
the barrier height, which is in agreement with GED data, a
hypothetical potential with a very low barrier of 5 kJ/mol was
used as an initial guess (Figure 7c). In this case, the refined
value of the barrier (8.7 kJ/mol) was distinctly higher than the
starting one, and thus, the GED value of Vg lies most likely
between those shown in Figures 7b and c, that is, between 8.7
and 15.4 kJ/mol. A more exact estimate of Voo was obtained by
comparison of R factors for models with different fixed values
of V, and V4. Performing a two-dimensional scan,” models with
V, values from 5 to 30 kJ/mol and V4 values from —10 to 10 at
0.5 kJ/mol step were tested. The lowest R factor was obtained
for the model with Voo = 10.0 kJ/mol (V, = 10.0 kJ/mol and
V4 = —1.0 kJ/mol; Figure 7d). This is in agreement with the
above conclusion that the resulting GED potential barrier lies
between 8.7 and 15.4 kJ/mol. The final GED dynamic model
(Table 4) was refined, constraining the V, and V, coefficients
at the values obtained from the scan procedure. The result of
group refinement of vibrational amplitudes is given in Table
S5 of Supporting Information.

4.2. 2,6-Difluoronitrobenzene. In accordance with theoreti-
cal predictions (Table 3), the analysis of the GED data indicates
that 2,6-DFNB has a substantially nonplanar structure. The
results of the GED analysis of two static and one dynamic model
are given in Table 4. The radial distribution curve for the re
static model is shown in Figure 8. The vibrational amplitudes
were refined in the ry; static model only, whereas their values
were constrained at theoretical B3LYP/cc-pVTZ values in the
re static and ry dynamic model (Table S6 of Supporting
Information). The most substantial discrepancy in the resulting
parameters of the two static models is observed for the torsional
angle; the value obtained for the r. structure, ¢ = 53.8°, is
significantly smaller than that for the ry,; structure, ¢ = 62.9°.

The potential functions given in Figure 5 were used as the
initial guesses in the dynamic model analyses. Refinements of
all six theoretical potential functions led to potential minima
within a narrow range of 58.6—59.2° with a mean value of 58.8°.
The results of the refinements of four theoretical potential
functions are shown in Figure 9. The strongest discrepancy
between the starting and refined potential is observed for the
B3LYP/6-31G(d,p) model (Figure 9a); the GED data do not
support this model with similar values of the V{ and Vy, barriers.
As shown in Figure 9b and c, the most plausible GED potential
lies in the range between the B3LYP/6-311++G(d,p) and MP2/

NiG) NO,
F F
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08--Fl14 |03..N
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Figure 8. Experimental (open cycles) and theoretical (solid line) radial
distribution curves f(r) of 2,6-DFNB with difference curve Af(r) for
the r. static model. The distance distribution is indicated by vertical
bars.

cc-pVTZ potentials. This suggestion agrees well with the result
derived in a V; and V4 scan which led to ¢ = 57.1°, Vo, = 17.3
kJ/mol, and Vg9 = 3.0 kJ/mol (V, = —14.3 kJ/mol, V4 = —8.7
kJ/mol). The parameters of the dynamic model given in Table
4 were obtained by varying most of the geometrical parameters
and the V, and Vj coefficients simultaneously. The resulting
GED potential function with ¢ = 58.8°, V, = 16.5 kJ/mol, and
Voo = 2.2 kJ/mol (V, = —14.3 kJ/mol, V4, = —7.7 kJ/mol) lies
between those predicted by B3LYP/6-311++G(d,p) and MP2/
cc-pVTZ methods (Figure 5).

5. Results and Discussion

A Cy, planar structure was determined to be the equilibrium
configuration of 3,5-DFNB, in agreement with results of most
quantum chemical calculations. However, the GED value for
the torsional barrier, Voo = 10 & 4 kJ/mol, is substantially lower
than that predicted by most theoretical calculations (Table 2,
Figure 4). For nitrobenzene* as well, theoretical Voo barriers
are higher than experimental MW and GED values, with the
exception of the MP2/6-311++G(d,p) potential, which is in
good agreement with the experiments. As is seen from Figure
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Figure 9. The dynamic model refinements for 2,6-DFNB. The solid line is the intial theoretical potential function: (a) B3LYP/6-31G(d,p), (b)
MP2/6-31G(d,p), (c) MP2/cc-pVTZ, and (d) MP2/6-311++G(d,p). The dashed line is the result of the GED refinement.

TABLE 5: Comparison of Structural Parameters of 3,5- and 2,6-DFNB, Nitrobenzene (NB), and 2-, 3-, and

4-Fluoronitrobenzene (FNB) Determined by GED

3,5-DFNB 2,6-DFNB 2-FNB 3-FNB 4-FNB NB

parameter? re (o) re (0e)? ra (0o)* rg (0! rg (0! re (o)
(C—C)ay 1.378(5) 1.383(5) 1.395(2) 1.397(4) 1.393(2) 1.391(3)
C—N 1.489(6) 1.469(6) 1.471(13) 1.484(3) 1.479 1.468(5)
N—-O 1217(2) 1.212(2) 1.225(2) 1.227(3) 1.232(3) 1.223(2)
C—F 1.347(5) 1.344(4) 1.306(13) 1.333(8) 1.338(12)

C6—C1—C2 122.6(6) 118.7(5) 123.8(15) 122.9(24) 120.9(12) 123.5(6)
C1-C2—C3 117.3(3) 121.2(2) 117.5(15) 117.8(5)
C2—C3—C4 123.0(3) 119.0(2) 120.8(12) 119.2(18) 120.3(5)
C3—C4—-C5 116.9(6) 121.1(4) 123.8(17) 120.5(6)
C—C—N 118.7(3) 120.6(2) 114.8(10) 118.3(6) 119.1 118.2(3)
C—-N-0 117.3(4) 115.7(4) 117.9(2)
0-N-0 125.5(7) 128.6(7) 124.9(8) 125.3(37) 124.2(23) 124.2(4)
C—C—F 118.6(7) 118.7(5) 125.6(18) 120.6(24)

»(C—N) 0 53.8(14) 37.6(30) 0 0 0

“Bond lengths are in A, and angles are in degrees; the values in parentheses are three times the standard deviations. ” This work. ¢ Ref 7.
4 Ref 8. ¢ Ref 4./ C4—C3—F for 3,5-DFNB and 3-FNB; C1—C2—F for 2,6-DFNB and 2-FNB.

4, the MP2/6-311++G(d,p) potential is closest to the GED
potential in the case of 3,5-DFNB. A refinement of the GED
data with the V, and V, coefficients fixed to the MP2/6-
311++G(d,p) values leads to a disagreement factor of Ry =
4.3%, only slightly higher than that for the final dynamic model
(Rt = 3.9%). Therefore, the GED data do not rule out values
of Vg for 3,5-DFNB in the range from 10 to 17 kJ/mol.
More accurate information on the torsional potential is
obtained for 2,6-DFNB. According to GED data, this molecule
is essentially nonplanar, with the torsional angle depending on
the GED model. As is seen from Table 4, the use of anharmonic
vibrational corrections rather than harmonic ones leads to a
significant change in the torsional angle; the value obtained for
the r. static model, ¢ = 53.8°, is considerably lower than that
for the r,; static model, ¢ = 62.9°. The r,; dynamic model
results in the value of ¢ = 58.8°, and a further decrease of this
value is expected when anharmonic vibrational corrections are
used. Thus, the value ¢. = 53.8 £ 1.4° most likely provides
the best assessment of the torsional angle in 2,6-DFNB. From
the discrepancies observed between the starting and refined
torsional potentials (Figure 9), it can be concluded that the V)
barrier is approximately 1 order of magnitude higher than the
Voo barrier. Therefore, the B3LYP/6-31G(d,p) potential with
similar values for both barriers (Table 3) gives an incorrect
description for internal rotation in 2,6-DFNB. The values of V)
= 16.5 = 1.5 kJ/mol and Voo = 2.2 + 0.5 kJ/mol determined
from GED data are in best agreement with those obtained from
B3LYP/6-311++G(d,p) and MP2/cc-pVTZ calculations, whereas
B3LYP/6-31G(d,p) and MP2/6-311++G(d,p) potential func-
tions (Figure 5) differ most substantially from the GED potential.

The largest discrepancy between experimental and theoretical
bond lengths is observed for the C—N distance. The value of
7e(C—N) determined by GED in 3,5-DFNB is 0.004—0.018 A
longer than theoretical values; for 2,6-DFNB, this discrepancy
is a little less and does not exceed 0.014 A. Theory predicts an
increase of the C—N bond length in 3,5-DFNB compared to
that in 2,6-DFNB by 0.010—0.017 A, whereas according to GED
data, this increase is distinctly larger and ranges from 0.020 to
0.036 A for the different GED models (Table 4). The GED
values of the N—O and C—F bond lengths are similar in both
molecules (Table 4) and agree satisfactorily with theoretical
values (Tables 2 and 3), with the exception of the overestimated
value for "(N—O) predicted by the MP2/6-31G(d,p) method.
Among the bond angles, the O—N—O angle in 2,6-DFNB is
noteworthy. All theoretical methods predict this angle in 2,6-
DENB to be about 1° larger than that in 3,5-DFNB, whereas
this difference varies from 2.4 to 3.2° for GED models, which
result in a rather large O—N—O angle (128.6(7)°) in 2,6-DFNB.

From comparison of the results of quantum chemical calcula-
tions with GED data obtained in this work for 3,5-DFNB and
2,6-DFNB and earlier for nitrobenzene,* one can conclude that
the basis set 6-31G(d,p) is inappropriate for nitroaromatic
compounds. The MP2/6-31G(d,p) method leads to overestimated
N—O bond lengths (Table 2 and 3), whereas the B3LYP/6-
31G(d,p) method is poor in reproducing torsional potentials
(Figures 4 and 5). Therefore, initial values for geometrical
parameters and vibrational amplitudes were taken in this work
from B3LYP/cc-pVTZ calculations.

The deformation of the bond angles in the benzene ring is
different in the two compounds. The C—C—C angles in 3,5-
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DFNB alternate in accordance with Domenicano’s rule;!S the
three bond angles at C1, C3, and C5, which are connected to
electron acceptor groups NO;, and F, are larger than 120°
(122—123°), whereas the three other angles are about 117°. In
2,6-DFNB, all electron acceptor groups are attached to neigh-
boring carbon atoms in the benzene ring. In this compound,
the angles at the carbon atoms bonded to fluorine are larger
than 120°, whereas the angle at the carbon atom bonded to the
nitro group is smaller than 120°.

A comparison with structural parameters of nitrobenzene and
2-, 3-, and 4-fluoronitrobenzene is given in Table 5. The values
for the C—N bond length in molecules with the meta position
of fluorine atoms (3,5-DFNB and 3-ENB) is 0.01—0.02 A longer
than those in molecules with an ortho position of fluorine atoms
(2,6-DFNB and 2-FNB). On the other hand, it has been
demonstrated in the GED studies of 3,5-DFNB and 2,6-DFNB
(Table 4) and of nitrobenzene* that the value for this bond length
varies within 0.02—0.03 A, depending on the applied GED
model. Since there is an appreciable correlation between the
C—N and C—C bonds (Tables S7 and S8 in Supporting
Information), the value of the C—N bond length cannot be
determined with high precision by GED. Thus, we can not tell
with certainty whether the trend in C—N bond lengths upon
going from meta- to ortho-fluorinated nitrobenzene is real.

The values for the C—F bonds determined in 3,5-DFNB and
2,6-DFNB (Table 4) are similar to each other and to theoretical
values (Tables 2 and 3). This result does not support the drastic
shortening of the C—F bond length in the ortho position
observed in 2-fluoronitrobenzene as compared to the C—F bond
length in the meta and para position in 3- and 4-fluoronitrobenzene’-*
(Table 5). It should be noted that GED results for 2-fluoronitroben-
zene’ differ considerably from theoretical MP2/6-311++G(d,p)
values” not only for the C—F bond length (H(C—F)eyp =
1.306(13) A versus (C—F)eue = 1.337 A) but also for some
bond angles (O(C6—C1—C2)cx, 123.8(15)° versus
O(C6—C1—C2)cac = 120.8°, O(C—C—N)exp = 114.8(10)°
versus J(C—C—N)cae = 118.7°, O(C1—C2—F)exp = 125.6(18)°
versus [J(C1—C2—F)cuc = 120.4°). Apparently these data
require revision.
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