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USTRACT 

Solubility parameters for a number of drugs and related organic 
solids were determined from their dispersion and polar surface free 
energy data by means of an equation found to be valid fgr solvents. 
The relation fits quite well all solids investigated with an excellent 
correlation coefficient. The oslculated Bolubility parameters, 5, , 
were checked with the ones estimated from molecular groups and 
fragment constants according to Fedors method, b, . A similar So of 
14.6 was obtained for o-hydroxybenzoic and p-hgdroxybensoic acids. 
The deviations from sp shown in ethyl-psminobeaeoate, b6neOiC acid, 
and aspirin were attributed to the imperfection of their vapor. 

1135 

Copyright 0 1990 by Marcel Dekker, Inc. 

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
B

ib
lio

te
ca

 A
lb

er
to

 M
al

lia
ni

 o
n 

01
/2

7/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1136 SAMAHA AND NAGGAR 

The solubility profile of hydrocortisone acet6te was obtained in 
dioxane-water miXtUr68, and the eolubility parameter of the drug 
was determined from the peak solubility in this binary eolvent system. 
The experimental results for some drugs were compared with their 
Bolubility parameters calculated from the surface free energy data. 
Excellent agreement was found for hydrocortisone acetate, whereas 
griseofulvin and phydroxybeneoic agreed fairly. 
behavior of bcnzoic acid results in different experimental Solubility 
parameter, and the percentage deviation f r o m  so ranged from 3.4-20.8. 
A deviation of 11.8% was obtained for ethyl-p-aminobeneoate and nsa 

attributed to the influence of its crystal structure which would 
account for its low sE value measured. 
alao applied to the dicarboxylic acids. The odd-even altemtion seen 

in their melting point8 is not reflected on their Bolubility parameters. 
The high so oalculated for theae aoids were related to their elongated 
ehape. 

The II chameleonic 

The relation suggested wa8 

IITRODUCTI ON 

The solubility parameter concept is the subject of many current 
research works (1-6). 
pharmaceatioal applications. However, the determination of eolubility 
parameters of many substances from the equilibrium data is still a 
difficult process. This difficulty resulted from the restrictions 
of regular solution theory, while in real solutions forces other than 
dispersion forces play an important role due to the presence of polar 
groups and, exceptionally, -CH2- chains aleo. The inconstancy of the 
solubility parameter (s) of small drug molecules in mixed polar 

solvents has been reported by Martin et a1 (7). 
study (8) on the effect of binary solvent composition on the solubility 
parameter determination of nalidixic and salioylic acids, the 

chameleonic It effect resulted in different solubility parameters 
for salicylic acid ranging from 14.04 to 15.67 ca11/2cm-3’2 depending 
on the specific cosolvent-water system used. 

to introduce the ooncept of chameleonic materials which adopt 
the oharacter of the surrounding environment. Some suggestions for 

It has proved useful in a great variety of 

In a previous 

Hay (9) waB the first 
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SOLUBILITY PARAMETER AND SURFACE FREE ENERGY 1137 

dealing with the chameleon-like behavior associated with solute- 

solvent interaction were presented by Martin et a1 (10). 
The important role played by the nature of solid surfaces in a 

variety of pharmaceutical processes has been now well documented 

(11-13). The contact angle is established as a true thermodynamic 
quantity. Accordingly, measurement of contact angles exhibited by 
liquids on solid surfaces has been succesfully used to estimate the 

surface free energy per cm2 for a number of solids (14). 
also been applied to calculate the average surface free energy for 

many polymers (15,16). 
pharmaceutical powders were presented by Lerk et a1 (17). 
methods for estimation of the surface energy of solids were 
reviewed by Linford (18). 

It has 

The contact angles for a series of 
Other 

A relationship between solubility parameter and surface free 
energy was presented earlier by Hildebrand and Scott (19) as a 
simple quadratic equation. In spite of the fact that a theoretical 
justification for the constant in the equation was not supplied, a 
dimensionally unbalanced equation was then set up and widely used, 
with misleading results. 
relationship and the idealized theoretical treatment of Schonhorn 
(20), Beerbower (21) presented a correlation, on a three-dimensional 

solubility parameter basis, to compute the surface free energy for 

most organic liquids, molten salts, and liquid metals. 
Correlations of solvent solubility parameters with molar attraction 

constants, surface tension, dipole moment, and index of refraction 

have been explored, and a relation between the dispersion 
oontribution to the surface energy of polymers and their dispersion 

solubility parameters has also been presented (22). 

Following the Hildebrand's empirical 

The purpose of this work is to investigate the possibility of 
using surface free energy data, which takes into consideration the 
contributions of polar and non polar forces, to estimate the 
solubility parameter of some druge and related organic solids from 
relation found to be valid for solvents. 
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EXPERIMENTAL 

SAMAHA AND NAGGAR 

MATERIALS 

Hydrocortisone acetate was obtsined from ( Up john Co., 

ICalamasoo, Michigan, USA 1. Dioxane was obtained from ( El-Nasr 
Pharmaceuticals Chemicals Co., Cairo, Egypt ) *  

METHODS 

Solubility Determination 
The solubility of hydrocortisone acetate was determined in 

mixed solvents consisting of dioxane ( Sld I 10.01 ) and water 

( sl, - 23.45 ). Different concentrations ranging from O-lOO$ 
(V/V) of dioxane in distilled Water were prepared. Excess solute 
was introduced into screw-capped vials containing lOml of the 

diozane-water mixture. The vials were agitated f o r  72 h in a shaker 
bath maintained at 30° 2 0.1. 
samples were filtered and aliquot6 were diluted appropriately 
with distilled water depending upon the quantity of solute in 
solutions. The solutions were analysed spectrophotometrically 
at 245 nm ( no interference from dioxane occurred after dilution ) *  

A11 experiments were run in triplicate and average values were 
calculated. Reference absorptivity aonstants were determined in 
a solution containing lO$ ethanol and SO$ water (V/V). 

After equilibrium was attained, the 

Solubility Parameter of Binary Solvents 
The solubility parameter, s,, for a mixture of dioxane, d, and 

water, w, is calculated using the expression (2): 

1 4 . 1  

Where Sl is the solubility parameter of the binary solvent mixtures, 
8nd is averaged in terms of volume fractions of dioxane, fid, and 
water, $,,* 

Solubility Parameter and Molar Volume of Solids 
Since the energy of vapori~ation and the molar volume are 

additive on functional group bases, the molar volume, Vm, and the 
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SOLUBILITY PARAMETER AND SURFACE FREE ENERGY 1139 

solubility parameter, 6,. , for solids were computed using Fedors 
method (23). The solubility parameters of solids, go , were also 
calculated from the surface free energy data. 
For hydrocortisone acetate, the solubility parameter was obtained 
experimentally at the peak Solubility lrhere the Sl value of the 
binary solvent used should equal 6 ,  as required by the Hildebrand- 
Scatchard equation (2). 

Surface Free Energy Data 
The experimental surface free energies for the compounds under 

investigation were taken from Zografi and Tam (141, who used the 
contact angle measurements to estimate the solid surface free 
energy { yo) based on the assumption that no highly specific 
interaction and orientation of molecules occur at the solid- 

liquid interfaces. 

TKEOB ETI CILL CONS I DERATI 08s 

The energy of vaporinrstion,AE , per unit volume was defined 
by Hildebrand and Scott (19) as the cohesive energy density, C.E.D., 
and its square root as the solubility parameter, 8.  

V 

Where V is the molar volume, and AH is the heat of vaporieation. 

The surface free energy,? , waa then related to the enerRy of 
vaporiaation by t 

m V 

Where N is Avogadro's number, and k is a constant. However, the 
numerical evaluation produced an arbitrary value of k, and an 
exponent of 7 equaling 0.86, which breakdown the dimensional balance, 

the following derivation was deduced {22)1 
Using a Lennard-Jones potential for the molecular interactions, 
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e "f = ( 1 - 2 )  - h 

SAMAHA AND NAGGAR 

kr. 4 

Where y is the surface tension, nB and n are the coordination 
numbers in the surface layer and in the bulk phase, respectively. 
A is the orose-sectional area per molecule, and 4 is the minimum 

potential in L J  potential curve. 
molecules aye spheriaal, i.e., L= VE13 , and hEv is proportional 

to c; , &paation 4 m y  thus be written as t 

Balsed on the assumption that the 

E q .  5 

In which I(. is a constant. 4. 5 has been derived using other 
approaches than the spherical symmetric type of potential around 

a moleaale (l9,2l). 
free energies of most osgalaic liquids, fuesd salts, and liquid metals 
to their eresgies 09 vaporination, using the Hansen parameters for 

Lordon force ( 8 ,  ), polar ( 8, ), and hydrogen bonding ( 6 ,  ) 

energies 

Bderbower (21) was able to relate the surface 

'L .I 0.0715 V:l3 (5; + 0.632 ( 6, 2 + 6; ) ) w. 6 

From the least-squares analysis of solvent data, the following 
relation wae also found (22) i 

4. 7 

The reason for the absence of 6, in 4. 7 is due to the fact that 
the interactions responsible for liquid-vapor interfacial energy 
do not involve the breaking of hydrogen bonds (22). 

The simplest of all equations used (21,24) to relate the surface 
free energy of most substances to the energy of vaporization ie t 
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SOLUBILITY PARAMETER AND SURFACE FREE ENERGY 

and 

1141 

Where the value of 0.0715 is a constant derived from the number 
of nearest neighbors lost in surface formation, assuming that the 
molecules tend to occupy, on the average, the corners of regular 
octahedra (21). 

RESULTS AND DISCUSSION 

In this study, equation 9 was adopted for eetimstin~: the 
solubility parameters, So , of the solids lieted in Table 1, 
from dispersion and polar eurface free energies measurements. 

The relation fits quite well all substances with a correlation 
coefficient of 0.9997 { Fig. 1 ). 
The per cent deviations of so ,from the predicted values, 8, , 
calculated from molecular groups and frafment constants using 
Fedors approach are illuskated in the last column of Table 1. 
The greater deviation occurred with ethyl-p-sminobenzoate ( Z O O # ) ,  

where a 8 
value of 11.14, followed by bensoic acid (14.7.%), then aspirin 

(11.6$). 
vaporization, A$ . 
these substances, a lower bEv than is needed to account for the 

high surface free energy resulted (21). 

value of 13.47 was obtained in correspondence to a sF 

This anomaly is probably associated with their energy of 

0 

Because of the imperfection of the vapor of 

The solubility parameters, 8, , obtained from the surface free 
energy data for p-hydroxybenzoic and o-hydroxybenzoic acids were 
identical and in good agreement with their computed sB values 
(Table 1). 
is kbla to donate electrons through th3 nucleus to the ecid function 
creating a definite dipolar molecule. 
should produce a dipole moment as strong, if there are only resonant 

and inductive forces determining the electron shifts in the 
molecule (25) .  
the hydroryl and the carbon31 oxygen of the acid group can interact 

The OH in the position para tQ the carboxylic group 

The o-hydroxybenzoic acid 

The structure of the ortho oompound is such that 
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1142 SAMAHA AND NAGGAR 

Figure 1. Relation between surface free energy and solubility 
parameter for aolide. 

through intramolecular hydrogen bonding. Whereas, the para ieomer 
of hydroxybenzoic acid favors intermolecular hydrogen bond giving 
riee to a high degree of aesociation. 
the surface free energy,7 
26.2 in relation to a value of 27.7 obtained for par8 substituent 
( Table 1 ). However, the contribution of permanent dipalee to the 
cohesive energy density was repreeented empirically by the linear 
relationehip (22) I 

The polar contribution to 
for the ortho compound is equal to P ’  

SP = 9.5 ,* m 
E q .  10 

Where 8 
ie the dipole moment. 

ie the solubility parameter due to dipole forces, and & 
P 
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S O L U B I L I T Y  PARAMETER AND SURFACE FREE ENERGY 1143 

TABLE 1 

Computed Xolar Volumes, Surface free Energy Terms in ergs and 
Solubility Parameters in ~all/~cm-~/: for Various Solids at 25' 

$ .d" gc sd k a 

rn P 0 0 F deviation Solid 

Hydro c o r t  i s on e 258.9 

Hydrocortisone acetate 266.3 

Griseofulvin 374.0 

Indomethacin 238.8 

Aspirin 132.4 

Ethinamate 104.1 

Phenacetin ~48.8 

Benzoic acid 99.9 

P-OH-benzoic acid 90.9 

0-OIi-benzoic acid 90.9 

P-F-bensoic acid 98.9 

P-C1-benzoic acid 104.9 

P-Bpbeneoic acid 110.9 

P-HH beneoic acid 100.1 

Ethyl-p-aminobensoate 139.2 
2- 

45.1 

46-9 

45.5 

47.3 

39.4 

43.3 

45.8 

39.0 

40.6 

42.3 

36.0 

43.3 

46.5 

40.6 

48.1 

~ ~ 

23.6 

16.5 

16.7 

14.5 

28.1 

27.6 

12.5 

22.7 

27.7 

26.2 

19.1 

5.7 

3.4 

25. 3 

19.0 

-~ 

68.7 

63.4 

62.2 

61.8 

67.5 

70.0 

58.3 

61.7 

68.3 

68.5 

54.1 

49.0 

49.9 

65.9 

67.1 

12.30 

11.75 

10.99 

11.81 

13.62 

14-44 

12. 34 

13-65 

14.59 

14.61 

12.80 

12.06 

12.06 

14.10 

13.47 

12.38 0.65 

11.63 1.02 

10.41 5-57 

18.33 4.22 

12.20 11.64 

13.79 4-71, 

11.55 6.84 

11.90 14.71 

15-40 5.36 

15.40 5.14 

12.41 3.14 

12.73 5.37 

12.72 5.19 

13-12 7.47 

11.14 20.92 

a) Vm, the molar volumes were calculated from the group contribution 

b) %,, yp, and %o ( qd + yp ) were taken from Zografi and Tam (14). 
c) Solubility parameters, so calculated according to Eq.  9. 
d) Solubility parameters, s, calculated usinp: Fedore method (23). 
e) Per cent deviatione were calculated from (sF - % / sF 

method of Fedors (23). 

) x 100. 
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1144 SAMAHA AND NAGGAR 

The available data f o r  halides fit quite well into E q .  9 with a 
305% deviation from the Fedors solubility parameters, sF . 
acetate at 30' in pure water ( Su =23.45 ), pure dioxane ( $a -lO.Ol), 
and in the binary solutions composed of these solvents are found 
in Table 2. 
at 30°, which is in a good agreement with the previously determined 
value of 0.01 mg/ml at 25' (26). 
The solubility curve for hydrocortisone acetate in dioxane-water 
system is illustrated in Fig. 2. The curve has been normalized by 

subtracting the log aqueous solubility, log Sw , from the log 
composite-solvent solubility, log S 

in any way alter the shape of the curve (8). A maximum solubility 
was obtained at a sl value of 11.6 corresponding to 88% dioxane in 
water mixture. Since the eolubility measurements are not spaced 
closely enough in the solvent composition, more precise result may 

be obtained by drawinK two intersecting strsight lines tsngent to 

the curved line paseing through the points ( Fig. 2 1. 
a SE value of 11.7 ~ a l ~ / * c m - ~ / ~  for hydrocortisone acetate. 

parameters, GE , and the ones calculated using surface free energy 
data, So , for some pharmaceutical solids is presented in Table 3. 
For hydrocortisone scetate, the experimental solubility parameter 
determined in this study matched perfectely with go , calculated 
from the dispersion and polar surface free enere;ies accordinp: 
to &. 9 .  The estimated solubility parameter for p-h,ydroxybenzoic, 

s o  , was in reasonably good agreement with the experimentally 
reported value (27), and deviates from it by 4.6b. 
For miseofulvin, benzoic acid, and ethyl-p-aminobenzoate, the 
calculated solubility parameters, so , were Fenerally higher than 
the experimental onea. This can be attributed to the methylene 
iodide and water contact anele data used to determine the surface 

free energy To . 
energy values obtained with methylene iodide and water are hipher 
than those obtained with the various semi polar liquids. 
The 8 ,  values of beneoic acid range from 13.2 in the highly Dolar 

The experimentally determined eolubilities of hydrocortisone 

The water solubility of the steroid was 0.0125 mg/ml 

This normalization does not f' 

This gives 

A oomparison between the experimentally determined Rolubilfty 

It has been noted that (14) the total surface free 

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
B

ib
lio

te
ca

 A
lb

er
to

 M
al

lia
ni

 o
n 

01
/2

7/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



SOLUBILITY PARAMETER AND SURFACE FREE ENERGY 

TABLE 2 

Solubility of Hydrooortieone Acetate in Dioxane-Water Mixtures 
at 30' 

1145 

Di oxane 
% 1 s 

- 

Solubility 

midm1 

a 
"1 

0 

20 

40 

60 

80 

85 

88 

90 

95 

100 

23.45 

20.76 

18.07 

15.39 

12.70 

12.03 

11.62 

11.35 

10.68 

10.01 

12.5 x 10-3 

10.8 X low2 

59.3 x 
36.0 X 10-l 

16.5 X 10' 

23.0 X 10' 

34.4 x loo 
25.8 X 10' 

26.8 X.10' 

22.1 x loo 

- 
8.64 X 10' 

4.74 x lo1 

1.32 x 103 
1.84 x 103 

2.06 x 103 
2.14 x 103 
1.77 x 103 

2.88 X lo2 

2.75 X lo3 

S is the composite-solvent solubility, and s is the aqueous 
solubility. 
f W D

ru
g 

D
ev

el
op

m
en

t a
nd

 I
nd

us
tr

ia
l P

ha
rm

ac
y 

D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

B
ib

lio
te

ca
 A

lb
er

to
 M

al
lia

ni
 o

n 
01

/2
7/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1146 SAMAHA AND NAGGAR 

3.0 - 

- 
3 

vl 

vl 
- .+ 

- 2.0 - 
cn 
0 
d 

1.0 - 

I 1 
I 
I 

L, I 

I 
1 I 

0 " 10 12 1L 16 18 20 2 2  
Solubility parameter, 5 ,  (cal  . / c  m'lx 

Figure 2. Solubility of hydrocortisone acetate in dioxane-water 
mixture8 at 30'. 

solvent mixtures to 11.3 in the lea8 polar systems (10). 
the percentage deviation from 6o was 3.4 to 20.8. 
in benzoic acid 8, , resulting from its 
explained as a reflection of a deviation from the geometric mean 

assumption of regular eolution theory (10). 
with the chameleonic effect associated with bencoic said-eolvent 
interaction were alao prenented (10). 
The loading group I@ present in ethyl-p-aminobenzoate, viz., the 
aromatic ring and the polar moiety is a property determininp for 
its crystal structure (28). 
alkyl-p-aminobeneoatee revealed the influences of the crystal 
structure. 
d spacing of the crystal, this latter is defined as the distance 

between adjacent molecular planes of the unit cell. 

Accordingly, 
The variability 

chameleonic behavior was 

Suggeetione for dealing 

&ray diffraction patterns obtained for 

The angle of least diffraction was related to the 1.ongest 

Ethyl-p- 
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SOLUBILITY PARAMETER AND SURFACE FREE ENERGY 1147 

TABLE 3 

Comparison of the Experimental and Calculated Values for the 

Solubility Parameter, sE , and go , of some Solids. 

Solid 
S O  

% 
deviation 

Hydrocortieone acetate 11.70a 11.75 0.43 

Criseofulvin 10.24 10.99 7-32 
b 

benzoic acid 13.2-11.3c 13.65 3 4-20.8 

P-OH-benzoic acid 15 . 30d 14.59 4.64 

Ethyl-p-aminobenzoate 12.05’ 13.47 11.76 

a’ Phi6 work. 

b’ Taken from reference 4. 

Taken from reference 10. 

d l  Taken from reference 27. 

e’ Taken from reference 28. 

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
B

ib
lio

te
ca

 A
lb

er
to

 M
al

lia
ni

 o
n 

01
/2

7/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1148 

TABLE 4 

SAMAHA AND NAGGAR 

Computed lolar Volumes, Total Surface Free Energies in erg8 
and Solubility Parametere in ca11/2cm-3/2, for Some Dicarboxylic 

Acids at 25 0 

Acidsa 

Pimelic ( C7 I 137.5 75.0 14.27 11.79 21.03 

185.8 58.4 11.97 11.04 8-40 clo) Sebacic 

Dodecanedioic ( C12) 218.0 63.5 12.16 10.70 13.64 

282.4 60.0 11.32 10.26 10.33 ‘16) Thopic 

a) Acids structures are I HOOC (CH2)n COOH, with n ranging from 

b, Total surface free energies, ?fo, taken from Zografi and Tam (14). 

5-1 4 

’) Solubility parameters, so, calculated according to 4. 9 .  

d l  Solubility parameters, sF, calculated using Fedors method (?3) ,  
( S A E  1/2 

‘F - v )  

g v m  
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SOLUBILITY PARAMETER AND SURFACE FREE ENERGY 1149 

aminobenzoate has a length that may not allow the ethyl group to 
be any farther from the amine group than the ester oxygen, such as 

in case of methyl-paminobenzoate (28). 
aromatic orbitals overlapping, and maximum dipoledipole interactions 
between adjacent molecules, which would account for its low sE 
value determined ( Table 3 ). 

This structure would Derrnit 

The method suggested in this study to determine the Solubility 
parameter was then checked for a particular class of drugs, which 

is found difficult to handle, viz., the dicarboxylic aaids. 
As can be seen in Table 4, the predicted SF decreases as the chain 
length increases; whereas the 6o determined from surface free energy 
data exhibited a different trend. In Eeneral, higher so valuen 
were obtained for these acids than their 6, calculated ones, with a 
deviation ranging from 8.& for sebacic acid ( C ) to 24.432, for 

suberic acid ( C8 1. The odd-even alteration seen in their melting 
points, which is characteristic of long-chain compounds, is not 
reflected on their solubility parameters, For instance, the melting 
point of pimelio acid ( c7 ) is 105.8' , and that of suberic acid [ Cs) 

is 142.0' , whereas a similar So value of 14.3 was obtained for both 

acids ( Table 4 ). 
acids investigated may be attributed to the increasing deviation 
from the octahedral geometry, applied in %ustion 9 ,  due to their 
elongated shape (21) . 

10 

The high So results obtained for the dicarboxylic 

This approach is appealing to make use of the results of 
surface chemistry to calculate the solubility parameter for druw 

and related solids. 
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