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ABSTRACT: Nuclear magnetic resonance spectroscopy of molecules aligned in nematic
liquid crystalline media provides information on the molecular structure and order parame-
ters. The partial alignment of the molecules in the liquid crystalline phases gives rise to
residual intramolecular dipolar couplings which are dependent on internuclear distances,
and therefore yield information on the structure of molecules. The dipolar couplings are in
general large compared to chemical shifts, and the spectra become rapidly complex with the
increase in the number of interacting spins and decrease of symmetry of molecules. In this
article, the procedure for the analyses of such spectra is outlined in a pedagogical manner.
The concept of the order parameter is illustrated in a phenomenological way. The utility
of the technique and obtainable information is demonstrated using practical examples.
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INTRODUCTION

Ž .Nuclear magnetic resonance NMR spectroscopy
provides information on molecular structure, con-
formation, and dynamics. This information can be
derived from such parameters as chemical shifts
Ž . Ž .d ’s , indirect spin]spin couplings J ’s , directi i j

Ž .dipolar couplings D ’s , spin-lattice relaxationi j
Ž . Ž .times T ’s and spin]spin relaxation times T ’s1 2

Ž .1 .
The line positions and line intensities in the

high-resolution NMR spectra of diamagnetic ma-
terials in liquid or solution states depend only on

chemical shifts and indirect spin]spin couplings,
and information on the molecular structure is
obtained using these parameters. The dipolar
couplings arise because of the through-space in-
teraction of nuclear dipoles, and for most of the
molecules this interaction vanishes in the liquid
state at the magnetic field strengths of several
tesla normally employed, because of the rapid
isotropic tumbling motion of the molecules. This
is because the dipolar interaction is proportional

Ž 2 . 3to 3 cos u y 1 rr , where r is the distancei j i j i j
between the nuclei i and j and u is the anglei j
this internuclear vector makes with respect to the
magnetic field direction that vanishes for rapid
isotropic molecular orientations. One advantage
of such an averaging process is that it results in
simplified spectra; the disadvantage is that the
dipolar information is lost and does not give



additional information on the molecular geome-
try. In solids, both intra- and intermolecular dipo-
lar couplings are present, resulting in broad and
featureless spectra. The dipolar coupling informa-
tion is usually extracted from the line-width mea-
surements, and hence the derived information on
the molecular geometry is less precise.

In an intermediate state where there is suffi-
cient translational mobility between molecules,
the intermolecular dipolar couplings are averaged
to zero. If at the same time there are molecular
orientations that are not equally probable result-
ing in a restricted ordering, then the averaged
intramolecular dipolar couplings are nonzero. In
such cases, it is possible to get well-resolved spec-
tra containing dipolar coupling contributions,
which in turn provide geometry information with
high precision.

Such an intermediate phase between solids
and liquids can be realized by dissolving the so-
lute molecule to be studied in a liquid crystalline
solvent. A typical example of the difference in the
appearance of NMR spectra of an organic
molecule in liquid, liquid crystalline, and solid
phases is shown in Fig. 1.

The object of this article was to provide a
pedagogical introduction to liquid crystals and the
analyses of the NMR spectra of molecules ori-
ented in such phases. Further, interpretation of
the dipolar couplings in terms of structure and
orientation of the molecules is discussed using
practical examples. However, discussion of this

1technique is restricted to spin- nuclei in this2

article.

LIQUID CRYSTALS

Materials that exhibit liquid crystallinity combine
the flow properties of liquids and the optical

Ž .properties, such as birefringence, of crystals 2]4 .
The liquid crystals are broadly classified into two
types, viz., thermotropic and lyotropic. In ther-

Žmotropic liquid crystals generally materials with
.elongated molecules , the liquid crystalline phase,

also called the mesophase, arises over a well-de-
fined range of temperatures.

The thermotropic liquid crystals are further
classified as nematic, smectic, and cholesteric,
depending on the arrangement of molecules and
the degree of order. In nematics, molecules are
preferentially aligned such that their long axes
are arranged parallel to each other. The pre-
ferred orientation of the long axes of the mol-

Figure 1 Proton NMR spectra of cis,cis-mucononitrile
Ž . Ž . Žin a pure solute in the solid state, b dissolved 6
. Ž .wt% in the liquid crystal ZLI-1114, and c isotropic

solution state in the solvent CDCl . All spectra were3
recorded at ambient temperature on a Bruker DRX-500
NMR spectrometer under identical conditions. Note in
this unusual example that the width of the solute in the
solid state is lesser than in the anisotropic medium.

ecules is generally referred to by a unit vector
called the ‘‘director,’’ usually denoted as n. Inˆ
smectics, molecules are arranged parallel to each
other and are separated into layers such that
their long axes preferentially point in the same
direction. Smectics are further classified into
smectic A, smectic B, smectic C, etc., depending
on the molecular arrangement within and be-
tween the layers. Cholesterics are special exam-
ples of nematics and are formed by optically
active molecules. Molecules in cholesterics are
arranged parallel to each other with a continuous
displacement of the director such that the overall
displacement follows a helical path. An ideal view

Ž .of different thermotropic liquid crystal phases 4
is shown in Fig. 2.

Lyotropic liquid crystals are obtained by a mix-
ture of two or more components, one of which is
amphiphilic and the other which is generally po-



Figure 2 Ideal view of different types of liquid crys-
Ž . Ž . Ž . Ž .tals: a nematic, b cholesterics, c smectic A, d

Ž .smectic B, and e smectic C.

Ž . Ž .lar usually water 5 . In some cases, nonpolar
organic solvents such as alkanes are used instead
of water. Amphiphilic compounds have two dis-
tinct groups: hydrophilic and lipophilic. The hy-
drophilic group of the molecule is soluble in a
polar solvent such as water. The lipophilic group
of the molecule is soluble in nonpolar solvents.
Since most times water is used as a polar solvent
in lyotropics, lipophilic groups are generally re-
ferred to as hydrophobic. Depending on the hy-
drophobic and hydrophilic parts, the amphiphilic
compounds exhibit remarkable solubility proper-
ties. They can be predominantly hydrophilic}that
is, water soluble and hydrocarbon insoluble}or
predominantly lipophilic}that is, water insoluble
and hydrocarbon soluble.

At extreme dilution, the amphiphilic com-
pounds are distributed randomly throughout the
solution. As the concentration of the amphiphilic
molecules is increased, molecules start aggregat-
ing. At a concentration known as critical micelle
concentration, aggregates of the molecules begins
to form stable entities known as micelles. In the
micellar form, the nonpolar hydrocarbon chains
occupy the interior of the micelles and the polar
head groups occupy the outer periphery of the
aggregates. It is very interesting to note that the
head groups are placed in such close association
that the hydrophobic part is completely out of
contact with water. The micelles do not have a

fixed shape. They are statistical in nature. They
fluctuate constantly in size and shape in response
to temperature and concentration.

A very good example of this lyotropic phase is
common soap. Common soap is sodium dodecyl-
sulphate, where sulphate is the head group and
the hydrocarbon chain with 12 carbon atoms forms
a tail group.

With different proportions of amphiphilic com-
pounds in water, a variety of lyotropic liquid
crystal phases are observed and are accordingly
classified depending on the alignment of mole-
cules in these phases. Details of the various lyo-

Ž .tropic phases are available in the literature 5, 6 .

Choice of Liquid Crystal as a Solvent

Lyotropic liquid crystals serve as appropriate sol-
vents generally for the study of polar molecules
and ions. For other systems, work is usually un-
dertaken in thermotropic liquid crystals. Our dis-
cussion in the remaining part of this article is
restricted to thermotropic liquid crystals.

Of the three different types of thermotropic
liquid crystals, nematics are the least ordered and
generally precede the isotropic transition temper-
ature. Thus, nematics, because of high mobility,
are more commonly used as solvents in NMR
studies. Smectic phases are rarely used. The rea-
son for this may be due to their very high viscos-
ity. Cholesterics also are not routinely used as
solvents in NMR studies, probably owing to dif-
ficulty in their alignment. On the other hand,
studies using cholesterics, however, may provide

Ž .information on the optically active solutes 7]10 .
There are several thermotropic liquid crystals

available for NMR studies. The molecular struc-
tures and transition temperatures of a few typical
thermotropic nematics commonly used as solvents
in NMR are given in Fig. 3. However, the choice
of the liquid crystal for a particular study depends
on the solubility of the solute.

Solute Molecules in a Nematic Phase

A nematic phase has a long-range orientational
order. That is, the long axes of the molecules tend
to align parallel to each other. The orientations
of the long axes of all the molecules are not the
same. Hence, the ensemble average of all possible
alignments of the long axes is not zero, and there
is a preferential orientation along a particular
direction. This phenomenon causes the liquid
crystal molecules to exhibit an orientational or-



Figure 3 Some commonly used nematic liquid crystals
Ž . Žand their mesophase ranges: a N- p-methoxyben-

. X Ž . Ž .zylidene -p -n-butylaniline MBBA , 293-321 K; b p-
X Ž .n-butyl-p -methoxyazoxybenzene phase IV , 289-349 K;

Ž . Ž . Ž .c trans-pentyl- 4-cyanophenyl -cyclohexane S-1114 ,
Ž .303-328 K; and d a ternary eutectic mixture of propyl,

Ž .pentyl, and heptyl bicyclohexyl carbonitrile ZLI-1167 ,
281-356 K.

der. Furthermore, nematics generally exhibit cyl-
indrical symmetry along the director. Because of
this, measurement of any property of this phase
}such as magnetic susceptibility, polarizability,
etc.}will exhibit one value parallel to the sym-
metry axis and another value in all directions
perpendicular to the symmetry axis. For example,

Ž .if the magnetic susceptibility x is measured,
Ž . Ž .along x and orthogonal x to the symmetryI H

Ž .axis, then Dx s x yx is finite. Thus, theI H
bulk properties of these molecules are anisotropic.
At the microscopic level, these molecules are
mobile, and the mobility can be compared to that
of a liquid. That is, the centers of mass of the
molecules are distributed at random throughout
the volume. In other words, these molecules do
not have any translational order.

For a small solute molecule dissolved in a
nematic phase, the anisotropic environment of
the liquid crystal provides an orientational order
and a high degree of mobility, i.e., a translational
disorder. Consequences of these phenomena are
the presence of finite intramolecular dipolar cou-

plings between the spins of molecules and the
averaging of all intermolecular dipolar couplings
to zero. The proton NMR spectrum of such a
sample then generally consists of sharp lines aris-
ing from dissolved, relatively small molecules rid-
ing over a broad background of a large number of
resonances arising from the liquid crystal protons.
The sharp lines obtained from the solutes in
nematics result from the orientation of the direc-
tor in the magnetic field. However, it should be
pointed out that not all liquid crystals align in the
magnetic field. In such cases, broad lines are
observed. An example could be a smectic A liquid
crystal possessing a high-temperature nematic.
Initially, the solute molecules give rise to broad
lines. When the sample is heated and cooled to
the nematic phase, keeping the sample in the
magnet results in sharp lines for the dissolved
solute molecule. Furthermore, in general, the de-
gree of order of the solvent is high and that of the
solute is low. Thus, the spectra of the solute
clearly separates out into sharp, well-resolved
lines from the background of the solvent. How-
ever, in the unusual example, the dissolved solute
molecule exhibits high order and its magnitude is

Ž .comparable to that of a solvent 11 . Even in such
a case, sharp lines are observed. This fundamen-
tal difference of getting well-resolved lines domi-
nated by dipolar couplings, compared to solids
and liquids, is the basis of the NMR spectroscopy
of molecules aligned in liquid crystals.

HAMILTONIAN OF THE
ORIENTED SYSTEM

To understand how dipolar couplings are mani-
fested in the NMR spectrum of oriented systems,

1let us look at the basic Hamiltonian. For spin- 2

nuclei, the Hamiltonian governing the NMR
Ž .spectra of aligned molecules is given by 12 :

Ž a.H s y 1 y s y s n IÝ i i o z i
i

Ž .q J q 2 D dir I IŽ .ÝÝ i j i j z i z j
i-j

Ž . Ž . Ž q y y q.q 1r2 J yD dir I I q I IŽ .ÝÝ i j i j i j i j
i-j

w x1

In the above equation, J and s represent onei j i
third of the traces of the corresponding tensors



and are identical to the indirect spin]spin cou-
plings and chemical shifts observed in the high-
resolution NMR in the isotropic media. s a corre-i
spond to the shielding constants observed in the

Ž .anisotropic media. D dir is the direct dipolari j
couplings. The Hamiltonian for the oriented sys-
tems differs from that for the isotropic systems in
that there are additional terms, viz., chemical
shielding due to anisotropic environment and the
dipolar couplings that are finite in the anisotropic
media. Thus, in the above Hamiltonian, the sub-

Ž . Ž a.stitution of 1 y s for 1 y s y s and J fori i i i j
Ž Ž .. Ž Ž ..J q 2 D dir and J y D dir provides thei j i j i j i j

total Hamiltonian for the isotropic system. J willi j

also have the anisotropic part and contribute
significantly in some cases. However, of the vari-
ous parameters in the anisotropic media, the
dipolar interaction is of much more relevance in
the structure determination.

Dipolar Couplings

The classical interaction energy E between two
magnetic dipole moments m and m is given by1 2

Ž .Ž .m ? m 3 m ? r m ? r1 2 1 2 w xE s y 23 5r r

where r is the radius vector from m to m .1 2
Treating m and m as operators, i.e., m s1 2 1

g "I and m s g "I and expressing the interac-I 1 2 I 2
tion energy of the magnetic dipoles in polar coor-
dinates, the dipolar Hamiltonian can be explicitly
written as

H s g g hr4p 2 1rr 3Ž .D i j i j

w x w x? A q B q C q D q E q F 3

where

A s 1 y 3 cos2 u ? I ? I ;Ž .i j Z i Z j

2 w q y y qxB s y1r4 1 y 3 cos u ? I I q I I ;Ž .i j i j i j

yi f Ž q q.C s y3r2 sin u cos u e I I q I I ;i j i j i Z j Zi j

D s CU ;

E s y3r4 sin2 u ey2 ifIqIq ; andi j i j

F s EU .

Terms C and D produce transitions at v , and0
E and F produce transitions at 2v which are0
otherwise forbidden. With the increasing strength

of the magnetic field H , the contributions by C,0
D, E, and F terms become weaker. In the high

Žfield approximation several tesla of the magnetic
.field normally used in NMR studies , the contri-

bution from the terms C]F to H becomesD
negligible. These terms can therefore be dropped
from H . Under this approximation, known asD
secular approximation, only the terms A and B
are thus important and contribute to the NMR
spectrum. However, it is to be remembered that
the terms C]F are important for relaxation. The
dipolar Hamiltonian can then be written as

2 3 w x w xH s g g hr4p 1rr A q B 4Ž .D i j i j

H s g g hr4p 2 1 y 3 cos2 u rr 3Ž . Ž .D i j i j i j

q y y qŽ . w x? I ? I y 1r4 I I q I I 5z i z j i j i j

The spatial part of the dipolar Hamiltonian par-
tially averaged in a liquid crystalline phase can be
written as

Ž . 2y g g h 1 3 cos u y 1i j i jŽ . w xD dir s 6i j 2 3¦ ;24p ri j

The quantity within the angular brackets is the
average taken over all molecular motions. For a

Ž 2 .given pair of nuclei, g g hr4p is a constanti j
w xand can be denoted as K . Then, Eq. 6 can bei j

rewritten as

1 3 cos2 u y 1i jŽ . w xD dir s yK 7i j i j 3¦ ;2 ri j

If there is no correlation between the internu-
² 2 :clear distance r and the term 3 cos u y 1 ,i j i j

w xEq. 7 becomes

Ž . Ž .² 2 :² 3: w xD dir s yK 1r2 3 cos u y 1 1rr 8i j i j i j i j

For rigid molecules,

Ž . 3 Ž .² 2 : w xD dir s y K rr 1r2 3 cos u y 1 9Ž .i j i j i j i j

In a short form,

Ž . 3 w xD dir s yK ? S rr 10i j i j i j i j

Ž .² 2 :where S s 1r2 3 cos u y 1 is referred to asi j i j
w xthe orientation or order parameter 13 . It is

w ximplicit from Eq. 10 that knowledge of the dipo-
lar couplings provides information on the geomet-



rical as well as the orientational parameters of
the molecules in a liquid crystalline medium. The
order parameter is discussed conceptually using

Ž .the molecular theory of liquid crystals 14 in the
next section.

w xEquation 10 further suggests that the interac-
tion Hamiltonian contains the ratio of S to r 3.i j i j

Ž .D dir ’s remain invariant by the multiplication ofi j
w xthe numerator and the denominator of Eq. 10 by

a constant factor. Experimental measurements
can, therefore provide only this ratio. It follows
that this method provides relative values of inter-
nuclear distances and not absolute values. How-
ever, the absolute values of bond angles can be
determined. Hence, this method provides only the
shape of the molecules, and not the size.

Anisotropy of the Indirect Spin – Spin
( a )Couplings Jji

The experimentally determined dipolar couplings
are the sum of the dipolar coupling and the
anisotropic contribution of the indirect spin]spin

Ž a.couplings J . The multiplier of the spin opera-i j
Ž a.tor for J has the same form as that of thei j

w xdipolar coupling given in Eq. 5 , and therefore,
J a is also called pseudo-dipolar coupling. Thei j
dipolar couplings obtained from the NMR spectra
w Ž .x Ž . aD expt are therefore D dir q J . For a pairi j i j i j
of protons, J a is usually negligible, since thei j
major contribution to J a comes from the spheri-i j
cally symmetric Fermi contact term. In such cases,
the measured direct dipolar couplings immedi-
ately provide the geometry information. For heavy
nuclei such as fluorine, J a may, however, bei j
significant.

( )ORDER PARAMETER S

Phenomenological Concept of Nematic
( )Order 14, 15

We can now define the order parameter, which is
nonzero in the nematic phase and vanishes in the
isotropic phase. The identification of the appro-
priate order parameter for nematic liquid crystals
is aided by a consideration of the observed struc-
ture and symmetry of the phase. The nematic
phase usually exhibits cylindrical symmetry. We
can denote this cylindrical symmetry axis as the
director. The anisotropic property of the nematics
arises because of the tendency of the rodlike
molecules to align with their long axes parallel to

Figure 4 Schematic showing the orientation of a
Ž .molecule in a nematic liquid crystal: A orientation of

Ž . Ž .the director n , chosen to be along the Z axis, and Bˆ
Eulerian angles required to describe the orientation.

Ž .the director, as shown in Fig. 4 A . At finite
temperatures, the thermal motion of the mole-
cules prevents perfect alignment with the direc-
tor, and the orientations of the molecules are in
fact distributed.

Let us look at the orientation of any single
molecule with respect to the director. Let the
director lie along the Z-axis of a fixed rectangular
coordinate system. The orientation of the rodlike
molecule can then be described using three Eule-

Ž .rian angles, i.e., u, f, and c, as shown in Fig. 4 B .
Here, c and f correspond to the rotation of the
molecule along the axis of the cylinder and the
azimuthal direction, respectively.

Because of cylindrical symmetry, there is no
ordering in the angles f and c. Thus, we are left
with only the parameter u for which a degree of
order can exist. When all alignments of the
molecules are considered, the state of alignments
of the molecules can be described by a function

Ž . Ž .of u, i.e., f u 15 . The simplest function one can
then think of is to take the average of the projec-
tion of all molecules along the director, i.e.,
² :cos u . However, the integral of this function
vanishes over all possible values of u, because
Ž . Ž .f u s f p y u . Thus, we must resort to higher

orders of this function. The first such function
² 2 :giving a nontrivial answer is cos u . For the

situation when u s 0, all molecules are fully
aligned along the director; thus,

² 2 : w xS s cos u s 1 11

If the orientation is entirely random, then all
values of u are equally likely and

² 2 : w xS s cos u s 1r3 12



In any order-disorder problem, the convention
followed is that the maximum value of the order
is taken to be 1 when the system is completely
ordered, and zero when the system is disordered.

w x w xTo satisfy these two conditions, Eqs. 11 and 12
can be combined as

Ž² 2 :. w xS s 1r2 3 cos u y 1 13

This gives S s 1 and y0.5 for the preferential
alignment of the molecules in the direction paral-
lel and perpendicular to the director, respectively.
For any intermediate orientation, S varies be-
tween 1 and y0.5. S is therefore a measure of
the order.

The orientation of the director of the liquid
crystal in the magnetic field depends on the sign

Ž .of the diamagnetic susceptibility anisotropy Dx
of the liquid crystal. If Dx is positive, the director
aligns parallel to the magnetic field, and it is
orthogonal to the magnetic field if Dx is negative.

The Order Parameter of a Molecule Aligned
in a Nematic Phase

When the solute molecule is dissolved in a ne-
matic phase, it will be aligned by the neighboring
nematic molecules, and this alignment will also be
characterized by an order parameter S. For any
rigid molecule of an arbitrary shape, if nuclei i
and j belong to the same rigid part of the
molecule, the order parameter can be described
by a 3 = 3 matrix, S . Let us assume that thei j

director of the liquid crystal is parallel to the
magnetic field direction, and X, Y, and Z are the
molecule fixed coordinate system. If u , u , andX Y
u are the angles between the molecular axes andZ
the magnetic field direction, then the definition of
the ordering matrix elements is given by

Ž .² :S s 1r2 3 cos u cos u y dab a b ab

w xa, b s x , y , z 14

Žwhere d is the kronecker delta d s 1 forab ab
.a s b and 0 for a / b . The matrix S of Eq.ab

w x14 is explicitly written as

S S SX X X Y X Z

S S SY X Y Y Y Z

S S SZ X Z Y ZZ

This ordering matrix is symmetric and traceless
and has five independent elements, viz., S ,X X
S , S , S , S .Y Y X Y X Z Y Z

Order Parameter and Molecular Symmetry

The S values of different molecular axes arei j
interdependent. Depending on the symmetry of
the molecule and the suitable choice of the coor-
dinate system, the number of independent ele-
ments of the ordering matrix required to describe
molecular orientation varies from zero to five. A
table of the number of independent nonzero ele-
ments of the ordering matrix that describes the
orientation of the molecules with different point

w xgroup symmetry is available in the literature 4 .
A few examples of molecules with different sym-
metry are described below.

Molecules with tetrahedral or cubic symmetry
Ž .do not orient S value is zero even in an aniso-

tropic environment, and hence, the dipolar coup-
lings in such systems average to zero. However, in
actual practice, there are minor distortions in the
symmetry and dipolar splittings are observed. In
the example of the methane molecule shown in

Ž . Ž .Fig. 5 A , splittings are observed 16, 17 . Spec-

Figure 5 Structure of molecules requiring different
numbers of elements of ordering matrix to describe the
orientation along with the coordinate system to be

Ž . Ž . Ž .chosen: A methane, B benzene, C m-dichlorobe-
Ž .nzene, and D m-fluoroiodobenzene.



tral splittings in the tetrahedral molecules have
been discussed in the section on the vibrational
corrections to the molecular geometry.

Molecules possessing a point group symmetry
D , C , and a higher axis of symmetry require2 d 3
only one independent element of the ordering
matrix to describe their orientation. In the exam-

Ž .ple chosen in Fig. 5 B , for a molecule with C3¨
symmetry, the Z axis is taken to be along the
threefold axes of symmetry. Element S of theZZ
ordering matrix therefore describes the orienta-
tion of such molecules.

For molecules possessing C , D , and D2¨ 2 2 h
point group symmetry, the number of indepen-
dent elements required to describe the orienta-

Ž .tion reduces to two. Figure 5 C shows a molecule
with C symmetry, and for the chosen coordinate2¨
system, S and S are sufficient to describeX X Y Y
the orientation.

Ž .Figure 5 D shows an example of the molecule
possessing only a plane of symmetry. If the two
coordinate axes are chosen to be in the plane of
the symmetry, three independent elements of the
ordering matrix are needed to describe its orien-
tation. Elements S , S , and S of the ma-X X Y Y X Y
trix completely specify its molecular orientation.

For molecules without a plane of symmetry, all
five elements of the ordering matrix are essential
to describe their orientation.

Order Parameter and Experimental
Conditions

The ordering of the molecule in the nematic
phase depends on the temperature and solute
concentration. As the concentration of the solute
is increased, the ordering generally decreases un-
less there are solute]solvent interactions. Simi-
larly, ordering generally increases with a decrease
in temperature. It is interesting to point out that
in a study on the molecule methanol oriented in
the liquid crystal 4-n-octyloxybenzoic acid, un-
usual orientational behavior has been observed
Ž .18 . The order parameter has been measured as
a function of temperature and at two different
concentrations. There is no steady increase of the
order parameter with a decrease in temperature,
but the plot of the order parameter as a function
of temperature goes through a maximum. This
unusual behavior of methanol is interpreted as
due to association. Any change in the order pa-
rameter results in a change in the strength of the
dipolar interaction. Hence, the spectra of the
given molecule in a particular liquid crystal are

not the same when recorded at different tempera-
tures or concentrations.

MATERIALS AND METHODS

Preparation of the Solution

Solutions are prepared by mixing appropriate
amounts of solute and solvent. Solute concentra-
tion is maintained such that the liquid crys-
tallinity is not destroyed and it is usually 7]8
wt%. The solutions are homogenized by repeated
heating of the mixtures to the isotropic phase and
then cooling back to the nematic phase, with
physical shaking or vortex mixing. It should be
noted that inhomogeneities as a result of temper-
ature or concentration gradient within the sample
provide spectra with differential line broadening.
This differential line broadening is in addition to
inhomogeneity of the external magnetic field. In
normal superconducting magnets, inhomogeneity
due to the external static magnetic field can be
reduced by spinning the sample about the vertical
axis without destroying the orientation. Typical
line widths around 1]2 Hz can be obtained for
the proton spectra, depending upon the choice of
the liquid crystal, experimental conditions, and
preparation of the sample. It is appropriate to
mention that when the nematic liquid crystal

ŽZLI-1167 an eutectic mixture of propyl, pentyl,
. w Ž .xand heptyl bicyclohexyl carbonitrile Fig. 3 D is

used, sharp lines are generally observed.

Identification of the Spin System

As mentioned earlier, the dominant parameters
in the NMR spectra of oriented molecules are
usually intramolecular dipolar couplings. As far
as the nomenclature of the NMR spectra is con-
cerned, it is identical to that followed in conven-
tional high-resolution NMR studies in liquids.
However, the definition of weak and strong cou-
pling in the spectra of oriented molecules
depends on the strength of both the dipolar cou-

w Ž . xplings D dir ’s and the indirect spin]spin cou-i j
plings compared to chemical shifts, unlike the
strength of only the indirect spin]spin couplings
Ž .J ’s in the conventional liquid-state NMR spec-i j
tra. The strength of the dipolar couplings may
usually vary from a few hertz to a few kilohertz.
The spectra may therefore be very complex, with
a spread of several kilohertz, and are generally
strongly coupled, particularly in the thermotropic



nematic liquid crystals normally used unless het-
Ž .eronuclei are involved 19, 20 . The second

important difference is that a group which is
magnetically equivalent and provides a single res-
onance line in the isotropic phase gives rise to a
multiplicity of lines in oriented systems. For ex-
ample, in benzene in the isotropic phase, all six
protons have the same chemical shift, and also
the indirect spin]spin couplings do not affect the
spectrum, giving rise to a single resonance line
compared to a complex spectrum in the oriented
phase. The spectrum of benzene is designated as
AAXAYAZAXXXXAXXXXX. Furthermore, if all nuclei within
a magnetically equivalent group are equally cou-
pled to one another, the group is called ‘‘fully
equivalent.’’ Such a group is denoted as A , wheren

1n is the number of fully equivalent spin- nuclei.2

For oriented molecules, even fully equivalent
groups such as A give rise to a multiplicity ofn

Ž .‘‘n’’ transitions with a separation equal to 3D diri j

between adjacent transitions. The intensity distri-
bution of the transitions corresponds to coeffi-
cients of the binomial expansion. For example,
methyl protons of CH CN, a fully equivalent3
group, give rise to a singlet in the isotropic phase
because indirect spin couplings between the
equivalent protons of the methyl group do not
influence the spectrum. In the anisotropic phase,
the nomenclature of the spin system is A and3
the dipolar couplings between the protons of the
methyl group, although equal between any two
methyl protons, result in a triplet with the inten-
sity ratio of 1:2:1.

Ž .The molecules with a ‘‘tetrahedral Td ’’ or
higher symmetry in general should not orient and
must give a single resonance line in both the
isotropic as well as oriented phases. However, as
mentioned earlier, a multiplicity of spectral lines
are observed in such systems in the oriented
phase.

Analyses of the Spectra
1For N interacting spin- nuclei, the number of2

allowed transitions is given by 2 NC . For exam-Ny1
ple, for systems with five, six, seven, and eight
interacting spins, there are 210, 792, 3003, and
11,440 allowed transitions, respectively. Hence,
for every addition of an interacting spin, the
number of allowed transitions increases by nearly
fourfold. Beyond eight interacting spins, the spec-
tra usually become too complicated and the anal-

ysis will be tedious. However, in the literature
there are several examples where the spectra of
nine and 10 interacting spins have been analyzed
Ž .21]24 . The first-order analyses of the spectra
similar to those of liquids are generally not possi-
ble, and one has to diagonalize the Hamiltonian
numerically, adapting least-square-fit techniques
using computers. Several iterative computer pro-
grams suitably modified by the inclusion of the
dipolar coupling parameters are commonly used.

Analyses of the Spectra Using a Computer
Program

The programs normally employed are named
Ž .LAOCOONOR 25 and an NMR spectrometer

manufacturing Bruker version of the program
PANIC. The starting parameters for the iterative
analyses of the spectra are the chemical shifts,
indirect spin]spin couplings, and direct dipolar
couplings. The dipolar couplings and chemical
shift parameters are unknown for an oriented
system. However, starting parameters for the
chemical shifts and indirect spin]spin couplings
are usually taken as values in the isotropic media.
The dipolar couplings are calculated assuming the
molecular geometry and certain guessed values
for the orientational tensor components. Using
these dipolar couplings, a spectrum is simulated.
When there is visual resemblance of the simu-
lated spectrum with the experimental one, certain
specific experimental lines are assigned to theo-
retical ones and the parameters are varied itera-
tively. The iteration procedure is continued until
all experimental lines are assigned to the simu-
lated ones and the root-mean-square error be-
tween the calculated and experimental line posi-
tions reaches a global minimum. The strategy
adapted for the analysis of the spectra is shown in
the form of a flowchart in Fig. 6. A program

Ž .called XSIM 26 works on SUN, SGI, and
RS6000 computers.

Alternate Strategy for Analyses of the
Spectra

In the iterative strategy discussed above, the anal-
ysis can at times be tedious if the spectra are very
complex. Basic ingenuity lies in the judicious
choice of the starting parameters. The trial spec-
trum computed should closely resemble the ex-
perimental spectrum such that a sufficient num-



Figure 6 Flowchart showing the strategy adopted for analyses of the NMR spectra of
oriented molecules.

ber of transitions can be assigned for subsequent
iteration and refinement of the parameters. It is
the intuition, experience, and, at times, also the
luck of workers in the field that the trial spectra
can be simulated with reasonable resemblance to
the experimental one so that the complicated
spectra can be analyzed. To overcome the tedium

Žof such analyses, a program called DANSOM 27,
.28 has been developed for automatic analysis

using an alternative strategy which does not re-
quire line assignments. These methods always
make use of the full information content of an
NMR spectrum, i.e., the total line shape. This
information is supplied to the computer as the
n-dimensional vector S of digitized signal intensi-
ties S which are ordered according to increasingi

or decreasing discrete frequencies v . The basici

algorithm relies on a matrix method derivable
from a generalized formulation of the least-
squares problem. Details of the theoretical basis
of this automatic analysis are available in the

Ž .literature 29 and are too voluminous to discuss
in this article. However, it is important to note
that these programs circumvent the tedium of
line assignments, and in many cases are found to
yield satisfactory results. The programs dedicated

Ž .to the NMR instrument, called WIN-DAISY 30
Ž .and PERCH 31 , are now available and work on

PC’s equipped with Windows NT and Windows
95, respectively. The programs call the experi-
mental spectra directly onto the PC from the
spectrometer, and automatic analysis is carried
out by varying over a wide range, iteratively, all
parameters defining the spectrum.



Comment on the Heteronuclear Indirect
Spin – Spin Couplings

w xIn the Hamiltonian given in Eq. 1 , the first and
the second terms contribute to the diagonal ele-
ments, and the third term to the off-diagonal
elements of the matrix. The chemical shift sepa-
ration between the heteronuclei is of the order of
megahertz, whereas the dipolar and indirect
spin]spin couplings are several orders of magni-
tude smaller. Consequently, the contributions of
off-diagonal elements to the transition frequen-
cies are negligible. Therefore, such spectra are

Ž .essentially influenced by J q 2 D dir . Hence,i j i j
the NMR spectra of oriented molecules do not
permit the separate determination of J andi j

Ž .D dir between heteronuclei. Analysis of thei j
spectrum is, however, not difficult, because what-
ever the value is of heteronuclear J , correspond-i j

Ž .ingly, D dir ’s get altered and the spectrumi j
remain’s invariant. Furthermore, for the determi-
nation of heteronuclear structural information,
precise values of dipolar couplings are essential.
Normally, the indirect spin]spin couplings deter-
mined from the spectra in the isotropic media are
used to derive direct dipolar couplings. However,
for the precise determination of heteronuclear Ji j
in the anisotropic medium itself, the technique of
mixed liquid crystals of opposite diamagnetic

Ž .anisotropies 32, 33 is used, and the methodol-
ogy is discussed below.

USE OF MIXED LIQUID CRYSTALS OF
OPPOSITE DIAMAGNETIC
SUSCEPTIBILITY ANISOTROPIES

Depending upon the sign of the diamagnetic sus-
ceptibility anisotropy of the liquid crystal, the
preferential orientation of the director is along or
orthogonal to the magnetic field, and the sign of
the S value can be either positive or negative,

w xrespectively. From Eq. 10 , it can be seen that
dipolar couplings will have opposite signs depend-
ing on the sign of the S value. It has been

Ž .observed 32, 33 that the dipolar couplings in a
mixture of liquid crystals of opposite diamagnetic
susceptibilities anisotropies vary gradually with
the relative concentration of the solvents. How-
ever, near critical concentration, there is an
abrupt change in the value of the dipolar cou-
plings to half or twice, with opposite signs de-
pending on the direction of approach of the criti-
cal point. That means the orientation of the

director changes from either parallel to perpen-
dicular orientation, or vice versa. A close exami-
nation of the results in the vicinity of the critical
point reveals the coexistence of two spectra corre-
sponding to both orientations of the director of
the liquid crystal along and orthogonal to the
magnetic field. A variation of the temperature
near the critical concentration also may result in
the coexistence of two spectra.

At the critical point, where the spectra are
coexisting, the dipolar couplings due to one orien-
tation are not independent of the other and are
related by a factor of two or half with opposite
signs. When the heteronuclei are involved, al-
though the spectrum in each orientation is influ-

Ž .enced by the sum of J q 2 D dir , the fact thati j i j
w Ž .x w Ž .x w Ž .xD dir s y2 D dir , where D diri j I i j H i j I

w Ž .xand D dir are the dipolar couplings corre-i j H
sponding to parallel and perpendicular orienta-
tions of the director, results in two simultaneous

Ž . Ž .equations, J q 2 D dir and J y D dir , fromi j i j i j i j

Ž .which J and D dir can be separately deter-i j i j
mined.

INTERPRETATION OF DIPOLAR
COUPLINGS

The dipolar couplings derived from the analyses
of NMR spectra are subsequently to be inter-
preted in terms of molecular structure and orien-
tation. Therefore, it implies that the measurable
dipolar couplings should be at least equal to the
total number of S values and structural parame-
ters to be determined. For example, for a system
of N interacting spins and without any symmetry,

Ž .we have N N y 1 r2 dipolar couplings to deter-
mine five elements of the ordering matrix and
Ž .3 N y 2 coordinates. The minimum number of

interacting spins required to derive information
for such systems is given by the following expres-
sion:

w Ž . x Ž . w xN N y 1 r2 y 5 y 3 N y 2 G 0 15

The minimum value of N required to satisfy the
w xcondition of Eq. 15 is 7. For planar systems, the

expression gets simplified as

w Ž . x Ž . w xN N y 1 r2 y 3 y N y 2 2 G 0 16

in which case N should be minimum of 5. Simi-
larly, for planar systems with C symmetry, it can2¨



be shown that minimum number of interacting
spins required should be 4.

If the number of independent dipolar cou-
plings determined experimentally is less than the
total number of the structural and order parame-
ters to be determined, the system is said to be
underdetermined, and it is not possible to extract
the complete structural information without mak-
ing some assumptions.

RELATION BETWEEN THE DIPOLAR
COUPLINGS AND MOLECULAR
STRUCTURE

Arithmetic expressions to relate dipolar couplings
to the structural and orientational parameters of
the molecules can be written. These expressions
can be solved numerically using iterative proce-
dures, or wherever possible analytically, to derive
information on the molecular geometry. A few
examples are discussed below.

A Linear Molecule with Three Interacting
Spins

This is the simplest molecule whose structure can
be studied using this technique. For example, if
we take 1, 2, and 3 to be the three protons, then

w xthere are three dipolar couplings. Using Eq. 10 ,
they can be written as

Ž . 3 w xD dir s yK ? S rr 1712 12 12 12

Ž . 3 w xD dir s yK ? S rr 1813 13 13 13

Ž . 3 w xD dir s yK ? S rr 1923 23 23 23

With the molecule being linear, S s S s S .12 13 23
Taking the ratio

3w Ž . Ž .x Ž . w xD dir rD dir s r rr 2012 13 13 12

we can thus determine the relative internuclear
distances from the two dipolar couplings. The
order parameter can be determined from any of
the three dipolar couplings if one of the internu-
clear distances is known.

Four Spin Systems with C Symmetry3v

An example of such a system is a rotating methyl
group with another atom situated on the symme-
try axis, as shown in Fig. 7. There are two dipolar

Figure 7 Schematic showing a four-spin system of the
type AX with C symmetry.3 3¨

couplings that provide the desired information as
follows. If the dipolar coupling within the methyl
protons and the dipolar couplings between the
methyl proton and the other atom are denoted as
D and D , respectively, thenX X A X

Ž .y g g h 1A XŽ . w xD dir s S 21A X A X2 34p rA X

If b is the angle the AX axis makes with the
C -symmetry axis, and defining S as the order3 C3

parameter along the C axis of symmetry, S3 A X
can be expressed in terms of S asC3

2 Ž . 2S s S cos b y 1r2 S sin bA X C C3 3

Ž . 2 w xy S r2 cos 90 22C3

w xAs the last term of Eq. 22 is zero,

2 Ž . 2 w xS s S cos b y 1r2 S sin b 23A X C C3 3

2 w x 2expressing sin b of Eq. 23 in terms of cos b

2 Ž 2 . w xS s S cos b y S r2 1 y cos b 24A X C C3 3

w xRearranging of Eq. 24 results in

Ž 2 . w xS s S r2 3 cos b y 1 25A X C3

w x w xUsing Eq. 25 for S in Eq. 21A X

Ž .y g g h 1A X 2Ž . Ž .D dir s S 3 cos b y 1 r2A X C2 3 34p rA X

w x26

Ž .The dipolar coupling D dir is given byX X

2 Ž 2 .yh gXŽ . Ž . w xD dir s yS r2 27X X C2 3 34p rX X



The ratio

3w Ž . Ž .x Ž .Ž .D dir rD dir s y g rg r rrA X X X A X X X A X

Ž 2 . w x? 3 cos b y 1 r2 28

If a is the HCH bond angle, from basic trigo-
nometry it can be shown that

Ž . w x63 sin b s r rr s 2 sin ar2 29X X A X

w xEquation 29 can be rewritten as

2 2 2Ž . Ž . w xr rr s 3 sin b s 3 1 y cos b 30X X A X

w xThe simple arithmetic manipulation of Eq. 30
gives

2 2Ž . w xy r rr q 2 s 3 cos b y 1 31X X A X

w x w xSubstituting Eq. 31 into Eq. 28 for the ratio of
dipolar couplings, we get

3w Ž . Ž .x Ž .Ž .D dir rD dir s g rg r rrA X X X A X X X A X

2Ž .? r rr y 2X X A X

w x32

w xEquation 32 can be used to derive information
on the relative internuclear distance.

Four Spin Systems with C Symmetry2v

The four spin systems with C symmetry shown2¨
in Fig. 8 have four independent dipolar couplings.
Two S values are required to define the molecu-
lar orientation. The dipolar couplings for differ-

Ž . Ž .ent spin pairs are referred to as D dir , D dir ,1 2
Ž . Ž .D dir , and D dir , and the corresponding inter-3 4

nuclear distances are denoted as r , r , r , and r ,1 2 3 4
respectively. For brevity, these dipolar couplings
are referred to as D , D , D , and D , respec-1 2 3 4

w xtively in this section. Using Eq. 10 , representing
constant K as K for simplicity, the differenti j
dipolar couplings are written as

Ž 3 . w xD s yKrr S 331 1 X X

Ž 3 . w xD s yKrr S 342 2 X X

3 2 2Ž . w xD s yKrr S cos u q S sin u 353 3 X X Y Y

3 2 2Ž . w xD s yKrr S cos w q S sin w 364 4 X X Y Y

Figure 8 Schematic showing the numbering of spins
and representation of different dipolar couplings, and
the corresponding distances of a four-spin system with
C symmetry.2¨

The distance ratio r rr is then given by2 1

1r3Ž . Ž . w xr rr s D rD 372 1 1 2

From knowledge of trigonometry, we can write

Ž . w xcos u s r y r r2 r 382 1 3

Ž . w xcos w s r q r r2 r 392 1 4

2 2 2 w xr s r q r y 2 r r cos u 404 2 3 2 3

w xSubstituting for cos u in Eq. 40 gives

2 2 w xr s r q r r 414 3 2 1

w x w x 2Using Eq. 38 in Eq. 35 and expressing sin u as
1 y cos2 u,

23 2Ž . Ž .D s y Krr S r y r r4 r3 3 X X 2 1 3

2 2Ž . w xqS 1 y r y r r4 r 42Ž .Y Y 2 1 3

w xUsing S obtained from Eq. 33 and rearrang-X X
w xing Eq. 42

23 3 2Ž .D r s r D r y r r4 r3 3 1 1 2 1 3

22 Ž . w xy KS 4 r y r y r r4 43Ž .Y Y 3 2 1



w 2Multiplying Eq. 431 by r3

25 3 ŽŽ . .D r s yr D r y r r23 3 1 1 2 1

22 Ž . w xq KS 4 r y r y r r4 44Ž .Y Y 3 2 1

w xRearranging Eq. 44

25 3 ŽŽ . .KS s yD r q r D r y r r2 rY Y 3 3 1 1 2 1

22 Ž . w x4 r y r y r r4 45Ž .3 2 1

A similar expression for KS can be obtained inY Y
w xterms D r using Eq. 364 4

25 3 ŽŽ . .KS s y D r q r D r q r r2 rY Y 4 4 1 1 2 1

22 Ž . w x4 r y r q r r4 46Ž .4 2 1

w x w xSince the left-hand side of Eqs. 45 and 46 are
equal, the right-hand side must be equal. Further-
more, the denominator of the right-hand side of

w xthe Eq. 46 can be simplified as

22 Ž . w xs 1r4 4 r y r q r r4 47Ž .4 2 1

2 2 2 w xs 1r4 4 r y r y r q 2 r r 484 2 1 2 1

w xUsing Eq. 41

2 2 2 w xs 1r4 4 r q 4 r r y r y r q 2 r r 493 2 1 2 1 2 1

w xEquation 49 is simplified as

22 Ž . w xs 1r4 4 r y r y r r4 503 2 1

This is identical to the denominator of the right-
w xhand side of Eq. 45 . Hence, the numerators of

w x w xthe right-hand side of Eqs. 45 and 46 must be
equal.

25 3 ŽŽ . .yD r q r D r y r r23 3 1 1 2 1

25 3 ŽŽ . . w xs yD r q r D r q r r2 514 4 1 1 2 1

w x 5Dividing Eq. 51 by r1

25Ž . ŽŽ . .yD r rr q D r y r r2 r3 3 1 1 2 1 1

25Ž . ŽŽ . . w xs yD r rr q D r q r r2 r 524 4 1 1 2 1 1

w xOn rearranging Eq. 52 , we get

5 5Ž . Ž .yD r rr q D r rr3 3 1 4 3 1

2 22 2Ž . Ž .s D r q r r4 r y r y r r4 rŽ . Ž .1 2 1 1 2 1 1

w x53

w xThe right-hand side of Eq. 53 can be simplified
as follows:

2 22 Ž . Ž . w xs D r4 r r q r y r y r 541 1 2 1 2 1

w x w xs D r rr 551 2 1

w x w xUsing Eq. 37 , Eq. 55 can be written as

1r3w x w xs D D rD 561 1 2

w xReplacing the right-hand side of Eq. 53 by Eq.
w x56 , we get

5 5 1r3Ž . Ž . Ž .yD r rr q D r rr y D D rD s 03 3 1 4 4 1 1 1 2

w x57

w x w xUsing Eq. 41 for r , the second term of Eq. 574
can be expressed as

52Ž . w xs D r q r r rr 584 3 2 1 1

5r22Ž . Ž . w xs D r rr q r rr 594 3 1 2 1

The ratio of r rr can be expressed in terms of2 1
w xthe ratios of D rD using Eq. 371 2

5r22Ž . Ž . w xs D r rr q D rD 604 3 1 1 2

w xThus, Eq. 60 can be written in terms of the
ratios of dipolar couplings and distances as fol-
lows:

5r25 5 1r3Ž . Ž . Ž .yD r rr q D r rr q D rD3 3 1 4 3 1 1 2

1r3Ž . w xy D D rD s 0 611 1 2

Furthermore, if the four protons are at the cor-
ners of a planar rectangle, then r s r and D s1 2 1

w xD , and Eq. 61 gets simplified as2

5r25 5Ž . Ž .yD r rr q D r rr q 1 y D s 03 3 1 4 3 1 1

w x62

Thus, using the four experimentally determined
w x w xdipolar couplings, and using Eqs. 61 and 62 , it

is possible to derive internuclear distance ratios.



Computer Program to Determine the
Structure

As can be seen from the above examples, even for
a simple case of four interacting spins, the rela-
tion between the dipolar couplings and the
molecular geometry are governed by the expres-
sions of the fifth order. Thus, the analytical solu-
tions to these expressions are no longer easy and
must be found iteratively by computer. For this,

Ž .the computer program SHAPE 34 is available.
This program, from experimental dipolar cou-
plings and a trial set of order parameters and
geometrical parameters, iteratively determines the
shape of the nuclear skeleton and the elements of
the ordering matrix by a least-square-fit tech-
nique. All independent dipolar couplings are fit-
ted in the program by minimizing the function

Ž Ž . Ž .. 2 w xD expt y D calcd rs 63Ý i i 1

where i refers to different dipolar couplings and
Ž .s is the variance of D expt . Also, differentI i

weights may be given to different couplings in the
program to provide a weighted least-square fit of
structural and orientational parameters.

VIBRATIONAL CORRECTIONS TO
MOLECULAR GEOMETRY

In general, molecules whose structures are deter-
mined are strictly not rigid. Molecules undergo
vibrational motions in a period much shorter than
the NMR time scale. A structure determined
without taking these vibrations into account can
give rise to internally inconsistent structures. For
example, in a linear three-spin system of the type

Ž .ABC, there is a shrinkage effect 35 . That is, the
distance AC computed is always shorter than
AB q BC. Moreover, the mean values deter-
mined for the internuclear distances using dif-
ferent techniques such as X-ray diffraction, in-
frared spectroscopy, microwave spectroscopy, and
electron diffraction make use of the time average
of different functions of internuclear distances.

² :For example, electron diffraction provides r
² y2 :and microwave provides r . That is, the vibra-

tional motions are weighted differently in differ-
ent techniques. Hence, for direct comparison be-
tween the structures determined using different
techniques, and to get an internally consistent
structure, it is necessary to correct the dipolar

w xcouplings for molecular vibrations. Equation 10

then has to be averaged over vibrational motions,
and can be written as

² Ž .: ² y3: w xD dir s yK S r 64vibi j i j i j i j

In addition to vibrations, the dipolar couplings
may be affected owing to anisotropic interactions
of the solute with a liquid crystalline environ-
ment. Since the interaction between solute and
solvent molecules is expected to depend on de-
tails of the configurational changes in the dis-
solved species, the interplay between molecular
internal motion and reorientation also becomes
important. This becomes evident when the tetra-
hedral molecules show unexpected splitting when
aligned in liquid crystals. Because every symmet-
ric second-order tensorial property of a tetrahe-
dral system is isotropic by symmetry, such a sys-
tem should not give rise to second-rank orienta-
tion. The observed splitting of a tetrahedral

Ž .molecule such as methane 17 is explained by
taking into account the deviation from the tetra-
hedral symmetry, through the vibration of these
molecules, that induces anisotropy into the inter-
action with the liquid crystal environment. This
interaction is between the anisotropic liquid crys-
tal electric field and the vibrationally induced
electric polarizability of the solute. That means
one needs to consider the interaction that de-

Ž .pends on both the orientation rotational and
vibration of the solute molecules. Such an inter-
action is termed vibrational-rotation coupling.
This coupling induces a correlation between the
two modes. The theory which takes into account
the vibrational and rotational coupling in the
anisotropic media will treat this solvent solute

Žinteraction as a tensorial of the second order 17,
.36 . The dipolar splitting is then shown to arise

from both rigid and nonrigid molecule effects.
The nonrigid contribution can be derived from
the harmonic forcefield and the rigid molecule
effect can be derived from cubic anharmonic
forcefields. Furthermore, a lot of information is

Ž .available in the literature 37 which provides
much insight into solvent]solute interactions. This
also takes into account the long-range contribu-
tions, which depend on the electronic property of
the solute with the mean field of the solvent, and
the short range contributions, which depend on
the size and shape of the solute molecule, to the
average orientation. Even the importance of the
shape of the solvent molecule has also been em-

Ž .phasized in one study 38 . To estimate all these
effects accurately for a probe molecule, sufficient



data must be available from other sources. Thus,
to date, the application of these corrections to
experimentally determined dipolar couplings to
wide range of solutes is still limited. Application
of a harmonic vibration correction for the probe
molecules is, however, relatively easy if the va-
lence forcefields are available. This harmonic vi-
brational corrections is discussed below.

If the molecular reorientation time is slow
compared with the vibrational period, one can

Žsafely assume that the two motions vibration and
.rotation are uncorrelated and the molecule does

not change in orientation during vibrations, and
the average of D isi j

² Ž .: ² :² y3: w xD dir s yK S r 65vibi j i j i j i j

² y3:The quantity r can be evaluated from thei j
dipolar couplings. The ultimate object of the
structure determination is to determine the equi-

Ž .librium structure r . This equilibrium structuree
is independent of the experimental technique
used. This can be evaluated by determining the
difference between the observed dipolar coupling

Ž .D expt and that calculated from the positions ofi j
Ž e .the nuclei in their equilibrium positions D . Ifi j

Ž . ethe D expt is close to D , then the relationshipi j i j
between the two can be expressed by the Taylor
series

Ž . e Ž e .D expt s D q D X dD rd Xi j i j i j i j

Ž e .q DY dD rdYi j i j

Ž e .q DZ dD rdZi j i j

q 1r2 D X 2 d2De rd X 2Ž .i j i j

q 1r2 DY 2 d2De rdY 2Ž .i j i j

2 2 e 2 w xq 1r2 DZ d D rdZ 66Ž .i j i j

The quantities D X , DY , and DZ are thei j i j i j

mean amplitudes, and D X 2, DY 2, and DZ 2 arei j i j i j
the mean square amplitudes of vibration in the
X, Y, and Z directions, respectively. Evaluation of
mean amplitudes requires a knowledge of the
anharmonic terms in the potential function of the
vibrating molecule, and such terms are usually
unknown except for certain small molecules. The
mean square amplitudes are determined only by
harmonic terms and can be calculated. Neglecting
the anharmonic corrections gives an effective

dipolar coupling constant

Ž . e 2 2 e 2D expt s D y 1r2 DZ d D rdZŽ .i j i j i j i j

y 1r2 DY 2 d2De rdY 2Ž .i j i j

2 2 e 2 w xy 1r2 DZ d D rdZ 67Ž .i j i j

The molecular structure calculated after the ap-
plication of the harmonic corrections to the ex-
perimental dipolar couplings is referred to as the
r structure. There may be certain differencesa

Ž .between the equilibrium structure r and the re a

structure which are due to the anharmonicity of
the vibrational potential. However, the r struc-a

ture is internally consistent and comparable with
other techniques. For such a correction, the com-

Ž .puter program VIBR 39 is available. The
normal procedure is to start with molecular ge-
ometry, and S values are determined from the
experimental dipolar couplings using the SHAPE
program. Using the program VIBR, the dipolar
couplings are corrected for harmonic vibrations.
The corrected values are used for a new fit of the
structure and S values. The entire procedure is
repeated until self-consistency is achieved. It
should be pointed out that these corrections are
significant for the directly bonded 13C]H pairs
and can be of the order of 3]4%. The prior
requirement for the application of these correc-
tions is the availability of valence forcefields for a
particular system.

LIMITATIONS OF THE TECHNIQUE

As discussed earlier, there should be a sufficient
number of dipolar couplings to derive structural
and orientational parameters. This prescribes the
lower limit on the number of spins for which the
structural information can be derived. Theoreti-
cally, there is no upper limit on the number of
interacting spins for which the structure can be
derived. However, there are practical limitations
to getting well-resolved spectra and the analysis.
When the number of interacting spins exceeds 10,
especially when there is no symmetry in the
molecule, the spectra are broad and featureless.
This prescribes the upper practical limit unless
special procedures are followed.

PRACTICAL EXAMPLES

As practical examples, analyses of the spectra and
the determination of the structural information



are discussed for a few systems. With the lower-
ing of the symmetry of the molecule, for an
identical number of spins, the spectra become
more complex. This is demonstrated by taking
examples of three systems with D , C , and6 h 2¨
planar symmetries requiring one, two, and three
elements of the ordering matrix, respectively, for
the specification of the molecular orientation. It
must be emphasized that though the practical
examples taken are of rigid ring systems, the
technique is applicable to flexible molecules as
well.

( )Studies on Benzene 40, 41

Spectra of benzene oriented in liquid crystals
Ž .have been extensively studied 40]44 . Conse-

quent to the sixfold symmetry of benzene, one
element of the ordering matrix is sufficient to
describe its orientation. There are three different

Ž . Ž .proton dipolar couplings, D dir , D dir , and12 13
Ž .D dir , corresponding to ortho, meta, and para14

protons, respectively.

Analysis of the Spectrum

All six protons of the benzene are magnetically
equivalent, and there is only one chemical shift.
The spectrum is therefore symmetric about the
center and a chemical shift is chosen to be its
center. By symmetry consideration, there are 76
transitions allowed. As a first step, if we neglect
the indirect spin]spin couplings, then only the
dipolar couplings influence the spectrum. The
dipolar couplings are computed assuming regular
hexagonal geometry of the ring. For a regular
hexagon, the distance between the ortho, meta,
and para protons, and thereby the dipolar cou-
plings, are related as

Ž . Ž . Ž . Ž . Ž . w xD dir : 1r363 D dir : 1r8 D dir 6812 13 14

where the subscripts correspond to protons of
benzene which are numbered sequentially. That

Ž .is, essentially the parameter D dir determines12
the spread of the spectrum. The change in S
value results in the linear expansion or contrac-
tion of the spectrum. It is therefore possible to
make a good guess of the starting values of dipo-
lar couplings. The spectrum thus calculated re-
sembles the experimental spectrum in such a way

that the assignment of almost all lines is obtain-
able by comparing the spectra. Subsequently,
analysis is carried out iteratively by varying all
parameters affecting the spectrum.

It is interesting to note that the dipolar cou-
Ž .plings can be derived analytically in this case 40 .

In the 50 transitions observed of the 76 permit-
ted, some transitions do not depend on the scalar
couplings and can be easily assigned using the
symmetry of benzene. The final analysis can be
carried out iteratively.

The results provide a ratio of dipolar couplings
Ž . Ž . Ž .D expt : D expt : D expt as 1:0.1929:0.1247.12 13 14

The same ratio for the equilibrium hexagonal
position of protons in the benzene ring is 1:

Ž .0.1924:0.1250. Another study on the molecule 41
Ž .provided the ratios of D expt ’s as 1:0.1912:i j

0.1251. The small differences from the regular
hexagonal equilibrium positions are attributed to
the neglect of vibrational motions of the molecule.
Several studies later concentrated on the determi-
nation of the r structure by taking harmonica

vibrations into account. The complete r struc-a

ture of benzene including the carbon positions
Ž .has also been derived 35, 45]47 . To demon-

strate the significance of vibrational corrections,
the structural parameters of benzene both cor-
rected and uncorrected for molecular vibrations
Ž .35 are reproduced in Table 1. Structural infor-
mation is also compared with that derived from
other techniques in Table 2.

The results demonstrate the significance of
vibrational corrections, especially for ratios con-
taining small distances such as, e.g., the direct
C]H bond, and are of the order of 4%, whereas
the corrections for H]H distance ratios usually
may be neglected.

Table 1 Structural Parameters of Oriented
13 ( )1- C-Benzene 19

Case 1 Case 2

U U˚ ˚r 1.398 A 1.398 ACC
† †˚ ˚r 1.142 " 0.000 A 1.101 " 0.000 ACH 3 5 2 5

† †r rr 0.8171 " 0.0004 0.7877 " 0.0004CH CC
S 0.1546 " 0.000111
RMS 0.50 Hz 0.38 Hz

Case 1 s without vibrational corrections; case 2 s with
Ž .vibrational corrections r structure .x

* Assumed.
† Statistical error: 2.5 times standard error from least-

square fit.



( )Table 2 Comparison of Benzene Structural Parameters from Different Methods 19

Parameter NMR Electron Diffraction Electron Diffraction Raman

˚ ˚ ˚ ˚CH 1.142 " 0.001 A 1.090 " 0.02 A 1.116 " 0.009 A 1.084 " 0.005 A
˚ ˚ ˚ ˚CC 1.398 A* 1.400 " 0.005 A 1.401 " 0.002 A 1.397 " 0.001 A

CHrCC 0.817 " 0.001 0.778 " 0.015 0.796 " 0.007 0.776 " 0.004

* Assumed.

Structure of Phenylphosphonic Dichloride
( )48

This is a six-spin system with C symmetry; the2¨
proton spectrum is complex with several unknown
parameters and therefore is discussed in detail.

Ž . 13The proton Fig. 9 and fully coupled C spec-
Ž .trum Fig. 10 of phenylphosphonic dichloride

oriented in the liquid crystal ZLI-1167 have been
studied to determine the relative positions of
protons, phosphorus, and carbon nuclei in the
molecule. Indirect HH, HP, HC, and CP cou-
plings have been determined by the analysis of
proton and 13C spectrum in the isotropic phase.

Selection of the Starting Parameters and
the Analyses of the Spectra

The structure of the molecule and the numbering
of the spins are given in Fig. 9, along with the

Ž .experimental spectrum bottom trace . The pro-
ton spectrum of the molecule is dominated by
HH and PH dipolar couplings. The spin system is
of the type AAXBBXCX, where X corresponds to
phosphorus nucleus. Analysis of the proton spec-

Ž X X X X .trum AA BB C part of AA BB CX or the phos-
Ž X X .phorus spectrum X part of AA BB CX provides

PH and HH dipolar couplings. For analysis of the
proton spectrum, input parameters are chemical
shifts of protons, indirect spin]spin couplings,
and dipolar couplings. An approximate arrange-
ment for the proton and phosphorus positions is
required to be assumed to estimate the dipolar
couplings. A Cartesian coordinate system has been
chosen such that the X axis joins the protons
numbered 3 and 5 and the Z axis along the
C -symmetry axis of the molecule. Taking a C]P2

˚ Ždistance of 1.83 A from other studies of similar
.molecules , and assuming the regular hexagonal

Figure 9 Structure and numbering of the molecule phenylphosphonic dichloride and its
Ž .proton NMR spectra at 400 MHz, oriented in the liquid crystal ZLI-1167. Bottom trace

Ž .Experimental spectrum. Top trace Simulated spectrum. The Cartesian coordinate system
chosen is also shown.



Figure 10 13C spectra of phenylphosphonic dichloride oriented in ZLI-1167 at 100 MHz.
Ž . Ž .Bottom trace Proton coupled. Top trace Proton decoupled.

geometry for the phenyl ring, the coordinates of
each nuclei were estimated. Two elements of the
ordering matrix, S and S , required to defineX X ZZ
the orientation, were guessed and the dipolar
couplings calculated. Chemical shifts and indirect
spin]spin couplings determined in the isotropic
phase and the calculated dipolar couplings were
used to simulate the spectrum. The dipolar cou-
plings and chemical shifts have been varied itera-
tively, keeping the indirect spin]spin couplings
constant during the iteration. When the analysis
was complete without any ambiguity, there was
exact overlap of simulated and experimental spec-
tra. This has been demonstrated by plotting the
simulated proton spectrum at the top of the ex-
perimental spectrum in Fig. 9.

Knowledge of CH and CP dipolar couplings
provide information on the carbon positions of
the molecule. This information can be obtained

Ž .from either a analysis of the proton or the
phosphorus spectrum including 13C satellites, or
Ž . 13b analysis of the fully coupled C spectrum.
Analysis of the satellite spectrum is generally
imprecise, because all lines are not observable
owing to overlap of intense peaks from the abun-
dant protons or phosphorus; the analysis of fully
coupled 13C spectrum has therefore been carried
out. The molecule has four nonequivalent car-
bons. Corresponding to each of these nonequiva-
lent carbons, there are four seven-spin systems of
the type AAXBBXCMX, where M and X corre-
spond to carbon and phosphorus, respectively.

13 Ž X X .The entire C spectrum M part of AA BB CMX
is an overlap of four seven]spin spectra of the

type AAXBBXCMX. The analysis of the 13C spec-
trum corresponding to each of the nonequivalent
carbons has to be carried out separately.

Analysis of the proton spectrum provided in-
formation on the proton and phosphorus skele-
ton, and also the values of S and S . UsingX X ZZ
this information, and assuming values of the C]C

˚and C]H bond distances of 1.395 and 1.1 A,
respectively, CH, CP dipolar couplings can be
estimated and used as the starting parameters for
the analysis of the 13C spectra. Indirect spin]spin
couplings and the HH and PH dipolar couplings
determined from the analysis of the proton spec-
trum were not iterated further. All four simulated
spectra when coadded reproduced the experimen-
tal 13C spectrum. The individual spectra corre-
sponding to each of the carbons and the coadded
spectra are shown in Fig. 11.

Interpretation of the Dipolar Couplings

The analysis of the proton and the carbon-13
spectra should, in principle, provide 29 indepen-
dent dipolar couplings. However, for spin systems
of the type AAXBBXC, AAXBBX X, AAXBBXCX,
AAXBBXCMX, etc., when the nuclei A, AX, B, BX

lie nearly at the corners of a rectangle and the
orientation of molecule is such that one of the
dipolar couplings is very large compared to others
Žthat is, when one of the S values is very large

.compared to others , it is not possible, in general,
to derive all the parameters independently. For
example, a situation like this is observed in un-
symmetrical paradisubstituted benzenes, espe-



Ž .Figure 11 Simulated spectra of various carbons of phenylphosphonic dichloride b]e are
Ž .for the carbons labeled 7, 8, 9, and 10, respectively; a is the superposition of the above four

spectra.

cially when they are studied in thermotropic ne-
matic liquid crystals. The variance and covariance
matrix of the derived parameters show that the
covariances between some of the dipolar cou-
plings and between some of the chemical shifts
are large, indicating that these dipolar couplings
and chemical shifts cannot be derived indepen-
dently and precisely from the spectrum. However,
careful study of such a variance and covariance
matrix reveals that it is possible to choose pairs of
dipolar couplings and pairs of chemical shifts
whose covariances are very large. These dipolar
couplings and chemical shifts when iterated as
sums provide precise values. Such spectra are
called deceptively simple. Thus, the analyses of
such spectra do not provide all possible dipolar
couplings independently.

In the present discussion on the molecule
phenylphosphonic dichloride, such a situation is
observed, and it is not possible to derive all 29
dipolar couplings. Nine dipolar couplings have
been determined only as sums of some of the
couplings. Thus, only 20 independent dipolar cou-
plings have been determined. Two of these dipo-
lar couplings are needed for determination of the
two elements of the ordering matrix. If the dis-
tance between the protons numbered 3 and 5
Ž .Fig. 9 is fixed for scaling, then Z coordinates of

phosphorus, two carbons and proton along the C2
axis and X and Z coordinates of the proton
numbered 2 and carbons numbered 8 and 9 are to
be determined. Ten independent coordinates fix
the complete proton, carbon, and phosphorus po-
sitions of the molecule. Thus, the system is
overdetermined by eight dipolar couplings. The
spectral, structural, and orientational parameters
of the molecule are reproduced in Tables 3 and 4.
It should be pointed out that structural parame-
ters are uncorrected for molecular vibrations.

( ) ( )Structure of Benzo b tellurophene 49

This example clearly depicts the complex nature
of the spectrum as the symmetry of the molecule
is lowered. The molecule has a planar symmetry
with six- and five-membered rings fused together.
The six protons forms a spin system of the type
ABCDEF. The proton spectrum and the number-
ing of the interacting spins are reproduced in Fig.
12. As can be seen from the figure, the spectrum
is very complex compared to previous two exam-
ples. The analysis of such a spectrum is very
tedious compared to earlier two examples, espe-
cially because all chemical shifts in the anisotropic
phase and dipolar couplings are unknown for the
system. However, the strategy adopted for the



Table 3 Spectral Parameters of Phenylphosphonic Dichloride Oriented in the Nematic Phase of ZLI-1167

Ž . Ž . Ž . Ž .Parameter Value Hz Parameter Value Hz Parameter Value Hz Parameter Value Hz

D 121.04 " 0.05 D 807.34 " 0.11 J 18.16 J 6.7112q13 29q39 12 210
D 25.20 " 0.08 D 55.18 " 0.09 J 6.64 J 7.5714 210q310 13 34
D 190.78 " 0.25 D 50.42 " 0.27 J 2.61 J 1.4517 47 14 35
D 43.83 " 0.11 D 63.16 " 0.13 J 153.78 J 8.4118 48 17 37
D 15.36 " 0.14 D 195.35 " 0.17 J 13.80 J 164.2519 49 18 39
D 11.84 " 0.17 D 2086.64 " 0.17 J 18.37 J 7.38110 410 19 48
D 730.14 " 0.07 D 16.42 " 0.08 J y3.84 J 162.8423 58q68 110 410
D 301.89 " 0.05 D 17.36 " 0.10 J 7.98 J 7.4024q34 59q69 23 59

Ž .D 25.38 " 0.08 n y n q n r2 y248.83 " 0.14 J 1.16 J 7.3825 4 2 3 24 68
D 9.56 " 0.08 n y n 387.77 " 0.18 J 0.50 J 164.8226q35 7 8 25 28
D 53.12 " 0.13 n y n 483.00 " 0.29 J 2.04 J 6.7127q37 7 9 26 210
D 798.56 " 0.09 n y n 378.56 " 0.4328q38 7 10

Table 4 Geometrical and Order Parameters of Phenylphosphonic
Dichloride Oriented in Liquid Crystal Solvent ZLI-1167

Ž . Ž .Parameter Value ZLI-1167 Parameter Value ZLI-1167

r 2.904 " 0.001 r 1.113 " 0.00112 39
r 5.710 " 0.003 r 1.110 " 0.00014 410
r 1.825 " 0.001 r 1.361 " 0.00017 78
r 2.498 " 0.001 r 1.417 " 0.00023 89
r 1.081 " 0.002 S y0.0029 " 0.000028 X X
r 2.507 " 0.000 S y0.095 " 0.000134 ZZ

˚ Ž .r s 1.395 A assumed .910

analysis is not different, and hence the analysis
and interpretation of the dipolar couplings are
not discussed in detail.

The molecule requires three elements of the
ordering matrix to define its orientation and eight
distance ratios to completely specify its proton
skeleton. The dipolar couplings have been esti-
mated assuming the hexagonal and pentagonal
geometry for the six- and five-membered rings,
respectively. Dipolar couplings and isotropic
chemical shifts have been varied iteratively to
analyze the spectrum.

The analysis provided 15 independent dipolar
couplings. Therefore, the system is overdeter-
mined by four dipolar couplings. Fixing the coor-
dinates of two protons for scaling, the three-order
parameters and eight coordinates of the remain-
ing four protons have been determined itera-
tively. The spectral and structural parameters are
reproduced in Tables 5 and 6. It should be noted
that the structural parameters have not been cor-
rected for harmonic vibrations.

METHODS TO AID THE ANALYSIS

As mentioned earlier, analysis of spectra with
more than seven or eight interacting spins is at

times a formidable task because of their complex-
ity. Several techniques have been and are being
developed to aid in analysis of the complex spec-

Ž .trum. Some of them are multiple quantum MQ
Ž .spectroscopy 50]57 , multipulse sequences

Ž . Ž .58]61 , spin decoupling 62, 63 , specific deuter-
Ž . Ž .ation 64 , spin-echo techniques 65, 66 , the

Ž .modified 2D Z-COSY technique 67 , near]magic
Ž .angle spinning 68, 69 , two-dimensional proton

Ž . 13detected local field techniques 70, 71 , C]two-
dimensional separated local field combined with

Ž .off]magic angle spinning techniques, 72]76 and
the three-dimensional proton detected local field

Ž .technique 77 . However, each of the developed
techniques has some practical difficulties, and
hence so far none has been used as a routine
method for the determination of molecular geom-
etry. More advances in the field are on the way.
The availability of ultrahigh-field magnetic fields
Ž .gigahertz and the sensitivity enhancement in the
modern spectrometers provide a bright future for
the technique. High magnetic fields can cause a
small degree of alignment of molecules in isotro-
pic solution owing to anisotropic magnetic sus-

Ž .ceptibility 78]83 . This takes care of the diffi-
culties encountered in analyses of the complex
spectra of oriented systems. Another method that



Ž .Figure 12 Structure and numbering of the molecule benzo b tellurophene along with the
Cartesian coordinate system chosen and its proton NMR spectra at 270 MHz, oriented in
the liquid crystal ZLI-1167.

( )Table 5 Spectral Parameters in Benzo b tellurophene Oriented
in the Nematic Phase of ZLI-1167

Ž . Ž .Parameter Value Hz Parameter Value Hz

D 1042.66 " 0.67 D 127.03 " 0.1412 35
D 110.98 " 0.14 D 55.58 " 0.0713 36
D 23.85 " 0.20 D 957.53 " 0.0814 45
D 22.28 " 0.20 D 145.58 " 0.1715 46
D 50.15 " 0.16 D 867.76 " 0.2116 56
D 185.03 " 0.14 n y n 365.58 " 0.3023 1 2
D 49.78 " 0.16 n y n 315.41 " 0.2224 1 3
D 42.03 " 0.19 n y n 116.53 " 0.2425 1 4
D 39.38 " 0.16 n y n 105.04 " 0.2426 1 5
D 708.94 " 0.17 n y n 9.40 " 0.2234 1 6

Ž .J values used Hz are: J s 8.27; J s 1.17; J s 0.48; J s 0.65;12 13 14 15
J s 7.22; J s 1.02; J s 7.97; J s 0.14; J s 5.66. All other J ’s are23 24 34 45 56
zero.



( )Table 6 Structural and Orientational Parameters in Benzo b tellurophene
Oriented in ZLI-1167

Parameter Value Parameter Value

r rr 0.994 " 0.001 r rr 1.050 " 0.00112 23 45 23
r rr 2.009 " 0.001 r rr 1.022 " 0.00114 23 56 23
r rr 2.246 " 0.002 S y0.1404 " 0.000915 23 X X
r rr 2.306 q 0.003 S y0.0235 " 0.000016 23 ZZ
r rr 1.748 " 0.002 S 0.0200 " 0.000324 23 X Z
r rr 0.996 " 0.00134 23

˚ Ž .Scaling distance r s 2.481 A assumed .23

has been used to aid the analysis is to deuterate
and estimate the order parameters from the
deuteron NMR spectrum. The order parameters
thus derived are used to estimate the starting
parameters for the analysis of the proton NMR
spectrum. With the enhanced sensitivity of the
spectrometers, the natural abundance 2 H-NMR
spectra can be employed to derive orientation
information. This can be subsequently used to
analyze the complicated proton NMR spectra of
oriented molecules. The principles described in
this article will be useful even after such tech-
niques become routinely available.
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