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The concentration-dependent mixed association behavior of cholesterol with methyl cholate (MeC) and methy! lithocholate
(Mel.C) in chloroform at 37°C has been studied by vapor pressure osmometry (VPO). This study is part of a Iarger project 10
investigate the effect of number and position of hydroxyl-bearing steroids. Using theories developed by Adams and by Steiner.
the model and appropriate parameters for the nonideal mixed associations were elucidated. For the MeLC /cholesterol system,
no mixed association was observed. For the MeC /cholesterol system. both methods of analysis indicate that a nonideal AB

complex formation occurs. The best parameters to explain the experimenial data are k5 =0.04 /2. B,y (the nonideal

—2

term)=1.5x 10" 1 mol g~2.

1. Introduction

Because of the obvious biological significance,
it would be desirable to study interactions of
cholesterol with other biochemical constituents in
an aqueous environment. However, cholesterol by
itself is virtually insoluble in pure water [1]. and
simulation of an ‘in vivo’ environment would re-
quire a combination of bile salts and lecithins in
buffer solution. Since there is no adequate theory
for quantitative thermodynamic analysis of such
complex, multicomponent solution behavior. a
simplified approach to the problem was sought.
The alternative chosen was to study the interac-
tions of bile acid esters with cholesterol in pure,
organic solvents. Here one is dealing with a two-
solute system, and the state of aggregation of each
solute in the chosen solvent can be ascertained. In
previous publications, we have reported on the
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self-association of cholesterol {2] and of the methyl
esters of lithocholic (MeLC). deoxycholic (MeDC)
and cholic (MeC) acids in CHCl; and CCl, [3].
Here we report on the interactions of Mel.C and
MeC with cholesterol in CHCI; solutions.

Although mixed associations are quite im-
portant in biology and chemistry, studies of mixed
associations by thermodynamic methods are rare.
This is probably a result of the effori needed to
extract the desired information. Some references
to earlier siudies on mixed associations are given
in the papers by Pekar et al. {4] and by Adams et
al. [5]. Servillo et al. [6] have reported on the
mixed association of apolipoproteins A-II and C-1
using sedimentation equilibrium experiments.

The studies reported here were done by vapor
pressure osmometry (VPO). We chose VPO be-
cause the experimental technique is simpler than
ultracentrifugation or light scattering. Ultracentri-
fugation would be complicated by the compressi-
bility of the solvent, and one would have to de-
termine partial specific volumes and refractive in-
dex increments for the reactants, as well as esti-
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mate these quantities for any complexes that might
be formed. The solutes in this study are rather
smali for light scattering, and one would also have
to determine refractive index increments for the
various solute species present. VPO is a well
established technique, and was used quite elegantly
with near-infrared spectroscopy by Nagel and
Hanlon in their studies of the self-associations of
9-ethyladenine and l-cyclohexyluracil at 25°C in
CHCI; [7], and also in their study of the mixed
association of these compounds in the same en-
vironment [8]. These studies and most other previ-
ous studies of mixed associations have assumed
ideal behavior is present. In this paper we attempt
to correct for nonideal behavior using procedures
suggested by Adams et al. [5]. and similar proce-
dures which have been advocated by Steiner [9,10].

2. Experimental
2.1. Materials

Ciiclesterol, cholic acid and lithocholic acid were
obtained from Sigma Chemical Co. (Sigma grade
99 -+ %) and were found to be chromatographically
homogeneous. Cholesterol! was used as received.
The methyl esters of cholic acid and lithocholic
acid were prepared using Hoffman’s method [1i].
then recrystallized at least twice from methanol
and dried under high vacuum at 40°C for several
hours. Benzil used to determine the calibration
constant for the VPO was purchased from East-
man Kodak Co. and dried ender high vacuum at
40°C for approx. 4 h. All solvents were of the
highest spectral quality available from Fisher Sci-
entific Co. and /or MCB Manufacturing Chemists,
Inc.

2.2. Procedure

VPO experiments were carried ont on a Knauer
Vapor Pressure Osmometer equipped with the
Knauer Universal Temperature Measuring Ap-
paratus and a chart recorder. The operating proce-
dure followed is described in earlier works [2,3,5].
Benzil was used as an external calibration stan-
dard. Because the monomer molecular weights of

cholesterol and the two methyl esters are known,
they were used as internal standards. The results
were comparable in all cases. Stock solutions hav-
ing a definite molar (B,,) or weight proportion
(8;) of the reactants were prepared. Here B, is
defined by

B.=ca/} M

where ¢ and ¢} are the initial concentrations of A
and B in g/1. At constant B, (or B,,) experiments
were carried out on the stock solution and a series
of dilutions prepared from it. Stock solutions of
cholesterol /MeL.C in CHCl; were prepared corre-
sponding to B, values of 1.02, 1.64 and 1.68. 12-15
dilutions were prepared from each stock solution
so that each set of experiments involved varying
the total concentration at constant B,. The
cholesterol /MeC in CHCI; system was studied at
values of B, = 0.458, 0.915 and 1.83. Because the
self-association behavior of the individual compo-
nents is known [2,3] the data for 8, =0 were also
available. All measurements were conducted with
the measuring cell thermostatically maintained at
37°C.

3. Quantities needed for the analysis
3.1 Interpreting experimental results

The apparent number average molecular weight,
M,_.. is obtained from the VPO experiment using
the relation

AE =K (c/M..) &2

where AE is the microvolts imbalance of the
Wheatstone bridge circuit on the VPO apparatus,
K the calibration constant, and ¢ the total solute
concentration in g/1. The quantity K, is usually
determined from a calibration experiment with
solutions of a nonvolatile, nonassociating solute of
known molecular weight; K, depends on the tem-
perature and the solvent, and it may have a slight
dependence on the molecular weight of the solute
chosen for the calibration [12]. To avoid this com-
plication one can choose a calibration solute with
a molecular weight close to the number average
molecular weight of the mixture of A and B (the
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two compounds of interest) at infinite dilution
(MP). Thus

lim AE/c=K.,,/M} (3a)
B:—:c?nsx

or

lim  dAE/de=K., /M2, (3b)
s

By = const

It should be noted that M? is also the number
average weight of a mixture of A and B under
conditions of no association; thus, at constant B,

o (1+B)IM. My

» T TR Myt M (32)
since
c*—«"cg—*—c‘i’,=(l+ﬁg)cg=—(l-i-Bg)c‘?\/ﬁg (4b)
and
a O
£ A B
ME Ma * M, o)

3.2. Evaluation of M},

Analysis of a mixed association requires that
the self-association behavior of the reactants in the
chosen solvent be known. The self-association
model, as well as the equilibrium consiants and
nonideal terms, must be accurately evaluated. Such
studies have been conducted on MeLC, MeC and
cholesterol in CHCI; solutions at various tempera-
twures [2,3]. Table 1 shows the values of the equi-
librium constants and nonideal terms obtained at
37°C for these svstems.

Table 1

Mixed associations are equilibria of the type

nA+mBe A B (n.m=12,._.) {5)

A+B= AB
nAsA,

and related equilibria. In evaluating associations
of this nature it is assumed that the natural loga-
rithms of the activity coefficients are defined as
follows

In 3 = BIAMacR + BipMaich (6a)
Inyg = BipMpch + BigMpel (6b)
Iny, g, =niny,+minyg {6¢c)

for concentrations in g/1. The B, and Bj; terms
are constants whose values depend on temperature
and solute-solvent interactions. The assumption in
eq. 6¢c for evaluating mixed associations is analo-
gous to that used in analyzing self-associations.
namely

Iny, =niny,. (N

The basis for and validity of these assumptions has
been discussed elsewhere [13,14]. Note that Bf, =
B 51

The quantity c/M,, for mixed associations is
defined by

/Moy = /M3 + 1 Ban(2) + Baa(c8)] + Banclel. (8)

Here

By = BX,+ Ty /10000, (92)
Byug = By + Tp /1000y (ob)
B.n= Bly+ 0, /1000Mp + Sy /10001, (9c)

Self-association parameters for the individual solutes (in CHCl; at 37°C)

Compound Mode of association Equilibrivm constants Nonideal term (1/g;
Cholesterol Monomer-dimer k== (1.40£0.05)= 107 21/e BM, = (4.67+0.03)x103
Type-11 SEK k = (8.60+0.05)x10"> 1/ BM,=(6.11+0.03)x1073
MeC Monomer-dimer-trimer ky=(3.4410.10)x107* I /g BM, = (3.96+0.16)x10~%
ky=(27.27+£007)x1073 12/g*
MelL.C Nonideal-nonassociating BM,=0.116
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where B,., and Byy are the nonideal terms ob-
tained from analysis of the self-associations of A
and B, and 5, and By the partial specific volumes
of A and B, respectively. A derivation of eq. 8 is
outlined in Appendix A. Since B,, and Bgy as
well as ¢ and ¢3 are known, eq. 8 can be used to
give a new quantity

/M= /Mo — Y] Ban(2)’+ Boa(<3)]]
=c/M5 + Bapclcl. (10)

M:? is the true number average molecular weight
under conditions of chemical equilibrium. The for-
mulation of ¢/MZ9 depends on the type of associa-
tion present. The analytical procedure used to
obtain M, and evaluate the equilibrium constants
and nonideal terms is based on procedures de-
scribed earlier [4,5].

3.3. Evaluation of X% and X%

In 1968, Steiner [9] published a very elegant
method for analyzing ideal mixed associations and
then extended his methods to the nonideal case
{10]. Although his treatment is based on con-
centrations in molalities, it can be applied to molar
concentration data, provided the compressibility
of the solutions is negligible or that the experi-
ments are performed at constant pressure. With
aqueous solutions this is no problem, since water
is relatively incompressible, but it can be a prob-
lem with organic solvents unless the experiments
are conducted at constant pressure. This is the
case in VPO, since the experiments are done at
atmospheric pressure.

Briefly, Steiner {9,10] has shown that the follow-
ing equations apply:

o**=InZ23*+ B _InZ4* =.[)¢]"[(8._ ;)/qit]dqtt

1 Bm
+ln[ !+Bm] +Bmln[ 1‘*’3.-.1] )

where B=qg,/qa., and g5, and gg, are initial
molar concentrations of A and B; ZX* and Z§*
are the apparent equilibrium number fractions of
uncomplexed A and B, given by:

ZRT= X2 q /9 = 93t /g (122)

Z§* = X3 q /9™ =95 /9" (12p)

Note that X3* and X§* are the apparent stoichio-
metric number fractions of monomeric A and B
and that g, is the total molar concentration of both
species that was initially entered into the solution
(c/MPY; g** is the apparent equilibrium molarity
(.e., c/M7) given by eq. 10; g%* and g%* are
apparent molar concentrations of uncomplexed A
and B; finally, g* is the apparent osmotic coeffi-
cient, or MP?/M%,.

Thus, ¢** is obtained by carrying out the re-
quired integral using the right-hand side of eq. 11,
and the same c/M3, data used in Adams’ method
(see eq. 10), provided B, , and Bygz are known. In
order to get ZX* and Z3* and thereby X%* and
X3*, and ultimately gX* and g3 (using egs. 12), we
use the following relation:

d¢“ _ -
(dBrn )q"—an . (13)

Finally, Steiner has shown that the “true’ or equi-
librium molar concentrations of uncomplexed A
and B are related to the apparent values by:

ga=4qx* exP( - BABA’AC‘E)!) (14a}
9 = 4%* exp( - BABMB"g)- (14b)

The method for solving for K, and B,y is dis-
cussed in section 4.3.

4. Results

4.1. The mixed association model

If the stoichiometry of the mixed association is
not known a priori, then one must formulate mod-
els for wvarious possibilities. With the
cholesterol /MeC system we assumed that AB and
AB, complexes might be present; here A =
cholesterol and B = methyl cholate. Thus, the first
model assumed that

2AF= A,

5B B, +B;

A+B«= AB

AB+B= AB, (15)
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were all occurring simultaneously. For this case
the following relations apply:

c/MSV=cp /Mp+ cg/ M+ /\-Ach,‘/:f.MA + kl,ch,/zfuB

+ ka,"’;;/:”ua + KkapCaCn/Map + k»\BfA":;a/A’AB;

(16)
c/MR=cl /Mp+cQ/ Myg=ca/M,+cy/My
+2ka cA/2Mp
+ 2k apCaCn/Man+2kpcd /2 My
+3kph/3Mp + 3k ap Cach /Magp, Q7
since
cR=ca+ ko ca+ kapeacs( My /Mup)
+ kap CacB( Ma/Mag,) (18)
and
cg=cp+kpch+ kpch+ kagcacs( Mp/Map)
+ KkapfacR(2Mp/ Mag, )- (19)
The guantity A(c/M2,) becomes
ACc/MY=(c/ M2~ (c/M3) = — Bapclch
+ kAzc:\/ZMA + ks:cg/ZMB
+ Zka_,’-'%/yus + kapcacp/Map
+2kap CaCR/ Map,- (20)

Since M;? depends on both the total concentration
of solute and also on B, (B, = c%/c%), a series of
experiments at constant B, values are performed.
If this procedure is followed one notes that

hm A(c/ME) /Bl =
— 0

.B‘ = const

+sz/2BgJiIB+kAB/A!AB=F(Bs) (21)

— Bag+ kA:BE/?.}llA

Because k,, and kg, are known from experiments
on solunons containing only A or B. one can
rearrange eqg. 21 to give

A=F(B)—kun, /2B, My~ ka_ B, /2M,
= — Bap+ kap/Mpp- (22)

To evaluate k,g, it is necessary to examine the
limiting slopes of plots of A(c/M=*)/c%cd vs. ¢ at
constant 8,. Here one finds that

c“l"o ( ) [ACe/M2) /23]
By — conat

= (B./1+ BY((— ka B /2M))[2ka + 2k apMa /B Mag]
—(kp,/2MgB Y 2kp, /B, +2kanMyg/Mag]
—(kan/Map)| (Ko, /B,)+ kapMa /B, Man
+ ka,+ kapMg/Mag]

+2kag, /ByMan,+2kg /BI3Mpg)
=L (23)

Eg. 23 involves two unknowns. k.5 and k5 . and
is quadratic in k ,; and linear with respect to k 4 .
Thus, if the limiting slope (from eq. 23) is known
for two values of B,, then k,5, can be eliminated
and the resulting quadratic solved to get k5. This
value is then used 1n eq. 22b to obtain the nonideal
term. B,;. Although there are often difficulties in
extracting the limiting slopes and intercepts re-
quired by egs. 23 and 21, there are various means
of testing these values for internal consistency. For
example, A, as defined by egs. 21 and 22 is
determined from the intercepts of plots required
by eq. 23. These intercepts. when adjusted by the
k,_ and kg terms given by eq. 22, should give the
same value of A for every value of B;- Another
method, which allows one to verify the absolute
accuracy and the internal consistency of the data
in the low-concentration region. is based on egs.
24 and 25:

i [ /M3 — 8 /MA] _ 1

—_— 2
P A, (24)

c—-0 €y

ﬁs - const

* __ -0 .
w2 [ e/Mz =2 /MA}
~— C
/3:— cc('r’nsl ‘B
B ka,B, kg, k
- _ _’\3_3_.___8-___“3._{.3’\3 i 25)
1+ B, | 2M.  2MgB, M.

* __ 0
it OCA/M’\ Jp. vs. ¢ have a
cn 8
known intercept from eq. 24 and a limiting slope
given by eq. 25 which can be rearranged to give
Kapg/Myp— Bag, or A in eq. 22. We constructed
these plots for the MeC /cholesterol systems (see
fig. 1) and found that they were easily fitted by a

quadratic leasi-squares program. The intercepts

Thus, plots of [
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Fig. 1. Plots at constant 8 of [__A;' - ——A; 1/¢8 vs. ¢ (see egs. 24
na A

and 25) for three blends of cholesterol and MeC in CHCI; at
37°C. These plots have a common intercept of 1/AMy (B=
MeC). They are used in the determination of A5 and B, 5.

deviated from 1/My by less than 1% in all cases
(see table 2).

Finally, internal consistency of the results can
be verified by performing experiments at more
than two values of 8, since only two experiments
are required for a solution for k.5 . kop and B,y
using eqgs. 22 and 23. If experiments are conducted
at n values of B, there are n!/2'(n — 2)! unique
pairs of experiments which should all give com-
parable solutions to k,.y . k.p and B,y. If any of
these tests give widely varied results, then either
the data are suspect, or the chosen model has
failed to describe the system.

4.2. Results using Adarms’ method

The cholesterol /MelL.C system was the first one
studied. The results suggest that the net effect of
the blend is to form a ‘quasi-ideal’ solution, with
the osmotic coefficient of unity essentially un-
changed throughout the concentration range
studied (see fig. 2).

Table 2

Results from plots in fig.

Intercept % deviation from
(x103) 1/Myg (Mg = 422.59)
0.458 2.349 0.74
0.915 2.358 0.35
1.83 2.354 0.53

5 10 20 30 40
clgm

Fig. 2. Plots of the osmotic coefficients (g) vs. ¢ for cholesterol
(0). MeLC (@) and two blends of cholesterol and MelC
(ﬁg= 1.02 (2) and B; = 1.64 (a)) in CHCI; at 37°C. Note that
an ideal solution (g = 1) is formed by the two cholesterol /MeLl.C
blends. The plot of g vs. ¢ for MeLC in CHCI; indicates that
there is no self-association, and that the solution is slightly
nonideal. The plot of g vs. ¢ for cholesterol in CHCl; is
characteristic of a self-associating solute; for self-associations
g= AIl / Ljna'

Fig. 3 shows the g (= M2 /M, for mixed as-
sociations) vs. ¢ (g/1) data resulting from experi-
ments on the MeC /cholesterol blends at three
values of B,, together with the g vs. c (g = M, /M,
for self-associations) curves for the pure compo-
nents (ali experiments in CHCI, at 37°C). Because
both components self-associate (see table 1) and
because the nonideal effects associated with the

{1

AN TT— e a_ cholesterol
\\\\:~ N T g
-
S '\\ .
el

o% \ )
\\
g \

o.. ‘\ N h\.'

0.7

T MeC
20 cfg/h 30 40 so

° to

Fig. 3. Plots of g vs. ¢ for cholesterol (0), MeC (O) and three
blends of MeC and cholesterol in CHCI; at 37°C. The curved
plots for the three blends indicates that a mixed association is
occurring. For mixed associations the osmotic cocfficient (g)
becomes g = MS/M, app> Where MP2 is the number average
molecular weight a particalar blend of the reactants (cholesterol
and MeC) would have if no mixed association occurred.
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Table3

k g and B,y resulting from AB only model

Table 4

Best values of k55 and B,y by variance criterion

Bg k AB BAB

asg) (1 mol g™?%)
0.458 0.228 6.64% 1073
0.915 0.146 103x107%
1.83 0.155 849%10~3

mixed interactions are not known a priori, no
simple inferences as to the presence or absence of
a mixed-association were possible. Consequently,
the approach taken was to assume a model and
then test for its validity, as outlined in section 4.1.

Assuming the possible equilibria stown by egs.
15, plots of ¢/M,, vs. ¢ were smoothed and the
smoothed values used to determine the limiting
slopes and intercepts indicated by eqs. 21 and 23.
Because we had data for three values of B,, there
were three pairs available for solving for k5 using
eq. 23. The results were disappointing — widely
varied values were obtained for k,5 and negative
values for k,p. It was decided to test for the
presence of a mixed interaction involving AB com-
plex only. The equations were identical with the
exception that eq. 23 had no &,y terms, conse-
quently there should be one solution for &k, at
each value of B8,. The results of this analysis are
indicated in table 3, and these resulis suggest that
indeed the AB model may be a valid represen-
tation of the experimental system. The next step
was an attempt to regenerate the experimental g

a

o
o

g
°
PRSI, SRR S S

1o 20 J0 L}
cgnl

Fig. 4. Experimental and regenerated plots of g vs. c at B, =
0.915 for cholesterol/MeC in CHCI; at 37°C. The experimen-
tal points are represented by x. The data regenerated by the
Adams method (see table 3) are shown by the dashed line. The
data regenerated from the floated values of k.5 and B, g (see
table 4) are given by the solid curve.

B Kagp B.a Variance
({/2) (Imolg=?) (i =20)
(X 10%) (X 10%)y
0.458 0.033 1.55 6.56
0915 0.032 1.40 4.88
1.83 0.054 1.54 1.56
Average 0.040° 1.50

2 K.p=8.081/mol.

vs. ¢ curves using egs. 8 and 16 with the equi-
hbrium constants and nonideal terms reported in
tables 1 and 3.

The results are shown as the dashed-line plot in
fig. 4 for the B, = 0.915 data and were similar for
the other two data sets. Obviously the theoretically
derived parameters do not satisfactorily describe
the experimental data. Thus, it was decided 1o
vary the parameters independently until the best
regenerated results were obtained. This was don=~
using a variance criterion. where the variance is
defined by eq. 26:

- -1 o o2

variance = —— » E:; 5= 31 {26}
where # is the number of data poinis, p the num-
ber of parameters, and y, and y, the experimental
and regenerated values of g at each data poing,
respectively. 20 data points were extrapolated from
the smooth curves in fig. 3 and a computer pro-
gram was used to find the set of k.5 and B.3
values which gave the lowest variance. The results
are given in table 4, and the regenerated curve of g
vs. ¢ for the 8, = 0.915 data is represented by the
solid line in fig. 4. Obviously, these parameters
give an accurate description of the experimentally
observed data.

4.3. Results using Steiner’s merhod

Because no mixed association was encountered
with the MelLC /cholesterol system. Steiner’s
method was not applied to these data. For the
MeC /cholesterol system, three models were tested
using the theory outlined in section 3.3. These
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Fig. 5. Plot of ¢** vs. 8_, at constant g**, where g** = ¢ /M2,
is the apparent equilibrium molarity. These plots are used in
Steiner’s method (see eq. 13) for obtaining Z;*. the apparent
equilibrium number fraction of B. The slope at any point on
these curves will give In Z§* for the particular values of 8, and
g** at that point.

were: (1) mixed association involving AB and AB,
complexes; (2) mixed association involving AB
and A ,B complexes; (3) mixed association involv-
ing only AB complex. Application of Steiner’s
method, though somewhat more mathematically
tedious than Adams’ approach, offers the ad-
vantage of providing a large number of solutions
across the concentration range studied. This is best
explained by following the procedure step-by-step.
As an example, consider the stoichiometry of the
AB + AB, model given by egs. 15. To apply
Steiner’s method, we first construct plots of (g* —
1)/g** vs. g** and integrate from 0 to various

Table 5

Results from Steiner’s method

values of g** to get &** (see eq- 11). If the
integration is carried out for five values of g**, we
will have the possibility of five solutions for B, 5.
This process is repeated at each value of B,. Next.
plots of ¢** vs. B (at constant g**) are con-
structed for each g** through which the integra-
tion was carried out. These plots are shown in
fig. 5. The slope of these plots at any B, gives In
Z%* by eq. 13. Once Z§* is known, so is ZX* from
eq. 11, as well as g5* and g3*, which are related to
the equilibrium mole fractions of uncomplexed A
and B by egs. 14. Finally, we use the mass balance
relations and the definition of ¢** = ¢ /MZ* (given

na

by eq. 10) to arrive at the following relation:
**—ga=gp—kagat+kpga+kpgatiBapcics (27)

where g, , is the total concentration of A (i.e.. the
molar eguivalent of eq. 18).

If egs. 12 are used in eq. 27 to substitute gi*exp
(— BapM,c3) for g, and gg*exp(— B,p Mycy) for
gy, the only unknown in eq. 27 is B,y. which can
be solved by successive approximation. Once B,y
is known, k.5 and k,5 can be solved from any
two of the mass balance eguations:

9a. = 9a+2ka g3+ kapdadn + kan,dad (282)
gp..=9st Zkaﬂg +3k8_ﬂ§ + K ap9ads

+2kAB:qu§ (28b)
Goq=C/MZ =ga+gn+ka gi+kn,gh

+kp,gd+ Kandads + Kap,gads- (28¢c)

A similar process results if the AB + A,B model is

q** Bn=05 B,=10 Bn=20
k op (1/mol) B.g k op (1/miol) Ban K ap (1/mob) Ban
(1 mol g~2) (I1mol g—2) (1 mol g~2)

0.02 326 - 4.6 - 7.6 -

0.04 263 - 14.5 - 15.9 -

0.06 26.6 5.9%x10°3 19.5 2.3x10"3 18.5 25%x10°°
0.08 324 3.6%<10"3 24.6 2.5%10"5 244 3.1x10"¢
010 392 4.7x10°3 27.0 1.9%10°3 352 65%x 1073
Average ? 314 29%10°% 18.1 1.7x 1073 203 47105

2 Average from three B values: k5= 23.3 1/mol (0.115 1/g). B, =3.1X10"3 1 mol g~
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assumed. For the “‘AB only” model, 4,5 can be

obtained from any one of egs. 28 (which will not -

have an AB, term) after B,y is found.

Using this process for the AB plus AB, model
resulted in an average value of By, = — 6.3 X 1075
and negative solutions for k ,,_. Thus, the model is
invalid. Similar results were obtained for the AB
plus A,;B model. Finally, the AB only model was
tested. The integration described above (see eq. 11)
was carried out through g** values of 0.02, 0.04,
0.06, 0.08, and 0.10 (molar) for the three values of
Bys- (Note that 8, = 0.458 = B,,=2.0; §,=0915
= By = 1.0: B, = 1.83 = B, = 0.5). This provided
15 possible successive approximation solution for
B,p, and nine extract solutions were found. Using
the average value of B,g. 15 solutions were found
for k5. These results are presented in table 5.

5. Discussion

The results of the experiments on the cholesterol
MeL.C system are not surpricing when one consid-
ers the self-association behavior of the individual
species. Fig. 2 shows the g vs. ¢ curves of the
individual solutes (as dashed lines) with the ob-
served g vs. ¢ data obtained from the mixture at
two values of 8,. NMR studies on cholesterol in
CHC1, have indicated that hydrogen bonding of
the 3a hydroxyl group is the dominant source of
the dimer formation [2]. Since it has been observed
that MeLC does not hydrogen bond to itself in
CHCl; [3], it is reasonable to expect it will not
associate with cholesterol under these conditions.
The experimental results support this prediction —
no mixed association is observed.

If the same rationale is applied to the
cholesterol /MeC system, one might expect that
AB, A,B and AB, complexes are possible. since
cholesterol has one site for hydrogen bonding (3a-
OH) and MeC has three 3~ . 7a- , 12a-OH). In
fact, the results from both methods of analysis
(i.e., Adams’ [5] and Steiner’s [10]) leave little
doubt that the AB complex is the only mixed
association species present. Although these results
may give some insight as to the conformational
nature of the various hydroxyl steroids’ aggregates
in solution. any specific conclusions would be

Table 6

Molar free energies of formation

Process AGY
{kcal/mo})

Dimerization of cholesterol 0.61

Dimerization of MeC 1.22

Trimerization of MeC 3.74

AB complexation of cholesterol and MeC 1.2%

highly speculative. It should be stressed that VPO
is a thermodynamic technique with the primary
objective in this case being the elucidation of the
association model and equilibrium constants —
certainly the lack of such quantitative information
concerning interactions of this type is quite ap-
parent from searches of the literature.

Perhaps a more accurate assessment of the rela-
tive magnitudes of the various association reac-
tions in the cholesterol/MeC system can be ob-
tained by comparing the free energies of forma-
tion. AGY, based on the equilibrium constants in
tables 1 and 4. These values are given in table 6,
and it is obvious that the trimerization of MeC is
the dominant association interaction in the system.
which considerably complicates the task of eluci-
dating the mixed association model and parame-
ters. Thus, it is encouraging that. although there is
considerable scatter in the values of the parame-
ters obtained, both methods lead to the conclusion
that the AB only model is the only valid represen-
tation of the data obtained. In this case, it was
necessary to adjust the theoretically derived values
to obtain a satisfactory fit of the observed data. In
less complex systems (e.g., no self-association or a
simple monomer-z-mer association of only one of
the two solutes), either method should give rea-
sonably accurate results directly from the theory.
In all cases, 1t is advisable to verify the accuracy of
the results by attempting to regenerate the original
data curves.

In previous studies on the self-association of
cholesterol [2]. we have shown that two models, a
monomer-dimer and a Type Il SEK indefinite
self-association, describe the weak, observed self-
association. In this paper we chose to consider
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only the monomer-dimer self-association of
cholesterol in the analysis of the mixed association
between cholesterol and MeC. The reasons for
doing this were as follows: (1) The analysis of a
mixed association seemed somewhat simpler if only
the monomer-dimer model were used. (2) Since a
mixed association between cholesterol and MeC
occurs, there ave two competing equilibria involv-
ing the cholesterol; thus, there is relatively less
cholesterol available to undergo self-association.
For dilute sclutions and weak self-associations, it
becomes very difficult to distinguish between the
two models for the cholesterol self-association. In
a future publication we will reexamine this mixed
association by including the Type 1I SEK indefi-
nite sclf-association of cholesterol. Our purpose
here was to study 2 mixed association under non-
1deal conditions.

The studies reported here represent one of the
first attempts to analyze nonideal mixed associa-
tions experimentally. While both Adams’ [4,5] and
Steiner’s [10] methods indicate that only an AB
complex is present, the values of the equilibrium
constant (k,p) and nonideal term (B,p) by these
methods would only describe the lower concentra-
tions data as indicated in fig. 4. To analyze the
whole range of the data it was necessary to float
the constants with the result shown in fig. 4. The
problems we have encountered may be due to the
weak association, to our model for nonideal behav-
ior, or to both effects. According to Ogston and
Winzor [13], in their study of self-associations, one
is trying to find the best average value of the
nonideal term (BAf}). Similar conclusions were
arrived at by Nichol and Winzor [14] in their
theoretical study of the assumption about the ac-
tivity coefficients being restrained so that
Ya_n,/Yaya=1: (1) If charge effects dominated
the nonideal terms, then this assumption would be
obeyed because of conservation of charge. (2) For
uncharged spherical molecules using a simulated
A + B 2 C association, they found that the activ-
ity coefficient ratio y.p /v, yp differed from 1 by
3.8%. The virtue of using Adams’ [5] or Steiner’s
[10] approach is that the nonideal terms are
evaluated from the experimental data without re-
course to statistical theories [13-15].

It is possible that a combination of thermody-

namic and spectroscopic techniques, such as in-
frared spectroscopy, may help in deciding on the
number of complexes to look for [7,8]. On the
other hand, spectroscopic techniques may not be
able to detect nonideal effects, which can be de-
tected by appropriate thermodynamic techniques
such as VPO, membrane osmometry, sedimenta-
tion equilibrium or elastic light scattering [1,2,16].
While there are some parallels between spectro-
scopic techniques and the thermodynamic tech-
niques mentioned above, it must be remembered
that the spectroscopic techniques detect local in-
teractions that can give information about the
points of contact, type of bonding, and conforma-
tion, but these local interactions may not reflect
the behavior of the molecule as a whole, as we
have observed in comparing VPO and NMR stud-
ies [1,2,16]. Thus. it would seem that VPO and
related thermodynamic studies are better suited
for testing for the type of association present and
for evaluating the values of the equilibrium con-
stant(s) and the nonideal terms. At present, aside
from Steiner’s [10] elegant theory for evaluating In
x5 + BInxy for mixed associations, and for a spe-
cial case such as an association of the type

A+B= AB

AB+AB= A,B,

AB+A,B, = A;B,

etc., there is no interrelation between the number
and weight average molecular weight or their ap-
parent values as there is with self-associations.
Perhaps these studies will stimulate the discovery

of new relations or better ways for studying mixed
associations.

Appendix A

To obtain eq. 8 one starts with eq. 186 of ref. 5;
thus

A/(e/Mo) = d(e/MP)+ (1) X Ba( <0
o
v;c;
+ZZ—]0md(cl/Ml). (A1)
i

Since we do not necessarily know the partial
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specific volumes of the associating solutes. and
since the last term on the right-hand side of eq. Al
is small, we assume

Z‘, 2 d( /M) 2 Z d( /). (A2)

]

Here c? (or c°) is the initial concentration of
reactant i (or _]) and ¢; (or c¢;) the equilibrium
concentration of the associating species. Substitu-
tion of eq. A2 into eq. Al and integration from
¢ =010 c=c gives

/Moy = crM3+ ()] Ba(c2)"+ Bl c2)7] + Bzac2cd

ol st

1000 Mg
— 3 o_0
Ua Op €a’s
+ fa%s A
+[ 100071, IOOOAIA] 2 (A3)

Rearrangement of this equation leads to

¢/ My =c/ M3 +(»§)[ Ban(<2)*+ Bos(c3)] + Bancled
(A4)

where B,,. Bgp and B,y are defined by egs.

9a—9c. The quantities B,, and Byg are the non-

ideal terms for A and B that one obtains from
experiments in solutions containing only A or B.

Appendix B

B.1. Some useful relations used in deriving egs.
21-25

B.1.1. Relation of c and B,
The total solute concentration can be written as
follows:

c=cl+cd. (B1)
Let

Bs=c/% (B2)
thus

c=c8(1+5;) (2)

and

(0c/dcg)p, =1+ B,- (B4)
Similarly

c=Q(1+B,) /B, (B3)
(0c/3c)p, = ];;Bg. (BS)

B.1.2. Evaluation Of limiting ratios

Using A + B2 AB as an example here and in
the section that follows, the total concentration of
the reactants can be expressed as

cR=cat+kecacg(Mn/Map) (B7)
cg=c8+kcAcB(A’B/MAB)' (B8)

Thus. one notes

c2 M
im =2 — lim (1+A—ABC" LS (B9)
c—~0 Ca c-+0 “IAB
B = const
0
. ‘B . calMy
lim —=Hhmi{li+k =1. B10
c—0 €Cp ‘._,0( AB af Al ( )
ﬁs—consl
s — 0 .0
Since B, = c,/cg one notes
R =R /By=cp(1+ kcaMyg/Maz) (B11)
and
0 o
B Ca i S
lim —=1 lim -—=1 B12
¢c—~0 Cg /Bs c—0 Cg ( )
Bx - const Bs = const
hence
Lm R /=48, (B13)
—Q
,'ixr—cons!
and
hm B /ca=1/B;. (B14)

c—0

Bs-ﬁﬁ\'\“
These relaticus can be extended to associations
more complicated than A + B = AB.

B.1.3. Limiting derivatives
The total concentration of the reactants can be
written as

Q= ca[1+ keg( Mo /Mpp)] = Byl (B15)
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and
S =cg[1+ keal Mp/Mapdl =R /B,
Now note for example that

ea =Bl /1 + ken( 22, /Mpg) ]
Thus

k{My /M, 4
fa"“"n{ N (My/Map)Bych

(] + kea( Ma/Mag)
Similarly.

. s

lim

c—0 dcg
By = const

== ¥,

Since ¢ = f.c}. it follows that

. ack . 3
im 2= Iim B—2=1
0 OCa P, aca
By~ const By = const
and
By
hm =1
'3 !—* 0 a(A /BB
By = const
Also
g
1 —_—
< l.r..n() (?CB = Bg

] Qf((ﬁ'ﬂg)

(B11)

(BI6)

(Bt7)

(B18)

(B15)

(B20)

(B21)

These arguments can be extended to associations

more complicated than A + B = AB.
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