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ABSTRACT 

The excess enthalpies and excess volumes of normal, iso, secondary and tertiary butanols 
with acetone were determined at 303.15 K by means of microcalorimetry and densimeter 
m~urements respectively. Dissociation of self-associated alcohol species and alcohol-acetone 
complex formation takes place in solution. The positive excess properties are attributed to 
dominance of dissociation over formation. The enthalpies of complex formation were 
calculated by means of a thermochemical cycle. The isomeric structure of butanol has only a 
small effect on the enthalpies of complex formation but has a significant effect on the excess 
volumes, for which the trend is t-butanol > s-butanol > i-butanol > n-butanol. 

We continue our studies of hydrogen bond energies between different 
proton acceptor and donor groups and the effect of molecular structure on 
excess thermodynamic properties [l-5], presenting work on the excess 
enthalpies and excess volumes of mixing of isomeric butanols with acetone. 

EXPERIMENTAL 

IV-butanol, i-butanol, s-butanol, r-butanol and acetone (all analytical 
reagent grade) were further purified by fractional distillation and dried over 
an activated molecular sieve. 

The excess enthalpies were determined using a heat flux Calvet-type 
~cr~alo~meter (Setaram C-80). The calorimeter was calibrated by means 
of a Joules calibrator and standardised by determining the heats of solution 
of KC1 in water. 
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The excess volumes were determined by a density method; densities were 
measured using an Anton Paar D.M.A. 60/602, using a differential cell 
arrangement. The temperature of the oscillator tubes was kept constant to 
within +0.005 K by a Hetofrig thermostat. The densities were accurate to 
+ 1.0 X lop5 g cmp3. 

Both properties were determined at 303.15 K. 

RESULTS AND DISCUSSION 

Excess enthalpy data for the four isomeric systems is reported in Table 1. 
All the sets of data were fitted to the expression 

3 

VE or HE = x1x1 C A,(xl - x*)~ (1) 
i=o 

by the method of least squares, with all points equally weighted. VE is the 
volume change on mixing, HE is the excess enthalpy of mixing, and x1 and 
x2 are the mole fractions of butanol and acetone respectively. The values of 
coefficients A, of eqn. 1 and standard deviations (s) for excess enthalpies 
are reported in Table 2. 

The values for HE as a function of mole fraction of alcohol (x1) are 
presented in Fig. 1. All the systems show endothermic behaviour due to the 
dissociation of self-associated alcohol species by acetone molecules. The 
keto-0 is a weak electron donor and can form a hydrogen bond with the 
hydroxyl H, as has been confirmed by spectroscopy [6,7]. The observed 
enthalpy of mixing is therefore the net effect of endothermic and exothermic 

TABLE 1 

Excess enthalpies of mixing of isomeric butanols with acetone at 303.15 K 

n-Butanol i-Butanol s-Butanol t-Butanol 

Xl HE Xl HE Xl HE Xl HE 
(J mol-‘) (J mol-‘) (J mold’) (J mol-‘) 

0.0984 654 0.0947 589 0.0449 311 
0.1085 655 0.1313 760 0.1196 680 
0.2117 1155 0.2009 1049 0.1860 970 
0.3010 1419 0.2867 1365 0.2961 1310 
0.3790 1545 0.3780 1545 0.3967 1480 
0.5116 1641 0.4915 1691 0.4927 1560 
0.6328 1591 0.5952 1652 0.6002 1540 
0.7154 1449 0.6813 1519 0.6997 1419 
0.8024 1155 0.7464 1310 0.7609 1252 
0.8841 765 0.8282 1006 0.8228 1075 
0.9433 414 0.8946 684 0.9029 708 

0.0950 
0.1995 
0.2793 
0.3770 
0.4829 
0.5971 
0.6496 
0.7240 
0.7854 
0.8299 
0.8945 

512 
986 

1228 
1440 
1532 
1437 
1388 
1192 
970 
804 
535 
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TABLE 2 

The least-squares coefficients of eqn. 1 for the excess enthalpies of mixing of isomeric 
butanol-acetone systems at 303.15 K 

Isomer &a A, AZ -4, s 

n-Butanol 6659.76 429.00 1079.43 - 228.44 17.0 
i-Butanol 6720.08 539.37 407.99 - 436.28 12.6 
s-Butanol 6177.80 664.71 1874.94 88.02 16.0 
t-Butanol 6121.16 - 277.66 - 491.22 76.10 11.6 

a All values given in J mol-‘. 

interactions. As the hydrogen bonding between ketone and alcohol is weaker 
than the self-association of alcohol, the effective enthalpy of mixing is 
positive. 

The hydrogen bond energies of the acetone-butanol complexes were 
determined by means of thermochemical cycles [8]. The overall equation 
used to obtain the enthalpies of complex formation is 

AH, = -AH, - AH2 + AH3 + AH4 (2) 

Where AH, and AH2 are the partial molar enthalpies of alcohol and acetone 
in a non-polar solvent, AH, is the partial molar enthalpy of alcohol in 

0.0 0.1 0.2 0.3 0.4 0.5 06 0.7 0.8 0.9 0 

XI - 

Fig. 1. Molar excess enthalpies for isomeric butanols+acetone at 303.15 K as a function of 
mole fraction of alcohol. 1: n-butanol; 2: i-butanol; 3: s-butanol; 4: t-butanol. 
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TABLE 3 

The enthalpies of acetone-isomeric butanol complexes determined by a thermochemical cycle 

(eon. 2) 

System AH, a AH2 AH3 AH4 AH, 

n-Butanol+ n-heptane 26.2 
i-Butanol+ n-heptane 24.5 
s-Butanol+ n-heptane 24.4 
r-Butanol+ n-heptane 25.1 
Acetone + n-hexane 9.0 
n-Butanol + acetone 7.5 9.3 - 18.4 
i-Butanol+ acetone 7.0 9.3 - 18.2 
s-Butanol + acetone 7.4 9.3 - 17.7 
t-Butanol+ acetone 5.8 9.3 - 19.0 

a All values given in kJ mol-‘. 

acetone and AH4 is a dipolar stabilisation energy of the acetone-butanol 
complex. 

The values of AH, were obtained from the literature [9]. The AH, value 
reported by Murakami and Fujishiro [lo] was used in this calculation. The 
values of AH3 were obtained by extrapolating the AH/q+ vs. x1 curves to 
zero mole fraction of alcohol. 

The dipolar stabilisation energy of the n-butanol-acetone complex has 
been reported in the literature [lo]. The dipolar stabilisation energy depends 
on the dipole moment of the complex and the temperature dependence of 
the dielectric constant of the medium [ll]. As the dipole moments and the 
temperature dependence of dielectric constants are nearly the same for all 
butanol isomers, the dipolar stabilisation energy was considered to be the 
same for the four alcohols. The values of AH,, A HI, A H3, A H4 and AH, 
are reported in Table 3. 

The enthalpies of complex formation show some isomeric effect, having 
the order 

t-butanol > n-butanol > i-butanol > s-butanol 

The hydrogen atom of t-butanol is a little more acidic due to the electro- 
merit effect of three methyl groups on an a-carbon atom [12], which 
enhances the hydrogen bonding. In the case of secondary butanol one 
methyl group at the a-carbon atom does not contribute an electromeric 
effect but imposes a steric hindrance to hydrogen bond formation. Our 
previous study on the energetics of complex formation of isomeric butyl- 
amines with methanol showed the same trend, i.e. of the four, the tertiary 
isomer forms the strongest complex and the secondary isomer forms the 
weakest. 

The excess volume data for these systems are reported in Table 4 and the 
least squares parameters for eqn. 1 are reported in Table 5. 
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TABLE 5 

Least-squares parameters for volume change on mixing of isomeric butanol-acetone systems 
at 303.15 K 

Isomer A0 
a 

A, A; A3 s 

n-Butanol 0.19122 0.01529 - 0.06598 - 0.05002 0.0010 
tButano1 0.59845 - 0.12799 - 0.29940 0.09767 0.0015 
s-Butanol 1.59070 - 0.~660 - 0.25220 0.26903 0.0037 
t-Butanol 2.23816 0.03398 - 0.32549 - 0.1276 0.0030 

a All values given in ml mol-‘. 
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Xl 

Fig. 2. Molar excess volumes for isomeric butanols + acetone at 303.15 K as a function of 
mole fraction of alcohol. l n-butanol; Cl i-butanol; A s-butanol; o t-butanol. 



149 

TABLE 6 

Excess volumes of isomeric butanols with n-heptane and acetone at 303.15 K 

Alcohol FE (ml mol-‘) 

n-Heptane 1131 Acetone 

n-Butanol 0.24 0.05 
i-Butanol 0.37 0.15 
s-Butanol 0.57 0.38 
t-Butanol 1.02 0.56 

The VE vs. xi curves are represented in Fig. 2. The excess volumes are 
also positive, on account of the breaking of the alcohol structure by acetone. 
The structure of alcohol has a pronounced effect on the excess molar 
volumes, which show the trend 

t-butanol > s-butanol > i-butanol > n-butanol 

The volume change on mixing the two liquids is due to the change in the 
molecular configuration, and hence the shape of the interacting molecules 
plays an important part, as shown by the present results. The maximum 
excess volumes of the present systems and those of isomeric butanols with 
n-heptane [13] are given in Table 6. It is clear that the isomeric trend is the 
same in both sets of data, but the positive excess volumes are smaller in the 
case of acetone systems, due to the formation of acetone-alcohol complexes. 
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