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ABSTRACT

Thermodynamic functions of Gibbs energy, enthalpy, and entropy for the solution processes of the 
antimicrobial drugs Triclosan and Triclocarban in five volatile organic solvents were calculated from 
solubility values at temperatures from 293.15 to 313.15 K. Triclosan and Triclocarban solubility was 
determined in acetone, acetonitrile (AcCN), ethyl acetate (AcOEt), methanol (MetOH), and cyclohexane 
(CH). The excess of Gibbs energy and the activity coefficients of the solutes were also calculated. The 
Triclosan solubilities were greater than those of Triclocarban in all the solvents studied. At 298.15 K the 
solubility diminished for Triclosan in the order, acetone > AcOEt > AcCN > MetOH > CH, while it 
diminished for Triclocarban in the order, acetone > AcOEt > MetOH > AcCN > CH. On the other 
hand, thermodynamic quantities relative to the transfer process of these drugs from CH to all other 
organic solvents, as well as from water to organic solvents for Triclosan were also calculated in order to 
estimate the hydrogen-bonding contributions.
Keywords: Antimicrobial drugs, Solubility, Transfer, Chemical thermodynamics. 

RESUMEN

En esta investigación se calcularon las funciones termodinámicas: energía de Gibbs, entalpía y entropía 
para los proceses de disolución de los agentes antimicrobianos Triclosán y Triclocarbán a partir de los 
valores de solubilidad a diferentes temperaturas entre 293,15 y 313,15 K en cinco solventes orgánicos 
volátiles. La solubilidad de los dos agentes se determinó en acetona, acetonitrilo (AcCN), acetato de etilo 
(AcOEt), metanol (MetOH), y ciclohexano (CH). También se calcularon las energías Gibbs de exceso 
y los coeficientes de actividad de los solutos. Las solubilidades de Triclosán fueron mayores que las de 
Triclocarbán en todos los solventes estudiados. A 298,15 K la solubilidad de Triclosán disminuyó en el 
orden, acetona > AcOEt > AcCN > MetOH > CH, mientras que en caso de Triclocarbán, disminuyó 
en el orden, acetona > AcOEt > MetOH > AcCN > CH. De otro lado, también se calcularon las 
cantidades termodinámicas relativas a los procesos de transferencia de estos dos fármacos desde CH 
hasta los otros solventes orgánicos, así como las de la transferencia de Triclosán desde el agua hasta los 
solventes orgánicos, con el fin de hacer estimaciones de las contribuciones por enlaces de hidrógeno.
Palabras clave: Fármacos antimicrobianos, Solubilidad, Transferencia, Termodinámica química.
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INTRODUCTION

Triclosan (TS, 5-chloro-2-(2,4-dichlorophenoxi)-
phenol, its molecular structure is showed in Table 1), 
is a potent synthetic bactericide and fungicide agent 
with notable chemical stability and persistent activity 
(1). Due to these features, TS has been extensively 
used along the years in a diversity of topical appli-
cations (2). In 1997 it was approved by the FDA for 
use in oral care products such as toothpastes, and its 
application gained even more impact with the de-
velopment of mouthwashes and other formulations 
for plaque prevention and control of periodontal 
disease (3-5). In 2003, Ethicon Inc. has introduced 
poly(lactic-glycolic acid) biodegradable surgical su-
tures coated with TS (Vicryl® Plus) (6).

One important limitation in the development 
of TS-loaded topical products is the poor aqueous 
solubility of the drug (7). This behavior stems from 
its high hydrophobicity. On the other hand, the 
presence of one aromatic –OH group, that is ioni-
zable at pH > 10, enables better solubilization under 
alkaline pH conditions. However, such alkalinity is 
incompatible with the vast majority of pharmaceuti-
cal applications. Several approaches were investiga-
ted in order to improve the apparent solubility of 
TS in neutral aqueous medium. Some investigators 
designed complexes with β-cyclodextrins and stu-
died the effect of ionization and polymers nature 
on the formation of aggregates and higher-order 
complexes (8-10). Grove et al., 2003 (11) investiga-
ted other molecular complexes, micelles and the in 
situ formation of organic salt; findings showed that 
the solubilizers studied increased the solubility of 
TS from 80- to 6000-fold; furthermore, although 
the bacteriostatic efficacy of TS was significantly 
increased when solubilized with N-methylgluca-
mine, L-arginine, and ethanolamine, increased 
solubilization did not increase the effectiveness 
of TS for all solubilizers tested (11). Maestrelli et 
al., 2006 (12) developed chitosan-hydroxypropyl 
cyclodextrin nanocarriers and investigated the 
water-solubilization of TS; findings showed a 20-
fold increase in the solubility of the drug (12). In 
another work, Steinberg et al., 2006 (13) reported 
the development of ethylcellulose TS-containing 
buccal patches for sustained release of the drug; the 
device effectively released TS following a Higuchi 
model and affected the viability of Streptococcus 
mutans, a frequent pathogen in periodontal disease 
(13). More recently, the solubilization of TS by 
means of inclusion into poloxamine (a four-arms 

poly(ethylene oxide)-poly(propylene oxide) block 
copolymer) polymeric micelles in a broad range of 
pH values and polymer concentrations has been 
studied (14). Apparent solubility values increase up 
to 4 orders of magnitude. Moreover, the hydrogen 
bonding ability played a central role in the drug-
nanocarrier interaction. Thus, ionized TS (at pH 
~12) displayed a weaker affinity for the micelle 
and this phenomenon rendered lower solubilization 
extents when compared to lower pH values (14). 
More importantly, TS-loaded systems showed an-
tibacterial activity in vitro against a broad spectrum 
of pathogens.

On the other hand, triclocarban (TCC, 
3,4,4́ -trichlorocarbanilide, its molecular structure 
is showed in Table 1) is also a synthetic antibacterial 
agent used as antiseptic in cosmetic and health-
consumer products (15, 16). It presents low acute 
and chronic toxicity. Due to its molecular nature, 
TCC remains unionized in a broad range of pH 
values (pKa = 12.7). Contrary to TS, reports in-
dicated that TCC displays a more limited activity 
(17, 18). The extremely low solubility of TCC in 
water (~50 ng mL–1) constrains the development 
of water-based antibacterial TCC-containing for-
mulations. As aforementioned, different techno-
logical approaches are being investigated in order 
to enhance the solubility of poorly-water soluble 
drugs (19). For example, the improved aqueous 
solubility of TCC by means of encapsulation into 
two branched poly(ethylene oxide)-poly(propylene 
oxide) (PEO-PPO) block copolymers (poloxamine, 
Tetronic®) was reported (20).

Besides, it has been well described that the 
profuse use of these agents has raised important 
environmental concerns due to its accumulation 
in wastewater streams (21, 22). As in the case 
of pre-formulation and formulation process of 
pharmaceutical dosage forms, toxicity to aquatic 
life and appearance in drinking water is directly 
related to its solubility in water. For these reasons, 
the fundamental aspects of the aqueous dissolution 
and transfer processes of TS from water to organic 
solvents with different hydrogen capability used 
for Quantitative Structure-Activity Relationships 
(QSAR) studies (namely, octanol, chloroform, 
isopropyl myristate, and cyclohexane) have been 
reported (23, 24), whereas for TCC just the ther-
modynamic quantities of dissolution in some 
QSAR-relevant solvents have been reported (25). 
Nevertheless, the information about solubility and 
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solution thermodynamics of these drugs in volatile 
organic solvents is too scarce.

In this context, the present work studied the 
solution thermodynamics of TS and TCC in five 
volatile organic solvents widely used in microen-
capsulation processes (26). Therefore, the main 
goal of the present research was to present a more 
complete and systematic insight on the properties of 
dissolution and transfer for these drugs. Hence, TS 
and TCC solubility in acetone, ethyl acetate (AcO-
Et), acetonitrile (AcCN), methanol (MetOH) and 
cyclohexane (CH) was determined at temperatures 
ranging between 293.15 and 313.15 K. From these 
solubility values, the thermodynamic quantities of 
solution were calculated by means of the van’t Hoff 
and Gibbs equations for both drugs. In addition, the 
thermodynamic quantities relatives to the transfer 
process of these drugs from CH to all the other vo-
latile organic solvents were also calculated in order 
to estimate the hydrogen-bonding contributions. 
Moreover, the thermodynamic quantities of TS 
transfer from water to the same organic solvents 
were also calculated based on the aqueous solution 
thermodynamic values reported in the literature (24).

MATERIALS AND METHODS

Reagents

Triclosan USP (TS) was a kind of gift from Ciba 
C.S. (27); Triclocarban (TCC) A.R. Sigma; acetone 
A.R. Merck; ethyl acetate (AcOEt) A.R. Merck; 
Acetonitrile (AcCN) A.R. Merck; methanol (Me-
tOH) A.R. Merck; cyclohexane (CH) A.R. Merck; 
absolute ethanol (EtOH) A.R. Merck. All reagents 
were used without further purification.

Solubility determinations

An excess of TS or TCC was added to 20 cm3 
of each organic solvent evaluated in sealed dark 
glass flasks. The solid–liquid mixtures were then 
allowed with stirring in a thermostatic mechanical 

shaker (Julabo SW23) kept at 313.15 ± 0.05 K for 
at least five days to reach the equilibrium (this 
equilibrium time was established by quantifying the 
drug concentration up to obtain a constant value). 
Once at equilibrium, supernatant solutions were 
filtered at isothermal conditions (Millipore Corp. 
Millex®-13mm filters) in order to remove insoluble 
particles before analysis. TS concentrations were 
determined by mass balance, weighting a specific 
quantity of the respective saturated solution and 
allowing the solvent evaporation up to constant 
mass. TCC concentrations were determined by 
measuring absorbance after appropriate dilution 
with absolute ethanol and interpolation from pre-
viously constructed UV spectrophotometry calibra-
tion curve (UV/VIS BioMate 3 Thermo Electron 
Company). After these procedures, the temperature 
was decreased in 5.0 K, so stabilizing it in 308.15 K 
during at least two days, allowing the precipitation 
of the drug dissolved in excess and quantifying the 
drug concentration in equilibrium. This procedure 
was repeated decreasing temperature in 5.0 K up 
to reach 293.15 K. In order to allow the conversion 
between concentration scales, the density of the 
saturated solutions was determined with a digital 
density meter (DMA 45 Anton Paar, precision ± 
0.0001 g cm−3). All experiments were made at least 
three times and averaged.

RESULTS AND DISCUSSION

Molecular structures of TS and TCC (28) and 
their most relevant physicochemical properties 
in solid state are summarized in Table 1 (20, 29). 
Both drugs act in solution mainly as a Lewis acid 
(because of the phenolic –OH group in TS and 
the >N–H groups in TCC) in order to establish 
hydrogen bonds with proton-acceptor functional 
groups present in the solvents (i.e. –OH, –O–, and 
>C=O, and –CN groups), although they also could 
act as Lewis base because of the oxygen atoms in 
TS and the carbonyl moiety in TCC.



82 VITAE D. R. DELGADO  et al.

Table 1. Some physicochemical properties of triclosan and triclocarban

Compound Molecular structure a M /g mol–1 a ∆Hfus /kJ mol–1 Tfus / K

TS
O

ClCl

OHCl

289.55 17.75 b 331.1 b

TCC
N

O

N

ClCl

Cl

H H

315.6 41.94 c 528.2 c

a From Budavari et al., 2001 (28)
b From Veiga et al., 2005 (29)
c From Chiappetta et al., 2010  (20)

Experimental solubility of TS and TCC

Table 2 summarizes the experimental solubilities of TCC, expressed in molarity and mole fraction, in 
addition to the ideal solubilities (X2

id) taken from the literature ( 23, 25). In almost all cases the coefficients 
of variation for the experimental solubility were smaller than 1.0%.

Table 2. Experimental solubility of triclosan and triclocarban in five volatile organic solvents expressed in molarity 
and mole fraction including ideal solubility at several temperatures a.

Triclosan

Solvent
Mol l-1

293.15 K 298.15 K 303.15 K 308.15 K 313.15 K
Acetone 3.909 (0.007) 4.005 (0.008) 4.100 (0.007) 4.215 (0.008) 4.316 (0.005)
Ethyl Acetate 3.513 (0.009) 3.660 (0.014) 3.803 (0.006) 3.932 (0.008) 4.135 (0.006)
Methanol 3.757 (0.006) 3.949 (0.006) 4.121 (0.006) 4.310 (0.005) 4.457 (0.004)
Acetonitrile 3.7262 (0.0019) 3.916 (0.006) 4.057 (0.003) 4.200 (0.003) 4.3917 (0.0021)
Cyclohexane 0.346 (0.005) 0.6552 (0.0017) 1.034 (0.003) 1.876 (0.015) 2.878 (0.016)

Solvent
Mole fraction

293.15 K 298.15 K 303.15 K 308.15 K 313.15 K
Acetone 0.555 (0.003) 0.587 (0.004) 0.6231 (0.0011) 0.666 (0.004) 0.708 (0.003)
Ethyl Acetate 0.5304 (0.0028) 0.565 (0.005) 0.6072 (0.0023) 0.650 (0.003) 0.7062 (0.0026)
Methanol 0.3658 (0.0026) 0.4265 (0.0028) 0.487 (0.004) 0.563 (0.003) 0.626 (0.003)
Acetonitrile 0.4251 (0.0009) 0.484 (0.003) 0.5325 (0.0020) 0.5877 (0.0018) 0.6651 (0.0016)
Cyclohexane 3.86 (0.06)´ 10-2 7.482 (0.023)´ 10-2 0.1267 (0.0005) 0.257 (0.003) 0.431 (0.005)
Ideal 0.4565 0.5091 0.5668 0.6299 0.6987

Triclocarban

Solvent
Mol l-1

293.15 K 298.15 K 303.15 K 308.15 K 313.15 K
Acetone 8.61 (0.04) x 10-2 0.1001 (0.0004) 0.1094 (0.0002) 0.1225 (0.0009) 0.1414 (0.0001)
Ethyl Acetate 2.660 (0.009) x 10-2 3.305 (0.025) x 10-2 4.129 (0.011) x 10-2 4.71 (0.06) x 10-2 5.82 x (0.04) x 10-2

Methanol 1.212 (0.006) x 10-2 1.404 (0.007) x 10-2 1.740 (0.011) x 10-2 1.979 (0.016) x 10-2 2.341 (0.005) x 10-2

Acetonitrile 6.20 (0.05) x 10-3 7.97 (0.09) x 10-3 1.205 (0.002) x 10-2 1.766 (0.002) x 10-2 2.612 (0.008) x 10-2

Cyclohexane 2.54 (0.04) x 10-6 3.82 (0.06) x 10-6 6.44 (0.07) x 10-6 1.048 (0.010) x 10-5 1.571 (0.012) x 10-5

Solvent
Mole fraction

293.15 K 298.15 K 303.15 K 308.15 K 313.15 K
Acetone 6.55 (0.03) x 10-3 7.67 (0.03) x 10-3 8.445 (0.011) x 10-3 9.53 (0.07) x 10-3 1.112 (0.010) x 10-2

Ethyl Acetate 2.611 (0.008) x 10-3 3.266 (0.025) x 10-3 4.118 (0.012) x 10-3 4.73 (0.06) x 10-3 5.90 (0.04) x 10-3

Methanol 4.923 (0.027) x 10-4 5.73 (0.03) x 10-4 7.14 (0.04) x 10-4 8.18 (0.07) x 10-4 9.728 (0.026) x 10-4

Acetonitrile 3.24 (0.03) x 10-4 4.19 (0.05) x 10-4 6.389 (0.008) x 10-4 9.445 (0.005) x 10-4 1.408 (0.004) x 10-3

Cyclohexane 2.74 (0.05) x 10-7 4.16 (0.07) x 10-7 7.06 (0.08) x 10-7 1.156 (0.012) x 10-6 1.742 (0.014) x 10-6

Ideal 3.615 x 10-3 4.248 x 10-3 4.980 x 10-3 5.822 x 10-3 6.790 x 10-3

a Uncertainties are given in parentheses.
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It can be observed that the highest solubility 
values in mole fraction for TS and TCC were in 
acetone at 313.15 K, while the lowest values were 
found in CH at 293.15 K. In all cases the TS solu-
bilities are almost 100 fold times greater than the 
TCC ones. This behavior is similar to that found 
with QSAR solvents (23, 25). On the other hand, 
at 298.15 K for TS the diminishing order obtained 
was: acetone > AcOEt > AcCN > MetOH > CH 
and for TCC it was: acetone > AcOEt > MetOH 
> AcCN > CH. However, no reports on solubility 
values for these drugs in the solvents studied are 
available, and therefore none direct comparison is 
possible. Experimental solubilities exhibited by TS 
in acetone and AcOEt as well as by TCC in acetone 
are greater than the ideal ones at all temperatures 
studied.

TS and TCC solubility analysis in terms of 
Hildebrand solubility parameters

Although experimental solubility is a complex 
phenomenon, the attempts have been proposed in 
order to explain this important physicochemical 
property of drugs. One of them was proposed by 
Hildebrand et al., 1970 (30) in terms of the solubility 
parameter δ, which is defined as the root square of 
cohesive energy density, and it is calculated accor-
ding to equation 1:

 Equation 1.

where, ΔHvap is the vaporization enthalpy and 
V is the molar volume. Hildebrand solubility 
parameters were initially proposed for nonpolar 
compounds interacting among them by dispersion 
forces (London forces); nevertheless, TS, TCC and 
almost all the volatile solvents investigated interact 
by London forces and also by other more energe-
tic forces, namely, dipolar forces and hydrogen-
bonding. In this context, Hansen split the general 
δ values in three partial parameters considering 
the respective contributions by dispersive forces 
δd, dipolar forces δp, and hydrogen-bonding δh (31). 
These subparameters are related to total solubility 
parameter δT, according to:

  Equation 2.

The experimental determination of partial so-
lubility parameters of drugs is not an easy matter, 
and therefore some calculus methods based on the 
contribution of groups have been described. The 
methods more used are those proposed by Fedors 
and van Krevelen (32). In this context, Table 3 
summarizes the TS and TCC solubility parameters 
reported in the literature (20, 33), where it can be 
seen that the London forces are the most relevant 
for these drugs, which could be attributed mainly 
to their aromatic moieties. In this way, based on the 
δT values for TS and TCC (29.4 and 26.5 MPa1/2, 
respectively), these drugs could be considered as 
semipolar compounds. On the other hand, accor-
ding to Martin and Bustamante (34), the greatest 
drug solubility value should be found in solvents 
with similar δ values. For this reason, Table 3 also 
summarizes the δ values for the organic solvents 
tested (32, 35).

Table 3: Molar volume and partial, along with 
total solubility parameters at 298.15 K for triclosan, 
triclocarban and the volatile organic solvents tested.

Compound V /
cm3 mol–1

δd / 
MPa1/2

δp / 
MPa1/2

δh / 
MPa1/2

δT / 
MPa1/2

Triclosan a 152.6 25.4 7.6 12.6 29.4

Triclocarban b 177.6 24.4 7.2 7.3 26.5

Acetone c 74.0 15.5 10.4 7.0 20.0

Ethyl Acetate c 98.5 15.8 5.3 7.2 18.1

Methanol c 40.7 15.1 12.3 22.3 29.7

Acetonitrile c 52.6 15.3 18.0 6.1 24.4

Cyclohexane c 108.7 16.8 0.0 0.2 16.8
a From Aragón et al.¸ 2008 (33)
b From Chiappetta et al., 2010 (20)
c From Barton, 1993 (32).

Apparently, no similarity in all δ values is obser-
ved by comparing TS and TCC in all the volatile 
solvents tested (as shown in Table 3) when they are 
related to the equilibrium solubilities (as shown in 
Table 2). This fact demonstrates that the solubility 
of a certain drug compound is a more complex 
phenomenon than that exclusively described by 
solubility parameters and without considering 
other properties. In the same way, Figures 1 and 
2 clearly show that no simple relation between TS 
and TCC equilibrium solubilities and the solvents 
δT values is found.
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Figure 1: Triclosan equilibrium solubility as a function of Hildebrand solubility parameters of tested organic solvents.
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Figure 2: Triclocarban equilibrium solubility as a function of Hildebrand solubility parameters of tested organic 
solvents.

TS and TCC activity coefficients

The solute activity coefficient in the solution (γ2) 
is calculated as (X2

id / X2) and it is an indication of 
the deviation presented by both drugs with respect 
to their ideal behaviors (36). Table 4 summarizes 
the activity coefficients as a function of tempera-
ture. The γ2 of TS in acetone and AcOEt, as well 
as of TCC in acetone, are lower than unit at all 

temperatures studied. This finding is because of 
the experimental solubilities that are greater than 
the ideal ones. In all cases, γ2 values tend to unit 
when temperature rises, so being more ideally the 
solution process for both drugs despite if γ2 is grea-
ter or lower than unit. These γ2 diminishing rates 
are the greatest for both drugs in CH and more 
specially for TS.

Table 4. Solute activity coefficient of triclosan and triclocarban in five volatile organic solvents at several temperatures

Triclosan

Solvent
Temperature / K

293.15 298.15 303.15 308.15 313.15
Acetone 0.823 0.867 0.910 0.946 0.987
Ethyl Acetate 0.861 0.901 0.933 0.970 0.989
Methanol 1.248 1.194 1.165 1.118 1.116
Acetonitrile 1.074 1.053 1.064 1.072 1.050
Cyclohexane 11.82 6.804 4.474 2.447 1.620
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From the different magnitudes obtained for 
the γ2 values presented in Table 4 an approximate 
estimation of the respective solute-solvent intermo-
lecular interactions can be made by considering the 
following expression:

 Equation 3.

where w11, w22 y w12 represent the solvent-sol-
vent, solute-solute and solvent-solute interaction 
energies, respectively; V2 is the molar volume of 
the supercooled liquid solute, and finally, φ1 is the 
volume fraction of the solvent. In a first approach, 
the term (V2 φ1

2 / RT)T,P may be considered approxi-
mately constant at the same temperature, and then γ2 
depends almost exclusively on w11, w22 and w12 (37). 
While the term w12 favors the solution process, both 
w11 and w22 terms are unfavorable for solubility. The 
contribution of w22 represents the work necessary 
to transfer drug molecules from the solid to the 
vapor state; consequently, it could be considered as 
constant in all the volatile organic solvents studied.

The γ2 values of TS in all the solvents are close 
to unit, except in CH at low temperatures (close to 
7 at 298.15 K). Thanks to that, all the solvents have 
low polarity (low w11) and the solute is the same in 
the five cases (with low w22 based on properties of 
fusion), it is also possible to assume the presence of 
high interactions w12, except for CH at low tem-
peratures. The results are more disperse for TCC 
because γ2 values close to unit were found only for 
acetone and AcOEt. On the other hand, for MetOH 
and AcCN the γ2 were close to 5 or 10 indicating 

lower solvent-solute interactions as compared with 
TS. Finally, for TCC in CH is clear that the term 
w12 should be too low in order to obtain γ2 values 
near to ten-thousand.

Apparent thermodynamic functions of solu-
tion of TS and TCC

According to van’t Hoff analysis modified by 
Krug et al., 1976 (38), the apparent standard enthalpy 
change of solution is obtained from the slope of 
ln X2 vs. 1/T – 1/Thm plot (39) in according to the 
expression:

 Equation 4.

where Thm is the mean harmonic temperature, 
which is calculated as:

 Equation 5.

where n is the number of temperatures studied 
(38, 39). In the present case the Thm value obtained 
is just 303 K. The modified van’t Hoff plots for 
TS solubility in MetOH, AcOEt, AcCN and CH 
are presented in the Figure 3 while its behavior in 
CH is presented in the Figure 4 (it was necessary 
to make another plot because of the great effect of 
temperature on the TS solubility in this aprotic 
solvent). Likewise, Figure 5 shows the behavior of 
TCC in all the solvents. Linear regression models 
with good statistical parameters were obtained for 
both drugs in all the organic solvents studied.

Triclocarban

Solvent
Temperature / K

293.15 298.15 303.15 308.15 313.15
Acetone 0.552 0.554 0.590 0.611 0.611
Ethyl Acetate 1.384 1.301 1.209 1.231 1.151
Methanol 7.342 7.410 6.969 7.118 6.978
Acetonitrile 11.17 10.13 7.793 6.163 4.821
Cyclohexane 13186 10211 7054 5034 3895
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Figure 3. van’t Hoff plot for triclosan solubility in several volatile organic solvents. (○): Acetone; (□): Ethyl acetate; 
(∆): Acetonitrile; (◊): Methanol.
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Figure 4. van’t Hoff plot for triclosan solubility in cyclohexane.
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Figure 5. van’t Hoff plot for triclocarban solubility in some volatile organic solvents. (○): Acetone; (□): Ethyl acetate; 
(×): Cyclohexane as ln X2 + 8; (◊): Methanol; (∆): Acetonitrile.
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The apparent standard Gibbs energy change 
for the solution process (ΔG0app 

soln), considering the 
approach proposed by Krug et al. 1976 (38), is cal-
culated by means of:

 Equation 6.

in which, the intercept used is the one obtained in 
the analysis by treatment of ln X2 as a function of 
1/T – 1/Thm. Finally, the standard entropic change 
for solution process (ΔS0 

soln) is obtained from the 
respective ΔH0 

soln  and ΔG0 
soln values by using:

 Equation 7.

Table 5 summarizes the apparent standard ther-
modynamic functions for the experimental solution 
processes of TS and TCC in all the organic solvents 
investigated, including those functions reported for 
the ideal processes (23, 25). In order to calculate 
the thermodynamic magnitudes of experimental 
solution, some methods to calculate the propagation 
of uncertainties were used (40). It is found that the 
standard Gibbs energy of solution is positive in all 
cases; i.e., the solution process apparently is not 
spontaneous, which may be explained in terms of 
the concentration scale used (mole fraction), where 
the reference state is the ideal solution having the 
unit as concentration of both drugs (the solid pure 
solute). As expected, in all cases solution enthalpies 
are positive.

With the aim to compare the relative contribu-
tions by enthalpy (ζH) and entropy (ζTS) toward the 
solution process, equations 8 and 9 were employed 
respectively (41):

 Equation 8.

 Equation 9.

From the values shown in Table 5, it follows that 
the contributions for the experimental solution pro-
cesses of TS in all solvents are very similar to those 
obtained for the ideal process with low enthalpy 
predominating (ζH  near to 0.52). Oppositely, for 
TCC the experimental findings are more disperse 
compared with TS and the enthalpy contributes in 
greater amount (ζTS  near to 0.70).

Apparent thermodynamic functions of mixing 
of TS and TCC

The solution process may be represented by the 
following hypothetical stages (36):

Solute(Solid)  Solute(Liquid)  Solute(Solution)

where, the respective partial processes toward the 
drug dissolution are solute fusion and mixing at 

Table 5. Thermodynamic quantities for solution process of triclosan and triclocarban in five volatile organic 
solvents at 303 K.

Triclosan
Solvent ΔG0 

soln / kJ mol–1 ΔH0 
soln / kJ mol–1 ΔS0 

soln 
/ J mol–1 K–1 TΔS0 

soln / kJ mol–1 ζH a ζTS a

Acetone 1.182 (0.006) 9.36 (0.17) 27.0 (0.5) 8.18 (0.16) 0.534 0.466
Ethyl Acetate 1.251 (0.006) 10.85 (0.24) 31.7 (0.7) 9.60 (0.22) 0.531 0.469
Methanol 1.823 (0.012) 20.66 (0.29) 62.2 (1.0) 18.84 (0.29) 0.523 0.477
Acetonitrile 1.587 (0.006) 16.64 (0.27) 49.7 (0.8) 15.05 (0.25) 0.525 0.475
Cyclohexane 5.09 (0.05) 92.5 (1.2) 289 (5) 87.5 (1.4) 0.514 0.486
Ideal 1.434 16.24 48.9 14.81 0.523 0.477

Triclocarban
Solvent ΔG0 

soln / kJ mol–1 ΔH0 
soln / kJ mol–1 ΔS0 

soln 
/ J mol–1 K–1 TΔS0 

soln / kJ mol–1 ζH a ζTS 
a

Acetone 12.00 (0.06) 19.4 (0.5) 24.5 (0.6) 7.44 (0.19) 0.723 0.277
Ethyl Acetate 13.93 (0.10) 30.5 (0.6) 54.8 (1.2) 16.6 (0.3) 0.648 0.352
Methanol 18.32 (0.08) 26.2 (0.5) 26.1 (0.5) 7.90 (0.15) 0.768 0.232
Acetonitrile 18.49 (0.09) 57.2 (1.4) 128 (3) 38.7 (0.10) 0.596 0.404
Cyclohexane 35.7 (0.4) 72.1 (0.9) 120.0 (2.2) 36.4 (0.7) 0.665 0.335
Ideal 13.36 24.05 35.29 10.69 0.692 0.308

a ζH and ζTS are the relative contributions by enthalpy and entropy toward Gibbs energy of solution.
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the same temperature (303 K), which permits to 
calculate the partial thermodynamic contributions 
to overall solution process by means of equations 
10 and 11, respectively.

 Equation 10.

 Equation 11.

where,  and  represent the thermody-
namic functions of the fusion process at harmonic 
temperature (303 K). Nevertheless, for the reasons 
described in the literature (23-25), in the following 
analysis the  and  values (for ideal so-
lution processes) were used instead of  and 

. This statement has been used previously with 
several other drugs in similar volatile solvents (42, 
43). Thermodynamic functions of mixing of TS 
and TCC are summarized in Table 6.

Table 6. Thermodynamic quantities for mixing process of triclosan and triclocarban in five volatile organic 
solvents at 303 K.

Triclosan

Solvent ζH a ζTS 
a

Acetone -0.252 -6.88 -21.9 -6.63 0.509 0.491
Ethyl Acetate -0.184 -5.39 -17.2 -5.21 0.508 0.492
Methanol 0.389 4.42 13.3 4.03 0.523 0.477
Acetonitrile 0.153 0.40 0.8 0.24 0.623 0.377
Cyclohexane 3.656 76.30 239.7 72.64 0.512 0.488

Triclocarban

Solvent ζH a ζTS 
a

Acetone -1.36 -4.6 -10.7 -3.25 0.586 0.414
Ethyl Acetate 0.57 6.5 19.5 5.9 0.523 0.477
Methanol 4.96 2.2 -9.2 -2.79 0.438 0.562
Acetonitrile 5.13 33.2 92 28.0 0.542 0.458
Cyclohexane 22.4 48.0 84.7 25.7 0.652 0.348

a ζH and ζTS are the relative contributions by enthalpy and entropy toward Gibbs energy of mixing.

The partial contributions by ideal solution (rela-
ted to solute fusion process) and mixing processes 
to the enthalpy and entropy of drug solution, show 

that  and  are positive (as shown in Table 
5), while the contribution of the thermodynamic 
functions relative to mixing process toward the so-
lution process is variable according to each drug. For 
TS, ,  and  are negative in acetone 
and AcOEt and positive in all the other solvents, 
whereas for TCC these quantities are negative just 
for acetone and positive in all the other solvents, 
except for MetOH where the entropy of mixing 
is negative. It can be concluded that the solution 
process of TS in acetone and AcOEt, and TCC in 
acetone are driven mainly by the enthalpy of mixing 
(because of the negative values), whereas for both 
drugs in all the other solvents the solution process 
is driven by the entropy of mixing (because of the 

positive values), except for TCC in MetOH where 
nor enthalpy or entropy driving is found.

It is well known that the net variation in  
values results from the contribution of several types 
of interactions. The enthalpy of cavity formation 
(required for solute accommodation) is endother-
mic because energy must be supplied against the co-
hesive forces of the solvent. This process decreases 
the solubility. On the other hand, the enthalpy of 
solute-solvent interaction is exothermic and results 
mainly from van der Waals and Lewis acid-base 
interactions. 

The particular high values obtained for the ther-
modynamic functions of mixing in CH for both 
drugs imply that a great quantity of energy is requi-
red to overcome the CH-CH London forces present 
in this aprotic solvent which is not compensated 
later on solvent-solute interactions. Otherwise, the 
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negative values obtained in enthalpy and entropy of 
mixing for TS in acetone and AcOEt and for TCC 
in acetone could indicate that the hydrogen bonds 
established between both drugs and these solvents 
are so greater than the acetone-acetone and AcOEt-
AcOEt intermolecular interactions which lead to 
energy release upon the mixing process.

The mixing behaviors obtained in AcCN are so 
different for both drugs, being close to ideality for 
TS but clearly non ideal for TCC. This result could 
be interpreted by considering that TS is more acidic 
than TCC and thus the solvent-solute interactions 
by hydrogen bonding are bigger for the first drug, 
because of its –OH group.

TS and TCC apparent thermodynamic quan-
tities of transfer from CH to the other volatile 
organic solvents

In order to contribute with the generation and 
systematization of thermodynamic quantities of 
transfer useful in QSAR studies, these values were 
calculated for the transfer of TS and TCC from CH 
to the other volatile organic solvents.

Gibbs energy, enthalpy and entropy of transfer 
for both drugs, including the respective ζH and ζTS 
values, are shown in Table 7. These thermodyna-
mic quantities were calculated as the differences 
between the solution functions in the other organic 
solvents (as shown in Table 5) and those for CH 
presented in the same Table. According to the 
values shown in Table 7, the transfer process of 
both drugs from CH to all other organic solvents 
is spontaneous ( ) and it is driven by 
enthalpy (  and ), except 
for TCC from CH to AcCN, where the process is 

driven by entropy (  and ). 
On the other hand, the contributions by enthalpy 
and entropy to the transference are hence similar 
for TS, and it is very interesting to note that the 
respective magnitudes are the same for all the sol-
vents. Oppositely, in the case of TCC the enthalpy 
is the main contributor to transfer process in all 
cases (ζH  > 0.62).

Table 7. Thermodynamic quantities for the transfer of triclosan and triclocarban from cyclohexane to the other 
four volatile organic solvents at 303 K.

Triclosan

Solvent ζH a ζTS a

Acetone -3.91 (0.05) -83.2 (1.2) -262 (5) -79.3 (1.4) 0.512 0.488
Ethyl Acetate -3.84 (0.05) -81.7 (1.2) -257 (5) -77.9 (1.4) 0.512 0.488
Methanol -3.27 (0.05) -71.9 (1.2) -226 (5) -68.6 (1.4) 0.512 0.488
Acetonitrile -3.50 (0.05) -75.9 (1.2) -239 (5) -72.4 (1.4) 0.512 0.488

Triclocarban

Solvent ζH a ζTS a

Acetone -23.7 (0.5) -52.6 (1.0) -95.4 (2.2) -28.9 (0.7) 0.645 0.355
Ethyl Acetate -21.8 (0.5) -41.5 (1.1) -65.1 (2.4) -19.7 (0.7) 0.678 0.322
Methanol -17.4 (0.5) -45.8 (1.0) -93.9 (2.2) -28.5 (0.7) 0.617 0.383
Acetonitrile -17.2 (0.5) -14.9 (1.7) 8 (4) 2.4 (1.2) 0.862 0.138

a ζH and ζTS are the relative contributions by enthalpy and entropy toward Gibbs energy of transfer.

As has been described earlier (23, 25), in the net 
drug transfer process between hydrocarbons and 
organic solvents with hydrogen-bonding capability 
as donors or acceptors, the enthalpic and entropic 
changes imply, respectively, the energetic require-
ments and the molecular randomness (increase or 
decrease in the molecular disorder). Broadly spea-
king, the behavior presented in each phase should 
be considered independently, before and after the 
partitioning process.

Since hypothetically the solute is initially present 
only in the aprotic hydrocarbon phase, the genera-
tion of a cavity in the hydrogen-bonding organic 
medium intended to accommodate the solute after 
the transfer process is required. This is an endother-
mic phenomenon, since an energy supply is neces-
sary to overcome the solvent-solvent interaction of 
the hydrogen-bonded organic solvent molecules. 
When the solute molecules are accommodated in 
the organic phase an amount of energy is released, 
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mainly due to formation of new hydrogen bonds 
between the molecules of the drug and the solvent. 

On the other hand, after this, a certain number 
of solute molecules have migrated from the hydro-
carbon solvent to the organic phase, up to reach the 
hypothetical equilibrium, so the original cavities 
occupied by the drug in the hydrocarbon phase 
have been now occupied by CH molecules. This 
event produces an energy release due to CH-CH 
London interactions. Thus, the negative enthalpy 
values of transfer obtained could be explained as the 
strong solute-solvent interactions due to hydrogen-
bonding between TS or TCC and the organic 
solvents, which further diminishes the entropy by 
drug immobilization inside the solvents.

TS apparent thermodynamic quantities of 
transfer from aqueous media to the volatile 
organic solvents

As in the case of pre-formulation and formula-
tion process of pharmaceutical preparations, toxicity 
to aquatic life and appearance of this drug in drin-
king water is directly related to solubility in water. 
In order to present more complete thermodynamic 
information about transfer properties of TS, Table 

8 shows the thermodynamic quantities of transfer 
for this drug from water to the volatile organic 
solvents studied. In similar way to that made with 
the drugs transfer from CH to the other organic 
solvents, it is important to illustrate the hypothetical 
events present in the process of transfer of TS from 
water to organic solvents. Besides Gibbs energy, 
the enthalpic and entropic changes associated are 
also important, and imply the energetic require-
ments and the molecular randomness (increase or 
decrease in the molecular disorder) involved in the 
net transfer, respectively. 

According to the values shown in Table 8, it 
follows that the Gibbs energy of transfer is negative 
in all cases indicating the preference of TS for orga-
nic media. On the other hand, except for CH, the 
enthalpies and entropies of transfer are negative and 
positive respectively, indicating both enthalpy and 
entropy driving on the transfer processes. Opposi-
tely, for the TS transfer to CH, just entropy driven is 
found. With respect to the respective contributions 
by enthalpy and entropy toward the transfer proces-
ses it is found that the energetic term predominates 
for the TS transfer to acetone and AcOEt, whereas 
the organizational term predominates in the case 
of the other organic solvents.

Table 8. Thermodynamic quantities for the transfer of triclosan from water to five volatile organic solvents at 303 K.

Solvent  / kJ mol–1   / kJ mol–1   / J mol–1 K–1  / kJ mol–1 ζH a ζTS 
a

Acetone -34.7 -23.5 36.9 11.1 0.680 0.320
Ethyl Acetate -34.6 -22.1 41.6 12.5 0.638 0.362
Methanol -34.1 -12.2 72.1 21.7 0.360 0.640
Acetonitrile -34.3 -16.3 59.6 18.0 0.475 0.525
Cyclohexane -30.8 59.6 298.5 90.4 0.398 0.602

a ζH and ζTS are the relative contributions by enthalpy and entropy toward Gibbs energy of transfer.

In general terms, the behavior presented in 
each phase, before and after the transfer process, 
should be considered independently. Since initially 
the solute is present in water, then, it is necessary 
to create a cavity in the organic medium in or-
der to accommodate the solute after the transfer 
process. This is an endothermic event, since an 
energy supply is necessary to separate the organic 
solvent molecules. When the solute molecules 
are accommodated within the organic phase, an 
amount of energy is released due to the generation 
of solute-organic solvent interactions. This general 
event implies an entropy increase in this organic 
medium due to the liquid-liquid and solute-solvent 

mixing process. On the other hand, the original 
cavities occupied by the drug in the aqueous phase 
have been now occupied by water molecules; this 
phenomenon takes place after a certain number of 
solute molecules have migrated from the aqueous 
to the organic phase, until reaching the equilibrium. 
This event produces an energy release due to the 
formation of water-water interactions. 

However, depending on the nonpolar groups 
present in the molecular structure of the drug, it is 
also necessary to consider the possible disruption 
of the water-structure around the drug, namely, the 
water molecules organized by hydrogen bonding 
around the alkyl or aromatic groups (effect known 
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as hydrophobic hydration). This event in particular 
implies an intake of energy, in addition to a local 
entropy increased by the separation of some water 
molecules which originally were associated among 
them by hydrogen bond (44). This is probably the 
main reason of the high thermodynamic quantities 
obtained in the hypothetical transfer of TS from 
water to CH. 

Nevertheless, despite the treatment of transfer 
made here from solubilities, it would be very impor-
tant to calculate the previously discussed thermo-
dynamic quantities of transfer, but obtained from 
partition coefficients in those non water-miscible 
solvents (AcOEt and CH), and confronting them 
against the apparent values presented in Table 8. 

It is also necessary to considerate that the par-
titioning experiments are carried out at low drug 
concentrations where the solute-solute interactions 
are not present (45); whereas, in the solubility analy-
sis these interactions would be present in some or-
ganic solvents because of the high solubility values 
in several cases, and therefore, the thermodynamic 
quantities obtained also include these interactions, 
in addition to the solute-solvent ones. 

Moreover, in order to identify and understand 
the specific interactions presented between TS and 
the aqueous and organic solvents studied, it would 
be very important to dispose information about 
UV, IR and NMR spectral data, as well as to DSC 
and dissolution calorimetric values, among others.

CONCLUSIONS

Based on all topics discussed previously, it is 
clear that the solubility and solution thermodyna-
mics of both drugs is not simple as expected because 
of the non polar nature of the majority of solvents 
studied. In contrast, the differences between both 
drugs in acidic behaviors, molar volumes, and pola-
rities as described by Hildebrand solubility parame-
ters, really affect these physicochemical properties. 
Ultimately, it can be said that the solubility data 
presented in this report amply the physicochemical 
information about these antimicrobial drugs.
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