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WAXS studies of global molecular orientation induced in nematic
liquid crystals by simple shear ¯ ow

by J. A. POPLE and G. R. MITCHELL*
J. J. Thomson Laboratory, University of Reading, Whiteknights, Reading,

RG6 6AF, U.K.

(Received 18 January 1997; in ® nal form 23 April 1997; accepted 28 April 1997)

Global molecular orientation function coe� cients for the nematic liquid crystal 4-cyano-
4¾ -n-pentylbiphenyl (5CB) in shear ¯ ow are presented, being extracted from 2-dimensional
Wide-Angle X-ray Scattering data. A linear increase in orientation parameter 7 P2 8 is observed
with a logarithmic increase in shear rate. It is proposed that this arises from an increased
number of LC directors aligning to the shear axis. Upon cessation of shear ¯ ow, the anisotropy
is seen to relax away completely, over a time scale which is inversely proportional to the
previously applied shear rate.

1. Introduction This work presents an original description, via
global molecular orientation parameters extracted fromMacroscopic alignment of nematic liquid crystals

occurs under the in¯ uence of both a substrate and an 2-dimensional WAXS data, of the degree of molecular
orientation which is adopted in a low molecular massexternal magnetic ® eld [1, 2]. Pieranski and Guyon

established that shear ¯ ow is able to create instabilities liquid crystal (LMMLC) system in shear ¯ ow, as a
function of the rate of applied shear. Time resolvingwithin the director ® eld [3, 4]. Two types of instability

are identi® ed: a homogenous form which produces a measurements performed at a synchrotron X-ray source
also provide a characterization of the relaxation of theuniform distortion in the shearing plane, and the

formation of roll cells, where a director initially in the induced orientation. This study of shear-induced global
orientation in a low molecular mass liquid crystal systemshearing plane becomes unstable to rotations out of that

plane. This latter de® nes the regime of director tumbling, is performed as part of a larger programme: by com-
parison of these data with the e� ects observed in linearwhich occurs when the ratio of the second and third

Leslie coe� cients, a2 /a3 , is negative [5]. polymer systems [11, 12] it is hoped to gain a greater
understandingof the often complicated responsesof liquidMolecular theory indicates that this ratio will be

negative for nematics consisting of rigid rod molecules crystal polymer (LCP) systems to shear deformation
[13, 14].[6, 7]; nevertheless for 4-cyano-4¾ -n-pentylbiphenyl,

referred to here as 5CB, a2=Õ 83 Ö 10Õ 3 Pa sÕ 1 and
2. Materialsa3=Õ 2 Ö 10 Õ 3 Pa sÕ 1, indicating that this is a ¯ ow

5CB is a commercially available biphenyl liquidaligning material [8]. It is further notable that this
crystal, commonly used in watch and calculator displays,characteristic is a material property, and is not in¯ uenced
and is supplied by Merck Ltd, U.K. (formerly BDH Ltd).by the introduction of a ¯ ow ® eld. The ¯ ow aligning
Its systematic name is 4-cyano-4¾ -n-pentylbiphenyl andnature of 5CB has been con® rmed experimentally by
it exhibits a nematic LC phase over a small temperatureMuÈ ller et al. who monitored the aspect of director
range between 24 and 35 3́ß C [15]. It exhibits a loworientation in shear ¯ ow using polarized light, and
dynamic viscosity at room temperature, comparable toobserved that the director adopted a stable angle of
that of water, and was studied in a specially designedtilt in the plane of the shear gradient [9]. In
low viscosity shearing rheometer, which is described inaddition, Mather et al. have reported measurements of
the following section.disclination densities in the shear ¯ ow of 5CB, which

led them to hypothesize that disclinations are nucleated
3. Rheometerduring shearing from boundary layers between domains

The shearing rheometer in which all measurements[10].
were made comprises two circular, parallel aluminium
plates mounted in a T plate frame. The two plates are
bolted to the upright face of the rheometer support, and*Author for correspondence.
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468 J. A. Pople and G. R. Mitchell

good concentricity is maintained by two supporting scaled drawings of the rheometer driveshaft and rheo-
meter plates. The driveshaft is shown in half scale relativebrackets mounted on the opposing side. The driveshaft

is constructed as a separate unit which connects to the to that of the plates; the ® xed plate is shown as a cross-
sectioned plan, with some hidden detail omitted forrotating plate by means of locating pins on the spindle

of the plate. Entrance and exit apertures for the X-rays clarity.
The low viscosity material is maintained between theand their respective windows consist of 25 mm thick

Kapton windows ® tted in recesses over milled slots and plates by a series of three seals. The ® rst seal is a PTFE
spacer seal set in a groove in the ® xed plate. The ® xedapertures in the rheometer plates. Figure 1 presents

1
Figure 1. Driveshaft, rotating plate and ® xed plate components of the AXIS low viscosity shearing rheometer. The driveshaft is

shown in half scale relative to the plates.
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469WAXS studies of global orientation in NLC

4. X-ray measurements

All measurements presented here were performed on
beam-line 16.1 at the Synchrotron Radiation Source at
Daresbury, U.K., using a beam of wavelength l =1 4́1 AÊ ,
and diameter B~0 4́ mm. X-ray scattering data were
collected using the Area X-ray Imaging System (AXIS)
developed at the University of Reading [16]. AXIS
collects a 2-dimensional X-ray di� raction pattern in
40 ms using a 50 mm diameter area X-ray camera based
on an intensi® ed CCD architecture, designed and manu-
factured by Photonic Science. AXIS co-adds a number
of incoming frames to provide a more intense image
with reduced statistical ¯ uctuations, using an integrated
image processor manufactured by Data Translation.
Integration times for the di� raction patterns were 10 s,
(250 frames). The high degree of co-ordination within
the AXIS system permits the user to ascribe accurately
a given di� raction pattern with the point in time at
which shearing commences or ceases.

Degrees of orientation are quanti® ed from the
WAXS data using global molecular orientation function
coe� cients extracted from the relative changes in the
scattering intensity throughout a range of azimuthal
angles for a ® xed scattering vector; the procedure uses
methods described previously [17]. These measures of
orientation are coupled with the employment of a global
director, which describes the dominant direction of
ordering of a large number of smaller domains. Within
each domain the orientation is described by a local
order parameter, whose magnitude is dependent on
temperature, as described by the theory of Maier and

(a)

(b)
Saupe [18]. The global orientation parameters pre-

Figure 2. WAXS di� raction patterns of a 0 5́ mm thick sented here, 7 P2 (cos a) 8 G , are therefore given by the
nematic LC 5CB sample at rest (above), and subjected to product of the local order parameter, 7 P2(cos a) 8 L anda simple shear rate of c=510 sÕ 1 (below).

the distribution of the directors, 7 P2 (cos a) 8 D [19]:

7 P2 (cos a) 8 G= 7 P2 (cos a) 8 L Ö 7 P2(cos a) 8 D . (1)
plate has edges which enclose the rotating plate, and
between these two surfaces are located two standard size Thus the macroscopic average of many domains within

a nematic LMMLC may realize any orientation value(BS241) PTFE `O’ rings, mounted in circumferential
grooves in the rotating plate. Together these three seals between zero and the value of the nematic order

parameter.provide a suitably complex overall seal to maintain
water in the rheometer for over four hours before
signi® cant leakage begins. Temperature control for the 5. Steady state shearing of nematic 5CB

The WAXS di� raction pattern of the cyanobiphenylrheometer is e� ected with a circulating heater bath,
allowing temperatures between 20 and 65ß C to be evidences a single broad halo of intensity, with a

maximum value at a reciprocal space vector ofreached, controlled to within Ô 2ß C at the X-ray port.
The sample was transferred onto the surface of the 1 3́ AÊ Õ 1 ( ® gure 2). This peak arises from intermolecular

scattering, and is hereafter referred to as the inter-® xed plate of the shearing cell using a syringe. When
the sample area (which is de® ned by the limiting PTFE molecular peak. During shearing, the pattern evidences

two symmetrical lobes of intensity with maxima on thespacer seal) was ® lled, the rotating plate was lowered
into place above it. Vacuum grease was spread around equatorial. The ® gure indicates that the LC directors

are becoming aligned in the (approximately) verticalthe junction of the two plates to improve the overall
seal, and then the two plates were loaded together into direction, parallel to the shear direction.

Figure 3 indicates the degrees of shear-inducedthe main rheometer framework.
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470 J. A. Pople and G. R. Mitchell

Figure 4. Global director orientation 7 P2 8 D adopted inFigure 3. Orientation function coe� cients 7 P2 8 and 7 P4 8
nematic 5CB subjected to simple shear at a reducedadopted in a nematic LC 5CB sample at 25ß C subjected
temperature of T =0 9́7TNI . The degree of uncertaintyto simple shear ¯ ow, as a function of the rate of applied
associated with each measurement in Ô 0 0́5, arising fromshear. The degree of uncertainty associated with each
the calculation of the associated nematic order parameter:measurement is Ô 0 0́02.
S=0 5́2 Ô 0 0́5.

orientation in steady state shearing of 0 5́ mm samples given in ® gure 5. It should be noted that the degree of
of 5CB at 25ß C (0 9́7TNI). Each of the data points is a uncertainty in this global director aspect measurement
mean value obtained from averaging many measure- is itself a function of the degree of orientation. For global
ments made in steady state shear. For all shear rates
investigated, 0 1́ sÕ 1<c<1020 sÕ 1, the sample achieves
its steady state orientation value rapidly: within a single
integration period of 10 s. The position of the inter-
molecular peak did not change during shear, indicating
that there was no shear-induced alteration of the packing
density of the LC molecules. The development of global
orientation within the nematic increases linearly with a
logarithmic increase in shear rate, and no limiting
plateau level of orientation is reached within the shear
rate range investigated.

Maier± Saupe theory predicts an order parameter
S=0 5́2 at this reduced temperature [18], a prediction
which has been experimentally corroborated for 5CB to
an accuracy of S=0 5́2 Ô 0 0́5 [8, 18]. This allows the
director orientation to be calculated from equation (1)
( ® gure 4), and reveals that the LC molecules are close
to fully aligned under the shear ¯ ow of c=1020 sÕ 1:
7 P2 8 D=0´96 Ô 0´05. Thus the gradual development of
the orientation with increasing shear rate is understood
in terms of the increasing stress aligning more of the LC
directors towards the direction of shear.

Figure 5. Angle between the global director and the shear
The aspect of the global director during shear is noted direction in 5CB in shear ¯ ow, as a function of the

to be tilted from the shear direction. The magnitudes of applied shear rate. The associated degree of uncertainty
is discussed in the text.the tilt as a function of the rate of applied shear are

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
2
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



471WAXS studies of global orientation in NLC

orientation parameters 7 P2 8 >0 2́ the uncertainty in the
axis measurement is small: Ô 2ß ; but as the global
orientation decreases, it becomes more di� cult to assert
the aspect of the global director. Clearly in the limiting
case, for an isotropic distribution of scattering units,
the uncertainty in establishing the axis of orientation
becomes Ô 90ß , as the global director is equally well
de® ned at all angles.

The magnitude of this deviation angle, typically ~8ß ,
is of similar order to the anticipated magnitude of the
Leslie tilt angle, which occurs in the plane of the shear
gradient. Heynderickx et al. simulate a maximum tilt of
9ß in the shear ¯ ow of nematic MBBA at 32 5́ß C [20],
although it is noted that this study was simulated for a
reduced temperature of 0 7́5TNI , whereas these studies
are conducted at reduced temperatures of T >0 9́TNI .

A ¯ uid mixture of cyanobiphenyls which exhibits a
nematic phase between 6 and 100ß C was employed to
investigate the temperature dependence of the shear-
induced orientation e� ects outlined above. It was found
that the e� ect of increased temperature resulted in lower
global orientation parameters for a given shear rate,
throughout the entire shear rate range investigated here.
This reduced orientation was not fully accounted for by
the reduction in the nematic order parameter which is
anticipated at elevated temperature [18].

6. Relaxation e� ects

Time resolving relaxation spectra were obtained for
the 5CB LMMLC system by continuing to monitor
the X-ray di� raction data in situ after shearing had
ceased. The synchrotron X-ray source provides suitably
high ¯ uxes to achieve a temporal resolution of 10 s.
Two examples of the orientation function coe� cients
measured for 5CB during relaxation from prior shear
rates of c=1 sÕ 1 and 1020 sÕ 1 are given in ® gure 6. The
axes of the directors in the shear plane are not observed
to change during relaxation of the 5CB sample, but
remain at the last shear-induced value. The relaxation
is such that the degree of orientation always recovers

Figure 6. Evolution of the global orientation parameter 7 P2 8the initial measure before shearing began. Fluctuations
as a function of time, in an unsheared state (*), during theare noted to exist in the relaxation curves, and they tend
application of simple shear (&), and during relaxationto be more prominent in the relaxations subsequent to
upon cessation of ¯ ow (%); for shear rates c=1 sÕ 1

prior shear rates of lower magnitudes, such as the ( left) and c=1020 sÕ 1 (right). The degree of uncertainty
example given ( ® gure 6). associated with each measurement is Ô 0 0́02.

By measuring the time taken for the orientation
parameter to fall from the steady state shear value 7 P2 8 S

to 7 P2 8 S/e, a relaxation constant can be quanti® ed for Flory shows that the alignment of LC directors is
energetically favourable, and thus by this argumenteach relaxation experiment. The results of these calcu-

lated relaxation constants as a function of prior shear alone no relaxation of global orientation is anticipated
[21]. This argument is valid for monodomain systems,rate are shown in ® gure 7. It can be seen that there is a

linear decrease in the relaxation constant associated with and thus the observation of the relaxation phenomena
suggests that the LMMLC system may well exhibit ana logarithmic increase in the shear rate from which the

sample relaxes. increasingly polydomain texture under shear, with the

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
2
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



472 J. A. Pople and G. R. Mitchell

collected from LMMLC systems, indicate this same
generic trend: that the faster relaxations of orientation
occur subsequent to the higher shear rate treatments.
This suggests a possible commonality of behaviour, that
the relaxations within the LMMLC system (® gures 6
and 7), may be driven by shear-induced disclinations
resulting in reorganizations of directors upon cessation
of shear. That the disclination density is reduced
upon relaxation has been reasoned theoretically and
observed experimentally using optical techniques and
the LMMLC system MBBA [24, 25].

The in¯ ections which occur in the curve of 7 P2 8
during relaxation have been observed in a previous shear
and relaxation study of the lyotropic LCP hydroxy-
propylcellulose and were noted, as here ( ® gure 6), to
occur most prominently in relaxations from low shear
rates [14]. In the LCP materials, the annealing of
unfavourable defects by the relaxation process causes a
greater number of directors to enter the shearing plane.
The result is a serpentine arrangement of the directors

Figure 7. Relaxation constants shown as a function of the within the shear plane, which has been associated with
previously applied shear rate for the nematic low the phenomenon of the banded texture [26, 27]. It is
molecular mass liquid crystal 5CB. known that the orientation parameters determined from

WAXS patterns concern only projections of the directors
in the plane of shear and that interactions in otherdefect structures acting as the source of the relaxation

phenomena. planes are unable to be probed in this way [19]. This
presents a possible means by which the orientation couldContributions to the relaxation trend from the

elasticity of the anchoring of directors to the surface are rise during the relaxation process as directors return to
the shearing plane although the precise explanation forhoped to be small, by reason of the choice of Kapton

for the window material. Minimization of this e� ect the presence and nature of these in¯ ections remains
unknown.also facilitates comparison of these systems with their

polymeric LC counterparts, whose relaxations are not
a� ected by such a phenomenon. Thus consideration of 7. Conclusions

Original measurements of the orientation functionthe relaxation of these LMMLCs can be centred around
the mechanics of the shear imposed deformations coe� cients in steady state simple shear are presented

for the low molecular mass liquid crystal (LMMLC)upon the director ® eld.
Larson and Mead explain the mechanics of relaxation system 4-cyano-4¾ -n-pentylbiphenyl (5CB), from the

WAXS data collected using the AXIS system. The aspectsin LCP systems in terms of the stored elastic energy
within the Frank stresses of the distorted director ® eld of the directors from which the orientation parameters

are calculated are also presented. The orientation para-acting as the driving mechanism for the reorientation of
the material [22]. The elastic torque associated with meters increase linearly with a logarithmic increase in

the applied shear rate. It is proposed that this arisesthis energy is balanced during the shear by the hydro-
dynamic torque contributed by the shear ® eld. Thus for from an increased alignment of LC directors to the

direction of shear. Calculation of the global directorhigher shear rates, the disclination density increases and
the domain size reduces, giving rise to a greater stored orientation indicates that the sample is close to fully

aligned, 7 P2 8 D=0 9́6Ô 0 0́5, at a shear rate of c=1020 sÕ 1.elastic energy and a proportionally faster relaxation
process. Experimental corroboration of this reasoning, The shear-induced orientation is observed to relax

upon cessation of shear ¯ ow. Relaxation constants arethat shorter relaxation times are realized from higher
prior shear rates, has been found in LCP systems by observed to reduce linearly with a logarithmic increase

in the previously applied shear rate, in a similar mannerKeates et al. in their study of the lyotropic LCP hydroxy-
propylcellulose [14] and by Zachariades et al. in their to that observed in polymeric LC systems [14, 23].

In¯ ections in the orientation curves are also observedstudy of a blend of poly(ethylene terephthalate) and
poly(hydroxybenzoic acid) [23]. during relaxation, and are noted to reduce in prominence

as the previously applied shear rate increases.It is noted that the data presented here, which are
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