(15) L. M. Sreebny and J. Meyer, “Salivary Glands and Their
Secretions,” MacMillan, New York, N. Y., 1964, pp. 177-195.

(16) A. S. V. Burgen and N. G. Emmelin, “Physiology of the
Salivary Glands,” Edward Arnold Ltd., London, England, 1961,
pp. 145, 148, 170, 171.

(17) L. H. Schneyer and C. A. Schneyer, “Secretory Mechanisms
of Salivary Glands,” Academic, New York, N. Y., 1967, pp. 315,
375.

(18) L L. Shannon, G. M. Isbell, and H. H. Chauncey, J. Dent.
Res., 41, 661(1962).

(19) I. A. Hildes and . H. Ferguson, Can. J. Biochem. Physiol.,
33, 217(1955).

(20) 1. L. Shannon and J. R. Prigmore, Proc. Soc. Exp. Biol.
Med.,97,825(1958).

(21) J.T. Anders, J. Appl. Physiol., 8, 659(1956).

(22) J. H. Thaysen, N. A. Thorn, and 1. L. Schwartz, Amer.
J. Physiol., 178, 155(1954).

(23) A.G. White, P. S. Entmacher, G. Rubin, and L. Leiter, J.
Clin. Invest., 34, 246(1955).

(24) A. Rapoport, B. M. Evans, and H. Wong, Can. Med. Ass.
J., 84, 579(1961).

(25) L. H. Schneyer and C. A. Schneyer, Advan. Oral Biol., 1,
1(1964).

(26) H. H. Chauncey and P. A. Weiss, Arch. Int. Pharmacodyn.
Ther.,113,377(1958).

(27) P. Karlson, “Introduction to Modern Biochemistry,”
2nd ed., Academic, New York, N. Y., 1965, pp. 311-314.

(28) O. H. Wheeler and L. A. Kaplan, “Organic Electronic
Spectral Data,” vol. 3, Interscience, New York, N. Y., 1966, p. 266.

(29) K. A. Connors, in “Pharmaceutical Analysis,” T. Higuchi
and E. Brochmann-Hanssen, Eds., Interscience, New York, N. Y.,
1961, pp. 226-232,

(30) R. M. Levine, M. R. Blair, and B. B. Clark, J. Pharmacol.,
114, 78(1955).

(31) T. Higuchi and R. Kuramoto, J. Amer. Pharm. Ass., Sci.
Ed., 43, 393(1954).

(32) Ibid., 43, 398(1954).

(33) T.Higuchiand J. L. Lach, ibid., 43, 465(1954).

(34) H. M. Burlage, C. O. Lee, and L. W. Rising, “Physical
and Technical Pharmacy,” McGraw-Hill, New York, N. Y., 1963,
pp. 241, 242.

ACKNOWLEDGMENTS AND ADDRESSES

Received March 23, 1970, from the School of Pharmacy, Univer-
sity of Mississippi, University, MS 38677

Accepted for publication October 27, 1970.

Presented to the Basic Pharmaceutics Section, APHA Academy
of Pharmaceutical Sciences, Montreal meeting, May 1969.

Abstracted from a dissertation submitted by R. E. Davis to the
University of Mississippi in partial fulfillment of the Doctor of
Philosophy degree requirements in the School of Pharmacy.

The authors thank Dr. Dana Brooke for his technical assistance
in preparing this manuscript.

* American Foundation for Pharmaceutical Education Fellow,
1965-1967; Mead Johnson Memorial Fellow, 1967-1968. Present
address: Mead Johnson & Co., Evansville, IN 47721

1 Deceased.

Solubility of Sodium Salicylate in Mixed Solvent Systems

ANTHONY N. PARUTA and JOHN W, MAUGER

Abstract [] The solubility of sodium salicylate was determined in
aqueous mixtures of dioxane, acetone, 1-propanol, ethanol, and
methanol. The solubility had fair parallelism to dielectric constants
over a wide range of concentration, indicating adherence to the
coulomb relationship. The solubility curves for sodium salicylate
are examined from a suppressive dissociative point of view, insofar
as ionization may be taking place without complete dissociation.
Comparison of the solubility curves for an acid and its sodium salt
is considered. The possibility that uni-univalent electrolytes in
solutions below a dielectric constant of 30 are completely associated
is shown for several systems in plots of various concentration nota-
tions. Adherence of the predicted linearity from the Born equation
for these systems is discussed. However, the theoretical ionic radius
is found to be about twice the expected value.

Keyphrases [] Salicylate, sodium, solubility—mixed solvent
systems [] Alcohols, acetone, dioxane-water mixtures—sodinm
salicylate solubility [J Solubility, sodium salicylate—dielectric
constant relationship [] Ion, radii—sodium, salicylate

The solubility of chemical compounds described as
salts are normally thought of as having maximum
solubility in water relative to other less polar solvents
such as alcohols. The direction of decreasing solubility
with decreasing polarity is generally based on the charge-
separating ability of the solvent or the dielectric
constant.

It is of interest to consider the solubility changes that
occur as a function of the dielectric constant for a typ-
ical, useful pharmaceutical such as sodium salicylate.
This pharmaceutical was also chosen because data are
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available (1) on salicylic acid in the same solvent sys-
tems and a comparison could be made for an acid
and its sodium salt.

The Born equation (2), which deals with the relation-
ship between solubility and the reciprocal of the dielec-
tric constant, was also tested in this study.

The diminution of solubility of a salt with a concomi-
tant decrease in dielectric constant obviously would be
related to the degree of dissociation of the particular
salt and might be related to the water content of these
binary mixtures.

EXPERIMENTAL

Reagents—The reagents used were methanoll, I-propanol?,
1-pentanol?, l-octanol?, 1-butanol®, 1-decanol®, ethanol®, and
acetones, Deionized water was used for all binary mixtures pre-
pared. The sodium salicylate’ was USP grade. Dioxane® (p-
dioxane), stabilized, was also used in these studies.

The purity of the solvents was tested by the following procedure.
The refractive indexes of each solvent were determined initially and
throughout their use with a Bausch and Lomb Abbe-3 refractometer
at 25°. The results are given in Table L.

The instrument was checked against 99 mole % free benzene
(Fisher certified reagent), and the experimental value of 1.4983 was
obtained at 25° versus the literature value of 1.498 at 25°.

! Fisher Certified, Fisher Scientific Co.

2 Baker Analyzed, J. T. Baker Co., Phillipsburg, N. J.

3 Eastman Kodak No. 50, Eastman Kodak, Rochester, N. Y.
4 No. 5189, Matheson, Coleman & Bell, East Rutherford, N, J.
5 U, S. Industrial Chemical Corp.

8 Analytical Reagent, No. 2240, Mallinckrodt.

7 USP, J. T. Baker Co., Phillipsburg, N. J.

8 No. C 608258, Amend Drug and Chemical Co,, Inc.



Table I—Refractive Index of Solvents Used

Percent
Solvent Literatures Determined  Deviation
Methanol 1.326 1.3288 0.2
Ethanol 1.359 1.3640 0.4
1-Propanol 1.383 1.3840 0.1
1-Butanol 1.397 1.4025 0.4
1-Hexanol 1.416 1.4215 0.4
1-Octanol 1.427 1.4320 0.4
1-Decanol 1.4366° 1.4410 0.3
p-Dioxane 1.4224% 1.4024 0.1

¢ “Handbook of Chemistry and Physics,” 48th ed., The Chemical
Rubber Co., Cleveland, Ohio, 1967, b Values at 20° from a.

Table II—Dielectric Constant of Solvents Used

Percent

Solvent Literature® Determined Water
Methanol 32.63 32.7 0.2
Ethanol 24.30 24.4 0.4
1-Propanol 20.1 20.2 0.5
1-Butanal 17.1 17.2 0.6
1-Hexanol 13.3 13.4 0.8
1-Octanol 9.86° 9.9 0.4
1-Decanol 7.93 8.0 0.8
p-Dioxane 2.21 2.2 0.4

a “Table of Dielectric Constants of Pure Liquids,” U. 8. Dept. of
Commerce, NBS Circular 514. b Calculated from literature value at
20° and temperature coefficients to adjust value to 25°,

Further, a sample of each solvent was tested initially and through-
out its use by measuring its dielectric constant value on a Sargent
model V oscillometer. Deviations from literature values of the
dielectric constant were considered to be due to the water content.
The results are given in Table I1.

Procedure—Solubilities were determined by either a spectro-
photometric or gravimetric determination in a manner previously
given (3). Spectrophotometric® determinations were done at 231 nm.
Densities were determined by weighing the withdrawn samples
previous to drying. In the case of the pure solvent scan, for the higher
membered alcohols, the solubility was determined after 24-hr.
equilibration in a 25° bath. Twenty-four hours was chosen since
the equilibrium value of solubility occurred in about 10 hr. for the
slowest rate in 1-decanol.
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20 |-
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0 5 10 15 20 25

DIELECTRIC CONSTANTS

Figure 1—Solubility of sodium salicylate in milligrams/milliliter at
25° versus the dielectric constants of pure alcohols.
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Figure 2—Solubility of sodium salicylate in milligrams/milliliter
versus the percent w'w water in dioxane—water mixtures. The dielectric
constants of the binary solvent systems are also shown using the right-
hand scale.

In the cases of alcohol-water, dioxane-water, and acetone-water
systems, the solubility was tested at various concentrations, es-
pecially high nonpolar components, at 15-min. intervals for several
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Figure 3—Solubility of sodium salicylate in milligrams/milliliter at
25° versus the percent wiw water for the acetone—water and 1-pro-
panol-water binary mixtures. The dielectric constants of the binary
sotvent systems are also shown using the right-hand scale.

Vol. 60, No. 3, March 1971[] 433



METHANOL-WATER BINARY SYSTEMS
700 |-
600 SOLURBILITY CURVE '_ 80
500 ¢ ~4 70
100} -{ 60
o
300 b / o2 DIKLE CTRIC CONSTANT —4 50
/" ./ CURVE
{r ./ 0
200 o 4 o
Ef” =
= 100 i - 30 r':r
ob O
£ 0 3 ? { 1 1 1 ¥ 1 b L1220 -
o 10 20 30 40 50 60 70 80 90 oo} =
= EIUANOL-WATKR BINARY SYSTEMS o
2 g
« -3
3700 b @
8 SOLUBILITY CURVE )z>
600 & 2
500 | e
e
400 |- //’
300 |- // o
/ DIELECTRIC CONSTANT
200 | (/ /w GURVE a0
o e
100 i,/ 430
1 L 1 1 L Fl 1 il A dd 20
0 10 20 30 40 50 60 70 80 90 100
wt. 9% WATER

Figure 4—Solubility of sodium salicylate in milligrams/milliliter at
25° versus the percent wiw water for the ethanol-water and methanol-
water binary systems. The dielectric constants of the binary solvent
systems are also shown using the right-hand scale.

hours. 1In no case did asymptotic solubility values occur after 2 hr.
Since solutions of sodium salicylate are known to be light sensitive,
the experimentally determined equilibrium solubility occurred in

DIOXANE-WATER BINARY SYSTEMS
700 -

SODIUM SALICYLATE /

®
§00 SOLUBILITY CURVE /
o

500 = /'

) ‘s g
E / o
o ’ 8
E =
- 400 |- « -1803
> e P
- M DIELECTRIC CONSTANT ,’ o
=} CURVE . —170 o
- L s}
) - 2
3300 . 60 0
= P =
o) ,’ >
9] . [] 2
/\ SALICY LIC ACID SOLUBILITY CURVE —50 5

.

I P
200 \ / o da0
v ./

\ e ~{30
\
004/ 2 —20
// - S TWO PHASES
.’
t‘.
0

2 ‘._,—' _\) —10
- e

1 1 1 1 i 1 i - 0

0 10 20 30 40 50 60 70 80
wt. % WATER

L] Ll
90 100

Figure 5—Solubility of both salicylic acid and sodium salicylate in
milligrams|milliliter ar 25° for dioxane—water mixtures, The dielectric
constants of the binary solvent systems are also shown using the right-
hand scale.
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Figure 6—Solubility of salicylic acid and sodium salicylate in mil-
ligrams/milliliter at 25° for acetone-water and I-propanol-water
mixtures. The dielectric constants of the binary solvent systems are
also shown using the right-hand scale.

about 2 hr., and 4 hr. was chosen as the end-point. No discolora-
tion of these solutions was noted during the procedure.

RESULTS AND DISCUSSION

The solubility of sodium salicylate was initially determined in a
series of pure alcohols and is shown in Fig. 1. The solubility is
plotted in milligrams/milliliter versus the dielectric constants of the
pure solvents. Sodium salicylate dissolves to the greatest extent in
1-pentanol, producing a peak in this pure solvent scan. The dielec-
tric requirement over this limited range of alcohols is equal to the
dielectric constant of 1-pentanol or 13.9, which is strikingly similar
to that observed for salicylic acid (1) which was found to have a
value of about 15. This could indicate that at this relatively low
value of the dielectric constant, sodium salicylate is essentially
undissociated and acts as a neutral molecule or nonelectrolyte.
It has been stated (4) that in media of dielectric constants below
60, divalent ions will be associated; and below a dielectric constant
of 30, univalent ions will be undissociated. It may be assumed that
a uni-univalent salt would then behave as a nonelectrolyte possessing
semipolar character and inherent polarity.

The solubility of sodium salicylate was also determined in binary
mixtures of water with dioxane, acetone, 1-propanol, ethanol, and
methanol. The data obtained are plotted in Figs. 2-4 as the solu-
bility in milligrams/millititer versus the weight percent of water.
The dielectric constants of the binary mixtures are also shown in
these figures, being drawn below the solubility curve. In the case
of dioxane, a fair degree of parallelism is seen to exist between di-
electric constants and solubility over the range of about 257, w/w
water to pure water. The solubility curve deviates at about 257
w/w water, possessing a dielectric constant value of 14; again there
is good agreement with the value of 15 for salicylic acid. In the case
of the alcoholic systems, 1-propanol, ethanol, and methanol, a
fair degree of parallelism is observed for the solubility curves.
Only in the case of acetone-water mixtures does a deviation seem
to exist at about a 209 w/w concentration of water. This occurs
at a dielectric constant value of about 31, which supports the pre-



vious contention of complete association at a dielectric constant
value of 30.

A comparison of the solubility curves observed for a weak acid
and its sodium salt was of interest. Thus, the solubility data ob-
tained are replotted in Figs. 5-7 as the solubility in milligrams/milli-
liter versus the weight percent of water. Included in these figures is
the solubility of salicylic acid in the same solvent mixtures obtained
previously (1).

In the case of the dioxane-water mixtures shown in Fig. 5, the
solubility profile for sodium salicylate gives a sharp change of slope
at approximately the same point as the peak observed for salicylic
acid in the same mixture. Since the solubility profile for sodium
salicylate is a repressive ionization curve, the “salt” acts as if it
was completely associated at low dielectric constant values. The
decrease in dielectric constants with increasing nonpolar solvent
concentration causes the solubility to decrease, since the work
required to separate the charges (ionization = dissociation) be-
comes larger.

In the case of acetone-water mixtures, the solubility of the salt
continuously decreases to the lowest value in pure acetone, whereas
the salicylic acid shows a peak at a dielectric constant value of 25.
However, after about 209, w/w water, there seems to be a fair
degree of symmetry for these solubility curves about the line drawn
through about 310 mg./ml.

Thus, the approximate solubility of salicylic acid and sodium
salicylate is a fairly constant amount below and above this line at
each concentration increment. The decrease in solubility of the
sodium salt is due to the decrease in the charge-separating ability of
the solvent mixture, whereas the increase in solubility of salicylic
acid is due to the more favorable semipolar environment produced
by the solvent blends.

With the three alcohols studied, although there is no line of sym-
metry between the solubility curves, the aforementioned statement
still obtains. In the case of 1-propanol, a peak is observed for sali-
cylic acid at a dielectric constant value of 22.

In the acetone, 1-propanol, and ethanol systems, the sodium
salicylate intersects the salicylic acid solubility curve at the respective
dielectric constants of 33, 30, and 34, whereas in methanol-water
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Figure 7—Solubility of both salicylic acid and sodium salicylate in
milligrams|milliliter at 25° for ethanol-water and methanol-water
mixtures. The dielectric constants of the binary solvent systems are
also shown using the right-hand scale.

DIOXANE-WATER BINARY SYSTEMS
0.14fF
Pt
0.13 4 =~
[ ~.
H \o\
0.2}
.\
Ll R
¢l DIELECTRIC CONSTANT
- AT PEAK=(3 o
2000} . 2
3 r
z m
Qg.09} . 1800
e 7 -
Q L’ =
= 008} ) . v {7006
w DIELECTRIC CONSTANT L o
CURVE . o
Yo.07f . Pid —460 =
S) S 2
= o005} Wl 502
‘ =
v
0.05 | 7 -0
. ,"
0.04 / o 30
,.
003} [ i 20
A / -
0.02 -\././,' 10
- L i 1 ) A 1 . i 1 0

0 10 20 30 40 50 60 70 80 90 100
wt. % WATER

Figure 8 —Mole fraction solubility of sodium salicylate as a function
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dielectric constants of the binary solvent systems are also shown using
the right-hand scale.

systems the value is 36. This supports the value of about 30 being
the point where uni-univalent electrolytes become completely
associated. Further, sodium salicylate becomes isodielectric with
salicylic acid. That is, it possesses the same solubility as salicylic
acid.
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Figure 9—Mole fraction solubility of sodium salicylate as a function
of the percent wiw composition of acetone—water and I-propanol-water
binary mixtures. The dielectric constants of the binary solvent systems
are also shown using the right-hand scale,
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Figure 10—Mole fraction solubility of sodium salicylate as a function
of the percent wjw composition of ethanol-water and methanol-water
binary mixtures. The dielectric constants of the binary solvent systems
are also shown using the right-hand scale.

At the point of intersection, it might be assumed that the inherent
polarities of salicylic acid and sodium salicylate are similar in mag-
nitude. When the sodium salicylate values become less than sali-
cylic acid, the sodium salicylate might act as a neutral molecule or
nonelectrolyte possessing an inherent polarity below that of sali-
cylic acid. This might be due to the presence of the sodium in the
salt.

The solubility of sodium salicylate was also considered from a
mole fraction point of view, and the results obtained were plotted in
Figs. 8-10. In the case of dioxane, a peak is observed at a dielectric
constant value of about 13. For acetone, 1-propanol, ethanol, and
methanol systems, two essentially linear portions are evidenced
which indicate “breaks” at dielectric constant values at 33, 35, 31,
and 51, respectively. Further, the mole fraction solubility of sodium
salicylate is essentially invarient over the range of 407, w/w water
to pure water in acetone-water systems and from 609, w/w water
to pure water in methanol-water systems.

Born (2) and Larson and Hunt (4) developed a theory which re-
lates the solubility of a weakly ionized, relatively insoluble salt to
the dielectric constant. This theory can be further broadened to
relate the ratio of solubilities for a solute in two solvents to the differ-
ences of the reciprocals of the dielectric constant, as given in Eq. 1:

log 3
og 5,

e? 1 1
= (‘2“.303)2rkr(13; - E) (Eq. 1)

where S; and S, are the molar solubilities at the respective dielectric
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Figure 11—Logarithm of the ratio of the molar solubility (S:/Ss)

versus the differences of the reciprocals of the dielectric constants for
the systems shown.

constants D, and D.. The charge on an electron e is taken in e.s.u.,
r is an effective ion radius, k is Boltzman’s constant, and T is the
absolute temperature. Obviously, a straight line having a slope of
0.4343¢2/2rkT should be observed when the log S;/S. is plotted
versus (1/ D2 — 1/D,). A theoretical slope can be calculated by assum-
ing an average ion radius of 2,6 A in the following manner. By in-
spection, the slope has no units when r is used in centimeters:
2

slope = . —
(2.303)2rkt

(Eq. 2)

slope =
(4.8 X 10710 gtat coulomb)?
(4.606) (2.6 X 1078 cm.)(298 deg.)(1.38 X 1071 ergs/deg.

(Eq. 3)

By converting stat coulomb to dyne-centimeters, squaring, and
collecting constants:

23 X 102 dyne-cm.?

slope = 4930 X 10~%* cm.-ergs

(Eq. 4)

Table III—Elements Generated from the IBM 360/50 Least-Squares Program and the Ranges of Concentration and Dielectric Constants

for the Systems Given

Range
Correlation Dielectric
System Slope Y-Intercept Coefficient Concentration Constants
Acetone-water 19.6 0.004 0.9994 30-100%; water 39.3-78.5
1-Propanol-water 21.5 0.002 0.9957 40-1009; water 35.0-78.5
Ethanol-water 21.3 0.002 0.9982 30-100 %7 water 37.5-78.5
Methanol-water 25.5 0.001 0.9992 30-100%; water 46.4-78.5
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Figure 12—Logarithm of the ratio of the molar solubility (5:/S)

versus the differences of the reciprocals of the dielectric constants for
ethanol-water and methanol-water binary mixtures.

Since an erg is a dyne-centimeter,

23 x 10720 dyne-cm.?
0.493 X 10~ dyne-cm.?

slope = = 47.2 (Eq. 5)

Thus, the sodium salicylate systems were treated in this manner
and the data were plotted as shown in Figs. 11 and 12, It is rather
amazing that linearity is observed for the acetone, 1-propanol,
ethanol, and methanol systems from about 30409, w/w water up
to pure water while dioxane-water systems show only limited linear-
ity. Sodium salicylate possesses solubility in the range of about 1.0-
4.1 M in these systems, and its adherence to the linearity in the Born
equation is interesting.

The slopes of these lines were handled by a least-squares method
programmed on an IBM 360/50 digital computer; the character-
istics are shown in Table III. From the slopes generated from the
experimental data, the average radius r is calculated to be about
5.6 A, which is about two times too large for the average ion radius.
The value of the average ion radius was calculated from the ionic
size of sodium possessing a water number of 4 and the salicylate
anion from molecular models with a monomolecular sheath of water
molecules surrounding the polar functions. The hydrated sodium
ion was calculated to be about 2.4 A and the hydrated salicyl anion
about 2.8 A or an average value of 2.6 A. The results are summarized
in Table IV. With this value of r in the Born equation, the theoretical
slopes are about two times too great, having a value of about 47.

Table IV—Average Ionic Radius from the Born Equation
(Theoretical) and the Calculated Average Ionic Radius

A, Calculated B, Theoretical

System Radius Radius Ratio 4/B
Acetone~ . .

water 6.2 A 2.6 A 2.4
1-Propanol- R

water 574 2.6 & 2.2
Ethanol- . R

water 5.7 A 2.6 A 2.2
Methanol- . R

water 4.8A 2.6 A 1.9

Although the activity factor of Debye—Huckel can be included as an
extension of the Born equation, that being the mean ionic activity
coefficient, log v £, the value of the coefficient of the ionic strength
varies from about —0.51 in water to —2.98 in alcohols and —3.83
in acetone; no improvement was noted in the ionic size in the Born
relationship in systems with high water concentration.

The actual effect of the Debye-Huckel correction is probably
small and approximately cancels each other out in the solubility
term of the Born equation. It has been stated (5, 6) that the “mean
activity coefficient in a saturated solution is almost independent of
the dielectric constant of the media.”

While this situation may be expected for relatively insoluble
compounds, there may be a rather substantial effect for highly
soluble substances such as sodium salicylate.

At this point, the rather large deviation between calculated and
theoretical ionic size cannot be resolved.

CONCLUSIONS

1. An alcohol solvent scan of the solubility of sodium salicylate
indicates a dielectric requirement of 14, which is the maximum
solubility at a particular dieleciric constant value, remarkably
similar to that observed for salicylic acid.

2. The solubility of sodium salicylate in mixed systems of vary-
ing dielectric constants shows a fair parallelism over a wide range
of concentration of the nonpolar solvent added. This indicates
general adherence to the coulomb relationship or the work re-
quired to separate a charge.

3. The solubility curves observed are considered to be repressive
dissociation effects, and general correlation is found at a dielectric
constant value of 30 where uni-univalent electrolytes may be com-
pletely associated. Mole fraction solubility plots, being essentially
two linear curves, also support this postulation in several systems.
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