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SUMMARY. Based on van’t Hoff and Gibbs equations, thermodynamic functions Gibbs energy, enthalpy,
and entropy of solution and mixing of 6-methylcoumarin in water at pH 1.2, 6.8, and 7.4, were evaluated
from solubility values determined at five temperatures from 293.15 to 313.15 K. The solubility at all pH
values was almost the same demonstrating a slight effect of pH on this physicochemical property. All the
thermodynamic quantities of solution were positive indicating endothermic and entropy-driving dissolu-
tion processes at all pH values studied. The results were discussed in terms of solvent-solute and solvent-
solvent interactions, mainly hydrophobic hydration around non-polar groups of this drug.

INTRODUCTION
Aqueous solubility of drugs is a very impor-

tant consideration during the physicochemical
characterization of pharmaceutical compounds,
as also it is during the design and development
of new pharmaceutical dosage forms. Moreover,
temperature-solubility dependence of drugs al-
lows carrying out the respective thermodynamic
analysis, which simultaneously provides a possi-
ble explanation of the molecular mechanisms
that are involved in the dissolution processes 1.

On the other hand, coumarins (compounds
with a 1,2-benzopyrone nucleus), are part of an
important group of heterocyclic metabolites wide-
ly distributed in plant species 2. There are report-
ed different kinds of coumarins since it is possi-
ble to make several chemical substitutions on car-
bons 3 to 8. This chemical diversity involves mul-
tiple biological and pharmacological properties,
such as antiviral, anticoagulant, antibacterial, anti-
cancer, antihelmintic, anti-inflammatory, and an-
tioxidant, among others activities 3-5. 

6-Methylcoumarin (Fig. 1, molar mass 160.17
g/mol, CAS Number: 92-48-8) is a simple

coumarin used as flavoring agent, which has ex-
hibited promising anti-inflammatory activity on
in vivo models as carrageenan-induced paw
edema and zymosan air pouch. In vitro, this
compound has exhibited properties of leukocyte
degranulation and also inhibition of myeloper-
oxidase enzyme activity 6. This drug is a white
crystal solid with coconut-like odor. 

As most anti-inflammatory drugs, 6-methyl-
coumarin has low solubility in aqueous solution
not only in physiological media but also in
those relevant to the development and assess-
ment of pharmaceutical dosage forms 7. For this
reason, in order to develop an oral solid dosage
form of 6-methylcoumarin, dissolution profiles
at pH 1.2, 6.8, and 7.4 should be performed and

Figure 1. Molecular structure of 6-methylcoumarin.
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its necessary guaranteed sink conditions in ev-
ery dissolution media. 

Despite the in vitro or in vivo dissolution of
drugs contained in solid dosage forms is a kinet-
ic process, it depends strongly on the equilibri-
um solubility in the aqueous media under con-
sideration 8. Therefore, the main objective of
this study was to evaluate the effect of pH on
aqueous solubility of 6-methylcoumarin and on
its respective solution thermodynamics in USP
buffers of pH 1.2, 6.8 and 7.4. The analysis was
based on van’t Hoff method, including the re-
spective contributions by the mixing of the hy-
pothetically melted drug with the solvent during
the dissolution processes. This investigation ex-
pands the concepts developed previously in our
research groups about the solubility of the more
classical analgesic drugs naproxen and ibupro-
fen 9,10.

MATERIALS AND METHODS
Reagents

6-Methylcoumarin (Sigma-Aldrich, U.S.A.),
potassium chloride (Scharlau, Spain), potassium
phosphate monobasic (Scharlau, Spain), hy-
drochloric acid (Panreac, Spain) and distilled
water with conductivity lower than 2 µS/cm
were used in this work.

Buffers preparation
Buffers of pH 1.2, 6.8, and 7.4 were pre-

pared according to the specifications for dissolu-
tion media reported in the American Pharma-
copeia, USP 11. 

Solubility determination 
An excess of 6-methylcoumarin was added

to 10 mL each aqueous media (pH-metric con-
trolled buffers of pH 1.2, 6.8, and 7.4) in dark
stoppered glass flasks. Solid-liquid mixtures
were placed on a mechanical stirred thermostat-
ic bath kept at 313.15 ± 0.05 K for at least three
days to reach the saturation equilibrium. This
equilibrium time was established by quantifying
the drug concentration up to obtain a constant
value, as indicated as follows. After this time the
supernatant solutions were filtered (Millipore
Corp. Swinnex®-13 filter units, U.S.A.) at iso-
thermal conditions to ensure that they were free
of particulate matter before sampling. Drug con-
centrations were determined by measuring ab-
sorbance after appropriate aqueous dilution and
interpolation from previously constructed UV
spectrophotometry calibration curves at λmax =
275 nm for 6-methylcoumarin at pH 1.2, 6.8,
and 7.4 (UV/VIS Optimus spectrophotometer).

After the procedure already described the tem-
perature was decreased in 5.0 K and therefore,
it was stabilized in 308.15 K during at least one
day allowing the precipitation of the drug dis-
solved in excess and analyzing the drug concen-
tration in equilibrium. This procedure was re-
peated decreasing temperature in 5.0 K up to
reach 293.15 K. All the solubility experiments
were run at least in triplicate. In order to make
the equivalence between molarity and mole
fraction concentration scales, the density of the
saturated solutions was determined with a digi-
tal density meter (DMA 45 Anton Paar) connect-
ed to recirculating thermostatic baths (Neslab
RTE 10 Digital One Thermo Electron Company)
according to procedures used in the literature 12.

Calorimetric study
Melting point and enthalpy of fusion of 6-

methylcoumarin were determined by DSC stud-
ies (Shimadzu DSC-60). Thermal analysis was
performed in a sealed aluminum pan at a heat-
ing rate of 10 K/min in a dynamic nitrogen at-
mosphere (50 cm3/min). Nearly 2.0 mg of drug
was used. The equipment was calibrated using
Indium as standard 13.

RESULTS AND DISCUSSION
6-Methylcoumarin is a cyclic lactone (Fig. 1),

and therefore, it acts in solution mainly as a
Lewis base in order to establish hydrogen bonds
with the proton-donor groups present in water;
on the other hand, it could also interact by the
weak London forces due to its non-polar groups
14. On the other hand, it is also important to
consider that this drug has not ionizable groups,
just in opposite way to naproxen and ibuprofen,
which were studied previously in similar pH
conditions, and that exhibit acidic behavior due
to their carboxylic acid groups. Therefore, no
dissociation is expected for 6-methylcoumarin
with the pH variation in aqueous media. 

Ideal solubility
The ideal solubility of a crystalline solute is

calculated by Eq. [1]:

[1]

where X id
2 is the ideal solubility of the solute as

mole fraction, ΔfusH is the molar enthalpy of fu-
sion of the pure solute (at the melting point),
Tfus is the absolute melting point, T is the abso-
lute solution temperature, R is the universal gas
constant (8.314 J/mol.K), and ΔCp is the differ-
ence between the molar heat capacity of the
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crystalline form and the molar heat capacity of
the hypothetical supercooled liquid form, both
at the solution temperature 1. Since ΔCp cannot
be easily determined, in this investigation is as-
sumed that ΔCp may be approximated to the
entropy of fusion (Δ fusS). The experimental
calorimetric values obtained were: Tfus = 344.1 K
and ΔfusH = 18.95 kJ/mol.

Table 1 summarizes the ideal solubility of 6-
methylcoumarin at all temperatures considered.
Ideal solubilities are relatively high (greater than
0.35) if they are compared with the ones report-
ed for any other anti-inflammatory drugs where
values from 1 x 10–2 to 1 x 10–3 are commonly
found, i.e. 1.479 x 10–2 for piroxicam 15, 1.684 x
10–2 for indomethacin 16, 4.098 x 10–2 for
naproxen 9, 5.989 x 10–2 for acetaminophen 1,
and 3.079 x 10–3 for meloxicam 17. This is be-
cause 6-methylcoumarin exhibits low values of
melting point and enthalpy of fusion in compar-
ison with all these drugs, just as it also happens

Xid
2

293.15 K 298.15 K 303.15 K 308.15 K 313.15 K

0.346 0.387 0.432 0.482 0.536

Table 1. Ideal solubility of 6-methylcoumarin at several temperatures.

103 Mol/L
pH

293.15 K 298.15 K 303.15 K 308.15 K 313.15 K

1.2 2.82 (0.03) 3.56 (0.07) 3.99 (0.03) 4.74 (0.03) 6.02 (0.08)
6.8 2.90 (0.05) 3.52 (0.07) 4.29 (0.04) 4.94 (0.02) 5.91 (0.06)
7.4 3.00 (0.06) 3.55 (0.01) 4.10 (0.11) 4.86 (0.03) 5.85 (0.13)

105 X2
pH

293.15 K 298.15 K 303.15 K 308.15 K 313.15 K

1.2 5.08 (0.05) 6.41 (0.12) 7.19 (0.05) 8.53 (0.06) 10.84 (0.14)
6.8 5.22 (0.09) 6.33 (0.12) 7.72 (0.07) 8.89 (0.04) 10.64 (0.11)
7.4 5.40 (0.12) 6.38 (0.01) 7.38 (0.21) 8.73 (0.06) 10.51 (0.24)

Table 2. Experimental solubility of 6-methylcoumarin in aqueous media at pH 1.2, 6.8, and 7.4, expressed in
molarity and mole fraction at several temperatures.

Source of % of total
P value

P value Significant? DF Sum-of- Mean
F

variation variation summary squares square

Interaction 0.47 < 0.0001 *** Yes 8 2.36 E-7 2.95 E-8 7.092
Column Factor 0.13 0.0022 ** Yes 2 6.28 E-8 3.14 E-8 7.552
Row Factor 99.15 < 0.0001 *** Yes 4 4.93 E-5 1.23 E-5 2961

Table 3. Statistical analysis of the solubility of 6-methylcoumarin at several pH values. Two-ways ANOVA *p <
0.05; ** p < 0.01; *** p < 0.001.

with the other analgesic drugs ibuprofen and
ketoprofen. For this reason, the ideal solubilities
of these two drugs are also high, i.e. 0.2607 for
ibuprofen 10 and 0.2392 for ketoprofen 18.

Experimental solubility
Table 2 summarizes the experimental solubili-

ties of 6-methylcoumarin, expressed as molarities
and mole fractions at pH 1.2, 6.8, and 7.4. Ac-
cording to this table, the drug solubility increases
with the temperature but this property is appar-
ently invariant with pH. For this reason a two-
way analysis of variance (ANOVA) was made by
comparing the solubility obtained in different pH
values media at five temperatures 19. Thus, Ta-
bles 3 and 4 show the ANOVA results, where
some differences are observed and therefore the
pH affects in some extent the solubility of 6-
methylcoumarin in these aqueous media.

In order to make comparisons among the
aqueous solubilities of 6-methylcoumarin and
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other anti-inflammatory drug studied on similar
experimental pH conditions and with similar
ideal solubilities, according to the literature, the
only available drug is ibuprofen (Fig. 2) 9. Nev-
ertheless, because the solubility of ibuprofen is
pH dependent due to its dissociation in alkaline
media, the comparison is made only at pH 1.2
where the non-dissociate form predominates 9.
In this way, at 298.15 K the solubilities in mole
fraction are 6.41 x 10–5 and 4.53 x 10–6 for 6-
methylcoumarin and ibuprofen, respectively.
Thus, there is a difference of almost one order
of magnitude, and therefore, this big difference
should be due to different solvent-solute and/or
solvent-solvent interactions since both drugs
have similar solute-solute interactions as it is in-
dicated by the ideal solubilities.

Solubility parameter
Hildebrand solubility parameter is a polarity

index widely used to describe a lot of pharma-

Row Factor Difference 95% CI of diff. t P value Summary

pH 1.2 vs. pH 6.8

293.15 8.64 E-5 -8.15 E-5 to 2.54 E-4 1.641 P > 0.05 ns
298.15 -3.44 E-5 -2.02 E-4 to 1.34 E-4 0.653 P > 0.05 ns
303.15 2.99 E-4 1.31 E-4 to 4.67 E-4 5.681 P < 0.001 ***
308.15 2.08 E-4 3.97 E-5 to 3.76 E-4 3.943 P < 0.01 **
313.15 -1.02 E-4 -2.69 E-4 to 6.64 E-5 1.928 P > 0.05 ns

pH 1.2 vs. pH 7.4

293.15 1.85 E-4 1.70 E-5 to 3.53 E-4 3.511 P < 0.01 **
298.15 -7.46 E-6 -1.75 E-4 to 1.60 E-4 0.142 P > 0.05 ns
303.15 1.14 E-4 -5.38 E-5 to 2.82 E-4 2.168 P > 0.05 ns
308.15 1.20 E-4 -4.76 E-5 to 2.88 E-4 2.284 P > 0.05 ns
313.15 -1.69 E-4 -3.37 E-4 to -1.28 E-6 3.213 P < 0.05 *

pH 6.8 vs. pH 7.4

293.15 9.85 E-5 -6.94 E-5 to 2.66 E-4 1.870 P > 0.05 ns
298.15 2.69 E-5 -1.41 E-4 to 1.95 E-4 0.511 P > 0.05 ns
303.15 -1.85 E-4 -3.53 E-4 to -1.71 E-5 3.514 P < 0.01 **
308.15 -8.74 E-5 -2.55 E-4 to 8.06 E-5 1.659 P > 0.05 ns
313.15 -6.77 E-5 -2.36 E-4 to 1.00 E-4 1.285 P > 0.05 ns

Table 4. Effect of the pH and temperature on the solubility of 6-methylcoumarin in aqueous media. *p < 0.05; **
p < 0.01; *** p < 0.001; Bonferroni test.

Figure 2. Molecular structure of ibuprofen.

ceutical physicochemical events and phenome-
na, including drugs solubility as the most stud-
ied 20. According to the literature, this polarity
index is useful for solutes and solvents, and
therefore, the smaller the difference of the solu-
bility parameters between solute and solvent is,
the higher the solubility of the solute in the sol-
vent is 14,20. Hildebrand solubility parameter (δ)
is calculated as indicated in Eq. [2]:

[2]

where ΔvapH° and Vliq are the standard enthalpy
of vaporization and the molar volume of the liq-
uid considered, respectively. Although the
Hildebrand solubility parameter as polarity in-
dex was originally developed for non-polar so-
lutes and solvents, its use has been extended to
include several aqueous systems 20. Neverthe-
less, for solid compounds the Eq. [2] is not ap-
plicable and therefore some theoretical methods
of estimation of δ are widely used in the litera-
ture 20. In this way, Fedors method 21 is based
on groups’ contribution and it is the most wide-
ly used for pharmaceutical purposes 22. For this
reason, Tables 5 and 6 show the solubility pa-
rameters for 6-methylcoumarin and ibuprofen,
i.e. 22.4 and 20.9 MPa1/2, respectively. The δ val-
ue for water is 47.9 MPa1/2, so, the δ difference
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between solvent and solute with 6-methyl-
coumarin is lower than with ibuprofen. Thus,
this could explain in some way the greater solu-
bility of 6-methylcoumarin in water at pH 1.2
with respect to ibuprofen.

Activity coefficients
The big difference obtained between ideal

and experimental solubilities in aqueous media
is a consequence of the deviations presented by
6-methylcoumarin with respect to the ideal be-
havior. One descriptor of these deviations is the
drug activity coefficient (γ2), which is calculated
as X id

2 / X 2
1. γ2 values at all pH values studied

are presented in Table 7. From these values a

Group or atom Quantity ΔU (kJ/mol) V (cm3/mol)

–CH3 1 4.71 33.5

–CH= 2 2 x 4.31 = 8.62 2 x 13.5 = 27.0

Trisubstituted phenyl 1 31.9 33.4

–COO– 1 18.0 18.0

Ring closure 1 1.05 16.0

ΔUtotal = 64.28 Vtotal = 127.9

δ total = (64,280/127.9)1/2 = 22.4 MPa1/2

Table 5. Application of the group contribution method of Fedors for estimate interne energy, molar volume,
and total Hildebrand solubility parameter of 6-methylcoumarin.

Group or atom Quantity ΔU (kJ/mol) V (cm3/mol)

–CH3 3 3 x 4.71 = 14.13 3 x 33.5 = 100.5

–CH2– 1 4.94 16.1

>CH– 2 2 x 3.43 = 6.86 2 x –1.0 = –2.0

Phenylene (p) 1 31.9 52.4

–COOH 1 27.6 28.5

ΔUtotal = 85.43 Vtotal = 195.5

δ total = (85,430/195.5)1/2 = 20.9 MPa1/2

Table 6. Application of the group contribution method of Fedors for estimate interne energy, molar volume,
and total Hildebrand solubility parameter of ibuprofen.

rough estimate of solute-solvent intermolecular
interactions can be made by considering Eq. [3]:

[3]

where w11, w22 and w12 represent the water-wa-
ter, 6-methylcoumarin-6-methylcoumarin and
water-6-methylcoumarin interaction energies, re-
spectively; V2 is the molar volume of the super-
cooled liquid solute, and finally, φ1 is the vol-
ume fraction of the solvent. Because the drug
solubility is too low the term (V2φ1

2 /RT) is con-
stant at the same temperature, and therefore γ2

depends almost exclusively on w11, w22 and w12
23. The w11 and w22 terms are unfavorable for

γ2
pH

293.15 K 298.15 K 303.15 K 308.15 K 313.15 K

1.2 6822 6046 6015 5649 4946
6.8 6631 6116 5605 5420 5040
7.4 6418 6074 5862 5522 5102

Table 7. Activity coefficients of 6-methylcoumarin in aqueous media at pH 1.2, 6.8, and 7.4, at several tempera-
tures.
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solubility, while the w12 term favors the aqueous
solution process of 6-methylcoumarin. The term
w11 is high for water (δ = 47.9 MPa1/2) 22. On the
other hand, the term w22 is relatively low for 6-
methylcoumarin based on the low values ob-
tained for Tfus and ΔfusH values. For these rea-
sons, w12 would be low in order to obtain high
γ2 values such as those presented in Table 7.
According to this table, γ2 values for 6-methyl-
coumarin are near to 6 x 104 indicating clearly
non ideal behavior of this drug in water. These
values are different with respect to the ones re-
ported for ibuprofen at pH 1.2 (near to 6 x 105)
because of the big difference in experimental
solubilities 10.

Thermodynamic functions of solution
According to the literature, weighted graphs

based on the variation of the natural logarithm
of solubility as a function of reciprocal absolute
temperature allows to obtain the apparent en-
thalpic change of solution (ΔsolnH°) through the
classical van’t Hoff equation if the drug solubili-
ty is relatively low, as it occur in the case of 6-
methylcoumarin in these aqueous media (Table
2). Nevertheless, in more recent treatments, the
mean harmonic temperature (Thm) has been in-
troduced into the van’t Hoff equation in order to
facilitate the regression treatment of solubility
values 24. When temperature intervals from
293.15 K to 313.15 K (varying in 5.00 K) are
evaluated the Thm value obtained is just 303.0 K
25. Thus the modified expression can be written
as follows (Eq. [4]):

[4]

Fig. 3 shows the modified van’t Hoff plots
for 6-methylcoumarin in aqueous media at all
pH values. Linear models with good determina-
tion coefficients were obtained in both systems
studied as it is shown in Table 8. For this rea-
son, the Eq. [4] is useful to estimate the ΔsolnH°
values.

The standard Gibbs energy change for the
solution process (ΔsolnG°) has been traditionally

pH Intercept Slope Adjusted r2 Typical error N

1.2 -9.516 (0.009) -3309 (115) 0.9833 0.0344 15
6.8 -9.494 (0.004) -3237 (54) 0.9961 0.0162 15
7.4 -9.501 (0.006) -3021 (73) 0.9918 0.0219 15

Table 8. Some statistical parameters of the linear regression analysis in modified van’t Hoff plots of 6-methyl-
coumarin solubility at pH 1.2, 6.8, and 7.4.

Figure 3. Van’t Hoff plot of the 6-methylcoumarin sol-
ubility at several pH values. 

calculated in literature as: –RT 1nX2
26,27. Never-

theless considering the approach proposed by
Krug et al. 24 this property is more appropriately
calculated by means of Eq. [5]:

ΔsolnG° –RThm × intercept [5]

in which, the intercept used is the one obtained
from ln X2 vs. 1/T – 1/Thm plots (Fig. 3).

The standard entropic change for solution
process (ΔsolnS°) is obtained from the respective
ΔsolnH° and ΔsolnG° values by using Eq. [6]:

[6]

Table 9 summarizes the apparent standard
thermodynamic functions for experimental solu-
tion process of 6-methylcoumarin in all aqueous
media, including the ones relative to the ideal
process. In order to calculate the thermodynam-
ic magnitudes of experimental dissolution pro-
cesses some methods for estimating propagation
of errors were used 28,29. 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 6-
methylcoumarin, that is, the solid pure solute. It
is important to note that real thermodynamic
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function indicating the spontaneity of the solu-
tion process is the reduction of Gibbs energy
(ΔsolnG), according with Eq. [7]: 

ΔsolnG = ΔsolnG° + RT  ln X2 [7]

The enthalpy and entropy of solution is posi-
tive at all pH values, and therefore the process
is always endothermic and driven by the en-
tropy. ΔsolnH° and ΔsolnS° diminish as the pH in-
creases but the reasons for these behaviors are
not clear by considering that the molecular
structure of this drug does not change with the
pH due to the lack of dissociable groups. On
the other hand, with the aim to compare the rel-
ative contributions by enthalpy (%ζH) and by
entropy (%ζTS) toward the solution process, Eqs.
[8] and [9] were employed, respectively 30.

[8]

[9]

Table 9 shows that the main contributor to
standard Gibbs energy of experimental dissolu-
tion processes of 6-methylcoumarin at all pH
values is the enthalpy (%ζH > 88%), whereas for
the respective ideal solution process the contri-
bution is almost equivalent for enthalpy and en-
tropy. On the other hand, the enthalpy contribu-
tion increases as the pH increases. Otherwise, a
notorious difference with respect to ibuprofen
behavior at pH 1.2 is observed (%ζH = 64%) al-
though the reasons are not clear 10.

Thermodynamic functions of mixing
The solution process may be represented by

the following hypothetic stages 17:

Solute(Solid) → Solute(Liquid) at Tfus →
Solute(Liquid) at Thm → Solute(Solution)

pH
ΔsolnG° / ΔsolnH° / ΔsolnS° / TΔsolnS° /

%ζH
a %ζ TS

a
kJ/mol kJ/mol J/mol.K kJ/mol

1.2 24.0 (0.3) 27.5 (1.0) 11.7 (0.4) 3.54 (0.13) 88.6 11.4
6.8 23.9 (0.3) 26.9 (0.5) 9.9 (0.2) 3.00 (0.06) 90.0 10.0
7.4 23.9 (0.4) 25.1 (0.6) 3.9 (0.1) 1.18 (0.03) 95.5 4.5

Ideal 0.29 16.7 54.1 16.4 50.4 49.6

Table 9. Thermodynamic quantities relative to solution processes of 6-methylcoumarin in aqueous media at pH
1.2, 6.8, and 7.4, including ideal process at 303.0 K. a %ζH and %ζTS are the relative contributions by enthalpy
and entropy toward Gibbs energy of solution. These values were calculated by means of Eqs. [8] and [9], re-
spectively.

where the solution stages are solute fusion,
cooling the liquid solute to the harmonic mean
temperature Thm (303.0 K), and the subsequent
mixing of the hypothetical super-cooled liquid
solute with the solvent at this temperature. This
approximation makes possible to calculate the
partial thermodynamic contributions to solution
process by means of Eqs. [10] and [11]:

ΔsolnH° = ΔfusH 303 + ΔmixH° [10]

ΔsolnS° = ΔfusH 303 + ΔmixS° [11]

where ΔfusH 303 and ΔfusS 303 represent the ther-
modynamic functions of fusion process at har-
monic temperature (303.0 K). Nevertheless, for
practical purposes, ΔsolnH° -id and ΔsolnS° -id val-
ues (Table 9) were used instead of ΔfusH 303 and
ΔfusS 303 as has been done previously with other
drugs 9,10,15-18. In Table 10 the thermodynamic
functions of mixing of 6-methylcoumarin are
summarized. 

By analyzing the partial contributions by ide-
al solution (related to 6-methylcoumarin fusion
process) and liquid mixing processes, to the en-
thalpy and entropy of solution, it is found that
ΔsolnH° -id and ΔsolnS° -id values are positive (Table
9), but on the other hand, the contribution of
the thermodynamic functions relative to mixing
process toward the solution process is variable,
i.e. ΔmixH° is positive at all pH values, whereas
the entropy of mixing (ΔmixS°) is negative in all
pH values. Accordingly, the enthalpies and en-
tropies of mixing are in general unfavorable and
therefore, according to tables 9 and 10, the dis-
solution process of 6-methylcoumarin is driven
by the overall entropy of solution in all the
buffers studied. 

It is important to keep in mind that the net
variation in ΔsolnH° values results from the con-
tribution of several kinds of interactions. Thus,
the enthalpy of cavity formation is endothermic
because some energy must be supplied to over-
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come the cohesive forces of the solvent. This
process decreases solubility. On the other hand,
in the case of non-electrolyte drugs as 6-methyl-
coumarin, the enthalpy of solute-solvent interac-
tion is exothermic and it is originated mainly
from the van der Waals and Lewis acid-base in-
teractions. The structuring of water molecules
around the nonpolar groups of any kind of so-
lute (hydrophobic hydration) contributes to de-
crease the net heat of mixing to small or even
negative values in aqueous solutions 31. This fact
is not clearly observed in the case of 6-methyl-
coumarin in buffers at all pH values because
this property is positive (Table 10).

On the other hand, the water-structuring
process also contributes to decrease the entropy
of mixing, which is observed for this drug at all
pH values (Table 10). As was said previously, 6-
methylcoumarin could interact with water by
hydrogen bonding and hydrophobic hydration
around hydrocarbon moieties (Fig. 1), and these
events imply an entropy diminishing 32.

CONCLUSIONS
Based on all topics already discussed, in spe-

cial those regarding for γ2, it could be conclud-
ed that 6-methylcoumarin exhibits non ideal be-
havior in all the aqueous solutions studied. On
the other hand, the pH affects slightly the solu-
bility and solution thermodynamics of this drug
although the molecular reasons involved are not
clear because this drug does not present dissoci-
ation in aqueous media, and therefore, the
molecular structure remains constant despite the
pH value. Finally, the values presented in this
report expand the physicochemical information
about analgesic drugs in aqueous media. 
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pH
ΔmixG° / ΔmixH° / ΔmixS° / TΔmixS° /

%ζH
a %ζ TS

a
kJ/mol kJ/mol J/mol.K kJ/mol

1.2 23.7 10.8 -42.4 -12.8 45.8 54.2
6.8 23.6 10.2 -44.2 -13.4 43.3 56.7
7.4 23.6 8.4 -50.2 -15.2 35.7 64.3

Table 10. Thermodynamic quantities relative to mixing process of 6-methylcoumarin in aqueous media at pH
1.2, 6.8, and 7.4, at 303.0 K. a %ζH and %ζTS are the relative contributions by enthalpy and entropy toward
Gibbs energy of mixing. These values were calculated by means of equations analogous to Eqs. [8] and [9], re-
spectively.
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