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SUMMARY

This paper presents the thermodynamic analysis of solubility of gatifloxacin in
the N,N-Dimethylformamide (DMF) + methanol (MeOH) cosolvent system at
10 temperatures. From the solubility data, the thermodynamic functions of solu-
tion, mixing, and transfers are calculated and analyzed using the Perlovich graph-
ical method. On the other hand, an enthalpy-entropy compensation analysis is
performed and the preferential solvation parameters are calculated using the inverse
Kirkwood-Buff integral (IKBI) method. The result of the performed calculations
indicates that the gatifloxacin solution process is endothermic with entropic favor,
where the addition of DMF has a positive cosolvent effect in all cases. Regarding
preferential solvation, the results are not entirely conclusive, since in all cases the
values of the preferential solvation parameter are less than 0.01, so that, negligible

preferential solvation takes place.
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RESUMEN

Analisis termodindmico y solvatacién preferencial de gatifloxacina
en mezclas cosolventes DMF + metanol

Este articulo presenta el andlisis termodindmico de la solubilidad de gatifloxacina
en el sistema cosolvente de N,N-Dimetilformamida (DMF) + metanol (MeOH)
a 10 temperaturas. A partir de los datos de solubilidad se calculan las funciones
termodindmicas de solucién, mezcla y transferencia. Para el andlisis ademds se utiliza
el método gréfico Perlovich. Por otro lado, se realiza un andlisis de compensacion
entalpia-entropia y se calculan los pardmetros de solvatacion preferencial utilizando
el método de las integrales inversas de Kirkwood-Buff (IIKB). Los resultados del
andlisis termodindmico indican que el proceso de solucién de gatifloxacina es endo-
térmica con favorecimiento entrépico, donde la adicién de DMF tiene un efecto
cosolvente positivo en todos los casos. En cuanto a la solvatacion preferencial, los
resultados no son del todo concluyentes, debido a que en todos los casos los valores
del pardmetro de solvatacién preferencial son menores a 0,01 indicando una solva-

tacién insignificante.

Palabras clave: gatifloxacina, solubilidad, NN,N-dimetilformamida, 11kBI1, solvatacién
preferencial.

INTRODUCTION

Gatifloxacin (1-cyclopropyl-6-fluoro-8-methoxy-7-(3-methylpiperazin-1-yl)-4-oxoquin-
oline-3-carboxylic acid; CAS: 112811-59-3) (figure 1) is an antibiotic agent and a mem-
ber of the fourth-generation fluoroquinolone family. It works by inhibiting the bacterial
enzymes DNA gyrase and topoisomerase IV [1, 2]. Gatifloxacin is effective against a broad
spectrum of bacteria that may cause ocular infections in humans including endopthalmitis
and conjunctivitis. Melo ¢ 4/. found that gatifloxacin was effective against a range of both
Gram positive and Gram negative microorganisms including anaerobes when tested in
vitro, which transforms this drug into a dangerous agent for the aquatic systems, if used
indiscriminately [3].

In addition, the pharmaceutical industry is a potential source of contamination, since
most processes, such as synthesis, purification of raw materials, chemical analysis for
quality assessment, and pre-formulation and formulation studies, tend to produce
large masses of waste containing these chemical agents [4, 5].
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Figure 1. Molecular structure of gatifloxacin.

In this sense, the development of strategies that lead to the design of more environmen-
tal-friendly methodologies, focused on environmental management systems supported
by ISO 14001, and leading to promoting the development of cleaner production prac-
tices have been consolidated as an important tool for the prevention and correction
of contaminating processes [6, 7]. Thus, the generation of experimental data and the
development of mathematical models that allow predicting properties such as solubility
contribute greatly to reducing experimental tests, which in turn decreases the mass of
pollutants (e.g., drugs, solvents, disposable material, and energy) produced in processes
of the pharmaceutical industry [8, 9].

In this context, mathematical models tending to predict the solubility of drugs in dif-
ferent solvents and/or cosolvents mixtures at different temperatures have become an
important tool for the pharmaceutical industry [10], not only for drugs but also for
other large organic molecules, such as polycyclic aromatic hydrocarbons, which, like
drugs, are also a source of contamination by the oil industry [11, 12]. Thus, based on
thermodynamic properties, models such as the “nearly ideal binary solvent” approach
by Acree ez al. allow to successfully determine solubility in some types of cosolvent
mixtures [13, 14]. Another model, which is an improvement of the previous one, is
that proposed by Jouyban ez /., which involves polar and non-polar solvents [15, 16].
Other models based on area surfaces, contribution of UNIFAC groups, Hildebrand
solubility parameters, and Kirkwood-Buff integrals have been proposed and refined to
improve their predictability [17-20].

Thus, based on the solubility data of gatifloxacin in N,N-Dimethylformamide +
methanol cosolvent mixtures, published by Wu ez 2/. [21], and some data on the physi-
cochemical properties of the drug (table 1) [22], the objective of the present work is
perform a thermodynamic analysis and of preferential solvation.
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Table 1. Physicochemical information of the gatifloxacin.

molar mass / | Melting point Melting enthalpy /
g mol™! /K kJ mol™!
Gatifloxacin 112811-59-3 375.39 43515 34.95

Chemicals CAS reg. no.

*Ref[22).
RESULTS AND DISCUSSION

Solubility of Gatifloxacin in DMF + methanol cosolvent mixtures

Figure 2 show the solubility of gatifloxacin (3) in DMF (1) + methanol (2) cosolvent
mixtures, in this plot, can look an increase in solubility, as a consequence of an increase
in temperature, which implies that the solution process in DMF (1) + methanol (2)
cosolvent mixtures is favored by supplying energy to the system. This demonstrates
that the process is endothermic [23, 24], where we can obtain the lowest solubility
in pure methanol at 273.15 K (1.9 x 107%) and the maximum solubility in pure DMF
(9.891 x 10) at 318.15 K.
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Figure 2. Solubility of gatifloxacin (3) expressed in molar fraction (x;) in DMF (1) + methanol (2)
cosolvent mixtures as a function of mass fraction at different temperatures. -: 273.15, x: 278.15 K;
A:283.15K;A:288.15K; ¢:293.15K; 0: 298.15 K; =: 303.15 K; 0: 308.15 K; @: 313.15 K; and
0:318.15K.
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According to Hildebrand’s theory, it would be expected that the maximum solubility
would be reached in a cosolvent mixture and not in a pure solvent, as it happens in this
case, because the polarity of la gatifloxacin (28.08 MPa'/?[25, 26]) (table 2) is between
the polarity of DMF (24.1 MPa'?[25]) and the polarity of methanol (29.7 MPa'?) [25].

Table 2. Application of the Fedors’ method to estimate internal energy, molar volume, and Hildeb-

rand solubility parameter of gatifloxacin (3) [25, 26].

Group Group number V°/ cm® mol™ U°/ kJ mol™*
-NH- 1 45x1=4.5 84x1=84
>N- 2 9x2=-18 42x2=84
-CH, 2 33.5x2=67 471x2=942
-CH, 5 16.1x5=280.5 4.94x5=247
>CH- 3 -1x3=-3 3.43x3=10.29
>C= 1 -5.5x1=-5.5 43x1=43
-C=0 1 10.8x1=10.8 174x1=174
-COOH 1 28.5x1=28.5 27.6x1=27.6
-O- 1 38x1=338 34x1=34
-F 1 18x1=18 419x1=4.19
Phenyl (pentasubstituted) 1 4.6x1=-4.6 319x1=31.9
o it ot bond ! : 02x419=-0.84
il:ri:losurc > or more 2 16x2=32 1.05x2=2.10
Ring closure 3 or 4 atoms 1 18x1=18 3.14x1=3.14
Total 232.0 156.04
Solubility parameter 25.93 MPa'”
Activity coeflicients

From the activity coefficients, the possible molecular interactions that govern the pro-
cess of gatifloxacin solubility in the DMF + methanol cosolvent mixture can be inferior.

Table 3 presents the values of the activity coefhicients in the DMF + methanol cosol-
vent system at nine temperatures calculated according to equation 1 [27], from the
solubility data [21] and the ideal solubility calculated according to equation 2, which
can be analyzed based on the solute-solute (es3), solvent-solvent (e;;), and solute-
solvent (e,;) molecular interactions using equation 3 [28]:
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v, =x ) x, (1)

lnx;d _ _{[Aﬁ“H(TﬁU —T)HRTﬁ”T]il}+{ACPR71[(Tﬁf5 _T)T’1 _i_(lnT—lanm )]}(2)

here x; is the ideal solubility of the solute as mole fraction, Ag,H is the molar enthalpy
of fusion of the pure solute (at the melting point), 7%, is the absolute melting point,
T is the absolute solution temperature, R is the gas constant (8.314 ] mol! K1), and
AC, is the difference between the molar heat capacity of the crystalline form and the
molar heat capacity of the hypothetical super-cooled liquid form, both at the solution
temperature. Since AC, cannot be easy experimentally determined it is usual assuming
that it may be approximated to the entropy of fusion, Ag,S [29,30].

Iny, :<"11 +ey _2313)V3(p12 (RT)_I (3)

where V7 is the molar volume of the supercooled liquid solute, and finally, ¢, is the
volumetric fraction of the solvent. A good approximation, for relatively low solubilities,
is that the term V3p* /RT can be considered a constant, and therefore, In y; depends
solely on e, + ¢33 — 2¢13[31]. The ¢;; and ¢35 terms are unfavorable for drug solubility
and the term e,; favors the solubility thereof [32].

In all cases (table 3), the activity coefficients are greater than unity, which according to
equation 3 [33], indicates that the solute-solute (es;) and solvent-solvent (e,,) molecu-
lar interactions, which demerit the process of the solution, surpass the solute-solvent
interactions, which favor the process.

In general, with an increase in temperature, the activity coeflicients decrease and the
cosolvent system’s polarity decreases; thus, from pure methanol to the pure DMF,
the activity coeflicients decrease, showing a possible increase in the solute-solvent
interactions, due to increased solubility of gatifloxacin (e;3).

Thermodynamic functions of solution

The standard thermodynamic functions of the solution (table 4) are calculated from
the experimental solubility data and study temperatures. Thus, the mathematical
expressions of Gibbs and van’t Hoff, under Krug’s approach, are presented as follows

(4, 34, 35]:

T,,=n/Y /T, (4)
i=1
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Table 3. Cocflicient activity of gatifloxacin (3) in DMF (1) + methanol (2) cosolvent mixtures at
different temperatures and pressure p = 0.1 MPa.

T/K

273.15 | 278.15 | 283.15 | 288.15 | 293.15 | 298.15 | 303.15 | 308.15 | 313.15 | 318.15
0.00 | 58.6 | 57.1 53.6 | 51.8 | 503 | 488 | 47.8 | 474 | 462 | 453
0.10 | 45.6 | 42.6 | 424 | 39.7 | 40.1 39.7 | 377 | 380 | 362 | 341
0.20 | 344 | 333 | 325 | 31.8 | 312 | 302 | 303 | 29.8 | 284 | 282
0.30 | 26.8 | 257 | 255 | 258 | 248 | 25.1 244 | 24.1 22.7 | 223
040 | 205 19.2 19.7 | 203 19.3 19.5 18.7 18.6 17.8 17.7
0.50 15.8 15.5 15.9 15.8 15.8 15.6 154 | 146 | 142 14.1
0.60 11.9 12.0 12,5 124 | 12.0 12.1 11.6 11.6 | 11.1 11.1
0.70 9.4 9.3 9.7 9.9 9.4 9.6 9.5 9.1 8.8 8.8
0.80 7.2 7.4 7.4 7.6 7.4 7.5 7.3 7.3 7.1 7.1
0.90 5.6 5.8 5.8 5.9 5.9 5.9 5.9 5.9 5.8 5.8
1.00 43 43 4.4 45 45 4.6 47 47 48 4.9

* w), mass fraction of DMF (1) in the gatifloxacin -free DMF (1) + methanol (2) mixture.

a

wy

A H ==Rilnx, /0T =T;) (5)
A,,G° =—RT Xintercept (6)

A8t = T/;nl (AsolnHO - AsolnGo) (7)
En= (|AsolnH0 )(|ASO]HH° +|ThmAsolnSO )_1 (8)
ETS =1-&, (9)

where 7, is the harmonic temperature, A,,,G* is the standard Gibbs energy of solu-
tion, A,/7° is the standard enthalpy of solution, and A,,,S° is the standard entropy
of solution. £,y &/¢are the enthalpy and entropy contributions to the solution process
and the intercept corresponds to the linear equation of the plotInx;vs. (1/7 - 1/7},,,)

[36,37].
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Table 4. Thermodynamic functions of solution of gatifloxacin (3) in DMF (1) + methanol (2) co-
solvent mixtures at 294.95 K and pressure p = 0.1 MPa.

AnG°/ A H®/ AS°/ TAwS°/
i’ kJ mol™! kJmol! | Jmol*K™ | kJmol! b s
0.00 18.8 27.8 30.45 8.98 0.76 0.24
0.10 18.2 27.6 31.75 9.36 0.75 0.25
0.20 17.6 26.7 30.99 9.14 0.75 0.25
0.30 17.0 26.2 31.17 9.19 0.74 0.26
0.40 16.4 257 31.59 9.32 0.73 0.27
0.50 15.9 25.5 32.61 9.62 0.73 0.27
0.60 15.2 25.1 33.56 9.90 0.72 0.28
0.70 14.7 24.8 3451 10.18 0.71 0.29
0.80 14.1 242 3426 10.11 071 0.29
0.90 13.5 232 32.85 9.69 0.71 0.29
100 12.9 215 29.19 8.61 0.71 0.29
Ideal 9.2 23.7 49.07 14.47 0.62 0.38

* w) is mass fraction of DMF (1) in the gatifloxacin-free DMF (1) + methanol (2) mixture.

Gibbs energy is positive in all cases and decreases from pure methanol to pure DMFE.
As for the standard solution, it is positive in all cases, indicating an endothermic pro-
cess, and decrease from pure methanol to pure DMF, possibly due to an increase in
solute-solvent interactions, which is consistent with the gatifloxacin solubility increase
in DMF-rich mixtures and pure DMFE

Regarding the standard solution entropy, it is positive in all cases, presenting an entro-
pic favor to the gatifloxacin solution process in DMF + MeOH cosolvent mixtures.

From the results of equations 8 and 9, it can be concluded that the solution process
is favored in all cases by enthalpy. A graphical method that allows corroborating the
previously exposed is that developed by Perlovich (figure 3) (all values are within sec-
tor I: Ay H° > TA,,S° > 0[38, 39]). Thus, the contribution of the solution’s stan-
dard enthalpy to Gibbs energy values in all cases is greater than 71%, being greater in
methanol-rich mixtures and less in DMF-rich mixtures.

Although there is an enthalpy predominance, the solution entropy promotes a decrease
in Gibbs energy values, which generally favors the solution process.
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Figure 3. Relation between enthalpy (A,,,/°) and entropy (7'A,,,S°) terms of the process of gati-
floxacin solution in DMF (1) + methanol (2) cosolvent mixtures at 294.95 K. The isoenergetic

curves for A, G are represented by dotted lines.

Thermodynamic transfer functions

One way to identify the cosolvent effect on the thermodynamic behavior of the solu-
tion process is to analyze the transfer functions. Starting from a hypothetical transfer
process from a medium of greater polarity to a medium of lower polarity, the thermo-
dynamic transfer functions are calculated as [40]:

Alrfo = Asoln ﬁeoss polar - Asoln flr(n)ore polar (10)

where, frepresents thermodynamic functions, Gibbs energy, enthalpy, or entropy.

Table 5 shows the most representative values of the gatifloxacin transfer process from
pure methanol to pure DMF. From the results of equation 10, a Perlovich plot [39]
(figure 4) is drawn, which provides a good analysis of the results.

Thus, according to the Perlovich plot [4, 37, 39, 41, 42], from pure methanol to wj
(Sector III AH° < 0, TA,S° > 0, and |TA,S° > |A.H°|) the process is driven by
entropy; from wy, to w4 (Sector VA H° < 0, TA,S° < 0, and | TA,.S9 < |A.H?|) the
process is driven by enthalpy; from w5 to w4 (Sector IV A H* < 0, TA,S° > 0, and
|TAS°| < |ALH]), the process is again driven by enthalpy; from w4 to wys, (Sector
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Table 5. Thermodynamic functions of transfer of gatifloxacin (3) in DMF (1) + methanol (2) co-
solvent mixtures at 294.95 K and pressure p = 0.1 MPa.

More polarsless polar k?‘f(: L k?tﬁ) !, | A 15 A
o0 Woso 0.60 022 13 038
Wo.10~> Woao -0.60 -0.82 -0.8 -0.22
Woar> W 056 050 02 005
w030~ Wo 40 -0.63 -0.50 0.4 0.12
Wo 40> Wos0 -0.55 -0.25 1.0 0.30
Wosy> Woso 20.62 0.35 0.9 0.28
Wo.60> Wo70 -0.58 -0.30 0.9 0.28
Wo70~> Wo g0 -0.60 -0.67 -0.2 -0.07
Wosr> Wose 0.56 0.98 14 042
Wo.00~> Wigo -0.60 -1.67 -3.7 -1.07

W), mass fraction of DMF (1) in the gatifloxacin-free DMF (1) + methanol (2) mixture.
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Figure 4. Relationship between the enthalpy (A.H°) and entropy (7A,S°) terms of the transfer
process of gatifloxacin from more polar mixtures to less polar mixtures at 294.95 K. The isoenergetic

curves of A, G* are represented by dotted lines.
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HIAH° <0, TA,S°>0,and | TA,S°| > |A.H|) the process is driven by entropy; from
Wyso to Wy (Sector IV ALH® < 0, TA,S° > 0, and |TA,S°| < |AH’|), the process is
driven by enthalpy and from w5, to pure DMF (Sector V A, H° < 0, TA,S° < 0, and
|TA.S°| < |AH?|) the process continues to be driven by enthalpy.

So, in all cases there is an enthalpy favor (negative enthalpy), therefore there is an
enthalpy conduction in the whole process, however, from wj o to wy,, and from w4,
to DMF the entropy is negative, therefore, entropy disadvantages the transfer process.
In other cases, entropy is positive, indicating that the solution process is favored by
enthalpy and entropy.

Thermodynamic functions of the mixing

The solute behavior in the dissolution process can generally be divided into two stages,
the solute fusion and its subsequent mixing with the solvent, so this hypothetical pro-
cess can be represented according to the following scheme [43, 44]:

Solute s,y at 7'—> Solutespq) at T, —> Solute g,y at T, — Solutequg at 77
- SOlutC(Solution) ac T

In this way, thermodynamic solution functions can be represented by the following
equation:

Asoln.}po :Aff0+Amixf0 (11)

where, frepresents the thermodynamic functions (G, H or §) and the subscripts fand
mix represent fusion and mixing, respectively.

Thus, the mixing functions are determined as [45]:

Amix.}r0 :AsolnfO_Thm _Affo (12)

where A¢f* is replaced by the ideal thermodynamic functions, which are thus calcu-

lated as[46]

AmixGy0 = AsolnGw + AsolnGO_id (13)
Amix}i0 - Asoln}JO + Asolnfio_id (14)
Amix‘Sv0 = Asoln‘g0 + AssolnSO_id (15)
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Table 6 shows the thermodynamic mixing functions; from pure methanol to pure
DME, the mixing Gibbs energy decreases in value as the DMF concentration increases,
whereby the DMF addition has a positive cosolvent effect, favoring the solvent-sol-
vent interactions (e;3). As for the mixing enthalpy, it is positive from pure methanol to
w,; = 0.8, this factor it does not favor the dissolution process, it is observed that the
enthalpy is greater in methanol-rich and intermediate mixtures possibly due to the fact
that the formation of the cavity (required for solute accommodation) in these mix-
tures requires more energy. The foregoing may indicate that MeOH-MeOH interac-
tions are stronger than those of DMF-DMF, In DMF-rich mixtures (0.90 < w, < 1.00),
the enthalpy is negative, which favors the mixing process.

Regarding the entropy of the mixture, it is negative in all cases, which unfavors the
mixing process.

Table 6. Thermodynamic functions of mixing gatifloxacin (3) in DMF (1) + methanol (2) cosol-
vent mixtures at 294.95 K and pressure p = 0.1 MPa.

. A G°/ A H°/ ALiS°/ TA,S°/
“ kJ mol™! kJ mol™! J mol ' K! kJ mol™!
0.00 9.6 4.1 -18.6 -5.5
0.10 9.0 3.9 -17.3 -5.1
0.20 8.4 3.1 -18.1 -5.3
0.30 7.9 2.6 -17.9 -5.3
0.40 7.2 2.1 -17.5 -5.2
0.50 6.7 1.8 -16.5 -4.9
0.60 6.1 1.5 -15.5 -4.6
0.70 5.5 1.2 -14.6 -4.3
0.80 4.9 0.5 -14.8 -4.4
0.90 4.3 -0.5 -16.2 -4.8
1.00 3.7 2.1 -19.9 -5.9

), mass fraction of DMF (1) in the gatifloxacin -free DMF (1) + methanol (2) mixture.

From Perlovich’s analysis (figure 5), it is concluded that in all cases the process is driven
by entropy, both in the sector VII, from pure methanol to w, = 0.80 (sector VII: A, H°
< TA,S°and |TA,;,S° > |AniF°]), and in the sector VI, from w, = 0.90 to pure DMF
(sector VI: A, H° <0, TA,,,S° < 0,and |TA,;, S > |Api))-
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Figure 5. Relationship between the enthalpy (A,,,/°) and entropy (7A,,,8°) terms of the mixing
process of gatifloxacin in DMF (1) + methanol (2) cosolvent mixtures at 294.95 K. The isoener-

getic curves of A,;,G° are represented by dotted lines.

Enthalpy-entropy compensation

An analysis that identifies changes in the mechanism that controls the cosolvent action
is that of enthalpy—entropy compensation, which is performed by plotting A, H°
vs. Ay,,G°, where in most cases, a nonlinear behavior is observed. Thus, this graphic
analysis allows to identify the thermodynamic consequences of bond formation and
rupture, where the hydrogen bond is the most relevant interaction [42, 47].

The plot interpretation (A, H° vs. A,,G°) is based on the sign of the slopes; thus,
negative slopes indicate that the process is entropy-driven, which may be a consequence
of the system’s molecular rearrangement, while positive slopes indicate that the process
is enthalpy-driven, which could be a consequence of changes in intermolecular interac-
tions between the drug and solvents through hydrogen bonds and van der Waals forces
such as the induced or permanent dipole—dipole interactions, and therefore, can be
considered as quantitative indicator of changes in the intermolecular bond energies
that occur during the interaction [48-50].

Figure 6 shows the behavior of gatifloxacin enthalpy-entropy compensation in the
DMF + MeOH system. Thus, in all cases the solution process is driven by enthalpy.
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Figure 6. Enthalpy-entropy compensation graph A,;,FH° vs. A,,;,G° for the solution process of gati-
floxacin (3) in DMF (1) + methanol (2) cosolvent mixtures at 294.95 K.

Preferential solvation

An analysis that allows a more precise evaluation of molecular interactions and solvent
composition in the immediate environment of solute molecules, is the mathemati-
cal model proposed by Ben-Naim denominating the inverse Kirkwood-Buff integral
(IKBI) [51-53], which expresses its results according to the preferential solvation
parameters dx; 3 and dx,, indicates the solute preference (3) for solvent (1) or (2)

according to [10, 54, 55]:
6x1,3 = le,3 X :—5x2’3 (16)

where x,is the mole fraction of 1 in the cosolvent mixture and x”, 5, is the local mole
fraction of 1 in the vicinity of the solute (3). If dx,; > 0, the solute is preferentially
solvated by 1, and if dx,; < 0, the solute is preferentially solvated by 2. However, if
|0x15] < 0.01, the values are probably within the error of determination, indicating
an insignificant preferential solvation. On the other hand, if dx, ; =x,, it means that
xf13 =1 or a complete preferential solvation of 3 by 1 [10, 54].

The application expressions of the IKBI approach given by Ben-Naim are [56, 57]:

6x1,3 :[’ﬂ (1_x1)(G1,3 =Gy, )Hlel,3 +(1_x1>G2,3 +V,, ]_1 (17)

«

688



Thermodynamics and preferential solvation of gatifloxacin in DMF + methanol

where G ;and G, are the Kirkwood-Buff integrals (in cm® mol™) and ¥, is the vol-

ume of correlation around 3 (gatifloxacin), within which preferential solvation occurs.
Thus, G, 3and G,;are calculated as [58, 59]:

G, =RTk,=V,+(1=x, )V,DQ" (18)

G,,=RTk,—V ,+xV,DQ"" (19)

and the correlation volume is calculated as [54, 60 ,61]:

V. . =25225

cor

= 013633 (177 ) + (x4 ) —o.ossr (20)

where x is the isothermal compressibility of DMF + MeOH mixtures (DMF: 0.698
GPa![62], Methanol: 1.248 GPa™![63]), V; and V; are DMF and methanol GadZurié
et al. [64] and Kijevéanin ez al. [65], V; is the molar volume of gatifloxacin (232 cm?
mol™), 7 is the radius of the gatifloxacin molecule (0.4476 nm), and D and Q (in
kJ mol™, as RT) are calculated using equations 21 and 22 [66, 67]:

D=dAGY, .., /dx, (21)
Q=RT +x(1-x,)(d’G}, / dx}) (22)
AG), ., is the transfer Gibbs energy of gatifloxacin from the methanol to each DMF

+ MeOH cosolvent mixture (equation 23), and G}, is the excess Gibbs energy of the
cosolvent mixture of DMF + MeOH free of gatifloxacin (equation 24) [54, 68]:

AGY, ., =0.6098x-6.5647x, +0.0228 (23)

G* =x,x,|-1264+67(1-2x, )] (24)

Thevalues of D, G, 5 G, 3, V., and dx, 5 are presented in table 7, and the behavior of dx, ;
is presented in Figure 7. The dx, ; values show that the preferential solvation of gatiflox-
acin by both methanol (from pure methanol to w, = 0.25, dx, ; has negative values) and
DMEF (From w, = 0.25 to pure DME, dx; ; has positive values) is insignificant, because
all the dx, 5 values are less than 0.01.

It could be expected (however, because the values of dx, ; are less than 0.01, the ana-
lyzes are not conclusive) that the gatifloxacin, it behaves as a Lewis base against the

689



Ménica Rojas-Motta, Jhon Edinson Rojas-Motta, Jorge Luis Diaz-Jimenez, Fabio Andrés Bahos-Narvaez, ef al.

methanol-rich medium because the methanol (8 = 0.62 [69]) has a less basic character
than DMF (8= 0.71 [70]) according to the S-scale of Taft and Kamlet, and like a Lewis
acid against the DMF. Table 7. Some properties associated to preferential solvation
gatifloxacin (3) in DMF (1) + MeOH (2) cosolvent mixtures at 313.15 K and pressure
=0.096 MPa.

Table 7. Solubility and preferential solvation of gatifloxacin in DMF+ methanol mixtures at 313.15 K.

x* D/ ) G/ : Gos/ : Veo/ i 100 x5
kJ mol? cm’® mol! cm?® mol! cm® mol! ’
0.00 -6.56 -274.5 -228.8 1485.1 0.000
0.05 -6.50 -270.2 -235.4 1521.3 -0.129
0.10 -6.44 -266.3 -241.7 1557.8 -0.169
0.15 -6.38 -262.7 -247.6 1594.3 -0.143
0.20 -6.32 -259.5 -253.2 1630.7 -0.073
0.25 -6.26 -256.5 -258.6 1667.0 0.028
0.30 -6.20 -253.8 -263.8 1702.9 0.146
0.35 -6.14 -251.3 -268.8 1738.6 0.270
0.40 -6.08 -249.0 -273.8 1773.9 0.394
0.45 -6.02 -246.9 -278.7 1808.9 0.510
0.50 -5.95 -244.9 -283.7 1843.4 0.613
0.55 -5.89 -243.1 -288.7 1877.5 0.699
0.60 -5.83 -241.4 -293.8 1911.3 0.762
0.65 -5.77 -239.9 -299.2 1944.5 0.801
0.70 -5.71 -238.4 -304.8 1977 .4 0.811
0.75 -5.65 -237.0 -310.8 2009.8 0.789
0.80 -5.59 -235.6 -317.4 2041.7 0.731
0.85 -5.53 -234.3 -324.6 2073.2 0.631
0.90 -5.47 -233.0 -332.7 2104.1 0.482
0.95 -5.41 -231.6 -341.9 21345 0.276
1.00 -5.35 -230.2 -352.7 2164.3 0.000

2 x, mole fraction of acetonitrile (1) in the gatifloxacin-free DMF (1) + methanol (2) mixture.
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Figure 7. dx, ; values of gatifloxacin (3) in DMF (1) + methanol (2) mixtures at 313.15 K.

CONCLUSIONS

From thermodynamic analysis and preferential solvation of gatifloxacin in DMF +
MeOH cosolvent mixtures, it is concluded that the solution process is endothermic
with a marked enthalpy favor, which increases as the polarity of the cosolvent system
decreases due to the addition of DMF, presenting a positive cosolvent effect that leads
to increased gatifloxacin solubility. Finally, regarding gatifloxacin’s preferential solva-
tion, the results are not conclusive, because in all cases the values of the preferential sol-
vation parameter are less than 0.01, so that, negligible preferential solvation takes place.
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