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Rheology of defect networks in cholesteric liquid crystals
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The rheological properties of cholesteric liquid crystals containing networks of defects are investigated. A
network of linear defects of the “oily-streak” type is stabilized when colloidal particles are dispersed into the
cholesteric liquid crystals. This network converts the rheological response of a presheared cholesteric liquid
crystal from fluidlike to solidlike and leads to the formation of a “defect-mediated” solid. The frequency-
dependent complex shear modul@3 (w) is measured, for samples with and without inclusions, in both the
linear and nonlinear viscoelastic regimes. The linear elastic response mediated by the defect network is
discussed in terms of a model analogous to the theories of rubber elasticity. All our d&&(io) are fitted
to a simplified theoretical form, and the values and variations of the fitting parameters, in the various regimes
investigated, are discussed in terms of the properties of defect structure present in the samples. Similar
rheological properties are expected to arise from particle-stabilized oily-streak defect networks in layered
systems such as smec#icand lyotropicL , phases.
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[. INTRODUCTION streak-type defect networks. The paper is organized as fol-
lows. In Sec. Il, we provide a general theoretical background

Defects are an inherent feature of all systems with longand recall the main results reported previoydljon choles-
range order and play a crucial role in determining manyteriC thin films with and without inclusions. In Sec. Ill, we
properties of these materials. In particular, defects are knowflemonstrate experimentally that at low frequencies and low
to have a dramatic effect on the mechanical properties of atrain amplitudes, an aligned bulk cholesteric liquid crystal
material. In this paper, we study the rheological properties ofubjected to a shear parallel to the cholesteric layers exhibits
defect structures in cholesteric liquid crystals. As an intro-2 solidlike behavior when a defect network is present with a
duction to the system, we show an optica| microscopy phohlgher elastic modulus than when no network is present. We
tograph(Fig. 1) that illustrates many of its key properties and Present the observed frequency dependence of the complex
that can serve as a motivation for the remainder of the papeghear modulus in both the linear and nonlinear viscoelastic
Figure 1 shows a thin film of a cholesteric liquid crystal 'eégimes, and contrast the robustness of gel-like behavior in
between two glass plates, in the presence of colloidal inclucholesteric liquid crystals with colloidal inclusions to that of
sions of size exceeding the cholesteric pmﬂn the absence pure cholesteric |IC|U|d Crystals in a state with a nonoriented
of inclusions the sample exhibits the defect-free cholesteri¢exture. In Sec. IV, we briefly discuss the origins of vis-
ordering; by contrast, the sample with colloidal inclusionscoelasticity of oily-streak defect networks and compare them
exhibits a dense network of linear defe¢fsg. 1) with col-  to those of crosslinked macromolecular networks in rubber-
loidal inclusions located exclusively at the nodes of the netlike solids. We argue that in the linear viscoelastic regime, a
work. These defects are of the “oily-streak” type, and arerubber-type elasticity model is applicable to the cholesteric
stabilized by the presence of the solid colloidal particles. Insystem with defects. We then compare our measurements,
Fig. 1, the structure is strongly deformed due to the passagebtained in the linear viscoelastic regime, to this model,
(in approximately the horizontal directiprof a large air combined with the theory of intrinsic viscoelasticity of
bubble moving through the sample. Once the bubble disap-
pears from the field of view, however, the network regains its
original, undeformed configuration. This indicates that the
defect network structure possesses elastic properties.

The goal of this paper is to investigate systematically how
the viscoelastic properties of a cholesteric liquid crystal are
changed in the presence of colloidal inclusions, and to un-
derstand those changes in terms of the properties of oily-
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be viewed as arising from the bending of the layers and from
the deviations of their distance fropi2. For the purposes of
this paper, it will be convenient to describe the configuration
R of a cholesteric liquid crystal in terms of the “cholesteric
e layers,” rather than directly in terms of the director field
n(r).
We thus view a cholesteric liquid crystal as a layered
medium [3] and write its bulk free energy density in the
generic form appropriate for lamellar systertsee, e.g.,

Ref. [4]),
2 1
+d RiR:

whereR; andR, are the local values of the principal radii of

curvature of the layer is the mean bending rigidit) is
the Gaussian bending rigiditR, is the compression modulus,
ande= sh/h is the local relative variation in layer spacihg

FIG. 2. (a) The planar texture configuration of a cholesteric It can be formally showr5] that for small layer deforma-
liquid crystal of pitchp and film thickness4. The cholesteric pitch  tions, the cholesteric free energy can be written as (€.
axist is oriented perpendicular to the film surfaces, and the elonWith K =(3/16)K33andB= (27/p)®K,,, wherep s the cho-
gated molecules undergo a helical rotation while staying perpenlesteric pitch and the elastic constaits; andK,,, respec-
dicular to this axis(the molecules drawn with “nail heads” are tively, are the bend and twist elastic constants in the director-
tilted out of the page by 45°, with the nail head end towards thebased descriptiof2].
front of the page When colloidal inclusions of siz&,.>p are In a previous work 1], we demonstrated through direct
added into the system, this ideal planar structure is modified and eptical observations that in thin cholesteric filifieickness
planar network of linear defects is stabilizet) Arrangement of  H of the order ofp), a dense planar network of linear defects
cholesteric layers in the cross sections of a symmetric oily streak igan be stabilized by the introduction of colloidal inclusions
the planar texture geometry. of size R, exceeding the pitclp of the cholesteric liquid

crystal. Moreover, optical observations of thicker samples
defect-free cholesteric liquid crystals. We analyze the dat@H of order 1) show a three-dimensional network of linear
for the frequency-dependent complex shear modulus in botHefects with a structure similar to that of the network in thin
the linear and nonlinear regimes. We employ fitting functionssampleq6]. The linear defects are “oily streaks,” the most
motivated by our model and discuss the values of the fittingcommon type of defects observed in layered structures in the
parameters in terms of the defect structure of the samples.planar geometry. “Symmetric” oily streak@redominant in
thin film sample$ can be viewed as being composed of two
disclination lines of strength- 1/2 with an equal number of
layers rotating about each disclination line; the structure of

A cholesteric liquid crystal2] is composed of elongated such a defect is illustrated in Fig(l8. The oily streak has an
molecules with chiral interactions. In the cholesteric phaseglastic energy per unit length, or line tension, which is given
the molecules have no translational order, but possess longpproximately{1] by the mean bending rigiditi in Eq. (1).
range orientational order, which can be characterized througiWe have shown that in bulk samples the stabilized defect
the “director” field, n(r), defined as the locally-averaged network converts a system that is fluidlike in the absence of
orientation of the molecules at positionin contrast to nem- defects to alefect-mediated solicharacterized by a gel-like
atic liquid crystalg 2], where the directon is independent of rheology at low frequenciegl]. Our understanding of this
position in the lowest-energy state, in cholesteric liquid crysfehavior is based on viewing a cholesteric liquid crystal as a
tals n(r) undergoes a uniform rotation in a particular direc- lamellar medium[3], and similar phenomena are therefore
tion, t, the cholesteric twist axisee Fig. 29)]. The distance expected to occur in other types of layered materials. Con-
p along this axis in which the director undergoes a rotation ofsistent with this, stabilized oily-streak-type defect networks
360° is defined as the cholesteric pitch. In the lowest energave also been observed in lyotropig phases and found to
state, a cholesteric liquid crystal can therefore be regarded @ter the rheological properties of the systgns].

a structure of equally spaced planes sharing a common mo-
lecular orientation, the layer spacing beip{ [Fig. 2(@)]. Ill. EXPERIMENTAL RESULTS

Departures from this ideal structure lead to a cost in the
bulk free energy density which is usually written in terms of
the director fieldn(r) [2]. We can, however, still define The cholesteric liquid crystal studied consists of a mixture
“cholesteric layers” in the deformed structure as connectedf cyanobiphenyls doped with chiral molecules. The amount
surfaces that are everywhere normal to the local direction obf chiral dopant sets the equilibrium pitghof the sample,
the cholesteric twist axis The free energy density can then which is measured using the conventional Cano wedge tech-
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Il. THE PARTICLE-STABILIZED DEFECT NETWORK

A. Generalities
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nique [2]. In our experiments, we use samples wiph 10 ' ' '
=15 um. As colloidal inclusions, we use silica particles of
diameter 1um. Once incorporated into the liquid crystal,
they form clusters of typical size 10—-30m. We use a
Rheometrics strain-controlled rheometarodel Ares, with
a 10 gcm transducer in the double-wall Couette geometry,
with an inner gap of 1 mm and an outer gap of 1.17 mm.
Two types of experiments are performed. Oscillatory mea-
surements are made at a constant strain amplifudeer a .
frequency range from 0.01 to 100 rad/sec, and the storage, or
elastic modulusG’(w), and the loss modulus;”(w), are 0.001 0.01 0.1 1 10
determined. In addition, the apparent viscosipy of the Y
samples was determined from the ratio of the measured ) )

FIG. 3. The strain amplitude dependence of the stor@ge

stress_a to the applied shear ratg_using steady rate sweep (solid circleg and the los$5” (open circles moduli for a quenched
experiments, from 0.015 to 100 séc sample. Measurements were performed at a frequercy rad/sec.
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B. Nonaligned samples like regime whereG’'>G" and the fluidlike regime where

In the first set of experiments, the samples are submitte®”">G"'.
to the following thermal treatment: they are first heated up to  The gel-like behavior explains the ability of a bulk cho-
70°C , which is above the isotropic transition temperaturéesteric sample to suspend colloidal particles. Moreover, this
(T.=63°C) and then quenched to 20°C. All measurememgheolo_gical behavior agrees qualitatively with previous ob-
are performed after the quench at a temperature of 20 °C. Weervations for other layered mesophases, such as small mol-
note that the time required for the temperature of the samplgCules and polymeric smectic phases under equivalent ex-
to decrease from 70°C to the transition temperafligds perimental conqmon$9,10]. Our moduli are thr.ee or four.
less: while the time required to decrease the temperature {9€rs of magnitude smaller than those of typical smectics.

20 °C is much longefabout 20 minutes This larger cooling Qri rlgiotjoegglncalinrejrc):%r:selevtveel orbat?:jnorlsl Cg?iseﬁ::gts\fgtg tir;ﬁ
time does not, however, appear to affect our results since w% P 9 pietely y ’

do not observe any changes in the data over a period of 10 uced _by the _therma_ll qL_Jen_ch. _In the randomly oru_ented tex-
ture, with an isotropic distribution of the cholesteric layers,

following the quench. This is consistent with the MEASUTe1e material is sheared in a direction that is not parallel to the

ments of the rate of coarsening of the defects found for thi . ; . )
films [1], where the time needed to obtain a defect-freeYers in most of the sample. This leads to relative changes in

sample after a temperature quench varies exponentially WitWe layer spacing of the order of and fo a compression

2 . .
the thicknes#d of the cholesteric sample. We expect that theSNer9y cost of the orddy” per unit volume, wheré is the

coarsening time of the defect structure in bulk samples ié:ompdrestsmn ,:nOdUquSthOf thg Iayeredd medium. Trtll's tcorre-
very long compared to the typical experimental time. ThisSPONds t0 a stress of the order®¥ and consequently to a

suggests that there should not be any observable changes'm)m"uS qf the o(rjdtlar OB In lcfgo(ljefte:;]c I|gU|ddprystals(j,éhe
the density of defects on the time scale of our experiments(.:Ormgresslon modulus 1S refated fo the bending modius

Cholesteric samples with and without inclusions are studieoe.lnd the cholesteric pitch by B=K(27/p)* [5]. Taking the
We first determine the regime of linear viscoelasticity by
making oscillatory measurements in which the maximum 100 . - . -
strain amplitude,y, is increased from 10° to 1, for fre- 1
guencies of 0.1 rad/sec and 1 rad/sec. As shown in Fig. 3 for
w=1 rad/sec, up to a maximum strain amplitude of about
0.06, bothG' andG” do not depend on the amplitude of the
applied strain, setting the upper limit of the linear regime.
The storage and loss moduli are then measured as a function
of frequency in the linear regime, using=0.05, and the 1
experimental results are shown in Fig. 4. There is an exact DI o
superposition of the data obtained with pure cholesteric - L2e “
samples and with cholesteric samples containing colloidal o1 Lo alh - s -
inclusions. The materials exhibit a behavior very similar to 0001 o001 01 1 o 100
that of gels. At low frequencies the elastic modul@s  (rad/sec)
reaches a platea, whereGo=1 dyn/cn¥, and the elastic FIG. 4. The frequency dependence of the stox@gésolid sym-
modulus is larger than the loss modulB$. At high frequen-  pols) and the losG” (open symbolsmoduli of a pure cholesteric
cies a fluidlike behavior is recovered, with a loss rn0dU|UssampIe(upwards trianglesand a cholesteric sample with inclusions
G” larger than the elastic modulus’. At a critical fre-  (downwards trianglés The strain amplitude isy=0.05. Both
guencyw.=1 rad/sec, there is a crossover from the solid-samples were first submitted to a temperature quench.
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FIG. 5. The shear-rate dependence of the effective viscagity (SOlid circles and the lossG" (open circles moduli for a pres-
for a pure cholesteric samplpluses, and a cholesteric sample with heared sample with inclusions. Measurements were performed at a
inclusions(circles, which were both preshearétbr 500 sec aty frequencyw=1 rad/sec.
=10 sec'), and for a pure cholesteric sample that was submitted
to a temperature quendlriangles. For the quenched sampiti- viscoelastic response of a cholesteric liquid crystal is com-
angles, the solid symbols represent the measurements performegletely hidden by the response due to the randomly oriented
right after the quench with the shear rate increasing from low taexure. Thus, investigation of the effect of the inclusions on
high values ofy (increasing, while the open symbols represent the the rheological properties of a cholesteric liquid crystal re-
measurements performed decreasifigm high to low y) subse-  quires an oriented structure of the liquid crystal phase. This

quent to the increasing scan. The quenched sample exhibits a stroggn pbe achieved by preshearing the sample.
shear thinning along the increasing scan, and a very weak one in the

decreasing scan. The decreasing data exactly superimpose with
those of the presheared pure cholesteric sanfpileses; consecu-
tive runs give the same results. The presheared sample with inclu- In this second set of experiments, measurements are car-
sions exhibits an intermediate shear-thinning that is reversible: theied out after strongly preshearing the samples for 500 sec at
ir_lcr_easing(solid circleg and decreasingppen circles sweeps give 5 shear rate of 10 seé and at a temperature of 20°C. The
similar results. results of the preceding section imply that a preshear at this
rate and duration leads to an alignment of the cholesteric
value K=10"° dyn, typical for cholesteric liquid crystals, layers in the entire sample. Because of this alignment, all the
we find B to be of the order of 10 dyn/cmin rough agree- results reported in this section do not depend on whether or
ment with the experimentally measured value Gf,  not the sample was quenched before the preshear. We again
=1 dyn/cnf. investigate pure cholesteric samples and cholesteric samples
Steady rate sweep experiments are performed after theith inclusions. Strain sweep experimerisg. 6) confirm
thermal quench. We first scan from low to high shear rateshat, aty=0.05, the measurements of the frequency depen-
and then from high to low shear rates. Again, pure cholesdence of the complex modulus described in the preceding
teric samples and cholesteric samples with inclusions giveection correspond to the linear regime, since upyto
exactly the same responses for the increasing shear rates. A9).05, bothG'(w) andG"(w) do not depend on the strain
shown in Fig. 5, the samples exhibit a strong shear thinningamplitude within experimental precision.
with the effective viscosity decreasing from 15 P down to 50  After the preshear, oscillatory measurements show that
cP. A constant value of v_iscosity is reached in this particulathe viscoelasticity of the pure cholesteric sample is domi-
experiment at a shear raje=10 sec *. In sharp contrast, as nated by the viscous part, since over the whole range of
the shear rate is decreased, the pure cholesteric sample dsequencies explored, the loss modulB%(w) is larger than
hibits only a weak variation of its effective viscosity, with the storage modulug’(w) [Fig. 7(@]: this sample exhibits
changes by about 20%. Moreover, samples containing coR fluidlike behavior. For frequencies larger than 10 rad/sec,
loidal inclusions exhibit a different behavigsee following one observes a behavior typical of a Maxwell flu@(w)
subsection These experiments indicate that the application= 7w, with an effective viscosity ofy=43 cP, andG'(w)
of a shear rate induces a strong and irreversible modificatior 77w?, with a relaxation timer=5.6 msec. The value af
of the mechanical properties of a quenched, initially ran-agrees well with the viscosity measured in the shear-rate
domly oriented, material. This is the signature of a transitiorsweep experiments described in the preceding section. It is,
from a fully randomly oriented sample to an aligned samplemoreover, of the same order of magnitude as the viscosity in
These results indicate that there is no difference in the nematic phasg?]. The characteristic relaxation frequency
rheological response between pure cholesteric samples addr=200 rad/sec is higher than the upper limit of the mea-
those with inclusions, provided the samples remain in a fullysured frequency range, consistent with our observation of
randomly oriented state. Any effect of the inclusions on theterminal Maxwell-fluid behavior.

C. Shear-aligned samples
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FIG. 7. The frequency dependence of the stor&jéw) (solid symbol$ and the lossG”(w) (open symbols moduli, for a pure
cholesteric samplécircles and a cholesteric sample with inclusio(sgjuares The strain amplitude i3»=0.05. The samples were pres-
heared for 500 sec at a shear rateyef10 sec’. (a) G'(w) andG"(w) for a pure cholesteric sampléy) G’ () andG"(w) for a sample
with inclusions,(c) G"(w), and(d) G’ (w), for samples with and without inclusions.

When the same preshear treatment is applied to the cho- Pure cholesteric samples and those with inclusions also
lesteric samples with inclusions, a clear difference is obexhibit markedly different behavior in the shear rate sweep
served(Fig. 7): while the loss modulus remains the sameexperiments. The effective viscosity of a presheared pure
[Fig. 7(c)], the storage modulus of the sample with inclu- cholesteric sample depends only weakly on the shear rate, as
sions increases significantly at low frequendi€sy. 7(d)]. can be seen in Fig. 5. There is a shear thinning of about
Moreover, beloww=1 rad/sec, the storage modulus reaches
a plateauGo= 0.3 dyn/cni. In addition,G'(w) andG"(w)
cross atw.=0.5 rad/sec, below which the behavior is elas-
tic, with the storage modulus larger than the loss modulus.
These features provide a clear signature of the gel-like be-
havior of the cholesteric liquid crystal with inclusions, con-
sistent with the predictions that will be given in the theoret-
ical section. Furthermore, the control of the concentration of
particles incorporated in the liquid crystal enables us to tune
the height of the plateau of the storage modulus and there-
fore the strength of the gel, as shown in Fig. 8, where two 0.1 % 3
concentrations of particles, with volume fraction of 0.3% o1 B 10 =100
and 0.4%, respectively, are used. The loss modulus exhibits (rad/sec)
only a very weak variation with the particle concentration ©
over the entire range of frequency, while the storage modulus FIG. 8. The frequency dependence of the stor@géw) (solid
shows a marked increase with particle concentration fosymbols and the los$5"(w) (open symbolsmoduli of cholesteric
frequencies smaller than 20 rad/sec. In particular, theamples containing inclusions at a volume fraction of 0.3%
low-frequency plateau modulus increases from 0.2 tdsquaresand 0.4%(triangles. The strain amplitude isy=0.05.
0.4 dyn/cn? as the concentration increases. Both samples were presheared for 500 seg=atl0 sec’.
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100 - ' E behavior is consistent with the picture of a connected net-

a2 work of linear defects under tension, the network being sta-

NA ga°° .“ bilized by the inclusions located at the nodes. Moreover, both
g 10 ¢ 53355 _::' E the steady-rate experiments and the oscillatory experiments

E 8385 e performed in the nonlinear regime show that large strain am-

L g8 __...::::0 ] plitudes or strong shear rates do not lead to irreversible
z on, ML s A::,o E changes_ of the viscoelastic response. This suggests that they

ED. §'“.“:::n’ do not induce permanent modifications of the defect net-

O o _.:,00" ] work, such as breaks of the linear defects or irreversible

’ ] disconnections of the defects from the nodes.
10 100 IV. DISCUSSION
o (rad/sec)

A. Theoretical considerations
FIG. 9. The frequency dependence of the stof@gésolid sym-
bols) and the los$G” (open symbolsmoduli of cholesteric samples
containing inclusions. Measurements were performed with a strai
amplitudey=0.05(squarey 0.20(triangles, and 0.40(diamonds.
The samples were presheared for 500 seiz#atlo secl.

The experiments described in the preceding section sug-
Ig?est that presheared bulk cholesteric samples with colloidal
inclusions contain a stabilized three-dimensional network of
defects of the oily-streak type. The structure of the oily-
streak network is reminiscent of that of crosslinked macro-
, ) molecular solids: the defects play the role of polymers, while
20%, and the viscosity reaches the plateau value of 50 cP fQpe coligidal inclusions located at the nodes of the oily-streak
rates larger than 5 se¢. This value is in good agreement network play the role of chemical crosslinks. On appropriate
with the value derived from the oscillatory experimentstime sca|es[l]_], the defect structure can be viewed as a
(43 cP). Increasing and decreasing rate sweeps result in e¥rosslinked network of elastic bonds that exert for@eter-
actly the same behavior. These data can also be superitiiined by the defect line tensidh) at the network nodes. We
posed on those obtained from a quenched sample when th@en therefore expect similarities between the mechanical
shear rate is decreased. properties of the oily-streak network and those of rubber ma-

Presheared samples with inclusions give results in cleagrials[12].
contrast with those of pure cholesteric samples. The samples |t js also immediately clear, however, that there are im-
containing colloidal particles display a shear-thinning behavportant limitations on the analogy between macromolecular
ior: the apparent viscosity decreases from 180 cP down tgels and oily-streak networks. First, at low deformation am-
57 cP, this value being reached at about 10'8ecThe plitude and frequency, the force-extension law for the links
shear-thinning behavior appears much more pronounced thaf the case of rubber is Hookede., their line tension in-
in the case of a pure cholesteric presheared sarfmpt&e creases in proportion to their extensipwhile the line ten-
than 200% compared to 20%). It is, nevertheless, much lession of the oily streaks isndependenbf their length. Sec-
pronounced than it is in a quenched pure cholesteric samplend, the origin of elasticity of the macromolecular links in
however, by contrast, it is permanent, with two consecutiveubber is purely entropic. In contrast, the line tension of an
measurements giving the same results. oily streak is of the order oK, whereK is the cholesteric

To investigate the nonlinear viscoelastic regime of preselastic constant. The characteristic energy scale for deforma-
heared samples with inclusions, oscillatory measurementgon of an oily-streak link,Kp (wherep is the cholesteric
are made at a frequenay=1 rad/sec and for increasing pitch), exceeds thermal energies by several orders of magni-
strain amplitudesy, from 0.05 to 0.4. We notéFig. 6) that  tude.
the decrease o6'(w) with increasingy starts at a lower It is useful to contrast the behavior of macromolecular
strain amplitude and is more pronounced than the decrease @hd of oily-streak networks in atep-stressexperiment.
G"(w). In the nonlinear regime, the frequency dependenc&Vhen a step stress is applied to rubber in equilibrium, it
of G’ (w) andG"(w) for each value ofy is shown in Fig. 9. deforms until the applied stress is balanced by the induced
In the range ofy investigated, the loss modul@’(w) de-  stress arising from the anisotropy of the distribution of links
creases weakly whep increases, while the storage modulus and the increased line tension of the extended links. The ratio
G’ (w) varies much more strongly. This is consistent withof the applied stress to the resultant strain determines the
what is observed in the strain-sweep measurements. We nas@ear modulu&. A different behavior is expected to occur in
that if a measurement at low strain amplitudg=0.05) is  the case of the oily-streak network, as the maximum stress
repeated after one at large amplitude, the results obtainegenerated by one link is now extension independent. A high-
from the two measurements at low amplitude are identical. enough applied stres@xceeding the yield stress,) thus

When aligned by preshear, pure cholesteric samples anchnnot be counteracted by induced stresses, and the material
samples containing inclusions exhibit markedly differentwill flow: the node locations will continue displacing and the
rheological behavior. In particular, linear oscillatory mea-streaks extending until the criterion for a substantial topo-
surements show a transition from a fluidlike behavior to alogical rearrangement or rupture of the network is reached.
gel-like behavior arising from the presence of inclusiphs  Thus the oily-streak network behaves as a viscoplastic solid,
As will be discussed in the theoretical section, this gel-likeor “Bingham fluid” [13].
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TABLE |. Values of fit parameter§,, Bq(y), andBq(y) in G'(w,y)=Go(7y) + Ba(y) 0¥+ Bo(y) 0?
[Eq. (2)] for presheared and nonpresheared samples measured at different strain amplitibedits are
shown in Figs. 10 and 12.

Sample v Go Bq (dynicn? sed?) Bo(7) (P sec)
Nonpresheared 0.05 0.75 1.68 24P0°3
Presheared with no inclusions 0.05 0.065 0.11 z1a@ 8
Presheared with inclusions 0.05 0.27 0.42 X293

0.20 0.050 0.27 2.1010° 3
0.30 0.054 0.19 2.1210°°3
0.40 0.010 0.17 2.0810°°

The elastic shear modulus at low frequencies and ampliand such regions are not responsible for the observed solid-
tudes,Gg, of an oily-streak network can be estimated usinglike behavior in the presheared samples. These regions are,
arguments analogous to those used for rubber elasfit?ly = however, expected to give contributions of the foBh(w)
These predicG,=nw/3, wherew is the strain energy stored ~w'? and G"(w)~ w'? at intermediate frequencigd.4].
in one network element ant= drje?t’ is their number density, The nonzero value of the low-frequency storage modGlys
with d,. the average mesh size of the elastic network. Foarises primarily from the presence of the connected network
oily-streak defects with line tensiofl, w=7d,, and G, Of linear objects with nonzero line tension, the deformation
=T/d2,,. Taking7=10 K=10"°dyn andd,.=50 um, we  of which cannot fully relax.
obtain G,=0.4 dyn/cni. This corresponds to a very weak The theoretical discussion given above suggests that the
gel. frequency dependence of the storage mod@sin pres-

Note that in this section, we have considered 0n|y Stressé@ared Samples with colloidal inclusions can be described as
directly generated by the network of oily-streak defects. Thed sum of three contributionsG, arising from the zero-
elastic and viscous moduli of a real cholesteric liquid crystafrequency shear modulus of the defect netwgl '/ aris-
will be influenced by contributions arising from the intrinsic ing from the disorientedmisaligned parts of the sample,
viscoelasticity of a nondeformed cholesteric liquid crystaland B,w? arising from the regions of the sample where the
and from possible quenched-in textures of non-oily-streakayers are parallel to the shear directi@re., most of the
type. We will allow for these contributions in the following Samplg. Thus we can write

section.
G'(w)=Go+ Bgw"*+ Bow?, )
B. Data analysis

In the experiment$Sec. 1), the pure cholesteric sample with Go=77d2,, and B,= n(y,/K)(p/4m)%. As for Bq,
exhibits a typical “terminal” behavior of a Maxwell fluid we estimate its value using the resultG’
for =10 rad/sec:G"(w)=wn with effective viscosity = (7/24\2)\(B7) »*? derived for fully disoriented lamel-
7=43 cP and G'(w)=w?npr with relaxation time r lar phases[14]. For a cholesteric liquid crystalB
=5.6 msec. This value of agrees well with the character- =K (2/p)2. Moreover, in our samples, only part of the
istic relaxation time of the directorry,=(y;/K)(p/4m)?  sample, is expected to be in the disoriented state. We define
=6.7 msec. When colloidal inclusions are added, the; as the fraction of the sample in a disoriented state. To a first
Maxwell-fluid behavior characteristic of the pure cholestericorder of approximation, we can assuggto be proportional
sample persists fow=50 rad/sec. At lower frequencies, to ¢; we therefore expeq8d2§(772/12\/§p) \/W
howeverG’ (w) exhibits a pronounced increase compared to A similar analysis can be performed for the loss modulus
the pure cholesteric case, whi& () is not changed. This  G”(w). In this case, we do not expect a plateau contribution
reflects the elasticity of the oily streak defects present in thet low frequencies, we, however, expect the ordered part of
sample. Beloww=1 rad/sec, we observe a plateau in thethe sample to result in a Maxwell-fluid type contribution
storage modulusG’(w) of magnitude Go=0.3 dyn/cnf.  |inear in », and the disoriented parts of the sample to result
The value of G, is consistent with the prediction given in a w2 contribution, of the same magnitude as in the case
above. Furthermore, the curves f8f (w) andG"(w) cross  of G’ (w) [14]. We therefore write
at w=wy=0.5 rad/sec, and to within experimental preci-
sion, G’ (w)>G"(w) for w<wg. This provides a signature
of gel-like behavior and is consistent with our model of a G"(w)= agw'+ a,o, 3)
particle-stabilized defect network.

We stress that even though “misaligned” regions, where
cholesteric layers are oriented at a nonzero angle with rewhere the theoretically expected values atg=7 and aqy
spect to shear and are therefore compressed, do exist in the,8d=§(w2/12\/§p) V(K%) [14]. These functional forms
vicinity of the colloidal inclusions and in the center of the can be fit to our data to describe the full frequency depen-
oily streaks, their deformation relaxes on short time scalegjence ofG'(w) andG"(w).
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TABLE Il. Values of fit parametersay(y) and aq(y) in
G"(w,y) = ag(y)0Y*+ ay(y)w [Eq. (3)] for presheared and non-
presheared samples measured at different strain amplitudéke

fits are shown in Fig. 11.

100 T T T

NA
g
EQ Sample vy ag(dyn/cn?sed’?) aq(y)(P)
=S
:'9 Nonpresheared 0.05 2.1 0.44
4] Presheared with no inclusions 0.05 0.48 0.39
Presheared with inclusions 0.05 0.70 0.42
¢ 0.20 0.65 0.41
0.01 . . L
001 o1 1 10 100 0.30 0.61 0.41

FIG. 10. The frequency dependence of the storage modsilus
for a pure cholesteric sample submitted to a temperature quench

(squarey for a presheared cholesteric sample without inclusionsthe fit ~ parameters —are Go=0.065 dyn/crf Ba

_ 2 n _ -3
(circles and a presheared sample with inclusigtiiangles. The = 0-11 dyn/cnf Seé_, Bo=2.14x10 dyn/ch?_ se¢. Note
strain amplitude isy=0.05. The solids lines are the fits of the data that the value o5, is significantly lower than in the sample

to Eq. (2). The values of the parameters obtained from the fit areWith inC'QSionS, indi.cating that the average d?stance _between
listed in Table I. defects increases in the absence of inclusions; this agrees

with our expectation that inclusions make the density
of defects increase by stabilizing these defects. For the
nonpresheared sample, the fit parameter values are
Go=0.75 dyn/cmd, B4=1.68 dyn/cised?, B,=2.42
X102 dyn/cn? seé. The value ofG, is larger than in non-
resheared samples but remains one order of magnitude be-
w the bulk compression modul®=10 dyn/cnt [15]. The
values of3, are identical in the three cases, as expected for
an intrinsic property of a cholesteric liquid crystal. The value
of B4 in the nonpresheared sample is significantly larger than
in both presheared samples. Since we expkcto be pro-
portional to the relative volumé of the sample that is in the
disoriented state, the values listed in Table | imply théor
the presheared sample with no inclusions is 15 times smaller
WIitH;’ln for the nonpresheared sample. For the presheared
esample with inclusions{ is four times larger than without
gmlusions; this can be attributed to the presence of disor-
dered regions associated with the defect network.

The data for the frequency dependence of the loss modu-
lus G"(w) for the same three samples discussed above are
fitted using Eq.(3). The results of the fits are displayed in
Fig. 11 and in Table II. The fit of the data f@"(w) with Eq.

(3) is generally of lower quality as compared to the fit for
G’ (w) with Eq. (2). The value of the effective viscosity,,
however, varies only slightlyfrom 39 cP to 44 cPand is
consistent with all other cases. Theoretically, one expects
[14] the contributions from the disoriented regionsG&( )
andG”(w) to be identicalay= B4 in each sample. Although

1. Linear regime

The results of fitting our data for the storage moduBls
in the linear viscoelastic regimey&0.05) to Eq.(2) are
displayed in Table I. For the presheared sample with inclu
sions, a good fit of the data is obtained across the entir
measured frequency range, as shown in Fig. 10. We obtai
Go=0.266 dyn/crh, B4=0.416 dyn/crised”?, B,=2.25
x 10" 2 dyn/cnt seé. The values ofG, and 3, are consis-
tent with theoretical expectations. As for the paramgigr
the theoretical expectation with=15 um, K=10"° dyn,
n=43 cP isBy={X 1.5 dyn/cni sed’?, corresponding tq
of the order of 0.1.

We now repeat the fitting procedure f&' measured in
the nonpresheared sample and in the presheared sample
inclusions. In both cases, the quality of the fit is comparabl
to the case of the presheared sample with inclusion
(Fig. 10. For the presheared sample without inclusions,

100 T T T

—_
<

G" (dyn/cm?)

FIG. 11. The frequency dependence of the loss modaluor

1 10 100
o (rad/sec)

not strictly equal, the values afy extracted from our fits are
indeed comparable to the values Bf. Furthermore,aqy
values show the same trends as thosefgr «4 for the
nonpresheared sample is significantly higher than for the
presheared sample with inclusions, which in turn is higher

a pure cholesteric sample submitted to a temperature quendfhi@naq for the presheared sample without inclusions.

(squareg for a presheared cholesteric sample without inclusions
(circles and a presheared sample with inclusidtréangles. The

We conclude that Eq2) and Eq.(3) adequately describe
our data for, respectively, the storage modult’{ ) and

strain amplitude isy=0.05. The solids lines are the fits of the data the loss modulusz”(w) in the linear viscoelastic regime,
to Eq. (3). The values of the parameters obtained from the fits areand, furthermore, that the values of the fit parameters are

listed in Table II.

overall consistent with theoretical expectations.
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FIG. 12. The frequency dependence of the storage modilus 0.001 M
. o : . 0.01 0.1 1 10
for a cholesteric sample with inclusions submitted beforehand to a
preshear(for 500 sec at a shear rate é&lo sec!). Measure- Y

ments were performed with maximum strain amplitudes jof
=0.05 (circles, 0.20 (squares 0.30 (triangles, and 0.40(dia-
mondsg. The solids lines are the fits of the data with E#). The
values of the parameters obtained from the fits are listed in Table

FIG. 13. The maximum-strain-amplitude dependence of the
storage modulu&’ times the strainy for a presheared sample with
Iinclusions. Measurements were performed at frequencies of
=0.1 rad/sec(crosses w=0.3 rad/sec(squares w=1 rad/sec
2. Nonlinear regime (circles. Inset, plateau irG’y as a function of the frequenay.

. . Th lid line i li fit of the data.
Equations(2) and(3) are also used to analyze the data in € soldline s a finear it of the data

the nonlinear regime, attained at higher maximum shear -
strain amplitudes, for the presheared sample with inclusions’.’_cl_do'lts' Th_ere fOIIOW‘:’ a Ip)reglctlgnj%r()tged va/Iun(:ai O.f the
The fits of G’ (w) are shown in Fig. 12 and the results of the Y'€'¢ SIr€SS N our materialer, = y.%;=0.9> dynicm, in

fits of both G’ (w) and G"(w) are summarized in Tables | regsonable agreemgnt with the valyeaqj d|rec'tly de“?r‘
and II. The parameterg, and a,, which characterize the mined from the strain sweep experiments. This provides a

intrinsic viscoelasticity of the cholesteric liquid crystal, re- nontrivial crosscheck of the consistency of our interpretation

main constant in the entire range of strain amplitude invesg)]c the data.

tigated (y=0.05 toy=0.4). This shows that, in this range of

v, the intrinsic response of a cholesteric liquid crystal re- V. CONCLUSIONS

mains in the linear regime, and therefore the nonlinear con- . . ] .
tributions arise mainly from the network of defects. The loss We have studied the rheological properties of cholesteric
modulus G”(w) exhibits a much weaker variation with ~ liquid crystals and related the viscoelastic behavior to the
than the storage modul@' () (Fig. 9. Thus, we focus on defect structures o_f the samples. This (_Jlefect structure can be
the behavior oG’ (w, y). controlled by the introduction of colloidal particles into a

We find that the zero-frequency shear moduBjsis sig- cholesteri(_: quuiq cr.ystal. A .si.mple model accourjting f_or
nificantly smaller fory=0.2 than fory=0.05. This may be both the mtrlnsu; wscoelgstlcny. Qf the cholesteric liquid
a consequence of theldependence of the crossover fre- crystal and the viscoelasticity arising from the defect struc-
guencyw,. predicted theoretically.

In addition, strain sweep experiments were carried out
with strain amplitudes up to 4, for different fixed frequen-
cies (w=0.1rad/sec,w=0.3 rad/sec, andv=1 rad/sec).
The results are summarized in Fig. 13, where we show that
the productyG' (w, y) is essentiallyy independent for maxi-
mum strain amplitudes larger than 0.2. We find that
YG'(w,y)=0y(w). Furthermoreo (w) is found to vary
linearly with the frequencysee inset of Fig. 13 The zero-
frequency limit of o (w) defines the yield stress,, for
which we obtain a value of 0.015 dyn/énBy contrast, from
the values in Table I, it can be seen that, in the range 0.1 ' ' ' '
=0.2, and Ew=<10 rad/secG’'(w, ) is dominated by the ’ ’ )
contribution B4w*? arising from the disoriented parts of the
sample. TheBy dependence itself can be fitted to the form  giG. 14. The fit parametey, as a function of the strain am-
Gy /(1+ ylye) (Fig. 14 introduced by Colby10]. Here, the  piitude y. The values of, are derived from the fits 08’ (w, )
parameterG¢(w) has the meaning o6’ (w) in the linear  for presheared samples with inclusioffég. 12. The solid curve
viscoelastic regime %¥=<0.05 in our caseand y, has the shows a fit of34(7) by the functionG;/(1+ y/vy.) [10], with G;
meaning of ayield strain We obtainG;=0.53 dyn/cmd and  =0.53 dyn/cniand y,=0.18.

Bd (dyn/cm2 sec™)
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ture allows us to fit the frequency dependence of the comthe shear direction. In these cases, the rigidity cannot survive
plex moduli in both the linear and the nonlinear regimes. Theshear-induced alignment of the randomly oriented regions; in
fit parameters are discussed in terms of the defect structuintrast, the defect network stabilized by colloidal inclusions
which exists in presheared and nonpresheared samples, witlad its solidlike elasticity are not destroyed by such shear
or without inclusions. A presheared sample without inclu-alignment.

sions exhibits a fluidlike behavior, while a presheared sample

with inclusions displays a gel-like behavior, with an increase

_of the elastic modulu@’ at low frequency. We in_terpret this ACKNOWLEDGMENTS
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