February, 1975]

BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN, VoL. 48(2), 661—665 (1975) 661

Ultrasonic Absorption Mechanism in an Aqueous Solution of n-Propyl Alcohol

Sadakatsu Nisaikawa, Mitsuo MasHiMA, and Tatsuya YAsunaca*
Department of Chemistry, Faculty of Science and Engineering, Saga University, Honjo-machi, Saga 840
* Department of Chemistry, Faculty of Science, Hiroshima University, Higashisenda-machi, Hiroshima 730
(Received July 17, 1974)

Ultrasonic absorption in aqueous solutions of n-propyl alcohol was measured in the frequency range of 4.5—
220 MHz and in the concentration range of 2.0—13.4 M at 25 °C. Two different relaxation processes were
observed; they were attributed to the perturbation of the equilibria expressed by AB<-A«1/3A; where A and

B are a single water molecule and an alcohol molecule respectively. The forward and backward rate constants

for the two processes were determined from the concentration dependences of the relaxation frequencies.

Fur-

thermore, the influence of n-propyl alcohol on the water structure was discussed; the addition of n-propyl alcohol
to liquid water was concluded to promote the water structure.

Because of the predominance of water as the medium
in living systems, the hydrogen-bonding properties of
water have been of particular interest to chemists and
biologists. The effects of electrolyted on the struc-
ture of water have attractes considerable attention in
recent years, but relatively little work has been pub-
lished dealing with the solution properties and hydro-
dynamic behavior of neutral solutes. During the
course of an investigation of the properties of aqueous
solutions of several amines!~% by means of ultrasonic
absorption, it became desirable to understand the
properties of alcohols in aqueous solutions. The
physico-chemical properties of aqueous solutions of
alcohols have been studied by many authors®—?, and
the ultrasonic techniques!®-1%) have also been applied
to the investigation of these solutions. However,
though Blandamer and his co-workers'¥) have reported
on the ultrasonic absorption spectra in an aqueous
solution of n-propyl alcohol, no quantitative analysis
of the excess absorption mechanisms has been done.

The present investigation has aimed at the establish-
ment of the excess absorption mechanisms of ultrasonic
waves in an aqueous solution of n-propyl alcohol on
the basis of the water structure. This type of infor-
mation is particularly desirable for an understanding
of more complex biochemical reactions.

Experimental

The chemicals used were of a guaranteed reagent grade;
the purity of the n-propyl alcohol, which had been distilled
once, was verified to be more than 99.9%, by gas chromato-
graphy. Water which had been deionized and then dis-
tilled was used as the solvent. The sample solutions were
made at the required concentrations by weight. The con-
centration range of all the measurements was 2.00—13.4 M,
which corresponded to 0.0402—1.00 mole fractions of n-
propyl alcohol. The measurements of the ultrasonic ab-
sorption were carried out at the odd harmonic frequencies
of 0.5, 5, and 20 MHz X-cut transducers by means of the
pulse technique.!® The frequency range of the absorption
measurement was 4.5—220 MHz. The sing-around te-
chnique operated at a fixed frequency of 1.92 MHz was
used to measure the sound velocity. The densities were
measured by means of a standard pycnometer, the volume
of which was 3.717 cm®. All the measurements were made
at 25 °C. A thermostat was built capable to perform within
+:0.03 °C,

Results

The quantity «/f2?, where o is the sound absorption
coefficient, and f, the frequency, was found to be
frequency dependent for an aqueous solution of n-
propyl alcohol. The plots of a/f2 vs. the concentra-
tion of n-propy! alcohol are shown in Fig. 1 at various
frequencies. The fact that o/f? depends on the fre-
quency leads us to the idea that relaxational phenomena
exist in the frequency range measured. In general,
the sound absorption caused by the several relaxation
processes can be described by the following equation:

olf* = 2411 +(flfre)?] + B M

where f,, is the relaxation frequency for the i-th process
and where 4, and B are constants. Figure 2 shows
some representative ultrasonic absorption spectra of
aqueous solutions of n-propyl alcohol. The spectra
in the concentrations lower than 2.75 M show the
behavior characteristic of a single relaxation process,
which is expressed by i=1 in Eq. (1). On the other
hand, the experimental results in the concentrations
higher than 2.95 M can be expressed by two relaxation
processes. The double relaxation spectra were analyzed
by a nonlinear least-squares routine, employing a
Toshiba 3400 computer. In Table 1, the ultrasonic
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Fig. 1. The plots of «/f? ws. concentration for the

aqueous solution of n-propyl alcohol at 25 °C.
®: f=6.5MHz, @: f=15MHz, ©: f=45MHz,
Q: f=100 MHz.
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TaBLE 1. RELAXATION PARAMETERS, SOUND VELOCITY IN THE AQUEOUS SOLUTION OF 7-PROPYL ALCOHOL
G, 7 14 ¢ Jn Jr 4, 4, B
(M) t (g me™) (m s7) (MHz) (10717 s2 cm™?)
2.00 0.0402 0.9797 1583.7 — —_ — — 34.5
2.25 0.0461 0.9771 1588.1 85 — 17.3 — 55.3
2.50 0.0518 0.9752 1590.6 80 — 61.0 — 41.4
2.75 0.0579 0.9723 1589.2 78 — 145 — 54.1
2.95 0.0630 0.9699 1585.0 82 18 196 80 69.0
3.03 0.0649 0.9690 1581.8 86.5 21 220 113 37.8
3.50 0.0772 0.9647 1566.6 80 12 425 273 44.7
4.00 0.0914 0.9570 1546.8 71 11 432 387 140
4.50 0.107 0.9500 1527.3 90 14 378 463 131
5.00 0.123 0.9429 1508.3 85.5 13 355 457 143
6.02 0.161 0.9280 1471.0 81 12 287 379 151
7.00 0.204 0.9130 1436.5 84 16 193 246 144
9.00 0.322 0.8816 1371.9 110 26 71.0 83.8 116
13.4 1.00 0.8005 1207.5 — — — — 69.1
a) ng is the mole fraction of n-propyl alcohol.
. , ; . the treatment used here is similar to that of Eigen and
de Maeyer'® or that of Hammes and Knoche!? If
1000 - one denotes the molar concentrations of the components,
AB,, B, A, and A, by G, C,, C;, and C, respectively,
~ 500k . the returning rate of the system to equilibrium is
1
g governed by the rate law:
s, d¢,
-; dtl = —k;G + kGG 3
S
= dc,
8: 100 dt4 = koG — k3G, 4)
° These equations can be linearized in the neighbor-
50 hood of the equilibrium by the usual procedure:
d4c,
1 1 1 1 = a,AC 4G, 3
5 10 50 100 500 a — el andC @)
, MHz d4c, ,
S & L = anACy + a5,4C; )

Fig. 2. Ultrasonic absorption spectra in the aqueous
solution of n-propyl alcohol at 25°C. The arrows
show the relaxation frequencies. O: 2.50M, ©:
2.75M, @: 2.95M, ®: 4.50M, @: 7.00 M.

absorption parameters and the sound velocities are
listed, together with the densities. As may be seen in
this table, both the excess absorption, 4,, and the
sound velocity, ¢, exhibit a maximum.

Interpretation of Results

Both water and alcohol molecules have a tendency
to form hydrogen bonding, and the latter also has
a hydrophobic group. Therefore, the following re-
action mechanisms for the relaxation processes will
be considered:

k12 k23 1
AB, 2 s A2, LA @)
kzx\lmB k32 n

where A is the molecule of alcohol; B, that of water,
and £, the rate constant. In this equation, the first
equilibrium indicates the interaction between alcohol
and water molecules, and the second, the self-associa-
tion reaction of alcohol. The general approach of

with ay=—[kip+ky (MC103+C™)], aye=—ky-
nCy™, @y =—kynCs"t and agy=— (kynCs"1+kyy),
where a bar over a symbol indicates the equilibrium
value. In the derivation of Egs. (3’) and (4'), the
relations of AC;=-—nAC,—AC;, and AC;=—1/mAC,
were used. The (3') and (4') rate equations can be
written as:

dx
5 = AX )

where A is the column matrix made up of the a,’.
Using the normal coordinate transformation, Eq. (5)
can be transformed to:

dy
BrTE BY ' (6)
where Y is the column matrix of eigenvectors, and B,

a diagonal matrix of the negative reciprocal relaxation

times. The transformation matrix is as follows?:
1 _[(1/71'*'011)/“11]]
we| :
ayfay,  —[(1/7e4ay)/an] @)

where the relations of ¥Y=MX and B=MAM-! are
satisfied. If the first step in Eq. (2) is assumed to
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equilibriate rapidly compared to the second, one gets:
1ty = 2nfpy = —ay = ku(m*CP G +CT) + ki ®)

a,,a
17y = 2nfrs = = Qg2

11

"zkzlkzaazﬂaa" -t

— 2/ in-1 __ 3™ =l _
= Foa b huaCi kyo ko (MGG 4+ G

)

9= A€, + 22 4c, (10)
a1

D= —4GC, (11)

For the two relaxation processes, the chemical absorp-
tion per wavelength is:

Hen = 4im7tfey/[1+ (f1fr)%] + 4ttmmfo/[1 + (f1Sr)?]
(12)

The expression for the maximum excess absorption
per wave length, u,,,, for the i-th process is derived as
follows:

00

1 o
fims = g Aufise = (.onczr,/RT)(A V-

AH,)2 (13)

where p is the density; R, the gas constant; T, the
absolute temperature; «,=, the high-frequency limit
of the thermal expansion coefficient; C,=, the high-
frequency limit of the constant pressure specific heat,
and 4V, and 4H,, the parameters related to the volume
and enthalpy changes associated with the reactions.
The I', terms is the function of the reactant concentra-
tions and is derived by means of:
RT ( 0y, .

[" - —T(aTI(_>TPyj t#J (14)
where 4, is the affinity. In the conditions of a con-
stant temperature and a constant pressure, the maxi-
mum excess absorption per wavelength is proportional
to pc?l’; and the other terms are nearly constant. For
the reactions expressed by Eq. (2), one can calculate
the I, terms using Eq (14):

2 m2 -1
r=ygre e g) (12
1 a 171
o e )]
: VG (511 Cr a1 G,

(16)
where Cr=C,+C,+C+C,.
If one denotes the analytical concentration of alcohol

by C, and that of water by C,, the next equations are
set up:

C,=C, + G, +nC, 17)

Cy = C: + mC, + G, (18)

where C; is the concentration of the cluster, that is,
the concentration of the hydrogen-bonded water
molecules. It is well known that the physico-chemical
properties of liquid water can be interpreted by a
two-state model.18:19) Therefore, we assume that, in
an aqueous solution of alcohol, there exists an equili-
brium between hydrogen-bonded and non-hydrogen-
bonded water in addition to those equilibria expressed
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by Eq. (2) and that only non-hydrogen-bonded water
molecules participate in the interaction with alcohol
molecules. Then, if one denotes the concentration
of non-hydrogen-bonded water by C:, the next equa-
tions are held:

C./Cs = exp(—AFy[RT), Cy = G5 + C5 19)

where AF is the free energy difference between hydro-
gen-bonded and non-hydrogen-bonded water molecules.

At this stage, we shall first consider the reaction
mechanism associated with the excess absorption
observed in the higher frequency range and the case
of m=1, namely, the case in which a single alcohol
molecule interacts with a single water one. We also
assume that the concentration of the aggregate of alcohol,

C,, is very small as compared with those of the other
components. Then, one obtains the next equation
from Egs. (8), (17), (18) and (19):

11y = 2nfy, = kg V' (Ca—BCw +Ky5)* +4BCr Ky (20)
where g is the mole fraction of non-hydrogen-bonded
water and where K, is defined as K;p=k;,/kq, = C,,Cy/C;.
As may be seen in Table 1, the value of the relaxation
frequency, fr,, goes through minimum near C,=4.5 M.

Therefore, the next condition must be satisfied at C,=
4.5 M.

(/) |, 9(l/zy) dBCy
ac, 9pC, dC,

=0 (1)

Thus, the parameters, 8 and K;,, are not independent
of each other. A trial-and-error procedure was used
to obtain the values of these parameters which provided
the best fit to the experimental data using Eq. (20).
The best values are K;,=2.6 M, =0.15, and k=
6.2 107" M-1s-1. Then, one gets also k;,=1.6 x 108 s~1
from the definition of K;,. The relaxation frequencies
calculated by Eq. (20) using the obtained parameters
are shown in Fig. 3, along with the experimental
values. One can evaluate the concentration depend-
ence of the maximum chemical absorption per wave-
length using Eq. (15). TFigure 4 shows the calculated
values of pc?I’,V along with the experimental values of
U As may be seen in this figure, both maxima
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Fig. 3. Concentration dependence of the relaxation
frequencies, fy, .
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Fig. 4. The variation of u,, and p¢l\V with the
concentration of n-propyl alcohol. The solid line
represents the calculated values of p¢2I",V. The
circles are the experimental points of up, .
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Fig. 5. The plots of f,, vs. C.2(1—1:k5,C,) for the
aqueous solution of n-propyl alcohol at 25 °C.

appear at almost the same position. This confirms
that the excess absorption mechanism in the higher
frequency range is due to the perturbation of the
first equilibrium expressed in Eq. (2).

Second, let us consider the mechanism of the excess

absorption in the lower frequency range. Equation
(9) can be transformed as follows.
1ty = 2nfr, = 0%kp,Cyt 7 (1 — 11k G) + ko (22)

Figure 5 shows the plots of fr, vs. C2(l—7.kyC,).
The parameter, n, which is the aggregation number of
n-propyl alcohol, was determined so as to give a straight
line of the plots of f;, vs Cy*1 (1—1,k,,C,) and resulted
in n=3. The rate constants were determined to be
kos=2.2x10°M-251 and £3;=6.9%x107s1 from the
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slope and intercept of the straight line respectively.
We also calculated the concentration dependence of
the maximum chemical absorption per wavelength
associated with this aggregation reaction, but the
value of pc2l,V increases monotonically with the
alcohol concentration.

Discussion

The most interesting and important feature in the
ultrasonic absorption study of an aqueous solution of
n-propyl alcohol is that the excess absorption is ob-
served only in the solutions, not in pure water and
pure alcohol, in the frequency range investigated.
This means that the causes of the excess absorption
mechanisms are closely associated with the peculiar
properties of water and z-propyl alcohol molecules.
The model which is proposed here is a general one
which covers all of the equilibria considered in an
aqueous solution of neutral solutes, because any mole-
cule which consists of hydrophilic and hydrophobic
groups has a tendency to interact with water mole-
cules and to aggregate. The equilibrium between
hydrogen-bonded (cluster) and non-hydrogen-bonded
water molecules is also taken into accout for the elucid-
ation of the observed excess absorption mechanisms,
although the relaxation time for the perturbation of
this equilibrium is too short to be observed!®) (It is of
the order of 10-125). At this stage, it is very useful
to consider the water structure in an aqueous solution
of n-propyl alcohol. The parameter, 8, is related to
the free energy difference between the two states for
hydrogen-bonded and non-hydrogen-bonded  water
molecules, AF_, by the relation; /(1-8)=exp(-4F,/
RT) and one gets AF_,=1.0kcal. In pure liquid
water, however, the free energy difference is of an
order of less than 1 kcal.1® The increase in the free
energy difference is due to the decrease in the non-
hydrogen-bonded water molecule in an aqueous solu-
tion of n-propyl alcohol. This means that the n-propyl
alcohol molecule acts as water structure promoter.
This conclusion is consistent with the results of other
investigations.®20) In order to examine the influence
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Fig. 6. Ultrasonic absorption spectra of the aqueous
solution of 2.60 M n-propyl alcohol. The influence
of NaCl to the absorption spectra. O: no added,
©: 0.507M NaCl added, @: 1.00 M NaCl added.
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of the water structure on the water and n-propyl alcohol
interaction, we also measured the ultrasonic absorption
in an aqueous solution of n-propyl alcohol to which
NaCl was added. The measurements were performed
in a solution of 2.60 M of n-propyl alcohol, where only
a single relaxation process is observed in the higher
frequency range. Figure 6 shows the absorption
spectra in these solutions; the relaxation frequency
decreases with increase of concentration of NaCl.
Addition of NaCl to liquid water acts as water struc-
ture promoter.?2)) According to Eq. (20), the decrease
in the non-hydrogen-bonded water molecule must
result in the decrease in the relaxation frequencies.
As may be seen in Fig. 6, the experimental results are
consistent with the above interpretation; this criterion
is also taken as sufficient evidence for the correct
assignment of the excess absorption mechanism in the
higher frequency range observed.

More extensive ultrasonic absorption measurements
in aqueous solutions of other alcohols may be desirable
to confirm the ultrasonic absorption mechanisms of
these solutions. The studies of these solutions are
now in progress; the results will be reported in due
course.

The authors wish to express their thanks to Dr.
Keishiro Shirahama in Saga University for his helpful
discussions.
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