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Abstract

The solubility equation for real solutions derived from the thermodynamics of mobile order in liquids is used to
predict the solubility of non-hydroxysteroids in water and in common polar and nonpolar organic solvents. Strictly
obtained on a thermodynamic basis, the model allows not only correct predictions of the solubilities from the
knowledge of a limited number of characteristics of solutes and solvents, but also enables a better understanding of
the solution process and of the factors that determine solubility. Some practical rules are derived which might help
to orient the choice of a solvent for liquid pharmaceutical forms. © 1997 Elsevier Science B.V.
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1. Introduction

In pharmaceutical technology, the ability of
estimating solubility is of importance to select
solvent systems with adequate drug solubility, sta-
bility, and bioavailability for topical, oral or par-
enteral delivery. From the Hildebrand theories of
ideal and regular solutions onwards, a remarkable
improvement of solubility prediction for real solu-
tions has been achieved with the mobile order
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theory stated by Huyskens and coworkers
(Huyskens and Haulait-Pirson, 1985; Huyskens
and Siegel, 1988; Huyskens, 1992). This theory
constitutes the basis of a new thermodynamic
treatment of the liquid state, and its quantitative
development has led to a universal equation (Ru-
elle et al., 1991) to predict the solubility (in vol-
ume fraction) of liquid and solid compounds in
apolar and polar solvents, whatever these are
protic or not. By a correct description of the
enthalpy and entropy of solution, the predictive
equation accounts for all the contributions to the
free energy change when a solute is dissolved in a
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solvent. In particular, thermodynamic expressions
describing the influence of solvent—solvent, so-
lute—solute and solute—solvent interactions on the
chemical potential of the solute have been
derived. Based on the knowledge at the molecular
level of the physical phenomena that determine
solubility as well as on the forces that operate
between molecules in solution, such thermody-
namic model provides better understanding of the
solution behaviour, and also reveals the true de-
pendence of the solubility on some molecular
descriptors (molar volume, molar surface area)
currently used in LSER or QSPR correlative
models. Up to now, the mobile order-derived
solubility model has been successfully applied to
predict the solubility of low-polarity substances in
single and binary solvent systems (Ruelle et al.,
1992, 1994a; Ruelle and Kesselring, 1995, 1997a;
Acree and Tucker, 1994; Zvaigzne et al., 1996;
McHale et al., 1996), of water in hydrocarbons
(Ruelle and Kesselring, 1996), of solid crystalline
proton-acceptor substances in aprotic and protic
solvents (Huyskens et al., 1994; Huyskens and
Seghers, 1994; Ruelle and Kesselring, 1994; Ruelle
et al., 1993; Ruelle and Kesselring, 1997b), and of
alcohols in water (Ruelle and Kesselring, 1997c¢).
In these works, essentially simple systems contain-
ing only one proton -acceptor or -donor func-
tional group were considered. However, an
important problem in the case of pharmaceutical
drugs arises from the multiplicity of the possible
acceptor or donor sites in the molecule. The ob-
jective of this paper is therefore to demonstrate
that this particular aspect can also be accounted
for by the mobile order thermodynamics, and that
the mobile order-derived solubility equation can
still be used to predict the solubility of polyfunc-
tionnal drug molecules. As an illustration, we
report the solubility predictions of 38 proton-ac-
ceptor steroids in 190 water and common organ-
ic solvents of differing polarities. Although
chemically very similar, steroid hormones differ
from one another by slight structural changes and
the presence of a varying number of proton-ac-
ceptor sites that may modify solubility and induce
physiogically dissimilar effects and potencies.
From the comparison of the relative importance
of the various contributions involved in the solu-

bility calculation, the origin of the solubility of
the steroids is analyzed allowing a deeper under-
standing into the solution process of these sub-
stances.

2. The solubility equation

If the solute (B) does not contain proton-donor
functional group, its solubility, @5, can be calcu-
lated by means of the predictive slubility equation
as the sum of five or three contributions according
to whether the solvent (S) is proton donor or not.
1. Solubility in aprotic solvents:

In®y=4+B+D (D
2. Solubility in protic solvents:
In®y=A+B+D+F+0 (2)

Representing a particular physical phenomenon
of the whole solution process, each term involved
in Egs. (1) and (2) has a thermodynamically well-
defined expression and contributes favorably or
unfavorably to the solubility.

‘A’ represents the fluidization of the solute or
the ideal solubility. This contribution corresponds
to the suppression of the collective forces which
bind the solute molecules within their crystalline
state. The fluidization term is a negative contribu-
tion independent of the solvent, and at the consid-
ered temperature is calculated from the
knowledge of the molar enthalpy of fusion, A, H,
and from the absolute melting temperature, 7,,,
of the pure crystalline substance.

AH(T 1
4= _R<T_Tm> ®

In absence of available enthalpy of fusion of the
steroids, their solute crystallinity contribution to
the solubility is calculated from the equation pro-
posed by Yalkowsky (Yalkowsky, 1979) requiring
only the melting point in Kelvin of the com-
pound.

A= —0.02278(T,

m

—298.15) 4)

‘B’ represents a correction factor for the en-
tropy of mixing accounting for the difference in
the sizes of the solvent and solute molecules in
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solution. Accordingly, this term essentially de-
pends on the ratio, Vy/Vg, between the molar
volumes, and contributes positively to the solubil-
ity as far as Vjy is greater than V.

v, v,
B::05¢g<Lf——1)—%05ln<®34—®sv?> (5)
S S

‘D’ describes the changes in the non-specific
cohesion forces (dispersion, induction, and
dipole—dipole) when the fluidized pure solute is
mixed with the solvent. This contribution is al-
ways negative, and can be represented by a
Scatchard—Hildebrand equation based on the ge-
ometric mean of the cohesive energy density of B
molecules surrounded by S molecules. This equa-
tion, which is essentially based on the assumption
of random interactions in solution, is however no
longer valid when preferential contacts are formed
between the solute and the solvent, because these
contacts modify the random distribution of the
molecules. The effect of the new mode of distribu-
tion is actually accounted for by multiplying the
Scatchard—Hildebrand expression by the fraction
of time during which the solute is not bound to
the solvent, i.e. during which the mixing can be
considered to occur at random (Ruelle et al.,
1994b). Using modified non-specific solubility
parameters, ¢', of the solute and of the solvent,
the D contribution is expressed by:

1 Oy
) 220 — 0 (©)

D= —

(1.0 + max(KO,-)%
Vs
‘F’ corresponds to the hydrophobic effect, and
describes the negative influence of the solvent—
solvent hydrogen-bonded chains on the solubility.
This effect has been introduced in the frame of the
mobile order theory and is quantitatively defined
by Eq. (7) where r, represents the structuration
factor of the solvent. At room temperature, the
value of r, amounts to 0 for solvents which do not
self-associate (hydrocarbons, esters, ethers, ke-
tones, nitriles), approximately to one for solvents
that form single H-bonded chains (alcohols), and
to two for water and diols whose molecules are
involved in double hydrogen-bonded chains.

Vs

F_rscDSVS (7)

‘0’ expresses the effect on the solubility of the
formation of hydrogen bonds between proton-
donor solvents and the multiple proton-acceptor
sites of the solute. Each particular proton-donor/
proton-acceptor hydrogen bond is characterized
by a standard stability constant, K, and con-
tributes to increase the solubility. The overall O
contribution is always positive, and is calculated
to a fist approximation as the sum of the partial
contributions that each proton-acceptor site
brings about. Although the formation of a H-
bond by a given active site weakens the strength
of the other interaction sites, Eq. (8) assumes
equal capacity for all the sites of the same nature.

D5 Dy

0= Zi:VOi 1n|:1 + Kol'(VS - vOiI/B>:| 8

In this equation, i represents a particular type of
solute—solvent interaction governed by K,
whereas v, indicates the number of identical and
independent active sites of type i on the solute
molecule.

From the foregoing, the solubility can be esti-
mated on the basis of a limited number of intrin-
sic properties characterizing both the solute and
solvent molecules. Regarding the steroids, all the
physico-chemical parameters, i.c. the molar en-
thalpy and the temperature of fusion, the molar
volume, the modified non-specific solubility
parameter as well as the type and the number of
proton-acceptor groups, needed to estimate their
solubility are gathered in Table 1. It is important
to mention that, in the case of the steroids which
are solid at room temperature, the molar volume
we have to consider is not that of the crystalline
compound, but the volume of the fluidized sub-
stance in its hypothetical supercooled liquid state.
These volumes have been estimated from the ad-
dition of group contributions (Ruelle et al., 1991;
Huyskens et al., 1994). However, in the case of
the estimation of the aqueous solubility, the val-
ues of the steroid molar volumes have been de-
creased by 15% to account for the contraction
upon mixing resulting from the hydrogen bond
formation between the various interactive sites on
the solute and the water molecules. This proce-
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Table 1

Physico-chemical properties of the steroids

Solute® T° (K) AH,, (cal/mol) ¥V (em3/mol) vy, vpr Vo3 Ref®

Testosterone formate 398.00 4330.0 280.8 1 1 0 James and Roberts (1968)
Testosterone acetate 413.15 5380.0 307.1 1 1 0 James and Roberts (1968)
Testosterone propionate 393.15 5290.0 3234 1 1 0 James and Roberts (1968)
Testosterone butyrate 382.15 6050.0 339.6 1 1 0 James and Roberts (1968)
Testosterone valerate 380.15 7400.0 355.8 1 1 0 James and Roberts (1968)
Testosterone 17f-cypionate 374.15 399.2 1 1 0

Methyltestosterone acetate 448.15 6129.0 327.1 1 1 0 Roberts (1969)
Methyltestosterone propionate 418.15 8149.0 343.4 1 1 0 Roberts (1969)

Prasterone formate 413.15 280.8 1 I 0

Prasterone acetate 440.15 307.1 1 1 0

Prasterone propionate 470.15 323.4 1 1 0

Prasterone butyrate 436.15 339.6 1 1 0

Prasterone valerate 393.15 355.9 1 I 0

Norethindrone acetate 480.00 6524.9 311.8 1 1 1 Lewis and Enever (1979a)
Norethindrone heptanoate 340.00 5162.5 397.0 1 1 1 Lewis and Enever (1979a)
Norethindrone benzoate 531.00 9918.7 366.8 1 1 1 Lewis and Enever (1979a)
Norethindrone dimethylpropionate 500.00 9034.4 373.8 1 1 1 Lewis and Enever (1979a)
Progesterone 403.25 5840.0 293.6 0 2 0 Bernabei et al. (1974)
Ethynodiol diacetate 399.15 359.3 2 0 1

Medrogestone 417.15 311.6 0o 2 0

Megestrol acetate 488.15 332.6 1 2 0

Cholesteryl acetate 388.15 462.3 1 0 0

Cholesteryl benzoate 423.00 517.3 1 0 O

Pregnenolone acetate 423.15 341.1 1 1 0

Stanolone formate 415.15 6357.0 294.7 1 1 0 Roberts (1969)

Stanolone acetate 430.15 6647.0 321.0 1 1 0 Roberts (1969)

Stanolone propionate 394.15 5859.0 341.3 1 1 0 Roberts (1969)

Stanolone butyrate 364.15 5418.0 357.5 1 1 0 Roberts (1969)

Stanolone valerate 375.65 373.8 1 I 0

Nandrolone propionate 328.15 303.4 1 1 0

Nandrolone butyrate 346.15 323.6 1 I 0

Nandrolone nonanoate 313.15 404.8 1 1 0

Nandrolone decanoate 308.15 421.1 1 I 0

Dydrogesterone 442.15 282.4 0 2 0

Deoxycorticosterone acetate 430.00 7089.0 330.8 1 2 0 Regoszetal (1994)
Deoxycorticosterone pivalate 476.15 392.9 1 2 0

Dromostanolone propionate 399.15 361.2 1 I 0

170-OH-progesterone caproate 393.15 399.6 1 2 0

2y, is the number of ester groups on the solute; vy, is the number of ketone groups on the solute; v, is the number of alkyne

groups on the solute; d5 for all steroids is equal to 20 MPa'!/2,

® Melting points of the steroids can be found either in the same references as the experimental solubility data were taken from, or

they can be obtained from Hill and Makin (1991).

¢ Literature references for the enthalpy of fusion.

dure appears reasonably justified when one com-
pares the calculated values with the partial molar
volumes determined experimentally at infinite di-
lution in cyclohexane, ethanol, and water (Table
2). These last values were obtained in this work

from high-precision densitometric measurements
(Ruelle et al., 1996) carried out at 25°C on a
DMA-58 vibrating tube density meter (Anton
Paar, A-8054 Graz, Austria) capable of a preci-

sion reproducible to within + 10~° g/cm.
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Table 2

Experimental vs calculated molar volume (cm?®/mol) of steroids?

SterOid Vincrement chclohexune I7e:thanol unter
Testosterone propionate 323.4 314.6 (=2.7) 304.8 (—5.7) —
Norethindrone acetate 311.8 309.0 (—0.9) 293.5 (—5.9) —
Prasterone acetate 307.1 296.5 (—3.4) — —
Progesterone 293.6 286.2 (—2.5) 279.5 (—4.8) —
Prednisolone 282.6 — 263.0 (—6.9) 235.0 (—16.8)
2In parentheses are given the percentage differences between experimental and calculated molar volumes
I;_ Vincrement
————x100.
V;

increment

Concerning the solvents, their molar volume
and their modified non-specific solubility parame-
ter can be found in some of our previous papers
(Ruelle et al., 1993, 1994a), except for the five fol-
lowing solvents whose values are given hereafter:
ethyl oleate (356.9 cm?®/mol, 17.69 MPa'/?), iso-
propyl myristate (317.0 cm®*/mol, 17.83 MPa'/?),
benzyl benzoate (189.8 cm?®/mol, 18.5 MPa'/?),
benzyl alcohol (103.8 cm?*/mol, 17.0 MPa'’?) and
cyclohexene (101.4 cm®/mol, 17.0 MPa'’?).

Finally, the solubility predictions in alcohols or
in water still require the knowledge of the stability
constants, K, characteristic of the particular so-
lute—solvent associations. Assuming that the in-
teraction of a given functional group like ester or
ketone on the solute with a proton-donor solvent
is independent of the molecular environment, we
actually use standard stability constants. The val-
ues of these constants (Table 3) were previously
calculated from experimental solubilities of mono-
functional systems (Ruelle et al., 1993; Ruelle and
Kesselring, 1997b).

Table 3
Solute—solvent standard stability constants, K, at 25°C

Solute Solvent K,,; cm?/mol
Ester Alcohol 110.0
Water 3500.0
Ketone Alcohol 170.0
Water 5000.0
Triple bond C=C Alcohol 0.0
Water 80.0

3. Results and discussion

Using the physico-chemical parameters charac-
terizing the steroids, the solvents, and their inter-
actions, we have calculated the solubility of 38
non-hydroxysteroids in 190 solvents according to
Eq. (1) or Eq. (2). The results as well as the
corresponding experimental data are presented in
Tables 4 and 5 together with the values of the
various contributions involved in the solubility
predictions. The agreement between the observed
and predicted solubilities (Fig. 1) illustrates the
quality of the prediction. The predictive ability of
the model is furthermore characterized by the
ratio of the calculated to experimental solubility,
DG /DSP, given in the fifth column of Tables 4
and 5. Irrespective to the complexity of the solute
and of its interactions with the solvent, 174 out of
the 190 predicted values, i.e. 89% of the results
show a solubility ratio between 0.1 and 10.0 (105
results have a ratio in the range of 0.5-2.0) and
16 ratios are beyond these limits. The discrepan-
cies between the experimental and calculated solu-
bilities can partly be attributed either to the lack
of known values of melting enthalpies, or to the
uncertainties of both the liquid molar volumes
and modified non-specific solubility parameters of
the steroids. Another source of error may also
result from the use of standard values of the
association constants instead of using particular
values depending on both the solute and solvent
interacting molecules. Nevertheless, the results on
the whole clearly demonstrate the good predictive
ability of the mobile order-derived solubility
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Fig. 1. Predicted versus experimental solubility (volume frac-
tion) of non-hydroxysteroids.

model from which the order of magnitude of the
solubility spanning over eight orders of magnitude
can in most cases correctly be predicted. Besides
its remarkable predictive character, more infor-
mation can be learned from the present thermody-
namic model concerning the origin of the
solubility and the nature of the solution process.
In particular, the analysis of the relative impor-
tance of the different terms contributing to the
solubility and of their evolution with respect to
solvent or solute properties lead to express some
practical rules which might be very useful in
pharmaceutical technology for the choice of a
suitable dosage form or delivery system for a
drug. Furthermore, the understanding of the fac-
tors that govern solubility would help the phar-
maceutivcal chemist to incorporate desirable
formulation, biopharmaceutical and distributive
properties into a drug.

Irrespective to the nature of the solvent, the
fluidization term (A4), i.e. the removal of the solute
from its crystal lattice, always represents a barrier,
the height of which is inversely related to the
solubility. This contribution is particularly impor-
tant, and may be the dominant factor when the
solubility has to be estimated in non-associated
solvents. Once the melting has occured, the solute

229
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Fig. 2. Logarithm of the volume fraction solubility of non-hy-
droxysteroids versus the B+ D balance of the exchange en-
tropy correction and the change of the nonspecific cohesion
forces upon mixing.

forms an homogeneous solution with the solvent
following the solvation process the enthalpic and
entropic contributions of which determine the
overall non-crystalline solubility. According to the
relative importance of these contributions, the
solvents can be grouped into four categories (Fig.

2).

1. In aliphatic hydrocarbons, the sum of the B
and D contributions is generally negative, and
the absolute value of the B/D ratio is lower
than one. In these solvents, the solubility of
the steroids is thus mainly ruled by the change
in the non-specific solute—solvent interactions
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(D term) due to the large difference of the
modified non-specific solubility parameters be-
tween the solvents (13 <dg<16) and the
steroids (05 = 20). Playing against solubiliza-
tion, this endothermic effect reduces the solu-
bility and allows to explain why non--
hydroxysteroids are less soluble in alipha-
tic hydrocarbons than in the aromatics or in
the polar non-interacting solvents of similar
volume.

. In aromatic hydrocarbons and in polar non-as-
sociated solvents (halogenated hydrocarbons,
ethers, esters, ketones), the addition of B and
D contributions is positive and the absolute
value of the B/D ratio is greater than one. The
solubility of the steroids in these solvents thus
essentially depends on the correction factor for
the exchange entropy (B term). This term
generally favours dissolution, and its influence
on the solubility is as important as the molar
volume of the solute is greater than that of the
solvent. In this class of solvents, the steroid
solubilities are 10—100 times greater than in
the first class. However, a closer look at the
individual values of B and D contributions
shows that the larger steroid solubilities in the
present class does not result from an increase
of the B term, but rather originates from the D
contribution decrease related to the closeness
of the modified non-specific solubility parame-
ter of the solute and solvent molecules.

3. In the third category of solvents, i.e. the alco-

hols, the sum of the B and D terms favours the
solubility. Although in these solvents, the
exothermic formation of specific steroid—alco-
hol H-bonds (O term) contributes along with
the B+ D positive effect to increase the solu-
bility, the solubility values remain generally
lower than those observed in ether, ester or
ketone solvents. The reason is that, in alco-
hols, the main contribution to the solubility is
the hydrophobic effect (F term) which hardly
disfavours the non-crystalline part of the solu-
bility in proportions depending on the solute/
solvent molar volume ratio, Vy/Vs. As a
result, the solubility values of the non-hydrox-
ysteroids in alcohols are relatively comparable
to those observed in the aliphatic hydrocar-

bons.

4. The fourth category of solvents is represented
by water. In water, the solubilities of the
steroids are the lowest although the positive B
contributions are greater than in the other
solvent classes, and the negative D contribu-
tions are close to zero. In fact, the steroid
aqueous solubilities are predominantly depen-
dent on the hydrophobic effect (F term). Their
large hydrophobicities are due to the smallness
of the water molar volume with respect to that
of the steroid molecules. The huge loss of the
mobile order entropy of the water molecules
can never be recovered by the exothermic
energy gained by the solute—solvent specific
interactions (O term). A direct consequence of
the hydrophobic effect is that any increase of
the molar volume of the steroid which nor-
mally promotes its solubility in non-associated
solvents will lessen it in alcohols and water.

4. Conclusion

Based on the knowledge of a small number of
properties of solutes and solvents, the mobile
order-derived solubility equation enables correct
quantitative predictions of the solubilities of
steroids displaying several proton-acceptor sites
in common organic solvents including water. On
the basis of the relative non-crystalline solubility
contributions, the solvents can be classified into
four categories of decreasing solubility. The in-
depth analysis then provides useful conclusions
regarding the solubility of the steroids.

1. The solubility increases whenever the fluidiza-
tion of the steroid is lessened. In practice, one
can seek to replace an original compound with
one of similar properties, but characterized by
lower melting temperature and/or enthalpy of
fusion.

2. Among non-associated solvents of similar mo-
lar volumes, the best dissolving solvent for a
given steroid will be the one showing the
modified non-specific solubility parameter as
close as that of the steroid. Such behaviour
expresses the old empirical principle ‘like dis-
solves like’.
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3. Similarly, if two or more non-associated sol-
vents are characterized by similar differences
of their modified non-specific solubility
paremeters with that of a given steroid, then
the solvent with the small molar volume will
dissolve the large amount of that steroid.

4. In self-associated solvents, the higher solubili-
ties will be observed for the steroid—solvent
systems presenting the smaller values of the
molar volume ratio, Vy/Vs.

5. Given two or more non-hydroxysteroids of
similar volumes, the non-crystalline part of
their solubility in amphiphilic solvents will es-
sentially differ by the number of their proton-
acceptor sites: the greater the number of these
active sites, the larger the solubility.
Concluding, we dispose of a thermodynamical

model allowing a priori predictions of solubility

of steroids with reasonable accuracy not only in
water, but also in apolar or polar associated or
non-associated solvents. Such model could there-
fore be used to test rapidly and before any exper-

imentation the dissolving power of solvents for a

given solute at a fixed temperature, hence could

serve to orient the choice of a solvent for liquid
oral, topical or parenteral pharmaceutical forms.
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