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Ultrasonic experiments were carried out on aqueous solutions of diamines (ethylenediamine, 1,3-propanedi-
amine, 1,4-butanediamine, 1,5-pentanediamine, and 1,6-hexanediamine) by means of pulse technique in order

to study solute-solvent interactions.
range 15—45 MHz.
tration up to about 0.4 mol%,.

Sound velocity and absorption coefficient were determined in the frequency
The magnitude of absorption coefficient for each solution increased rapidly with concen-
It is concluded that the initial rapid increase is attributed to the proton transfer

in base equilibria. The absorption coefficient at the same molar concentration of each solution increases appre-

ciably with the size of hydrocarbon chain from —(CH,) s~ to —(CH,)4—

around hydrocarbon groups.

The influence of solute molecules on the structure
of liquid water has been discussed for dilute aqueous
solutions,’~® and aqueous solutions of alcohols and
amines have been extensively investigated.*~” How-
ever, many problems remain unsolved as yet. Alcohol-
water and amine-water interactions have been ex-
plained on the basis of the following: polar group-water
interaction and hydrocarbon group-water interaction
(“hydrophobic interaction’’).

We have investigated the nature of solute-solvent
interactions in various aqueous solutions by means
of ultrasonic measurements.?=1% We have carried out
an ultrasonic study on dilute aqueous solutions of
diamines with the intention of investigating the polar
group-water interaction and hydrocarbon group-water
interaction. These compounds are suitable, because of
their large solubility in water despite relatively large
hydrocarbon groups. This report describes the behavior
of ethylenediamine, 1,3-propanediamine, 1,4-butanedi-
amine, 1,5- pentanediamine and 1,6-hexanediamine in
water.

Experimental

An ultrasonic pulse technique was used for the measure-
ment of sound velocity and absorption coefficient. The
apparatus and procedures of measurements have been descri-
bed.’) Sound velocity was measured at a fixed frequency,
5 MHz. The absorption coefficient was measured in the
frequency range 15—45 MHz. Temperature range was
10—20°C, the accuracy being within +0.1°C. Ethylenedi-
amine and 1,3-propanediamine, obtained from Wako Pure
Chem. Ind. Co., Ltd., were used after being refluxed and
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This is ascribed to the formation of icebergs

distilled over sodium metal. The boiling points of ethyl-
enediamine and 1,3-propanediamine were 1164-0.3°C and
1374-0.3°C, respectively. 1,4-Butanediamine, 1,5-pentanedi-
amine and 1,6-hexanediamine (m.p., 40+0.5°C) were
obtained from Aldlich Co., Ltd. and were used without
further purification. Viscosity coefficient and density of
aqueous solutions of ethylenediamine, 1,3-propanediamine
and 1,6-hexanediamine were measured by means of an
Ostwald type viscometer and pycnometer at 20°C. The
value of pH for each diamine solution was measured by a
pH meter (model MH-5A, Toa Electronics. Ltd.). The
values of pH for ethylenediamine and 1,6-hexanediamine
were found to be 11.840.1 and 12.240.1, respectively.

Results

Sound Velocity and Compressibility. The accuracy
of sound velocity data was within41 m/sec. The
data obtained for aqueous solutions of 1,3-propanedi-
amine are plotted against concentration in Fig. 1.
It was found that the velocity vs. concentration curves
for the solutions closely resemble each other. Com-
pressibility vs. concentration relations calculated from
velocity and density data at 20°C are given in Fig. 2,
for solutions of ethylenediamine, 1,3-propanediamine
and 1,6-hexanediamine. The compressibility data are
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Fig. 1. Ultrasonic velocity for aqueous solutions of 1,3-pro-

panediamine.
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Fig. 2. Compressibility for aqueous solutions of diamines
at 20°C.
Q: ethylenediamine
@ : 1,6-hexanediamine

Q©: 1,3-propanediamine

consistent with the results obtained by Hirata and
Arakawa,!? in which the structure of icebergs is found
to be more incompressible than ice-like structure in
liquid water.

Ultrasonic  Absorption. The data of absorption
coefficient o were reproducible within4+29,. The
absorption coefficient vs. frequency curves for 1,3-
propanediamine solutions are given in Fig. 3. The
magnitude of «/f? decreases gradually with log f (f,
frequency) for all solutions. «/f? vs. concentration
curves at 35 MHz are given in Fig. 4. The results
of o/f? vs. concentration for ethylenediamine are con-
sistent with the data obtained by Blandamer et al.9
We see that the magnitude of «/f? increases rapidly
with concentration up to about 0.4 mol%,, and increases
slightly at higher concentrations.

Viscosity coefficient 7 was measured in order to
obtain the values of classical absorption, which is
given by

2
@lf e, = 5o (1
where p is density and ¥ sound velocity. The struc-
tural absorption is given by

(“lf 2)st'mct, = (alf 2)obsd, - (“lf 2)class. (2)
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Fig. 3. Ultrasonic absorption for aqueous solutions of 1,3-
propanediamine at 0.19 mol %, (1 vol %).
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Fig. 4. Concentration dependence of ultrasonic absorption
for aqueous solutions of diamines at 35 MHz. (solid line,
at 10°C, broken line, at 20°C)

O: ethylenediamine,
(D: 1,4-butanediamine,

©: 1,3-propanediamine,
@ : 1,6-hexanediamine.

The results at 20°C are given in Fig. 5. Since the
magnitude of classical absorption is found to increase
slowly in this concentration range, the initial rapid
increase of a/f? is attributed to the increase of (ot/f?)sruct-
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Fig. 5. Concentration dependence of structural absorption
for aqueous solutions of diamines at 20°C (35 MHz).
Q: ethylenediamine, @: 1,6-hexanediamine
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Fig. 6. Ultrasonic absorption for aqueous solutions of diamines
as a function of the carbon number in solute molecules. (25 MHz).
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The magnitude of «/f? in Fig. 6 at the same molar
concentration (0.7 mol9%,) is plotted against the size
of hydrocarbon chain of solute molecules. We see
that the magnitude of «/f? for ethylenediamine is less
than that of other higher homologues.

Discussion

Polar Group-Waler Inieraction. Let us first discuss
the initial rapid increase of a/f? appearing in all diamine
solutions (Fig. 4). It has been pointed out that for
dilute aqueous solutions of alcohols, dioxane, urea
etc., the value of «ff2 are nearly equal to those for
pure water.2:%13) The magnitude of «/f? for aqueous
solutions of dioxane is nearly the same as that of pure
water up to about 4 mol%.% On the other hand, for
aqueous amine solutions, there is a significant increase
in extremely dilute concentration of the order of
1 mol9%,.241 A similar increase of «/f? is observed
for diamines (Fig. 4). The origin of the initial rapid
increase seems to be ascribed to amino groups.

Blandamer ef al. attributed the ultrasonic absorp-
tion caused by the addition of amine molecules to the
acid-base equilibria.l¥

RNH, + H,0 —= RNH,* + OH" 3)

On the other hand, Berfield and Schneider,'® and
Mckellar and Andrea!®) concluded that the hydrogen-
bond formation and breaking between amine and
water molecules cause the increase of off2.

Alei et al.17:18) showed that the proton negative shift
by amino groups in aqueous solutions of ethylenedi-
amine as well as the viscosity coefficient reaches maxi-
mum at 33 mol%, concentration. They proposed that
there is a stable dihydrate complex linked with hydro-
gen-bond in aqueous solutions of ethylenediamine. If
the presence of dihydrate complex give rise to the
initial excess ultrasoric absorption in dilute aqueous
solutions of diamines, the magnitude of «/f% should
increase linearly with concentration. However, the
a[f? vs. concentration curves become nearly flat above
0.4 molY, after the initial rapid increase (Figs. 4 and
5). Thus we might say that the behavior of «/f? in
dilute aqueous solutions of diamines does not result
from the formation and breaking of hydrogen-bond.

It can be said that in dilute aqueous diamine solu-
tions, the initial rapid increase of absorption and
saturation of its magnitude above 0.4 mol9, concen-
tration is caused by the proton transfer of base equilibria:

NH,RNH, + H,0 — NH,RNH,* + OH- (4a)
NH,RNH,* + H,0 — NH,*RNH,* + OH~ (4b)

The measured value of pH for each diamine solution
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is found to correspond to the value of pK in the second
dissociation.® Thus, it is concluded that the cause
of the initial rapid increase of absorption observed for
all solutions is the dissociation given by (4b).

Hydrocarbon  Group-Water Interaction. We have
pointed out the initial rapid increase of «[f? as a
general property of each diamine solution (Fig. 4).
It is seen that the magnitude of «/f? above 0.4 molY%,
becomes nearly flat with concentration (Figs. 4 and
5). We see that the magnitude of «/f? increases with
the size of hydrocarbon chain of solute molecules
from —(CH,)y~ to —(CH,)s— and exhibits a saturation
effect in higher homologues (Fig. 6).

We observed® that the magnitude of «/f? for aqueous
solutions of a-amino acids is independent of 'the size
of hydrocarbon chain in solute molecules. Thus, it
was concluded that the behavior of neutral a-amino
acids in water is essentially similar to each other, and
the structure-forming effect due to alkyl groups in
amino acid molecules was cancelled out by the strong
structure-breaking effect due to the dipolar field by
zwitter-ions irrespective of their size.

On the other hand, for aqueous non ionic solutions
(alcohols, ethers efc.), we see that the formation of
icebergs becomes significant around hydrocarbon groups
which are larger than methyl groups.?0:2) In liquid
water, 1,3-dimethylurea molecules behave as a weak
structure breaker but 1,3-diethylurea molecules behave
as a structure former.®

In diamine solutions, the structure-breaking effect
due to ionic dissociation of amino groups is less than
that due to dipolar field by zwitter-ions in amino acid
solutions. The structure-forming effect by hydrocarbon
groups in diamine molecules can not be cancelled out
completely by the structure-breaking effect due to
ionic dissociation of amino groups. The increase of
o/f? with the size of hydrocarbon chain from —(CH,)s—
to —(CH,) 4 in Fig. 6 can be attributed to the structure-
forming effect of hydrocarbon chain in diamine mole-
cules.

Thus, it is concluded that the iceberg formation
becomes appreciable above the carbon number 3 in
diamine molecules. The structure of icebergs is more
incompressible than ice-like structure in liquid water
(Fig. 2). This is in line with the idea of Wicke.2?
However, it should be pointed out that the iceberg
formation is not dependent linearly on the size of
hydrocarbon chain in these molecules, since the magni-
tude of «/f2is saturated above the carbon number of 3.

Concluding Remarks

The following conclusions are obtained from ultra-
sonic measurements.

1) An initial rapid increase of ultrasonic absorption
for the diamine solutions is attributed to the proton
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transfer in base equilibria (the second dissociation). homologues.

2) The iceberg formation around hydrocarbon
groups in diamine molecules become appreciable at
the hydrocarbon chain of —(CH,);— and in higher
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