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Abstract-Heretofore, ethanol has been the most widely used solvent for 
the recrystallization of cholesteryl esters. I n  this study of some solubility 
characteristics of cholesteryl esters, n-pentanol is shown to be a more 
effective solvent than ethanol in which to remove impurities and/or cryeta- 
lline structural defects from cholesteryl esters that can cause additional 
transitions on initial heating. n-Pentanol is shown to be a regular solvent 
for cholesteryl esters, whereas ethanol is not. This could be a major rewon 
why n-pmtanol is better able to discriminate between cornpound and impur- 
ity than ethanol. Contrary to previous reports, after crystallization from 
n-pentanol, in corit,rast to ethanol, cholesteryl acetate and cholesteryl laurate 
have only one transition on first heating. A detailed study of cholesteryl 
benzoak recrystallized from n-pentanol has confirmed that there are two 
transitions, one at 146.0 "C, the second at 179.6 "C. The heats of transitions 
are found to be 14.7 cal./gm. and 0.26 cal./gm. respectively. 

Introduction 

The importance of obtaining high purity esters of cholesterol for 
the study of their inherent properties, such as heats and tempera- 
tures of transition, cannot be overemphasized. Experience has 
demonstrated that impurities can create transitions, as for instance 
the appearance of a mesophase where none truly exists in a purer 
sample, or can, inhibit the formation of mesophases which would be 
present in a purer sample. An example of transitions created by 
impurity is presented in Fig. 1. Published Perkin-Elmer Differen- 
tial Scanning Calorimetry data on cholesteryl oleate show five 
transitions on heating from - 3 t o  + 57 "C (270 to 330 OK)1, 
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whereas a 98.8%$ pure sample from Applied Science Laboratories 
tested in this study on a Perkin-Elmer Differential Scanning 
Calorimeter (DSC) gives only a single transition on heating over 
the same temperature interval. A n  Imperial Chemical Industry, 
Ltd. study of cholesteryl oleate by DSC indicated three endo- 
thermic transitions on heating.% On cooling from the isotropic 
melt, the Applied Science cholesteryl oleate showed mesophases 
transitions at  46.4 "C and 41.8 "C of 0.18 cal/gm and 0.37 cal/gm 
respectively. Perkin-Elmer reported these mesophaae transitions 

All purities quoted in this paper were estimated from the shape of the 
DSC traces. This method is extremely sensit.ive to impurities. 
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S O M E  SOLUBILITY CHARACTERISTICS 379 

on cooling at 37 "C and 32.5"C of 0.7 cal/gm and 1.2 cal/gm 
respectively.1 The transitions of the Applied Science sample 
displayed on heating from the crystalline solid and cooling from 
the isotropic melt indicates that cholesteryl oleate is a montropic 
liquid crystal. 

An example of mesophase removal by impurity can be illustrated 
with data on cholesteryl myristate. A 93% pure sample, obtained 
from Eastman Chemicals, gives only a suggestion of the two well- 
established smectic-cholesteric and cholesteric-isotropic liquid 
mesophase transitions for purer materials. 

Cholesteryl benzoate is another important caae of an ester whose 
reported transitions have been affected by impurities. The 
earliest investigators claimed two transitions (meaning one meso- 
phase)3 ; a recent work has indicated This solubility study 
will help explain why experimenters have expressed varied views 
on supposedly pure compounds. 

The purity problem is understandable when one considers that 
cholesterol is a natural animal product which has to be separated 
from many similar steroids. Esterfied cholesterol samples 
supplied by a variety of manufacturers vary widely in purity, from 
92.0 to 99.5%. The virtually exclusive purification practice 
involves solvent recrystallization. The solvent most widely used 
is ethanol. This purification procedure was followed at  first, but 
only small improvements in cholesteryl ester purity were achieved, 
as measured by DSC trace shape. For more definitive studies, a 
more effective recrystallization process became necessary. Thus, 
a new purification solvent had to be chosen and a better procedure 
developed. 

Development of Recrystallization Procedure 

A. THEORY 

The choice of an effective solvent for recrystallization is often 
stated as being a matter of trial and error. However, certain 
solvent characteristics, such as a high temperature coefficient of 
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380 MOLECULAR C R Y S T A L S  A N D  L I Q U I D  C R Y S T A L S  

solubility for the substance to be purified, an absence of solvation, 
and an affinity for impurities are generally indicated as being 
desirable.6 A high temperature coefficient of solubility permits 
either a good yield or a selective recovery of higher purity crystals, 
without excessive temperature change. The above character- 
istics would be fulfilled by a solvent which forms a regular solution 
with the esters of cholesterol, yet has a polarity different enough 
so that impurities of opposite polarity remain in solution. 

Regular solutions are defined as those that possess ideal entropy 
of mixing, just &s for ideal solutions, but have a positive enthalpy 
of mixing. In  other words, a regular solution is one in which there 
is sufficient thermal energy to overcome the tendency of solute and 
solvent to segregate due to Merent molecular fields.& From this 
concept, the following relationship is set forth by Hildebrand and 
Scott for regular solutions, assuming negligible heat capacity 
effects :6 

where : 

x, = mole fraction of solute dissolved in solvent 
A H / ,  = molar heat of fusion of solute in cal/mole 
T, = melt temperature of solute, OK 
T = temperature of solution, OK 

V ,  = molar volume of solute, C.C. 

Sl = solubility parameter of solvent, (ca1/c.c.)ll2 
6, = solubility parameter of solute, (calfc.c.)lla 

= volume fraction of solvent. 

The first term in the equation represents the change in entropy 
when a solute and solvent are mixed together for an ideal solution 
in which the heat of mixing is zero and the molar volumes of the 
solute and solvent are the same. However, it  is quite common 
for volume differences to be at least as large M a factor of three 
and ideality is still followed, e.g. Iodine-Sn14.6 The second term 
represents the internal energy change from the vai4ation in solvent- 
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SOME SOLUBILITY C H A R A C T E R I S T I C S  381 

solvent, solvent-solute, and solute-solute potential energy inter- 
action. These effects are derived from London forces but exclude 
such interactions as hydrogen bonding. 

B. EXPERIMENT 
The concept of regular solution behavior was applied to the 

solubility of cholesteryl myristate in four common solvents- 
ethanol, toluene, acetone, and n-pentanol. Of particular interest 
was whether any of these four solvents functioned as a regular 
solvent, as solved by Eq. (l),  in dissolving cholesteryl myristate. 

The procedure applied to determine the mole fraction of solute 
x2 dissolved in the solvent, was as follows : 

1. Heat solvent to boiling in presence of an excess of ester. 
2. Cool solution and the excess of solute to 28 "C. 
3. Filter off the excess of insoluble solute. 
4. Determine weight of filtrate. 
5. Evaporate to dryness under vacuum. 
6. Weigh solute. 

The equilibrium solubilities for each solvent a t  28°C were as 
follows : 

1. Toluene: x2 = 0.138 
2. Acetone: x2 = 0.00076 
3. n-Pentanol: x2 = 0.0026 
4. Ethanol: x2 = 0.00008. 

Note that precision and accuracy are considerably reduced at  the 
lower concentrations. The solubility of cholesteryl myristate in 
ethanol should be considered to  be equal to or less than the 0.00008 
figure stated. 

The solubility of cholesteryl myristate in toluene was so high 
that calculations by Eq. ( l ) ,  using only the first term on the right 
hand side, as would be done for an ideal solution, predicted the 
solubility within 1.8%. This result indicated that the solubility 
parameter of cholesteryl myristats had t o  be within f 0.35 of 
the 8.9 value for toluene. With this information, the second term 
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382 M O L E C U L A R  CRYSTALS AND L I Q U I D  CRYSTALS 

of Eq. (1) could now be utilized to determine whether one of the 
other three solvents produced a regular solution. However, 
Eq. (1) requires the molar volume of the cholesteryl ester, in this 
case the myristate ester. This ww estimated aa follows : 

1. The molar volume of cholesterol was calculated from its 
molecular weight of 386.66 and density of 1.0676 to be 
362 C.C. 

2. The molar volume of myristic acid wm calculated from its 
molecular weight of 228.36 and density of 0.843g6 to be 
270 C.C. 

3. As an estimation of the molar volume of cholesteryl myri- 
state, cholesterol waa assumed to combine with the myristate 
acid by losing one molar volume of water of 18 C.C. Then 
the molar volume of cholesteryl myristate would be 
362 + 270 - 18 = 614 C.C. 

This estimation is considered accurate only to f 10%. Such an 
error in V2, however, would l e d  to only a f 3% error in 6,. 

n-Pentanol has a solubility parameter of 10.9.6 Substitution of 
this value and the measured solubility of the myristate ester in 
n-pentanol into Eq. (1) gives a calculated solubility parameter of 
8.9 for cholesteryl myristate. This value is so close, within experi- 
mental error, to the 8.9 * 0.35 suggested by toluene that n- 
pentanol can be considered to function as a regular solvent. A 
similar substitution into Eq. (1) for acetone predicts a solubility 
parameter for cholesteryl myristate which is much too low, and 
for ethanol, a solubility parameter which is much too high. 
Acetone and ethanol appear to be highly non-regular solvents. 

With a value of 8.9 taken as the solubility parameter for choles- 
teryl myristate, acetone should dissolve 0.04 mole percent and 
ethanol only 10-9  mole percent as regular solvents. The fact that 
ethanol appears to  have about a lo6 higher solubility capability 
than Eq. (1) would predict either that ethanol will be relatively 
insensitive m a purification solvent or worse, that ethanol is a 
poorer solvent for certain impurities than for the ester itself. 

The solubility parameters for cholestergl nonanoate and 
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SOME S O L U B I L I T Y  CHARACTERISTICS 383 

cholesteryl propionate, m determined from their solubility in 
n-pentanol, are 8.85 and 8.75 respectively. The similar solubility 
parameter values for these three esters of widely differing acid 
chain lengths indicates that the whole series of esters of aliphatic 
acids have clmo to the same solubility parameter. 

Purification Procedure 
With the identification of n-pentanol as a regular solvent for 

cholesteryl esters, the following recrystallization procedure was 
applied to obtain purified esters of cholesterol : 

1. For a known volume of n-pentanol, add cholesteryl ester in 
the amount of 140 to 160% of saturation by weight based 
on calculations from Eq. (1). 

2. Heat to dissolve; this temperature will be well below the 
n-pentanol boiling point of 138 "C. 

3. Filter the hot solution through a standard No. 1 filter paper 
to remove undissolved particles. 

4. Reheat to approximately 80 "C to insure solution. 
5. Permit recrystallization to occur during cooling to room 

temperature. (For samples with low transition tempera- 
tures, recrystallization may be canied out at  lower tempera- 
tures. 5 "C has been used.) 

6. Filter off mother liquor. 
7. Wmh crystals with a solution of ethanol and water in a 

ratio of 3 :  1 to 9 :  1 by volume, depending on ester acid 
chain length ; the longer the chain length, the less water is 
used. The wash solution is important for the removal of 
residual mother liquor containing impurity. These wash 
solutions are chosen to be relatively poor solvents for the 
crystals but not so incompatable that the crystals congeal 
and reduce wash eficiency. The water is necessary to  avoid 
dissolving a substantial portion of the crystals to be washed. 
Note that as the size of the acid chain length increases, the 
solubility of the cholesteryl ester in ethanol decreased, and 
less water is needed. 
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384 M O L E C U L A R  CRYSTALS AND LIQUID ORYSTALS 

8. Slurry crystals in the above wash solution. Crystals and 
water must be mingled to insure quantitative removal of 
impurities. 

9. Refilter through standard No. 1 filter paper. 
10. Place recrystallized sample in clean container and dry at 

50 "C and 28 inch Hg vacuum (a lower temperature with a 
higher vacuum would have been more desirable if proper 
equipment were available). 

The above procedure emphasizes the recovery of high purity 
esters at the' expense of yield, since the sample size required for 
the DSC analysis of transition heats and temperatures is only 
3 to 4 mg per run. All samples were tested on a Perkin-Elmer, 
Norwalk, Connecticut, Differential Scanning Calorimeter, Model 
DSC-IB. 

Purification Results 

A. CHOLESTERYL LAURATE 

In Fig. 2, DSC traces of three cholesteryl laurate samples, areas 
normalized to 2.000 mg, are shown as they occurred upon heating 
from 67 to 107 "C (340 to 380 OK) at a rate of 2.5 "C per minute. 
Note that the sample as received and the ethanol recrystallized 
compound both display an endotherm followed by an exotherm 
prior to the major transition. Another investigator' has reported 
a similar result for samples recrystallized from boiling ethanol. 
With the n-pentanol recrystallized sample, only the major 
transition occurred, indicating the ability of the n-pentanol 
recrystallization procedure to eliminate extraneous transition. 

On cooling from the isotropic melt, cholesteryl laurate displays 
an isotropic liquid-cholesteric transition at 87.2 "C of 0.31 
cal/gm and a cholesteric-smectic transition at 80.2 "C of 0.40 
cal/gm. Gray also reports first one transition at  93 "C on heating 
cholesteryl laurate and the above two mesophase transitions at 
90 "C and 83.5 "Con cooling.* These data indicate that cholesteryl 
1aura.b is a monotropic liquid crystal. 
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H E A T I N G  R A T E :  2 S 0 C / M I N  S A M P L E  W T '  2.000 M G  

340 360 300 
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P 

01 I I I 
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Figure 2. Cholesteryl laureate DSC traces. 

B. CHOLESTERYL BENZOATE 
The effect of twice recrystallizing cholesteryl benzoate from 

n-pentanol is presented in Fig. 3. These are the normalized traces 
of an " as received," a first, and a second recrystallized sample, as 
they were heated from 127 to 187 "C (400 t o  460 OK) at 5 "C per 
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minute. After the first recrystallization, the major transition 
gave three peaks, approximately equal in area to the one previous 
peak. This same effect waa found with an ethanol recrystallized 
benzoate ester. This behavior also haa been previously obtained 
on samples recrystallized three times from boiling ethanol with 
the spurious inference that there were four transitions on heating 
cholesteryl benz~ate .~  However, the trace of the second n- 
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S O M E  S O L U B I L I T Y  C H A R A C T E R I S T I C S  387 

pentanol recrystallized sample shows a return to just two tran- 
sitions. Each of the three samples presented in Fig. 3 gave only 
two transitions on cooling and reheating, as did the ethanol 
recrystallized samples of the present investigators and in an 
earlier study.4 In the experience of this investigator, a cholesteryl 
ester transition is not meaningful unless the transitions that appear 
when a crystalline sample is heated also occur on heating that 
sample from the recrystallized melt. The second transition is 
quite small, about 0.26 cal/gm, and is spread out over 2.5 "C at a 
heating rate of 5 ° C  per minute, a wider temperature span than 
the typical cholesteryl ester of an aliphatic acid. This second 
transition appears to be extremely sensitive to heating rate. At 
a DSC heating rate of 2 3 ° C  per minute, the second transition 
could not be detected unless the size of the sample under test was 
increased from 1.6 to 2.6 rng. 

Cholesteryl benzoate transition heats and temperatures for this 
investigation are presented in Fig. 3.  The two transition tempera- 
tures, after the second recrystallization, of 146.0 and 179.6 "C 
agree reasonably well with those listed in the International 
Critical Tabless of 146.0 i 1.O"C and 178.5 * 0 . 3 " C .  The first 
heat of transition ever reported for the change of cholesteric 
mesophase to isotropic liquid was a value of 0.32 cal/gm (not a 
calorimetric measurement) by Schenck on cholesteryl benzoate in 
19051° and is relatively close to the 0.26 cal/gm value of this study. 
Cholesteryl benzoate was the first liquid crystal ever confirmeds. 

C. OTHER CHOLESTERYL ESTERS OF ALIPHATIC ACIDS 
The presence of impurities in cholesteryl esters can either create 

transitions or decrease heats and temperatures of transition. In 
Table 1, presenting a comparison of cholesteryl ester transition 
values, cholesteryl acetate is an example of the first type caused 
by impurities. The samples as received had two substantial 
transitions separated in temperature by 30-35 "C on first heating. 
After the first recrystallization in n-pentanol, only a single 
transition appeared at 114.6 "C whose transition heat was approxi- 
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mately the s u m  of the two original tramition heats. A sample as 
rewived was recrystallized from ethanol. A DSC trace of this 
recrystallized sample had the same two transitions as the original 
uncrystallized compound. Previously published DSC data on 
ethanol recrystallized cholesteryl acetate also indicated two 
transitions.11 The single transition value represents an improve- 
ment over the two transition values. 

The other three esters in Table 1, n-propionate, n-nonanoate, 
and n-heptadecanoate exhibited i n c r e d  transition heats and 
temperatures at higher purities after recrystallization from n- 
pentanol. At 93.2% purity, and lower the reported choleabric- 
isotropic liquid transition for the n-propionate ester was apparently 
eliminated. The major heats of transition of these esters (the 
crystal-mesophase transitions), as recorded by the DSC, were 
increased anywhere from 20 to 80 percent. 

Conclusions 

1. Heretofore, ethanol has been the most widely used solvent 
for the recrystallization of cholesteryl esters. n-Pentanol has been 
shown here to be a more effeotive solvent than ethanol in which to re- 
move impurities and/or crystalline structural defects from choles- 
teryl esters that can cause additional transitions on initial heating. 
In addition, higher purity choleeteryl esters have been observed to 
exhibit significantly increased heats and temperatures of transition. 

2. n-Pentanol has been shown here to be a regular solvent for 
cholesteryl esters, whereas ethanol is not. This could be a major 
reason why n-pentanol is better able to discriminate between 
compound and impurity than ethanol. 

3. After recrystallization fiom n-pentanol, in contrast to 
ethanol, cholesteryl acetate and cholesteryl laurate have only one 
transition on first heating. This is contrary to previous r e ~ o r t s . ~ J ~  

4. A detailed study of cholesteryl benzoate has confirmed that 
there are two transitions, one at 146 0 "C, the second at 179 6 "C. 
The heats of transition are found to be 14.7 cal/gm and 0.26 
cal/gm respectively. 
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