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The molecular structure oftrans-azobenzene (Ph-NdN-Ph) has been determined by gas electron diffraction.
Diffraction patterns were taken at 407 K and data analysis was made using the structural constraints obtained
from MP2/6-31+G* calculations. Vibrational mean amplitudes and shrinkage corrections were calculated
from the harmonic force constants given by a normal coordinate analysis. Vibrational mean amplitudes were
refined as groups. The torsion of each phenyl ring was treated as a large amplitude vibration. The potential
function for torsion was assumed to beV(φ1,φ2) ) Σi)1,2{V2(1 - cos 2φi)/2 + V4(1 - cos 4φi)/2}, whereφi

denotes the torsional angle around each N-C bond. Quantum mechanical calculations were performed by
taking account of two torsional motions to derive a probability distribution function,P(φ1,φ2). BecauseP(φ1,φ2)
) N exp(-V(φ1,φ2)/kT) was found to be a good approximation at 407 K whereN is a constant, it was adopted
in the data analysis. The determined potential constants (V2 andV4/kcal mol-1) and principal structure parameters
(rg/Å, ∠R/deg) with the estimated limits of error (3σ) are as follows:V2 ) 1.7(6);V4 ) 0.6(13);r(NdN) )
1.260(8);r(N-C) ) 1.427(8);<r(C-C)> ) 1.399(1);<r(C-H)> ) 1.102(7);∠NNC ) 113.6(8); (∠NCCcis

- ∠NCCtrans)/2 ) 5.0(9), where< > means an average value and Ccis and Ctrans denote the carbon atoms cis
and trans to the NdN bond, respectively. Thus, the stable form was found to be planar withC2h symmetry.
The observed structure was compared with those oftrans-azoxybenzene (Ph-N(-O)dN-Ph) andtrans-
stilbene (Ph-CHdCH-Ph). The stability of the liquid crystals with these types of molecular cores was
discussed on the basis of the gas-phase structures of the model compounds of cores. Nearly the same results
were obtained in the data analysis using the constraints from RHF/6-31G** ab initio calculations.

Introduction

Recently, we have determined the molecular structures of
p-azoxyanisole (PAA) andN-(4-methoxybenzylidene)-4'-n-
butylaniline (MBBA) by gas electron diffraction (GED).1,2 These
compounds are mesogens, that is, they can form liquid crystals.
The structure of the rigid central part (core) of each liquid-
crystal molecule is an important factor to determine the nematic
to liquid-phase transition temperature,TN-I.3 In ref 2, the high
TN-I of PAA as compared with MBBA was discussed qualita-
tively on the basis of the conformations of the cores. More
structural data of mesogens are required to investigate the
relation between the gas-phase structures andTN-I. However,
the complexity and flexibility of liquid-crystal molecules make
their structure determination quite a time-consuming task and
prevent us from going to a comprehensive study.

The gas-phase structure of the core of the PAA molecule1

was found to agree with that oftrans-azoxybenzene (t-AXB),4

which is a model compound of the molecular core of PAA.
Moreover, the gas-phase structure of the core of MBBA2 is quite
similar to that ofN-benzylideneaniline,5 a model compound of
the core of MBBA. It is reasonable to expect that the structural
similarity between the mesogen and its model compound holds
also for other cores, and thus we can discuss the relationship
between the structures of the model compounds of cores and
TN-I.

The molecule oftrans-azobenzene (t-AB, Figure 1) is a model
of the molecular core of the mesogens oft-AB type (R-C6H4-
NdN-C6H4-R'), where R and R' are flexible groups. As shown
in Figure 1,t-AB is very similar tot-AXB and is an isoelectronic
molecule oftrans-stilbene (t-SB), which is a model compound
of another core. TheTN-I of the mesogens oft-AB type is lower
than those oft-AXB and t-SB types by about 20 and 30°C on
average, respectively, for common terminal substituents.6,7 For
example, when the terminal groups are ethoxy groups,TN-I is
142, 168, and 189°C for t-AB, t-AXB, and t-SB types,
respectively.8 Therefore, it is interesting to compare the structure
of t-AB with t-AXB and t-SB to find out which part of the
geometry affects the difference inTN-I.

About two decades ago, the molecular structure oft-AB was
investigated by gas electron diffraction.9 According to this
investigation, the dihedral angle between each phenyl ring and
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Figure 1. Molecular models with atom numbering oftrans-azobenzene
(X ) none) andtrans-azoxybenzene (X ) O).φ1 andφ2 denote dihedral
angles N1N2C3C4 and N2N1C9C10, respectively. They are defined to be
0° for the planar conformer given here.
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the CNNC plane is about 30°, but the authors could not conclude
whether the two phenyl rings rotate in the same direction (φ1

) -φ2 * 0°) to result in the molecular symmetry ofCi or in
the opposite direction (φ1 ) φ2 * 0°) to give C2 symmetry.9

This is probably because it was impossible to perform the precise
data analysis using the structural constraints from ab initio
calculations and treating a large amplitude vibration for such a
molecule with many atoms. Recently, the progress in the
computational resources has made it more practical than before
to carry out ab initio calculations and calculations based on
density functional theory (DFT) for relatively large molecules.
Thus, we decided to perform a GED experiment ont-AB to
determine a more reliable structure with the aid of theoretical
calculations.

Several X-ray diffraction data are available for the crystal
structure of t-AB.10-13 There are two crystallographically
independent sites in the crystal. The symmetry group of the
t-AB molecule in the crystal isCi, and the phenyl rings rotate
from the CNNC plane by 5-20°. A recent study revealed that
the internal rotations of the phenyl rings cause dynamic disorder
at one site at room temperature.13

The t-AB molecule is considered to haveCi symmetry or
take a planar conformation withC2h symmetry in solutions.14-17

The vibrational spectra oft-AB and its isotopically substituted
derivatives were measured in solutions.14,15 From the depolar-
ization ratios of Raman lines measured in a solution, Kellerer
et al.14 concluded that thet-AB molecule hasCi symmetry.
Armstrong et al.16 performed structure optimizations and normal
coordinate analyses by ab initio RHF and MP2 calculations
using various basis sets. Their optimizations assumingCi

symmetry resulted inC2h symmetry (φ1 ) φ2 ) 0°). The
vibrational wavenumbers given by the MP2 calculations as-
suming C2h symmetry were in good agreement with the
measured ones in solutions. Recently, DFT calculations were
successfully used for reproducing vibrational spectroscopic
data.17-20 Biswas and Umapathy17 reported the results of normal
coordinate analyses oft-AB by various DFT calculations using
the 3-21G, 6-31G, and 6-31G* basis sets. The optimizations
by DFT calculations showed thatt-AB has Ci symmetry and
that the distortion from planarity is slight.17 The BP86/6-31G*
calculations21,22 give more accurate vibrational wavenumbers
than other DFT calculations.17 Very recently, Kurita et al.23

performed the structural optimizations and vibrational calcula-
tions of t-AB and cis-azobenzene by using a variety of
methods (HF, MP2, and DFT) and basis sets. Among the
structural optimizations oft-AB, only the MP2/6-31+G*
calculation resulted in the nonplanar structure withφ1 ) φ2 )
18.5°.23

The principal purpose of the present study is to determine
the accurate molecular structure oft-AB by GED. In the data
analysis, constraints from ab initio MO calculations have been
used to resolve closely spaced interatomic distances, and the
torsion of each phenyl ring has been treated as a large amplitude
vibration to obtain a potential function. Determined structure
parameters are compared with those oft-AXB and t-SB and
the differences in theTN-I of liquid crystals are discussed on
the basis of the gas-phase structures of the model compounds
of cores.

Experimental Section

A commercial sample with a purity of better than 98%
(Merck-Schuchardt) was used without further purification.
Electron diffraction patterns were recorded on 8× 8 in. Kodak

projector slide plates by using an apparatus with anr3-sector24

and a high-temperature nozzle.1 The temperature of the nozzle
tip was about 407 K during exposures, and the camera distance
was 244.3 mm. The accelerating voltage of incident electrons
was about 38 kV. The diffraction patterns of carbon disulfide
were recorded in the same sequence of exposures as the sample.
The scale factor was calibrated to the known bond length of
carbon disulfide (ra(C-S) ) 1.5570 Å).25 Other experimental
conditions are as follows: electron wavelength, 0.06326 Å;
uncertainty in the scale factor (3σ), 0.04%; exposure time, 60-
70 s; beam current, 1.6µA; background pressure during
exposure, 4× 10-6 Torr.

Data reduction was carried out as described in ref 2. Total
intensities from three plates were averaged and used in the
analysis. Average total intensities and backgrounds are available
as Supporting Information (Table S1). Elastic atomic scattering
factors were calculated as described in ref 26, and inelastic ones
were taken from ref 27.

Theoretical Calculations

Calculations were performed with the programs GAUSSIAN
9428a and 98.28b Geometrical parameters were fully optimized
by RHF/6-31G** and MP2/6-31+G* calculations. In the RHF/
6-31G** calculations, the optimization starting from a non-
planar structure resulted in an essentially planar one withC2h

symmetry. This supports the result of RHF/6-31G* calcula-
tions.17 MP2/6-31+G* calculations gave almost the same results
as given in ref 23. Optimized structure parameters are listed in
Table 1.

At first, the energies of several pseudoconformers were
calculated at the RHF/6-31G** level of theory to obtain an
approximate potential surface. In the calculations,φ1 and φ2

were fixed at arbitrarily selected values while the other structural
parameters were optimized. No minimum was found except for
the one atφ1 ) φ2 ) 0°. It was found that the potential energy,
V(φ1,φ2), is approximately equal toV(φ1,0°) + V(0°,φ2), show-
ing that the torsions of two phenyl rings are mutually inde-
pendent.

To obtain as reliable constraints as possible, geometry
optimizations of the pseudoconformers were carried out by using
MP2/6-31+G* method. In the calculations, theφ2 was fixed at
the values taken at intervals of 15° while φ1 was fixed at 0°
and the other structural parameters were optimized. This “one-
dimensional expansion” of the pseudoconformers was adopted
to limit the total computational time to a practical extent
referring to the results of the RHF/6-31G** calculations showing
the approximate independence of the two phenyl torsions. The
constraints of the pseudoconformers of (φ1,φ2) were then derived
from those of the pseudoconformers of (φ1,0) and (0,φ2). The
results of the RHF/6-31G** and MP2/6-31+G*calculations are
deposited in Tables S2 and S3 and in Tables S4 and S5 in the
Supporting Information, respectively.

Cartesian force constants were calculated by BP86 because
this method is useful for reproducing the observed vibrational
frequencies oft-AB.17 The optimization by BP86/6-31G**
calculations assuming molecular symmetry ofCi resulted in a
planar structure withC2h symmetry. The result of the optimiza-
tion is shown in Table 1. Optimized structural parameters and
vibrational frequencies are almost the same as those of BP86/
6-31G* calculations.17 The force constants in Cartesian coor-
dinates were converted to the force constants in internal
coordinates and were slightly modified by using scale factors.29

Scale factors for C-H stretching force constants were deter-
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mined to be 0.964 so as to reproduce the vibrational frequencies
measured in solutions,14,15while it was not necessary to modify
the other force constants. Symmetry coordinates, scaled force
constants, and the observed and calculated wavenumbers with
potential-energy distributions are listed in Tables S6-8 in the
Supporting Information.

Analysis of Electron Diffraction Data

The following assumptions were made in the data analysis:
(1) the C9N1N2C3 moiety is planar; (2) two phenyl rings are
equivalent; (3) the differences between C-C bond lengths are
equal to those given by MP2/6-31+G* calculations; (4) the bond
angles of phenyl rings,∠C4C3C8, ∠C3C4C5, ∠C3C8C7,
∠C10C9C14, ∠C9C10C11, and∠C9C14C13, are equal to those given
by MP2/6-31+G* calculations; (5) hydrogen atoms lie on the
bisector of the CCC angles; and (6) C-H bond lengths are the
same. Under these assumptions, the following structural pa-
rameters were used to define the molecular geometry:
r(NdN), r(N-C), <r(C-C)>, <r(C-H)>, ∠NNC, and
∠NC3C4, where< > denotes an average value.

As shown in Figure 2, the theoretical barrier to the planarity
of a phenyl ring is relatively small. Therefore, the torsion of
each phenyl ring was treated as a large amplitude vibration by

using pseudoconformers. The values ofφ1 and φ2 of each
pseudoconformer were taken between-90 and 90° at intervals
of 15°. As stated in the section of Theoretical Calculations, the
torsion of each phenyl ring is approximately independent of
each other. On this basis and the consideration of symmetry,
the following potential function was adopted for torsion:

This function can take the minimum at planar (φ1 ) φ2 ) 0) or
nonplanar conformation depending on the values ofV2 andV4.

In the one-dimensional torsion, the probability distribution,
N exp (-V (φ)/RT), that is based on the classical approximation
is usually used in the analysis of GED data, whereN is a
normalization factor. If this formulation can be applied to the
two-dimensional case, the relative abundance,P (φ1, φ2), of each
pseudoconformer is calculated as

From the molecular symmetry,φ1 andφ2 couple to make linear
combinations,R ) (φ1 + φ2)/x2 andâ ) (φ1 - φ2)/ x2, that
belong toAu andBg species of the point groupC2h, respectively
(they correspond toS47 and S48 in Tables S6 and S7, respec-
tively). The reduced mass forR is quite different from that for
â because the coordinateâ couples with the overall rotation of
the molecular frame30 and consequently, the vibrational fre-
quency ofâ is about four times as high as that ofR (see Table
S8).

This effect is not included in eq 2 explicitly, but it is difficult
to derive the exact formula ofP (φ1, φ2) in classical mechanics.
Therefore, quantum mechanical calculations were carried out
to obtain the wave functionφn(φ1, φ2) and the energyEn by
using the potential function of eq 1. Then the probability
distribution was calculated as

and the result was compared with that of eq 2 to examine the

TABLE 1: Molecular Structure of trans-Azobenzene Determined by Gas Electron Diffraction and the Theoretical Calculationsa

experimentalb theoretical

GEDc GEDd GED(C2)e GED(Ci)f RHF/6-31G** MP2/6-31+G* BP86/6-31G**g

r(NdN) 1.260(8) 1.260(8) 1.261(12) 1.270(12) 1.220 1.279 1.279
r(N-C) 1.427(8) 1.425(8) 1.423(12) 1.430(12) 1.421 1.423 1.421
r(C-C)av 1.399(1) 1.399(1) 1.398(3) 1.398(3) 1.386 1.400 1.406
r(C3-C4) 1.405 1.405 1.392 1.405 1.415
r(C4-C5) 1.393 1.393 1.380 1.395 1.397
r(C5-C6) 1.402 1.403 1.390 1.403 1.410
r(C6-C7) 1.397 1.396 1.383 1.399 1.404
r(C7-C8) 1.396 1.399 1.386 1.397 1.401
r(C8-C3) 1.401 1.398 1.385 1.402 1.411
r(C-H) 1.102(7) 1.103(8) 1.087(9) 1.093(9) 1.075 1.088 1.094

∠NNC 113.6(8) 114.2(8) 116.0(12) 114.5(12) 115.7 113.4 114.2
∠NCC4 124.7(9) 124.5(9) 121.2(15) 123.0(15) 124.4 124.0 124.9
∠C4C3C8 120.5h 120.1i 120.1 120.7 119.9
∠C3C4C5 119.1h 119.5i 119.5 119.1 119.6
∠C3C8C7 119.9h 120.2i 120.2 119.7 120.2
∠C4C5C6 120.6j 120.4j 120.5 120.5 120.4
∠C5C6C7 120.0j 120.2j 120.0 120.0 120.1
∠C6C7C8 119.9j 119.7j 119.8 119.9 119.8

φ1 0 0 30(5) 28(9) 0 19.5 0

a See Figure 1 for atom numbering.b rg in angstroms and∠R in degrees. Parenthesized numbers are the estimated limits of error (3σ) in the last
significant digits.c Present work using the MP2/6-31+G* constraints. Our final conclusion. The index of resolution is 0.94(1).d Present work
using the RHF/6-31G** constraints. The index of resolution is 0.94(1).e C2 model in ref 9.f Ci model in ref 9.g Ci symmetry was assumed.h Fixed
at the MP2/6-31+G* values.i Fixed at the RHF/6-31G** values.j Dependent parameter.

Figure 2. Experimental (solid curve) and theoretical (dashed curve)
potential-energy functions for the torsion about N1-C9 bond oftrans-
azobenzene relative to the minimum value. The value ofφ1 is fixed at
0°. The theoretical function was given by MP2/6-31+G* calculations.

V(φ1,φ2) ) Σi)1,2{V2(1 - cos 2φi)/2 + V4(1 - cos 4φi)/2}
(1)

P (φ1, φ2) ) N exp (-V (φ1, φ2)/RT) (2)

P (φ1, φ2) ) N Σnφn(φ1,φ2)* φn(φ1,φ2) exp(-En/RT) (3)
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validity of the latter. The Hamiltonian used is

where the kinetic-energy term was approximated by the fol-
lowing expansion:

The expansion coefficients,B11
(0), B11

(20), and so forth are
functions of moment of inertia of the molecule and internal
rotors, and they were evaluated by using a method similar to
that described in ref 31. The products of free rotation eigen-
functions, exp(inφ1)‚exp(imφ2)/2π, for n, m ) -15 to 15 were
used as a basis set. The quantum mechanical calculations (eq
3) provided essentially the same distribution as eq 2. However,
the very long computation time of the quantum mechanical
calculations makes it unrealistic to use them in least-squares
iteration to determine potential constants. Therefore, we con-
cluded to adopt eq 2 with no correction in the present study.

Mean amplitudes and shrinkage corrections of each pseudo-
conformer were calculated by using the scaled force constants
of the planar form. Calculated mean amplitudes are listed in
Table 2. Asymmetry parameters,κ, were estimated by the
conventional method.32 Mean amplitudes were refined in groups
divided according to the positions of peaks in a radial distribu-
tion function as (i)ra < 1.7 Å, (ii) ra ) 1.7-2.6 Å, (iii) ra )
2.6-3.1 Å, (iv) ra ) 3.1-5.2 Å, and (v)ra > 5.2 Å.

According to MP2/6-31+G* calculations, the changes in the
following bond lengths and bond angles are greater than 0.003
Å and 0.3°, respectively, during the rotation about N1-C9

bond: the CdC distances and the CCC angles in the phenyl
ring bonded to N1 atom, r(N1dN2), r(N1-C9), r(N2-C3),
∠N2N1C9, ∠N1C9C10, and∠N1C9C14. The structural differences
between pseudoconformers were fixed at the values obtained
from MP2/6-31+G* calculations except for∠N1C9C10 and
∠N1C9C14. The tilt angle of the phenyl ring, which is defined
asτ ) (∠N1C9C10 - ∠N1C9C14)/2, equals 0° when the phenyl
ring rotates by 90°. The ratios of this parameter between
pseudoconformers, [τ(φ)/τ(0°)], were fixed at the theoretical
values. The changes in the above structural parameters caused
by the torsions of the phenyl rings were assumed to be additive
for the torsions of two rings except for∠N1C9C10 and
∠N1C9C14. Structural parameters, mean amplitudes, the index
of resolution, and potential constants were determined by least-
squares calculations on molecular scattering intensities.

Results and Discussion

Molecular scattering intensities and a radial distribution curve
are shown in Figures 3 and 4, respectively. Experimental
structural parameters and mean amplitudes are listed in Tables
1 and 2, respectively. Potential constants,V2 and V4, in eq 1
were determined to be 1.7(6) and 0.6(13) kcal mol-1, respec-
tively, where parenthesized numbers denote three times the
standard deviations. The determined potential function is
displayed in Figure 2, showing that the conformation oft-AB

is planar. Care must be paid for the uncertainties ofV2 andV4.
If V4 is larger than-V2/4, the potential functionV(0°, φ2) has
a minimum at the point ofφ2 ) 0°. Figure 5 shows this region
along with the ellipses corresponding to 2σ and 3σ. They are
drawn by using the standard deviations and the correlation
coefficient of V2 and V4. A numerical integration shows that
t-AB takes a planar conformation at the 99.1% confidence
interval. The absolute values of correlation matrix elements are
less than 0.7 except forr(N-C)/r(C-C) ) -0.79. The
correlation matrix is given in Table S9 as the Supporting
Information.

H ) - ( ∂

∂φ1

∂

∂φ2
) (B11 B12

B12 B11
)( ∂

∂φ1

∂

∂φ2
)+ V(φ1,φ2) (4)

B11 ) B11
(0) + B11

(20) cos (2φ1) + B11
(20) cos (2φ2) +

B11
(22) cos (2φ1)‚cos (2φ2)

B12 ) B12
(0) + B12

(20) cos (2φ1) + B12
(20) cos (2φ2) +

B12
(22) cos (2φ1)‚cos (2φ2) (5)

TABLE 2: Interatomic Distances, Calculated and Observed
Mean Amplitudes for the Pseudoconformer withO1 ) O2 )
0° of trans-Azobenzenea

atom pair ra lcalc
b lobs groupc

<C-H> 1.097 0.077 0.078(1) 1
N1dN2 1.259 0.041 0.042 1
C4-C5 1.391 0.045 0.046 1
C6-C7 1.395 0.046 0.047 1
C3-C8 1.399 0.046 0.047 1
C7-C8 1.394 0.046 0.047 1
C5-C6 1.400 0.046 0.047 1
C3-C4 1.403 0.047 0.048 1
N2-C3 1.425 0.050 0.051 1
N1‚‚‚C3 2.243 0.059 0.063(2) 2
N1‚‚‚C14 2.377 0.065 0.070 2
C3‚‚‚C5 2.406 0.057 0.062 2
C6‚‚‚C8 2.412 0.057 0.062 2
C5‚‚‚C7 2.416 0.057 0.062 2
C3‚‚‚C7 2.415 0.057 0.062 2
C4‚‚‚C8 2.427 0.057 0.062 2
C4‚‚‚C6 2.422 0.057 0.062 2
N1‚‚‚C10 2.503 0.064 0.069 2
N1‚‚‚C4 2.722 0.098 0.102(4) 3
C5‚‚‚C8 2.783 0.065 0.070 3
C3‚‚‚C6 2.785 0.064 0.069 3
C4‚‚‚C7 2.800 0.065 0.070 3
N1‚‚‚C8 3.486 0.063 0.075(7) 4
C3‚‚‚C9 3.536 0.064 0.077 4
N2‚‚‚C7 3.668 0.066 0.079 4
N2‚‚‚C5 3.742 0.066 0.079 4
N1‚‚‚C5 4.104 0.101 0.114 4
C3‚‚‚C10 4.139 0.105 0.118 4
N1‚‚‚C12 4.200 0.070 0.082 4
C3‚‚‚C14 4.611 0.079 0.092 4
N1‚‚‚C7 4.650 0.070 0.083 4
C4‚‚‚C14 4.887 0.145 0.158 4
N1‚‚‚C6 4.898 0.088 0.101 4
C4‚‚‚C10 5.066 0.104 0.116 4
C3‚‚‚C11 5.516 0.108 0.139(20) 5
C8‚‚‚C14 5.822 0.079 0.110 5
C3‚‚‚C13 5.884 0.075 0.106 5
C5‚‚‚C14 6.252 0.162 0.194 5
C4‚‚‚C13 6.256 0.139 0.170 5
C3‚‚‚C12 6.263 0.087 0.119 5
C4‚‚‚C11 6.389 0.104 0.136 5
C4‚‚‚C12 6.901 0.116 0.147 5
C8‚‚‚C13 7.011 0.087 0.119 5
C8‚‚‚C12 7.196 0.127 0.159 5
C5‚‚‚C13 7.622 0.154 0.186 5
C5‚‚‚C11 7.728 0.104 0.136 5
C7‚‚‚C13 8.257 0.082 0.114 5
C5‚‚‚C12 8.274 0.118 0.150 5
C7‚‚‚C12 8.526 0.113 0.145 5
C6‚‚‚C12 9.004 0.097 0.128 5

a Distances and amplitudes in angstroms. See Figure 1 for atom
numbering. Nonbonded atom pairs including hydrogen atom are not
listed. Parenthesized numbers are estimated limits of error (3σ) in the
last significant digits.b Calculated at 407 K.c The mean amplitudes
with the same number were refined as one group. The differences
between the mean amplitudes in each group were fixed at calculated
values.
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The data analysis was also performed using the structural
constraints given by RHF/6-31G** calculations. The results
agree within experimental uncertainties with those given by the
analysis with MP2/6-31+G* constraints, although the errors of
the former are slightly larger than those of the latter.

Structural Parameters of t-AB. As shown in Table 1, the
uncertainties of the structural parameters are smaller than those
in the previous GED study.9 Most of the structural parameters
determined in the present study agree with the previous ones.
However, the bond angles significantly differ from the previous
ones determined by assumingC2 symmetry.

The solid-phase values ofr(NdN), r(N-C), <r(C-C) >,
∠NNC, and∠NCC4 determined at 82 K13 are 1.259(1.251),
1.431(1.431), 1.395(1.395) Å, 113.5(114.1), and 123.5(124.4)°,
respectively. The values in parentheses show the parameter
values of the molecule at the site where disorder was found at
room temperature.13 The values in both sites are similar to the
corresponding gas-phase values, 1.260(8), 1.427(8), 1.399(1)
Å, 113.6(8), and 124.7(9)°.

A comparison of the theoretical structure parameters with the
observed ones reveals the following points (see Table 1). (1)
The RHF/6-31G** calculation gives too short NdN and C-C
distances. The MP2/6-31+G* and BP86/6-31G** calculations
overestimate these distances, but the deviations are small as
compared with the RHF/6-31G** calculation. (2) Each of the
theoretical N-C distances agrees with the experimental distance.
(3) The RHF/6-31G** calculation overestimates∠NNC but
reproduces∠N2C3C4 well. (4) The bond angles given by the
MP2/6-31+G* and BP86/6-31G** calculations agree with the
observed ones.

Conformation and Torsional Barrier of t-AB. The planar
conformation determined in the present study differs from the
stable conformation in the previous GED study.9 This is perhaps
ascribable to the difference in the treatment of phenyl torsions.

The dihedral angle of 30° given by the previous study is a
consequence of the treatment in which the torsions of phenyl
rings were approximated as small amplitude vibrations and is
not real. As stated in ref 9, the stable conformation oft-AB is
considered to be mainly determined by the following factors:
the conjugation between the azo and phenyl groups making the
molecule planar and the repulsion between the hydrogen atom
and the lone-pair electrons in the nitrogen atom distorting the
molecular plane. The fact that the structure oft-AB is planar
shows that the former is dominant. The experimental N1‚‚‚H15

distance in the planar structure is determined to be 2.47 Å, which
is not much smaller than the sum of the van der Waals radii of
nitrogen and aromatic hydrogen atoms (1.55 and 1.0 Å33). Thus,
the steric repulsion between these atoms does not seem so
strong. In the crystal phase at 82 K,t-AB is not planar with the
dihedral angle of 10 or 20°,13 suggesting the packing effect in
the crystal.

As shown in Figure 2, the experimental potential function
disagrees with the theoretical one. The torsional barrier of a
phenyl ring obtained by RHF/6-31G** calculations, 5.2 kcal
mol-1, is nearly three times as large as the experimental one,
1.7(6) kcal mol-1. This overestimation is similar to the case of
t-AXB4 and nitrobenzene.34-36 In the MP2/6-31+G* calcula-
tions, the potential barrier where one of the phenyl groups is
perpendicular to the molecular plane is 4.7 kcal mol-1 and the
barrier of the double minimum potential is 0.4 kcal mol-1.
Whether this molecule has a double minimum with a low barrier
is left for future investigations.

Comparison of the Molecular Structure of t-AB with That
of t-AXB. The structures oft-AB and t-AXB are compared in
Table 3. The structure oft-AXB is also planar.4 The N1N2C3

angle, 121.3(12)°, and the tilt angle of the phenyl ring attached
to the N2 atom, 9.0(14)°, of t-AXB4 are larger than the
corresponding angles oft-AB by 7.7(15) and 4.0(16)°, respec-
tively. The differences can be ascribed to the steric repulsion
between the O and H15 atoms int-AXB. The N-C bond length
of t-AB, 1.427(8) Å, is shorter than the average length of the
two N-C bonds int-AXB, 1.438(7) Å.4 The difference of about
0.01 Å is consistent with the results of RHF/6-31G** calcula-
tions, in which the N-C length of t-AB is 1.421 Å and the
average N-C length oft-AXB is 1.432 Å.4

Figure 3. Experimental (dots) and theoretical (solid curve) molecular
scattering intensities oftrans-azobenzene;∆sM(s) ) sM(s)obs -
sM(s)calc. The theoretical curve was calculated from the best fitting
parameters.

Figure 4. Experimental radial distribution curve oftrans-azobenzene;
∆f(r) ) f(r)obs- f(r)calc. Vertical bars indicate relatively important atom
pairs of the molecule whenφ1 andφ2 equal 0°.

Figure 5. Experimental values with uncertainties of potential-energy
constants. Only the values ofV2 andV4 above line A correspond to the
planar form. Two ellipses correspond to 2σ and 3σ, respectively.
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The potential barriers for torsion around the N2-C3 and N1-
C9 bonds oft-AXB are determined to be 1.7(10) and 3.5(16)
kcal mol-1, respectively.4 The former agrees with that oft-AB,
1.7(6) kcal mol-1, within the limits of error, but the latter is
about twice as large as it.

TN-I of Liquid Crystals with the Core of t-AB Type. The
liquid crystal is considered to have the stable nematic phase if
TN-I is high. As stated in the Introduction, if the terminal groups
are the same, theTN-I of the liquid crystal with thet-AB type
core is generally lower than those of the liquid crystals with
t-AXB and trans-stilbene (t-SB) type cores by about 20°C and
30 °C, respectively.6,7 The structure oft-SB has been found to
be planar, and the barrier for torsion of each phenyl ring of
t-SB has been determined to be 2.5 kcal mol-1 by dispersed
fluorescence spectroscopy.37 Therefore, each oft-AB, t-AXB,
and t-SB has a planar structure. Moreover, the barrier oft-SB
is not much different from that oft-AB, 1.7(6) kcal mol-1, and
the barriers oft-AXB, 1.7(10) and 3.5(16) kcal mol-1. Thus,
the origin of the differences in theTN-I of liquid crystals with
these types of cores is neither the planarity of the core nor the
torsional barriers of the phenyl rings in the core.

A possible origin is the different length of the linking unit
(r lu) connecting two phenyl groups because it is known that the
liquid crystalline phase is stabilized asr lu increases.38 The
determinedr lu (C3‚‚‚C9 distance) oft-AB, 3.54 Å, is smaller
than ther lu of t-SB, 3.92 Å, determined by GED.39 Therefore
the difference in ther lu is considered to be the origin of the
difference, 30°C, in theTN-I between the liquid crystals with
the cores oft-AB and t-SB types. On the other hand, ther lu of
t-AXB has been determined to be 3.62 Å. The difference of
0.1 Å seems to explain only a part of 20°C, the difference
between theTN-I of the liquid crystals with the cores oft-AB
and t-AXB types.

Another explanation in terms of polarity is possible. Thet-AB
molecule is nonpolar, and thet-AXB molecule is polar. The
oxygen atom oft-AXB has a fairly large negative charge, about
-0.6e, according to RHF/6-31G** calculations. Such a charged
atom gives intermolecular dipolar interactions and would
stabilize the liquid crystalline phase.40 Therefore, the dipolar
interactions in addition to the increase inr lu are considered to
raise theTN-I of the liquid crystal with the core oft-AXB type.
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