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The heats of mixing were measured at 25.0℃ for binary mixtures of chloroform+tetra-

hydrofuran,+ furan, and +2-methyl furan systems and for cyclohexane+ chloroform, +tetrahydro-
furan, +furan, and +2-methyl furan systems. Using these data and the treatment described in a
previous paper [Bull. Chsm. Soc. Japan, 37, 1776(1964)], the intermolecular hydrogen bond energies
between chloroform and cyclic ethers were estimated to be ΔH=-12kJ for the chloroform-tetra－

hydrofuran-cyclohexane system, ΔH=-4kJ for the chloroform-2-methyl furan-cyclohexane

system, and ΔH=-3kJ for the chloroform-furan-cyclohexane system. From these results, two

types of intermolecular hydrogen bonds between chloroform and cyclic ethers are discussed.

In recent years, extensive studies have been

made of the relative strengths of hydrogen bonds

formed between alcohols, haloform, and oxygen-

and nitrogen-containing Lewis bases. Using a

number of techniques, such as infrared spectra,1)

NMR spectra,2) refractive indices 3) and heats of

solution,4) the equilibrium constants and enthalpies

for these complexes have been determined.

We estimated the enthalpy of OH-π type hydro-

gen bonds from our measurements of the heats of
mixing for aromatic alcohol (including m-cresol)-
aromatic hydrocarbon and aromatic alcohol-
cyclohexane.s) This paper is a continuation of
our previous works) The enthalpies of intermolec-
ular hydrogen bonds between chloroform and
cyclic ether will be estimated by a method similar to
that described in another previous paper.6)

Experimental

The calorimeter used in this study was a model CM-
502 microcalorimeter (Applied Electric Lab. Ltd.,
Tokyo).5,7) For the present work, two metal solution
cells supported from the lids of an aluminum block by
a framework were removed and replaced by copper
mixing-cell holders with glass-mixing cells. The
shape of the mixing cell was similar to that used by
Larkin and McGlashan; 8) it is shown schematically in
Fig. 1. Initially, the two components to be mixed

Fig. 1. a. Calorimeter. b. Cross section and

upper side view of mixing cell.

were separated by a longitudinal partition and by
mercury. The mixing was performed by rotating the
calorimeter assembly back and forth through a 180°

arc, as has been described in a previous paper.5)

The chloroform was washed with concentrated sulfuric
acid and a dilute sodium hydroxide solution. Then
it was dried over potassium carbonate and distilled

before use. Tetrahydrofuran, furan, and 2-methyl
furan were supplied by the Ka8 Soap Co., Ltd.; all
these materials were fractionally distilled before use.

The cyclohexane was purified by the method described

previously.5) The purity of all the materials was
examined by gas chromatography. The results showed
only a single peak.

The physical constants of these materials are given in
Table 8.

Results and Discussion

The results of the experimental measurement of

the heats of mixing for the seven systems at 25.0℃

are given in Tables 1-7, where x1 is the mole
fraction of the component I; wi (i=1 or 2) is the
mass of the component i; Q is the quantity of heat
produced during the mixing process, and ΔHM

and ΔHM are the heats of mixing per mole of the

1) Z. Yoshida and E. Osawa, J. Am. Che:,. Soc.,
88, 4019(1966); M. R. Eusila, E. L. Sair and L. R.
Cousins, ibid., 87, 1665(1965).

2) F. J. Cioffi and S. T. Zenchelsky, J. Phys.
Chem., 67,357(1963).

3) Z. Yoshida and E. Osawa, This Bulletin, 38,
140(1965).

4) M. Tamres, J. Am. Chem. Soc., 74, 3375(1952).
5) S. Murakami and R. Fujishiro, This Bulletin,

40, 1784(1967).
6) S. Murakami, K. Amaya and R. Fujishiro, This

Bulletin, 37, 1776(1964).
7) K. Amaya and S. Hagihara, the first Japanese

Calorimetry Meeting, Osaka, 1965.
8) J. A. Larkin and M. L. McGlashan, J. Chem.

Soc., 1961, 3425.
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component 1 and per mole of the mixture re-

spectively.

A comparison of our data with those recorded

in the literature is only possible for the chloroform-

tetrahydrofuran and chloroform-cyclohexane

systems. In the former case, our value for ΔHM

at an equimolar mixture agrees with that of Tamres,

677 cal at 25℃.9) On the other hand, in the

latter case, our data agree with those of Baud10)

over the whole concentration range except for

around x1=0.7, although his data were measured

between 15 to 20℃.

The experimental data for dHM have been

plotted against the mole fraction, x1, in Figs. 2

and 3. By smoothing and extrapolating the curve

to an infinite dilution (x1•¨0) for each system,

TABLE 1. HEAT oF MIXING OF CHLOROFORM (1) AND TETRAHYDROFURAN (2) AT 25.0℃

TABLE 2. HEAT OF Mncixc OF CHLOROFORM(1)AM)FURAN(2)AT 25.0℃

TABLE 3. HEAT oF M-XING OF CHLOROFORM(1)AND 2―METHYL FuRAN(2)AT 25.0℃

9) M. Tamres, J. Am. Chem. Soc., 73, 3704(1951). 10) E. Baud, Bull. Soc. Chim. France, 17, 329(1915)..
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TABLE 4. HEAT oF MIXING OF CHLOROFORM(1)AND OYCLOHEXANE(2)AT 25.0℃

TABLE 5. HEAT oF MIXING OF TETRAHYDROFURAN(1)AVD CYCLOHEXANE(2)AT 25.0℃

TABLE 6. HEAT oF MIXING OF FURAN(1)AND CYCLOHEXANE(2)AT 25.0℃

shown in Figs.2 and 3, we can obtain the heats of

mixing at an infinite dilution(lim ΔHM). They

re as follows: 2.70 kJ for the chloroform (1)
cyclohexane(2) system; 3.15 kJ for the tetrahydro-
furan(1)+cyclohexane(2) system; 4.20 kJ for the
2-methyl furan(1)+cyclohexane(2) system; 4.50 kJ
for the furan(1)+cyclohexane(2) system, -9.20 kJ
for the chloroform (1) + tetrahydrofuran(2) system;
-1 .56 kJ for the chloroform(1)+2-methyl furan(2)
system; and -0.57 kJ for the chloroform(1)+
furan(2) system.

The values of lim ΔHM in the cyclohesane series

provide energies sufficient to break up all the inter-
actions existing between molecules in the pure

state, that is, dipole-dipole interaction in chloro-

form and tetrahydrofuran, and dipole-dipole and

π－π interactions in 2-methyl furan and furan.

In a previous paper,6) we estimated the energies

of dipole-dipole interaction in n-ether, kctones, and

tertiary amine as the difference in the dipolar sta-

bilization energy of the dipole arising from the

reaction field with different media in Onsager's
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TABLE7. HEAT OF MIXING OF 2-METHYL FuRAN (1) AND CYCLOHEXAVE (2) AT 25.0℃

Fig. 2. Heats of mixing of CHCl3+cyclic ether
systems: ◎, furan; □, 2-methylfuran; △, tetra-

hydrofuran.

Fig. 3. Heats of mixing of polar liquid+cyclo-

hexane systems: ◎, CHCl3; △, tetrahydrofuran;

□, 2-methylfuran; ①, furan.

treatment of polar liquids. The calculated results

seem to agree with the lim ΔHM values for the

polar liquid-nonpolar solvent systems. However,
in the 2-methyl furan- and furan-cyclohexane

systems of the present investigation, the lim ΔHM

values differ from the results calculated by the
above-described method (0.28 kJ for the furan+
cyclohexane system and 0.14kJ for the 2-methyl
furan+cyclohexane system). Therefore, the furan
derivatives seem to have another interaction, such
as a π-π interaction due to a π-electron of the furan

nucleus. The energies of such π-π interaction in

furan derivatives can not be estimated directly.

However, it seems reasonable to regard the value

evaluated by subtracting the dipole-dipole inter-

action energy from the lim ΔHM value as the

enerey of π-π interaction-that is, 4.22kJ(4.50-

0.28) for the furan + cyclohexane system and 4.06 kJ
(4.20-0.14) for the 2-methyl furan+cyclohexane
system.

On the other hand, the values of lim ΔHM in

the chloroform series represent the energies of

transfer from the pure chloroform state to one in

which each chloroform molecule make a hydrogen

bond with an ether molecule, and in which such

associated complex molecules are surrounded by a

large amount of the ether medium.

Although there are various methods for estimat-

ing the energy of the intermolecular interaction,

we can estimate the energies of intermolecular

hydrogen bonds between chloroform and cyclic

ethers in the same way as has been described in a

previous paper.6)
Of the enthalpy cycle shown in Fig. 7 of Ref. 6,

ΔH1, ΔH2, and ΔH3 are also measured in the present

work, while ΔH4 in Process 4 is estimated by the

same treatment as has been described previously.6)

In the tetrahydrofuran case, two energy changes

will contribute to ΔH4. One, the heat of the mix-

ing of (x-1) mol of tetrahydrofuran with a large

quantity of cyclohexane, is equal to (x-1) ΔH2;

and the other is ΔH4, due to the enthalpy change

from the state in which the associated complex

molecules are surrounded by the ether medium to
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TABLE 8. PHYSICAL CONSTANTS OF SUBSTANCES NECESSARY FOR THE CALCULATION OF DIPOLAR ENERGIES

a) J. A. Riddick and E. E. Toops, Jr., "Organic solvents," second edition, Interscience Publishers, N. Y.
(1955).

b) P. Smyth et al., J. Phys. Chem., 59, 1088(1955).
c) A. Weisbecker, J. Chim. Phys., 62, 1170(1966).
d) A. L. McClellan, " Tables of Experimental Dipole Moments," W. H. Freeman and Co., San Francisco

(1964).

that in which they are surrounded by the cyclo-

hexane medium. On the other hand, in furan

derivatives, another contribution to dH, comes

from the π-π interaction of the associated com-

plex molecules. As this contribution can not be
estimated, we shall assume it to be equal to the

energies of the π-π interaction in the furan deriva-

tive. The contribution due to dH,d may be

calculated by the previously-described method.

The physical constants necessary for this calcula-

tion are summarized in Table 8, where d, ε, nD,

and μ are the density, dielectric constant, refractive

indices, and dipole moment respectively. μ12

is the dipole moment of the associated complex

molecule. Its value for the tetrahydrofuran system

was derived by Weisbecker.11) He determined it

by assuming that a hydrogen atom of chloroform

forms a hydrogen bond with an oxygen atom of

tetrahydrofuran. On the other hand, the μ12

values for the furan derivative systems were calculat-

ed by assuming that a chloroform molecule com-

bines on the nucleus of furan and by the vector

addition of the dipoles of two component molecules.

The reasons for this assumption will be given later.

The ΔH4d values thus obtained are as follows:

3.08 kJ for the chloroform-tetrahydrofuran complex;
0.38 kJ for the chloroform-furan complex; 0.35 kJ
for the chloroform-2-methyl furan complex; 0.28 kJ
for the furan-cyclohexane system, and 0.14 kJ for
the 2-methyl furan-cyclohexane system.
By using the ΔH4d values calculated above and

the other measured values, the intermolecular

hydrogen bond energies between chloroform and

cyclic ethers, ΔH5, are found to be:

for the chloroform-tetrahydrofuran-cyclohexane

system:

for the chloroform-furan-cyclohexane system:

for the chloroform-2-methyl furan-cyclohexane-

system:

As may be seen in the above calculations, the

energies of the intermolecular hydrogen bonds

between chloroform and cyclic ethers are in the

order: tetrahydrofuran > 2-methyl furan > furan.

Let us now consider this order. In furan deriva-

tives, 7r-electron is present, but not in tetrahydro-

furan. Therefore, furan has a negative net charge

on the ring carbon and a positive net charge on

the oxygen atom, as is shown in Fig. 4.12) The

hydrogen-bond forming power of furan with chloro-

form will be weakened. On the other hand, it

is known that the tetrahydrofuran molecule makes.
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Fig. 4. Net charge on the atoms of furan mol-
ecule.

a CH-O type intermolecular hydrogen bond with

chloroform.11) Generally, the hydrogen bond

strength is stronger in the H-O type than in the

H-π type. 13) As the introduction of a methyl

group to the furan ring causes an increase in basicity,

the hydrogen bond energy for the 2-methyl furan

system increases in comparison with that for the

furan system. Furthermore, it is known from

the spectroscopic study that the shift in the frequency

of the O-H band, Δv, of alcohol is correlated with

the hydrogen-bond energy. The frequency shifts,

Δv, of phenol due to hydrogen bonding with

some heteroaromatics were measured in carbon

tetrachloride.1) The results were arranged in

the order of: tetrahydrofuran > 2-methyl furan >

furan; this order is consistent with that one which

we have estimated on the basis of the thermochemi-

cal measurements.
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