
Entropic Factor in the Solubility of Small Particles 
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Abstract 0 A mechanistic basis for the dependence of solubility on 
particle size was investigated. The solubility difference between a 
crystalline and microcrystalline solid was determined ; the micro- 
crystalline solid had a greatei solubility than the crystalline. The 
heat of solution, as determined from a Vari't Hoff plot, was found 
to be independent of particle size. The observed solubility difference 
was interpreted to be due to a relatively greater entropy of solution 
for the microcrystalline solid as compared to the crystalline solid. 
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Wollaston ( I )  first noted the relationship between 
particle size and solubility when he observed that finely 
divided solids dissolved to a greater extent than rela- 
tively coarse particles. Ostwald (2) derived a mathemati- 
cal relationship between particle size and solubility, 
based on the Kelvin relationship between vapor pres- 
sure and curvature, which was later corrected by 
Freundlich (3). Recently, the role of entropy in this 
phenomenon was postulated (4). The present experiment 
was undertaken to  obtain predictive evidence for this 
hypothesis. 

THEORETICAL 

Equation 1 can readily be derived (4) from a consideration of the 
Gibbs free energy change accompanying the transfer of solid 
material from a flat surface, having a solubility1 C,, to spherical 
particles of radius r, having a solubility C, where M and p are the 
molecular weight and density of the substance. The interfacial ten- 
sion between the particles and their saturated solution is symbolized 
by Y. 

C 2yM 
C, rRTp 

In - = -- 

Since y must be positive, C > C, and increases with the decreasing 
radius of the spherical phase. Thus a solution saturated with respect 
to large particles is not saturated with respect to small particles. In 
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Figure I-Vun't Hoff plot of the relative solubilities of crystullirie 
(0) and microcrystalline (0) griseofulvin. 

1 I t  is assumed that C and C, are sufficiently similar that the ratio 
of activity coefficient which should appear In Eq. 1 is equal to unity. 
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Table I-Relative Solubilities of Griseofulvin in Water" at 
Various Temperatures 

Temperature Crystalline Microcrystalline 

29.5" 
31.6" 
44.7" 

1 .OO 
1.45 
2.01 

1 . 5 5  
2.15 
3.00 

a Feferred to the absorbance reading of crystalline griseofulvin at 
29.5 . 
a mixture, small particles will dissolve and subsequently precipitate, 
causing the growth of larger particles. This is a general phenomenon 
independent of the specific chemical nature of the solute or the sol- 
vent. The larger solubility of the smaller particles is a consequence 
of a larger free energy of solution, L!IG~(L, whichcan becomposed of 
an enthalpic, AH,,I., and an entropic, XL,I., contribution. The dif- 
ference in the free energies of solution from a spherical particle ofra- 
dius r2 and a spherical particle of radius rl can be wI itten as: 

A ( A G ~ I . )  = A(Affm~,) - TA(AS,~I.) 0%. 2) 
2yM I 

= 77 (;< - j,) 
0%. 4) 

C2 
= RTIn c, 

The specific purpose of the present study was to determine the rela- 
tive contributions of entropy and enthalpy to the increased solubil- 
ity of small particles. 

EXPERIMENTAL 
Griseofulvin2 was chosen for this study because of its availability 

in two distinct particle-size ranges. 
The solubility of griseofulvin, crystalline and microcrystalline, was 

determined at 29.5, 37.6, and 44.7 f 0.1 by stirring 1.000 g. in 150 
ml. of twice-distilled water until a constant absorbance reading was 
obtained on a Bausch and Lomb spectronic 505 spectrophotometer 
a t  298.5 nm. The relationship between absorbance and concentra- 
tion was obtained by diluting the saturated solution of highest ab- 
sorbance and plotting absorbance versus the dilution factor. The 
linear relationship obtained eliminated the necessity of determining 
absolute concentration values. 

RESULTS 
The relative solubilities of crystalline and microcrystalline griseo- 

fulvin at different temperatures are shown in Table I. A Van't Hoff 
plot of these results is presented in Fig. I. The slopes of the lines, 
AH8,1./2.303R, are equal. Therefore, the enthalpy of solution, 
having a value of 8.6 kcal./mole for griseofulvin, is independent of 
particle size and does not contribute to the increased solubility of 
the smaller particles. This has previously been postulated to be the 
case in general (4). The phenomenon may, therefore, be attributed 
to a comparatively greater entropy of solution for smaller particles 
as described by Eq. 5 ,  where A(AH,,,l.) = 0. 

Cl A(AS8,,~.) = R In ~- G 
DISCUSSION 

Once the substance is in solution, its kinetic microparticles, i.e. 
molecules or ions, have the same properties irrespective of the 
physical properties of the pure phase from which they derived. It is, 
therefore, reasonable to consider the difference in solution entropy 
as attributable to some fundamental and general difference in the 
process of removal of microparticles from a pure phase which de- 
pends upon its geometry and dimensions. The configurational en- 
tropy of R In 2 ( 3 ,  which a surface microparticle possesses relative 

(W. 5 )  

4 Supplied by McNeil Labs, Fort Washington, PA 19034 



Table 11-Differences in Molar Entropies of Solution of 
Microcrystalline and Crystalline Griseofulvin Observed at 
Three Temperatures 

A(Ass01.) ,a 
Temperature cal./degree/mole 

29.5” 
37.6” 
44.7” 

0.87 
0.78 
0.80 

Average 0.82 

a Calculated using Eqs. 5 and 7. 

to the bulk solid, is independent of the geometry and dimensions 
of the solid and cannot be responsible for the phenomenon. 

Consider a microparticle in a box and the fact that entropy is re- 
lated to probability and can be envisaged as increasing with the ran- 
domness of a system. A system consisting of a microparticle in a box 
will have a maximum randomness when the probability of finding 
the particle in any volume element of the box at any instant is uni- 
form. This would be the case when the resultant of all forces acting 
on the microparticle is zero. The microparticle in a box is analogous 
to a molecule or ion located in the interior of a pure phase, in which 
the symmetric forces to which it is subjected by its nearest neighbors 
cancel. If an asymmetric electrical field is acting upona polar or polar- 
izable microparticle, it would cause it to move in a preferred direc- 
tion, tending to locate it in a preferred volume element. This is the 
case when the particle is at the surface of the phase, where there is an 
unbalance of forces, and the particle is not acted upon equally in all 
directions but has a preferential direction of motion and a preferred 
location within the confines of its allotted space. As a consequence, 
there is a diminished entropy due to a decrease in the space in which 
the particle is preferentially confined. 

It can be seen from these considerations that ions and molecules 
dissolving from a surface enjoy a greater increase in entropy than 
those that hypothetically could be transferred from the interior of 
the material into the solution. However, in reality, only the surface 
microparticles dissolve, irrespective of the dimensions and geome- 
try of the material from which they are derived. For the dissolution 
of n microparticles from the surface leaving m microparticles ex- 
posed in a new surface, the entropy change per mole of microparti- 
cles can be written as: 

(Eq. 6) 
m AS, - = AS1 + ;AS2 

where AS1 is the entropy change per mole of microparticles dissolv- 
ing from the surface and ASz is the negentropic change per mole of 
microparticles upon being exposed at the surface. Assuming that 
AS, and AS2 are the same for both flat and spherical surfaces, it can 
be seen that the smaller the ratio of microparticles left exposed (m) 
to microparticles dissolving (n),  the greater is the overall entropy of 
the dissolution process. The key to the problem then is the relative 

number of microparticles of decreased entropy that are exposed 
when a monolayer of surface microparticles dissolves. 

For every microparticle removed from a flat surface, there is ex- 
posed another underlying microparticle, and the ratio of exposed to 
removed microparticles, m/n, is unity. However, the number of 
underlying microparticles exposed by the dissolution of n surface 
microparticles will decrease with decreasing radius. It is apparent 
that the molar overall entropy of solution from a small spherical 
surface will be greater than from a flat surface; therefore, the nega- 
tive free energy change is greater. 

The entropy difference accompanying the transfer of dN moles 
of solute to a pure phase having a spherical radius, rs, in equilibrium 
with its saturated solution from a similar pure phase of radius, r1, 

where rl < r2, will be given by Eq. 7: 

The symbols Nz and Nl denote the number of moles of micro- 
particles that are covered and exposed, respectively, at surfaces 
accompanying the transfer of 1 mole microparticles between the 
pure spherical phases. Assuming that 7 ,  the interfacial tension, does 
not appreciably differ for the two pure phases in equilibrium with 
their saturated solution, multiplying Eq. 7 by T renders it 
equivalent to Eqs. 2-4. The values of A(AS,,l.) calculated for 
the crystalline and microcrystalline griseofulvin studied in the pres- 
ent experiment are listed in Table IJ. These values appear approxi- 
mately constant. 

CONCLUSIONS 

Predictive experimental evidence has been obtained for impli- 
cating the entropy of solution as the dominant factor responsible 
for the increased solubility of small particles. Although the results 
apply strictly only to the systems studied, it may be expected that 
the conclusions reached in rendering these phenomena conceptually 
explicable in terms of geometry and probability are of general 
significance. 

REFERENCES 

(1) Wollaston, Phil. Trans. Roy.  Soc. London, 103, 57(1813). 
(2) W. Ostwald, Zeitschr. F. Physik. Cheniie, 34, 503( 1900). 
(3) H. Freundlich, “Colloid and Capillary Chemistry,” F. P. 

(4) V. F. Smolen and D. 0. Kildsig, Arner. J. Pham.  Ed., 31,512 

(5) J. T. Davies and E. K. Rideal, “Interfacial Phenomena,” 

Dutton, New York, N. Y., 1922, p. 155. 

(1967). 

Academic, New York, N. Y., 1963, p. 12. 

ACKNOWLEDGMENTS AND ADDRESSES 

Received April 1, 1970, from the Department of Industrial and 
Physical Pharmacy, School of Pharmacy cmd Piiarmucai Sciences, 
Pitrdue University, Lafayette, IN 47907 

Accepted for publication June 18, 1970. 

Vol. 60, No. I ,  January 1971 0 131 




