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It is well known that the measurement of 

the heats of mixing of associated solutions is 

significant in investigating the interaction 

energy in a single component and between 

the different components. In a particular case 

such as the alcohol-nonpolar solvent system, 

such thermochemical treatments have already 

been extensively carried out and have revealed 

the energy of the intermolecular hydrogen 

bonding between alcohol molecules.1) In cases 

where the associated solutions consist of alcohol 

and acceptor components, such as ketone, 

thermochemical data are not ample and detailed 

enough to allow us to estimate the energy of 

the intermolecular hydrogen bonding between 

these pair molecules. 

In this paper we shall report the heats of 

mixing for such alcohol-ketone systems as iso-

propanol-acetone and s-butanol-ethyl methyl 

ketone systems, as well as those for alcohol-

hexane and ketone-hexane systems, and shall 

estimate the energy of the hydrogen bonding 

of the O-H •c O= type by means of the ther-

mochemical cycle. 

Experimental 

Materials.-All the samples were purified from 

commercial products according to the usual method 

described in the literature,2) and then they were 

finally distilled with a Stedman-type column. 

Considerable attention was devoted to removing 

the small amount of remaining water; as a result, 

these fractionated samples did not show a peak 

for water on a gas chromatogram. Therefore, the 

water content in these samples was estimated to 

be 1/100 weight percent or less. 

Apparatus and Procedure.-A block diagram of 

the entire apparatus for measuring heats of mixing 

is shown in Fig. 1. The calorimeter is of the 

twin type, shown in Fig. 2, consisting of a mixing 

vessel and a reference vessel, each held with a 

vessel holder and fixed in a submarine vessel, 

installed in a water thermostat at 25•Ž kept con-

stant to 1/1000•Ž. The mixing vessel is similar 

to that described in a previous paper3) but was

Fig. 1. Block diagram of the apparatus.

Fig. 2. Calorimeter

modified in some points, as is shown in Fig. 3. 
For the measurement of dilute solutions, another 
mixing vessel was used, one which was larger than 
that one used in the moderate concentration range 

and which could accomodate about 4 ml. of the 
liquid sample. 

Before mixing, two components are separated by 
mercury in the mixing vessel; during mixing, the 

holder is turned upside down by rotating it around 
the pivot through the manipulation of the handle 
from the outside of the submarine vessel. 

The temperature change on mixing is detected as 
the difference in the thermal electromotive force 
of the thermocouple between the mixing vessel and 
the reference vessel, which acts as a reference bath 

for the thermocouple and which contains only 
mercury. Even a small difference in the electric
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Fig. 3. Cross section and upper side view 
of vessel holder and mixing vessel.

potential is amplified by the d.c.-a.c. converted 
narrow band amplifier, the output signal of which 
is fed to an automatic pen recorder (YEW type
E-30). With this amplifier a •}1•~10-8V. change 

can be detected; the temperature coefficient of one 

junction of a copper-constantan thermocouple is 
about 40ƒÊV./•Ž, so that the sensitivity of our 
thermometer made of 7 junctions corresponds to 
about •}3•~10-5deg.

The main construction of the electrical circuit 

for the automatic thermal compensation is almost 
the same as that described previously, except that 
the meter relay is replaced with a microswitch 

connected to the recorder. The period during 
which the electric current from the constant current 
supply passes through the calorimeter heater is 
automatically registered on the binary decade 

counter operated with a standard 100kc. oscillator. 

Results and Discussion 

The results obtained are given in Tables I, 

II, III, IV, V and VI and in Figs. 4 and 5, 

where x, is the mole fraction of component

1,and where △HM and △HMx1 are the heats of

mixing expressed as cal./mol. of the mixture

and those expressed as kcal/moL of component

1 at mole fraction x1 respectively.

Plotting △HMx1 against x1 and then extrapolat-

ing the curve to the infinite dilution (x1→0)

for each system, as is shown in Figs. 4 and 5, 
we can obtain the heat of mixing per mole 
of component 1 at the infinite dilution as: 
1.76kcal. for the isopropanol (1)-acetone (2) 
system, 2.15kcal. for the acetone (1)-n-hexane 
(2) system, 1.82kcal. for the s-butanol (1)-
ethyl methyl ketone (2) system and 1.90kcal. 
for the ethyl methyl ketone (1)-n-hexane (2) 
system.

TABLE I. HEAT OF MIXING OF ISOPROPANOL (I) 
AND ACETONE (2)

TABLE II. HEAT OF MIXING OF S-BUTANOL (1) 
AND ETHYL METHYL KETONE (2)

TABLE III. HEAT OF MIXING OF ACETONE (1) 
AND n-HEXANE (2)

TABLE IV. HEAT OF MIXING OF ETHYL METHYL 
KETONE (1) AND n-HEXANE (2)
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TABLE V. HEAT OF MIXING OF ISOPROPANOL 

(1) AMD n-HEXANE (2)

TABLE VI. HEAT OF MIXING OF S-BUTANOL 

(1) AND n-HEXANE (2)

Fig. 4. Heats of mixing, alcohol-ketone 

systems.

We also measured the heats of mixing △HMx1

for the isopropanol-n-hexane (2) and the s-
butanol (1)-n-hexane (2) systems; the results 
obtained are plotted in Fig. 6 against x1, 
together with the dotted curves for other 
kinds of alcohol-n-hexane systems taken from 
the literature.4) As this figure shows, the 
curves are very steep at small x1 values, and 
the extrapolation to x1=0 is apt to produce
some errors. The value of limx1→0△HMx1 obtained

by Pahlk4)for the isopropanol-hexane system

is 5.90kcal., and his △HMx1-x1 curve coincides

with ours in the concentrated range, as is

Fig. 5. Heats of mixing, ketone-n-hexane 

systems.

Fig. 6. Heat of mixing, alcohol-n-hexane 
systems.

shown in Fig. 6. Therefore, we have adopted

5.90kcal. for the limx10△HMx1 of this system. For

the s-butanol-hexane system, however, we could

not find a limx10△HMx
1 in the literature. In order

to estimate the value for this system, we

compared △HMx1 for the normal alcohol-hexane

systems with those for the secondary alcohol一

hexane systems. In the former cases, the limx10

△HMx1 values were reported to be 5.8kcal.,4) and

4) Landolt-Bornstein, "Physikalishe-Chemischen Tabell-
en," Springer, Berlin (1936); G. von Elbe, J. Chem. 
Phys., 2, 73 (934).

for the isopropanol system this value is 5.9

kcal., as has been mentioned above. On the 

basis of the comparison of these three curves
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TABLE VII. PHYSICAL CONSTANTS OE ALCOHOL-KETONE COMPLEXES NECESSARY FOR THE CALCULATION

OF Eq. 2, AND CALCULATED VALUES OF △Gi AND △Hdi

in Fig-6, we may estimate limxi→0△HMx1, to be 6.0

kcal. or a little less for the s-butanol-hexane 

system. 

In pure alcohol, all the molecules form 

hydrogen bondings with each other, while 

each alcohol molecule in the infinite dilution 

of alcohol in hexane is surrounded by hexane 

molecules and the hydrogen bonds are broken. 

Therefore, the values of about 6kcal. represent 

energy sufficient to break the hydrogen bonds

of pure alcohol. Similarly, the limxi→0△HMx1 value

for each alcohol-ketone system corresponds to 

the energy of transfer from the pure alcohol 

state to one in which each alcohol molecule 

makes a hydrogen bond with a ketone molecule 

and in which such complexes are surrounded 

with a large amount of the ketone medium. 

Roughly speaking, the difference between the 

limxi•¨0•¢HMx1 value for the alcohol-ketone system 

and that for the same alcohol-hexane system, 

that is about 4kcal., may correspond to the 

energy of alcohol-ketone hydrogen bonding. 

In order to estimate these hydrogen bond 

energies in some detail, we have considered 

the thermochemical cycle shown in Fig. 7, 

where A, K, H and A-K represent molecules 

of alcohol, ketone, hexane and alcohol - ketone 

complexes respectively, and where the hypo-

thetical state IV is assumed. Further, we 

assume that the whole system contains one 

mole of A, x mol. of K, and y mol. of H, 

and that 1<<x<<y. 

Judging from this figure, it is reasonable to 

consider that the true hydrogen bond energy 

of the A-K complex is equal to the energy 

change, •¢H5, for process 5 from state III to 

state IV. This energy change is easily given 

by the thermochemical cycle as:

state (I)

state (II)

state (III)

state (IV)

Fig. 7. Thermochemical cycle. 

State (I): One mole, of alcohol and xmol. 
of ketone, both being separated. 

State (II): One mole of A-K complex in 
the ketone medium, each complex being 
separated each other. 

State (III): One mole of alcohol, xmol. 
of ketone in the hexane medium. 

State (IV): One mole of A-K complex and 
x-1mol. of ketone in the hexane medium. 

Process (1): One mole of alcohol is diluted 
by a large amount of hexane. 

Process (2): xmol. of ketone are diluted 
by a large quantities of hexane. 

Process (3): Mixing of alcohol and ketone. 
Process (4): The state (II) is diluted by a 

large quantities of hexane without breaking 
A-K complex.

△H5=-△H1-x△H2＋ △H3＋ △H4 (1)

Since △H1, △H2 and △H3 were measured, it is

necessary to estimate the △H4 in process 4 in

order to determine △H5.

Two energy changes will contribute to △H4.
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The first one, △HKH4, is the heat of the dilu-

tion of (x-1)mol. of ketone by large quanti-

ties of hexane, which is equal to (x-1) △H2.

The second one, △Hd 4, is due to the difference

in the dipolar stabilization enegy of an A-K 

complex dipole arising from the reaction field 

by different media, though the van der Waals 

energy contributes in the latter case to some 

extent, though this extent is very difficult to 

estimate and so is disregarded here. 

To estimate the energy change for the latter 

case, we have followed the usual treatment of 

polar liquids by Onsaaer.5) according to which

the dipolar stabilization free energy, △Gi, is

expressed as:

(2)
where μ, a and α are the dipole moment, the

molecular radius, and the polarizability of the

A-Kcomplex, respectively, and where εi, is the

dielectric constant of the medium, i, that is,

Kor H. Further, the dipolar stabilization

energy, △Hd4 (i=H or K), is obtained from

△Gi as:

Therefore, the dipolar part of the energy 

change in process 4 may be given as:

△Hd4=△HdH-△HdK

The data necessary for this calculation and the 

results obtained are summarized in Table VII. 

The values of the dipole moment of A-K 

complexes were determined by the vector 

addition of those of two component molecules, 

and the a and a of a complex molecule were 

assumed to be the sum of those of the two 

component molecules. 

The •¢Hd4 values thus obtained are 2.50kcal. 

for the isopropanol -acetone and 1.93kcal. for 

the s-butanol - ethyl methyl ketone systems. To 

check the magnitude of these energies, we 

obtained the difference between the dipolar 

energy of one mole of ketone in the hexane 

medium and that of one mole of pure ketone 

by calculations similar to those described above. 

The results are as follows: 2.48kcal. for

acetone-hexane and 1.88kcal. for ethyl methyl 

ketone-hexane. These values should corre-

spond to the dipolar part of the heats of the 

dilution of ketone in hexane. Since the 

measured heats of dilution are 2.15kcal. and 

1.90kcal. for acetone and ethyl methyl ketone 

respectively, the calculated dipolar energies 

are more than or nearly equal to the heats 

of dilution, indicating that the dipolar energies 

have been overestimated, particularly in the 

system containing such small molecules as 

acetone. Therefore, the •¢Hd4 value of 2.50 

kcal. for isopropanol-acetone seems to be over-

estimated and some correction (at least 0.4 

kcal.) may be necessary.

Using △Hd4 and other measured values, △H5

is calculated by Eq. 1 as:

for isopropanol-acetone

for s-butanol -ethyl methyl ketone:

Taking account of the overestimation of 

dipolar energy, the hydrogen bond energy of 

alcohol-ketone complexes may be estimated to 

be about 4kcal. or a little more for the two 

systems. 

Summary 

A microcalorimeter of the twin type has 

been constructed, one which is operated semi-

automatically. Using this apparatus, the heats 

of mixing for alcohol-ketone, alcohol-hexane, 

and ketone-hexane solutions have been measur-

ed. From these heats of mixing, the hydrogen 

bond energy of the O-H•cO= type has been 

estimated to be about 4kcal. by means of the 

thermochemical cycle. 
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