
Introduction

Acetaminophen (ACP) is an analgesic and
antipyretic drug widely used in modern therapeu-
tics. It is specially indicated in the treatment of
several minor diseases presented by pediatric
patients [1]. Phenacetin (PNC) was used as anal-
gesic and antipyretic drug long time ago but it was
removed from the market because it can induce
nephropathy and cancer. On the other hand,
acetanilide (ACN) is mainly used as an intermedi-
ate in the synthesis of some drugs and dyes [2].
These compounds have a good molecular similar-
ity among them as can be seen in Table 1.

On the other hand, as useful information
in medicinal chemistry, the thermodynamics of
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Abstract: Based on published thermodynamic quantities for solution, partitioning and sublimation of
acetanilide (ACN), acetaminophen (ACP) and Phenacetin (PNC), the thermodynamic quantities for
drugs solvation in octanol-saturated water (W(ROH)) and water-saturated octanol (ROH(W)) as well as
the drugs dilution in ROH(W) were calculated. The Gibbs energies of solvation were favourable in all
cases. The respective enthalpies and entropies were negative indicating an enthalpy-driving for the sol-
vation process in all cases. On the other hand, the Gibbs energies of dilution were favourable for ACP
and PNC but unfavourable for ACN, whereas the respective enthalpies and entropies were negative for
ACP and PNC but positive for ACN indicating enthalpy-driving for the dilution process in the case of
the former drugs and entropy-driving for the latter. From the obtained values for the transfer process-
es, an interpretation based on solute-solvent interactions was developed.
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transfer of drug compounds can be studied by
measuring the partition coefficient and/or solubil-
ity as a function of temperature. Such data can be
used for the prediction of absorption, membrane
permeability, and in vivo drug distribution [3].

Semi-polar solvents have been found to
yield better correlations with partitioning of
solutes obtained in model membranes compared
to non-polar solvents such as cyclohexane (CH),
which interacts only by non-specific forces
(London interactions). In particular, octanol
(ROH) has been found to be a useful solvent as
the reference for extrathermodynamic studies in
a variety of systems [4].

As a contribution to systematization of
physicochemical information about anti-inflamma-
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tory drugs’ transfer properties, the main goal of this
study was to analyze the solvation and dilution
behavior of ACN, ACP, and PNC in the
octanol/water (ROH/W) system by employing a
thermodynamic approach based on solubility [5],
partitioning [6, 7] and sublimation processes [2].
From the obtained values of the corresponding
thermodynamic quantities for drug’s transfer
processes, an interpretation based on solute-solvent
and solvent-solvent interactions was developed.

Theoretical
The partition coefficient expressed in

molality ( ), for any solute between organic
and aqueous phases is calculated by means of:

(1)

where, Ww and Wo are the masses (usually in g)
of aqueous and organic phases, respectively, and
C1 and C2 are the aqueous concentrations of
solute (usually in µg mL–1) before and after the
transfer of the solute from the aqueous phase to
the organic medium, respectively [3]. The ration-
al partition coefficients ( , in mole fraction)
are calculated from values as:

(2)

where, Mo and Mw are the molar masses of the
organic and aqueous phases, respectively [8].

The standard change for Gibbs free ener-
gy of transfer of a solute from an aqueous phase
to an organic medium is calculated as follows:

(3)

On the other hand, the enthalpy change
for the transfer may be obtained indirectly by
means of the analysis of the temperature-depend-
ence for partitioning by using the van’t Hoff
method. This procedure permits to obtain the
standard enthalpy change ( ) from:

(4)

Therefore, is determined from the
slope of a weighted linear plot of as a
function of 1/T. The standard entropy change of
transfer is obtained by means of:
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(5)

The thermodynamic functions 
and   represent the standard changes in
enthalpy and entropy, respectively, when one
mole of drug is transferred from the aqueous
medium to the organic system at infinite dilution
expressed in the mole fraction scale [3].

On the other hand, for the solution process
of drugs some equations similar to 3, 4 and 5
have been used for calculating the respective
thermodynamic functions. In this case, drug sol-
ubility expressed in mole fraction (X2) is used
instead of [5].

Results and Discussion

All the experimental values of solubility,
partitioning and sublimation for the evaluated
drugs have been taken from the literature [2, 5-7].
The molecular structure and some physicochem-
ical properties of the drugs are summarized in
Table 1 [2, 9]. The solubility in water and the
ROH/W partitioning was determined at pH 7.4
(resembling the blood physiological value). At
this pH value the three compounds are present
mainly in their molecular form without dissocia-
tion and therefore they have their lowest aqueous
solubility and highest partitioning.

Table 1. Some physicochemical properties of the
drugs studied.

Drug Molecular M / ∆Hfus / Tfus / K (b)

structure (a) g mol–1 (a) kJ mol–1 (b)

ACN 135.16 21.2 (0.5) 386.1 (0.2)

ACP 151.16 27.1 (0.2) 443.6 (0.5)

PNC 179.21 31.3 407.2

(a) From Budavari et al. [9]; (b) From Perlovich et al. [2].
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Thermodynamics of solution and solvation at
saturation

Table 2 summarizes the thermodynamic
functions relative to solution processes in
octanol-saturated water (W(ROH)) and in water-
saturated octanol (ROH(W)) taken from Ref. [5]. 
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The solution process may be represented
by the following hypothetic stages [10]:

Solute(Solid) → Solute(Vapor) → Solute(Solution)

Where, the respective partial processes
toward the solution are solute sublimation and
solvation, which permits to calculate the partial
thermodynamic contributions to solution process
by means of equations 6 and 7, respectively,
while the Gibbs free energy of solvation is calcu-
lated by means of Eq. 8:

(6)

(7)

(8)

The values presented in Table 3,
which are required for calculate the solvation quan-
tities, were taken from Perlovich et al. [2], and there-
fore, the function  was calculated from 
values presented in Table 2.

In Table 4 the thermodynamic functions
of solvation are presented, while on the other

Table 2. Thermodynamic quantities for drugs solution processes in the aqueous and
organic media at 25.0 °C (a).

Drug Solvent
kJ mol–1 kJ mol–1 kJ mol–1 kJ mol–1

ACN W(ROH) 17.84 (0.01) 30.9 (1.7) 43.9 (2.4) 13.1 (0.7)
ROH(W) 5.15 (0.03) 14.8 (0.4) 32.4 (1.0) 9.7 (0.3)

ACP W(ROH) 15.74 (0.01) 26.9 (1.0) 37.6 (1.4) 11.2 (0.4)
ROH(W) 8.97 (0.07) 11.4 (0.9) 8.0 (0.6) 2.4 (0.2)

PNC W(ROH) 22.79 (0.04) 22.5 (1.5) –1.0 (0.1) –0.30 (0.03)
ROH(W) 9.76 (0.06) 44 (4) 114 (10) 34.0 (3.0)

(a) From Baena et al. [5].

Table 3. Thermodynamic quantities for drugs subli-
mation processes at 25.0 °C (a).

Drug
kJ mol–1 kJ mol–1 J mol–1 K–1 kJ mol–1

ACN 40.5 99.8 (0.8) 197 (2) 58.7 (0.6)
ACP 60.0 117.9 (0.7) 190 (2) 56.6 (0.6)
PNC 52.3 121.8 (0.7) 226 (2) 67.4 (0.6)

(a) From Perlovich et al. [2].

hand, with the aim to compare the relative con-
tributions by enthalpy (%ζH) and entropy (%ζTS)
toward the solvation process, the equations 9 and
10 were employed.

(9)

(10)

From the values of %ζH and %ζTS presented
in Table 4 it follows that the main contributing force
to standard free energy of the solvation process of
these drugs in both solvents is the enthalpy, espe-
cially for PNC in ROH(W) (%ζH is 70 %). 

Because not only the main driving force
of solvation process of drug compounds is
important, but also the balance between specific
and non-specific solute-solvent interactions as
well, therefore parameters which describe the
relative ratio of specific and non-specific solute-
solvent interaction in terms of enthalpies (%εH)
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Both the %εH and %εS values for the
drugs’ solvation are also presented in Table 4.
These values indicate that during solution of
these drugs in all mixtures studied, the specific
solute-solvent interactions (hydrogen bonding,
mainly) effectively affect the entropic term of
free energy with respect to non-specific interac-
tions, especially for PNC in water, although it is
also significant for ACP in ROH(W) and ACN in
both solvents. With regard to the enthalpic term
the specific solute-solvent interactions predomi-
nate for PNC in water and for ACN in both sol-
vents (%εH > 100 %).

Thermodynamics of transfer according to parti-
tioning

Table 6 summarizes the thermodynamic
functions relative to transfer processes of the
drugs from aqueous medium up to octanol phase
taken from Baena et al. [6, 7]. The values for
ACP [7] presented in the molarity scale were
converted into the mole fraction scale according
to procedures previously described [3].

and in terms of entropies (%εS), were used
according to the following definitions introduced
by Perlovich et al. [11]:

(11)

(12)

where, 

Cyclohexane was chosen as an “inert”
solvent, which interacts with drug molecules
solely by nonspecific interactions (dispersion
forces), while the water and ROH(W) interact with
these drugs by specific interactions such as
hydrogen bonding. Solution thermodynamics
data for the drugs in CH presented in Table 5
were taken from Baena et al. [5].

Table 4. Thermodynamic quantities for drugs solvation processes in the aqueous and organic media at 25.0 °C
obtained by considering the solubility behavior.

Drug Solvent %ζH %ζTS %εH %εS
kJ mol–1 kJ mol–1 J mol–1 K–1 kJ mol–1

ACN W(ROH) –22.7 –68.9 (1.9) –153 (3) –45.6 (0.9) 60.2 39.8 123.7 72.4
ROH(W) –35.4 –85.0 (0.9) –165 (2) –49.1 (0.6) 63.4 36.6 176.0 79.6

ACP W(ROH) –44.3 –91.0 (1.2) –152 (2) –45.4 (0.6) 66.7 33.3 14.0 8.7
ROH(W) –51.0 –106.5 (1.1) –182 (2) –54.3 (0.6) 66.2 33.8 33.5 80.6

PNC W(ROH) –29.5 –99.3 (1.7) –227 (2) –67.7 (0.6) 59.5 40.5 143.4 100.5
ROH(W) –42.5 –78 (4) –112 (10) –33.4 (3.0) 70.0 30.0 90.7 38.8

Table 5. Thermodynamic quantities for drugs solu-
tion processes in CH at 25.0 °C (a).

Drug
kJ mol–1 kJ mol–1 J mol–1 K–1 kJ mol–1

ACN 21.60 (0.04) 69 (5) 159 (11) 47.4 (3.3)
ACP 25.78 (0.06) 38.1 (1.9) 41.2 (2.1) 12.3 (0.6)
PNC 25.44 (0.01) 81.0 (1.2) 186 (3) 55.6 (0.9)

(a) From Baena et al. [5].

Table 6. Thermodynamic quantities for drugs trans-
fer processes from water to organic media at 25.0
°C obtained from partitioning (a).

Drug
kJ mol–1 kJ mol–1 J mol–1 K–1 kJ mol–1

ACN –11.21 (0.01) 22.4 (2.6) 113 (13) 33.7 (3.9)
ACP –7.17 (0.08) –18.9 (0.6) –39.2 (1.4) –11.7 (0.4)
PNC –13.10 (0.04) 1.5 (0.2) 49 (6) 14.6 (1.8)

(a) From Baena et al. [6, 7].
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Both the enthalpic and entropic changes
of transfer imply respectively, all the energetic
requirements and the molecular randomness
(increase or decrease in the molecular disorder),
involved in the net transfer of the drugs from
water to different organic media. In general
terms, it should be considered the behavior pre-
sented in each phase, before and after the parti-
tioning process.

Since initially the drugs are present only in
water, then, it is necessary to create a cavity in the
organic medium in order to accommodate the
solute after the transfer process. This is an
endothermic event, since an energy supply is nec-
essary to separate the organic solvent molecules (to
overcome the cohesive forces). When the solute
molecules are accommodated into the organic
phase an amount of energy is released due to
solute-organic solvent interactions. This event
would imply an entropy increase in this medium
due to the respective mixing process associate.

In turn, after a certain number of solute
molecules have diffused from the aqueous phase
to the organic medium to reach the partitioning
equilibrium, the original cavities occupied by the
drug molecules in the aqueous phase have been
now occupied by water molecules. This event
produces an energy release due to water-water
interactions. However, depending on the solute’s
molecular structure, it is also necessary to keep in
mind the possible disruption of water-structure,
that is, the water molecules organized as “ice-
bergs” around the alkyl or aromatic groups of the
drug (namely, hydrophobic effect or hydrophobic
hydration). This event in particular implies an
intake of energy in addition to a local entropy
increase by separation of some water molecules
which originally were associated among them by
hydrogen bonding [12].

From Table 6 it can be observed that for
ACP, the transfer process from water to ROH(W)
was exothermic and negentropic, whereas it was
endothermic and entropic for ACN and PNC. In
principle, it could be said that the obtained values
in enthalpy and entropy for ACN and PCN are due
mainly to disruption of water-icebergs present
around the hydrocarbon groups of these drugs
(methyl, ethyl, and/or phenyl groups), and on the
other hand, the creation of a cavity in the organic
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solvent to accommodate the solute. Both events, as
was already said, imply an energy intake and a dis-
order increase at the molecular level.

For ACP, both and were neg-
ative. These values could be explained in terms of
a possible organization in the water-saturated
octanol due to the replacement of an octanol mole-
cule by a drug molecule. This replacement would
be present in some centers conformed by two water
molecules and six octanol molecules, inside the
microheterogeneus structure of this water-saturated
organic solvent [4, 13]. The previous event releas-
es energy and compensates the molecular disorder
produced by the drug-organic solvent mixing
process and the energy intake required in the aque-
ous media to separate the water molecules present
around the non polar groups of this drug. On the
other hand, the hydroxyl group present in ACP
establishes easily H-bonds with water, which in
turn diminishes the hydrophobic hydration around
the phenyl group. This particular event is different
with respect to observed for ACN (around phenyl
group) and PNC (around phenyl and ethyl groups).
Thus, the hydrophobic hydration would be greater
for both drugs respect to ACP.

Thermodynamics of solvation according to parti-
tioning

According to Katz and Diamond [14], the
values of thermodynamic functions of partition-
ing, and , depend both
upon interactions between drug and water and
upon interactions between drug and organic
medium. In order to obtain quantities that can be
discussed solely in terms of drug-organic medi-
um interactions, the contributions of drug-water
must be removed. This can be accomplished by
referring to hypothetic processes presented in
Fig. 1:

0
ow→∆S0

ow→∆H

Figure 1. Transfer processes of the drugs between
octanol-saturated water, water-saturated octanol,
and its vapor phase.
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In which, , stands for any thermody-
namic function whose change can be measured
when one mole of drug is transferred between
water, organic medium and the vapor phase. The
term represents the standard Gibbs free ener-
gy, enthalpy, or entropy of solvation of drug in
water, while the term represents correspond-
ingly the standard Gibbs free energy, enthalpy, or
entropy of solvation of drug in organic medium.
From this, the following equations can be stated:

(13)

(14)

(15)

where, is the respective thermodynamic value
of the function in the vapor phase. The val-
ues for the drugs obtained from partitioning exper-
iments are presented in Table 6. On the other hand,
the values of solvation for these drugs in
octanol-saturated water are presented in Table 4.
From these values, the values were calculat-
ed by means of Eq. 16:

(16)

Table 7 shows the standard thermodynam-
ic functions of solvation of the drugs in ROH(W)
obtained considering the partitioning processes.
In all cases, the and values are neg-
ative. These results as well as those presented in
Table 4 indicate the preference of these drugs by
organic media respect to its vapor phase inde-
pendently of their concentrations (at saturation in
solubility and highly diluted in partitioning), and
also indicate that the solvation processes are
enthalpy driven. In the case of , this functionXS 0

solv∆

X
solvH 0∆X

solvG0∆

X
o
0∆Ψ

X
o
0∆Ψ

X
w
0∆Ψ

X0Ψ
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is negative which implies a diminishing in the
molecular randomness by passing of drug mole-
cules from vapor state to this liquid media.
According to ζH and ζTS values, the enthalpy is
the main property contributing to solvation
process in all media, including the aqueous phase.

Dilution thermodynamics based on solution and
partitioning

Another interesting process is the drug
dilution in ROH(W). The respective thermody-
namic functions ( ) are calculated accord-
ing to:

(17)

where, and are the thermody-
namic quantities of solvation in ROH(W) obtained
from partitioning and solution processes (Tables 7
and 4), respectively. Table 8 shows the drugs con-
centrations obtained in the aqueous and organic
media obtained in the partitioning equilibria. These
values were calculated based on experimental
details described in the literature [6, 7].

0
dilution∆Ψ

Table 7. Thermodynamic quantities for drugs sol-
vation processes in the aqueous and organic media
at 25.0 °C obtained by considering the partitioning
behavior.

Drug
kJ mol–1 kJ mol–1 J mol–1 K–1 kJ mol–1

ACN –33.9 –46.5 (3.2) –40 (13) –12.0 (3.9)
ACP –51.4 –109.9 (1.3) –192 (2) –57.1 (0.6)
PNC –42.6 –97.8 (1.7) –178 (6) –53.1 (1.8)

Table 8. Final drugs concentrations expressed in
mole fraction in aqueous and organic media after
partitioning.

Drug Aqueous Organic

ACN 6.08 × 10–7 5.49 × 10–5

ACP 7.18 × 10–7 1.30 × 10–5

PNC 5.88 × 10–7 1.18 × 10–4

The equilibrium solubility values in
ROH(W) in mole fraction at 25.0 °C for ACN,
ACP, and PNC are 0.1248, 0.0267, and 0.0194,
respectively [5]. Therefore, the drugs concentra-
tions obtained after the hypothetic dilutions are
approximately 2000-fold lower for ACN and
ACP, and 200-fold lower for PNC. Table 9 shows
the respective thermodynamic quantities for the
drugs’ dilution processes.

The dilution process essentially implies the
diminishing in solute-solute interactions with the
respective predominance of solute-solvent interac-
tions as well as the solvent-solvent interactions.
According to Table 9 the Gibbs energies of dilution
were favourable for ACP and PNC ( < 0) but0

dilutG∆
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unfavourable for ACN ( > 0), whereas the
respective enthalpies and entropies were negative
for ACP and PNC but positive for ACN indicating
enthalpy-driving for the dilution process in the case
of the former drugs and entropy-driving for the last
one. As was already said. ROH(W) has a micro-
heterogeneus structure centered on two molecules
of water H-bonded between them and surrounded
by six octanol molecules which could be replaced
by drug molecules during the solution process.
Because energy must be supplied in order to over-
come the solute-solute interactions during the dilu-
tion process the drugs’ partial enthalpy and entropy
increases as well. On the other hand, the increase in
solvent-solvent interactions caused by the drug
dilution process implies a decrease in the solvent
partial enthalpy and entropy.

The thermodynamic values presented in
Table 6 correspond to the net result obtained by
considering the partial contributions of solute-
solute and solvent-solvent interactions. The
opposite behavior presented by ACN compared
with ACP and PNC could be explained in terms
of their high solubility (0.1248 in mole fraction).
Because of the high drug concentration in satura-
tion a great energy consumption is required in
order to separate the drug molecules which in
turn overcome the energy released by the sol-
vent-solvent bonds established. This event also
implies a great increase of the drug’s partial
entropy which in turn overcomes the entropy
decrease presented in the solvent.

Finally, in order to clarify and understand
the specific interactions presented between these
drugs and ROH(W), it would be very important to
dispose information about UV, IR and NMR
spectral data, and DSC and solution calorimetric
values, among others.

0
dilutG∆
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Table 9. Thermodynamic quantities for drugs dilu-
tion processes in ROH(W) at 25.0 °C obtained by
considering the solubility and partitioning behavior.

Drug
kJ mol–1 kJ mol–1 J mol–1 K–1 kJ mol–1

ACN 1.48 (0.03) 38.5 (2.6) 125 (13) 37.1 (3.9)
ACP –0.40 (0.11) –3.4 (1.1) –9.6 (1.5) –2.9 (0.5)
PNC –0.07 (0.07) –20 (4) –66 (12) –19.7 (3.6)

Conclusions

From the previously exposed analysis, in
general terms it could be concluded that these
drugs have mainly a lipophilic behavior but in turn
they are not certainly hydrophobic drugs. On the
other hand, they are greatly solvated in the organic
solvent. Although these drugs have great affinity
for the ROH(W) phase great differences in the pos-
sible mechanisms of transfer from the aqueous
medium up to the organic solvent are found among
them. These results are consequence of their suc-
cessive substitutions on the phenyl ring passing
from ACN to ACP by replacing an hydrogen atom
by a hydroxyl group, and from ACP to PNC by
replacing the hydroxyl group by an ethoxyl group,
which in turn, changes the molar volumes and the
H-bonding properties. 
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