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Abstract Nine even-numbered saturated (C4 to Cz0) and two 
unsaturated (Cla:l, Cle:’) cholesterol alkyl ethers were studied 
by differential scanning calorimetry, polarizing microscopy, 
and X-ray powder diffraction. Seven of the nine saturated 
ethers examined melt into stable liquid crystal mesophases. 
Mesophase transition temperatures vary over a much nar- 
rower range than in cholesterol esters and are lower than those 
of corresponding esters. Polarizing microscopy and X-ray dif- 
fraction show structural similarities between cholesterol ethers 
and esters.l Since cholesterol ethers behave similarly ther- 
motropically to cholesterol esters, they may serve as suitable 
nonmetabolizable analogues for cholesterol esters in biological 
systems.-Deckelbaum, R. J., G. Halperin, and D. Atkinson. 
Thermal transitions and structural properties of synthetic cho- 
lesterol alkyl and alkenyl ethers: analogues of biological cho- 
lesterol esters. J.  Lipid Res. 1983; 24: 657-66 1 .  
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Synthetic cholesterol alkyl ethers have recently been 
utilized in studies following the uptake and degradation 
of plasma lipoprotein cholesterol in tissue culture and 
animal models (1, 2). Because these compounds are 
poorly catabolized by mammalian cells (3), they can 
serve as nonmetabolizable analogues in evaluating cho- 
lesterol ester uptake and distribution in cells. 

This study examines the structural and thermal prop- 
erties of straight chain saturated and two unsaturated 
ethers of cholesterol using differential scanning calo- 
rimetry, X-ray powder diffraction, and polarizing mi- 
croscopy. Cholesterol ethers in general show lower melt- 
ing temperatures from the crystalline state to the liquid 
than their ester counterparts and seven of the nine even- 
numbered saturated ethers studied (C4 to C20) have sta- 
ble mesophases5 above the melting temperature of the 
crystal. 

METHODS 

Long chain unsaturated alcohols were obtained from 
Nu-Chek Prep, Inc. Other alcohols and p-toluenesul- 
fonyl chloride were purchased from Sigma Chemical 
Co. After reaction, and extraction with hexane, cho- 
lesterol alkyl ethers were eluted from silicic acid col- 
umns in four successive chromatographies with increas- 
ing amounts of benzene relative to  hexane, as previously 
described (4). Compounds were found to be greater 
than 99% pure by: a) thin-layer chromatography (pe- 
troleum ether-ether 98:2 and hexane-chloroform 7:3); 
6) gas-liquid chromatography showing a single elution 
peak only for each compound (3% QF-1 and 3% SE-30, 
Supelco, Inc.) (4); and c) differential scanning calorim- 
etry (DSC) with sharp, single crystal melt transitions. 
The  C20 and C18:2 ethers, however, showed slightly wide 
and asymmetric crystal melting transitions by DSC, 
showing them not to be totally pure at  the time of the 
experiments. 

Differential scanning calorimetry 
Samples (1 -3 mg) of each ether were analyzed in a 

Perkin-Elmer DSC-2 differential scanning calorimeter. 
Samples in the crystalline state were sealed in aluminum 
pans, heated at 5”C/min to 20°C above the highest 

Abbreviation: DSC, differential scanning calorimetry. 
* Portions of this study were carried out during Dr. Deckelbaum’s 

tenure as a Visiting Scientist at the McGill University-Montreal Chil- 
dren’s Hospital Research Institute. 

R.  J. Deckelbaum. ’ G. Halperin. 
’ D. Atkinson. 

The terms “mesophase” and “liquid crystal” refer to states of 
matter intermediate between the solid crystalline state, which possesses 
long-range positional and orientational order, and the isotropic liquid 
state, which has statistical long-range disorder. 
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melting transition, and then cooled to record the liquid 
crystalline transitions. Wherever possible, heating and 
cooling curves were obtained for mesomorphic transi- 
tions (smectic to cholesteric, cholesteric to isotropic), 
but in some cases recrystallization to the stable crystal 
form occurred before these liquid crystal transitions 
could be seen on heating. Heating and cooling rates 
were 5"C/min and full scale sensitivities varied from 1- 
5 mcal/sec for crystal melting transitions and 0.1-1 
mcal/sec for liquid-crystal transitions. The transition 
temperatures were obtained by drawing a line through 
the steepest part of the leading edge of the transition 
peak to the extrapolated baseline and measuring the 
temperature at their intersection. Transition tempera- 
tures on three separate samples were repeatable to 
k 0.5"C. Temperature calibration was performed within 
k 0.2"C using indium and cyclohexane standards. En- 
thalpies of transitions (AH) were calculated from the 
areas under peaks and related to the area of the crystal- 
liquid melting transition of indium standard. Enthalpies 
were determined on at least three separate samples for 
each ether and had a mean variation for duplicate de- 
termination of approximately l l % for crystalline melt- 
ing transitions and 16% for mesophase transitions. 

X-Ray diffraction 

X-ray diffraction patterns of each ether were re- 
corded using either a focusing camera with Elliot (5) 
toroidal mirror optics or a Luzatti-Bar0 camera modi- 
fied to include a single focussing mirror. Nickel-filtered 
CuKa radiation from an Elliot GX-6 rotating anode 
generator or a Jarrel Ash microfocus generator was 
used, respectively. Specimens were sealed in a 1-mm 
diameter Lindeman capillary tube and placed in a vari- 
able temperature sample holder. 

Polarizing light microscopy 

The nature of transitions recorded by DSC were con- 
firmed using polarizing light microscopy. Samples of 
cholesterol ether were placed on a microscope slide, 
covered with a cover slip, and examined using a Zeiss 
standard NL polarizing light microscope with a con- 
trolled heating-cooling stage, at rates of 1 -3"C/min. 
Changes of state (crystal, smectic, cholesteric, isotropic 
liquid) were identified by optical texture, signs of bi- 
refringence, and gross rheological changes,6 at temper- 
atures matching transitions obtained on DSC (6). 

Smectic and cholesteric refer to different liquid crystalline me- 
sophases characteristic of cholesterol esters and, as found in this work, 
cholesterol ethers. In the smectic liquid crystalline state, planar arra s 
of molecules are regularly stacked with a periodicity of about 35 1. 
This phase is characterized optically by uniaxial positive birefringence 
and by its "focal conic" structure under the polarizing microscope. In 

l W W b 2  
Number of carbons 

Fig. 1 .  Transition temperatures of cholesterol alkyl ethers: 
W - crystal melting temperatures; A - A cholesteric to iso- 
tropic transitions; 0 - 0 smectic to cholesteric transitions. Inset 
at lower right shows transition temperature for C l s , ~  and  CIS:^ unsat- 
urated ethers. The crystal melting temperatures for corresponding 
cholesterol esters are shown for comparison (0 - 0). 

RESULTS AND DISCUSSION 

The thermodynamic data for even-numbered n-alkyl 
ethers from C4 to C20 are given in Table 1. Fig. 1 re- 
cords the crystal melting transition temperatures and 
the mesophase transition temperatures of the choles- 
terol ethers studied. In every case the crystalline melting 
temperature is below that of the analogous cholesterol 
ester. Unlike the esters, most (seven of nine) of the sat- 
urated ethers examined melt into a stable mesophase. 
The C4, Cg, Clo,  C l t ,  and CIS cholesterol ethers melt 
to cholesteric liquid crystals and C14 and C16 homo- 
logues melt to smectic mesophases. In the same series 
of cholesterol esters only C4, Clo,  and C14 have meso- 
phases above the crystal melt. Comparing cholesterol 
ether crystal melting temperatures to those of choles- 
terol esters, no  consistent pattern is observed. 

The liquid crystalline phase changes observed for the 
cholesterol ethers show relatively small differences in 
transition temperatures with increasing chain length of 
the ether. Between Clo to Cle, the smectic-cholesteric 
transition varies over only 2"C, and the cholesteric-iso- 
tropic 7°C. In every case, mesophase transitions occur 
at lower temperatures than those reported for choles- 
terol esters (7). Like the esters, the short chain choles- 
terol ethers, C4-8 exhibit cholesteric but no smectic 
mesophases (7). 

Fig. 2 compares the crystalline melting transition en- 
tropies of cholesterol ethers to cholesterol esters. In 

cholesteric liquid crystals, the molecules are ordered in helices about 
an axis at right angles to the long axis of the molecules, and the phase 
is characterized optically by a) circular dichroism, giving the phase its 
characteristic irridescent colors; 6) negative birefringence; and c) high 
optical activity. 
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TABLE 1 .  Thermodvnamic data for cholesterol alkvl ethers 

Alkyl Ether 
Transition Transition 

Transition Temperature Enthalpy Transition Entropy 

Butyrate 
(4:O) 

Caproate 
(6:O) 

Caprylate 
(8:O) 

Caprate 
(1O:O) 

Laurate 
(12:O) 

Myristate 
(14:O) 

Palmitate 
(1 6:O) 

Stearate 
(18:O) 

Arachidateb 
(20:O) 

Elaidate 
(18:l) 
(trans-9’-octadecenoyl) 

Linoleate* 
(18:2) 
(cis,cis-9’, 1 2’-octadecadienyl) 

Solid - cholesteric 
Cholesteric - isotropic 

Solid - cholesteric 
Cholesteric - isotropic 

Solid - isotropic 
Cholesteric - isotropic 

Solid - cholesteric 
Smectic - cholesteric 
Cholesteric - isotropic 

Solid - cholesteric 
Smectic - cholesteric 
Cholesteric - isotropic 

Solid - smectic 
Smectic - cholesteric 
Cholesteric - isotropic 

Solid - smectic 
Smectic - cholesteric 
Cholesteric - isotropic 

Solid - cholesteric 
Smectic - cholesteric 
Cholesteric - isotropic 

Solid - isotropic 
Smectic - cholesteric 
Cholesteric - isotropic 

Solid - isotropic 
Smectic - cholesteric 
Cholesteric - isotropic 

Solid - isotropic 
Smectic - cholesteric 
Cholesteric - isotropic 

oc 
78 
86.5 

68 
81 

95.5 
(79P 

60 
(61) 
75.5 

70.5 
(61) 
72 

47 
60 
69.5 

56.5 
60 
68 

63.5 

68 

66.5 
(52.5) 
(60.5) 

48 
(26.5) 
(36.5) 

27.5 

(17.5) 

(59) 

(8.5) 

Kcal mol-’ 

5.89 
0.11 

6.48 
0.17 

7.22 
0.20 

5.25 
0.20 
0.21 

8.50 
0.30 
0.29 

10.53 
0.45 
0.44 

13.62 
0.54 
0.55 

16.70 
0.51 
0.66 

15.69 
0.79 
0.73 

16.12 
0.42 
0.32 

12.71 
0.26 
0.17 

cal mol-‘ degree K-’  

16.78 
0.31 

19.01 
0.47 

19.58 
0.57 

15.75 
0.59 
0.61 

24.72 
0.91 
0.85 

32.90 
1.36 
1.29 

41.34 
1.62 
1.61 

49.63 
1.53 
1.94 

46.22 
2.43 
2.20 

50.20 
1.40 
1.02 

42.30 
0.92 
0.57 

Temperatures in parentheses are from cooling curves. 
The C20.0 and c18:2 cholesterol ethers were seen to be not completely pure, both having slightly asymmetric 

and wide crystal melting transitions on DSC. 

both ethers and esters, the C4 to CS series and Clo to 
Cla series show linear increases in entropy suggesting 
a similar structural homologous series for separate 
groups in the crystalline form. In the cholesterol ether 
series, the AS of C20 does not fall on the straight line 
for the Clo to Cla ethers. However, this probably reflects 
impurity since X-ray diffraction data (see below) are in 
keeping with homologous structure for the Cz0 ether. 

Mesophase transition entropies of cholesterol ethers 
are diagrammed in Fig. 3, and compared to cholesterol 
esters. Like the cholesterol esters, increasing chain 
length is associated with increasing entropy change. In- 
troduction of double bands leads to lower entropy 
changes as shown in the insert to the figure. Entropy 
changes for all mesophase transitions are greater for 
cholesterol ethers, suggesting greater mesophase sta- 
bility relative to cholesterol esters. Similarly, greater 

temperature differences exist between smectic-choles- 
teric and cholesteric-isotropic transitions of cholesterol 
ethers relative to esters. Polarizing microscopy showed 
that optical properties of the mesophases of cholesterol 
ethers were identical to those of the cholesterol esters. 
Fig. 4 shows the primary Bragg X-ray diffraction 

spacings in the low angle region of the diffraction pat- 
tern for the homologous series of cholesterol ethers 
(C4 - C20). Characteristic diffraction patterns for the 
CIS and CI2 cholesterol ethers are illustrated in the in- 
sert. 

These primary X-ray diffraction spacings suggest that 
the cholesterol ethers form at least two isostructural 
series C14-C20 andC4-C12. Similarities in the diffraction 
pattern and the diffraction spacing for the C14-C20 se- 
ries suggest that the crystal packing of the cholesterol 
ethers in this series is of the “bimolecular layer” form 
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Fig. 4. Crystalline melting transition entropies of cholesterol alkyl 
ethers (0 - 0) and cholesterol esters (- - -) of saturated fatty acids. 
Data for cholesterol esters are from reference 7. 

descibed by Craven and DeTitta (8) for cholesteryl my- 
ristate. Single crystal studies have also demonstrated 
that the C14-Cle cholesterol esters are isostructural with 
this packing. Craven and co-workers have similarly dem- 
onstrated  that at least two different crystal packings are 
exhibited by the Ce to  Clp cholesterol esters. The crystal 
data  for Clo and Cln (9) cholesterol esters  demonstrate 
an identical molecular packing. Cg cholesterol ester  data 
suggest another molecular packing that is similar to that 
of cholesteryl oleate (ClaZ1) (1 0, 1 1). Thus it seems prob- 
able by analogy that  the cholesterol ethers in the C4- 
CIp series do not  represent  a single isostructural series 
and probably exhibit similar complexity in molecular 
packing to the cholesterol esters. 

Like cholesterol esters, the cholesterol ethers show 
only one major diffraction spacing in the low angle re- 

)*mberofccrbam 

Fig. 3. Mesophase transition entropies of cholesterol alkyl ethers  and 
cholesterol esters of saturated fatty acids (0 - 0). cholesteric to 
isotropic  transition entropies of ethers; (m - .) smectic to choles- 
terol transition entropies of ethers; (0 - - - 0) cholesteric to isotropic 
entropies for esters; (0 - - - 0) smectic to cholesteric transitions for 
esters. Data for cholesterol esters are from reference 7. 
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Fig. 4. Primary  X-ray diffraction spacing for  the crystalline forms of 
the series of saturated (CI-Cpo) cholesterol alkyl ethers (0 - - - 0). 
The X-ray diffraction patterns in the insert are from a) Cl@ cholesterol 
ether and b) Cln cholesterol ether. Also shown are the diffraction 
spacings for the single X-ray diffraction observed in the smectic phase 
for the CIO-C4o cholesterol ethers (0 - 0). 

gion when examined in the smectic mesophase. This 
spacing varies linearly with chain length  from 26A for 
Clo to -42A for Cno (Fig. 4). 

Cholesterol ethers  are uncommon in mammalian tis- 
sue;  a single study documenting the presence of cho- 
lesterol hexadecanoate and octadecanoate ether in bo- 
vine heart has been reported (12). However, the struc- 
tural similarities of cholesterol ethers to cholesterol 
esters make them ideal for biological studies where 
probes  that do not  alter native structural  properties are 
desirable. Our results  demonstrate  that  cholesterol 
ethers behave thermotropically in a  manner analogous 
to cholesterol esters and in general have stable meso- 
phases in thermodynamic equilibrium over  a wider tem- 
perature  range  than  the esters. These properties may 
prove useful  in elucidating the  structure of cholesterol 
ether  and hence cholesterol ester mesophases. The close 
structural  and  thermodynamic similarities of the cho- 
lesterol ethers to the esters allows the use of the  ethers 
as nonmetabolizable analogues for cholesterol esters in 
biological  systems such as plasma 1ipoproteins.l 
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