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In this paper we present a review of twenty years of research on cholesteric liquid crystals at the
Chemistry Institute of the University of Sdo Paulo. The results on the interaction forces, responsible
for the maintenance of the helical structure, are a function of the chemical variability obtained in
these systems. The last results obtained using rheological techniques are presented, and research in
this field was undertaken in order to understand the cholesterization process when different systems

and inductors are involved.

I Introduction

Any kind of review concerning the field of Liquid Crys-
tals should begin with the work of Reinitzer [1] and
Lehmann [2], when this class of materials was discov-
ered. However, the results obtained, by the end of the
XIX century, on the fusion of cholesteryl benzoate and
its birefringence observed by means of polarized micro-
scope, had no impact on the scientific community.

Friedel [3], in his classical work dated 1922, stud-
ied several mesomorphic systems observed via the po-
larized microscope, classifying them through their ob-
served textures and properties. He was the first scien-
tist to systematize the knowledge on Liquid Crystals,
creating a complete database introducing the nomen-
clature still in use.

Later, in 1933, the Faraday Society promoted a dis-
cussion about the activities developed during the first
three decades of studies on liquid crystals. It may be
observed that impressive names as Bernal, Lawrence
and Zocher [4] registered their results during this meet-
ing. It is also possible to verify that, by that time,
the field of Lyotropic Liquid Crystals was still almost
completely ignored.

After the Faraday Society Meeting, the subject
“Liquid Crystals” fell into a period of little activity.
The development of new experimental techniques and
new materials would be vital to promote further im-
provement. During this period, the work of McBain [5-
8], clarifying several phase diagrams of binary and
ternary systems based on amphiphile and water, should
be noted.

In 1962, Saupe & Englert [9] observed for the first
time the NMR proton spectrum of benzene oriented on
a Liquid Crystal. Flautt and Lawson [10] made the
great step in lyotropic investigation with the observa-
tion, by 'H NMR, of the broad line of a quaternary sys-
tem based on sodium decylsuphate. At the same time,
Prof. Leonard W. Reeves, professor at the Waterloo
University, Canada, accepted an invitation to start, at
the Chemistry Institute of the University of Sao Paulo,
a new branch of research inserted in the context of
“modern Physic-Chemistry”. It was the beginning of
the research of Liquid Crystals in Brazil.

The investigation into lyotropic liquid crystals
started with the study of the structure of molecules
and ions dissolved in lyomesomorphic systems but, after
1970, the lyotropic micelle became one of the main tar-
get of study in this field, with NMR, especially the 2H
NMR, being the main technique used for this purpose.
The studies of Reeves [11, 12] and Charvolin [13, 14],
during this time, should be emphasized. A basic knowl-
edge about the techniques for order profile analysis of
perdeuterated chains was obtained during this time,
with the basis of the work being developed by Seel-
ing [15, 16] and Smith [17, 18], in their study on bio-
logic membrane structure.

In 1975, Diehl & Tracey [19] obtained, for the first
time, an induced cholesteric lyotropic system with the
addition of sodium 2-decylsuphate to a lyomesophase
based on sodium decylsulphate. However, in this work,
the main objective was not the cholesteric properties
of the system, but the distinction between two optical
isomers of the racemic solute, using NMR.
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It was only in 1978 that Radley & Saupe [20] pub-
lished systematic studies about induced cholestericity
on Lyotropic Liquid Crystals. The investigation of
cholesteric systems, obtained by the addition of choles-
terol, tartaric acid or brucine sulphate, was pioneered
by Saupe and co-workers. It was the beginning of the
activities of Saupe in the investigation into lyotropic
liquid crystals. These authors demonstrated that these
mesophases showed, after an orientation by a magnetic
field, observed by means of the polarized microscope,
textures similar to those observed for PBLG (poly-v-
benzyl-L-glutamate).

The year of 1980 should be considered as a refer-
ence in the field of cholesteric lyotropic crystals, because
it was in this year that new cholesteric lyomesomor-
phic systems, using chiral amphiphiles [21], were pre-
pared for the first time. The term Intrisic Cholesteric
was given to these systems since their micelles were in-
trinsically chiral. It was in the same year that J.A.
Vanin started the study of these systems at the Chem-
istry Institute of the University of Sao Paulo. Several
works using these phases could be developed here in
Brazil [22-28]. Several chiral amphiphiles, derived from
N-acyl-amino acids, were synthesized leading to several
intrinsic cholesteric systems that had their optical and
magnetic properties extensively studied [23-25].

The use of chiral amphiphiles, as precursors of
cholesteric lyomesophases, was responsible for the in-
crease in the number of systems as well as for revealing
the possible anomalies resulting from their cholesteric
properties. The chemical variability obtained in these
new systems would be responsible for a new branch of
research, mainly concerned with the study of intermi-
cellar interactions. Several research projects comparing
the properties obtained for these intrinsic cholesteric
systems, with those obtained for induced cholesteric
ones, were developed over the following years.

The distortion of the helicoidal arrangement due
to the competition between the wall effect orientation
and the twist power of different inductors, was veri-
fied through optical microscopy utilizing polarized light
techniques [26]. The helical twist sense of different in-
duced cholesteric lyophases was determined and it was
possible to observe that the absolute configuration of
the inductor is important only when the inductor is
located predominantly in the aqueous portion [28]. It
was possible to verify, also, that the twist sense does not
exclusively depend on the absolute configuration of the
chiral molecule. When the inductor is located predom-
inantly in the aqueous portion its structure (that com-
prises constituition, configuration and conformation) is
solely responsible for the helical twist sense. A hy-
drophobic inductor, even when submitted to structural
changes due to strong interactions in the hydrocarbon
core, should induce the same helical twist sense for dif-
ferent lyomesophases. Finally, for inductors submitted
to strong electrical double layer interactions, the twist
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sense should be determined by an inductor/micelle in-
teraction [28].

Since the beginning of the studies on cholesteric ly-
otropic liquid crystals at the Chemistry Institute of
the University of Sdo Paulo, the characterization of
cholesteric systems was revealed to be simple in terms
of their basic properties, but extremely complex when it
came to a complete understanding of the fundamental
interactions responsible for the formation of the heli-
cal arrangement. During several years of work it was
impossible to identify different cholesterization mecha-
nisms in relation to phase type and on the nature of its
components [25-28]. In 1995, the search for new tech-
niques that could contribute to the understanding of
the forces acting on these association colloids led us to
Rheology.

The rheologic behavior of a system evaluates its re-
sistance to flow and to deformation, allowing the es-
timation of a macroscopic mean value for the struc-
tural and hydrodynamic interaction between its con-
stituent particles, this being dependent on parameters
like density, stability, molecular mass and particle di-
mensions [29-31]. In recent years, the rheologic proper-
ties of many materials were used by several groups [32-
45] in order to gain information about the spatial ar-
rangement of the units that constitute the system, and
its changes in the phase transition regions [32, 33].

The theoretical studies on liquid crystals rheology
began with Ericksen [46] and Leslie [47, 48], who pro-
posed the flow description of nematic and cholesteric
systems using the continuum theory [48]. Although
some reports exist on the dynamic properties of lig-
uid crystals [49], all of them were limited to parallel
plates, concentric cylinders or capillary flow geome-
tries. The studies on viscosity, using cone-and-plate
geometry, showed complicated results since the direc-
tor’s orientation is not defined at the instant of the
measurement. The problem is particularly complicated
when using large volumes of samples, since the viscome-
ter walls [47] can cause orientation and disclination ef-
fects [49]. Some efforts have been made to determine
the arrangement by optical microscopy under polarized
light, as well as using rheological techniques [32, 33, 50].

Rey [51, 52] developed a theoretical approach to the
rheological behavior of cholesteric liquid crystal sys-
tems. This approach gave important information on
the position and behavior of the helix under the flow.
Rey [51, 52] proposed that if the helix was aligned with
the flow direction, it would untwist and maintain a con-
figuration similar to that obtained for nematic systems.

Shear-induced changes in structure and orientation
in lyotropic liquid crystalline phases of surfactant so-
lutions have met increasing interest over the past few
years. The rheological properties of lyotropic liquid
crystals are often affected by their mechanical history,
which may result in a modification in the microscopic
structure of the material. Cooperative changes in the
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conformation of the flexible layer were associated with
the flow imposed by the shear on lyotropic liquid crys-
tals [35, 54, 55]. It was possible to observe that, for low
shear rate, the lamellae orientation is parallel to the
flow direction while, for high shear rate, the orienta-
tion of the lamellae becomes perpendicular [53]. Shear-
induced transitions were also observed in concentrated
solutions at defined has been done on flexible elongated
surfactant micelles that can break and recombine con-
tinuously as a function of time, being considered as ex-
amples of ‘living’ polymers [56-60].

Results published by our laboratory in this new field
showed that ternary systems, based on sodium decylsul-
phate / sodium sulphate and water, were characterized
by their rheopectic behavior (Fig. 1). For up curves
only, alternation between a dilatant and a pseudoplas-
tic component was observed according to the shear
rate value [34]. The dilatant/pseudoplastic interchange
characterizes the occurrence of structural viscosity, usu-
ally attributable to a localized increase in particle con-
centration, or to progressively greater alignment rates,
due to competition between the flow velocity gradient
and the disordering effect of Brownian motion. In both
cases, the observed behavior can be assigned to a super-
structure breakdown, arising from shear flow. It could
also be observed too that, as a consequence of the sam-
ple reorientation process, the dilatant/pseudoplastic in-
terchange is more pronounced when the time interval
between successive rheograms is increased [34].
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Figure 1. Sequence of rheograms of the N mesophase re-
peated at time intervals of : (o) initial rheogram; (1) 6 min;
(V) 23 min [34].

Np systems, based on sodium decylsulphate,
sodium sulphate, n-decanol and water, also presented a
pseudoplastic rheopectic behavior [34]. A recovery time
can be clearly observed, since consecutive sequences are
not superimposable (Fig. 2), as an effect of an orienta-
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tional competition between flow effects and intermicel-
lar interactions acting in different directions [34].
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Figure 2. Sequence of rheograms of the Np mesophase re-
peated at time intervals of : (o) initial rheogram; () 9 min;
(V) 12 min [34].

Studies developed on N¢ systems, based on dode-
cylsulphate, showed that when the sample was sheared
in an atmosphere without water vapor saturation, an
increase in the apparent viscosity was observed. On
the other hand, the rheograms, obtained on a saturated
atmosphere, showed a decrease in the viscosity [61].
The same system, cholesterized by different amounts
of cholesterol, showed a tendency to align the micel-
lar direction parallel to the flow direction [62]. In this
sense, the more ordered the system, smaller are the
resulting shear stresses. It was also possible to ob-
serve that, for cholesteric systems, this orientation pro-
cess is minimized by the existence of chiral interaction,
which precludes the complete untwisting of the helix.
It was verified that the higher the inductor concentra-
tion, the larger the shear stresses obtained, indicating
an increase in the micellar interaction forces. The yield
stress remains approximately the same, but the increase
in the plastic behavior can be observed as a function of
the cholesterol concentration. It was also observed that
increasing cholestericity leads to an increase in the con-
sistency index, indicating that the system that is more
resistant to deformations, i.e, a helicodal array that is
more rigid due to increased chiral interaction forces [62].

The study of water activity behavior in liquid crys-
tals was reported for lyomesophase based on sodium do-
decylsulphate (SLS), decylammonium chloride (DAC)
and potassium laurate (KL) [63]. The results obtained
for these systems showed that SLS mesophase has more
tightly bound water molecules after the formation of
the helical structure. This result is independent of the
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amount of added solute, showing that, after the initial
cholesterization of the system, the micelle-solvent in-
teraction does not increase with the helical structure
formation [63].

The system based on DAC shows a reduction in the
interaction forces between the micelles and the solvent
after the formation of the helical structure. Rheological
data showed that, the greater the inductor concentra-
tion, the lesser the interactions between micelles in the
system. [63].

The system based on KL showed a decrease in the
water activity only if hydrophilic inductors were added,
possibly because of their higher concentration. No dif-
ference due to the cholesterization itself was observed.
It was observed that the KL system has a loss of wa-
ter rate greater than that of the DAC system. However,
both systems have high loss rates, making it mandatory
to carry out rheological experiments with an adequate
control of humidity [63]. It could be concluded that
each system has an unique behavior in relation to water
activity, due, mainly, to differences in micelle geometry
and intermicellar arrangement, but also to the fact that
they are constituted by different amphiphiles that, in
different ways, interact with the water molecules and
with the free ions in the solution.

The occurrence of edge fracture on lyotropic liquid
crystals during rheological measurements could be well
described for systems based on KL [64]. The results ob-
tained showed that the rheological behavior during the
initial shearing (before any fracture took place) may be
described as nearly Newtonian, although a thixotropic
response causes a small separation between the first
and the second shearing and between the third and
the fourth shearing. The thixopropic response indicates
that the samples contain microdomains, with distinct
orientations, that are broken down into a single do-
main as the shearing proceeds [64]. It could be verified
too that a temperature lowering causes the increase of
both the elastic and the viscous responses of the sys-
tem, which may lead to the conditions necessary for the
occurence of the edge fracture during shearing. Succes-
sive rheograms, performed at different temperatures,
(Fig. 3) showed that the fracture first happened the
fiftth rheogram, where the decreasing of the shear stress
to > 70s~! could be observed. The sixth rheogram, per-
formed at the same temperature as the fifth, showed an
additional decrease of the stress readings after the edge
fracture, indicating a further propagation. At each new
temperature, a decrease in the fracture shear rate was
observed, indicating that the sample fracture increased
to a greater extent than that previously observed ex-
tent, i.e, the fracture orientation did not relax between
any two rheograms. The fracture is stable during the
time required for an ordinary rheological measurement,
unless the temperature is raised [64]. The amount of
shear rate increment along a rheogram determines how
sensitive the fracture behavior of the sample to its pre-
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vious mechanical history would be, it being more sensi-
tive the smaller the size of the increment. It was possi-
ble to reorientate the sample and to repeatedly perform
the fracture procedure on the same sample, showing
that the fracture threshold shear rate increases as the
sample becomes more aligned [64].
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Figure 3. Rheograms of the LK/KCl/DeOH/H>0 system :
— 5" shearing (25.0°C); —|— 6" shearing (25.0°C); -*- 8t*
shearing (22.5°C); -o- 9" shearing (20.0°C); -+- 10" shear-
ing (20.0°C);-A- 11*" shearing (17.5°C); -V- 12*" shear-
ing (17.5°C); -0- 13" shearing (15.0°C); -o- 14** shearing
(15.0°C) [64].

The threshold shear rate for the edge fracture to
occur depends upon the type and degree of the sam-
ple alignment. Nematic lyotropic liquid crystals have
long-range orientational order. The original structure
was formed by several microdomains and the region be-
tween any two microdomains with different orientation
may be viewed as a structural defect. When the sam-
ple is sheared, a local stress increase takes place around
each of these defects [64]. Part of this stress excess is
spent in the form of a plastic work, aligning the micelles,
while the rest of it may initiate a fracture. A compro-
mise between the initiation and the propagation steps
was observed. The presence of defects is necessary for
the fracture to be initiated but a great number of them
in the original sample did not contribute to decreasing
the fracture shear rate [64].

The rheological behavior of cholesteric lyotropic lig-
uid crystals can give information about the chiral forces
involved on the formation of the cholesteric arrange-
ment. The effect of these forces on the orientation pro-
cess of a liquid crystal based on DAC and submitted
to a period of shear was studied [65]. The results ob-
tained showed that the cholesteric system acquires an
initial pseudoplastic arrangement that turns to Newto-
nian as a function of the rest time or the shear time
(Fig. 4). The orientation process should involve an
initial step involving the destruction of the cholesteric
structure caused by shear, leading to the formation of
microdomains with different orientations. In a second
stage these domains will be orientated either by a shear
process or by the performance of the elastic constants
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forming the final structure that is quite similar to the
nematic one [65].
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Figure 4. Rheograms for the cholesteric phase with 0.09%
molar of cholesterol (CDA10): ((J) 1°¢ sweep; (o) 2™¢ sweep
(immediately after first); (A) 10 min after 2"%; (V) 30 min
after 3" [65].

The same DAC system was also studied as a func-
tion of the kind of inductor present in its composi-
tion. The results obtained showed a change in the rhe-
ological behavior dependent on the chiral inductor na-
ture. Phases with hydrophobic inductor showed a vis-
cosity decrease with an increase in cholesterol concen-
tration [66], while an increase in D-(+)-Mannose con-
centration leads to a viscosity increase [67].

Changes in the rheological behavior were also ob-
served according to the amount of solvent present in the
phase. For systems with cholesterol and with a greated
amount of water, the viscosity increases with the time
until reaching a maximum value, followed by a decrease.
This behavior indicates that the phases should suffer
some kind of deformation before reaching their maxi-
mum tensions. After that, an accommodation process
of the structure causes a viscosity decrease [66]. For
the systems with hydrophobic inductors, and with a
lesser amount of solvent, the viscosity decreases to a
minimum value, which is reached later as a function
of increasing inductor concentration. After that, there
is an increase in the viscosity until a constant value is
obtained. This suggests the occurrence of a breakdown
of the structure, followed by its reorientation by the
flow [66].

For DAC systems with D-(+)-Mannose, the rheo-
logical behavior observed is quite similar for phases
with greated or lesser amounts of solvent, i.e., an in-
crease in viscosity to a maximum value, followed by a
decrease [67]. The observed difference is that in sys-
tems with greater amounts of solvent, the maximum
is reached earlier. The increase in the viscosity should
characterize a deformation of the structure with, af-
ter reaching a maximum tension, will be orientated in
a preferential direction, causing a decrease in the vis-
cosity without breaking down of the cholesteric struc-
ture [67].
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The flow activation free enthalpy (AH#) can be de-
termined through the variation in the viscosity as a
function of the temperature [68]. Systems based on KL
and cholesterized by D-(+)-Mannose showed a AH#
decrease with an increase in the cholestericity up to a
limit value of 1 % molar of inductor (Fig. 5). It appears
that after the movement of one micelle, the others are
progressively dragged by the action of the chiral interac-
tion. A positive AS# variation was observed indicating
the existence of a locally transient state being less or-
ganized during the process of micellar diffusion. On the
other hand, an increase in the inductor concentration
leads to a decrease in the AS# and consequently to a
system, as a whole [68].
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Figure 5. Activation flow enthalpy () and natural logarith-
mic of the pre-exponencial factor (o) as function of D-(+)-
mannose concentration. The error bars are the standard
deviations of the linear regression coefficients [68].

The DAC systems cholesterized by cholesterol show
a decrease in the flow activation energy as a function
of increasing inductor concentration [69]. On the other
hand, when D-(+)-Mannose was used, the flow activa-
tion free enthalpy value increases. In the systems in
which a hydrophobic inductor is used, the chiral forces
should help in the micelle flow orientation process. It
seems that, after the movement of one micelle, the oth-
ers would be dragged by elastic forces, decreasing the
flow activation enthalpy. When a hydrophilic induc-
tor is used, flow activation enthalpy with increasing
inductor concentration, probably because the induc-
tor nature allows a greater interaction with the solvent,
thereby acting as a barrier against the micelle flow ori-
entation.

After twenty years of research on cholesteric ly-
otropic liquid crystals we can say that a complete un-
derstanding of the cholesteric structure still remains out
of reach. The route to a complete understanding of the
rheological properties of these systems and the factors
responsible for them are just starting to be known. A
lot of work still remains to be done before a level of com-
prehension, adequate for the complete manipulation of
these systems, is reached.
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