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Abstract 

Enthalpies of dissolution of benzo-15-crown-5 ether (B 15C5) in mixtures of acetonitrile with 
water and in solutions of NaI and NaBPh 4 (I=0.05 mol dm -3) in these mixtures were measured 
at 298.15 K. From the obtained results and appropriate literature data, the thermodynamic func- 
tions of B 15C5/Na § complex formation in acetonitrile-water mixtures were determined. The en- 
thalpies of transfer of the complex B15C5/Na § from pure acetonitrile to the examined mixttJres 
were calculated and are discussed. 

Keywords: acetonitrile-water mixtures, benzo-15-crown-5 ether/Na § complex, complex solva- 
tion, dissolution enthalpy, thermodynamic functions of complex formation 

Introduction 

Inorganic cation complexes with macrocyclic ligands have been intensively ex- 
amined in recent decades. In these studies, attention was focused primarily on the 
ligand selectivity and the complex stability in different solvents. Information on the 
thermal effects of interactions between the macrocyclic ligands and cations in solu- 
tion, and particularly in mixed solvents, is very scarce. In this paper we present the 
results of thermochemical studies on the system containing benzo-15-crown-5 ether 
(B15C5) and Na + in acetonitrile-water mixtures. We examined the effect of the 
mixed solvent composition on the B15C5 dissolution enthalpy in the chosen mix- 
tures without and with a dissolved sodium salt. B15C5 is known to form a complex 
of 1:1 type with Na + [1-3]. The literature gives some information on the stability 
of the complex B 15C 5/Na + in pure acetonitrile [4-11 ]. Gholivand and his co-work- 
ers published values of the B 15C5/Na + complex formation constants, K, in acetoni- 
trile-water mixtures [7]. We therefore expected that the experimental data obtained 
in this work would allow an analysis of the thermodynamic functions of complex 
formation and complex solvation in mixtures of acetonitrile with water. In order to 
examine a possible effect of the nature of the anion on the investigated process,-we 
performed the dissolution experiments with two different sodium salts, NaI and 
NaBPh4. Such a choice of salts was a consequence of our earlier observation of the 
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different values of the B15C5/Na + complex formation enthalpies in methanol when 
these two salts were used [12]. 

Experimental 

Benzo-15-crown-5 ether was synthesized and purified at the Chemical Faculty 
of the Technical University of Gdafisk (rap: 352-352.5 K; literature: 352-352.5 K 
[13]). Sodium iodide (POCh-Gliwice, Poland) was purified and dried as previously 
[14]. Sodium tetraphenylborate (Fluka) purified as proposed by Cox et al. [15] was 
dried under reduced pressure at 373 K. Acetonitrile (Fluka) was purified by the 
method described in the literature [16]. 

The water-acetonitrile mixtures were prepared by mass. The salt solutions (with 
ionic strength I=0.05 mol dm -3) were obtained by dissolving an appropriate 
amount of each salt in freshly prepared solvent. 

All measurements were performed at 298.15 K, with an 'isoperibol' type calo- 
rimeter as described in our earlier report [17]. The uncertainities in the measured 
enthalpies did not exceed _+0.7% of the measured value. 

The measurements of the B15C5 dissolution enthalpy were performed within the 
range 10-100 tool% acetonitrile. The solubility of B15C5 in pure water and in the 
mixtures with very high water contents was so small that precise calorimetric meas- 
urements were impossible. 

Results 

Six to eight independent measurements were performed on each investigated 
mixture. The final concentration of the B15C5 solutions ranged from 0.002 to 
0.01 mol dm -3. No concentration dependence (outside the error limits) of the en- 
thalpies of dissolution was observed, and consequently the measured enthalpies 
were regarded as the standard values, AsolH ~ 

Table 1 Standard enthalpies of solution of B15C5 (Asot/-/~ in AN-water and AN-water- 
electrolyte (NaI, NaBPh4) systems at 298.15 K 

mol% of water A~/~ m~ 
AN AN-NaI AN-NaBPh 4 

0 23.67:k0.04 0.90-~.07 - 

10 18.62i-0.03 7.07i-0.06 6.92:k0.07 

20 16.07:1.-0.04 8.16i~0.04 8.47:k-0.04 

30 14.49"~.02 9.21i-0.02 9.49-~0.04 

40 13.501"0.03 I0.66:k-0.02 I0. I0-I-0.08 

50 12.575.-0.04 II.~.02 I0.99-~.04 

60 I 1.551-0.03 10.735.-0.05 I0.501-0.02 

70 10.80-i"0.02 9.961-0.02 I0.10-2_0.02 

80 9.80"~.02 9.32:L-0.04 9.33".s 

90 I0.24:k-0.01 I0.011-0.03 I0.0 I:k-0.04 
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Fig. 1 Dissolution enthalpies of B15C5 in acetonitrile-water mixtures and in solutions of 
NaI and NaBPh 4 in these mixtures at 298.15 K 

The values of AsojH ~ for B15C5 in the acetonitrile-water mixtures, and in the 
mixtures with the dissolved salts are listed in Table 1 and plotted in Fig. 1 as a 
function of the mole percentage of water. 

Discussion 

Enthalpies of solution 

The effect of dissolution of B15C5 is endothermic in all the investigated mix- 
tures and depends strongly on the mixed solvent composition. The B15C5 dissolu- 
tion enthalpy in pure acetonitrile is A~olH~ kJ mol -~. It is less endothermic 
than that of B15C5 dissolution in pure methanol, 32.07 kJ tool -l [12], as acetoni- 
trile is a less structured solvent than methanol, and the energy loss necessary for 
cavity formation in the solvent structure in order to locate a solute molecule is 
smaller in acetonitrile. 

The addition of water to acetonitrile makes the dissolution of B15C5 less endo- 
thermic. AsoiH ~ decreases as the amount of water in the mixed solvent is increased, 
and it passes through a minimum at ca. 80 mol % water. 

It may be supposed that, despite the relatively high dipole moment of the ace- 
tonitrile molecule (~t=3.44 [18]), B15C5 in pure acetonitrile is weakly solvated. 
This is so as the positive charge centre of the acetonitrile molecule dipole is not eas- 
ily accessible for the B15C5 molecule. The decrease in AsoiH ~ as water is added to 
acetonitrile is probably connected with the preferential solvation of B 15C5 by water 
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molecules and with water-B15C5 hydrogen bonds formation. The strongest effect of 
solvation is observed in the mixture containing ca 80 mol% water, where the mini- 
mum of Aso~H ~ appears. It is noteworthy that the position of this minimum corre- 
sponds to the range of the acetonitrile-water mixture composition where the inho- 
mogeneity of the system is postulated [19]. Further elevation of the water content of 
the mixed solvent, beyond the AsoIH ~ minimum position, causes an increase in the 
B15C5 dissolution enthalpy (and a significant decrease in its solubility), due to the 
formation of a highly ordered solvent structure. 

Within the whole investigated composition range, the dissolution enthalpies of 
B15C5 in the acetonitrile-water mixtures containing added sodium salt are less en- 
dothermic than those in the mixtures without electrolyte. This phenomenon is con- 
nected with B15C5/Na + complex formation. The observed negative (exothermic) 
shift is the highest in pure acetonitrile and it decreases as the water content in the 
mixed solvent increases (Fig. 1). Water is a solvent of high solvating ability 
(DN=33 [18]), which can compete strongly with the ligands for cations. Therefore, 
the addition of water to acetonitrile, which is a low donicity solvent (DN= 14.1 
[18]), will decrease the extent of interaction between the ligand donor atoms and 
the cations. It is noteworthy that the shapes of the Asofl~ function within the 
range of high water content in the mixtures with and without the electrolyte are 
similar to each other. This observation confirms a strong influence of the solvation 
capability of water on the thermal effects of the processes occurring in the solution. 

The dissolution enthalpies of B15C5 in NaI solution are the same, within the er- 
ror limits, as those in NaBPh4 solution. Thus, the effect of the nature of the anion on 
the B15C5/Na + complex formation in the investigated system seems to be negligible. 

B15C5/Na + complex formation 

As mentioned earlier, the literature contains values of the equilibrium constant 
of B 15C5/Na + complex formation in acetonitrile-water mixtures [7]. With the nec- 
essary calorimetric data now at our disposal, we are able to calculate the enthalpy 
and entropy of B15C5/Na + complex formation in the investigated mixtures. The 
salts NaX (X=CI-, B r ,  NCS-, Pic-, BPh4 ) are known to form complexes of 1:1 
type with B15C5 [4-11]. There is no evidence of the formation of 2:1 (ligand to 
metal ion) complexes between Na + and B15C5 in acetonitrile or in solvents of 
larger donicities [5]. 

The reaction of 1:1 complex formation can be expressed by the equation 

B15C5 + Na + ~_ B15C5/Na + or 

L + M + ~_. LM + 

with the corresponding equilibrium constant: 

K = fc[LM+]/fL[L]fM[M +] (1) 

The activity coefficient of the ligand, fL, can be assumed to be equal to unity; the 
ionic activity coefficients of the given ion and complex (I'M and fo  respectively) can 
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be calculated on the basis of the Debye and Htickel theory. However, in the opinion 
of some authors (e.g. [19]), the corrections due to neglect of the activity coeffi- 
cients are within the experimental error limits. If the thermal effects resulting from 
the solvent structure change in response to the dissolved electrolyte are neglected, 
the heat of dissolution of crystalline B15C5 in the solution of the electrolyte can be 
presented as follows: 

nLAsol/-~2 = nLAsolH~t + V[LM+]AHfs) (2) 

where n L is the number of moles of B15C5; Asol/-/~2 is the molal enthalpy of B15C5 
dissolution in the solution of the electrolyte; Asol/-/~a is the molal enthalpy of B15C5 
dissolution in the pure solvent; V is the volume of solution in the calorimeter; 
[LM +] is the concentration of the complex in mol dm-3; and AH(s) is the enthalpy 
of complex formation is solution. 
From expression (2), we obtain 

nLAso~H~2 - nLAsol/-/~l = V[LM+]AH(s) (3) 

The total numbers of moles of B15C5 (n O and electrolyte (nE) can be expressed as 

n L = V([L] + [LM+]) (4) 

n E = V([M +] + [LM+]) (5) 

Combination of Eqs (1), (3), (4) and (5) gives a possibility for calculation of the 
complex formation enthalpy in solution. The equilibrium constant values, K for 
B15C5/Na + complex formation in each investigated mixture, necessary for these 
calculations, were determined by interpolation of the earlier literature data [7]. The 
logK values appeared to be a linear function of the molal composition of the ace- 
tonitrile-water mixtures (Eq. 6), which made the interpolation easy: 

logK = 0.4433 + 0.031916 XAN 

r = 0.9999 (6) 

where XAN is the mole percentage of acetonitrile. 
The entropy of complex formation, AS(s ) , was then calculated from the well- 

known thermodynamic relation 

AG(s ) = -RTlnK = AH(s ) - TAS(s ) (7) 

The thermodynamic functions for B15C5/Na + complex formation in acetoni- 
trile-water mixtures are presented in Table 2 and Fig. 2 as a function of the mixed 
solvent composition. They were calculated by using the Asol/~2 data for NaI as dis- 
solved electrolyte. 

It is seen from these data that an increase of the water content in the mixed sol- 
vent causes a decrease in the complex stability [7] and makes the complex forma- 
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Table 2 Thermodynamic parameters for B15C5/Na + complex formation in AN-water mixtures 
and the enthalpy of transfer of the complex from AN to AN-water mixtures at 298.15 K 

mol% of water 
kJ mol -~ 

0 -20.8 -22.93i-0.01 -2.13 0 

10 -19.0 -11.79-t0.01 7.21 -2.6 

20 -17.01 -7.98i-0.01 9.12 -0.6 

30 -15.3 -5.44/0.01 9.86 

40 -13.5 -3.495.'0.01 10.01 2.4 

50 -11.6 -1.965.-0.01 9.64 

60 -9.82 - I  .40i-0.01 8,42 2.4 

70 -7.99 -1.50-~.01 6.49 

80 -6.16 -1.39i-0.01 4.77 4.6 

90 --4.34 -0.89-t-0,01 3.45 16.5 
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Fig. 2 Thermodynamic functions of B15C5/Na* complex formation in acetonitrile-water 
mixtures 

tion enthalpy less exothermic. These illustrated by the AG complex stability 
changes in the acetonitrile-rich region (0-20  mol% water) of  the mixed solvent 
composit ion are caused by both enthalpy and entropy changes. In the range 
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20-60 mol% water, the AG changes are enthalpy-driven, while in the range of high 
water content they reflect the entropy variation. This clearly illustrates the impor- 
tant influence of the mixed solvent properties [20-24] and the solute-solvent inter- 
actions in the complexation reactions. 

The enthalpy of complex formation in solution, AH<s), can be presented as 

AH(s ) = AH(g) + (AsoivH - AsolvH i - AsolvHM0 (8) 

where AH~) is the enthalpy of complex formation in the gas phase, while hsolvH, 
AsolvH L and AsolvHi* denote the enthalpies of solvation of the complex, ligand and 

cation, respectively. 
Unfortunately, lack of the AH(g) and AsolvH L data makes it impossible to calcu- 

late the complex solvation enthalpy for the investigated mixtures. However, it is 
poosible to analyse the effect of the mixed solvent composition on the AsolvH values. 
With the notations (AN) for the functions relating to solutions in pure acetonitrile, 
and (M) for those in acetonitrile-water mixtures, Eq. (8) can be rewritten: 

6hH(s ) = AH(s)(M) - AH(s)(AN ) = [AsolvH(M) - AsolvH(AN)] - 

- [AsoivHL(M ) - Aso~vHL(AN)] - [hsozvHM+(M) - AsolvHM~(AN)] 
(9) 

The difference: [AsolvHx(M)-AsolHx(AN) ] is the enthalpy of transfer of substance x 
from pure acetonitrile to the acetonitrile-water mixtures. It can be calculated as the 
difference of the dissolution enthalpies of solute x in the mixture and in pure ace- 
tonitrile: 

Thus: 

Asol,,Hx(M ) - AsolvHx(AN ) = 5trHx(AN ----> (M) 

= hsolvHx(M) - AsolvHx(AN ) 
(10) 

and 

6AH(s ) = Atr/-/(AN ~ M) -AtrHL(AN --> M) -AtrHM*(AN --> M) (11) 

Atr/-/(AN -~ M) = 5AH(s ) +AtrHL(AN --> M) +AtrHM*(AN "-'> M) (12) 

With use of the dissolution enthalpies of B15C5 and the B15C5/Na + complex for- 
mation enthalpies determined in this work and the literature data for the transfer en- 
thalpies of Na + [25], the enthalpies of transfer of the complex B15C5/Na + from 
pure acetonitrile to acetonitrile-water mixtures were calculated. The results are 
given in Table 2 and Fig, 3 as a function of the mixed solvent composition. For the 
sake of comparison, the enthalpies of transfer of Na + for the same mixtures are also 
presented in Fig. 3. 

The observed similarity in shape of the AtrH=f(x) curves indicates that, despite 
the partial shielding of the complexed Na +, its interaction with the surrounding sol- 
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Fig. 3 Emhalpies of transfer of Na § [25] and BI5C5/Na § from acetonitrile to acetonitrile- 
water mixtures 

vent makes a major contribution to the complex solvation enthalpy changes in ace- 
tonitrile-water mixtures. 
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