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The solubilities of three nonpolar drugs, phenytoin, diazepam, and benzocaine, have been measured
in 14 cosolvent—water binary mixtures. The observed solubilities were examined for deviations from
solubilities calculated by the equation log S, = flog S, + (I — f) log S,,, where S, is the solubility of
the drug in the cosolvent—water mixture, S, is the solubility of the drug in neat cosolvent, fis the
volume fraction of cosolvent, and S, is the solubility of the drug in water. When presented graphically,
the patterns of the deviations were similar for all three drugs in mixtures of amphiprotic cosolvents
(glycols, polyols, and alcohols) and water as well as nonpolar, aprotic cosolvents (dioxane, triglyme,
dimethyl isosorbide) and water. The deviations were positive for phenytoin and benzocaine but nega-
tive for diazepam in mixtures of dipolar, aprotic cosolvents (dimethylsulfoxide, dimethylformamide,
and dimethylacetamide) and water. The source of the deviations could not consistently be attributed
to physical properties of the cosolvent—water mixtures or to alterations in the solute crystal. Similar-
ities between the results of this study and those of previous investigations suggest that changes in the
structure of the solvent play a role in the deviations from the expected solubilities.
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INTRODUCTION

It has been shown previously that a log-linear increase
in solubility with increasing volume fraction of cosolvent, f,
generally occurs for three compounds (phenytoin, diaz-
epam, and benzocaine) studied in each of 14 cosolvent—
water systems (1-3). In almost all cases, some positive or
negative deviation from the predicted linear behavior
occurs. The curvature has been observed previously in pro-
pylene glycol-water systems. Hagen and Flynn (4) reported
a sigmoidal shape to the log S, vs f plots for hydrocortisone
esters in propylene glycol-water mixtures. Yalkowsky and
Rubino (5) reported a similar curvature for a mixture of
solutes in propylene glycol-water mixtures. In this report
Eq. (1) can be considered as the expression which describes
the expected solubility of a drug in a water—cosolvent mix-
ture:

log S, = flog S, + (1 — fylog S, 1)

where S, is the solubility of the drug in the cosolvent—water
mixture, fis the volume fraction of cosolvent, S, is the solu-
bility of the drug in neat cosolvent, and ., is the solubility in
water.

Deviations from the predicted solubilities are a result of
interactions which take place in the solute—cosolvent—water
mixture which do not take place in mixtures of the drug with
the individual solvents alone. These deviations can result
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from interactions involving cosolvent—water, solute—solute,
or solute—water—cosolvent (6-9).

In addition, Eq. (1) assumes that the crystal form of the
drug remains the same in water, cosolvent, and the solvent
mixtures. A change in the crystalline form of the drug either
by polymorphism or by formation of solvates will result in a
change in the amount of energy required to destroy the
crystal structure. Such changes have been reported for caf-
feine (10), cholesterol (11), and dextropropoxyphene napsy-
late (12) in solvent mixtures.

In order to examine the deviations from log-linear solu-
bility in the cosolvent—water mixtures studied, plots were
constructed of log (observed solubility) minus log [solubility
predicted from Eq. (1)]. This was performed for the three
drugs studied, i.e., phenytoin, diazepam, and benzocaine.
Various other properties of the solvent mixtures were exam-
ined for deviations from a log-linear mixing rule and com-
pared to the deviations in the solubility data.

METHODS

The solubilities of phenytoin, diazepam, and benzo-
caine in cosolvent—water mixtures were determined as de-
scribed previously (1-3). The cosolvents included pro-
pylene glycol (PG), glycerin (GLYC), dimethylformamide
(DMF) (Fisher Scientific Co., Fairlawn, N.J. 07410), 1,3-bu-
tanediol (BUTDIOL) (M.C.B., Manufacturing Chemists,
Inc., Cincinnati, Ohio 45212), ethanol (ETOH) (U.S. Indus-
trial Chemicals Co., New York, N.Y. 10016), methanol
(MEOH), dimethylsulfoxide (DMSO) (Burdick & Jackson
Laboratories, Inc., Muskegan, Md. 49442), dimethylaceta-
mide (DMA) (Matheson, Coleman, & Bell, Cincinnati, Ohio
45212), triglyme (TRIG), polyethylene glycol (PEG) 200 &
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400 (Aldrich Chemical Co., Milwaukee, Wis. 53201),
dioxane (Eastman Kodak Co., Rochester, N.Y. 14650), sor-
bitol (70%, w/w) (sorb), and dimethylisosorbide (DMI)
(I.C.I1. America, Wilmington, Del. 19897).

Observed minus expected solubility plots were pre-
pared by calculating

log (5,/S;) = log (observed solubility)
— [flog S; + (1 — f)log S,]

where §; is the solubility calculated by Eq. (1). These calcu-
lations were performed using the Statistical Package for the
Social Sciences (13) and plotted using Subroutine Plot.

Data for the various solution properties of the cosol-
vent—water mixtures, including vapor pressure (VP) density
(d), surface tension (y), viscosity (v), specific heat (SpHt),
boiling point (BP), and refractive index (RI) were taken from
literature sources (see tables for references) when available
or determined experimentally. Surface tensions were deter-
mined using the Cenco-DuNuoy tensiometer (Model 70535,
Central Scientific Co., Chicago, Ill. 60623).

Observed minus predicted properties for the cosolvent—
water mixtures were calculated for each property in a
manner analogous to that used for the solubility data:

log (P /P = log P, — [flog P, + (1 — f) log P,,)

where P, is the observed or experimental measurement, P,
is the expected value calculated in a manner analogous to
Eq. (1), P, is the value of the property for neat cosolvent,
and P, is the value of the property for water.

Crystal changes were examined by equilibrating excess

0.6
T WECEND .
-©- Diazepam 1,3-Butanediol

- 0.4 1 -E-Phenytoi.n
w -+ Benzocaine
E
7] 0.2
g
= 0.4

-0.2
3
S~
3
2
o
L
2
S
£
2
o
L2
fd:)
S
£
2]
o
L

0.0 0.2 0.4 0.6 0.8 1.0

Volume Fraction Cosolvent

Fig. 1. Excess solubilities in polyhydroxy cosolvent—water
mixtures.
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Fig. 2. Excess solubilities in PEG—water mixtures.

drug with water, cosolvent, or cosolvent—water mixtures in
a manner similar to that used for the solubility determina-
tions. The remaining solid was collected on filter paper and
dried by passing a gentle, constant stream of air through the
powder by use of a buchner funnel and vacuum flask. Ther-
mograms were obtained for each crystal using a DuPont
Model 1909 differential scanning calorimeter (DuPont Co.,
Analytical Instrument Division, Wilmington, Del. 19898).

RESULTS

The log S,/S; vs f plots for the three drugs are shown for
each individual cosolvent—water mixture in Figs. 1-35. It can
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Fig. 3. Excess solubilities in alcohol-water mixtures.
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Fig. 4. Excess solubilities in DMSO, DMA, and DMG-
water mixtures.

0.0

be seen that for the amphiprotic cosolvents, the glycols and
alcohols, the same general shape of the plots exist for all
three drugs. The log S./S; vs f plots in DMSO, DMA, and
DMF-water mixtures show similar patterns for phenytoin
and benzocaine but a different pattern is seen for diazepam.

In only one drug-cosolvent-water system, DPH in
DMA —water mixtures, was any sign of a crystal change evi-
dent. This is illustrated in Fig. 6, where an endothermic peak
is evident at about 90°C. Fig. 7 presents the results of a ther-
mogravimetric analysis (TGA) of DPH which was equili-
brated with DMA. The loss of weight at 90°C suggests that
the additional peak seen in the thermogram is due to the
liberation of solvent from the crystal and is thus not a poly-
morphic transition.

Table I contains a summary of the observed minus pre-
dicted properties of several of the cosolvent—-water mix-
tures. These are presented as the volume fraction of cosol-
vent at which the maximum (+) or minimum (- of the log
P_/P; vs f plots occurs. The point of maximum deviation of
the log S,./S; vs f plots are also presented for comparison.
The maxima or minima in the cosolvent—water properties
generally agree for groups of structurally related solvents for
each individual property. For example, the maximum devia-
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Fig. 5. Excess solubilities in dioxane, DMI, and triglyme—
water mixtures.

tion in the density plots for the glycols occur around the
same range, f = 0.5 to 0.7, as does the maximum deviation
in the viscosity, etc. However, not all the properties have
extrema at the same point for a given cosolvent-water mix-
ture. This is especially true for the amphiprotic cosolvents.
The agreement between the various properties is generally
better for the aprotic cosolvent—water mixtures.
Similarities in the shapes of the log S,/S; vs f plots for
the three different drugs suggested cosolvent—water interac-
tions as the primary reason for their deviations. Thus, phys-
ical properties of the solvent mixtures were examined for
evidence that this was the case. Of the various properties
examined, none consistently predicts the extrema in the log
S./S; vs f plots, although density corresponds in several
cases. The sigmoidal shape seen in some of the solubility
plots was not evidence in any of the plots of the various
solvent mixture properties. In addition, the sign of the de-
viation for the various properties does not always give a
consistent prediction as to whether a maximum or a min-
imum in the solubility plot occurs. For example, in most
cases a positive deviation in vapor pressure corresponds
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Fig. 6. Thermogram of phenytoin crystals after equilibration with DMA.

with a positive deviation in solubility, but this is just the op-
posite in the case of glycerin.

DISCUSSION

The results of the DSC analysis of the drug crystals
which were equilibrated with the various solvents show that
crystal structure changes occur in only one drug—solvent
system, i.e., phenytoin in the DMA—-water system. Al-
though crystal changes have been shown to correspond to
changes in solubility—cosolvent composition plots (10), they
apparently are not the reason for the unpredicted behavior

seen in these drug-solvent systems. In the case of DPH in
DMA —water mixtures, the deviations from Eq. (1) seem to
be similar to those in the DMF and DMSO-water systems,
where no apparent changes in the drug crystal occurred.
Thus, the crystal changes may not provide contributions to
the large deviations from the expected solubilities in the
DMA-water system. The possibility exists that the condi-
tions used in drying the drug crystals may be severe enough
to remove solvent that is loosely bound to the crystals (14).
A number of the crystals were allowed to dry without the aid
of a vacuum and no abnormal phenomena were observed for
these crystals.
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Fig. 7. TGA of phenytoin crystals after equilibration with DMA.
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Table I. Position (Volume Fraction) of Maximum (+) or Minimum ( —) of Excess Properties of Cosolvent—Water Mixtures
Cosolvent VP d v RI M SpHt BP DPH BENZ DIAZ
PG 0.9; +¢ 0.5; +¢ 0.3; —¢ 0.5; +¢ 0.8; -t 0.5; +¢* 0.8; —¢ 0.7; + 0.7, + 0.7; +

0.2; — 0.2; — 0.2; —
Butdiol 0.7; +¢ 0.6; +4 0.7, —4 0.6; + 0.7; + 0.6; +
GLYC 0.9; +¢ 0.5; +f 0.3; +¢ 0.5; +* 0.7, -1 0.5; +/ 0.8; —* 0.5; — 0.5; — 0.5; —
ETOH 0.3; +!/ 0.6; +! 0.4; —¢ 0.5; +* 0.5; +1 0.5; +/ 0.3; —* 0.6; + 0.6; + 0.6; +
MEOH 0.3; +¢ 0.6; +f 0.3; —¢# 0.6; +* 0.6; +¢ 0.5; +/ 0.3; —* 0.7; + 0.8; + 0.7; +
DMSO 0.7, +m 0.6; +~ 0.9; —° 0.6; +n 0.7, +n 0.4; +° 0.8; + 0.7; + 0.6; —

0.4, — 0.4; —
DMA 0.6; +° 0.6; +»2 0.7, —¢ 0.7; + 0.6; + 0.7, —
DMF 0.7; +4 0.6; +" 0.7, —s 0.6; + 0.6; + 0.7; —
Dioxane 0.7, +* 0.6; +# 0.3; =~ 0.6; +¢ 0.6; + 0.5; + 0.6; +
TRIG 0.6; +% 0.6; +4 0.6; +* 0.7, + 0.6; + 0.7; +

2 Source: Ref. 22. #Source: Ref. 23. “Source: Ref. 40. 4Source: Ref.

30. eSource: Ref. 17. /Source: Ref. 31. #Source: Ref. 25. #Source: Ref.

26. ‘Source: Ref. 27./Source: Ref. 28. “*Source: Ref. 29. {Source: Ref. 24. "Source: Ref. 32. "Source: Ref. 33. °Source: Ref. 34. PSource:
Ref. 20. 9Source: Ref. 37. "Source: Ref. 38. sSource: Ref. 39. ‘Source: Ref. 35. “Source: Ref. 36. *Source: this work. *Source: Ref. 41.

The results of the examination of the various properties
of the cosolvent—water mixtures suggest that simple mea-
sures of solvent cohesiveness or hydrogen bond density do
not always predict deviations from log-linear cosolvency in
these aqueous systems. Additional insight into the reasons
for the deviations from log-linear behavior of solutes in co-
solvent—water mixtures can be gained from previous ther-
mochemical data. Arnett and McKelvey (15) observed that
the partial molal heat of the solution (H—Is) for several elec-
trolytes at infinite dilution showed maxima at the same sol-
vent composition for t-butyl alcohol-water systems. Fur-
ther measurements in other cosolvent—water mixtures led to
the conclusion that the position of the maxima relative to the
cosolvent composition is the same for all solutes in a given
cosolvent system. This observation parallels the results seen
in most of the log S./S; vs f plots.

Kimura et al. (16) found two extrema in plots of the
deviation from linearity of the heat of transfer of N-methyl
pyrrolidone vs the mole fraction of alcohol. A maximum was
evident at a mole fraction of about 0.2 (f = 0.45) for ethanol
and 0.25 (f = 0.43) for methanol. A minimum was observed
for ethanol at a mole fraction of 0.85 (f = 0.95) and was not
apparent for methanol. The maximum excess enthalpy in the
water-rich region is attributed to both hydrophobic hydra-
tion of the cosolvent and hydrogen bonding between water
and alcohol, while the minimum in the alcohol-rich region is
attributed to hydrogen bonding between water and alcohol.
Hydrophobic hydration can be defined as the tendency of
nonpolar molecules to be surrounded by structured water.
Both phenomena alter the normal three-dimensional struc-
ture of water. Since in the present study the maximum in the
log S../S; vs f plots occurs between these two enthalpy ex-
trema, it may be due to an optimum balance between the
hydrophobic hydration of the cosolvent and cosolvent—
water association through hydrogen bonding. At this point
the solvent is most unstructured. This is supported by the
maximum in the ethanol-water density data, which occurs
at the point of most efficient packing of the solvent mole-
cules. The implication of the breakdown in water structure
is also supported by the partial vapor pressure data for al-
cohol-water mixtures (17), where the vapor pressure of
water is changed more drastically than ethanol.

Plots of the excess enthalpies of solution vs the mole frac-
tion of water show a single maximum for amide-water
systems (18,19). This occurs at a mole fraction of DMF of
about 0.25 (f = 0.59). This value is in general agreement
with other properties such as density, viscosity, and specific
heat. The maxima in the deviation of these properties from
linearity have been attributed to complex formation between
the cosolvent and water (20), however, the involvement of
hydrophobic hydration cannot be overlooked as a contrib-
uting factor. Similarly, the deviations of the properties for
the other aprotic cosolvent—water mixtures show maxima
whose positions agree more closely with each other than
with the amphiprotic cosolvent—water systems. Unlike am-
phiprotic cosolvents, the aprotic cosolvents are not self-as-
sociated through hydrogen bonding in the pure liquid state.
Thus, the primary effect of the aprotic cosolvents is to break
the three-dimensional structure of water through strong di-
polar and hydrophobic effects without becoming self-asso-
ciated at high volume fractions. Both phenomena occur
maximally at the same concentration of cosolvent. The
maximum deviation in the solubility plots occurs at this co-
solvent composition as well.

Figures 1 to 5 show that positive deviation from the
predicted solubility, as defined by Eq. (1), is generally seen
at high volume fractions of cosolvent. The exception is diaz-
epam at high volume fractions of DMSO, DMA, DMF, and
the PEGs. One major difference between this solute and ei-
ther phenytoin or benzocaine is the absence of proton do-
nating groups on the diazepam molecule. Phenytoin and
benzocaine possess secondary and primary amino groups,
respectively. These are capable of interacting with these co-
solvents in a hydrogen bond donor—acceptor-type interac-
tion. Diazepam, which possesses only tertiary amino
groups, is incapable of such interactions. The strong relative
basicity of these cosolvents (21) makes the interaction with
phenytoin and benzocaine more likely. Thus diazepam,
which is incapable of participating in hydrogen bonding with
the cosolvent, would be ‘‘squeezed out’ of solution more
effectively than phenytoin and benzocaine, which are able to
compete with water for hydrogen bonding sites on the cosol-
vent molecule. This view is also supported by the fact that
the degree of negative deviation in the diazepam solubility
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was somewhat less in the PEGs. These compounds contain
ether groups, which are less efficient proton acceptors than
the double-bonded oxygen compounds (21). In addition, the
PEGs possess amphiprotic hydroxyl groups as well as an
aprotic ether portion, which places them in a category be-
tween purely amphiprotic cosolvents and purely aprotic co-
solvents.

Despite these differences, similarities in the deviations
from solubilities predicted by Eq. (1) for different solutes
suggest that a single mathematical function may describe
such phenomena for a given cosolvent water system. Fur-
ther investigation of these observations will be performed.
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