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The effect of isomeric butyl alcohols on the temperature of sound velocity maximum in water (TSVM) was

studied using a variable path interferometer working at 3 MHz.

The structural contribution to the shift in TSVM,

[AT,)exp Was evaluated for the butyl alcohols and the results are compared with those obtained from studies on
the eflect of these solutes on the temperature of adiabatic compressibility minimum and density maximum of water.
The results indicate that the butyl alcohols enhance the hydrogen-bonded structure of water at low concentrations
and at any given concentration, the order of increasing structural contribution to the shift in TSVM being ¢-butyl

>>s-butyl>isobutyl >butyl alcohols.

The structural propensities of the butyl alcohols as revealed by TSVM

studies are in line with the information obtained from the temperature of adiabatic compressibility minimum and

density maximum studies.
ing the solution structure in aqueous mixtures.

Many studies have been reported on the solution
structure of aqueous alcohols. They mainly deal with
the observation of non-ideal thermodynamic behaviour
of aqueous mixtures such as viscosity composition,)
ultrasonic velocity,2® and absorption®® maxima
as a function of concentration and negative partial
molal volumes.®” At any given temperature water
can be considered to consist of essentially two
species, one hydrogen bonded and the other non-
hydrogen bonded, this being the most common of the
many theories.®) Water exhibits a density maximum at
3.98 °C, adiabatic compressibility minimum at 64 °C and
sound velocity maximum at 74 °C. Any parameter
which can affect the structural equilibrium of water
will also influence the temperature at which the extrema
are observed. Hence a study of the effect of non-
electrolytes on these physical properties of water helps
one to understand the structural propensities of these
solutes in water. Wada and Umeda® studied the
effect of isomeric butyl alcohols on the temperature of
density maximum of water. In an earlier communica-
tion!® we reported the effect of these solutes on the
temperature corresponding to the adiabatic com-
pressibility minimum of water. Both studies indicate
that isomeric butyl alcohols hehave as structure pro-
moters when added in small amounts to water.

According to Eyring and Kincaid'V a sound wave in
a liquid is supposed to travel with infinite velocity
within a molecule and with gas kinetic velocity in the
intermolecular space. On this assumption, the con-
version of hydrogen-bonded into close-packed ones (due
to rise in temperature) results in a positive temperature
coefficient of sound velocity and the simultaneous
volume expansion of both species gives rise to a negative
temperature coefficient of velocity. The competition
between these two opposing tendencies leads to the
sound velocity maximum observed at 74 °C, where
thermal expansion balances the effect due to the equi-
librium shift. Above 74 °C the structural expansion
plays a dominant role and the velocity decreases with
increasing temperature.

Any parameter which can affect the structural
equilibrium in water would also influence the tem-
perature of sound velocity maximum (TSVM). Hence
ultrasonic velocity measurements in aqueous solutions

The results of the present study indicate that TSVM studies are useful in understand-

in the vicinity of TSVM are likely to throw some light
on the structural effects of different molecules. Howev-
er, ultrasonic velocity is not generally considered to be a
primary thermodynamic quantity. It can be con-
sidered to be dependent on density and adiabatic
compressibility. Density and adiabatic compressibility
of aqueous solutions show a complex temperature
dependence, each becoming maxima and minima,
respectively, at certain temperatures which are not
the same. Under these conditions, we are not certain
whether the condition (du/d¢);-rsyw=0 can be considered
to be a criterion for structure breaking or structure
promotion where u denotes ultrasonic velocity and ¢
temperature. The present paper deals with the studies
on the effect of isomeric butyl alcohols on the TSVM of
water with a view to comparing the results with those
obtained from density maximum? and adiabatic
compressibility minimum!? studies and thereby evaluate
the usefulness of velocity measurements.

Experimental

A.R grade isomeric butyl alcohols were used after
purification. Ultrasonic velocity in the pure components
and aqueous mixtures was determined using a single crystal
variable path interferometer working at 3 MHz with an
accuracy of 40.003 percent. The details of the experimental
technique and the method of measurement of velocity and
temperature of liquid were reported.'®

Solutions of desired concentration were prepared by weigh-
ing the samples using triple distilled, degassed water. Ultra-
sonic velocity in the solutions were determined at ~2 °C inter-
vals over a range of 5°C on either side of TSVM. The
velocities were corrected for diffraction effects, following
the procedure developed by Subrahmanyam et al1? At low
concentrations of the organic solute, the temperature de-
pendence of sound velocity in the aqueous solutions is parabo-
lic and resembles that of pure water. Hence a transparent
template of the curve for pure water was employed to fix
TSVM. The accuracy in fixing TSVM is 4 0.2 °C.

Results

Diffraction corrected ultrasonic velocities in dilute
aqueous solutions of isomeric butyl alcohols as a function
of temperature at different concentrations are given
in Table 1. Some typical results are shown in Fig. 1.
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TaBLE 1. ULTRASONIC VELOCITY IN AQUEOUS SOLUTIONS OF ISOMERIC BUTYL ALCOHOLS AT DIFFERENT TEMPERATURES
Tgx::};:r- Velocity Tzltl;lﬁzr' Velocity TS:S zr- Velocity Tfa:‘rtrllgzr- Velocity
£(°C) u(m/s) t(°C) u(m/s) £(°C) u(m/s) £(°C) u(m/s)

Water + ¢-butyl alcohol 73.40 9.87 70.00 12.86
X,=0 X,=0.0013 X,=0.0107
1550+ 1550+ 1550+
68.05 4.60 68.50 6.37 55.10 16.13
69.60 4.84 69.20 6.52 55.80 16.95
71.10 5.06 70.20 6.80 57.05 16.46
72.20 5.19 71.95 7.0? 5950 16.82
73.55 5.27 72.65 6.95 61.75 16.78
75.05 5.26 74.60 6.92 64.20 16.60
76.15 5.21 76.35 6.79 66.00 16.24
77.55 5.10 78.35 6.56
;g gg igg Water - isobutyl alcohol
) ) X,=0.0017 X,=0.0037
X,=0.0025 X,=0.0037 1550+ 15504
15504 15504 68.05 5.72 65.95 7.14
68.50 7.90 68.25 9.27 70.60 5.98 68.30 7.53
70.55 8.19 69.55 9.49 72.85 6.03 70.35 7.49
72.75 8.43 71.35 9.69 75.15 5.86 72.00 7.49
75.30 8.34 73.15 9.67 77.20 5.50 74.50 7.14
77.15 8.23 74.85 9.58 79.10 5.02 76.00 6.84
79.40 7.67 77.50 9.33 X,—0.0056 X,—=0.0082
X,=0.0046 X,=0.0062 1550 1550+
1550+ 1550+ 62.60 9.28 57.30 11.16
68.25 10.62 64.60 12.90 64.55 9.64 59.85 11.50
70.15 10.82 66.70 13.15 67.15 9.65 62.35 11.73
72.00 11.02 68.55 13.40 69.35 9.58 65.20 11.61
72.90 11.03 70.00 13.41 71.35 9.30 61.75 11.24
74.10 10.94 72.05 13.23 74.00 8.80 69.65 10.94
76.05 10.87 74.20 12.97
78.50 10.50 76.65 12.19 Water + butyl alcohol
X,=0.0075 X,=0.0014 X,=0.0028
1550 1550+ 1550+
62.20 15.17 68.35 3.87 64.50 4.45
64.00 15.45 70.15 4.12 66.40 4.65
65.80 15.51 72.50 4.20 68.55 4.87
67.30 15.39 74.35 4.27 70.40 5.02
69.95 15.929 75.85 4.02 72.15 4.96
71.35 14.96 77.70 3.72 74.15 4.72
75.95 4.36
Water + s-butyl alcohol X,=0.0038 X,=0.0064
X,=0.0014 X,=0.0024 1550+ 1550+
1550+ 15504 63.15 5.75 59.05 7.75
68.10 5.64 66.60 7.01 65.00 6.10 61.55 8.26
70.30 6.00 68.80 7.44 67.25 6.35 63.70 8.47
72.65 6.05 70.95 7.49 69.20 6.38 65.75 8.51
74.60 5.89 73.35 7.44 71.05 6.27 67.90 8.41
75.95 5.71 76.10 7.12 73.15 6.00 70.55 8.00
78.30 5.30 78.10 6.71 X,—0.0080 X,=0.0098
X,=0.0048 X,=0.0077 1550+ 1550+
15504 1550+ 56.45 9.80 54.60 11.63
61.30 9.02 59.20 12.90 58.10 10.10 57.20 11.90
63.60 9.53 61.45 13.32 60.25 10.28 59.55 11.95
66.55 9.89 64.00 13.38 62.65 10.19 61.55 11.80
68.75 9.96 66.40 13.41 64.92 9.94 63.55 11.44
71.30 9.72 68.60 13.06 67.35 9.58 65.10 11.20
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Fig. 1. Ultrasonic velocity in dilute aqueous solutions
of isomeric butyl alcohols at different temperatures.
A:Pure water. B:water-}¢-butyl alcohol, X,=0.0046,
C: water+s-butyl alcohol, X,=0.0024, D, E: water+
isobutyl alcohol, X,=0.0037, 0.0082, F: water+butyl
alcohol, X,=0.0064.

Discussion

In order to understand the structural propensities of
solutes in aqueous mixtures from TSVM studies, it is
necessary to obtain an expression for the TSVM of the
solution in terms of known quantities. For this purpose
it is neccessary to express the sound velocity in the mix-
ture in terms of the velocities in the pure components.
Since there is no agreed view regarding the method of
evaluation of sound velocity in an ideal mixture, we
have taken up the additivity of adiabatic compressibility
on volume fractions. The adiabatic compressibility of
an aqueous solution can be represented by

B = ¢1b1 + $of + BT, (1)
where f;, f;, and ¢, ¢, refer to the adiabatic com-
pressibilities and volume fractions of water and the

organic solute, respectively, and p° represents the
excess adiabatic compressibility. Since

ﬂ=u2p’ (2)

where u is the ultrasonic velocity and p density, we can
rewrite Eq. 1 as

L= ¢1 + ¢‘2 _|_13E (3)

2 2
ucp U 01 Uuy*0,
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It is not necessary to use P=0101+0,0,+0% in the
above equation since the effect of p¥, the excess density,
on the velocity of the solution is negligibly small.
Hence we can rewrite Eq. 3 as

1 3:° 2% 5

SR 4

u? w1u12+wu2+pﬁ *)
where w, and w, refer to the weight fractions of water
and the organic solute, respectively, in the solution.

According to Willard!® the velocity in pure water

conforms to the relation

= 1557 — 0.0245(74—¢)2, (5)
where ¢ is the temperature in °C. Over a small range
of temperature the sound velocity in the organic solute
is given by
° — o, (6)

Uy = Uy

where «, is the temperature coefficient of sound velocity
in the solute and u,° is the velocity at 0 °C.

By substitution of Egs. 5 and 6 in Eq. 4, differentiation
with respect to temperature, and use of the conditions
(du/dt);-rsvw=0, we obtain the following expression
for TSVM in the solution:

T=74—(%>( 1)(0?49><u1>
- (&) (o) L+ ] @

The shift produced in the TSVM of water due to the
presence of the organic solute, AT.4, is given by

Ao = = (52) () (555 (2)
- () (o) 2+ 22).

AT psq can be thought of as bemg due to two
effects; structural effects caused by interaction of the
two molecules and dilution. The effect of dilution is
always to lower the TSVM. The first term on the
right hand side of Eq. 8 represents the shift which can
be called the ideal shift AT;4. If there is no interaction
between the two types of molecules, we have AT, 4=
AT,y. The second term refers to the structural
contribution to the shift in TSVM, AT, which can
be evaluated either from the values of df®/d¢ and dp/dt
of the solution or by means of the relation

[A tr]exp exp - Tld’ (9)

== (4 () fo3m) (2)'

T;q can be evaluated using «,, #;, and u, and follow-
ing the method of successive approximations. The
values of u,° and «, for the isomeric butyl alcohols
evaluated from a study of temperature dependence of
ultrasonic velocity are given in Table 2. Since the
temperature dependence of ¢, and ¢, is very small,
¢, and @, used for determining 74 were evaluated at
the TSVM of the solution found experimentally.

The values of Ty, Tig, and [ATg ]y, at different
concentrations for the isomeric butyl alcohols are given
in Table 3. The variation of T, with mole fraction

where

(10)
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TaBLeE 2. Urtrasonic verocity AT 0°C, u,°, AND
TEMPERATURE COEFFICIENT OF SOUND VELOCITY,
®y, FOR ISOMERIC BUTYL ALCOHOLS

N. Manohara MurTHY and S. V. SUBRAHMANYAM

Solute u,°(m/s) a(m/s °C)
#-Butyl alcohol 1227.20 —4.21
s-Butyl alcohol 1306.45 —3.75
Isobutyl alcohol 1271.95 —3.35
Butyl alcohol 1323.58 —3.36

Tasie 3. T,y Tig, AND [AT,,]oxp AT DIFFERENT MOLE
FRACTIONS X, FOR ISOMERIC BUTYL ALCOHOLS

Mole
fraction {c’i ({(‘g) (A T(Eg])exp
2
¢-Butyl alcohol
0.0013 73.6 70.2 +3.4+4+0.2
0.0025 73.4 67.0 +6.440.2
0.0037 73.0 64.1 +8.94-0.2
0.0046 72.9 61.9 +11.0+0.2
0.0062 69.0 58.5 +10.54-0.2
0.0075 66.0 56.2 +9.840.2
s-Butyl alcohol
0.0014 72.3 71.6 +0.740.2
0.0024 71.5 69.8 +1.740.2
0.0048 68.0 66.1 +1.940.2
0.0077 64.2 62.0 +2.240.2
0.0107 60.5 58.5 +2.040.2
isobutyl alcohol
0.0017 71.9 71.2 +0.740.2
0.0037 69.8 68.2 +1.6+0.2
0.0056 67.1 65.6 +1.540.2
0.0082 62.7 62.2 +0.540.2
Butyl alcohol
0.0014 72.4 72.1 +0.340.2
0.0028 70.2 70.3 +0.14-0.2
0.0038 68.5 69.1 —0.640.2
0.0064 64.9 65.9 —1.040.2
0.0080 61.0 64.0 —3.040.2
0.0098 58.5 62.1 —3.64-0.2
74
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Fig. 2. Variation of T, with mole fraction X, of iso-
meric butyl alcohols.
(Q: t-Butyl alcohol, A isobutyl alcohol, @: s-butyl-
alcohol, []: butyl alcohols.

X, for the butyl alcohols is shown graphically in Fig. 2.
Plots of [AT ]exp versus X, for the butyl alcohols
are shown in Figs. 3A—3D. Also included in these

[Vol. 50, No. 10

+12

ref

Structural shift, °C

30

X, % 108

Fig. 3. Structural shifts versus molefraction X, of iso-
meric butanols.

}: [A Tstr]exp’ §: [ATﬁstr]exw O: [AT,str]exp'
A: Water+ t-butyl alcohol, B: water+s-butyl alcohol,
C: water+isobutyl alcohol, D: water+ butyl alcohol.

figures are the variation of [AT"y ]ey, (structural
contribution to the shift in the temperature of maximum
density of water) and [A T} g, ]exp (structural contribu-
tion to the shift in the temperature of adiabatic com-
pressibility minimum of water) taken from literature®10
to facilitate a comparison of the different studies.

[ATg Jexp is positive at low concentrations for ¢
butyl, s-butyl, and isobutyl alcohols indicating stabiliza-
tion of the hydrogen-bonded structure of water.
[ATg sirlexp and [AT g, leyp are also positive for
these solutes. [ATg ]exp and [ATg g lexp are positive
for butyl alcohol though small in magnitude, in the
very low concentration range, becoming negative at
high concentrations. It is quite possible that the
structure stabilizing propensity of this molecule becomes
weak at high temperatures. At any given concentra-
tion, the structure enhancing efficiency of the butyl
alcohols found from TSVM studies is in the order,
t-butyl>s-butyl >isobutyl >butyl alcohol. The same
order is found in studies on the effect of these butyl
alcohols on the temperature density maximum?® and
adiabatic compressibility minimum?% of water.

For the butyl alcohols, the optimum concentration at
which the quantities [ATg lexps [ATp strlexps and
[AT’g]exp become maxima are not the same (Figs.
3A—3D and Table 4). Teyxp, Tpexp, and T'gy,
(temperature of maximum density of the solution) for
the aqueous isometric butyl alcohols at the optimum
concentrations evaluated from the graphs (Fig. 2 and
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TABLE 4 (X,),p, FOR DIFFERENT SOLUTES

[A Tstr] exp [A T,‘J su] exp [A Tsn,] exp

Solute "—“"T '——*—T ,—A——\T,

(X2)opt (oeép) (X2)opt. (%&()p (Xz)opt (OC)
t-Butyl 0.0047 72.4 0.0175 43.5 0.0200 0.87
alcohol
s-Butyl
alcohol 0.0040 69.0 0.0106 52.0 0.0140 2.36
Isobutyl
alcohol 0.0038 69.8 0.0092 53.2 0.0124 1.65
Butyl
alcohol 0.0027 71.2 0.0090 50.6 0.0090 2.48

literature?®19) are also given in Table 4.

The results indicate that the structural effects as
revealed from density and adiabatic compressibility
measurements have similar concentration dependence.
In all cases [ATg ]exp becomes maximum at much
lower X, than either that of [ATp ]exp OF [ATtr)exp-
Even though the concentration at which [ATp g Jexp
becomes maximum is less than that at which [A T ]exp
becomes maximum, for a given solute, they are close to
each other. This indicates that there is a close similarity
between the temperature of density maximum and
adiabatic compressibility minimum in revealing the
structural propensities of solutes in water. However,
there is a large difference with respect to the concentra-
tion dependence of structural effects as revealed from
TSVM studies. This is because [AT lexp becomes
maximum at a lower X, as compared to [ATp g ]exp
or [AT i Jexp for a given solute. It is difficult to
interpret this behaviour from the fact that each study
was confined to different temperature (TSVM studies
around 74 °C, adiabatic compressibility minimum
studies around 64 °C, and density maximum studies
around 4 °C). The (Xj),,¢ of each study is not com-
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mensurate to the temperature differences as is clear
from Table 4. The occurrance of the maximum in
[A T ]exp versus X, at very low X, values as compared
to the other two studies may very likely be due to the
dependent nature of ultrasonic velocity on density and
adiabatic compressibility. However, the TSVM stud-
ies, in general, indicate correctly whether a solute
behaves as a structure promoter or disrupter.

It is clear that even though ultrasonic velocity is not
a primary thermodynamic quantity, TSVM studies
could be used to classify the solutes as structure makers
or breakers.
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