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Light scattering spectra have been observed for binary solutions of acetic acid and carbon tetrachloride at

several concentrations and temperatures.

The Rayleigh intensities were reduced to concentration fluctuations.

The observed concentration and temperature dependencies of concentration fluctuation were interpreted by as-

suming association equilibria involving both cyclic dimers and linear polymers.

The simultaneous measurement

of concentration and temperature dependencies of concentration fluctuation are necessary to determine local
structures in solutions where different types of local structure coexist.

The local fluctuation of concentration can aid under-
standing the mixing of liquids from the molecular
viewpoint. Based on this, studies on the temperature
and concentration dependencies of concentration fluc-
tuation through observations of light scattering spectra
have been initiated.)

The relationship between concentration fluctuation
and Rayleigh intensities have been theoretically estab-
lished? and a method proposed for determining the
local structures®) existing in associated solutions from
observed concentration fluctuation.%% The validity
of the method has been checked for the diethyl
ether—chloroform system in which local structures of
the (A-B)type (A and B represent diethyl ether and
chloroform molecules, respectively) are expected. The
method has been extended to the systems in which
several types of local structures are formed. The use
of infrared and light scattering spectra is complementary
and useful to determine local structures for the system
in which local structures of the A; and A;B types
are expected (A, represents an aggregate which is
made up of [ molecules of A, and A,B represents
an aggregate which is made up of / molecules of A
and one molecule of B). The simultaneous use of
microscopic and macroscopic information is necessary
to understand the state of mixing in solutions. In
certain cases, however, microscopic information such
as infrared spectra cannot be obtained for solutions,
particularly at high concentration.

In the present report, it will be shown that the
simultaneous measurement of concentration and tem-
perature dependnecies of concentration fluctuation can
determine local structures in solutions where different
types of local structures coexist. The acetic acid—
carbon tetrachloride system was chosen because acetic
acid molecules have been known to form both cyclic
dimers and linear polymers in nonpolar solvents.?

Experimental

Light scattering spectra were observed at 22.5, 37, and
51 °C using a spectrometer designed and constructed in
this laboratory. The spectrometer is composed of a He-Ne
gas laser source (NEC, GLG 108) and a pressure scanning
Fabry-Perot interferometer. The temperature of the sam-
ples was controlled by a high temperature cell developed
in this laboratory. A temperature constancy of =+0.1°C
was obtained with the apparatus. The refractive indicies
of the samples were measured by an Abbe refractometer

(Atago).

The samples used in the present study were commercial
products and used without further purification. The binary
solution of acetic acid and carbon tetrachloride was made
dust-free by the use of a milipore filter FG of 0.2 um pore size.

Results and Discussion

Light Scattering Spectra and Concentration Fluctuation.
Figure 1 illustrates the observed light scattering spectra
for the acetic acid—carbon tetrachloride system at 22.5
°C. After separating the Rayleigh part from the ob-
served spectra, the Rayleigh intensity was expressed
relative to the Rayleigh intensity of pure carbon tetra-
chloride. The concentration fluctuation, N{(AX,)?),
was calculated from the relation,?
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where N is the total number of molecules included
in the field within which the concentration fluctuation
is considered, N, the Avogadro number, M the mean
molecular weight, n the refractive index, o the density,
A the wavelength of the incident light, X, the mole
fraction of acetic acid, and (R,) the Rayleigh ratio
for a Rayleigh line. (Ry)s is the Rayleigh ratio for
entropy fluctuation and is expressed by the relationship:

N(AXN)?) = {(Roo) 2 — (Ryo) s}

Base
Line ccy, 05 CH3COOH
Fig. 1. Observed light scattering spectra for acetic

acid-carbon tetrachloride system at 22.5°C. Con-
centration is expressed in terms of mole fraction of
acetic-acid,
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where £ is the Boltzmann’s constant, 7 the absolute
temperature and Cp, the isobaric heat capacity per
gram. The values of (Ry,)s at each mole fraction
were calculated from the physical quantities observed
or obtained from the literature.®)
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Fig. 2. Observed concentration fluctuation for acetic
acid—carbon tetrachloride system at different tem-
peratures: (O) 22.5°C, (A) 51 °C.

In Fig. 2, the concentration fluctuations thus ob-
tained are plotted against the mole fraction of acetic
acid for different temperatures. The dashed line in
Fig. 2 corresponds to the concentration fluctuation
expected for an ideal solution. It is seen from the
figure that the observed concentration fluctuation is
larger than that of an ideal solution at all concentra-
tions and the magnitude of concentration fluctuation
increases with increasing temperature.

Analysis of Concentration Fluctuation. The method
for determining local structures from the observed
concentration fluctuation has been reported else-
where.4=% In this method, an ideal associated com-
plex model® was employed. This model assumes that
the local structure can be treated as an associated
complex and the solution regarded as an ideal solution
whose components are free molecules and associated
complex molecules.

As acetic acid molecules are associated with each
other through hydrogen bonding, it may be assumed
that associated molecules of the A, type exist in the
solution where A represents the acetic acid molecule
and [ is an association number. In this case, the
concentration fluctuation is expressed by®

N(AXL)® = Xa(1 =X ){(1 = X0)<D+ Xa},

212”At
I
D=, 1
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where na, is the number of A; molecules and (/)

is the mean association number. Equation 1 quali-
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tatively explains the present results in the sense that
the concentration fluctuation is always larger than
that of an ideal solution, X,(1—X,). Therefore, the
concentration and temperature dependencies of (I}
may be determined by choosing an appropriate as-
sociation equilibria model.

Acetic acid molecules are known to form both cyclic
dimers and linear polymers. Therefore, N{(AX,)%)
will be calculated for the following types of model
systems;

(a) cyclic dimer model,

(b) linear polymer model, and

(c) cyclic dimer-linear polymer model,
and calculated results will be compared with the
observed values.

(a) Cyclic Dimer Model: It is assumed that the
following species coexist in solutions;

A, Aj, B, (2)

where A, and Aj represent a monomer and a cyclic

dimer of acetic acid, respectively, and B represents

a carbon tetrachloride molecule. In this model, the

mean association number <!> is defined as

n, +4n3

=—- 3

=2 ®)

where n. and n: are the number of species A, and

3, respectively. The mean concentrations of these

species are related to each other by the equilibrium
constant, K¢,

X3 '8

- 2
X, g1

=K, (%)

where ¢; is a partition function of an i-th species,®

which depends on temperature and not on concentra-

tion. x; is the mole fraction of the i-th species, namely,
n;

_— 5
n,+n;+ng ©®)

where n, is the number of carbon tetrachloride mole-
cules. In the special case where K°=0 and K¢=o0o,
the mean association number may be written as

X; =

> =1 for K¢ =0, ;
D=2 for K¢ = oo. ©
In Fig. 3, the NMN(AX,)?) values calculated for

K°=0 and K°=oo are compared with the observed
values. In the case where 0<K°<oo, the concen-
tration fluctuation takes the values between the values
calculated for K°=0 and K°®=oo. It is seen from the
figure that the observed values are generally larger
than the calculated values for K¢=oco except for in
the low concentration range indicating the existence
of a polymer whose association number is larger than
two.

(b) Linear Polymer Model:
following species is assumed:

The coexistence of the

A, Ay A, ..., Ayl
B (7)
In this model, (/) is expressed as
> By
]
©=sn ®
7
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Fig. 3. Theoretical values of concentration fluctuation
calculated from Egs. 1, 3, and 4 for K°=0 and K°®=o00,
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Fig. 4. Theoretical values of concentration fluctuation
calculated from Egs. 1 and 8—10 for k=0, 1, 3, and
5.

where n; is the number of species A;,. The following
equilibrium constants are thus defined;

X3 42

= =K
x? a® v
X3 _ qs =K,
XX 9291
Xi+1 — qi+1 =K, 9)
X1%1 425
and it is assumed that
Ki=K,=...=K=K. (10)

In Fig. 4, the N{(AX,)?) values calculated for dif-
ferent K values are compared with the observed values.
From the figure it is apparent that the concentration

Local Structure in Acetic Acid-Carbon Tetrachloride System 55

0.6 Ke=3
I Ke=5
C=
0.4} K*=20
-~
~
§<
= K=K =0
4
0.2
0 0.5 1
XA

Fig. 5. Theoretical values of concentration fluctuation
calculated from Egs. 1, 12, and 13 for K=10 and
various K¢ values.

fluctuation takes larger values for larger K. Therefore,
the equilibrium constant, K, should increase with in-
creasing temperature, since the observed concentration
fluctuation increases as the temperature increases.
This is inconsistent since the formation enthalpy of
hydrogen bonding is negative. Therefore, this model
cannot be applied to the present system, although the
calculated values for K=3 agree well with the observed
values at 22.5 °C.

(¢) Cyclic Dimer-Linear Polymer Model: It is assumed
that cyclic dimers and linear polymers coexist in solu-
tion, that is, the following species:

Az
A, A, A, .
B

The mean association number and equilibrium con-
stants are

R VR (11)

4n$ 2

P (12)
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Figure 5 demonstrates the concentration dependencies
of the concentration fluctuation calculated for K=
10 and several K¢ values. It is seen from the figure
that the concentration fluctuation increases in mag-
nitude with decrease in K¢ This suggests that the
observed temperature dependence of concentration fluc-
tuation arises from a difference in temperature de-
pendencies of K and K°. The best fit between the
calculated and observed concentration fluctuation was
obtained by setting K=13 and K°=90 for 22.5 °C
and K=8 and K°=20 for 51 °C. The final results
for the theoretical calculation are shown in Figs. 6
and 7.
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Fig. 6. Final results for theoretical calculations cor-
responding to experimental values at 22.5 °C.

The formation enthalpy of an associated complex
may be calculated from the relationships;

AH® = RTz——alar;, c,
dln K (14)'
n
— PT
AH = RT 5T

where AH® and AH are the enthalpy change for the

reaction, A;+A;=A; and A,+A;=A,,,, respectively.

The obtained values of AH® and AH and the related

entropy change, AS°® and AS, are given in Table 1.

The number ratio of the molecules forming an

associated complex to the total acetic acid molecules,
. 2n;

?; = 2n§+zl} Ing

or (15)
_ lﬂl

0 = 2n§+zl] iny

(cyclic dimers)

(linear polymers)

may be calculated from Eq. 13. Figure 8 illustrates
the temperature and concentration dependencies of
@; and @,. It is seen from the figure that almost
all the acetic acid molecules form cyclic dimers at
low concentrations. At higher concentrations, how-
ever, the number of molecules forming linear polymers
({>2) is larger than the number of molecules forming
cyclic dimers. As the temperature increases, the
number of molecules forming cyclic dimers decreases
and the molecules forming linear polymers increase.
The number of monomers increases with the increase

THE ENTHALPY AND ENTROPY CHANGES
CALCULATED FrROM Egq. 14

TABLE 1.

The equilibrium constants at the temperatures of 22.5,
37, and 51 °C have been used in the calculation.

Enthalpy/kcal mol—?* Entropy/cal deg—* mol-!

AHe 10.1 ASe  25.1
AH 3.2 AS 5.9

Fig. 7. Final results for theoretical calculations cor-
. responding to experimental values at 51 °C.
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Fig. 8. Concentration and temperature dependencies
of @¢ and @; calculated from Eq. 15.

of temperature.

Goldman and Emersonl® have quantitatively ana-
lyzed the NMR chemical shift of the acid proton
of acetic acid in carbon tetrachloride solution at several
concentrations and temperatures. The present results
are consistent with their results qualitatively, although
they used three equilibrium constants.

Conclusions. In the preceding paragraphs, the
observed concentration fluctuation has been analyzed
using three different models of association equilibria.
Model(a) is excluded because it could not explain
the observed concentration dependence of concentra-
tion fluctuation whereas Model (b) and (c) could
explain the observed concentration dependence of con-
centration fluctuation. The observed temperature de-
pendence of concentration fluctuation could not how-
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ever be explained by model (b). Only model (c)
explained the observed concentration and temperature
dependencies of concentration fluctuation, simultane-
ously. It must be emphasized that the mean associa-
tion number itself can be determined directly from
Eq. 1. The introduction of the concept of association
equilibria will furnish additional information about
the concentration and temperature dependencies of
the concentration fluctuation. In determining local
structures in solutions where various types of local
structures are expected, however, an appropriate model
of association equilibria has to be selected from the
various plausible models which give the same mean
association number. The present results indicate the
possibility of determining local structures uniquely by
observing both concentration and temperature depend-
encies for concentration fluctuation.

The authors wish to express their sincere thanks
to miss Masako Yudasaka for her helpful advice on
the light scattering measurements.
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