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The principal values of the '*C chemical-shift tensor (CST) for biphenyl have been determined with the
FIREMAT experiment. The internal dihedral angle between the benzene rings in biphenyl is estimated to fall
between 10 and 20° on the basis of quantum mechanical calculations of the CST principal values. A composite
model of motion in the system, with contributions both from internal jumping between enantiomeric structures
and from overall molecular librations, yields the smallest variance between predicted and measured values
for an internal twist angle of 15° between the rings and a mean libration angle of £12° from the most favored
molecular orientation. The composite model is clearly preferred to a motionless model (with >98% probability)
and is also preferred over either of the isolated contributing dynamics, i.e., only libration or only internal

jumping.

Introduction

The structure of biphenyl varies depending upon the mate-
rial’s phase. The primary structural difference is the twist angle
between the two phenyl rings. For example, biphenyl has a twist
angle of 44.4° in the gas phase.'? In solution estimates range
from 19° to 32° for the parent molecule in various media.>*
This inter-ring angle also changes as a function of ortho
substitution. The angle may be even smaller in the solid because
crystal packing forces could contribute to the torsion barrier of
the two phenyl rings relative to one another.

High-temperature X-ray studies® !> (110—298 K) report a
planar structure with space group P2;/a in which the midpoint
of the phenyl—phenyl linkage lies at a crystallographic inversion
center. While many of the early X-ray studies assumed a rigid
planar model, Charbonneau and Delugeard!? proposed in 1977
that the unusually large mean libration vibration (1> =
109.17° %) around the long molecular axis suggests that the
observed planar structure is in fact the statistical average over
two equivalent twisted conformations about the phenyl—phenyl
linkage creating a double-well potential. Heat capacity measure-
ments by Atake et al.'> have shown that the crystal experiences
a displacive phase transition near 40 K. At 22 K'# the biphenyl
crystal structure has been determined to belong to space group
Pa. In both of these low temperature structures the two
connected rings are permanently twisted from one another by
approximately 10°, destroying the aforementioned crystal-
lographic inversion center observed at room temperature. This
loss of an effective inversion center doubles the unit cell axis
length associated with the long axis of biphenyl. Similar features
are observed!® for other polyphenyls such as p-terphenyl!6-17
and p-quaterphenyl.!8:19
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The chemical-shift tensors (CST) of polycyclic aromatic
compounds have received considerable attention in the past
decade.?9~24 Most of these molecules are static in the crystal
structure, as they exhibit rigid molecular structures. Biphenyl
is unusual in that the phenyl—phenyl linkage has a rotational
degree of freedom not present in most polycyclic aromatic
compounds. Regrettably, NMR cannot observe translation
effects where no change in orientation with respect to the
magnetic field occurs. Hence, the displacive phase transitions
observed at very low temperatures cannot be addressed in this
work. However, CSTs provide the opportunity to investigate
rotational modes that occur in the crystal system independently
of the displacive effects. The measured CST principal values
reported here demonstrate that the room-temperature crystal
structure of biphenyl indeed undergoes constrained rotational
averaging about the phenyl—phenyl linkage. Quantum chemical
predictions of the full CST (both principal values and orienta-
tions) provide the means to demonstrate the importance of
rotational motion. The experimental tensor orientations and
averages derived from reliable full tensor calculations properly
considered with the dynamical models are discussed below. The
tensor averaging of two mirror-image twisted biphenyls elimi-
nates some off-diagonal elements and changes the principal
values of the final, effective tensor.
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Because of the small range of values for the isotropic
chemical shifts of the protonated carbons (125.5—129.8 ppm)
and the large line widths (ca. 2 ppm), there is a considerable
amount of overlap in that region of the '3C spectrum. This
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overlap makes determination of the principal values of the CSTs
challenging. The complexity of analyzing this spectrum is
reduced by application of the FIREMAT?*2¢ experiment (five-ir
replicated magic angle furning), a two-dimensional (2D) solid
state NMR experiment that isolates the sideband pattern
associated with each resolvable isotropic chemical shift from
the 2D data set.

The use of NMR data to study the inter-ring angle of biphenyl
or its derivatives is not a new endeavor. In 1980 Sinton and
Pines?’ used 'H multiple quantum NMR to determine the twist
angle in the derivative compound 4-cyano-4’-n-pentyl-d|;-
biphenyl. More recent work?®? has sought to estimate the twist
angle between the ring planes in solid biphenyl and some of its
derivatives that are used in liquid crystals. Each of these recent
efforts used isotropic chemical shift data, particularly at the C-1
position of the phenyl ring. The approach taken herein uses
information provided by the principal values of the CST for all
carbons. These experimental values are compared to those
predicted by density functional theory. Principal values as
opposed to the isotropic shifts establish a very sensitive criterion
for characterizing the conformational structure. The predicted
CSTs are averaged in several different ways to investigate the
nature of the constrained rotational dynamics in the biphenyl
crystal.

Methods

Experimental Details. Biphenyl was obtained from Aldrich
and was used without further purification. NMR measure-
ments were performed with a double-resonance probe on a
Chemagnetics CMX spectrometer operating at 100.62 MHz for
13C and 400.12 MHz for 'H. The 'H pulse width for a 7/2 pulse
was 4.2 us and for 13C it was also 4.2 us. Chemical shifts are
reported relative to TMS via a secondary external reference to
the high-frequency peak of adamantane at 38.56 ppm. To
enhance signal intensity, all experiments employed cross-
polarization (CP).3° The 'H 7, for the sample was measured
with a saturation recovery pulse sequence to be 545 s. Use of
a flip-back pulse enabled a recycle delay of 400 s to be used
for optimal signal-to-noise in a given experiment time. Follow-
ing the 7 determination the optimal cross-polarization contact
time was determined to be 0.9 ms. A high-speed magic angle
spinning (MAS) spectrum employing dipolar dephasing identi-
fied the signal due to the quaternary carbon. A FIREMAT
experiment was performed with a spinning speed of 1920 Hz,
an evolution dimension spectral width of 15360 Hz, and an
acquisition dimension of 92 160 Hz. There were 48 points
acquired during each rotor period.

Calculations. A series of biphenyl structures was partially
optimized with Gaussian983! at the B3LYP/D95** level of
theory.3>734 The inter-ring angle was varied from 5°—80° in 5°
and 10° increments. The atoms in each ring were planar in all
calculations. All optimizations and NMR shielding calculations
were performed on isolated molecules. The possible transition
states to rotation about the biphenyl linkage include two coplanar
rings (6 = 0°) and two perpendicular ring planes (6 = 90°).
These respective structures are transition states at this level of
theory as each had a single negative eigenvalue in the Hessian.
Chemical shifts were calculated for all structures at the GIAO—
B3PW91/D95** level of theory.>3~3°

Results

Chemical-Shift Tensors. On the left side of Figure 1 is a
plot of the isotropic spectrum constructed from the FIREMAT
data. This isotropic spectrum is equivalent to that obtained with
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Figure 1. Solid state '*C NMR spectra of biphenyl from the FIREMAT
experiment. The isotropic guide spectrum lies on the left with lines
drawn to the corresponding isolated sideband patterns on the right that
were extracted from the 57 2D data set by the TIGER processing.

TABLE 1: BC Chemical Shift Data from the FIREMAT
Experiment of Biphenyl

carbon o o2 033 Oiso span? acen’

C-1 231.7 158.1 24.0 137.9 207.7 30.3
C-2 210.7 142.0 23.7 125.5 187.0 248
C-3 229.8 137.5 22.0 129.8 207.8 11.5
C-4 229.0 138.3 14.3 127.2 214.7 16.6

4 Span = O — O033. 0 Acentricity =0n — ((5]] + (533)/2.

high-speed CP/MAS. The degree of overlap for the protonated
carbons (the quaternary carbon peak is well resolved) in the
isotropic dimension is apparent. The sideband patterns on the
right side of Figure 1 are connected to their respective isotropic
chemical shift projections. Table 1 reports the principal values
determined from the FIREMAT data. An error analysis per-
formed on the biphenyl data estimates the uncertainty in the
principal values for C-1 to be 0.4 ppm at the 95% confidence
interval and 1.1 ppm for the protonated carbons. The higher
uncertainty for the protonated carbon signals reflects several
differences between the quaternary carbon signal and the C—H
carbon signals. First, residual C—H dipolar interactions lead to
larger line widths than in the quaternary carbon signal, leading
to modestly lower signal-to-noise in a given spectrum for these
peaks than for the quaternary carbon peak. Also, the combination
of similar isotropic chemical shifts and larger line widths for
these C—H carbon signals leads to partial overlap of the peaks.
The TIGER processing utilized in the FIREMAT data analysis
achieves resolution at the expense of some signal-to-noise.

Discussion

Motional Averaging. We ignored intermolecular contribu-
tions to the shifts in this work because errors associated with
this simplification are usually smaller than the predicted and
experimental composite errors. Displacive (translational) effects,
well characterized by heat capacity measurements in the lower
temperature phases of biphenyl,'>!>1¢ are invisible to NMR and
are thus ignored. The rotational motion about the phenyl—phenyl
linkage present in the biphenyl crystal lattice averages the
observed CSTs due to opposing changes in tensor orientations.
This sensitive effect can be modeled by theory. It is necessary
to resolve these hypothetical averaging processes before com-
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Figure 2. Plot of the rms differences (in ppm) from least squares
regressions vs angle (in degrees) for the AB(6, 1 = 0), AB = BA(6,
A =0), and AB = BA(O = 0, 1) models. In the case of the librating
model, the horizontal axis is the mean libration angle A not the internal
twist angle 6. Each line is labeled with its model. The values for the
global minimum and the point AB(6 = 0, A = 0) are included as
horizontal lines for comparison purposes.

pleting the spectral assignments because such rotational per-
turbations in the crystal could change the observed principal
values sufficiently to alter the assignments. The motional
averaging (internal jumping and overall molecular libration)
involves only rotation of the phenyl rings about biphenyl’s long
axis. Other librations are neglected because the X-ray crystal
work reports that they are smaller than those about the phenyl—
phenyl linkage. Hence, all references to motion below refer to
constrained rotation about the phenyl—phenyl linkage.

Several models of the molecular dynamics in the crystal were
considered. The models are described below in a coordinate
system in which two planes (denoted A and B) are separated
by a twist angle 0 and the phenyl—phenyl linkage is collinear
with the intersection of planes A and B. Each phenyl ring must
lie sequentially in one of these planes. The letters used to identify
the planes denote a molecule’s orientation. Thus, AB(6 = 10°,
A = 0°) would specify the first ring in plane A and the second
ring in plane B separated by a twist angle of 10°. The second
angle, 4, indicates the rms librational angle which is zero in
this example. For clarity a given ring is consistently indicated
first, thus “AB” and “BA” represent different configurations.
Motionless and dynamic models are now discussed.

1. Motionless Model. When internal modes and overall
librational solid vibrations give rise to angular distortions with
negligible impact on the shift tensor, the motionless model,
AB(0, 1 = 0°), is obtained. In such cases librational motion
about the molecular long axis leads to averaging that would be
comparable to the relative librational excursions about other
molecular axes, e.g., those perpendicular to the long axis. In
this relatively motionless case the theoretical predictions are
improbable at the model’s minimum (6 = 5°, F = 4.2), which
can be excluded with 98.4% probability relative to the global
minimum from the composite model discussed below and
become even worse elsewhere, as shown in Figure 2. Thus, the
experimental NMR shift tensors fail to support a rigid, motion-
less model for biphenyl.

2. Dynamic Models. The dynamic models divide into two
contributing types discussed separately at first to isolate the
specific effects of each. Discussion of a more likely composite
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follows. First the AB == BA(6, 2 = 0°) model involves two
rapidly interconverting structures with overall libration ne-
glected. Second, the AB(6 = 0°, 4 > 0°) model involves a planar
molecule librating about the mean angular displacement.

2a. Twist or AB = BA(O, 1 = 0°) Model. The molecule
“jumps” between the two possible enantiomeric structures for
a given value of 6. One cannot predict a priori the time scale
of this proposed motion; however, the experimental data exhibit
no evidence of slow chemical exchange, thus a fast exchange
model is applicable. Under fast chemical exchange each unique
carbon occupies one of two spatial positions, one associated
with each enantiomer. Rapid exchange between these two
positions will result in an averaging of the observed principal
values because of the orientational dependence of the CSTs.
The calculated carbon tensors are used to simulate the tensors
that would be observed in the AB = BA(6, 1 > 0) for a variety
of 0 values. For each value of 0, the two tensors are averaged.
Diagonalization of the averaged tensor yields predicted principal
values that are converted to the chemical shift scale by means
of a linear regression of the predicted values plotted against
the experimental values. By subtracting the experimental shift
values from the corresponding predicted average shift values,
the difference is used to construct a variance as a function of
6. The best fit of 6 comes near 6 = 25° with a variance of 5.51
ppm2.

2b. Libration or AB = BA(6 = 0°, A > 0°) Model. The
second type of motion considered is libration of the whole
molecule about the long molecular axis. This motion also alters
the observed CST principal values because the tensor orientation
with respect to the external magnetic field changes as the
molecule librates. In this model the tensors taken directly from
the calculation of the planar structure provide the AB structure’s
tensors. To simulate the librational averaging, a given tensor
was averaged over a number of rotated angles that were
modulated by a harmonic function. Numerically, the number
of modulated angles was increased until the final principal values
converged. The effective principal values of each averaged
tensor were extracted by symmetrizing then diagonalizing the
composite tensor.

This librating model, AB == BA(6 = 0°, 1 > 0°), exhibits a
functional form similar to that of the interconverting model
discussed above. The minimal variance (4.07 ppm?) between
predicted and experimental shifts appears at about 1 = £15°
(overall librational excursion of 30°), a value that would render
(A?) = 225° 2, This result cannot be statistically distinguished
from the former twist dynamic model.

2c. Composite. While it is informative to describe the two
modes of rotational averaging—internal twist without libration
and libration without internal twist—separately as is done above,
the experimental NMR data do not separate these two limiting
cases. A more plausible simulation of the possible averaging
mechanisms combines the interconverting and overall libration
averaging mechanisms. Libration of the two mirror image CSTs
from the AB = BA model above was simulated as described
above in section 2b with integer values for A from 0° to +20°.
The resulting tensors were averaged, symmetrized, and diago-
nalized. The single best variance (3.49 ppm?) from the combina-
tion of the two motion types comes with @ = 15° and A = +12°.
Figure 3 shows a contour plot of the F’ surface between predicted
and experimental principal values as a function of 6 and 4. The
minimum lies in a correlated trough.

The motionless model has already been eliminated statisti-
cally. The two limiting dynamic models, giving similar statistical
data, are both allowable and represent the two axes of the
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TABLE 2: Calculated '*C Chemical Shift Data for Selected Calculated Models

model carbon on O O3 Oiso span? acen’
AB(6 =5°,1=0° C-1 220.9 166.6 21.7 136.4 199.1 453
C-2 219.4 141.3 17.8 126.2 201.6 22.7
C-3 229.1 140.7 19.1 129.6 210.0 16.6
C-4 225.0 141.0 18.7 128.2 206.3 19.2
AB = BA(6 =25°, 1 =0°) C-1 228.0 162.4 26.7 139.0 201.3 35.0
C-2 216.6 137.2 26.2 126.7 190.3 15.8
C-3 226.6 139.2 19.3 128.4 207.4 16.3
C-4 231.5 134.7 12.9 126.3 218.5 12.5
AB = BA(f = 0°, 1 = £15°) C-1 228.7 159.2 22.7 136.9 205.9 335
C-2 215.8 140.3 213 125.8 194.5 21.7
C-3 226.7 139.3 23.0 129.7 203.7 14.4
C-4 2332 133.1 17.9 128.1 215.3 7.6
AB = BA(f = 15°, 1 = +12°) C-1 228.4 160.5 243 137.7 204.1 34.1
C-2 216.1 139.1 233 126.2 192.8 19.4
C-3 226.6 139.3 21.6 129.1 205.1 15.2
C-4 232.6 133.8 15.9 127.4 216.7 9.6
4 Span = O — O033. 0 Acentricity =0n — ((5]] + (533)/2.
20 v I TABLE 3: Icosohedral Representation Regression Equation
= Data for Models in Table 2
18 4 2 b, rms,
ol : model m ppm R? ppm
. s AB(O =5°,4=0°) —1.066 200.1 0.9955 3.8
= 14l AB = BA(O = 25°,1=0°) —0.9892 188.8 0.9980 23
< 3 - s AB=BA(0 =0°1A=+75° —0.9810 189.0 0.9985 2.0
2 1o : \ AB=BA(0=15°1==412°) —0.9842 1889 0.9987 1.9
c k )
s L )
5 10k motionless model especially in the range of 6 = 25° to 30° for
g 1 AB = BA(0, A = 0°) and 1 = £12° to +16° for AB = BA(0
» 8F - = 0, A). For larger angular deformations (e.g., @ = 40° for or
Z = A = 120°|, respectively) the F value quickly rises for all models
6 - relative to the global minimum from the composite model.
Hence, one may rule out their consideration.
4 Spectral Assignment. The assignment of C-1 to the highest
) = frequency peak with an isotropic chemical shift of 137.9 ppm
; is based on the results of the dipolar dephased experiment. This
0 Al . is also the intuitive assignment: the isotropic shift is fully
0 5 10 15 20 25 3 3% 40 consistent with substituted quaternary positions in aromatic

Twist angle (6, in °)

Figure 3. Contour plot of the F values between predicted and measured
principal values as a function of 6 and A. The global minimum (12°,
15°) is circled. The contours are drawn at the 68.3% and 94.5% levels.
Thus, a point outside the 68.3% contour can be ruled out by an F test
relative to minimum with at least 68.3% confidence.

composite model. The jumping component involves a symmetric
double-well potential (vide supra) with each enantiomer serving
as a local minimum. The transition state between the two
enantiomers is likely the planar molecule. This suggests that
the repulsions of the ortho protons exceed the conjugation
energy of the central C—C bond 7 electron system. The
possibility cannot be eliminated that the crystal packing forces
could reduce (6%) suggested by the descending trend in twist
angle from the vapor to liquid to solid phases. Conversely, the
low-temperature neutron diffraction structure!* demonstrates that
a distinctive and locked twist angle (0 = 10.4°) exists in a
crystalline material. In the AB = BA(6, 4 > 0°) model the
planar molecule librates in a single harmonic potential with the
potential’s minimum located at (A) = 0°, the position at which
the statistically averaged molecule is reported in the X-ray
structure. The different displacements used in the librational
averaging have nonequivalent orientations with respect to the
magnetic field.

The motionless and both limiting dynamical models become
the same when § = 0° and 4 = 0°, giving an untenable F test.
Both limiting models show clear improvements over the

hydrocarbons, e.g., the quaternary carbons in biphenylene,?® a
molecule with structural similarities to biphenyl. The d,, value
for the tensor is also consistent with a substituted aromatic
carbon, such as those found in perylene?? and acenaphthene,?*
which typically lie between 155 and 170 ppm, a frequency range
for 0, that is higher than other typical aromatics.

After the averaging effects are considered, the protonated
carbon peaks may now be assigned by an algorithm previously
described®” that was modified to use only the principal values
of the CST instead of the full tensor. The approach employs
the icosohedral representation*! of the CST and permutes the
entire set of possible experimental assignments with the
calculated principal values to give a best-fit assignment with
the smallest theoretical/experimental variance. Application of
an F test at a given confidence level then determines statistically
whether the best fit is distinguishable from alternative assign-
ments. While C-1 is already unambiguously assigned, it is
confirmed by the above procedure, thereby lending support to
this processing of the spectral data.

The second column of Table 2 contains the best assignment
of the calculated tensors to molecular carbon positions for all
three models. Also included in Table 2 is the calculated
chemical-shift data at the values of 6 and A that yield the lowest
variance for that model. In all models presented in this work,
the change in neither 6 nor 4 ever altered the best assignment.
In the motionless model the C-1 assignment at all angles is
correct to at least the 99.9% confidence level relative to the
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global minimum. In the averaged cases, for all twist angles up
to and including 35°, the C-1 carbon assignment is preferred
over any other possible assignment for that carbon with at least
99.9% confidence relative to the global minimum. With C-1
unambiguously assigned on the basis of the dipolar dephased
experiment as well as the assignment procedure, it may be
removed from the pool of possibilities to emphasize the three
protonated carbons in the subsequent analysis. Even when
focusing on the CH carbons, the best assignment of the three
C—H peaks is identical to the above procedure and is shown in
Table 2. The graph in Figure 2 shows that either averaging
model fits experimental data better than the AB model. The
rms differences for either averaging case are comparable to those
found in other work in this laboratory for aromatic hydro-
carbons.?02223 All of the chemical shift assignments are
consistent with previous work.?%

Either averaging model clearly provides a better fit to the
experimental data than the AB(60 = 0°, 1 = 0°) model. If the
crystal system exhibited static disorder (i.e., nonexchanging
distinct molecular conformations at equivalent crystallographic
sites), there would be no motion, thus there would be no
averaging of the tensors. There would instead be more lines in
the NMR spectrum (not necessarily resolved) as different
chemical environments due to the disorder would lead to
modestly different chemical shifts. The solid state NMR data
therefore suggest that the biphenyl crystal system exhibits
motional averaging instead of static disorder. Unfortunately, the
mechanism of the averaging cannot be determined unequivocally
from NMR data. The two-ring motion is estimated to be
composed of 15° from internal twist and +12° from librational
excursions in room temperature crystals. Lower temperature data
likely could provide further detail of these averaging processes.
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