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Simulations of flow-induced director structures in nematic liquid crystals through Leslie-
Ericksen equations. II. Interpretation of NMR experiments in liquid crystal polymers
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Computationally exact and approximate solutions of the Leslie-Ericksen equations for nematic liquid crys-
tals in two dimensions are employed to calculate director distributions in cylindrical samples, rotating under
the influence of a magnetic field. In particular, the time evolution of systems prepared initially in metastable
states with respect to the magnetic field is investigated, and calculated director distributions are used to
interpret rheo-NMR experiments in nematic liquid crystal polymers.
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I. INTRODUCTION

In the preceding paper~hereafter referred to as I! @1#, a
computational methodology for the treatment of Lesl
Ericksen~LE! equations@2–4# in two dimensions was pre
sented, and a number of significant dynamical behav
were described for a classical experimental setup, in wh
the nematic fluid is contained in a cylindrical vessel a
subjected to magnetic torques and/or mechanical stresse
duced by spinning, either with a constant rotational spee
according to a start-and-stop speed profile. In this work i
our intention to complement the discussion presented in
illustrating a restricted application of the LE equations to
interpretation of combined rheological and nuclear magn
resonance~NMR! experiments performed on nematic pol
mers @5–7#. We shall introduce additional approximation
that take into account specific features of the experime
setup and we shall compare simulated spectra with exp
mental results. Our purpose is mainly to demonstrate th
qualitative interpretation of the dynamical behavior of
nematic polymer under mechanical stress, detected by N
spectroscopy, can be reached within the Leslie-Ericksen
proach, at a modest computational effort.

Magnetic resonance experiments, both nuclear magn
resonance and electron spin resonance~ESR! @8,9#, can be
used to monitor the time evolution of nematic director p
terns, which evolve according to the hydrodynamics of
fluid and the influence of magnetic and mechanical for
and in principle are obtainable from numerical solutions
LE equations. The complexity of the computational tre
ment of LE equations, even in two dimensions, is essenti
due to the algebraically involved form of the coupling term
between the director vector fieldn(r ,t), which specifies the
orientation of the local director at timet and positionr , and
the velocity vector fieldv(r ,t), which describes the loca
flux of the fluid@1#. By introducing suitable functions relate
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to the primary variables, like the vorticity and stream fun
tions of the fluid and the angle made by the director with
magnetic field, one can significantly reduce the complex
of the equations, without introducing any additional appro
mation. An exact computational treatment, which takes i
account the spatial dependence of the director field and
coupling with the velocity field, is required when low visco
ity nematics~0.1–10 Pa s! are subject to fast mechanical pe
turbations~e.g., start-and-stop rheo-NMR and ESR measu
ments!, particularly if one is interested in determining th
director field behavior during the mechanical solicitation@1#.
Suitable approximate treatments can be introduced if the
tem is under the influence of the magnetic field only, and
nematic liquid crystals characterized by much larger visco
ties (102– 103 Pa s), since in this case it is permissible
simplify the treatment of the velocity field~or related func-
tions! considerably, as it relaxes faster than the director fi
and can be treated adiabatically.

We shall concentrate in the following on a particular e
perimental setup combining rheology and NMR, perform
on a nematic liquid crystal polymer, as an example of
application of nematodynamics to the semiquantitative in
pretation of magnetic resonance experiments in liquid cry
samples. The system will be initially prepared assuming t
the director is aligned perpendicularly to a strong magne
field. We shall assume that the initial distribution of the d
rector field is subjected to thermal fluctuations, whose ti
evolution will be treated in the following as determine
purely by nematodynamics equations. For metastable in
distributions, for instance, if the director is aligned perpe
dicularly to the magnetic field, fluctuations are the ma
source of symmetry breaking, which allows the director fie
to start realigning with the magnetic field in the absence
mechanical stress. Approximate solutions of the LE eq
tions will be used to calculate theoretical spectra to be co
pared with experimental data.

This paper is organized in the following way. In the ne
section a brief summary is given of the computational me
odology described in I; next, additional approximations su
able for highly viscous nematics are illustrated. Comparis
2301 ©2000 The American Physical Society
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of calculated and experimental spectra is discussed in
III. Finally, a short summary of our work is provided.

II. METHODOLOGY

Let us first summarize the main equations derived in I a
the computational methodology employed for their tre
ment. For a generic nematic, characterized by an ave
elastic constantK and Leslie viscositiesa i ( i 51, . . .,6),
the LE equations in their vorticity-stream function form
two dimensions can be written in the following way@1#:

]f

]t
1

]~c,f!

]~x1 ,x2!
2

1

2
j5§, ~1!

]j

]t
1

]~c,j!

]~x1 ,x2!
5aK

]~f,¹̂2f!

]~x1 ,x2!

1a1F2
]2

]x1]x2
m cos 2f

1
1

2 S ]2

]x1
22
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]x1]x2
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]x1
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]x2
2 D 2cos 2f

]2c

]x1]x2
, ~6!

n5
1

2
cos 2fS ]2c

]x1
22

]2c

]x2
2 D 2sin 2f

]2c

]x1]x2
, ~7!

choosing as unknowns the scaled vorticityj5J/V and the
stream functionc5C/VR2, and scaled time and coord
natest5tV, x15r 1 /R, x25r 2 /R, whereV has the dimen-
sion of a rotational velocity, for instance, the rotational v
locity imposed on the tube;f is the angle made by th
director with the magnetic field. CoefficientsaK , ai ( i
51, . . .,5), l, and bj ( j 51,2) are written explicitly in
terms of the viscoelastic constants:aK5K/s2r, a1
5a1 /sr, a25g2 /sr, a352g1/2sr, a45(a4/2
1g3/4)/sr, and a552g2/2sr52a2/2, where s5VR2;
andl52g2 /g1 , b152xaH2/2g1V, andb25K/g1s. The
coefficients g i ( i 51, . . . ,3) are defined according to
Parodi’s relation:

g15a32a2 , ~8!
c.

d
-
ge

-

g25a31a25a62a5 , ~9!

g35a61a5 . ~10!

Notice that the coefficientsai are essentially Ekman numbe
and b2 is the inverse of a rotational Ericksen number. T
influence of the aligning magnetic field is contained inb1 ,
for the experimental setup illustrated in Fig. 1; the avera
elastic constant appears inaK and b2 , which quantify the
elastic effect in the vorticity equation~2! and in the director
equation ~1!, respectively. The computational treatme
adopted in I was based on a straightforward finite-differen
algorithm. Simplified boundary conditions were imposed,
suming that in the neighborhood of the internal cylindric
walls of the sample container~NMR tube!, the LE equations
are satisfied without significant changes of the director o
entation due to the walls@1#.

A. Highly viscous nematics

Applications of the full equations~1! and~2! discussed in
I were mainly concerned with low viscosity nematics, i.
nematic fluids with Leslie coefficients of the order of 0.1–
Pa s. The main object was the study of director dynam
behavior in the presence of an imposed magnetic field, wh
was assumed to be of the order of 103 G, typical of an ESR
experiment. Finally, the outcome was the description of s
tial time-dependent distributions of the director field und
fast rotation~V of the order of 102 s21! for short periods
~milliseconds! or slow rotation~V of the order of 1 s21! for
long periods~seconds!. The purpose was to investigate bac
flow effects arising from the coupling between director a
velocity fields, which are especially important for low vis
cosity nematic fluids, and the long time behavior of a ne
atic fluid under stationary conditions. It was then essentia
simulate the complete development of the system by fu
solving the constitutive equations in their bidimension
form ~1! and ~2!. Such calculations are necessarily cumb
some@1#, especially because one needs to calculate the
rector response during the fast rotation regime, in which
system is rapidly accelerated, and the following long tim
relaxation to a realigned state with respect to the magn

FIG. 1. Sketch of a rheo-NMR start-and-stop experimental
ometry.
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PRE 62 2303SIMULATIONS OF FLOW-INDUCED . . . . II. . . .
field. However, a number of interesting phenomena infer
from the analysis of ESR spectra collected during st
rotation experiments were rationalized, like~i! initial spread-
ing and subsequent refocusing of the director distributi
~ii ! the ‘‘overshooting’’ effect, i.e., partial orientation of th
director field above the angle of rotation of the sample, a
~iii ! weak backflow resulting from coupling with the veloci
field @9#. In this work our scope is different and more limite
First of all, we shall shift our interest from low viscosity t
high viscosity systems, having in mind, essentially, a typi
NMR experiment performed on a nematic polymer, co
bined with rheological measurements. Classical rheo-N
experiments@5,6,10# are usually performed by imposing
sudden rotation on the NMR tube containing the nematic
a time which is essentially instantaneous compared to
time scale of the director response. It is important, howev
to define the initial state carefully, in order to describe t
possible amplification of long wavelength distortions of im
perfectly aligned initial director distributions. This is esp
cially true if the starting distribution is in anunstablecon-
figuration, corresponding, for instance, to an alignm
perpendicular to the magnetic field resulting from an init
rotation of the tube of 90°. During the subsequent reali
ment to the magnetic field, the director orientation is, for
practical purposes, separated from the fast adjustment o
velocity flux, which is not caused by any mechanical torq
but just by the local reorientation of the director itself. Th
allows a simplified treatment of the coupled LE equations
the following, then, we shall propose a simplified form f
Eqs.~1! and~2!, working for an effective albeit approximat
interpretation of rheo-NMR experiments performed on h
viscosity nematics, and we shall compare simulated NM
spectra with available experimental data.

B. Approximate treatment

The following experimental setup will be considere
throughout the paper~cf. Fig. 1!. A highly viscous nematic
~Leslie coefficients of the order of 102– 103 Pa s! is subjected
to a constant magnetic field of the order of a few tesla, i
tube having the diameter of a typical NMR probe, 0.5–1 c
The director is initially aligned with the magnetic field.
very fast rotation of 90° is imposed on the system, which c
be considered instantaneous compared to the total time s
of the experiment~therotation step!, to prepare the system i
a configuration perpendicular to the magnetic field~initial
configuration!. The system then realigns with the magne
field, on a time scale of the order of 103 s ~realignment!. Let
us analyze the rotation-step regime in detail. For a low v
cosity nematic it has been shown@1# that the director is un-
able to rigidly follow the sudden change in orientation. I
deed, for viscosities of the order of 0.1–10 Pa s and
relatively large tubes, i.e., those with diameters of the or
of 1 cm, and for a duration of the rotation step of the order
tens of milliseconds, the director field in the bulk of th
system is never actually rotated@1#. For increasingly viscous
nematics, keeping the tube dimension and rotation time c
stant, the system behaves increasingly according to a ri
like behavior, i.e., the director field is rotated in the who
sample in a homogeneous way, by an angle close to
cylinder rotation angle. To illustrate this phenomenon,
d
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have simulated the director behavior for a series of hy
thetical nematic liquid crystal samples of increasing visco
ties, through the complete numerical solution of Eqs.~1! and
~2!. In Fig. 2 we show snapshots of the director orientatio
represented via a false color convention: from blue~0°! to
green~90°! and finally red~180°!, the colors represent th
local director orientationf, for a sudden rotation of 90°. Th
diameter of the tube is 0.75 cm and the rotational spee
100 s21, while the rotation time is 15 ms. In Fig. 2~a! we
show the director patterns for a low viscosity nematic~see
Table I!: the system dimension is large enough and the ro
tion time is fast enough that essentially no realignmen
reached perpendicular to the magnetic field. On increas
all the viscosity numbers tenfold the director rotates inhom
geneously, lagging behind in the bulk@see Fig. 2~b!#; further
increase of the viscosity@Figs. 2~c! and 2~d!# causes the di-
rector to rotate rigidly and homogeneously in the who
sample. We can thus safely assume in the following th
when one analyzes a highly viscous nematic, the rota
step can be assimilated into a rigid rotation of the direct
which is confirmed by experimental observations. Thus
starting configuration for analyzing step-rotation NMR e
periments performed in polymers will be based on the
sumption that immediately before rotation~time 02! the di-
rector is homogeneously aligned with the magnetic fie
except for the possible existence of long wavelength ther
fluctuations; immediately after rotation~time 01! the direc-
tor is homogeneously perpendicular to the magnetic fie
The initial velocity field at 01 is taken to be zero everywher
in the field, i.e., a sudden and complete stop of the tub
assumed to spread instantaneously to the fluid: this is c
firmed by experimental NMR lines which are identical
shape immediately before and after rotation~see Sec. III!.

The assumed distribution of the director at time 01 is
intrinsically unstable, i.e., it corresponds to a maximum
the free energy of the system. The director can realign p
allel to the magnetic field by rotating in two opposite dire
tions, which are energetically equivalent. Thermal fluctu
tions are the source for an imperfect alignment of t
director, causing the initial symmetry to be broken. Follo
ing Veronet al. @11#, we shall represent initial fluctuations i
terms of Fourier components, retaining the first fe
wavelength components, corresponding to the low
elastic modes.

It is not our purpose here to discuss thoroughly the tre
ment of thermal fluctuations in nematics. Rather, we
mostly interested in the evolution of slightly perturbed initi
states, assuming implicitly that on the long time scale of
process of realignment to the magnetic field, purely hyd
dynamic and deterministic behavior is to be expected,
least for highly viscous nematics. Also, we are neglecting
our study any relaxation processes characteristic of the p
mer~conformational motions, etc.!, assuming that the Leslie
Ericksen hydrodynamic equations suffice to describe
main features of the director relaxation.

We are now in the position of evaluating the dynamic
evolution of the director under the restoring pull of the ma
netic field. The complete numerical solution of Eqs.~1! and
~2! is possible, but very cumbersome because of the la
difference in the time scales of the director orientationf and
the velocity-related quantitiesj andc. On the other hand, for
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FIG. 2. ~Color! Snapshots of the director patterns obtained for a 90° step rotation in a low viscosity nematic~a! and in a system with
viscosities increased 10 times~b!, 50 times~c!, and 100 times~d!. See Table I for the complete parametrization and Ref.@1# for a guide to
the false color interpretation. Times are 0, 1, 2, 4, 6, 8, 10, 12, and 15 ms.
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a highly viscous system such as a nematic polymer, we m
safely assume that the velocity flux of the fluid in the a
sence of externally imposed mechanical stresses is relat
small and adiabatically determined by the director reorien
tion. In the following we shall thus consider the treatment
the realignment regime using a simplified version of Eqs.~1!
and ~2!, which are essentially obtained from them by~1!
ay
-
ly
-

f

neglecting entirely the material time derivative of the vort
ity in Eq. ~2!, to take into account the adiabatic variation
the velocity field;~2! simplifying the material time derivative
of the director orientation in Eq.~1! by neglecting the con-
vective term, i.e.,]/]t'D/Dt; and~3! considering the spa
tial dependence of the velocity-related functions only up
the x2 coordinate, i.e., assuming that the velocity flux alo
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TABLE I. Low viscosity nematic liquid crystal: MBBA~4-methoxybenzylidene-4-n-butilaniline! 10 K
below clearing point.

Density r 103 kg m23

Susceptibility xa 1.6231027

Field H 7.065 T
Average elastic constant K 1310211 N

Leslie coefficients a i 20.0087, 20.052, 20.002, 0.058, 0.038,20.016
Pa s
en

t

n-
the direction parallel to the magnetic field is dominant:

]c

]x1
}v250. ~11!

The approximate equation for the director can be writt
according to point~1!, simply as

]f

]t
5 1

2 ~12l cos 2f!j1b1 sin 2f1b2¹̂2f, ~12!

and the scaled vorticityj can be obtained as a function off
taking into account that the ancillary functionsh, m, andn
which appear in Eq.~2! can be simplified according to poin
~2!:
e
vi
e

rm

e

-

s
ic
,

h5n5 1
2 j cos 2f, m5 1

2 j sin 2f. ~13!

Sincez is immediately expressed in terms ofj and f as §
5]f/]t2j/2, we can write a second order partial differe
tial equation inj from Eq. ~2! in the form

]2

]xi]xj
S Ai j ~f!j1Bi j ~f!

]f

]t D50, ~14!

where Einstein’s notation is used and matricesA andB are
defined, whose elementsAi j (f) andBi j (f) are functions of
the director anglef:
A5
1

4 S a1 sin2 2f22a2 cos 2f22a314a4 2a1 sin 2f cos 2f22a2 sin 2f

2a1 sin 2f cos 2f22a2 sin 2f 2a1 sin2 2f22a314a4
D , ~15!

B5
1

2 S a2 cos 2f12a3 a2 sin 2f

a2 sin 2f 2a2 cos 2f12a3
D . ~16!
he
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The elastic term inaK @cf. Eq. ~1!# has been neglected, sinc
it is at least three orders of magnitude smaller than the
cous terms. The complete solution can be obtained num
cally and substituted back into Eq.~12!, or a simplified so-
lution can be recovered by retaining only the dominant te
which corresponds toi 5 j 52. Under the condition thatj is
periodic @5,10,11# along the direction perpendicular to th
magnetic field, we get

j52
B22~f!

A22~f!

]f

]t
. ~17!

Substituting in Eq.~12! we get the final approximate equa
tion for the director time evolution:

]f

]t
5

b1 sin 2f1b2¹̂2f

11
~12l cos 2f!~2a2 cos 2f14a3!

2a1 sin2 2f22a314a4

. ~18!

Equation~18! is of limited, but clearly defined, value: it i
applicable for high magnetic fields, absence of mechan
stresses, and large viscosities.
s-
ri-

,

al

III. INTERPRETATION OF RHEO-NMR SPECTRA

We shall consider in this section the application of t
procedure summarized above to interpret rheo-NMR data
tained for a solution of 14% of poly-l-benzylglutama
~PBLG! in m-cresol@11#, a model lyotropic polymer liquid
crystal ~PLC!.

The combined rheological and NMR experiment@5,11#
consists in putting the PLC sample in a strong magnetic fi
and allowing enough time for the director to become fu
aligned with the magnetic field direction. Then the sample
suddenly rotated by an angle of 90° and deuterium NM
~D-NMR! spectra are collected during the following direct
relaxation process. Let us first summarize the experimen
more detail. In the initial state the polymer sample is at r
in the strong magnetic fieldH of the NMR spectrometer. At
equilibrium, the molecules become aligned parallel toH, at
least on average, and the nematic director field becomes
mogeneous in space. The D-NMR spectrum then show
symmetric doublet. The separation between doublet pe
reflects the macroscopic alignment of the director and
order parameter of the nematic phase. Once the equilibr
situation is obtained, the sample tube is rotated sudde
around its long axis, perpendicular to the magnetic field. T
spectrum recorded immediately after rotation~which is sup-
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TABLE II. High viscosity nematic liquid crystal: PBLG inm-cresol at 302 K. Data shown here are fro
Ref. @11#.

Density r 103 kg m23

Susceptibility xa 0.9431028

Field H 7.046 T
Average elastic constant K 1310211 N

Order parameter S 0.74
Leslie coefficients a i 2463, 2602, 8, 160.7, 429.3,2164.7 Pa s
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posed to be instantaneous; see Sec. II! maintains the same
shape, but the doublet splitting is reduced to half its equi
rium value due to homogeneous alignment of the direc
perpendicular to the magnetic field. Under the restoring p
of the magnetic field the director then relaxes back to be
aligned to the magnetic field; during the realignment, inh
mogeneous distributions of the director are generated.
time scale of the process is dictated by nematodynam
equations, which can be used to calculate transient dire
distributions as explained in Sec. II. Details of the strength
magnetic field, temperature, estimated viscoelastic consta
order parameter, and so forth are reported in Table II for
case under investigation. Further information on the exp
mental procedure and apparatus can be found in@5,11#.

Once the time distributions of the director orientation a
available, we can calculate the D-NMR spectrum as a su
position of spectra, each characterized by a director orie
tion, taking into account that the separation of the doub
peaks for a director orientation is proportional to the seco
Legendre polynomial of the director orientation angle w
respect to the magnetic field. Further details of this pro
dure, which is straightforward since it is based on the R
field approximation@12# and allows for the inclusion of in-
homogeneous broadening, are described in@5,10,11#. In Fig.
3 we show a set of experimental NMR spectra, for a sam
of diameter 0.75 cm. The whole set of data is referred t
period of 700 s. The director is initially aligned perpendic
lar to the field; then it starts relaxing, aligning to the ma
netic field. The doublet splitting first decreases, go
through zero at the magic angle, and then increases prog
sively while the director is realigning with the magnet
field, and finally it is stabilized to a maximum value corr
sponding to the aligned configuration. In order to reprodu
correctly the time evolution of the director distribution, an
of the corresponding NMR spectra, we start by defining
suitable initial distribution which is assumed to be of t
form @5,11#

f t505f01A1 sinqr21A3 sin 3qr2 , ~19!

in terms of the largest Fourier components of thermal fl
tuations. Heref0590°, andA1,A3 are assumed to be sma
perturbation terms (A1!1023), andq is taken as 50mm; the
ratio A1 /A3 has been fixed to 3. These values are based
rough estimate of the characteristic thermal fluctuations
the director orientation in the polymer. It should be not
that qualitative changes in the calculated director distri
tions can be observed by changing the initial configurat
~19!: however, the time scale of the transient director p
terns predicted by the LE equations is rather independen
such a choice. In Fig. 4 we present snapshots of the dire
-
r
ll
g
-
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or
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ts,
e
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distribution in the sample assuming an initial distributio
characterized by Eq.~19!: for the first 10 s~a!, 100 s~b!, and
700 s~c!; the same false color representation used in Fig.
adopted but only a small area, corresponding to 0.5 mm
radius, is shown. The system evolves by deepening the in
minima and maxima of the director. Afterward, the patter
are slightly complicated by competition with elastic effec
and nonhomogeneous flow induced by the director reor
tation. Finally, the liquid crystal polymer is aligned to th
field, maintaining a characteristic wall structure, i.e., the
rector is oriented alternately in two opposite directions,
predicted by Martins and co-workers in a simplified analy
of LE equations@5,11#. Our treatment fully confirms this
prediction, and allows a satisfactory interpretation of expe
mental data. From the spatial distributions shown in Fig.
one can obtain the probability distribution of the direct
angle, which describes the director behavior quantitatively
each time. In Fig. 5 we show the time evolution of the pro
ability distribution of the director, which is essentiall
peaked around 90° at short times (t,5 s); it spreads homo

FIG. 3. Experimental NMR spectra for the system defined
the set of parameters in Table II. The spectra are collected
range of times going from 0 to 700 s. Data are taken from Ref.@11#.
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FIG. 4. ~Color! Snapshots of the director patterns obtained for the realignment to the magnetic field of a high viscosity nematic; s
II for the complete parametrization. Only a region corresponding to 0.5 mm in radius is shown. Times are 0, 0.1, 1.2, 2.3, 3.4, and~a!;
11.5, 16, 19, 23, 28.5, and 35.5 s~b!; 114.5, 160.5, 221.5, 322.5, 473.5, and 674.5 s~c!.
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al
geneously at intermediate times (50,t,100 s), and it is
aligned to the magnetic field for longer times (t.100 s).
Finally, using the calculated director distributions we c
calculate the NMR spectra, shown in Fig. 6, to be compa
with the experimental ones shown in Fig. 3. The agreem
is rather good, especially since the time scale of the exp
ment is reproduced by the simulation in a reasonable w
taking into account also that no fitting procedure was e
ployed. We have simply used the viscoelastic parameters
ported in Table II, previously determined from rheo-NM
measurements@11#, without further adjustment.
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IV. SUMMARY AND CONCLUSIONS

We have presented in this work an application of nem
todynamics equations, in the Leslie-Ericksen formulation,
the interpretation of the reorientation process following t
rotation by 90° of a nematic monodomain sample of a ly
tropic nematic liquid crystal polymer. The methodology f
treating numerically the LE equations in two dimensions t
was discussed in I has been adapted to the case of hi
viscous nematics~i.e., with viscosity coefficientsa i of the
order of 102– 103 Pa s!, in the absence of external mechanic
forces and in the presence of a strong magnetic field.
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First, by exactly solving the LE equations for increasing
viscosities of a hypothetical nematogen we have shown th
in a reorientation experiment the initial rotation step is
equivalent to a rigid rotation of the director, for viscosities of
the order of 102 Pa s and tube diameters of the order of 1 cm
Next we have assumed that the initially metastable stat
with the director perpendicular to the magnetic field, is per
turbed by thermal fluctuations, in the form of a periodic bend
distortion along the direction of alignment of the director.
Assuming an initial distortion less than 0.001%, we have
shown by solving the LE equations approximately that th
director field realigns to the magnetic field on increasing th
initial distortion amplitude, as was previously predicted@5#.
Simulated NMR spectra have been calculated from the dire
tor distributions at different times, and they have been foun
to compare favorably with available experimental data. No
attempt at actually fitting calculated NMR spectra to experi
mental ones has been made, our purpose here being mai
to illustrate that~i! the rheological behavior predicted by the
LE equations for a model nematic liquid crystal polymer is
in accordance with available nuclear magnetic resonance e
periments; and~ii ! an initial aligned configuration of the di-
rector, perturbed by thermal fluctuations, coupled to a pure
deterministic description based on the LE equations, is ne
essary to predict the correct time evolution of the nemati
director.

Nematic liquid crystal polymers, in spite of their intrinsi-
cally more complex microscopic dynamics compared to
‘‘simple’’ low viscosity nematogens, can still be well de-
scribed qualitatively in the present limit by basic nematody

FIG. 5. Distributions of the director, calculated for the times
reported in Fig. 3.
d-
at

.
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-
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e
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c
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namics theory. However, there are a number of experime
observations, especially pertaining to shear rate depend
of viscosity and shear flow experiments in general, p
formed on liquid crystal polymers that still are hardly e
plained by the theoretical framework of the LE equation
Molecular aspects may have to be included in the descrip
of the director dynamics@13,14#. Nevertheless, a clearly de
fined treatment of the LE approach can be very useful
determining the capabilities and limitations of standa
theory. The exact computational tool developed in@1# and
approximate treatments like the one developed here ca
employed satisfactorily in the description of director patte
both for the comprehension of the general rheological beh
ior of nematics and for interpreting a number of experimen
results, obtained in purely rheological, optical, ESR, a
NMR measurements.
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FIG. 6. Calculated NMR spectra, obtained from the direc
distributions illustrated in Fig. 5.
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