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I. INTRODUCTION

Cholesteryl esters are structurally composed of a cyclopentaphenanthrene ring system
linked via an ester bond at the steroid 3-position to an aliphatic hydrocarbon. The ability
of these molecules to form liquid crystals has fascinated chemists for nearly a century.
Studies of the physical properties of biologically important cholesteryl esters have
suggested a role of the liquid crystalline state in disease processes.'!! Droplets of cholesteryl
esters appear histologically or submicroscopically in a variety of normal and pathological
cellular processes.''? For example, cholesteryl ester droplets have been described in neural
tissue prior to nerve myelination.* The presence of a cholesteryl ester-rich core character-
izes the lipoprotein particles responsible for cholesterol transport in the blood to and from
the tissues.*>'® The adrenal gland accumulates cholesteryl esters for the genesis of steroid
hormones. Pathologically, massive cellular cholesteryl ester accumulations occur in
cholesteryl ester storage disease,'” Wolman’s disease,* Coat’s disease,” Tangier disease™
and cholesterolosis of the gallbladder.® Atherosclerosis is by far the most common and
most devastating result of cholesteryl ester accumulation with both intra- and extracellular
deposits forming a major part of the lesion.®7>!13.116.118

In systems such as cholesteryl ester-rich lipoproteins and atheromatous lesions, the
cholesteryl esters (primarily cholesteryl linoleate and cholesteryl oleate) undergo a phase
transition from a smectic liquid crystal—»disordered liquid phase close to or above body
temperature.**!"” However, in isolated pure systems, these cholesteryl esters not only
have slightly higher transition temperatures but also exhibit an additional intermediate
cholesteric liquid crystal phase.'""" Elucidation of the factors which affect the phase
behavior and transition temperature of pure cholesteryl esters is thus important in order
to understand the phase behavior of cholesteryl esters in biological systems.

*Present address: Department of Medicine, Beth Israel Hospital, 330 Brookline Avenue, Boston, MA 02215,
US.A.

tCorrespondence to this author.
This work was supported by PHS Grants HL26335 and HL07291.
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A number of authors have studied the esters of saturated fatty acids of cholesteryl
in  some detail,!7 1?3 4156.96064T2110 and  we have studied the unsaturated
esters, 142644456061 718310716 Thig review will describe in detail the physical states of
cholesteryl esters. Data is presented from polarizing microscopy. differential scanning
calorimetry (DSC), "C nuclear magnetic resonance spectroscopy (NMR) and X-ray
diffraction, as well as other physical techniques and will provide some unifying concepts
which describe the transition from one phase to another as well as provide a structural
basis for the phase organization.

Although this review concentrates primarily on esters formed between cholesterol and
fatty acids, thio-esters, alkanoics® and ethers® also form liquid crystals. Further, the
long-chain esters of the saturated analog of cholesterol, cholestanol, form thermotropic
liquid crystals and their properties are similar to cholesteryl esters.”™* Finally, a variety
of other sterol esters, including plant sterols, show mesomorphic behav-
ior 971338233 357576 7R9195 98124127 Those interested in the effects of the structure of the sterol
moiety on mesophase behavior are referred to the above articles.

II. CHEMICAL FORMULATION AND NOMENCLATURE

Cholesteryl esters are the condensation product of the polycyclic alcohol, cholesterol.
and an aliphatic carboxylic acid. The basic chemical structure represented by cholesteryl
linoleate is shown in Fig. 1; the steroid cyclopentaphenanthrene nucleus is rigid and
internal rotation about C—-C bonds is prohibited. Standard steroid nomenclature is used
to describe ring carbons and there is a double bond at A.” ¢ An isocytyl aliphatic side chain
is present at C—17 and the fatty acyl chain is esterified at C-3.

Unsaturation in the fatty acyl chain is described by two different terminologies: A and
w. The A terminology indicates the double bond position by denoting the carbonyl carbon
as C-1 whereas, in the w system, the double bond position is indicated relative to the
terminal methyl carbon as C-1. Cholesteryl linoleate, for example, can thus be described
as cholesteryl cis—A*!? octadecadienoate or cholesteryl w-9,6 octadecadienoate, or simply
Cis0, A2 or Cg., -9.6. The w terminology is more useful in biological systems because
unsaturation is limited to carbons beyond the sixth carbon from the terminal methyl, i.e.
linoleic acid with an w-6 double bond must be supplied exogenously. (See volume 9 of
this series.)

This class of molecules is of particular interest because the linkage of the rigid steroid
ring system to a highly mobile fatty acyl chain results in a product whose physical
properties are unique and not readily determined a priori through a knowledge of the
physical properties of cholesterol and fatty acids. In 1888 Reinitzer observed that, on
heating, cholesteryl benzoate “‘melted” first to a viscous turbid liquid and then some
degrees higher became optically clear. In 1889 Lehmann’ studied the intermediate turbid
phase and called it “Fliessende Krystalle” or “Fliissige Krystalle” (flowing or fluid
crystals). Friedel” called this the mesomorphic state, i.¢. a state between solid and liquid.

III. PHYSICAL STATES OF CHOLESTERYL ESTERS

A. Crystalline States

The existence of more than one crystalline form for a given substance is known as
polymorphism. The importance of polymorphism of cholesteryl esters is that not only
might the properties such as solubility, density (volume) and specific heat be different for
one form over another, but also the melting point and mesomorphic behavior may differ
as well. In fact, crystal polymorphism and mesomorphism may be quite closely related.
Crystallization from a mesomorphic state may result preferentially in one polymorphic
form over another and this behavior may provide structural information relevant to the
mesomorphic state.
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F1G. 1. Schematic representation of cholesteryl linoleate. Standard steroid nomenclature is used to
denote ring carbons by number. The w and A conventions are depicted along the fatty acyl chain.

The crystal structures of several cholesteryl esters have been solved by single crystal
X-ray crystallography (Table 1). Three general molecular packing arrangements have been
described by Craven for cholesteryl esters with six carbons or greater: monolayer type I,
monolayer type II and bilayer.*”” For reasons which are unclear at this time, shorter chained
esters do not appear to belong to any of these crystal systems. In cholesteryl esters, the
relative importance of intermolecular chain—chain, ring-ring and ring—chain interactions
will be a factor which determines crystallization to one crystal type or another. These
interactions thus determine the relative stability of polymorphic forms at a particular
temperature (and pressure). Cholesteryl esters which exhibit polymorphic behavior have
one of two crystal forms—monolayer type I or monolayer type II. Three polymorphic
crystal forms for a given cholesteryl ester have not been observed and cholesteryl esters
of the bilayer crystal type apparently do not exhibit polymorphism.

1. Monolayer Type I

Cholesteryl nonanoate,'>'%!% decanoate,'>19% Jaurate >'>'¢1% palmitoleate'”® and ner-

vonate (Sawzik, He and Craven, unpublished data) form monolayer type I crystals.
Crystals of these esters are monoclinic with a P2, space group. Figure 2 shows the crystal
structures of three of these esters viewed along the 5-axis. The unit cell contains molecules
of two types which are not related by crystal symmetry (denoted A and B). The molecules
are packed to form layers with the alkanoate chains of the B molecules and the isooctyl
C-17 side chain of the A molecules at the interfacial region. A molecules are related to
A molecules (and B to B) by the two-fold screw axis through the center of the monolayer.
Several types of interactions have been described by Craven® as characteristic of this
crystal form. The predominant interaction is ring—chain with C- - -C internuclear inter-
action distances of less than 4.5 A occurring between A-chains and A-rings, A-chains and
B-rings and B-chains and B-rings. The acyl chains do not pack with one another; however,
there is some overlap between the ends of B-chains from opposing monolayers. The change
in monolayer thickness is not related to the number of atoms in the acyl chain but rather
is associated with packing requirements of the C-17 isooctyl group of the A-molecules
since, in all cases, overlap of B-chains from opposing monolayers occurs at the C-C bond
seven carbons from the ester linkage. Thermal motions within the crystal structure (not
shown in Fig. 2) indicate that the A-chain which is involved in interactions with both A
and B rings is more restricted than the B chains. The most thermally mobile groups are
the aliphatic groups at the interface. A dipole—dipole interaction between opposed
carbonyl groups of adjacent A molecules may also stabilize the crystal.

2. Monolayer Type I

Cholesteryl esters with a known crystal structure of monolayer type II are cholesteryl
octanoate'>'** and cholesteryl oleate® (Fig. 3a,b). This crystal form is monoclinic, space
group P2,, with two molecules per unit cell. Molecules in the unit cell are of a single type
related to one another by the two-fold screw axis parallel to the b-direction. The molecules
pack in an antiparallel arrangement with significant ring-ring and chain—chain inter-
actions; limited ring—chain interactions, however, are present in this crystal type between
the isooctyl side chain and the C-ring and the fatty acyl chain terminus and the A-ring
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Fi1G. 2. Crystal structures with monolayers of type I in projection down the b-axis. (a) cholesteryl
laurate, (b) cholesteryl decanoate, (c) cholesteryl nonanoate. The two molecules not related by
crystal symmetry are A (ring system viewed on edge) and B.*

of neighboring molecules. The angular methyl groups (C-18, C-19) of adjacent rings
interlock as do the C-21 methyls of adjacent pairs of molecules. An important feature of
this crystal structure is that acyl chains from opposing monolayers interdigitate although
they do not pack in a specific hydrocarbon subcell. In fact, the unsaturated acyl chain of
cholesteryl oleate is kinked in such a manner so as to preserve the linearity of the chain.
This is in marked contrast to the acyl chain of oleic acid (Fig. 4) which, in the crystal,
is bent at the cis double bond.? Analysis of the anisotropic temperature factors for both
cholesteryl oleate and octanoate indicates that the acyl chains are quite mobile. The
mobility of the chain does not appear to be related to the double bond in the cholesteryl
oleate since cholesteryl octanoate also has a large degree of thermal mobility (Fig. 3).

3. Bilayer

The bilayer crystal form was the first crystal structure solved for a cholesteryl ester,
cholesteryl myristate (Fig. 5).** Cholesteryl 17-bromoheptadecanoate is isostructural.'
Cholesteryl myristate crystals are monoclinic, belong to space group A2, with eight
molecules per unit cell. Two molecules (A and B) form the asymmetric unit and are
arranged in an antiparallel configuration to form the bilayer. This arrangement, in contrast

JPLR. 233 D
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F1G. 3. Cholesteryl esters of monolayer Type II crystal structure. (a) The crystal structure of
cholesteryl octanoate in projection down the h-axis. Dashed lines separate the monolayers of type
II. The cholesterol groups have the packing arrangement of cholesteryl iodide.™ The octanoate
chains have been resolved into two randomly disordered conformers, but only the average structure
is shown here. Atoms are represented as 25°, ellipsoids,™ (b) projection of the crystal structure of
cholesteryl oleate along the —b-axis. The crystal type monolayer type II. The +b-axis is directed
below the page so as to present the same view as for the isostructural cholesteryl octanoate. The
oleate chains are almost straight except for a slight kink near the cis-double bond. Atoms shown
as 25° probability ellipsoids.™

to the monolayer structures, permits the accommodation of cholesteryl esters with larger
acyl chains by a simple increment of the bilayer thickness.** Cholesterol rings of adjacent
molecules are roughly parallel to one another. The angular methyls (C-18, C-19) project
between neighboring molecules but do not significantly interact. Ring—ring interactions are
thus probably not a dominant stabilizing force in this crystal form. The hydrocarbon chain
packing is specific and conforms to an orthorhombic subcell. Analysis of the anisotropic
temperature factors indicates that the hydrocarbon chains are relatively restricted as a
result of this specific packing. In marked contrast. the isooctyl groups forming the interface
between the bilayer are highly mobile.

B. The Mesomorphic State

In general, the mesomorphic state has been observed in many cholesteryl esters whose
stability or metastability is related to the degree of unsaturation and the chain length of
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F1G. 4. Molecular arrangement of oleic acid seen along b-axis.?

FiG. 5. Crystal structure of cholesteryl myristate in projection down the b-axis, showing the
bilayers. Atoms are shown as 50%, probability ellipsoids. The two molecules (A,B) which are not
related by crystal symmetry are labelled in the unit cell at top left.”
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the fatty acyl chain """ Some cholesteryl esters exhibit no liquid crystalline meso-
phases while others can exist in either one or two mesomorphic states—a smectic liquid
crystalline phase or a cholesteric liquid crystalline phase. If a cholesteryl ester forms both
a smectic and a cholesteric phase. the smectic mesophase is always the lower melting of
the two, is more grossly opaque and colorless and transmits polarized light more intensely.
The cholesteric phase often exhibits a wide variety of reflected colors. It is grossly
translucent and more fluid than the smectic phase and gives a faint birefringence by
polarizing microscopy.

The first evidence for the structure of the liquid crystalline mesophases was inferred by
microscopy. Grandjean® observed that liquid crystals form “goutte a gradin’ or stepped
drops when viewed on edge and focal conic textures under polarized light. A stratified
structure for the smectic phase was hypothesized and later confirmed by Friedel® through
a detailed optical analysis and by X-ray diffraction. More recent freeze fracture electron
microscopic studies are consistent with this interpretation.* The main structural feature
of the smectic mesophase is that the molecules are arranged in layers usually one molecule
thick (two molecules thick in amphiphiles), with their long axes approximately normal to
the planes of the layers (see Fig. 6). The layers are flexible and glide over one another and
the intralayer molecular spacings arc not uniform as they would be in a true crystal.
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FiG. 6. Schematic representation of a few of the many thermotropic liquid crystalline phases.

Straight line indicates immobile, stiff hydrocarbon aliphatic chain; wavy line indicates melted chain.

Polar or aromatic groups may be at the end of the molecule (f-1) or more centrally located (a-e).

Above, smectic or layered phases with chains normal to layer plane (a.b.c.f.g) or tilled (d.e.h.1).

Note that letters a—i are not related to the common smectic A-H nomenclature.®® Structures {-i

are bilayered structures. Structure g would be equivalent to L, and h to L of Tardieu et al.'”® (From
Small''2)
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Fig. 7. Twisted liquid crystalline structures (a) twisted smectic, (b} and (c) twisted nematic
(cholesteric) structure. (From Small''2)

One-dimensional long range order is thus characteristic of the smectic mesophase. By
polarizing microscopy, the smectic mesophase has a positive sign of birefringence similar
to that of uniaxial crystals in which the long axes of the molecules are also the direction
of maximal refractive index and directions normal to this have minimum refractive indices.

The cholesteric mesophase is strongly optically active and conoscopically displays a
negative sign of birefringence. In this mesophase molecules are also arranged in layers;
however, the long axes of the molecules at right angles to the optic axis and are parallel
to each other over small elements of volume; the whole structure has an either right- or
left-handed twist about the optic axis (Fig. 7). This twist results in a helicoidal type of
structure whose periodicity is related to the wavelength of the transmitted light.** Some
authors suggest that the broad flat sterol moiety of the molecule would be likely to set itself
normal to the optic axis in the twisted structure—this would be most efficient in terms of
molecular packing. Untwisting this structure results in the classical nematic phase from
which no colors are reflected. These mesophases possess only short range molecular order.

X-ray diffraction of cholesteryl esters in the smectic mesophase yields a diffraction
pattern exhibiting a sharp intense diffraction ring at low angles and a diffuse weak
diffraction ring at wide angles. Representative diffraction data from the crystal, liquid,
cholesteric and smectic phases of cholesteryl oleate are shown in Fig. 8. Long range order
in the direction of the long axes of the molecules is reflected in the narrow angle region
while the diffuse outer ring corresponds to the disordered packing normal to the long axes
of the molecules. A truly layered liquid crystalline system, such as occurs with soaps and
phospholipids or with cholesterol/H,O and cholesterol/glycerol, often has several
diffraction orders whose intensities differ.**!"* Such data allow the electron density across
the one-dimensional lattice to be calculated. However, smectic A* liquid crystals have been
shown to have only a single spacing in the narrow angle range (Fig. 8).984:56267.8.121 The
optical properties (focal conic texture) of the smectic phase, as originally described by
Friedel,”” clearly indicate a layered structure. The organization of the molecules within
such a structure, however, is not entirely clear. In the cholesteric phase, however, diffuse
scattering maxima are seen at narrow and wide angles indicative of diminished long range
order and consistent with the structural interpretation of the microscopic data.

*Sackmann and Demus'”' proposed a classification system for smectic phases with the main types denoted
A, B and C. Smectic A is a layered structure with each layer essentially a two-dimensional liquid. Smectic
C is similar to smectic A except that the molecules within the layers are tilted with respect to the normal
to the layer plane. Smectic B is a quasi-crystalline structure and will not be discussed in this review.



144 Geoffrey S. Ginsburg et al.
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Fi1G. 8. X-ray diffraction of cholesteryl oleate. Characteristic wide angle powder diffraction pattern

of cholesteryl oleate in the crystalline state is shown (top). The sample is heated directly to the

isotropic liquid phase and cooled through its mesophase transitions. A diffraction pattern was

recorded in each phase. Note the single sharp narrow angle reflection in the smectic phase at about
0.03 1/DA-". This gives a smectic plane periodicy of 35 A

The hiquid crystalline phases of cholesteryl esters can occur as either stable or metastable
phases. A stable mesophase forms as the crystal melts and is called an ““enantiotropic”
transition, whereas a metastable mesophase forms at a temperature below the crystal melt
and thus forms from an undercooled isotropic liquid (also known as a ““‘monotropic” phase
transition). These transitions may be represented diagramatically as shown in Table 2.

Nearly all the liquid crystal transitions are almost perfectly reversible (assuming the
nucleation and crystallization do not occur prior to reheating). If, however, crystallization
occurs to a crystal of higher melting point, no liquid crystalline transformations will occur
on reheating, and the crystal will simply melt to an isotropic liquid. Stable mesophases can
exist indefinitely in the temperature range above the crystal melt and below the isotropic
liquid phase transition. Metastable mesophases will either crystallize rapidly or can remain
for long periods but eventually will nucleate or can be nucleated with crystalline ester to
form true crystals—the more thermodynamically stable state.
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C. The Liquid State

The liquid state is characterized by a high degree of fluidity and relatively low viscosity.
Molecular motions are quite rapid in this state, and order, in a gross molecular sense, is
lost. For polar, hydrophilic, or aqueous molecules, the forces which maintain liquids are
jonic and hydrogen bonds, but for nonpolar hydrocarbons Van der Waals forces
predominate as the cohesive force. Liquids, under polarized light, display no birefringence
and thus are called isotropic, or zero-dimensional order states. However, the important
concept is that microdomains or cybotactic clusters with short range order must occur in
molten liquids of cholesteryl esters. When one considers that the change in volume from
the crystalline state to the isotropic liquid state of many long chained lipids is only 10 to
15%,"* then some packing order must be maintained in liquids of these molecules. De
Gennes,* McMillan®* and McMillan and Myer® proposed that submicroscopic ordering
must exist in the liquid state several degrees above the phase transition to the cholesteric
or smectic phase. X-ray scattering studies of liquid alkanes” ** and triacylglycerols”
indicate that there are ordered domains of lipids ~200 A in size in which the chains are
roughly parallel and the ends of the molecules are in register. X-ray scattering of
cholestanol® and cholesteryl esters in the liquid state shows two broad maxima (similar
to scattering from the cholesteric phase, but broader and lower in intensity; see Fig. 8).
An analysis of X-ray diffraction data for cholesteryl oleate in the liquid state shows a
measurable longitudinal and transverse coherence length based on the peak width at half
height of the Bragg peaks at low and wide angles, respectively.’ Diffuse scattering from
cholesteryl esters in the liquid state has been observed for many cholesteryl esters
regardless of their phase behavior.

IV. TRANSITION BETWEEN STATES

The changes in structure and physical properties of cholesteryl esters as they undergo
a phase transition can be illustrated with cholesteryl myristate, perhaps the most
thoroughly studied of all cholesteryl esters. Taken from Small'’® is a composite (Fig. 9)
illustrating the calorimetric, densitimetric and X-ray diffraction changes as a function
of temperature. The crystalline state is of the bilayer type which melts at 72°C with an
enthalpy of 11.4 kcal/mol. At the crystal->smectic phase transition, a marked change in
density occurs. Using the density calculated from the crystal and the change in density on
heating,”’ the change in density associated with the crystal melting transition is indicated
in Fig. 9. At this transition, the relevant spacing also decreases from 50.7 to 33 A. Using
2H labeled cholesteryl myristate, Burks and Engelman® showed by neutron scattering that
the molecules in all the phases are in an extended conformation, as will be discussed in
detail in a later section.

The changes occurring between smectic and cholesteric and cholesteric and isotropic
phases are clearly first order changes, as an excess enthalpy and rather discrete changes
in volume are observed. The estimated volume increments for the crystal-smectic,
smectic—cholesteric and cholesteric—isotropic phase transitions are 84.4 A%, 6.3 A® and
~1 A3, respectively. A minor change in the specific heat, indicating a second order phase
change, occurs just below the isotropic—cholesteric phase transition. This transition is
called the blue phase transition.**”™ The exact nature of this second order transition is not
known.

Yang,'” using Raleigh light scattering, observed pretransitional ordering of cholesteryl
2-(2-ethoxyethoxy)ethyl carbonate on cooling from the isotropic liquid phase to the
cholesteric liquid crystal. Short range order dynamical behavior that could be described
by Landau-de Gennes theory and Bragg interference fringes were observed near the
transition. Nematic materials also display some pretransitional effects in the isotropic
liquid phase® but the correlation length in nematic pretransitional ordering remains so
small that its effect on the intensity and width of the Raleigh scattered peak remains
negligible. Thus, Yang’s results would appear to be a consequence of ordering specific to
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the cholesteric phase and perhaps to a specific characteristic of the cholesterol ester
molecule. Hamilton er /. and Ginsburg et al..*' using "C NMR spectroscopy, examined
cholesteryl oleate and linoleate as a function of temperature in the isotropic liquid phase.
Their data suggested specifically that the motions of the sterol ring were anisotropic as
shown by differential line broadening of methine carbons of the ring moiety as the
liquid— cholesteric liquid crystal phase transition is approached. These data are consistent
with the concept described earlier of ordered domains in the liquid phase but that
interactions unique to the cholesteryl ester molecule induce the formation of a cholesteric
phase and that the ring system is probably a major determinant of these interactions.

V. PHASE BEHAVIOR OF CHOLESTERYL ESTERS FROM POLARIZING
MICROSCOPY AND DIFFERENTIAL SCANNING CALORIMETRY

A. Effects of Chain Length in Saturated and Unsaturated Cholesteryl Esters

The phase behavior for saturated and unsaturated cholesterol esters is shown diagram-
atically in Tables 2a and b, respectively. Indicated are the transition lemperatures for each
phase and, if possible, the crystal type as determined by comparison of the X-ray powder
diffraction pattern with those of cholesteryl ester of known crystal structure as determined
by Craven.”? The phase transition temperatures have been plotted as a function of chain
length in Figs 10, 11 and 12. For the saturated series, plots of the transition temperatures
vs. number of carbons in the fatty acyl chain have been divided into odd- and even-chained
esters to eliminate odd—even variation. In general, the short chain esters have higher
crystalline melting temperatures and extension of the chain shows a general trend to lower
crystal melting temperatures. Discontinuities in crystal transition temperatures are cor-
related to changes in the crystal structure which occur at the same chain lengths. For
example, cholesteryl octanoate (Cy,) is a high melting C, crystal of monolayer type I1
whereas cholesteryl nonanoate (C,,) is a relatively low melting C, crystal of monolayer
type I. A similar change in melting behavior and structural organization may be observed
for C,».o and C,,., which have monolayer type I and bilayer crystal structures, respectively.
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TasBLE 2. Transition Temperatures and Phase Behavior of Cholesteryl Esters*
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TABLE 2 (continued).

Chol. Vaccenate Cg., w7 Chol. Petroselinate C,g., 0—12 Chol. 11-eicosenoate C,,., w9
510 520 185 420 458 468
G- ——=sm i G ——— 1 G — = sm—= chT—=1
R/
“cw
C,: Monolayer II C,: Monolayer 11 C,: Monolayer II
Chol. Erucate C,,., -9 Chol. Brassidate Cy,., (1) -9 Chol. Nervonate C,., w-9
s 50.0 635 430 52.5
[——_ ' —— [ —————— | GZT = sm I
Ny

C,: Monolayer I1

Chol. Linoleate Cj;., 06,9 Chol. Linolenate Cz.; ©3,6,9
42 36

Ci 1 G g T _— - 1

ST T T T~ X
$\\\\\ %645 '\\ S~ //3;,0
| S~ | AN ™~ ch
I AN / | ~ //
| 300N A I 6.0 29.7
[ —— G — — = —snf

Chol. 11,14-eicosadienoate Cy, @6,9 Chol. 11,14,17-eicosatrienoate ®3,6,9
35 42 2 40
Crm— — ST} Cr— — —  Sm———— |

*Common name, chain length and double bond position(s) are given if present. The data is presented
diagrammatically utilizing the following symbols: C, = crystal having a melting point higher than the highest
liquid crystal transition; C, = crystal having a melting point lower than the highest liquid crystal transition;
Ch = cholesteric mesophase; Sm = smectic mesophase; I = isotropic liquid melt. If a crystal structure is known,
its crystal type is given according to Craven.? Crystal types are given for several esters which were found by
this work to be isostructural with esters whose crystal structure has been solved.

$Cs.00 Cig.0 and Cy., esters have not been studied by X-ray diffraction but are presumed to have a bilayer crystal
structure.

tCrystal structure from 17-bromo derivative.

Refs: C,; Cy; C,, Barrall and Johnson;!® C,; C; Cy; Cy; Cy; Cy, Gray,® Cy; C,5; Cy; Cy; Cigo Small;"! C,5 C5
Cys; Ci5; Ciq, Davis et al;*® Cyp; Cpy; Co, this work; C,, this work; C,; (compound unavailable); Cyy, @5; Cj6,y @7,
this work; C., 09; C. @6,9; Cg.3 ©03,6,9, Small;"! Cpg 07; Cq 12, this work; Cp @9; Cppy 095 C,y (1)
@9, this work; Cyp., ©6,9; Cy ©3,6,9, Small;''! C,,., w9 this work.

Apparently, within an isostructural series as the number of carbons is increased, the crystal
becomes progressively more stable (increasing 7,,) and more ordered (increasing AH, AS;
see Figs 13 and 14); however, at a specific chain length, packing is no longer favored in
that crystal form. The next crystal form adopted is less thermally stable (i.e. lower T,,)
than the one preceding it but is generally more ordered (i.e. increased AH). Changes in
molecular symmetry and intermolecular interactions resulting from the increase in fatty
acyl carbon units force the molecules into a different molecular packing. Interestingly, the
shortest chain length member of each new crystal form melts directly to a stable liquid
crystalline phase. As the chain length increases and crystal stability supersedes that of the
liquid crystalline phase, the liquid crystalline phases become metastable. The bilayer crystal
form could accommodate any chain length and thus becomes the most stable crystal form
for esters with long (> 13 carbons) saturated fatty acyl chains. Thermal stability of this
crystal precludes the formation of mesophases at chain length greater than 20 carbons (see
below).

The cholesteric mesophase is characteristic of all cholesteryl esters from chain lengths
1 to 20. At shorter chain lengths, this phase is high melting, but as the chain length
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increases the melting temperature progressively decreases. The smectic phase is not
observed in short chain esters until the chain length is ~9 carbons (the literature is unclear
as to whether or not cholesteryl octanoate forms a smectic phase but all reports agree that
cholesteryl nonanoate does). The transition temperature for this phase remains relatively
constant for C, to C,; and decreases from C,, to C,,.

The smectic temperature domain (that range of temperatures over which the smectic
phase is stable) decreases with increasing chain length while the crystalline state becomes
a more favorable thermodynamic state. Specifically, metastability is a characteristic of
cholesteryl esters having a chain length greater than C,, and no mesophases are observed
in saturated esters with greater than 20 fatty acyl carbons. These long chain esters have
high crystal—isotropic transition temperatures and lack significant undercooling on
crystallization. For example, a cholestericesisotropic transition for C,.,, would be expected
(if the cholesteric transition temperature line were extrapolated in Fig. 11) at around
72-73°C, but, on cooling, recrystallization takes place at ~83-C. Apparently. nucleation
to the crystal occurs before the expected mesophase formation and thus no liquid
crystalline transitions are observed. Similar observations have been made in long chain
esters of cholestanol.™

TasLE 3. Selected Thermodynamic Data for Cholestery! Esters®

C 1L C L.C SmeCh ChelL.
n AH AS AH  (Sm/Ch) AS AH AS AH AS Ref.
1 5.29 144 0.09 0.26 b
2 5.35 12.4 0.14 0.37 b
3 3.75 (Ch) 15.5 0.12 0.30 b
4 5.52 (Ch) 14.8 0.13 (.33 ¢
S 6.04 (Ch) 16.5 0.13 0.35 ¢
6 7.27 (Ch) 18.5 0.15 0.40 ¢
7 8.48 21.8 ~0.12 ~0.46 ¢
8 9.69 25.1 0.23 0.63 ¢
9 5.37 (Ch) 15.2 0.06 0.17 0.12 0.36 d
10 7.30 (Ch) 20.3 0.10 0.28 0.15 0.40 d
1 8.88 243 0.21 0.58 0.18 0.50 ¢
12 10.07 23.7 0.34 0.94 0.31 0.86 b
13 9.56 (Sm) 28.4 0.31 0.90 0.19 0.52 N
14 11.40 (Sm) 332 0.34 0.96 0.27 0.75 b
15 11.85 (Sm) 326 0.38 0.95 0.23 0.69 ¢
16 14.60 (Ch) 41.7 0.39 1.14 0.32 0.90 b
17 14.56 (Sm) 41.6 0.44 1.26 0.31 0.89 ¢
18 16.84 47.4 0.39 1.14 0.39 1.13 ¢
19 17.54 49.6 0.45 1.28 0.40 LIS ¢
20 16.43 46.1 0.87 2.52 0.6X 195 £
21 19.17 53.2 f
22 19.33 534 )
24 22.80 626 r
C-~1L. C-->Sm Sm«Ch ChelL.
n A @] AH AS AH AS AH AS AH AS Ref.
(b) Monounsaturated
14:1 9 5 6.37 18.97 0.43 1.30 0.20 0.59 f
16:1 9 7 5.62 17.90 0.41 1.27 0.25 0.77 f
18:1 6 12 2.79 9.60 0.11 0.39 t
18:1 9 9 5.60 17.27 0.36 1.16 0.16 0.51 ¢
18:1 11 7 0.83 2.56 * * f
20:1 11 9 0.63 1.98 0.19 0.60 f
22:1 13 9 5.16 16.2 1.06 3.28 * * {
24:1 15 9 7.50 23.7 1.25 3.84 * * f
(c) Polyunsaturated
18:2 9,12 9.6 5.20 16.52 0.51 1.65 0.18 0.57 d
18:3 9,12,15 9.6.3 4.04 13.08 0.49 1.65 0.10 0.34 d
20:2 11,14 9,6 5.22 16.75 0.88 2.80 * * ¢
20:3 11,14,17 9.6,3 4.86 16.20 0.83 2.66 * * [

* C =crystal; Sm = smectic; Ch = cholesteric; 1.L. = isotropic liquid.
Refs: b, Barrall and Johnson:'” ¢, Barrall et al.'® d, Johnson et al.”* e, Davis et al.** {, this work.
*Smectice-1.L. (no cholesteric mesophase).
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Table 3 summarizes the enthalpy (AH) and entropy (AS) changes for the crystal and
liquid crystalline transitions of the saturated series and these values are plotted in Figs 13
and 14. For esters with less than five carbons in the acyl chain, the AH and AS are variable
and show very little trend. This may suggest that the increase in AH or AS added by
increased chain length is offset by some disordering of ring packing as the chain length
increases. At chain lengths >5 carbons, both the enthalpy and entropy increase. The
increase in enthalpy is ~1.2 kcal/~-CH,~ group, rather similar to many of the other
aliphatic compounds for a tightly packed crystal to liquid transition."'*'> Thus, fatty acyl

Enthalpy (AH) (kcal/mol) (O---0,4—--4)

FiG. 14. Enthalpy (O---O, A---A) and entropy (0—QO, A—A) of liquid crystal phase
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transitions for saturated cholesteryl esters as a function of acyl chain length. O = cholesteric melt,

/A = smectic melt. Data from Table 3.
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contributions to the enthalpy and entropy of meiting appear when the chain length is
greater than five carbons.

Small'"* has extrapolated the enthalpy vs. carbon number separately for monolayer 11,
monolayer I and bilayer packing (between C,, and C,,). and has shown that the intercepts
are zero (monolayer type IT) or less (monolayer type I and bilayer). This suggests that most
of the enthalpy of melting is related to the chain packing and that steroid interactions do
not contribute greatly to the melting phenomena. However, a plot of the enthalpy vs. the
number of carbons from C, to C, (bilayer structure) gives an intercept at about
4.7 kcal/mol, which is not greatly different from some of the very short chain esters or from
pure cholesterol, indicating that ring-ring interactions may contribute significantly to the
enthalpy of melting of these long chain esters.'"” Note that ring-ring interactions arc
important in the bilayer structure (Fig. 5).

In general. the curves in Figs 13 and 14 show odd-even variation and apparent breaks
oceur at Cq 4 and possibly Cy» (1. i.e. at the same fatty acyl chain lengths as occur changes
in crystal structure and crystal transition temperature. The enthalpic and entropic breaks
signify a chain dependent change in the order, symmetry and structure of the crystal phase.
Interestingly. for the mesophase transitions (Fig. 14), breaks in the entropy and enthalpy
curves occur at the same chain lengths as they do for the crystal. These data strongly
suggest that similar interactions determine the order and packing of the crystal and liquid
crystal phases for a given chain length. The properties, interactions and molecular
organization of the liquid crystal may truly be an extrapolation of the crystal structure
and its properties.

Studies of the saturated series of cholesteryl esters thus make it clear that the order and
stability of the solid phase and of the mesophases of these molecules are dependent on the
length of the alkyl chain. Cholesteryl ring systems readily form a cholesteric phase but an
alkyl chain of at least 13 A (nine carbons) is necessary for the formation of a smectic phase.
The relative stability of the crystal form will determine whether or not a given cholesteryl
ester will exhibit thermotropic mesomorphism.

B. Influence of the Unsaturation in the Fatty Acyvl Chain

1. Effect of Double Bond Position

Transition temperatures of monounsaturated cholesteryl esters are quite depressed as
compared with their saturated homologues.'"" In the limited series studied. there is no
obvious relationship between changes in the crystal melting temperature and crystal
structure (again determined by comparison of powder patterns with those of cholesteryl
esters with known crystal structure). With the exception of C.., -7 and C.,., -9 (which
are monolayer Type I). all of the unsaturated cholesteryl esters studied are isostructural
with cholesteryl oleate, 1.e. monolayer Type II.

The monounsaturated -9 series of cholesteryl esters of even numbered chain length
demonstrates a steadily increasing thermodynamic stability of the smectic mesophase with
increasing chain length from 18 to 24 carbons. Cholesteryl 11-eicosenoate (C.,.,). choles-
teryl erucate (C-..,) and cholesteryl nervonate (C.,.,) all have smectice»isotropic transitions
far above their crystalessmectic transitions. Note that no cholesteric mesophase is
observed with chain lengths of > 20 carbons in the monounsaturated series. By extrapo-
lation of the cholesteric+isotropic transition temperature curve (Fig. 12), it can be shown
that between chain lengths of 20 and 21 carbons this transition falls below the increasing
smectic»isotropic transition temperature curve, thus precluding the cholesteric phase. A
stable smectic phase results for monounsaturated cholesteryl esters of chain length greater
than 20 carbons.

In the monounsaturated series C, ., A’, Cs.; A’ C., A°, the transition temperature of
the smectic and cholesteric phases decreases linearly, suggesting that at a constant
ring-to-double bond distance (nine carbons), extending the length of the terminal methyl
portion destabilizes the liquid crystalline phases''®. In fact, the decrease in T,, is directly
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correlated with a decrease in the AH and AS for the smectic phases of these esters,
suggesting that the segment of the acyl chain between the double bond and the chain
terminus disorders the smectic phase. Spectroscopic studies, discussed later in this chapter,
have confirmed that this segment of the chain is indeed disordered.

On the other hand, in the Cj,, w-9, Cy., @-9, Cp.,, 09, C,,., -9 series, the length
of the distal portion of the molecule is held constant (nine carbons) while the ring-to-
double bond distance increases from 9 to 15 carbons. A linear increase in the smectic phase
transition temperature is observed in this series''®. In fact, the smectic phase becomes stable
(higher melting than the crystal) beyond 20 carbons concomitant with the absence of the
cholesteric phase. Thus, the smectic phase is sensitive to double bond position; both the
ring-to-double bond distance and the double-bond-to-terminal methyl distances are
important and have opposing effects on smectic phase stability.

For the smectic phase, defined uninterrupted segments of acyl chain are important,
reinforcing the concepts derived from the saturated series in which a smectic phase was
not found for esters with a chain length of less than nine carbons. In fact, the thermal
behavior of isomers of Cjg,, in which the double bond is located either at A® (cholesteryl
petroselinate), A’ (cholesteryl oleate) or A' (cholesteryl vaccenate) is quite revealing.
Cholesteryl vaccenate exhibits a single stable smectic phase and no cholesteric phase, in
contrast to cholesteryl oleate which has a cholesteric phase and a smectic phase both of
which are metastable. The increment of the ring-to-double bond distance from 9 to 11
carbons is enough to change the phase behavior, stabilize the smectic phase and raise its
transition temperature to a point at which the cholesteric phase can no longer be formed.
In contrast, cholesteryl petroselinate, A® and w12, forms no smectic phase and has a single
monotropic cholesteric phase with long-lived metastability. Its transition temperature is
quite low consistent with its long double bond-to-terminal methyl distance, and the AH
and AS of the cholesteric transition is similar to that of short chain saturated cholesteryl
esters which form only the cholesteric mesophase (Table 3).

Figure 15 is a plot of the total enthalpy and entropy change between the smectic phase
and isotropic liquid phase vs. the ring-to-double bond distance for a series of mono-
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FiG. 15. Influence of double bond position on the total enthalpy and entropy for the smectic to
isotropic liquid phase transition. The total enthalpy (O—0Q) to melt the smectic phase to isotropic
liquid and total entropy (@-—@) of the same transition(s) are plotted vs. ring-to-double bond
distance for a series of A’, A", A’ and A" mono- , di-, and polyunsaturated cholestery! esters.
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unsaturated and polyunsaturated cholesteryl esters. The relationship is linear with
correlation coefficients of 0.99 and 0.97 for enthalpy and entropy, respectively. This
relationship is independent of the double bond-w carbon distance, the overall chain length
and the degree of polyunsaturation as exemplified in the A” series (14:1, 16:1, 18:1, 18:2
and 18:3) of cholesteryl esters and the A'' series (20:1. 20:2, 20:3 and 18:1) of cholesteryl
esters. The conclusions may be as follows: (1) the formation of the smectic phase appears
to be driven by the ring-to-double bond distance; (2) the presence of a double bond
excludes the remainder of the chain from participating in the order of the phase and. in
fact, may disorder it and (3) for a given ring-to-double bond distance increasing
unsaturation toward the terminal methyl does not affect the order of the smectic phase
(see below).

2. Effect of Increasing Unsaturation

The effect of increasing unsaturation will depend on the position of the additional
double bonds. In order to assess the effect of increasing unsaturation independent of
double bond position, two homologous series of esters (C, and C,,) have been studied in
which the ring-to-double bond distance was held constant (A’ and A'', respectively) but
in which the unsaturation was increased toward the terminal methyl group.®!"' The results
show that both the melting points of the crystalline material and the liquid crystalline
transitions of the unsaturated and polyunsaturated cholesteryl esters are considerably
lower than those of their saturated homologues. To illustrate this graphically, the crystal
melting and liquid crystalline transition temperatures were plotted as a function of the
number of cis double bonds in the C,, fatty acids in Fig. 16a and in the C; fatty acids
in Fig. 16b.

In the C,, series (Fig. 16a), increasing unsaturation decreases the crystal melting
temperature but increases the domain of the smecric mesophase (shaded). Cholesteryl
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FiG. 16. Effect of increased unsaturation on crystal and mesophase transition temperatures in a

series of Cy, and Cjq cholesteryl esters. Melting temperature of crystal ([J). smectic (A) and

cholesteric (O) phases plotted vs. number and position of double bonds in the acyl! chain. (a) Data

for the C,, series was plotted (homologous w-9 esters with the exception of Cy,,) and shaded area

represents the temperature domain of the stable smectic phase.® In (b), data fpr w-9 C 4 series

was plotted and shaded area represents the temperature domain of the cholesteric phase although
it is metastable.!"! Data from Table 2.
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arachidonate (Cy,., @—6,9,12,15) also plotted in Fig. 16a is low melting with no smectic
(see above) or cholesteric mesophases. The positions of the double bonds in this ester are
not homologous with the rest of the series, demonstrating a continued dependence of
crystal melting on the degree of unsaturation while reinforcing the notion of a necessary
minimum uninterrupted chain length between ring and double bond required to form a
stable liquid crystal.

Among the C; unsaturated esters, the temperature domain of the cholesteric phase
(shaded area, Fig. 16b) decreases sharply with the number of double bonds. Thus, for
cholesteryl oleate, the cholesteric phase extends from 42 to 47.5° or a range of 5.5°% for
cholesteryl linoleate, this domain is 2.5°; for cholesteryl linoleate, the domain is only 0.3°.
These data suggest that, for cholesteric-phase-forming cholesteryl esters, increasing
unsaturation destabilizes or disorders the cholesteric mesophase. While cholesteryl esters
with a propensity to form stable smectic phases because of long ring-to-double bond
distances, increasing unsaturation further stabilizes the smectic phase. Note that the
smectic phases of the polyunsaturated C,, esters are stable for several days at room
temperature (under-cooled).”

The summed enthalpies and entropies of the smectic—cholesteric—isotropic liquid
phase transitions of 18:1, 18:2 and 18:3 esters and those of 20:1, 20:2 and 20:3 esters are
approximately constant (for the C, series AH ~0.6 kcal/mol, AS ~ 1.96 cal/mol-K; for
the C,, series AH ~0.8 kcal/mol, AS ~2.71 cal/mol-K). Thus, the overall order of the
smectic phase with respect to the isotropic liquid phase is independent of unsaturation in
the homologous series in confirmation of the suggestion that, for a given chain length, that
portion of the chain beyond the double bond does not participate in the order of the phase,
while the ring-to-double bond segment does.

VI. VISCOSITY, FLUIDITY AND MOLECULAR MOTIONS

Viscosity measurements have been made in the liquid crystalline and the liquid phases
of a few cholesteryl esters.'™>!? A relatively complete study of the viscosity of cholesteryl
myristate at different shear rates using a column and plate viscometer was conducted by
Sakamoto et al.'” A plot of the log of viscosity vs. 1/temperature is given in Fig. 17. The
inset shows the effect of increasing shear rate on the viscosity of the smectic, cholesteric
and isotropic phase. Both the smectic and the cholesteric phases are clearly non-Newtonian
and their viscosities decrease with increasing shear rate. The isotropic phase measured at
one degree above the cholesteric-isotropic transition appears to be Newtonian. The nearly
linear decrease in the log of viscosity vs. shear rate indicates that the viscosity of both the
smectic and the cholesteric phases will reach a limiting value of viscosity similar to the
isotropic phase at higher shear rates. The cholesteric phase is much more sensitive to shear
rate than the smectic phase. The authors believe that the structures of the smectic and
cholesteric phases were disrupted at these high shear rates. The energies of flow activation
may be calculated from a plot of the log of viscosity vs. 1/T. For cholesteryl myristate,
the activation energies in kcal/mol are 11 to 16 for liquid crystalline states and about 8
for the isotropic liquid state.

A distinct maximum in viscosity occurs at the isotropic—cholesteric transition. Similar
maxima have been reported for cholesteryl oleyl carbonate.'”® The maximum is shear rate
dependent and at high shear rates it is reported to disappear'® and is believed to be the
result of flow turbulence created at the phase transition.

The suggestion that the ring systems play a large role in the organization of the
cholesteric phase is supported by vibrational spectrographic studies of cholesteric and
liquid states.”” In these studies, the Raman spectra were interpreted to show that, at least
in terms of the Raman time scale, the cholesteric phase was more “crystalline” in terms
of the ring system. In contrast, infrared and far infrared spectra of cholesteryl laurate in
the cholesteric phase were interpreted by Shivaprakash et al.'® to show that the fatty acyl
chain is extended in the cholesteric phase and that perhaps the extended chain stabilizes
this phase.
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F1G. 17. The log of viscosity vs. l/temperaturc for cholesteryl myristate at different shear rates. The
inset shows the viscosity of each phase at different shear rates.'"’

PC NMR studies of cholesteryl oleate, nervonate and erucate, which differ only in the
number of carbons between the carboxyl and the first double bond, help to unravel
questions about what kind of ordering occurs in the isotropic phase and what forces
initiate the formation of either the cholesteric phase or the smectic phase.®’ Cholesteryl
oleate first forms the cholesteric phase a few degrees above the smectic phase whereas both
cholesteryl erucate and nervonate form stable smectic phases without forming a cholesteric
phase.®

Previously, few studies examined neat cholesteryl esters by NMR. 'H NMR?52#7417
showed non-exponential spin-lattice relaxation in the liquid and liquid crystal phases and
marked abrupt increases in linewidth on going from liquid to cholesteric and from
cholesteric to smectic. The early data suggested that at least two types of molecular
motions were responsible for the relaxation process. ApSimon ez al.® used “C NMR to
show that anisotropic motions characterized the cyclopentaphenanthrene ring system in
various steroids and suggested that modes of rotation about the long molecular axis were
preferred.

The high spectral resolution obtained by Ginsburg er «/.°" at 50.3 MHz in a natural
abundance C NMR study of liquid cholesteryl esters provided numerous well-resolved
single carbon resonances from both steroid ring carbons and fatty acyl carbons which were
used to probe the temperature-dependent dynamics of these two components of the
cholesteryl ester molecule. The *C NMR spectrum of neat cholesteryl oleate and the peak
assignments are given in Fig. 18. Protonated carbon resonances of the fused steroid ring
system exhibited a large range of linewidth values which were temperature sensitive. In the
isotropic liquid phase near the liquid—liquid crystal transition temperature, 7,,, methine
carbon resonances showed a nonlinear differential broadening with decreasing tem-
perature; the increasing C-3/C—6 linewidth ratio reflects steroid ring motions which are
increasingly anisotropic.®*'" Analysis of the linewidth data in terms of temperatures
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F1G. 18. Proton-decoupled natural abundance *C Fourier transform NMR spectra in the isotropic
liquid phase (a) and (b), the cholesteric phase (c) and the smectic phase (d) of (neat) cholesteryl
oleate. Spectra were recorded at 50.3 MHz after 250 accumulations with the use of a 10,000 Hz
spectra width, 32,768 time-domain addresses and a recycle time of 1.62 s. Spectra (a) and (b) were
recorded at 10° (7,,+ 10°C) and at 1° (T,, + 1°C) relative to the isotropic liquid < cholesteric
phase transition temperature (7,,), and 1 Hz digital line broadening was applied to increase the
signal-to-noise ratio. Spectra in the liquid crystalline phases (c) and (d) were processed with 3 Hz
digital linebroadening. All spectra were normalized to spectrum (a), and thus a four-fold vertical
expansion was used in printing spectra (c) and (d). All insets were printed with a two-fold vertical
expansion of the main spectrum. The inset in spectrum (d) is from the same data set as the main
spectrum except after 1500 accumulations. The assignments are indicated as follows: numbered
peaks correspond to ring carbons as in Fig. 1; fatty acyl carbons are indicated by chemical formula
with the symbol ~ beneath the specific carbon(s) represented by the peak. The triplet at
~128.0 ppm is from the C,D; lock. Reproduced with permission of Ginsburg er al.%'

relative to T,, (Fig. 19) showed that the esters with a stable smectic phase and no cholesteric
phase (nervonate and erucate) had smaller linewidths for the C-3 and C—6 resonances and
smaller linewidth ratios (C-3/C-6) at any temperature relative to 7,, when compared with
the esters exhibiting a cholesteric phase (oleate and linoleate). Thus, at any relative tem-
perature above T,, the steroid ring motions of the nervonate and erucate esters were more
rapid and less anisotropic than those of cholesteryl oleate and linoleate.

Ring ordering is apparently an important feature of liquid crystalline phases of
cholesteryl esters, and a higher degree of ring ordering is characteristic of the formation
of a cholesteric phase. In fact, calorimetry studies on dicholesteryl esters have shown that
these lipids undergo a cholesteric—isotropic liquid phase transition, with at least twice the
expected entropy, indicating that the steroid ring interactions are important in ordering
the cholesteric phase.'®
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FiG. 19. Plots of linewidths of resonances for cholesteryl ester ring carbons C-3 (O). C-6 (A)
and fatty acyl terminal methyl ([7) resonances vs. temperature relative to isotropic liquideliquid
crystal transition temperature (7,,) for (a) cholesteryl linoleate, (b) cholesteryl erucate, (c)
cholesteryl oleate and (d) cholesteryl nervonate. Data was acquired under the same conditions as
in Fig. 18 (a) and (b). In all cases, the digital linebroadening introduced to increase the
signal-to-noise ratio was subtracted from the measured linewidth to give the values plotted. The
temperature at which a liquid crystal phase forms from the isotropic liquid (7,,) is indicated by
a vertical dashed line. The type of liquid crystal below this temperature is indicated to the left of
this line (printed vertically) for each system.

The motions of a fatty acyl carbon can be approximated by assuming a single “effective”
correlation time.¥ If motions are rapid and isotropic, then the increasing NT,’s reflect
decreasing “‘effective™ correlation times (increasingly rapid rotations). The relatively long
correlation times of the FA-2 and FA-3 (Fig. 20) result from the close proximity of these
carbons to the anchor point on the bulky ring system, and the relatively short correlation
time of the terminal methyl results from the additional degrees of rotational freedom and
the flexibility of the end of the long chain (Fig. 20).

T, gradients along hydrocarbon chains have been documented in numerous “C NMR
studies. For n-alkanes, NT, values increase away from the center of mass of the chain,*-'**
while for long chain-fatty alcohols and acids'", short chain phospholipids in micelles” and
long chain phospholipids in vesicles™””*' NT, values of fatty acyl carbons increase away
from the anchor point at the polar bond. For neat cholesteryl esters, the most striking
feature of NT, vs. carbon number profiles is the constancy of NT, in the region of the chain
between the C-3 and the olefinic carbons. This result indicates that the effective correlation
times are similar and the motions are restricted in this portion of the hydrocarbon chain
relative to the terminal methyl end of the chain. A plateau in T, profiles appears to be a
feature of fatty acyl T, values of phospholipids in vesicles® and in micelles® but is absent
for monomeric solutions of short-chain phospholipids.”® The plateau is much less
pronounced for cholesteryl esters in CDCIl; solution suggesting that intermolecular
interactions are an important determinant of the acyl chain motions in neat esters.
Although liquid cholesteryl esters do not have a defined orientation as do phospholipids
in vesicles, strong hydrocarbon chain associations may take place perhaps within
microdomains in the liquid phase.
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F1G. 20. Semilogarithmic plots of NT, (where N =number of directly bonded protons and
T, = measured spin-lattice relaxation time) vs. carbons along the fatty acyl chain in deu-
terochloroform (0.2 M), O, @; and for the isotropic liquid at T,, + 10°C,A,A; at T,, + 1°C,[1,I;
for cholesteryl linoleate (a), cholesteryl erucate (b), cholestery! oleate (c) and cholesteryl nervonate
(d). Abscissa represents the fatty acyl chain of each system; C — 3 is the point of attachment to
the cholesterol ring carbon 3 and the acyl chain carbons are numbered consecutively from the
carbonyl. Closed symbols are values measured for a well resolved peak assigned to a single carbon
or to two adjacent carbons. Open symbols are values measured from a peak assigned to two
non-adjacent carbons. Solid line connects values measured for adjacent carbons for which T, was
measured. Dashed line connects values for non-adjacent carbons. It is important to note that
although values are not plotted for unresolved methylene carbon resonances, T, values were
obtained for partially resolved resonances for these carbons and none exceed the value of the
dashed line between carbon 3 and the double bond. Note also that CH,CH; resonance includes
C-26,27 methyl carbons.

Thus, these results suggested specifically that, as a result of intermolecular interactions,
fatty acyl chains of the four liquid esters are in an approximately extended configuration,
at least up to the double bond region. An extended configuration of the fatty acyl chain
had been previously suggested for cholesteryl esters in the liquid state near T, from X-ray
studies'” and recently by neutron scattering studies of deuterated cholesteryl myristate.?

On the basis of spin-lattice relaxation time measurements for fatty acyl carbons,
Ginsburg et al.*' showed that the ring-to-double bond region of the chain had relatively
restricted molecular motions in the isotropic liquid phase (Fig. 20). The two esters which
form stable smectic phases, erucate and nervonate, had significantly longer regions of
hydrocarbon chain interactions than the two esters which form cholesteric phases, linoleate
and oleate. These data were consistent with the direct correlation between the ring-to-
double bond distance (carbons) and the AH and AS of the smectic—liquid transformation.
Order between the ring and double bond is illustrated in the crystal structure of cholesteryl
palmitoleate at 298K (Craven and Sawzik, unpublished) in which the unit cell contains
three different types of fatty acyl chain, each differing in conformation beyond the double
bond but which maintain a relatively rigid conformation between the ring and the double
bond. The earlier conclusion that the hydrocarbon chain region between the w-9 double
bond and the terminal methyl does not participate in the order of the phase is consistent
with the T, results showing that carbons beyond the double bond(s) have relatively rapid
and/or unrestricted motions, which may exclude these carbons from strong intermolecular
interactions. The similarity between the NMR and crystal data suggests again the
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structural similarity between the crystal and liquid crystal phases as well as the isotropic
liquid phase near the phase transition.

A quantitative treatment relating the linewidth values of the steroid ring methine carbon
C-6 and C-3 ring rotation based on the model of Woessner'™ has been recently
developed.®"™ In this model, the shape of the cholesteryl ester molecule is approximated
by a prolate ellipsoid with the z-axis passing through the length of the molecule (see Fig.
21). The two shorter axes orthogonal to the z-axis, which describe the motions of the ring.
are considered to be of equal length (a simplification of the true picture). This model was
used to calculate the rotational correlation times (z,. and 7,.) from the linewidth data.”
The rotation about the long axis (t,-) is in the order of 10" ?s and rotation about the shorter
axis (t,,) 18 about 50 to 100 times greater; that is, the motion is much slower. This is (ruc
for all the cholesteryl esters studied. As a function of decreasing temperature towards the
transition temperature, correlation time t,, increases four-fold while 7, increases only
two-fold. Thus. cooling towards the transition temperature restricts rotation about v more
than about -. As stated previously, however. use of this rod-shaped model 15 an
oversimplification. The two short axes are not the same (~ 5 and 7 A) and the two faces
of the ring are clearly not identical. Furthermore, the formation of a cholesteric phase
implies ring-ring interactions that are relatively specific and, to some extent. dependent
upon the chemical structure of the ring. Further work will be needed to sort out the specific
interactions of the ring in the cholesteric phase.
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FiG. 21. Top. A schematic of the cholesteryl ester molecule which is assumed to be a prolate
ellipsoid having a long molecular axis (z) and a short molecular axis (x). The z-axis. as defined
by Quinn, ' passes through the C-3 and C-13 carbon nuclei and the x-axis is non-unique and may
assume any orientation perpendicular to the z-axis. 7, and t,, are the correlation times which
describe motions about these axes as shown. Bottom. Plot of the ratio of calculated rotational
diffusion correlation times t, and 7,_ vs. the linewidth ratio of the C-3 and C-6 cholesterol ring
carbon resonances at T,, + 10°C (closed symbols) and T,, + | ‘C (open symbols) for four cholesteryl
esters (values from Table 5). (.M =cholesteryl oleate; O,@ = cholesteryl linoleate:
A\.A = cholesteryl erucate,\/, ¥ = cholesteryl nervonatc. The relationship is linear with a cor-
relation coefficient of 0.93. The dashed line indicates extrapolation of the relationship to a linewidth
ratio of 1.0 (see text).
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As a general summary, it is ¢lear that some ordering in the liquid phase is present and
that tumbling about the short axis is much less likely to occur than rotation around the
long axis. Furthermore, interactions increase as the temperature decreases, and, if
chain—chain interactions are weak, a cholesteric phase will be formed. On the other hand,
if chain—chain interactions are strong, as in the case of esters with a long distance between
the ester group and the first double bond, than a stable smectic phase will be formed before
ring-ring interaction is strong enough to nucleate a cholesteric phase. Finally, if the chain
is saturated and long, nucleation and crystallization will occur at temperatures above the
temperature of potential formation of the liquid crystals and no liquid crystalline phases
can be formed.

VII. CRYSTAL AND SMECTIC MESOPHASE STRUCTURE OF
CHOLESTERYL ESTERS FROM X-RAY POWDER PATTERNS

The structure of the liquid crystalline phases of cholesteryl esters has been enigmatic for
nearly three quarters of a century. Not much more is known beyond the original
interpretations of Grandjean and Friedel in 1922.5 As stated earlier, the smectic phase
is characterized by a single order reflection at narrow angles and diffuse scattering at wide
angles (Fig. 8). Smectic A liquid crystals have been shown to have only a single spacing
in the narrow angle range.*¢#%12! This, together with the optical properties of the smectic
phase, clearly indicates a layered structure. Several investigators have modeled the
structural organization of this mesophase based on the crystal structure of cholesteryl
myristate and assuming that an overall extended conformation of the molecule was
maintained from phase to phase.!** It was not until recently, however, that this
assumption was proved correct. Neutron scattering from cholesteryl myristate, in which
the w and isooctyl carbon hydrogens were substituted with deuterium, showed that the
molecule maintains its extended conformation in the crystal, smectic, cholesteric and
isotropic liquid phases.® With this important contribution, the mesophase structure of
cholesteryl esters can be approached by interpolation between the crystal structure and the
interactions in the isotropic liquid phase, provided the thermodynamics and phase
behavior between the two are known.

Table 4 presents data from X-ray powder patterns of saturated mono- and poly-
unsaturated cholesteryl esters having a variety of chain lengths, double bonds and double
bond positions. The dy, (or symmetry allowed primary diffraction) spacing for the
crystalline material and the smectic phase (recorded in the stable temperature domain) are
presented. A plot of the Bragg spacing represented by the dy, reflection from both the
crystalline and smectic phases vs. the chain length of saturated and monounsaturated
cholesteryl esters is shown in Figs 22 and 23, respectively.

Crystals of long chain C,; to C,, saturated cholesteryl esters are an isostructural series
of the bimolecular layered type. The slope of the line of dy, vs. chain lengths for the even
numbered members of this series is ~1.30 A/carbon, indicative of a nearly perpendicular
arrangement of the acyl chains to the bilayer interface (001 lattice plane). The intercept
of 31.4 A corresponds to the hypothetical spacing expected from a unit cell at zero chain
length. This reduction would yield two antiparallel cholesterol ring systems with a long
axis dimension of 15.7 A per ring, consistent with the long axis dimension of cholesteryl
monohydrate which, as determined from the crystal structure, yields a value of 17 A per
carbon ring including the isooctyl side chain.!

In general, the medium and long chain monounsaturated cholesteryl esters crystallize
as monotayer Type II. A plot of the Bragg spacing from the dg,, reflection in the crystalline
state (Fig. 23) shows an increase in periodicity which is correlated with an increase in
carbons along the alkyl chain (r = 0.99). The increased spacing is not correlated specifically
with changes in the ring-to-double bond distance nor with the double bond-to-w carbon
distance as exemplified by the similar spacing for three Cj,., isomers with w-7, @-9 or
w-12 double bonds. As a model for the packing of unsaturated esters in a monolayer, Type
II packing cholesteryl oleate (Fig. 3) shows that, in spite of the double bond, a linear chain
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TABLE 4. X-Ray Long Spacings for Cholesteryl Esters

Common name [UPAC name Crystal Smectic  Cryst.
n (Cholesteryl...) (Cholesteryl.. ) (dyy) (A) Structure  Ref.
(a) Saturated
8 Caprylate Octanodte 14.1 ¢ MLII Kl
10 Caprate Decanoate 29.3 28.3 MLI b
12 Laurate Dodecanoate 30.3 30.5 MLI b
14 Myristate Tetradecanoate 50.7 33.0 BL i
16 Palmitate Hexadecunoate 52.8 R Bl b
18 Stearate Octadecanoate 54.5 37.5 BI h
20 Arachidate Eicosanoate 58.5 39.5 BL a
22 Behenate Docosanoate 61.4 v BL A
24 Lignocerate Tetracosanoute 635 ¢ BI N
(b} Monounsaturated
14:1 (w5) Myristoleate cis-9 tetradecenoate 17.0 30.3 a
16:1 (w7) Palmitoleate cis-9 hexadecenoate 349 333 t
18:1 (w7) Vaccenate civ-11 octadecenoate 18.5 356 a
18:1 (w9) Oleate cis-9 octadecenoate 18.7 35.5 MLII d
18.8 36.0 MLIT 4
18:1 (w12) Petroselinate cis-7 octadecenoate 18.2 ¢ BL i
20:1 (w9) cis-11 eicosenoate 19.8 38.1 i
22:1 (w9) Erucate cis-13 docosenoate 20.2 40.3 MLH a
22:1 (w9) (1) Brassidate trans-13 docosenoate 29.7 d a
24:1 (09) Nervonate cis-15 tetracosenoate 429 43.5 MLI a
(¢) Polyunsaturated
18:2 (w6.9) Linoleate cis-9.12 octadecadicnoate 40.3 35.0 ¢
18:3 (3,6,9) Linolenate cis-9.12,15 octadecatricnoate ~ 27.85 b
20:2 (w6.9) Gondoate cis-11.14 eicosadienoate 39.9 381 b
20:3 (03.6.9) cis-11.14,17 eicosatrienoate 19.0 37.8 b
20:4 (w6,9,12,15)  Arachidonate cis-5,8.11,14 eicosatetraenoate 19.7 * b

Refs: a, this work; b, G. C. Shipley, M. Halks, and D. M. Small (unpublished results); ¢, no smectic present
(see Table 2).
*Not attainable.

Saturated Cholesterol Esters

dpo1{2.0) or dgg1/2(0) spacing R)

Number of Carbons in Fatty Acyl Chain

FiG. 22. dy, spacings vs. chain length for saturated cholesteryl esters. The Bragg spacing

corresponding to dy, (or symmetry allowed primary diffraction) reflection for crystalline (C1.2\)

and smectic phase (O) cholesteryl esters is plotted as a function of carbons in the fatty acyl chain.
Isostructural series plotied on the same line and are labeled accordingly. Data from Table 4.
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FI1G. 23. dy, spacings vs. chain length for monounsaturated cholesteryl esters. The Bragg spacings

corresponding to the d,, reflection for crystalline ((J) and smectic phase (O) cholesteryl esters are

plotted as a function of carbons in the fatty acyl chain. Isostructural series are plotted on the same

line and are labeled accordingly. Isomeric C,, cholesteryl esters are w-7, w-9 and w-12. Data from
Table 4.

conformation is maintained. The slope of the line calculated from the dy, spacings from
the isostructural series is 0.49 A/carbon. The angle, calculated from this value, which the
chain (and thus the long molecular axis) makes with the 001 lattice plane is approximately
23.0°—in reasonable agreement with the angle measured by Craven and Guerina*¥* of
26.5° for cholesteryl oleate. This close agreement between the data from Fig. 23 and the
crystal data further substantiates not only the accuracy of the powder pattern data but
also the assignment of these esters as isostructural with cholesteryl! oleate.

If the d spacing for the smectic phase of each cholesteryl ester is plotted against the
number of carbons in the chain, a rather interesting difference emerges between the
saturated and monounsaturated series.” The saturated esters have d spacings about 1.5
to 2.5 A greater than the unsaturated series. Further, the lines are different. The slope for
the saturated system is 1.14 A/~CH,—, while for the monounsaturated series, it is
1.21 A/~CH,~. Therefore, the chains must lie fairly normal to the plane of the putative
smectic layers. Even if the chains were fully extended (1.27 A/~CH,-), the angles of tilt with
respect to the layer plane would be 74° and 65°, respectively. However, the rheologic,
spectrographic and X-ray data all indicate that the chains are not in a rigid, totally
extended state, but are rather in a “liquid” state. Further, the estimated volume of the
—~CH,- group in the liquid crystal phase is around 28 to 29 A%/~CH,—,""* a value consistent
with nearly liquid chains. If the volume were 29 A*/~CH,- group, then the surface area
of the chains, normal to the layer plane, would be about 25 A2 for the saturated series and
about 24 A2 for the unsaturated series.''’ The latter value clearly suggests that the double
bond is “‘straightened out” in the smectic state, perhaps like it is in the crystal structure
of cholesteryl oleate (see Fig. 3b).

I'he extrapolation of the d vs. n lines to zero indicate the thickness of the cholesterol
region in the smectic phase. The estimated thickness of the sterol region of the saturated
esters is 17 A, quite close to the extended length of the cholesterol molecule (17.5A),
indicating that the sterol axis lies nearly normal to the smectic planes. The thickness of
the cholesterol region of the monounsaturated series is only 13.8 A, and this suggests that
the sterol axis is tilted about 54° with respect to the smectic phase. Thus, the saturated
series appears to be a smectic A liquid crystal (molecular long axis normal to smectic
planes), while the unsaturated series is a smectic C liquid crystal (molecular long axis tilted
with respect to the smectic planes).

dgo; spacings from monolayer Type I crystals fall on a line nearly identical to that in
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slope and intercept as the smectic phase of saturated cholesteryl esters. This observation
would suggest that an orientation of the cholesteryl ester molecules in this crystal tvpe may
be related to the molecular arrangement of the cholesteryl esters in the smectic phase. Al
zero chain length, the unit cell of monolayer Type | would consist of four sterol nuclel,
two opposing A’ molecules and two adjacent antiparallel "B molecules. A dependence
of unit cell dimension on chain length is #ot obvious since chain overlap occurs at the
interfacial region. Additionally, only two cholesteryl esters with smectic phases pack i this
crystal form. Therefore. modelling of a chain length dependent structure for the smectic
phase based on this structure is difficult. However, the “B™ molecules are probably a
structural element common to the crystal and smectic mesophase. Cholesteryl laurate can
be used to illustrate this point. Cholesteryl laurate is polymorphous and packs in crystals
of monolayer Types I and 1. The smectic phase of this ester may be formed from the Type
I monolayer crystal by first heating to the isotropic liquid and undercooling the ligud
phase. Alternatively. the Type [ crystal form may be allowed to undergo an isothermal
polymorphic transition to a monolayer Type II crystal which, on further heating, melts
directly to the smectic phase. The unit cell of the Type 1 monolayers actually contains
components of the Type I crystal form. i.e. the "B’ molecules. Thus. it is implied that the
smectic phase of cholesteryl laurate cannot form directly from the melt of its Type I crystal
due to constraints imposed by the 4" molecules packing in the unit cell. The ““disordered™
liquid state must be realized in order to remove them from the intcraction. whercas
monolayer Type II crystals of cholesteryl laurate need not be totally disordered to form
the smectic phase.

A plot of the narrow angle reflection from the smectic phase of the monounsaturated
esters vs. the fatty acyl chain length (carbons) is linear (r = 0.99). This linear relationship
is distinct from that obtained for the smectic phase of homologous saturated cholesteryi
esters. It might be expected that the d,, spacing trom the smectic phase of mono-
unsaturated cholesteryl esters differ by a constant amount from their saturated homo-
logues due to the effective shortening of the chain by the double bond. This is not the case:
not only is the intercept different but so is the slope. The intercept ot ~ 13.5 A at zero chain
length is similar to the intercept from the crystal d,, spacing of monolayer Type 11 esters
at zero chain length. This would suggest a similar basic orientation in the smectic phase
of unsaturated esters as in monolayer type II crystals.

The crystals of the monounsaturated esters are isostructural with short chain saturated
cholesteryl esters which also pack in monolayer type I1. The crystal structure of these esters
suggests that ring-ring interactions prevail between antiparallel ester pairs whose overall
monolayer structure is stabilized through the interlocking of C- 21 methyl groups of
adjacent pairs and van der Waals forces between double bonds and acyl chains from
opposing monolayers. The "C NMR data further suggest that these fundamental
interactions prevail as well in the isotropic liquid phase. Thus. 1t seems reasonable to
interpolate that the liquid crystalline phases are stabilized by similar specific interactions.
A likely model for the smectic phase would then be derived from the monolayer type 11
crystal structure. In fact, with the exception of one.* all do so directly from the monolayer
type II crystal form. Furthermore, in the monounsaturated series. cholesteryl palmitoleate
like cholesteryl laurate, is polymorphous with two stable crystalline forms: the monolayer
Type I structure melts to an isotropic liquid with mesophase formation occurring from the
undercooled liquid but the monolayer Type II crystal melts directly to the smectic phasc.

To summarize, a general organization of the smectic mesophase is proposed and features
an antiparallel arrangement of cholesteryl ester molecules in which adjacent cholesteryl
ester molecules contribute fatty acyl chains to adjacent layers resulting in interdigitation
of acyl chains. Features of all three crystal types are seen in this model with the
predominant scheme being similar to the molecular arrangement monolayer Type 11

*Cholesteryl nervonate (C,; ) melts directly from a crystal with a monolayer type [ structure to the smectic
phase. Note that, because of its long chain. extensive overlap of the tatty acyl chain occurs at the tayer interface
Thus. the extent of chain—chain interaction is significantly greater for this ester than for shorter cholesteryl
esters which arc monolayer tvpe L
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crystals. At Cy, which has no smectic phase, ring-ring interactions are probably maximized
and the structure would be similar to the crystal structure for cholesteryl octanoate
(monolayer Type II). Furthermore, steric interactions between steroid rings and isooctyl
side chains from opposing layers perhaps disorder the structure enough to give the
cholesteric phase but no smectic phase in this as well as shorter acyl chain lengths. At C,,,
for which no mesophases are observed, significant chain—chain interactions probably occur
similar to those in the bilayer crystal type which esters of this chain length form. Finally,
ring—chain interactions undoubtedly occur at all chain lengths C,; to C,, and perhaps
impart enough disorder and root-mean-square displacement of the molecules in the smectic
phase to explain the single order observed in the diffraction pattern.

VIII. SUMMARY

Cholesteryl esters, the intracellular storage form and intravascular transport form of
cholesterol, can exist in crystal, liquid crystal and liquid states. The physical state of
cholesteryl esters at physiologic temperatures may be a determinant of their patho-
genicity.'"'"* This review has surveyed saturated aliphatic cholesteryl esters of chain length
1 to 24 carbons and a series of medium-chained unsaturated cholesteryl esters from chain
lengths 14 to 24 carbons. A systematic study of transition temperatures by polarizing
microscopy and enthalpies by differential scanning calorimetry has provided unifying
concepts concerning the phase behavior as a function of chain length and unsaturation.
Neat cholesteryl esters show chain-length dependence of transition temperature and
enthalpy of both the crystal and liquid crystal transitions. Double bond position along the
fatty acyl chain affected stability of the liquid crystal phases; a smectic phase was not
observed for any cholesteryl ester with a double bond more proximal than A°. *C NMR
spectroscopy in the isotropic liquid phase has provided evidence suggesting a balance of
ring-ring vs. chain—chain interactions as a determinant for isotropic liquid—cholesteric vs.
isotropic liquid—smectic transitions. Specifically, anisotropic molecular motions of the
steroid ring are greater for cholesteryl esters forming a cholesteric phase than a smectic
phase from the melt. Chain—hain interactions apparently predominate in smectic phase
formation. The X-ray diffraction patterns of cholesteryl esters as a function of chain length
reveal several isostructural series and known single crystal data are presented. A chain
length depending on the periodicity of the smectic phase is observed which may be different
for saturated vs. unsaturated esters. In summary, the phase behavior of cholesteryl ester
molecules is complex and cannot be determined a priori from the phase behavior of
component cholesterol and fatty acid. The data presented here should provide insight into
the biological behavior of this lipid class.

(Received 16 January 1985)
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