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A calorimeter for measuring the heat of mixing was constructed. Using the calorimeter,

the heats of mixing were measured at 25.0±0.01℃ for binary mixtures of benzyl alcohol with ethyl

benzene or cyclohexane and ethyl benzene with cyclohexane, and at 35.0±0.01℃ for binary

mixtures of m-cresol with m-xylene or cyclohexane and m-xylene with cyclohexane. By plotting the

values of the heats of mixing, ⊿Hx1M, against the mole fraction of component 1, x1, and by

extrapolating the curvc to an infinite dilution(x1→0) for each system, the heats of mixing at an

infinite dilution(lim x1→0 ⊿Hx1M)were obtained graphically. By using the values of lim x1→0 ⊿x1M

obtained for these systems and by applying an enthalpy cycle, the OH-π type intermolecular

hydrogen bond energies were estimated to be ⊿H=-6.2 kJ for the benzyl alcohol-ethyl

benzene-cvclohexane system and ⊿H=-13.1kJ for the m-cresol-m-xylene-cyclohexane system.

The results obtained have been discussed from two points of view, that is, the proton-donating 

power of alcohols and the proton-accepting power of aromatic hydrocarbons.

It is well known, from the analysis of the thermo-

dynamic and spectroscopic data, that aromatics 

form hydrogen bonds with acids.1,2) In recent 

years, a number of techniques, such as infrared
spectra,3) NMR spectra,4) refractive indices5)

Fig. 1. Calorimeter. 

A String B Submarine chamber 
C Iron block D Mixing cell 
E Mixing cell holder 
F Thermal insulator 

G Thermomodule

and heat of solution,6) have been developed for

the study of this type of hydrogen bond. Using the 

above methods, the equilibrium constants and en-

thalpies of OH-π type hydrogen bonds for various

acid-base systems have been determined. However, 

there have been only a few works attempting to 

determine the enthalpies from the direct calorime-

try. This paper will present a calorimetric method

to determine the enthalpy of OH-π type hydrogen

bonds from the measurement of the heat of mixing 
for aromatic alcohol (including m-cresol)-aromatic 
hydrocarbon and aromatic alcohol-cyclohexane. 

The samples used are benzyl alcohol, m-cresol, 
ethyl benzene, m-xylene, and cyclohexane.

Experimental 

The calorimeter for measuring heats of mixing is. 
shown in Fig. 1 schematically. It is similar to the 
Tian-Calvet type,7) but the thermopile is replaced with 
a thermomodule, HTM 0156 type (Sharp Electric Co., 
Ltd., Osaka), in order to detect a smaller temperature 
change. 

The mixing cell is a modification of the previous one, 
with a pocket into which the heating coil is inserted.8) 
Initially the two components to be mixed are separated 
by mercury. The mixing is performed by rotating the 
cell back and forth in a small space several times through 
the manipulation of the strings at the lid and at the 
bottom of the submarine chamber. 

For the calibration of the calorimeter, a measured 
quantity of electric energy was introduced into the
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Fig. 2. A typical recording chart of heat of 
mixing.

heating coil after the curve for mixing had come com-

pletely back to the "experimental zero" line. A typical 
recording chart is shown in Fig. 2. Mixing was made 

at the point "A," and the cooling curve was drawn 
from "B" to "C." At the point "D" an amount of 
electric energy approximately equal to the quantity 

of heat absorbed on the mixing of the samples was dis-
sipated in the heating coil.
The heat of mixing per mole of component 1, ⊿Hx1M,

was calculated using the following relation.

(1)

where n1 is the number of the mole of the component 1; 
Qe is the amount of electric energy dissipated in the 
heating coil; Sm is the area surrounded by the mixing 
curve and the base line, and Se is that surrounded by 
the corresponding heating curve and base line. These 
area were estimated from the average weight of three 
sheets of paper which were copied by a copying press 
(Copystar, Mita Co., Ltd., Osaka) and were cut off 
along the curve. 

In order to check the accuracy of the calorimeter, 
the heat of mixing was measured with the benzene+
carbon tetrachloride system at 25.0±0.01℃;the

advantages of this system, as a test system have already 

been extensively discussed.9,10) Most of the measure-
ments of this system were made with a single-type 
calorimeter which consisted of a half of a twin-type 
calorimeter. Two experimental techniques were used, 

one was the "weighing area" procedure described
above, while the other was the "thermal compensation" 

procedure, in which the fall in temperature is com-
pensated for by the simultaneous introduction of a 
measured quantity of electric energy. The results 
obtained by both procedures may be represented by 

the following equation.

(2)

In Fig. 3 the results of other workers10,11) are com-

pared with ours. Here ⊿Hm is the heat of mixing in

unit of joule per mole of the mixture; x is the mole
fraction of carbon tetrachloride, and δ is the excess

of the measured value of ⊿Hm over that calculated

from Eq. (2). Our results agree with those of Mc-
Glashan et al. and with those of Benson et al.

Fig. 3. The excees of heat of mixing over the 
value calculated according to Eq. (2) for ben-
zene+carbon tetrachloride at 25.0℃.

○ This work(thermal compensation procedure)

× This work(weighing area procedure)

□ Larkin and McGlashan

△ Bennett and Benson

Benzyl alcohol and m-cresol were vigorously shaken 
with mercury for a long time, and then distilled under 
reduced pressure. Cyclohexane, ethyl benzene, and 
m-xylene were treated with concentrated sulfuric acid, 
and a sodium hydroxide aqueous solution, shaken with 
mercury, and then distilled over phosphorus pentoxide. 
The gas chromatographs of all the samples except for 
m-xylene showed a single peak. The result of the gas 
chromatography of m-xylene indicated the existence 
of a very small amount of an impurity (probably a para-
isomer), but we used it without further purification. 

Results and Discussion 

The results of our measurements of the six 
systems are given in Tables 1 to 6 and in Figs. 4 
and 5, where x1 is the mole fraction of the com-
ponent 1; w1 (i=1 or 2) is the mass of the component
i;Q is the measured heat of mixing, and ⊿Hx1M is

the heat of mixing per mole of component 1. 

For the mixture of a higher mole fraction than 

0.05, the heats of mixing were measured by mix-

ing the pure liquids, while for the mixture of a 

lower mole fraction, they were measured by dilut-

ing a solution, whose heat of mixing was known 

from a previous run, with the other component 
"solvent

."

The heats of mixing were measured at 25.0±

0.01℃ for binary mixtures of benzyl alcohol with

ethyl benzene or cyclohexane and ethyl benzene

with cyclohexane, and at 35.0±0.01℃ for those

of m-cresol with m-xylene or cyclohexane and m-

xylene with cyclohexane.

By plotting ⊿Hx1M against x1 and by extrapolat-

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

each system, shown in Figs. 4 and 5, we can obtain 

the heats of mixing per mole of component 1 at

9) H. A. Skinner, "Experimental Thermochemistry," 
Vol. 2, IUPAC, Interscience Publishers, London 
(1962). 10) J

. A. Larkin and M. L. McGlashan, J. Chem. 
Soc., 1961, 3425. 

11) J. E. Bennett and G. C. Benson, Can. J. Chem., 
43, 1912 (1965).
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an infinite dilution (lim x1→0 ⊿Hx
1M). They are as

follows : 
25.5 kJ for the benzyl alcohol(1) +cyclohexane(2) 

system 
16.7 kJ for the benzyl alcohol (1)+ethyl benzene(2) 

system 
2.6 kJ for the ethyl benzene (1)+cyclohexane(2)

system 
27.6 kJ for the m-cresol(1)+cyclohexane(2) system 
11.6 kJ for the m-cresol(1)+m-xylene(2) system 
2.9 kJ for the m-xylene(1)+cyclohexane(2) system

TABLE 1. HEAT OF VIIXINC OF BENZYL ALCOHOL(1)

AND CYCLOHEXANE(Z)AT 25.0℃

* ⊿Hx
1M were measured by the dilution method.

TABLE 2. HEAT OF MIXING oF BENZYL ALCOHOL(1)

AND ETHYL BENZENE(Z)AT 25.0℃

* ⊿H
x1M were measured by the dilution method.

TABLE 3.HEAT OF MIXING OF ETHYL BENZENE(1)

AND CYCLOHEXANE (2)AT 25.0℃

TABLE 4.HEAT OF MIXING OF m-CRRSOL(1)

AND CYCLOHEXANE(2)AT 35.0℃

* ⊿Hx
1M were measured by the dilution method.
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TABLE 5 HEAT OF MIXING OF m-CRESOL(1)

AND m-XYLENE (2)AT 35.0℃

* ⊿Hx
1M were measured by the dilution method.

TABLE 6. HEAT oF MIXING oF m-XYLENE(1)

AND CYCLOHEXANE(2)AT 35.0℃

Although some theoretical methods for estimat-

ing the strong orientational effects from which an 

excess thermodynamic function may be deduced 

in terms of the intermolecular force and the prop-

erties of pure components are available, 12-15)

it is difficult to find a reasonable and consistent 

set of interaction energies and equilibrium constants 

of association because these methods contain many 

parameters. We shall now, therefore, give another

qualitative estimate of the cnergy of OH-π type

intermolecular hydrogen bonds. 

We considered in a previous paper16) that, in

Fig. 4. Heats of mixing for benzyl alcohol-ethyl 

benzene-cyclohexane system.

○ Benzyl alcohol+cyclohexane

△ Benzyl alcohol+ethyl benzene

× Ethyl benzene+cyclohexane

Fig. 5. Heats of mixing for m-cresol-m-xylene-

cyclohexane system.

○ m-Cresol+cyclohexane

△ m-Cresol+m-xylene

× m-Xylene+cyclohexane

pure alcohol, there are at least three types of
stronger interactions, namely, OH-O interactions,

OH-π interactions, and π-π intcractions, due to

π-electrons of the aromatic nucleus,17)while each

alcohol molecule, on infinite dilution in cyclohexane,

12) J. A. Barker, J. Chem. Phys., 20, 1526 (1952). 
13) L. Sarolea-Mathot, Trans. Faraday Soc., 49, 8 

(1953). 14) I
. Prigogine and R. Defay, "Chemical Thermody-

namics," Longmans, Green and Co., London (1954). 
15) H. Kehiaian, Bull. Acad. Polon. Sci. ser. sci. chim., 

11, 487 (1963); 12, 497 (1964). 
16) S. Murakami and R. Fujishiro, Kogyo Kagaku 

Zasshi (J. Chem. Soc. Japan, Ind. Chem. Sect.), 69, 1627 
(1966).

17) K. Sosnkowska-Kehiaian and H. Kehiaian, 
Bull. Acad. polon. Sci. ser. sci. chim., 13, 659 (1965).
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becomes surrounded by cyclohexane molecules 
and all the interactions mentioned above are 

broken up by the process of mixing. Therefore,

the values of lim x1→0 ⊿Hx1M for the alcohol+cyclo-

hexane systems represent the energies sufficient to 

break up all the interactions between molecules

in pure alcohol. Similarly, since in a pure aromatic 

hydrocarbon such as ethyl benzene and m-xylene

there is only a π-π interaction, the values of

lim x1→0 ⊿Hx1M for aromatic hydrocarbon+cyclohexane

systems correspond to the energies of interaction 

between aromatic hydrocarbon and cyclohexane.

The value of lim x1→0 ⊿H3、M fc)r the aliphatic

alcohol+hydrocarbon system is in the range of 

5.0 to 6.0 kcal.18) It is regarded as the enthalpy 

change when one mole of pure alcohol is com-

pletely dissociated in a solvent. The substraction
of the valucs of lim x1→0 ⊿瑞 ユM for aromatic alcohol+

cyclohexane systems from those for aromatic 

hydrocarbon+cyclohexane systems gives 5.5 kcal 

for benzyl alcohol and 5.9 kcal for the m-cresol 

system. These values are equal to that of aliphatic 

alcohol+hydrocarbon system. It seems to be 

more reasonable to assume that, in pure alcohol,

only OH-O and π-π interactions predominate,

while OH-π interactions will be very weak if

it exists at all because, according to the spectro-

scopic investigations,19) the OH-π interaction

energy is about 3 kcal or less, which is much 
weaker than the OH-O interaction energy (about
4-6kcal)and the chance of forming the OH-π

interaction is very small in comparison with that 

of forming the OH-O interaction. Therefore,

the values of lim x1→0 ⊿Hx1M for aromatic alcohol+

cyclohexane system represent the enrgies sufficient

to break up the OH-O and π-π interactions.

On the other hand, upon mixing alcohol with 

aromatic hydrocarbon, OH-O interactions in 

pure alcohol will be broken up by a large amount 
of aromatic hydrocarbon molecules and an alcohol

molecule makes new OH-π interactions with

aromatic hydrocarbon molecules, as is indicated

by the low value of lim x1→0 ⊿Hx1M for the m-cresol+

m-xylene system. 
We then carried out a treatment similar to that

described in a previous paper.20) applying the 
enthalpy cycle depicted in Fig. 6, and Eq. (3).

(3)

Here, ⊿H, is the energy of breaking up the OH-O

and π-π interactions of pure alcohol by adding a

large quantity of cyclohexane; ⊿H2 is equal to

Fig. 6. Enthalpy cycle. 

State 1: One mole of alcohol. 
State 2: x mol of aromatic hydrocarbon. 

State 3: One mole of A-B complex in the aro-
matic hydrocarbon medium, each com-

plex being separated each other. 
State 4: One mole of A-B complex and x mol 

of aromatic hydrocarbon in the cyclo-

hexane medium. 
State 5: One mole of alcohol and x mol of aro-

matic hydrocarbon in the cyclohexane 
medium.

the value of lim x1→0 ⊿Hx1M for the aromatic hydro-

carbon+cyclohexane system;⊿H3, the energy-

change produced by the dilution of pure alcohol

with a large quantity of aromatic hydrocarbon.
and ⊿H4 consists of two parts, one equal to(x+1).

⊿H2, while the other is due to the enthalpy change

from the state in which OH-πcomplexes are

surrounded by aromatic hydrocarbon to that in, 

which they are surrounded by cyclohexane mol-

ecules. The latter part of ⊿H4 may be put at zero

or neglected because the two media have almost 

equal dielectric constants and the dipolar stabiliza-

tion energies of a complex dipole in the two media 

are considered to be nearly equal.

The OH-π type intermolecular hydrogen bond.

energies, ⊿H5, for the two systems studied in this.

paper are found from Eq. (3) to be: 
for benzyl alcohol-ethyl benzene - cyclohexane 
(B-E-C):

for m-cresol-m-xylene-cyclohexane (C-X-C) :

These OH-π type intermolecular hydrogen,
18) J. Wolf, K. Phalke and K. Wehage, "Landolt-

Boernstein, Physikalische-Chemischen Tabellen,"
Springer, Berlin (1936). 

19) R. West, International Symposium on Molecular 
Structure and Spectroscopy, Tokyo, 1962.

20) S. Murakami, K. Amaya and R. Fujishiro, 
This Bulletin, 37, 1776 (1964).
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fond energies, ⊿H5, for the two systems are,

however, obtained from the heats of mixing at
different temperatures(25.0 and 35.0℃), and so

they can not be directly compared with each other. 

However, as has been pointed out by Van Ness,21)

the lim x1→0 ⊿Hx1M values seem to be independent

of the temperature. Therefore, the ⊿H5 value

obtained from these values may be regarded as 

being independent of the temperature.

Let us now consider the difference in the ⊿H5

values between the two systems from another 
point of view. Two contributing factors may be 
considered. One is the proton-donating power of
alcohol. The proton-donating power seems to 
be in the order of m-cresol > benzyl alcohol, because 
the dissociation constants in water for these aromatic 
alcohols are 10.0822) and > 10 (benzyl alcohol is 
a weaker acid than phenols23)) respectively. The 
other factor is the proton-accepting power. 

The existence of a linear relation between the
shiftinthefrequencyoftheO-Hband,νOH,of

alcohol and the ionization potential, Ip, of the 

proton acceptor is well known from spectroscopic 
and theoretical studies.24,25) If the same proton 

donor is used, the following relation exists.

(4)

where νf is the frequency of the free O-H band of

alcohol and where a and b are constants. Assum-

ing that benzyl alcohol and m-cresol have the

same proton-donating power, the ⊿νOH for the

C-X-C system is larger than that for the B-E-C 

systems, because the Ip values of ethyl benzene and 

m-xylene are 9.12 and 9.05 eV respectively. 26)

Furthermore, as the ⊿νOH is correlated with the

energy of a hydrogcn bond,⊿HOH-π' the inter-

molecular hydrogen bond energy of the C-X-C 

system is larger than that of the B-E-C system.

Thus, the OH-π type hydrogen bond strength

with the C-X-C system may be concluded to be 

stronger than that with the B-E-C system. This 

conclusion is consistent with the results we have 

estimated from our thermochemical measurements.
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