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ABSTRACT

The equilibrium solubilities of the anti-inflammatory drug naproxen (NPX) in 2-propanol + water mixtures
were determined at several temperatures from 298.15 to 313.15 K. The Gibbs energy, enthalpy, and entropy
of solution and of mixing were obtained from these solubility data. The solubility was maximal in @1 = 0.90
and very low in pure water at all the temperatures studied. A non-linear plot of AgonH Vs. AsnG” With negative
slope from pure water up to 0.20 in volume fraction of 2-propanol and positive beyond this composition up
pure 2-propanol was obtained at the mean temperature, 305.55 K. Accordingly, the driving mechanism for
NPX solubility in the water-rich mixtures was the entropy, probably due to water-structure loss around non-
polar moieties of the drug and for the 2-propanol-rich mixtures it was the enthalpy, probably due to its better
solvation of the drug.
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RESUMEN

FACULTAD DE CIENCIAS BASICAS

Se determiné la solubilidad en equilibrio del naproxeno (NPX) en mezclas de agua + 2-propanol a varias

temperaturas desde 298,15 a 313,15 K. La energia de Gibbs, entalpia y la entropia de la solucién fueron

obtenidas a partir de los datos de solubilidad. La solubilidad méxima se obtuvo en @1 = 0,90 y la més baja

en agua pura a todas las temperaturas estudiadas. Se presenta una relacién no lineal entre AggnH’ VS. AsoinG’

con pendiente negativa a partir del agua pura hasta 0,20 en fraccion de volumétrica de 2-propanol y a partir

de esta composicidén hasta 2-propanol puro se obtuvo una pendiente positiva a la temperatura armonica

media, 305,55 K, en consecuencia, la solubilidad NPX en las mezclas ricas en agua es conducido por la en-

tropia, probablemente debido a la pérdida de estructura-agua alrededor de grupos no polares del farmaco

y para las mezclas ricas en 2-propanol quien dirige el proceso es la entalpia, probablemente debido a la

mejor solvatacién del farmaco.

Palabras clave: Naproxeno, solubilidad, termodinédmicas de soluciones, 2-propanol.

INTRODUCTION
Solubility of drugs in co-solvent mixtures
knowledge is important for pharmaceutical scien-
tists involved in several development stages such
as drug purification and design of liquid medicines
(Jouyban, 2010). Although co-solvency has been
employed in pharmacy for centuries it is recently
that the mechanisms involved to increase or de-
crease drugs solubility have been approached from
a physicochemical point of view (Rubino, 1988).
Naproxen (Fig. 1) is a nonsteroidal anti-inflam-
matory drugs (NSAIDs), with analgesic and antipyre-
tic properties used in the treatment of rheumatoid
arthritis and other rheumatic or musculoskeletal di-
sorders, dysmenorrhea, and acute gout (Mishra et
al. 2015). The other hand the 2-propanol dissolves
a wide range of non-polar compounds. It also eva-
porates and leaves nearly zero traces, compared to
other alcohol, and is relatively non-toxic, compared
to alternative solvents. Thus, it is very used as a sol-
vent in pharmaceutical industry. (Marcus, 1998).
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Figure 1. Chemical structure of naproxen.

The main goal of this paper is to evaluate the
solution thermodynamic of naproxen in 2-propanol
+ water co-solvent mixtures, based on thermodyna-
mic definitions. Thus, this work is similar to the ones
presented previously in the literature for some drugs
in co-solvent mixtures (Delgado et al. 2011a; 2011b;
2012; 2013a; 2013b; Delgado y Martinez, 2013).

RESULTS AND DISCUSSION
The solubility of NPX in 2-propanol + water mix-

tures (Fig. 2) was taken from the literature (Moham-
madzade et al. 2015).
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Figure 2. Experimental molar solubility of naproxen in 2-propanol + water mixtures at different temperatures; (0=298.15 K; #=303.15 K; 0=308.15 K

and ®=313.15 K). Data from Mohammadzade et al. (2015).

Thermodynamic functions of solution

From these data, the thermodynamic functions
are calculated solution. So the standard molar
enthalpy change of solution, AsenH’, is obtained from
the slope of aInx, vs. 1/T-1/T, plot. Over the limited
temperature interval (298.15 to 313.15 K) the heat
capacity change of solution may be assumed to be
constant, hence AsonH” should be valid for the mean
harmonic temperature, Tmean = 305.55 K (Krug et al.
1976a, 1976b; Jiménez et al. 2015) :

dlnC,

™M A ==R| —————
{rr)
T T;rm P

The apparent standard Gibbs energy change
for the solution process (BsanG) considering the
approach proposed by Krug et al., is calculated at
305.55 K by means of (Krug et al. 1976a, 1976b)

2) A, G = -RT x Intercept

The standard molar entropy change for the solu-
tion process, AsnS°, at the mean harmonic tempe-
rature, Tom = 305.55 K is then

° Asa Hﬂ _AsonGo
(3) AnS =1"T7'

hm

Table 1 presents the standard molar thermodyna-
mic functions for dissolution of NPX (3) in all the 2-pro-
panol (1) + water (2) solvent mixtures (Ruidiaz et al.
2010). The propagation of uncertainties in the thermo-
dynamic quantities calculations was made according to
the literature (Bevington, 1969, Taylor y Kuyatt, 1994).

The standard Gibbs free energy of solution is posi-
tive in all cases as is the enthalpy of solution; therefore
the process is always endothermic. In Figure 3 show
change of enthalpy versus the volume fraction of 2-pro-
panol. The increased enthalpy between pure water up
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Table 1. Apparent thermodynamic functions relative to solution process of naproxen in 2-propanol + water cosolvent mixtures at 305.55 K.

o AeonG AcorH’ Bryf® TAsoinS & Grs
0.00 19.77+0.04 31.2+2.3 37.3+2.8 11.4+0.8 0.732 0.268
0.10 19.55+0.03 487419 95+4 29.2+1.1 0.626 0.374
0.20 17.03+0.13 68+7 167+18 51+5 0.572 0.428
0.30 13.00+0.18 48+10 114+23 35+7 0.579 0.421
0.40 10.01+0.04 33.8+2.3 78+5 23.6+1.6 0.587 0.413
0.50 7.97+0.05 47.542.5 129+7 39.5+2.1 0.546 0.454
0.60 6.37+0.06 41+3 113%10 34.4+3.0 0.542 0.458
0.70 5.36+0.03 41.0+1.7 117£5 35.7+1.4 0.535 0.465
0.80 4.49+0.08 37+4 107+13 33+4 0.532 0.468
0.90 3.776+0019  33.1+1.0 96+3 29.4+0.9 0.530 0.470
1.00 4.36+0.07 40+10 116+12 35+3 0.529 0.471

2 Data from Mohammadzade et al. (2015).

b @1is the volume fraction of 2-propanol in the cosolvent mixture free of solute.

to the mixture with @1 = 0.20, indicates that solubility
is favored for entropy in these mixtures. This is due to
that increase the ethanol reduces of the hydrophobic
effect. The other hand, from the mixture with @1 = 0.20
up to the mixture with @1 = 0.90 the enthalpy of solu-
tion tends to decrease increase that is responsible for
increasing the solubility. However in the mixture with
©1=0,4 and occurs anomaly decrease of enthalpy. Fina-
lly between the mixture ©1=0.9 and the pure 2-propa-
nol, the enthalpy increase, possibly due to the polyme-
rization of 2-propanol in 2.propanol-rich mixtures.

The entropy of solution is positive in all solvent
mixtures and neat solvent, indicating the entropy as
driving the solution process. The AsonH values increa-
se nonlinearly from pure water up to the mixture with
@1= 0.20 where the greatest enthalpic value is obtai-
ned and later they diminished; on the other hand, the
AsonS values increase nonlinearly from pure water up
to the mixture with wy = 0.2 and later they this values
fluctuate between 78 and 116 J mol' K.

The relative contributions by enthalpy (¢x) and
entropy (Grs) toward the solution process, are given
by equations (3) and (4) (Perlovich et al. 2004)

A, H

(3) _ ‘ soln
En A HY+|TA,, S°
é_ _ Aso]nSD

@ B A H +]TA,,S°

The main contributor to the (positive) standard molar
Gibbs energy of solution of NPX, in all cases, is the (po-
sitive) enthalpy (G4 > 0.53). The other hand the experi-
mental of the thermodynamic functions of solutions are
collected in Fig. 4. The regions where (ArH® > TAxS®>0)
= sector [; (AeH® <0; TvAS°>0) correspond to enthalpy
determined processes (Perlovich et al. 2008.), corres-
ponding to that proposed by the equations 2 and 3

Thermodynamic functions of transfer

In order to verify the effect of co-solvent compo-
sition on the thermodynamic function driving the
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solution process, Fig. 5 collected the thermodyna-
mic functions of transfer of NPX (3) from the more
polar solvents to the less polar ones. These new
functions were calculated as the differences bet-
ween the thermodynamic quantities of solution ob-
tained in the less polar mixtures and the more polar
ones, by means of:

(5) A =B o Fiés ot

soln - Aso]nF more polar

Where Asonf’ thermodynamic functions (AsonG,
DAsonH™ OF AsonS") .This procedure is the same fo-
llowed previously with other studies (Holguin et al.
2012) and (Delgado et al. 2010).

The regions where (AvH’> TAeS°>0) = sector
I, (AeH°<0; TeAS°>0; |AeH®|>|TyAS)) = sector IV
and (AvH<0; TAS°<0; |AvH*|>|TA:S|) = sector
V correspond to enthalpy determined processes.
The regions of the diagram where (TA:S°> AcH®
>0) = sector Il correspond to entropy determined
processes (Perlovich et al. 2008). A schematic de-

piction of these relationships is given in Scheme 4.
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Isoenergetic curves of the AG° function are marked
as dotted lines in Fig. 5.

So, the process of transfer in 2-propane-rich
then it may be assumed that is the drug molecule
interacts more strongly with the 2-propanol, howe-
ver in all cases, the behavior is very random.

Enthalpy-Entropy Compensation of NPX

There are several reports in the literature that
have demonstrated enthalpy-entropy compensation
effects for the solubility of drugs in agqueous co-sol-
vent mixtures. This analysis has been used in order
to identify the mechanism of the co-solvent action.
Weighted graphs of AsinH" as a function of AwnG at
the mean temperature permit such an analysis (Bus-
tamante et al. 1998; Meloun y Ferencikovéa, 2012).

Fig. 6 shows that NPX (3) in the 2-propanol (1) +
water (2) solvent system presents a non-linear AgnH Vs.
AsoinG’ curve with a variable negative slope in the inter-
val from pure water up to ®1=0.20. Beyond this 2-pro-
panol proportion a variable positive slope is obtained

0,00 0,10 0,20 0,30 0,40

0,50 0,60 0,70 0,80 0,90 1,00

(OF]

Figure 3. Enthalpy of solution of naproxen in 2-propanol (1) + water (2) mixtures at 305.55 K. The dotted lines not consider the mixture with ¢1=0.4
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Figure 4. Relationship between the enthalpy and entropic terms of solutions functions of naproxen in 2-propanol (1) + water (2) mixtures at 305.55 K.
The isoenergetic curves of AgonG function are marked by dotted lines.
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Figure 5. Relationship between the enthalpy and entropic terms of transfer functions from more polar solvents to less polar solvents at 305.55 K.
The isoenergetic curves of AyG® function are marked by dotted lines.
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Figure 6. AsoinH° vs. AsolnG® enthalpy-entropy compensation plot for solubility of naproxen in 2-propanol + water cosolvent mixtures at 305.55 K.

The dotted lines not consider the mixture with 1=0.4

with exception of mixtures with 0.4 and 0.5, a trend
that is not common in these systems. Accordingly, the
driving mechanism for solubility is the entropy in the
former case, probably implying water-structure loose-
ning, whereas in the latter case the driving mechanism
is the enthalpy, probably due to better solvation of the
drug by 2-propanol molecules.

CONCLUSIONS

From all topics discussed here it can be conclu-
ded that the solution process of NPX (3) in 2-propanol
(1) + water (2) mixtures depends strongly on the sol-
vent composition. Hydrogen bonding of the hydroxyl
group of NPX to the more basic solvent component,
2-propanol, causes increased solubility the drug in the
2-propanol-rich mixtures. Non-linear enthalpy-entropy
compensation was found for this drug in this solvent
system. In this context, entropy-driving was found for
the solution processes in compositions from pure water
to the mixture having 0.20 volume fraction of 2-propa-
nol, whereas, for mixtures beyond this propylene glycol

proportion, enthalpy-driving was found. Ultimately, it
can be said that the data presented in this report ampli-
fy the physicochemical information about anti-inflam-
matory drugs in agueous-co-solvent solutions.

4
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