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ABSTRACT 

Values of free energies AG,*, enthalpies A Ht*, and entropies AS,*, of transfer of 
naphthalene from water to urea-water, acetonitrile-water, dimethylformarnide-water and 
dimethylsulphoxide-water mixtures at 298.15 K in the water-rich region have been de- 
termined from solubility measurements at different temperatures. The cavity term from 
scaled particle theory has been used to explain qualitatively the experimental transfer free 
energies. We have also calculated molecular-pair interaction parameters in water for the four 
systems studied. 

INTRODUCTION 

In a previous paper [l] we studied thermodynamic transfer functions for 
non-ionized l-naphthoic acid by measuring the temperature dependence of 
its relative solubilities in water and three aqueous mixed solvents (water + 
ethanol, water + t-butyl alcohol and water + dimethylsulphoxide). In the 
water-rich region, those transfer functions were interpreted by means of van 
der Waals interactions between the solute and the cosolvents. In order to 
eliminate the effects produced by the presence of the -COOH group on the 
amphiphilic l-naphthoic acid molecule, we examined the transfer functions 
of naphthalene [2] from water to water + alcohols (MeOH, n-PrOH, t-BuOH 
and n-BuOH) with the aim of studying the influence of alkyl chain length of 
the alcohol on the wholly hydrophobic molecule. 

In the present paper we continue the above work [2] with regard to 
determinations of thermodynamic transfer functions of naphthalene from 
water to various aqueous mixed solvents in the water-rich region. The 
cosolvents urea, acetonitrile (ACN), dimethylsulphoxide (DMSO) and 
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N,N-dimethylformamide (DMF) were chosen for their different extents of 
solvation in water. In this sense, urea and ACN are hydrophilic hydrated 
solutes while DMSO and DMF are weakly hydrophobic hydrated solutes 
[3,4]. From the transfer functions, solute-cosolvent molecular pair interac- 
tion parameters in water have been calculated. 

EXPERIMENTAL 

Reagents 

Urea, ACN, DMF and DMSO (p.a., from Merck) were used without 
further purification. Naphthalene was Fluka (grade puriss., min. 99%) and 
was recrystallized from ethanol before use. Water was distilled twice using 
an all-glass apparatus. The solvents were prepared by mixing weighed 
quantities of water and each cosolvent. 

Solubility measurements 

The solubilities of naphthalene in water and the different water-cosolvent 
mixtures in equal steps of temperature ranging from 278.15 to 308.15 
(+ 0.05 K) were determined in the following manner. A weighed excess of 
naphthalene was added to 40 cm3 of water or mixed solvents in a Pyrex flask 
with a Teflon stopper and allowed to equilibrate at the working temperature 
for 50 min. The solutions were stirred at ca. 25 000 rpm for 8 min using a 
Virtis model 23 homogenizer. After equilibrium was reached, two or three 
aliquots of the same sample from each experiment were removed by filtering 
inside the thermostatted bath, and were diluted using an ethanol-water 
mixture (82.5%, v/v). The diluted samples were analysed spectrophotometri- 
tally in a Perkin-Elmer Lambda 5 spectrophotometer at 275.0 nm. At this 
wavelength the molar absorption coefficient of naphthalene is 5.56 x lo3 
dm3 mol-’ cm-‘. Previously, we had checked that the water-cosolvent 
mixtures did not shift the above molar absorption coefficient of naph- 
thalene. Using this method a solubility value of 2.63 X low4 mol dmp3 was 
obtained for naphthalene in water at 298.15 K, which agrees within experi- 
mental error with the findings of Bohon and Claussen [5] and Gordon and 
Thorne [6]. 

RESULTS AND DISCUSSION 

The solubilities of naphthalene in water and in water + cosolvents (Table 
1) were fitted by non-linear regression analysis to the expression 

lgS=A-B/T+ClnT (1) 
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TABLE 1 

Solubilities (lo4 mol dmm3) naphthalene in water and water-cosolvent mixtures at different 
temperatures. 

m..s01vent 
(mol kg-‘) 

T W) 
278.15 283.15 288.15 293.15 298.15 303.15 308.15 

Water 1.35 

Water + urea 
0.8767 1.55 
1.6257 1.79 
3.0076 2.18 
4.1028 2.63 
5.3722 2.88 

Water + ACN 
0.6465 1.26 
1.4049 1.91 
2.7077 2.82 
4.3037 5.62 
6.1142 12.9 

Water + DMSO 
0.6556 1.62 
1.3600 2.24 
2.2120 3.02 
2.9450 3.98 
4.0890 5.25 

Water + DMF 
0.8371 3.09 
1.5621 5.01 
2.4262 8.13 
3.3996 13.8 
4.5362 19.9 

1.58 1.91 2.24 2.63 3.24 3.71 

1.91 2.13 2.63 3.02 3.72 4.17 
2.09 2.57 3.02 3.39 4.27 5.13 
2.57 3.09 3.72 4.27 5.01 5.89 
3.09 3.63 4.47 4.90 6.17 7.41 
3.47 4.26 5.25 5.89 6.92 9.33 

1.62 2.19 2.82 2.95 3.98 5.12 
2.29 2.75 3.47 3.98 5.01 6.17 
3.80 5.12 5.62 6.92 8.32 9.33 
7.08 8.71 10.7 14.1 15.8 18.2 

15.1 16.6 22.4 30.9 32.4 36.3 

2.14 2.63 3.24 3.55 4.68 5.62 
2.82 3.47 4.17 4.79 6.03 6.61 
3.80 4.90 5.75 6.76 8.51 10.5 
4.79 5.89 7.41 8.91 11.2 13.2 
6.61 8.32 10.0 12.3 14.8 17.8 

3.55 3.98 5.13 5.89 7.08 8.71 
6.03 7.24 8.91 10.5 12.9 15.8 

10.0 11.7 14.8 17.8 21.4 26.3 
16.2 19.5 24.0 28.8 34.7 42.7 
24.5 30.9 38.0 45.7 56.2 69.2 

where S is the solubility in mol dmP3, T is the temperature in K and A, B 
and C are adjustable parameters. The derived values of the standard transfer 
functions, AG,*, AHt* and AS,“, were calculated from the equations 

AG,*(exp) = - RT In (2) 

AGte=(AH-AL)T+(Bk-B,‘)+(C,‘-Ci)T In T (3) 

AHff = (B,’ - B;) + (C; - C,‘)T (4) 

AS,” = (A: -AL) + (C; - Cs’) + (Ci - C,‘) In T (5) 

where the subscripts w and s represent water and water + cosolvent mix- 
tures, respectively, A’ = -2.3RA, B’ = 2.3RB and C’ = - 2.3RC. The val- 
ues A, B and C in water and mixed solvents are given in Table 2, along with 
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L I 

3 5 

m(mol kg-‘) 

Fig. 1. Variation of AGf(exp) in aqueous urea (m), ACN (m), DMSO (k) and DMF (A) as a 
function of cosolvent molality tn. 

AK AH,* and AS,* at 298.15 K and their maximum uncertainties in 
terms of _t t.s/N r’* (95% confidence level), where t is from the Student t 

test, s is standard deviation and N is the number of experimental measure- 
ments. We have assumed that the ratio of the activity coefficients of 
naphthalene in the saturated solution is unity. 

From Fig. 1 it can be observed that AG,* decreases as the molalities of 
cosolvents increase. This fact indicates a preferential solvation of naph- 
thalene by the cosolvents. The entropy term (Table 2) governs the sign of 
AG,* for all water-cosolvent mixtures, excepting water + urea at 0.8767 mol 
kg-‘. 

The transfer free energies may be considered as consisting of cavity and 
interaction terms 

AGT (exp) = AGF (cav) + AGF (int) (6) 

where AG,*(cav) is the difference in cavity formation energies in the 
reference solvent, water, and the aqueous solvent mixture. AG,*(int) is the 
difference of interaction energies of naphthalene with water and mixed 
solvent. 
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1 3 5 

m(mo I kg-‘) 

Fig. 2. Plots of AG,*(cav) as a function of cosolvent molality (WI). l , Urea; W, ACN; *, 
DMSO; and A, DMF. 

We have computed AG,*(cav) values from the scaled particle theory 
(SPT) by following Lucas and Feillolay [7]. In order to calculate AGF(cav) it 
was necessary to know the diameters of naphthalene, water and cosolvents, 
together with the density of water + cosolvent mixtures at each molality. 
The diameter of, naphthalene was calculated from the molar volume [8], 
giving u = 7.35 A; the diameters of water, urea, ACN, DMF and DMSO 
were 2.75, 4.41, 4.12, 4.98 and 5.05 A, respectively [9-111. The required 
densities for water + cosolvent mixtures were obtained from refs. 4 and 
12-14. The AG,*(cav) values are shown in Fig. 2. The cavity term is 
favourable for the urea, ACN and DMF aqueous mixtures, and unfavoura- 
ble for the water + DMSO mixture. It is known that the cavity term 
calculated from SPT may implicitly include some ‘structural’ aspects of the 
real solvents besides the solvent-solvent interaction involved [15,16]. In the 
water-rich region (as in our case) urea, ACN, DMSO and DMF modify the 
water structure in different ways. It has been suggested that urea [17,18] and 
ACN [19] reduce the three-dimensional water structure, DMF scarcely 
affects it [4] and DMSO enhances it [20,21]. In relation to water + DMSO 
mixtures, it has also been suggested that the properties of aqueous DMSO 
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are dominated by direct association interaction of water and DMSO at 
molar fractions of DMSO higher than 0.01 [22]. These considerations are in 
agreement with the calculated AG,* (cav) values. 

On the other hand, AGff (int) for a hydrophobic solute, like naphthalene, 
may be considered as the sum of two interaction terms: AG,*(int) = 
AG,*(van der Waals) + AG,*(hydrophobic). In the case of urea-water mix- 
tures AG,*(int) will be unfavourable as expected from the high polarity of 
urea (the cavity term being the dominating factor for the sign of AG,*(exp)). 
For the other mixtures, the van der Waals forces will contribute favourably, 
giving the sequence ACN < DMSO = DMF, since the diameters, polariza- 
bilities [22], and dipole moments [19] follow the same order. The hydro- 
phobic interaction term should increase favourably as the hydrophobic 
character of the cosolvent increases (ACN < DMSO < DMF) [4]. From Fig. 
1, it can be seen that AGT(exp) follows the sequence urea < ACN < DMSO 
< DMF, which could be explained by a balance between the cavity and the 
two interaction terms. For urea-water mixtures the cavity term is the 
dominating factor for the sign of AGff (exp). In ACN + water mixtures, the 
van der Waals and cavity terms both contribute favourably. In the case of 
DMSO-water the two interaction terms outweigh the unfavourable cavity 
term, and for the DMF-water mixtures both interaction terms and cavity 
term are favourable. 

In order to obtain a more direct representation of naphthalene behaviour 
in the mixtures studied, it is interesting to interpret the transfer functions in 
terms of solute-cosolvent interactions. By following the McMillan-Mayer 
approach [23], we have calculated molecular-pair interaction parameters of 
naphthalene-cosolvent ( fN_ c, f representing any molecular-pair interaction 
parameter, i.e. the Cubbs free energy pair parameter g, the enthalpy pair 
parameter h or the entropic pair parameter 27.) in water, on the basis of the 
Gibbs free energies and enthalpies of transfer. The Ts,_, values were 
derived from g,_, and h,_c. The fN_c values are given in Table 3. 

The favourable decrease of g,_, from urea to DMF and the h,_ c and 
TS N_C values may be rationalized by taking the overlap co-sphere model of 
Desnoyers and co-workers [3]. From this model, the overlap between a 

TABLE 3 

Pair interaction parameters between naphthalene and cosolvents in water at 298.15 K. 

Cosolvent 

Urea 
ACN 
DMSO 
DMF 

g7-K 

(J kg mol-‘) 

- 208 
- 367 
- 622 

- 1259 

h 
(JNkcg mol-2) 

- 298 
-112 
1763 
2423 

WJC 
(J kg mol-2) 

-90 
255 

2385 
3682 
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hydrophobic hydrated solute and hydrophilic or hydrophobic cosolvent will 
contribute positively to the entropic term. In the present case the hydro- 
philic character of cosolvents follows the order urea > ACN > DMSO > 
DMF; a scrutiny of Table 3 reveals that positive Ts,_, values decrease and 
become negative as the hydrophilic character of the cosolvent increases. The 
sign of h,_c is in accord with that of Ts,_,; while exothermic enthalpic 
terms are found for urea and ACN, these terms are endothermic for DMSO 
and DMF. 
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