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Abstract
Full Text
PHYSICAL CHEMISTRY
I. B. Rabinovich, V. G. Golov, N. A. Efimova, and S. M. Rustamov*

ISOTOPE EFFECT IN THE COMPRESSIBIL-
ITY AND ASSOCIATION OF DEUTEROAL-
COHOLS
(Presented by Academician A. N. Frumkin, December 4, 1956)

In the present work we studied the velocity of ultrasound 𝑎 and the density 𝑑 in
the interval from 10° to 60–80° for the following alcohols: CH3OH and CH3OD,
C2H5OH and C2H5OD, (CH3)2CHOH and (CH3)2CHOD, CH3(CH2)3OH and
CH3(CH2)3OD; (CH3)2CHCH2OH and (CH3)2CHCH2OD, C2H5CHOHCH3
and C2H5CHODCH3, as well as D2O (up to 95°). The adiabatic compress-
ibility was calculated from the formula 𝛽ad = 1/𝑎2𝑑. In addition, the osmotic
coefficients of the indicated alcohols in benzene solutions were measured
cryoscopically in the interval 0.2–1.7 mol/kg of solvent.

Deuteroalcohols were obtained by hydrolysis with heavy water (99.6%) of the
corresponding aluminum or magnesium alcoholates. All alcohols were thor-
oughly purified and dehydrated. The deuterium content in the hydroxyl of
the D-alcohols, except for methyl alcohol, was about 99%. Deuteromethanol
contained 30% of its hydrogen analogue. Considering this mixture ideal, we
recalculated the measured values of the properties to pure CH3OD. A stabilized
generator of ultrasonic oscillations with a frequency of 3 MHz was used. The
velocity of ultrasound was measured optically with an error of 1–2 m/sec. The
cuvette was thermostated with an accuracy of 0.05°. As follows from the den-
sities (Table 2), in the temperature interval studied the deuteroalcohols have a
molar volume approximately 0.2% greater than their hydrogen analogues.

Table 1

Boiling points of alcohols
(760 mm Hg)

Alcohol 𝑡, °C Alcohol 𝑡, °C
CH3OH 64.6 CH3(CH2)3OH 117.8
CH3OD 65.4 CH3(CH2)3OD 118.2
C2H5OH 78.4 (CH3)2CHCH2OH 108.0
C2H5OD 79.1 (CH3)2CHCH2OD 108.2
(CH3)2CHOH 82.4 C2H5CHOHCH3 99.5
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Fig. 1 and Fig. 2

Figure 1: Fig. 1 and Fig. 2

Alcohol 𝑡, °C Alcohol 𝑡, °C
(CH3)2CHOD 83.0 C2H5CHODCH3 99.7

The ratio of the cryoscopic molecular weight to the formula weight falls in the
series: methyl, ethyl, 𝑛-butyl alcohol, and also in the series normal, iso-, sec-
ondary butyl alcohol. The indicated ratio for deuteroalcohols is 2–5% greater
than for the corresponding hydrogen analogues (Fig. 1). Since benzene solu-
tions of alcohols in the concentration region studied cannot be considered ideal,
the ratios found of cryoscopic molecular weights to formula weights do not give
exact values of the degree of association, but represent osmotic coefficients. It
is clear, however, that the increase of this coefficient with increasing alcohol
concentration is due to an increase in its degree of association.

There are also no grounds for doubting that the data presented in Fig. 1 indicate
a decrease in the degree of association through hydrogen bonding in normal
alcohols with an increase in the number of carbon atoms in the molecule, and
also a greater degree of association of 𝑛-butyl alcohol than of its isomers. This
corresponds to an increase in the shielding of the hydrogen bond

* K. G. Fedyakova took part in the cryoscopic experiments.

both as the radical lengthens and as the molecule branches, and also corresponds
to the difference in the boiling temperatures and heats of vaporization of the
butyl alcohols (5).
Thus, the results of the cryoscopic experiments mean that deuterioalcohols are
associated by means of hydrogen bonds to a greater extent than their hydrogen
analogs. This conclusion is confirmed by the fact that, as is seen from Table 1,
the deuterioalcohols studied boil at higher temperatures than the corresponding
hydrogen alcohols, and, as was shown earlier (2), replacement of hydrogen in the
hydroxyl of an alcohol by deuterium leads to a lowering of its vapor pressure.

Fig. 1. Ratio of the cryoscopic molecular weight to the formula weight in
benzene solution as a function of concentration.
1 —CH3OH; 2 —CH3OD; 3 —C2H5OH; 4 —C2H5OD; 5 —(CH3)2CHOH; 6 —
(CH3)2CHOD; 7 —CH3(CH2)3OH; 8 —CH3(CH2)3OD; 9 —(CH3)2CHCH2OH;
10 —(CH3)2CHCH2OD; 11 —C2H5CHOHCH3; 12 —C2H5CHODCH3.

Fig. 2. Adiabatic compressibility:
1 —CH3OD; 2 —CH3OH; 3 —C2H5OD; 4 —C2H5OH; 5 —(CH3)2CHOD;
6 —(CH3)2CHOH; 7 —CH3CH2CH2OD; 8 —(CH3)2CHCH2OH; 9 —
C2H5CHODCH3; 10—C2H5CHOHCH3; 11—CH3(CH2)3OD; 12—CH3(CH2)3OH.
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V. V. Tarasov (6) advanced the proposition that, in the case of alcohols having
chain association by means of hydrogen bonds, compression occurs mainly not
along the comparatively strong hydrogen bonds, but along the weaker van der
Waals bonds between the chains (associates). The results of our compressibility
determinations confirm this. As is seen from Fig. 2, in the homologous series
of the alcohols studied the compressibility decreases from methyl to 𝑛-butyl (by
20%), although, as was mentioned, the degree of association by means of hydro-
gen bonds decreases in the same order (Fig. 1). This is explained by the fact
that, with an increase in the number of carbon atoms in the molecule, the po-
larizability increases and, accordingly, the dispersive intermolecular interaction
is enhanced (7).
Iso- and secondary butyl alcohols have greater compressibility than their normal
primary analog. From a comparison of our data for isopropyl alcohol with
Eucken’s results (3) for 𝑛-propyl alcohol it follows that the compressibility of
the latter is less than that of its isomer. Finally,

Table 2

Density 𝑑 (g/cm3) and speed of ultrasound 𝑎 (m/sec) in alcohols

𝑡,∘ C
CH3OH
𝑑

CH3OH
𝑎

CH3OD
𝑑

CH3OD
𝑎

C2H5OH
𝑑

C2H5OH
𝑎

C2H5OD
𝑑

C2H5OD
𝑎

(CH3)2CHOH
𝑑

(CH3)2CHOH
𝑎

(CH3)2CHOD
𝑑

(CH3)2CHOD
𝑎

CH3(CH2)3OH
𝑑

CH3(CH2)3OH
𝑎

CH3(CH2)3OD
𝑑

CH3(CH2)3OD
𝑎

(CH3)2CHCH2OH
𝑑

(CH3)2CHCH2OH
𝑎

(CH3)2CHCH2OD
𝑑

(CH3)2CHCH2OD
𝑎

C2H5CHOHCH3
𝑑

C2H5CHOHCH3
𝑎

C2H5CHODCH3
𝑑

C2H5CHODCH3
𝑎

10 0.800211550.825312500.797911620.813711700.785011990.796811830.817012950.826412810.809512580.816012220.806612530.81541255
20 0.791511220.814312220.789411370.805011450.776811640.788511480.809612610.818812470.802212240.808411880.798412240.80721220
30 0.782510910.805411900.781011030.796411110.768911290.779911130.802012270.810912130.794411740.802411550.789511920.79841185
40 0.774010570.794611530.772210640.787510770.758710940.770210780.794311930.803111780.786411370.794511210.780311570.78921150
50 0.764910240.784311030.763310300.778410430.749210590.760510430.786311590.795011450.778411040.785610880.770811220.77981115
60 0.75559910.774010700.75489960.768210080.739610240.750610080.778511250.786711120.770110710.778010550.761010870.76981080
70
— — — —

0.74459960.7597974
—

989
—

9730.770110910.778210760.761810380.769810220.750910530.75951046

80
— — — — — — — — — — — —

0.761510570.769410440.752410040.7604988
—

1019
—

1012

I. G. Mikhailov (8) showed that 𝑛-hexyl alcohol has a lower compressibility
than its isomers. Thus, alcohols with a branched chain of atoms in the molecule
are characterized by greater compressibility than primary 𝑛-alcohols. This is
explained by the fact that branching of the molecule leads to a decrease in the
energy of intermolecular interaction both through a reduction in the degree of
association by means of hydrogen bonding and through a decrease in the van der
Waals interchain interaction, which is of decisive importance for compressibility.

All the deuterated alcohols studied have a speed of ultrasound 10–20 m/sec
lower than that of the corresponding hydrogen analogues (see Table 2). The
compressibility of deuteroalcohols is greater than that of their hydrogen ana-
logues, with the isotope effect amounting to 1–2%, except for the secondary
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butyl alcohols, for which the difference in compressibility is of the same order of
magnitude as the error of determination (0.2%). For the isotopic analogues of
methanol, a quite noticeable decrease in the relative difference in compressibility
with increasing temperature is observed.

From the point of view described above, the isotope effect found in the com-
pressibility means that, in deuteroalcohols, the interchain interaction (the van
der Waals interaction between associates) is somewhat weaker than in their
hydrogen analogues.

In Fig. 3 the speed of ultrasound, density, and compressibility of water and
deuterium oxide are compared according to our data and also according to
literature data. Up to 40°, the values of the speed reported by Lagemann et
al. (9), as well as by Pankholi (10), agree with ours to within 1–2 m/sec. Pankholi’
s data for higher temperatures are evidently greatly overestimated, and the
conclusion following from them that the 𝛽—𝑡 curves for D2O and H2O intersect
near 50° is untenable. Our results on the speed of ultrasound in D2O in the
interval 10–90° agree with Hoisinger’s data (12) to an accuracy of about 1 m/sec
(0.07%). For the density of D2O we used new literature data (12).
The existence in water of a minimum in the temperature curve of compress-
ibility, like the existence of a maximum in density, is explained (13) by the
superposition of two factors with increasing temperature: an increase in the
intensity of thermal motion (increasing the compressibility) and the transition
of water from a more associated state to a less associated one, with a more

by a denser packing of the molecules (a decrease in compressibility). The fact
that the compressibility of D2O is 2.5–3.5% greater, and that its minimum is
observed 1° higher than in H2O (65 and 64°), means, as we suppose, that the
decrease in the degree of association in heavy water lags in temperature relative
to ordinary water. This corresponds to a greater degree of association by means
of hydrogen bonding, and also, apparently, to a smaller fraction of van der
Waals interaction in D2O as compared with H2O. Such an interpretation of
the question is consistent with the known isotope effect in the temperature of
maximum density (9), in the thermal properties (3,14), and also in the solubility
and solvent power of D2O (4).

Table 3

Adiabatic compressibility

𝛽D2O (cm2

dyn ⋅ 1012)

𝑡, °C 𝛽 𝑡, °C 𝛽
10 49.40 65 43.05
20 47.00 70 43.10
30 45.35 80 43.45
40 44.20 90 44.20
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𝑡, °C 𝛽 𝑡, °C 𝛽
50 43.50 95 44.65
60 43.15

Fig. 3. Isotope effect in the density (𝑑), ultrasonic velocity (𝑎), and adiabatic
compressibility (𝛽ad) of heavy water. On the curve 𝑎H2O: 1 —authors’data; 2
—Lagemann et al. (9); 3 —Huizinger (11); 4 —Pancholy (10).

The decrease in the ultrasonic velocity of the substances studied when hydrogen
is replaced by deuterium is, to some extent, also directly caused by the increase
in molecular weight (15).

The authors express their gratitude to Corresponding Member of the Academy
of Sciences of the USSR A. I. Brodskii for consultation and discussion of the
results.
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