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The literature on the viscosity behavior of liquid crystals is reviewed with emphasis on the
experimental results. These resuits are discussed in terms of the mesophase structure. Discussion
of polymeric liquid crystals has been excluded since they have recently been reviewed.

INTRODUCTION

This review covers the literature on the viscosity behavior of liquid crystals
from 1972 to mid-1979. The last review dealing with this subject is over ten
years old.! Research in the area of polymeric liquid crystals has grown re-
cently largely on account of their application in producing high-modulus,
high-strength fibers. This class of materials will not be covered here since there
is a recent review which thoroughly examines this area.?

There are many ways that viscosities are measured and a section describing
some of the methods is included. The reader is referred to literature specific-
ally dealing with the measurement of viscosities for a more complete cover-
age.3*

DEFINITION OF TERMS

For all rotational viscometers, the two quantities measured are rate of
rotation and torque. In the concentric cylinder geometry, shown schematic-
ally in Figure 1, the sample is placed between two cylinders with a specified

1 Current address: Celanese Research Co., Summit, N.J., US.A.
11
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FIGURE 1 Concentric cylinder viscometer of the Searle type.?

gap distance. One of the cylinders is rotated at a controlled rate which is
proportional to the shear rate. The torque measured is proportional to the
shear stress. The apparent viscosity of the fluid is defined as the ratio of
shear stress to the shear rate. For simple or Newtonian fluids the viscosity
is independent of the shear stress. However, for non-Newtonian fluids the
viscosity is a function of the shear stress.

In the cone and plate geometry shown in Figure 2, the cone is rotated at a
controlled rate and the torque is measured on the flat plate. The attractive
characteristic of the cone and plate viscometer is that the shear stress and
shear rate are essentially independent of the radius, R, at low cone angles.
This is true in the case of the concentric cylinder viscometers only for small
gap widths. The cone and plate viscometer can be adapted for rheo-optical
studies by replacing the cone and plate by a pair of parallel glass platens.
This is very useful for correlating viscosity behavior with transitions and
textures.

In the rotating field technique the sample is enclosed in a container which
is placed in a magnetic field. As the magnetic field is slowly rotated the torque
produced by the liquid crystalline fluid on the container is measured.
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FIGURE2 Cone and plate viscometer.*

Rotational viscometers are used to measure both steady-state, as just
described, and dynamic properties of liquid crystals. These viscometers are
adapted to dynamic measurements by producing an oscillating rotational
shear instead of a steady rotating shear.

The falling ball viscometer measures the time for a ball to fall through the
test fluid. This type of viscometer can be made from a graduate cylinder
with a rubber stopper having a glass tube in it for insertion of the balls,
The balls can be small ball bearings or a set may be purchased, the members
of which are made of different materials. By using calibrated balls of different
sizes in the same glass cylinder, tests can be performed over a wide viscosity
range.

A capillary viscometer is shown in Figure 3. With this viscometer, the
time t required for a volume V to flow through the capillary of length L and
radius r is measured. The Newtonian viscosity is calculated from the
Poiseuille equation

_ mr*tP
~ 8LV

where P is the applied pressure differential defined as:
P = hgp

where h is the average height of the liquid in the tube, g is the acceleration
due to gravity and p is the density of the liquid. Capillary viscometers are
used in this manner to determine absolute viscosities. Since it is difficult
to determine the absolute dimensions of a fine capillary, the flow time for
a liquid of known viscosity is determined and a viscometer constant C is
measured. A kinematic viscosity, #;, is then calculated using the equation:

i

hrrtg
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FIGURE 3 Ostwald capillary viscometer.*
A more precise form of this equation that is often used is the following;

e = Ct — B

t
The constant B is a term which corrects for the kinetic energy effects. It
is either calculated or determined by calibrating with standards of known
different viscosities. If the flow times of the viscometer are 200 seconds or
more, the kinetic energy correction is small enough so that precise determina-
tion of B is not required. For non-Newtonian fluids, additional corrections
must bemade to account for the non-parabolic velocity profile in the capillary.
Ultrasonic wave propagation is also used to investigate the viscosities
of liquid crystals. Measurements of the attenuation anisotropy are used to
determine values of the five viscosity coefficients found in the equation
describing the attenuation in an anisotropic fluid. There are current reviews
covering the contribution of ultrasonic measurements to the study of liquid

crystals.>~’

There have been new methods developed to measure viscosities of aniso-
tropic fluids. A new type of viscometer has been described which utilizes a
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steel tuning fork capable of measuring a large range of viscosities.® The
viscometer was calibrated and tested with glycerin-water solutions and,
although no measurements were performed on liquid crystals, the possibility
was stated.

The rotational or twist viscosity of the nematic p-methoxybenzylidene-
p-n-butyaniline (MBBA) was determined by a new optical method.® The
liquid crystal was held between parallel glass plates and oriented so that the
director was a in a plane perpendicular to the axis of the incident light cone.
The rotation angle of the interference figure was monitored as the top plate
was rotated and a twist viscosity was calculated through use of a simple
equation.

ORIENTATION

The orientation of the molecules in an anisotropic liquid is important
in defining their rheological properties. There may be a several-fold dif-
ference in viscosity for different orientations of the same liquid crystal at
the same temperature. It is important to note that shear tends to align the
molecules of an anisotropic liquid in the direction of shear flow and care
must be used to insure the desired orientation.

The data in Table I show the viscosities for the three principal orien-
tations in simple-shear flow experiments; these are normally referred to as
Miesowicz viscosities.'® The three orientations, which are commonly
achieved by using a magnetic field, are shown schematically in Figure 4.
Caution must be used when reviewing the literature as the orientations 1,2, 3
are not universally defined as such and may be defined as 2, 1, 3 by another
author. In this review, the definitions found in Table I will be used or the

'r-——-—bv v :—————b-v.
L
! I |
- &
1 ]
| ]
— — —
—p l'lo t no o ﬂo

FIGURE 4 Definition of the Miesowicz viscosities showing relative orientation of the pre-
ferred axis (7,), V and the velocity gradient,32
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orientation will be defined in terms of the long molecular axis and flow
field.

There are several methods which are used to achieve different orientations,
These include the use of electric fields, magnetic fields, rubbing of glass or
quartz surfaces and precipitation of a material on the surfaces exposed to
the liquid crystals. The rubbing method involves cleaning the glass or quartz
surfaces with, for example, chromic acid and then rubbing these surfaces
with a cleaning tissue.!? This results in aligning the molecules of the liquid
crystal with their long axes parallel to the direction of rubbing.

The precipitation method requires the deposition of a material such as
lecithin onto the surfaces exposed to the liquid crystals. This is done by
painting the surfaces with a dilute solution of lecithin in a solvent that vapor-
izes quickly, leaving a thin film. The lecithin thus deposited aligns the
molecules perpendicular to the surfaces.

SMECTICS

The dynamic rotational viscosity in the smectic-C and nematic mesophases
of heptyloxyazoxybenzene has been determined by measuring the mechanical
dissipation in the liquid crystalline phases during oscillation in a magnetic
field.!? The molecules within the smectic layers had no long range positional
order and could reorient about the axis perpendicular to the layers. This
motion was characterized by a rotational viscosity. An Arrhentus plot of the
viscosity is shown in Figure 5. There was a noticeable drop in viscosity at
the nematic to smectic-C transition which was accompanied by a drop in
activation energy from 54.9 J mole™! at the lower temperatures of the
nematic phase to 20.4 J mole~! for the smectic-C phase.

Dynamical rotational measurements were also made on terephthal-bis-
butylaniline (TBBA) which exhibits a nematic and several smectic meso-
phases.'* The viscous energy dissipation was the quantity measured as the
liquid crystal was oscillated in a magnetic field and its behavior as a function
of temperature was used to describe the structure of the various mesophases.

The rotational viscosity of the smectic-A phase of p-n-octyl-p’-cyanobi-
phenyl has been determined by use of a transparent cone and plate apparatus
which allowed inspection of the shear textures.'® The surfaces were treated
with lecithin to obtain a homeotropic alignment, i.e., the smectic layers were
parallel to the surfaces. This is of course impossible since the surfaces of a
cone and plate rheometer are not parallel, but at low angles this condition is
approached. A planar shear flow cell was constructed using glass microscope
slides to better observe the various textures. A disordered focal conic texture
created by shear was observed and the apparent viscosity increased with
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FIGURE 5 Arrhenius plot of the rotational viscosity through the nematic, smectic-C tran-
sition. The quantity plotted y/p, the kinematic viscosity in cgs units, or stokes; v is in poises and
p is the density of the liquid crystal.'?

the fraction of sample that contained this texture. The viscosity correspond-
ing to the flow of the smectic layers sliding over one another was 1.2 poise.
It was suggested that a finite yield stress may exist.

Kim, et al.'® have measured the shear viscosity of p-cyanobenzylidene-
p’-n-octyloxyaniline (CBOOA) by observing the flow through a slit. Near-
Newtonian behavior was observed when the smectic planes were oriented
paralle]l to the slit plates and the temperature dependence followed an
Arrhenius behavior. The flow was non-Newtonian when the smectic planes
were parallel to the velocity and velocity gradient. These measurements were
reproducible only if the sample was run back and forth through the slit
before each experiment to eliminate surface effects.

The flow properties of smectic liquid crystals were measured using a
rotational viscometer at shear rates from 10 to 500 sec™!.'7"'® The am-
monium salts of myristic, palmitic, stearic and oleic acids were used in the
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investigation. The flow in the smectic phase was generally non-Newtonian
and the viscosity versus temperature curves exhibited a sharp maximum, the
height of which was dependent on the shear rates as shown in Figure 6. The
flow behavior was qualitatively explained in terms of the translational and
rotational motions of the molecules in the liquid crystalline state.

The flow behavior of the thermotropic and lyotropic mesophases of
ammonium dodecanoate were determined and compared using a rotational
viscometer at shear rates from 80-600 sec ™ .!° The activation energy of flow
for the thermotropic mesophase (~ 130 kcal mol~') was more than ten
times that of the lyotropic mesophase (~6-12 kcal mol™!') indicating a
greater temperature dependence of viscous flow for the thermotropic meso-
phase. The activation energy for the thermotropic mesophase changed sign
at a temperature corresponding to a maximum in the apparent viscosity
versus temperature curve. The lyotropic mesophase did not exhibit an
anomaly over the temperature range of the experiments. The problems of
comparing the two systems were discussed and the possibility of a com-
parison between lyotropic mesophases and colloidal systems as being
more meaningful was cited.

CHOLESTERICS

The non-Newtonian viscosity of cholesteryl oleyl carbonate (COC) was
investigated using a concentric cylinder viscometer at shear rates from 0.1 to
70 sec” !.?® A maximum in the apparent viscosity occurred at the cholesteric-
isotropic transition which was characterized by non-Newtonian behavior.
The flow curves for the cholesteric mesophase were almost linear indicating
Newtonian behavior. However, at lower shear rates of 0.1-1 sec™ !, a non-
linear or non-Newtonian behavior resulted. This suggests that the cholesteric
structure breaks down at fairly low shear stresses and the near Newtonian
behavior at higher shear rates occurs due to the existence of the second
Newtonian range. The activation energies for viscous flow in the isotropic
liquid were 14.0 kcal mol~! at shear rates of 0.1 sec™! and 25 sec™ . In the
cholesteric phase the activation energy obtained at 0.1 sec™! (26.1 kcal
mol~ 1) was higher than that obtained at 25 sec ™! (16.8 kcal mol™1).

The viscosity of COC in the cholesteric phase was only slightly different
than the viscosity in the isotropic phase.?! The isotropic isotherm of the
log 1 versus pressure diagram, extended into the cholesteric region, was just
lower than the cholesteric isotherm. A sharp peak in the viscosity at the
transition increased with increasing pressure. It was concluded that coupling
between the cholesteric layers was stronger than that between the molecules
within the layers.
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The viscosities of several cholesteric liquid crystals, measured at low
shear rates of 0.1 to 10 sec™?, exhibited large increases in viscosity at the iso-
tropic to cholesteric transition.?? The large viscosities measured using the
falling ball technique were due, in part, to the turbulent flow that was pro-
duced in this type of viscometer. A substance in the cholesteric phase can
exhibit two very different viscosities depending on whether the flow direction
is parallel to perpendicular to the plane of the layers. The falling ball vis-
cometer used at low shear rates probably measured a viscosity that is a
combination of these two orientations. The viscosity behavior of the three
liquid crystals, cholesteryl linoleate (CL), cholesteryl oleate (CO), and
cholesteryl linolenate (CLn), in the isotropic phase, was Newtonian with an
activation energy of 4.8 kcal mol~!. The viscosity of CL and CLn was lower
than that of CO. The larger degree of unsaturation of cis-isomers caused
a decrease in flexibility and a reduction in overall length of the acyl chain
thereby reducing the ability of the molecules to interfere with the flow of
adjacent molecules.

Porter et al.>3 measured the viscosities of mesophase blends of cholesteryl
acetate and cholesteryl myristate as a function of composition, shear rate
and temperature in the smectic, cholesteric and isotropic phases. Measure-
ments were made using a cone and plate viscometer at shear rates of 0.034,
3.4 and 34 sec™!. A viscosity maximum was observed near the isotropic-
cholesteric transition; however, the non-Newtonian cholesteric viscosities
for all compositions were virtually the same, within experimental precision,
at the same shear rates. This was interpreted to mean that the esters were
rheologically and thermodynamically the same and the cholesteric meso-
phase was due solely to the arrangement of the steroid moiety. The choles-
teric-smectic transition was accompanied by a sharp rise in viscosity,
followed by a leveling off or slight continuous increase in viscosity through-
out the smectic phase. This behavior is shown in Figure 7. A break in viscosity,
which may be due to a textural change, was detected for most samples on the
lower temperature side of the cholesteric-isotropic transition.

It was predicted by Leslie?* that capillary shear flow should be Newtonian
for cholesteric liquid crystals when the flow direction is perpendicular to
the helix axis. This was observed in a mixture of cholesteryl chloride and
cholesteryl myristate, 1.65:1 by weight, in a slit at shear rates of approx-
imately 10 sec™!.2% Orientation was maintained by rubbing the surfaces and
use of a magnetic field. Newtonian flow was observed on both sides of the iso-
tropic-cholesteric transition in contrast to the strong non-Newtonian
behavior observed with unoriented samples.

Cholesteric liquid crystals can exhibit shear-induced textural changes.
These textural changes can be associated with changes in the rheological
behavior of the fluid.2%:?7 For mixtures of COC and cholesteryl chloride
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FIGURE 7 Change in viscosity with temperature for a 91.4/8.6 mixture of cholesteryl myri-
state/acetate.??

(CQ), the textures have been related to the flow behavior (in order of in-
creasing shear) as Grandjean (non-Newtonian), focal conic (Newtonian), and
homeotropic (non-Newtonian). A rotational viscometer with a set of large-
radius glass platens allowed observation of the textures at higher shear
rates than possible with a cone and plate configuration. At low shear rates,
the cholesteric helices acted as long rigid rods with length greater than the
pitch. At higher shear rates, a critical shear energy was reached which over-
came the molecular cohesive forces in the helices and fragmented the helices.
Normal force measurements showed a decrease in size of molecular clusters
with increasing shear rate. It was predicted that an isotropic liquid would
result at the limit of very high shear under isothermal conditions.
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The helix structure of COC was unwound to a birefringent texture at a
critical shear rate of 1.5 x 103 sec™!.28 The change in structure was dis-
continuous in contrast to the transition to an unwound structure caused by
an external field. The value for the critical shear rate was comparable to
that reported for the focal conic-homeotropic transition for a 23/77 weight
percent mixture of CCl/COC.?®

NEMATICS

A continuum theory describing the hydrodynamic properties of a nematic
liquid crystal was formulated by Ericksen?® and Leslie.>® The stresses pro-
duced in a nematic during shear depend on the relative orientation of the
nematic axis and may be asymmetric, thus producing a torque. The dissipa-
tive stress tensor, as proposed by Leslie, contains five independent coef-
ficients with dimensions of viscosity. The viscosities measured in simple shear
flow experiments are some linear combination of the viscosity coefficients.
The temperature dependence of the coefficients was investigated experiment-
ally and equations were derived to explain the effect of temperature and shear
on the viscosities of liquid crystals.?'=3® However, more work is still required
for a satisfactory quantitative explanation, as different sets of data present
varying degrees of confirmation to the theories.3®

The three principal or Miesowicz viscosities of MBBA are shown in
Figure 8.4° These were determined by a novel procedure which measured the
flow velocity and the change in birefringence induced by laminar flow
through a duct of rectangular cross section. Measurements were also made on
p-n-hexyloxybenzylidene-p’-aminobenzonitrile (HBAB) and a 1:1:1 molar
mixture of HBAB with p-n-butoxybenzylidene-p’-aminobenzonitrile and
p-n-octanoyloxybenzylidene-p’-aminobenzonitrile which exhibited similar
behavior. Low flow velocities were used so that the measured viscosities were
independent of the shear rate. The viscosities of the 1:1:1 mixture were
essentially identical to those measured for HBAB at the same temperature.
This was a reasonable observation as the three components in the mixture
were chemically similar and the molecular interaction did not change when
one kind of molecule was replaced by another.

Summerford, et al.!! have also measured two of the Miesowicz viscosities
of MBBA and found that their results disagreed with earlier studies. The
experimental method consisted of measuring the force on a thin vane sus-
pended in a container of liquid as the container was lowered at a constant
rate. This motion produced a known velocity gradient in the fluid, while the
force on the vane provided the shear stress. One of the main advantages was
that the effects of flow alignment were minimized by using an extremely
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FIGURE 8 The viscosity coefficients 7, 1,, and 5, of MBBA as function of temperature.
The temperature scale is linear in 77!, , and 5, are defined in reverse of the definitions in
Table 1.4°

small shear rate in a bulk sample. The viscosities were higher by about 0.30
poise than those of Gahwiller.*° 1t is interesting to note that this was also
true of the isotropic phase where the viscosity is Newtonian and independent
of shear rate. By using a magnetic field to orient the liquid crystals, the
viscosity was defined as a function of the angle, ¢, between the direction of
velocity gradient and the projection of the director n onto the plane per-
pendicular to the flow. These resuits are shown in Figure 9 where the solid
curve is the predicted behavior and the dots are data points.

White et al.*' detected a discontinuity in the apparent viscosity of HBAB
at ~91°C with a falling ball viscometer. At this temperature the flow pro-
perties changed from those normally found in a nematic with molecular
alignment, to a regime in which molecular alignment was not observed. The
apparent viscosity was very close to the viscosity when the director was
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FIGURE Y Measured viscosity coefficient of MBBA as a function of the angle ¢. See text for
explanation,!!

parallel to the velocity vector. However, measurements with a Ostwald-
Poiseuille viscometer did not reproduce the discontinuity.

The kinematic viscosity of 24 nematic liquid crystals was measured by
Flanders*? as a function of temperature using the rotating magnetic field
technique. Results were also given for the activation energy of viscous flow.
Data from earlier studies were used to calculate the twist viscosity of eight
nematics.*?

The rotational viscosity of three nematic liquid crystals has been repotted
in a study that disagrees with an earlier report on the flow-alignment angle
of the three nematics.**

The effect of an electric field on viscosity was demonstrated when the
flow speed of a nematic liquid crystal was measured as a function of the
strength of an electric field applied perpendicular to the flow direction in a
slit.** The flow speed changed across a narrow voltage range as the long axis
of the molecules was oriented perpendicular to the flow direction.

Kuss?!¢ has investigated the viscosity-pressure behavior of two nematic
liquid crystals using a high temperature and pressure falling ball viscometer.
The viscosity-pressure behavior for MBBA is shown in Figure 10. The
nematic to isotropic transition was characterized by a sharp peak in the
viscosity-pressure isotherm. The nematic phase had a lower viscosity but
a higher density than the isotropic phase. This was due to the nearly parallel
orientation of the molecules in the nematic phase allowing them to pack
close to each other and yet flow more easily past each other than in the
isotropic phase. Differences in the viscosity-pressure behavior of MBBA
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and p-ethoxybenzylidene-p’-n-butylaniline (EBBA) were detected and attri-
buted to the different effects that density and temperature had on these
liquid crystals.

PRETRANSITIONAL BEHAVIOR

Considerable attention has been given to pretransitional behavior in the
static and dynamic properties of liquid crystals near phase transition
regions. These anomalies are described in a phenomenological theory pro-
posed by de Gennes.*” He compared the nematic to smectic-A transition
to the superconducting and liquid helium transitions. Further work on de
Gennes’ proposal has resulted in the prediction that the twist viscosity of a
nematic should behave according to the pretransitional form (T — T,) ™ *.484°
The value for the exponent describing this behavior is not yet completely

agreed upon.
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Pretransitional effects have been detected in the dynamic viscosity of
several liquid crystals in the isotropic phase near the isotropic-nematic
transition.>®~32 The viscosity displayed a dispersion anomaly in the iso-
tropic phase indicating the presence of a relaxation process associated with
the phase transition. When sufficiently far from the transition normal
Newtonian behavior is observed in both the isotropic and nematic phases.

A logarithimic divergence of the shear viscosity was detected in the iso-
tropic phase of two cholesteric liquid crystals which exhibit the cholesteric
blue phase upon cooling.>® Measurements on a third cholesteric which did
not form the blue phase did not show a pretransitional divergence.

Martins et al.>* have examined much of the existing experimental data
on the critical behavior of the twist viscosity, y,(T), near the nematic-
smectic-A transition. Using a new analytical approach it is shown that the
data agree with the predicted value x = 0.33 for the critical exponent
describing the behavior of y,(T) above the transition. This supports the
helium-analogy theory proposed by de Gennes. The discrepancies arose from
the fact that different authors used different empirical equations for the
regular term in the expression for y,(T).

Hardouin et al.’ pointed out that existing studies on the critical be-
havior of y,(T) have been performed on pure compounds for which the
nematic-smectic-A transition is weakly first order. Measurements were thus
performed on binary mixtures of liquid crystals which were strictly second
order. A divergence in the twist viscosity was detected near the nematic-
smectic-A transition. Interestingly, a divergence was not observed near a
nematic-smectic-A-smectic-C singular point.

The rotational and three Miesowicz viscosities were measured for p-n-
octyloxy-p’-cyanobiphenyl by Léger and Martinent.’® A divergence was
detected in y and 5, near the nematic-smectic-A transition while #, and #,
exhibited normal behavior. The data supported the helium analog prediction
as the value for the critical exponent was 0.36 4+ 0.05. A permeation regime
in the smectic phase produced a large viscosity anisotropy, #,/n, ~ 150.

Ultrasonics have also been used to study pretransitional behavior in
dynamic properties of liquid crystals. The reader is referred to the reviews®’
cited earlier on the use of ultrasonics in the study of liquid crystals for results
of this application.

CONCLUSIONS

It has already been noted*® that more accurate measurements of the viscosity
of liquid crystals are needed. Measurements on other rheological properties
other than viscosity are uncommon. The rheological properties of polymeric
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liquid crystalline melts are almost unknown for the simple reason that these
materials are just being developed. Information in these areas and others
would be helpful in understanding both the structure and processing of
liquid crystals. Additional work near the transition points and polycritical
points might also prove interesting. In general, our understanding of the
rheology of liquid crystals is not complete and further work would be
welcomed.
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Appendix

4-methoxybenzylidene-4'-n-butylaniline, MBBA

HoCO(O)—CH = N={(O)-C4Hg

4-ethoxybenzylidene-4'-n-butylaniline, EBBA

HeC,0 <0)—CH = N<0)—C,4Hg

4-cyanobenzylidene-4'-n-octyloxyaniline, CBOOA

N = C<O)CH = NX0)-0CgH,;

terephthal-bis-butylaniline, TBBA

HgC,<O) = CH<D)—CH = N~0)—CyHg
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4-n-butoxybenzylidene-4'~aminobenzonitrile

HgC0<0)—CH = N<0)—C = N
4-n-hexyloxybenzylidene-4‘-aminobenzonitriie, HBAB

H) 3Cc0<0)—CH = N0} = N
4-n-octanoyloxybenzylidene-4'-aminobenzonitrile

0

H5C,C0<0)—CH = N{O)—C = N

heptyloxyazoxybenzene 0
+

Hy €000 = N~<0)-0C,H,
p-n-octyl-p'-cyanobiphenyl

Cghy <D< = N
p-n-octyloxy-p'-cyanobiphenyl

Caty 0-D0¢ =
ammonium dodecanoate

CH3(CH2)10C02NH4
ammonium myristate

CH3(CH2)]2C02NH4
ammonium palmitate

CH3(CH2)MC02NH4
ammonium stearate

CH3(CH2)16C02NH4
ammonium oleate

CH3(CH2)7CH = CH(CH2)7C02NH4
cholesteryl chloride, CClt

5

1
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cholesteryl acetate

o 4O
H4CCO0

cholesteryl myristate

] JCKSﬁVY
H3C(CH2) co

12

cholesteryl oleate, CO
; L:(SﬁvY
H,C(CH,).CH = CH(CK,),CO

cholesteryl linoleate, CL
0
H3C(CH2)4(CH = CHCHZ)Z(CHZ)GCO

cholesteryl 1inolenate, CLn
°£1§va
H3C(CH = CHCHZ)S(CH2)7C0

cholesteryl oleyl carbonate, COC

0
CH3(CH2)7CH = CH(CHZ)BOCO





