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ABSTRACT 

The values of the standard enthalpy of solution of cholesterol (AH,*) in twelve solvents of 
various polarities and with different proton-acceptor and proton-donor properties were 
measured by calorimetry. The enthalpies of the cholesterol interaction and solvation in these 
media relative to cyclohexane were evaluated. Among the discussed factors affecting the 
solute-solvent interaction (dispersion, dipole and donor-acceptor interactions), the disper- 
sion forces characterised by the Hildebrand solubility parameter was found to play a 
considerable role. 

INTRODUCTION 

Cholesterol (5(6)-cholesten-3-01) has several extremely important roles in 
animal organisms. The physico-chemical properties of this lipid, however, 
have rarely been considered in studies of cholesterol. It is known from 
spectroscopic data (IR [1,2] and NMR [3]), VP0 [4] and dielectric measure- 
ments [5,6] that cholesterol shows a high tendency to self-associate despite 
being an alcohol with a large hydrocarbon radical. The existence of various 
n-mers formed through hydrogen bonds of the hydroxyl group has been 
postulated. The types of these associates (cyclic or linear) and their size 
(number of molecules in associate) depend on concentration, temperature 
and type of solvent. The results obtained by various methods, however, lead 
to different conclusions concerning the self-association and cholesterol. 

Few literature data address the interaction of cholesterol with the simple 
chemical compounds used as solvents. It is known that the solubility of 
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cholesterol increases with the dielectric constant of the solvent [7,8]. Al- 
though this relations~p is valid within a relatively narrow range (for 
compounds with limited numbers of carbon atoms), one can assume that a 
considerable contribution to the solvation of cholesterol is made by non- 
specific interactions (van der Waals). 

Direct information on the energetics of solute-solvent interactions can be 
obtained from measurements of the dissolution heat. However, there are no 
reports on the calorimetric measurement of the enthalpy of cholesterol 
dissolution in commonly used organic solvents. 

The present study was to determine the thermochemical data of the 
dissolution process of cholesterol in several solvents and to discuss them in 
terms of inte~ole~ular cholesterol-solvent interactions. 

The solvents used may be divided into three groups. 
(i) Non-polar: cyclohexane (c-C,H,, or Cy), carbon tetrachloride (Ccl,), 

benzene (Bz), toluene (Tol) and p-xylene ( p Xy). 
(ii) Proton-acceptor: 1,4-dioxane (Diox), tetrahydrofuran (THF), N, N- 

dimethylacetamide (DMA), ethyl acetate (AcEt) and hexamethylphosphotri- 
amide (HMPA). 

(iii) Weak proton-donor: 1,1,2,2-tetrachloroethane (C,H,Cl,) and chlo- 
roform (CHCI,). 

EXPERIMENTAL 

The solvents (reagent grade) were purified by methods recommended in 
the literature [9,10] and distilled directly before measurements. The 
cholesterol (Sigma, Standard for Chromatography) was dried for several 
hours at a temperature of 80 o C under a vacuum. The weighing and filling of 
the calorimeter and ampoules were carried out in a dry-box. The calorimeter 
used for determining the heat of solution has been described previously [ll]. 
The temperature inside the caiorimeter was determined using three thermis- 
tors working in a ~eatstone bridge system. The voltage of the unbalanced 
bridge was measured by means of the Keithley K-148 nanovoltmeter. The 
temperature in the thermostat was stable to + 1 X 10M5 K. The experimental 
precision was rtO.5%. 

The enthalpy of solution (AH,) of cholesterol was measured within the 
concentration range from 2 x lop4 mol kg-’ to 3 x 10m3 mol kg-‘. For 
solvents in which AH,,, was independent of concentration, the standard 
enthalpy of solution (A&*) was taken as an average of 8-12 separate 
measurements. In the case of systems where a systematic concentration 
dependence of AH, was observed, the AHs* values were obtained by 
graphic extrapolation of the solution enthalpy to infinite dilution. 
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RESULTS AND DISCUSSION 

In the weakly and non-polar solvents (c-C,H,,, Ccl,, Bz, To1 and pXy), 
a systematic concentration dependence of the solution enthalpy of cholesterol 
is observed. Within the concentration range used, the endothermic values of 
AH,,, decrease linearly with the cholesterol concentration, see Table 1 and 
Fig. 1. 
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Fig. 1. Concentration dependence of the heat of solution of cholesterol in various solvents at 
298.15 K. 

TABLE 1 

Values of the dissolution enthalpy of cholesterol in various solvents at 298.15 K, 111 iu 104 
mol kg-’ and AH, in kJ mol-’ 

“GHl2 Bz CCI, To1 PXY 

m AH,,, m AH,,, m AH,,, m AH, m AH,,, 

0 41.9 0 39.6 0 31.2 0 30.3 0 26.4 
2.2 41.8 2.3 39.2 2.0 31.3 2.9 30.1 2.0 26.6 
3.6 41.4 4.1 39.2 3.9 31.0 3.8 30.5 2.6 26.3 
4.5 41.6 5.5 38.8 4.3 31.2 4.5 29.8 4.5 26.6 
8.5 41.2 8.3 38.7 9.0 31.0 8.4 29.6 6.2 26.3 

12.7 40.9 10.1 38.3 11.8 31.0 12.1 30.1 9.0 26.2 
15.3 40.4 14.0 38.2 15.6 30.9 13.7 29.6 12.3 26.3 
16.6 40.6 16.2 37.7 20.0 30.7 19.3 29.8 17.7 26.1 
18.5 40.2 18.0 37.9 20.8 30.7 22.5 29.4 23.5 26.2 
22.5 40.0 20.5 37.3 24.6 30.5 25.0 29.3 23.9 25.9 
26.7 39.5 24.4 37.0 26.8 30.5 27.0 29.4 26.6 26.1 
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The solvents belonging to the first group are characterised by low dielec- 
tric constants (e = 2.0-2.4.) and weak polarity (p = 0) i.e. properties facili- 
tating solute self-association. The observed decrease of AH,,, values with 
increasing concentration can be interpreted as a result of the dipolar 
interactions between cholesterol molecules (p = 1.86 D [12]) or the forma- 
tion of self-associates through hydrogen bonds. 

The high value of the dimerisation enthalpy of cholesterol in CHCl, 
(A Hdim = - 25.0 kcal mol-‘) reported by Foster [4], is not confirmed by our 
data. In this solvent, no systematic concentration dependence of AH, was 
observed although assuming a dimerisation constant, K, of around 10 M-’ 
it should have been apparent in the concentration range used. More reasona- 
ble values of the dimerisation enthalpy are those cited by Fehler et al. [3] 
(- 2.5 kcal mol-’ in CHCl,), Koval [13] (-2.1 kcal mol-’ in Ccl,) and 
Parker and Bhaskar [14] (-1.8 kcal mol-’ in Ccl,). The heat effect of 
cholesterol dimerisation in CHCl, would then be within the measurement 
error range, which could explain the flat AH, versus concentration curve 
obtained. From the results given in Table 1 and Fig. 1, it can be seen that 
the slope of AH, = f( m) varies in the same way as the A Hse values 
obtained by extrapolation. The non-polar solvents used form the following 
sequence: C-C,H,, > Bz > Ccl, = To1 >pXy. It seems to us that the 
solute-solute interaction of cholesterol molecules decreases in the same 
direction. 

For solvents with proton-acceptor properties (group (ii)) and weak pro,- 
ton-acceptor properties (group (iii)), the enthalpy of solution is constant 
within the concentration range used (2 X 10m3-3 X 10e4 mol kg-‘). The 
value of the standard enthalpy of solution of cholesterol in these solvents is 
a mean of the AH,,, values found directly (Table 2). 

The independence of AH, on concentration for the solvents under 
investigation is certainly due to the weak solute-solute interaction of the 
cholesterol molecules in these solvents. One could assume that the interac- 
tions among cholesterol molecules in polar basic and proton-donor solvents 
become increasingly difficult because of the strong solute solvation. 

In order to evaluate the energetic effect of the cholesterol-solvent interac- 
tions in the solvents used, the heat of solution AHse is divided into three 
components: 

AH;, = AHvaQ + AH$ + AH,;; (1) 

where AH& is the standard enthalpy of solution of cholesterol in solvent 
‘rX”, AH”aQ is the enthalpy of vaporisation (sublimation) of cholesterol, 
AH$ is the enthalpy of interaction of cholesterol with solvent “x” and 
AHr$” is the enthalpy of cavitation of cholesterol in solvent “x”. 

The sum of A H(!$ and A H$’ is called the enthalpy of solvation, AH,sP,‘“. 
Subtracting eqn. (1) from an analogous equation for cyclohexane, one can 
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TABLE 2 

Values of the dissolution enthalpy of cholesterol, AHS*, in different solvents (AH in kJ 
mol-‘) 

Solvent A Hse 8s AHCy,. AH,cB’-AHFav AAH’“’ DN a 

C-W-L 41.9*0.5 8.2 
ccl, 31.2kO.3 8.6 
BZ 39.6kO.6 9.2 
To1 30.2 f 0.6 8.9 

PXY 26.4kO.4 8.8 

- 10.7 11.0 -21.7 
-2.3 28.5 - 30.8 

- 11.7 19.6 - 31.3 
- 15.5 16.7 - 32.2 

0 
0 

0.1 
0.1 
5 

AcEt 28.6 + 0.4 9.1 - 13.3 25.4 - 38.7 17.1 
THF 27.7 f 0.4 9.1 - 14.2 25.4 - 39.6 20.0 
Diox 31.5*0.7 10.0 - 10.4 53.6 - 64.0 14.8 
DMA 23.9 f 0.6 10.8 - 18.0 80.8 - 98.8 27.8 
HMPA 12.1+ 0.1 10.5 - 29.8 70.3 - 100.1 38.8 

CHCl s 27.6 + 1.0 9.3 - 14.3 31.5 -45.8 

C,J-J,CJ, 24.2kO.8 9.7 - 17.7 43.9 -61.6 
4 

a Gutman’s donor number (in kcal mol-’ [19,20]). 

determine the interaction enthalpy of cholesterol with solvent “x” relative to 
cyclohexane used as reference 

AAH’“‘=AH&-(AH;;-AH;G,) (2) 

where AH& ~ x is the enthalpy of transfer of cholesterol from cyclohexane 
to the given solvent. The AH& ~ x value is also the difference between 
enthalpies of cholesterol solvation in solvent “x” and cyclohexane ( AAHSol’). 

The enthalpy of cavitation used in eqn. (2) can be found from a simple 
relationship resulting from the regular solutions theory of Hildebrand and 
Scott [15] 

AH”” = Vy 8; (3) 

where Vy is a molar volume of cholesterol in solution [16] (390.8 cm3 mol-l). 
All the components of eqn. (2) and the solubility parameters of the solvents 
used are given in Table 2. 

The procedure used to evaluate the relative enthalpy of the solvent- 
cholesterol interactions (AA Hint) provides rather approximate results, mainly 
due to the error in the AH’,” determination used. It seems that neither SPT 
theory [17] nor the Sinanoglu method [18] can give the precise AHC”’ values 
for a molecule as big as cholesterol. However, the A AH’“’ and A AH”“‘” (i.e. 

AH&,) 1 P va ues resented in Table 2 allow us to state that the interactions 
and solvation of the large, weakly acidic cholesterol molecule are affected by 
several factors. 

Considering the basic solvents (group (ii)), one can state that AAH’“’ is 
not a simple function of the basicity expressed by DN. For instance, 
l,Cdioxane, a considerably weaker proton-acceptor than AcEt and THF, 
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seems to interact with cholesterol to a greater extent than either of these. 
Taking also into account the fact that dioxane does not show a stable dipole 
moment, one may assume that these solute-solvents interactions are due to 
the stronger dispersion forces in dioxane as compared to THF and AcEt. 
The solubility parameter can be a measure of the dispersion interactions [15] 
because A Hdisp = - VT,, 23, a,,. In the series of systems where substance “y” is 
always the same (cholesterol), AHdisp is proportional to the 8, of the solvent. 
The dioxane solvent parameter is greater than that of THF and AcEt. 
Among the solvents used HMPA shows the highest basicity; its DN is higher 
by 11 units than that of DMA. Despite this, the interaction of cholesterol 
with both solvents is similar: AAH~i~t~~~~ = AAH&t&. This may be ex- 
plained by the strong compensation effect of the dispersion interaction in 
DMA as the solubility parameter for DMA is somewhat higher than that of 
HMPA. 

The solvents of the third group (CHCl s and C,H,Cl,) which are weakly 
acid are characterised by relatively high values of A AH’““, higher than those 
for basic THF and AcEt. The solubi~ty parameters of CHCl, and C2H,Cl, 
are also higher than those of THF and AcEt. This also suggests that in the 
solvent-cholesterol interactions, the dispersion forces are more important 
than the hydrogen bonds through which the solute molecules act as proton 
donors. In the case of CHCl, and C$H&l,, the existence of hydrogen 
bonding interactions between the oxygen of cholesterol and the weakly 
acidic protons of the solvent cannot be excluded. Undoubtedly the two 
kinds of solute-solvent ~teractions discussed (i.e. dispersion interactions 
and hydrogen bonding) are also accompanied by dipole interactions in all 
the solvents. 

The nature of the interactions in cholesterol solvation and their effect on 
the enthalpy of its solutions require further thermochemical studies. 

ACKNOWLEDGMENT 

This work was partially supported by the University of I&Ii and partially 
by Public Health Service grant AI 25903 from the National Institutes of 
Health and by AIDS contract NO AI 72640 (U.S.A.). 

REFERENCES 

1 P. Mercier, C. Sandorfy and D. Vocelle, J. Phys. Chem., 87 (1983) 3670. 
2 M. Kunst, D. van Dtijn and P. Bordewijk, 2. Naturforsch. A, 34 (1979) 369. 
3 J.J. Fehler, L.D. Wright and D.B. McCormick, J. Phys. Chem., 78 (1974) 250. 
4 B.W. Foster, J. Robeson, N. Tagata, J.M. Beckerdite, R.L. Huggins and E.T. Adams, Jr., 

J. Phys. Chem., 85 (1981) 3715. 



55 

5 J. Jadiyn and L. Hellemans, Acta Phys. Pol. A, 67 (1985) 1093. 
6 L.L. Burshtein, T.P. Stepanova and A.V. Purkina, Zh. Fiz. Khim., 54 (1980) 1493. 
7 S. Pal and S.P. MouIik, Indian J. B&hem. Biophys., 21 (1984) 12. 
8 S. Pal and S.P. Mouhk, Indian J. B&hem. Biophys., 24 (1987) 24. 
9 A. Weissberger, Techniques of Organic Chemistry, Vol. VII, Organic Solvents, Intersci- 

ence, New York, 1955. 
10 J.F. Coetzee, Recommended Methods for Purification of Solvents and Tests for Impuri- 

ties, Pergamon, Oxford, 1982. 
11 P. Goralski, J. Chem. Sot., Faraday Trans. 1, 84 (1988) 4311. 
12 J. Jadiyn, Cz. Jadiyn and K. Pasek, Rocz. Chem., 51 (1977) 2471. 
13 V.G. KovaI, Zh. PrikI. Spectrosk., 22 (1975) 145. 
14 F.S. Parker and K.R. Bhaskar, Biochemistry, 7 (1968) 1286. 
15 J.H. Hildebrand, J.M. Prausnitz and R.L. Scott, Regular and Related Solutions, Van 

Nostrand-Reinhold, Princeton, New York, 1970. 
16 Z. Liron and S. Cohen, J. Pharm. Sci., 72 (1983) 499. 
17 R.A. Pierotti, Chem. Rev., 76 (1976) 717. 
18 T. HaIiciogIu and 0. SinanogIu, Ann. New York Acad. Sci., 158 (1969) 308. 
19 V. Gutmann, The Donor-Acceptor Approach to Molecular Interactions, Plenum, New 

York, 1978. 
20 Y. Marcus, J. Solution Chem., 13 (1984) 599. 


