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ABSTRACT 

Partial molar cnthalpies of mixing at infinite dilution at 298.15 K and atmospheric prcssurc arc 

reported for mixtures of four tri-,r-alkyl phosphates (ttimcthyl. tricthyl, tri-rl-prop);1 and tri-u-huryl 

phosphates). four di-rr-alkyl ketones (dimcthyl. dierhyl. di-ri-propyl and di-rr-bury1 kcroncs) and four 
di-walkyl cthsrs (dicthyl. di-wpropyl, di-wbutyl and d i-rl-amyl ethers) with chloroform. The Actron 
donor ability of :! series of phosphates. ketones and cthcrs in hydrogen bonding formation arc studied 

using the solvent polarity factor. E,. The accepted model offers a possibility for obtaining the molar 

cnthalpy of complex formation from the partial molar cnthalpy of mixing at infinite dilution. 

INTRODUCTION 

Complex formation in binary liquid systems has been investigated by various 

spectroscopic methods and also by such classical thermodynamic methods as distri- 
bution between immiscible solvents, measurement of colligative properties, and 
calorimetry. As a result we have a lot of reliable equilibrium constants and 
enthalpies of complex formation in dilute solution. 

In this paper we apply some of the calorimetric methods for investigation of 
complex formation in binary mixtures of chloroform with tri-n-alkyl phosphates, 
di-n-alkyl ketones and di-n-alkyl ethers. We have measured the partial molar excess 
enthalpies at infinite dilution and used thermodynamic equations derived by Matsui 
et al. [l] for evaluation of enthalpies of complex formation_ The excess enthalpies are 
negative for. all the three types of mixtures. These negative excess enthalpies are 
ascribed to a strong hydrogen bond interaction between triphosphates, diketones 
and diethers with chloroform. 

EXPERIMENTAL 

A calorimeter used for measurements of partial molar excess enthalpies at infinite 
dilution and the experimental procedure have been described elsewhere [2]. The 
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calorimeter is capable of measuring positive and negative molar enthalpies at infinite 
dilution of liquid mistures. The partial molar enthalpies at infinite dilution. HF”. 
for s, between 2 X 10 -’ and 8 X 10 -‘. for all systems were averaged. over eight 
determinations. and the standard deviations were calculated using the same form as 
that already espltined. 

The working of the calorimeter was checked by measuring the partial molar 
snthalpies of mixing of benzene i tetrachloromethane at 298.15 K. The enthalpy of 
mixing of these systems agreed within 2% with the accepted literature values [3]. The 
solsate samples were introduced into the solvent by a Hamilton syringe. 

The densities. necessary for calculating the molar concentration, were measured 
by a Digitale Dichtemeseinrichtung densitometer {Anton Paar. Graz. Austria) 
equipped with a Lauda Ultrathermostat and Lauda R52 ekctronic temperature- 
regulittion system. 

The phosphates used: trimethyl (TMP). triethyl (TEP). tri-n-propyl (TPP) and 
tri-rr-but31 (TBP) were obtained from ?vierck (reagent grade). 

The ketones used: dimethyl (DMK). diethy (DEK). di-,I-propyi (DPK) and 
di-rr-butyl (DBK) were obtained from Fluka (puriss). All reagents were fractionally 
distilled under reduced pressure. The middle fractions were kept in a bottle over 
dried zeolitr 4A. 

The ethers used: diethyl (DEE). di-)z-propyi (DPE). di-n-butyl (DBE) and di-tz- 
amyl (DAmE) were obtained from BDH (reagent grade). All reagents were passed 
over activated alumina to remove small amounts of peroxide and then distilled 
under reduced pressure and kept over dried zeolite 4A. 

Chloroform (Merck) was washed several times with distilled water and dried over 
P,O,. The purity of the components was checked by gas chromatography and 
densit]. measurements. The purity was estimated to be 99.8 mole% or better. AI1 
measurements were carried out at 298.15 K. 

The partial molar enthalpies of mixing at infinite dilution for binary systems: 
tri-+allcyl phosphates, di-n-alkyl ketones. and di-Walkyl ethers with chloroform, all 
at 298.15 K, together with the reported literature values. are summarized in Table 1. 
These limiting partial molar enthalpies of mixing may be obtained almost directly 
from “small increment” solution calorimetry or from “integral” enthalpies of mixing 
such as those usually represented by AH,,. 

Since our results are expressed as partial molar .-zthalpies at infinite dilution, it 

was necessary to derive the partial derivative of the literature AH,,, values with 
respect to the mole fraction of solute x, at a constant mole fraction of solvent x2 in 
the limit as x, - 0. It is readiiy shown that 
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If the solute-solvent subscript assignment is reversed, the expression 

should be used. Cj are the constants tabulated for each pair of liquids reported in 
literature for the AH,.,, data which were correlated by the Redlich-Kister polynomal. 
Matsui et al. [l] concluded that the calculation of partial molar enthalpies of mixing 
from integral molar enthalpies of mixing (AH,) has considerable greater uncertain- 
ties than do the values based on measurements with very dilute solutions. In spite of 
that. Table 1 shows that there is a reasonable agreement between our results and the 
published data. 

For all systems studied in this work it is remarked that H,E” is negative as a 
consequence of hydrogen bondin g formation in solutions. For the systems TAP + 

chloroform and)DAK + chloroform. the negative enthalpies of mixing increase with 
increase of the carbon atom number in the allcyl chain of phosphate or ketone; for 
DAE i chloroform the opposite effect is observed. In these mixtures the donor 
property of thz phosphoryl oxygen is apparently significantly larger than that of the 
ketone oxygen and etheric oxygen: the partial molar excess enthalpies of mixing 
have the values -20.79. - 9.16 and - 8.9 kJ mole - ’ for triethyi phosphate. diethyl 
ketone and diethyl ether. respectively. 

The donor strengths of the phosphates, ketones or ethers with side chain methyl 
groups on the a carbon atom will depend on the inductive effect which would tend 
to strengthen the oxygen as a donor. and steric effect which would tend to weaken it. 
It appears that in TAP+chloroform and DAK fchloroform the inductive effect 
predominates Lvhereas in DAE -+ chloroform. the steric effect predominates. 

Trinwhyl phosphate (ThlP) 

Tricthyl phosphate (TEP) 

Tri-rr-prop!1 phnsphutc (TPP) 

Tri-r:-bury) phosphotc (TBP) 

Dimcrhyl kctonc (DMK) 

DicthyI krltonc (DEK) 

Di-rr-propyi kctonc (DPK) 

Di-rl-but!1 kctonc (DBK) 
Dicthyl cthcr (DEE) 

Di-+propyl ether (DPE) 

Di-rr-but>4 cthcr (DBE! 

Di-u-am>1 ether (DAmE) 

ChIoroform 

I81.J 

174.5 

169.4 

165.7 

176.6 

166.1 

162.8 

156.9 

144.X [ 13b] 

142.2 [ 13b] 

139.7 [ l3bj 

137.2 [ 1351 

163.6 
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Fig. I. Depcndcncc of partial molar cxccss cnthalpy at infinite dilution. II,Lx. on empirical parumctcr of 

soIutc polarity. ET (chloroform as solvent). 

This effect can be considered in the light of the empirical polarity factor. E,, of 
the pure solute [13a] (Table 2). This factor is defined as a solvent polarity parameter 

based on the solvent dependent electronic E- ii* transition for rz-phenolpqtiidinium 
betaines. Table2 shows that E, values decrease with increasing number of methyl- 
ene groups in the chain. 

Figure 1 illustrates the existence of the linearity between the partial molar excess 
enthalpy at infinite dilution and the E, value of solute. The values of the regression 
coefficients for the linear fit of the plot, for phosphates, ketones and ethers are 
0.9967, 0.9668 and 0.9946, respectively. 

Matsui et al. [l] have shown that it is possible to analyze the partial molar 
enthalpies of mixing for binary mixtures in terms of the equilibrium constant (K) 
and the moIar enthalpy of reaction (AH’) for the compIex formation represented by 

A+B&B (3) 

and for the reaction represented by 

A+2B%4Bz (4) 

Taking A + B to be an “ideal associated solution” in which all enthalpy changes 
are due to the reaction represented by eqn. (3), the following relation is valid 

AH: = HF*“( 1 + K,)/K, (5) 

and for the system in. which reaction may be represented by eqn. (4) it is 

AH; =[H$*“(l +K, +K,)/K,] -[H;*=(K, +1)/K,] (6) 

In our recent papers [6,9,1 l] we reported the determination of equilibrium 
constants with noncalorimetric methods for the systems TAP + chloroform and 
DAK + chloroform. These equilibrium constants are presented in. Table 3 together 



T.4BLE 3 

Equilibrium constants and mnlar enthnlpiw of complcs formation for different .solu~cs \vith chioroform 

Snlutc K(l niolc-‘) 

T>IP 
TEP 4.6 [6] 
TPP 5-4 [7] 

5.2 [6] 

TBP X.7 (61 
5.q [h] 
h.1 [8] 
5.4 [Y] 

DbIK K, =0.%7 [IO] 

A’,=1.117[10] 

DEK 0.727 [I I]’ 
DPK 0.765 [I II” 

Dl3K O.SlZ [I I]” 
DEE 1.4 [I?] 

DPE I.0 [ 121 
DHE 0.7 [I’] 

DAmE 0.6 [ 171 

’ SIc;lsured at 293.l.S K. 

-111: (kJ mole -I) 

25.3 
27.4 

‘7.6 
29. I 
30.6 

30.4 
3 1.0 

10.1 

15.4 (-Auf) 
‘1.7 
‘I.6 
711 em.- 
15.3 
15.2 

I?.4 

I I.2 

with those reported by other authors for all investigated systems. For the system 
DMK plus chloroform we take K, and K, from analysis of vapour pressure by 
Keams [IO]. who shows that. as well as the 1: 1 complex AB normally postulated 
between a DMK molecule A and a chloroform molecule B, 1 : 2 complexes of the 
form AB, also occur. 

Table 3 includes results of our evaluation of AHo using eqns. (5) and (6). K values 
(Table 3) and the values of partial molar enthalpies of mixing (Table 1). 
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