J. Chem. Eng. Data 1995, 40, 301—-310 301

Sound Velocities and Apparent Molar Adiabatic Compressions of
Alcohols in Dilute Aqueous Solutions

Masao Sakurai,* Kunio Nakamura, and Katsutoshi Nitta

Division of Biological Sciences, Graduate School of Science, Hokkaido University, Sapporo 060, Japan

Nobuo Takenaka

Research Institute for Electronic Science, Hokkaido University, Sapporo 060, Japan

The sound velocities in dilute aqueous solutions of 12 alcohols were measured at 5, 15, 25, 35, and 45 °C
by means of a sing-around ultrasonic velocimeter. The alcohols used were methanol, ethanol, 1-propanol,
2-propanol, 1-butanol, 2-butanol, 2—methyl-1-propanol, 2-methyl-2-propanol, 1-pentanol, 2-methyl-2-
butanol, 2,2-dimethyl-1-propanol, and 1-hexanol. From these data and density results reported previously,
the apparent molar adiabatic compressions of the alcohols were evaluated. The effects of chain length
and chain branching of alkyl residues on the compression behavior of alcohols in water were discussed.

Introduction

The volumetric behavior of aqueous alcohol solutions has
been investigated by many researchers and usually dis-
cussed in connection with the structural change of solvent
water (). In a previous paper, we have reported the partial
molar volumes of alcohols in water at various temperatures
and pointed out the relative importance of the hydrogen-
bonding interactions between alcohols and water (2). Since
the structure of water can be largely influenced by the
variation of temperature and pressure, the study of the
compression behavior of aqueous solutions at different
temperatures may provide useful information on solute—
solvent interactions.

The partial molar adiabatic compressions of some alco-
hols in water have been investigated by several research-
ers. For instances, Nakajima et al. (3) in our laboratory
have reported some reliable data for 1-alcohols at 5, 25,
and 45 °C. It seems, however, that the agreement among
different researchers is not necessarily good, and there
have been only a few studies on the temperature depen-
dence of the partial molar compression. In this paper we
present the results of sound velocity measurements for
dilute aqueous solutions of twelve monohydric alcohols
having from one to six carbon atoms at 5, 15, 25, 35, and
45 °C by using a sing-around ultrasonic velocimeter.

Experimental Section

The alcohols used are methanol (MeOH), ethanol (EtOH),
1-propanol (n-PrOH), 2-propanol (i-PrOH), 1-butanol (n-
BuOH), 2-butanol (sec-BuOH), 2-methyl-1-propanol (i-
BuOH), 2-methyl-2-propanol (z-BuOH), 1l-pentanol (n-
PenOH), 2-methyl-2-butanol (¢-PenOH), 2,2-dimethyl-1-
propanol (neo-PenOH), and 1-hexanol (n-HexOH). These
alcohols were purified by fractional distillation and stored
over molecular sieves 3A or 4A, except for solid neo-PenOH
which was purified by crystallization twice. The sound
velocities of n-HexOH are 1372.59, 1337.65, 1303.16,
1269.09, and 1235.48 m s~1 at 5, 15, 25, 35, and 45 °C,
respectively. The data for the other liquid alcohols have
been reported elsewhere (4). The water was doubly dis-
tilled by using a quartz still.

The sound velocities in solutions ¥ were measured at a
frequency of about 5 MHz by using a sing-around veloci-
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meter constructed in our laboratory. The values are given
relative to the sound velocity in pure solvent ©; by using
the relation

Vu = 1u, + (T ~ Ty/L 1)

where T and T are the pulse repetition periods for solution
and solvent, respectively, and L is the effective path length
between two piezoelectric transducers fixed to both sides
of the measuring cell. The calibration of L (ca. 7 cm) was
based on the sound velocities in pure water at various
temperatures reported by Del Grosso and Mader (5). The
precision of the sound velocity measurements was esti-
mated, in most cases, to be better than +1 cm s~! for the
dilute solution range studied.

The cell of the velocimeter was thermostated in a water
bath within +0.002 °C by a laboratory-made controller
using a Y-cut quartz as a temperature sensor. All solutions
were prepared by successive addition of a weighed amount
of a concentrated stock solution or a pure alcohol into the
measuring cell containing a known quantity of solvent
water.

Results and Discussion

The specific adiabatic compression of solution is defined
as the partial derivative of specific volume v with respect
to pressure P under isentropic conditions; ks = —(3v/dP)s.
Then, the kg values can be estimated from the measure-
ments of sound velocity v and density ¢ (=1/v) by the
relation

s = Viou)® (2)

In the present work, the density values of the solutions
used for the sound velocity measurements were calculated
from V;° and By values reported previously (2). Then, the
apparent molar adiabatic compression of alcohol in solution
¢k, is given by

¢K2 = (kg — kg))/m + kM, 3)
where m is molality, M, is the molar mass of alcohol, and

kg1 is the specific compression of solvent water. Table 1
summarizes the sound velocity differences between solu-
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Figure 1. Concentration dependence of the apparent molar
adiabatic compressions of 1-alcohols in dilute aqueous solutions
at 25 °C; @, methanol; O, ethanol; O, 1-propanol; ©, 1-butanol; A,
1-pentanol; v, 1-hexanol.

tions and water (u — u;) and apparent molar adiabatic
compressions of the alcohols ¢k, for all systems studied.

For sufficiently dilute solutions the concentration de-
pendence of ¢k, can be represented by the linear relation

ok, = dx,” + Bym (@)

where ¢x,° is equal to the limiting partial molar adiabatic
compression K,° and By is an empirical constant. Figure
1 shows the plots of ¢x, — ¢x,” vs m for 1-alcohols at 25 °C.
It is clear that a good linear correlation holds in the
concentration range studied. The parameters ¢x,” and Bx
were evaluated by the least-squares method described in
a previous paper (4). These values together with their
standard deviations and the molar adiabatic compressions
Ky* are summarized in Table 2. For the purpose of
comparison, some relevant literature values of Ky° (3, 6—12)
are also given in Table 2. The precision of our limiting
partial molar adiabatic compressions is believed to be
better than 0.5 cm® GPa~! mol~! for most cases.

It can be seen that the K3° values of alcohols in water
are much smaller than the Ky* values and are negative
for longer chain homologoues at lower temperatures. It is
well-known that partial molar volumes of alcohols in water
are always smaller than the molar volumes (I). These
negative excess partial molar quantities may be attributed
to the fact that the free space around alcohol molecules in
water is significantly less than that in pure liquid alcohols
owing to the small size (13) and high cohesive energy
density of water (14). Furthermore, we have reported that
the limiting partial molar compressions of water in various
alcohols are appreciably negative (4). In alcohol—water
systems, strong associations due to hydrogen bonding
between the alcohol and water may be predominantly
responsible for the volumetric properties (2).

Figure 2 shows the K,° values for the 1-alcohol series as
a function of temperature. With increasing chain length,
the K;° values decrease at lower temperature, are nearly
constant at about 35 °C, and increase slightly at 45 °C. A
similar feature has been reported by Nakajima et al. (3)
and Hoiland (8). This means that the sign of a methylene
group contribution to the partial molar compression K°-
(CH;) changes with temperature. The values of K°(CHy)
can be obtained from the subtraction process

0.042 38

0.026 29

K(CHp)=K°(N+ 1) — K°(N) (5)

where K°(N) refers to the partial molar adiabatic compres-
sion of the 1-alcohol containing N carbon atoms. The K°-
(CHy;) values estimated at various temperatures are illus-

0.017 76
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Figure 2. Temperature dependence of the limiting partial molar
adiabatic compressions of 1-alcohols in water. The symbols are
the same as in Figure 1.
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Figure 3. Methylene group contributions to partial molar adia-
batic compressions (open symbols) and to molar compressions
(filled symbols) as a function of the carbon number of 1-alcohols:
0, 5°C; 0, 15 °C; ©, 25 °C; 4, 35 °C; v, 45 °C.

trated as a function of N in Figure 3, in which analogous
methylene contributions K*(CH,) estimated from the molar
adiabatic compressions of neat alcohols are also described
by filled symbols. The K°(CHjy) values are considerably less
than K*(CH;). As has been described previously, on the
other hand, the partial molar expansion of a methylene
group is obviously larger than the corresponding molar
expansion, except for N = 1 due to the exceptional behavior
of methyl alcohol (2, 4). Thus, the introduction of a
methylene group into water results in solutions less
compressible and more expansive. It appears to be a fairly
natural consequence since there is no appreciable interac-
tion between hydrophobic groups and water.

The temperature dependences of K;° of the branched
isomers of butyl and pentyl alcohols are shown in Figure
4. The K,° values of n- and {-PrOH fell virtually on the
same smooth curve and are not illustrated. It appears that
the chain branching influences both the K,° values and
their temperature dependences only a little. This is in
contrast to the results of the partial molar volumes and
thermal expansions of these isomers (2). It is difficult to
explain these conflicting results. However, considering the
fact that both partial molar expansions and compressions
of buty acetates in water are little affected by chain
branching (15), the unique expansion properties found for
branched-chain alcohols may arise from hydrogen-bonding
interactions between alcohols and water, not from so-called
hydrophobic hydration.

The concentration dependence of the apparent molar
adiabatic compression in dilute solution By is shown in
Figure 5 as a function of temperature. It is well-known
that the corresponding parameter By for apparent molar

T T T T T T T T 7

20+ R
(A)
10F b
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i i i 1 J 1 1 i
T T T T T T T T T
20t A
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(B) 4
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ok -
~10+ 4
20 L 4
~30F 4

t/°C
Figure 4. Effects of chain branching on the limiting partial molar
adiabatic compressions: (A) O, 1-butanol; O, 2-methyl-1-propanol;
A, 2-butanol; v, 2-methyl-2-propanol; (B) O, 1-pentanol; O, 2,2-
dimethyl-1-propanol; A, 2-methyl-2-butanol.
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Figure 5. Temperature dependence of the By parameter in eq 4
for 1-alcohols. The symbols are the same as in Figure 1. The bars
refer to the standard deviations.

volume is negative for aqueous alcohol systems and be-
comes more negative with decreasing temperature or
increasing chain length and chain branching (2). On the
other hand, complicating features are observed for the
compression; that is, for MeOH and EtOH the By values
are slightly negative and more negative with decreasing
temperature in a manner similar to By. With the further
increase in chain length, however, the Bx becomes positive
and increases enormously for n-PenOH or n-HexOH. The
temperature dependence of By for these homologues is also
peculiar. However, the chain branching brings about
smaller Bx values analogously to By. These complicating
By features are not easy to interpret. Further systematic
studies must be done on other solute—solvent systems to
prove the concentration dependence of the apparent molar
compression.
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