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The phase diagrams of binary solutions of C;H, ,—CH;OH and C¢H,,—CH, OH have been determined.
The thermodynamic quantities of mixing, such as concentration-concentration fluctuation in the long
wavelength limit, S_(0,c, T), have been derived by using the treatment of Bhatia and March. The
Rayleigh-Brillouin scattering has also been investigated for these solutions. S,.(0,c, T)'s obtained by
Rayleigh-Brillouin experiments were in agreement with those obtained by thermodynamical treatment of the
phase diagram. The Rayleigh peak intensity of C;H, ,— CH, OH system shows a weak position dependence
from the interfacial boundary, in the case of the coexistence of two phases, while that of C;H,,—CH,OH
does not shown such an unusual behavior. These different behaviors are discussed in terms of the densities of
the components.

KEY WORDS: Rayleigh Brillouin scattering, phase diagram, miscibility gap.

1. INTRODUCTION

The light scattering from a liquid is related to Van Hove’s space time correlation
function in the hydrodynamic region, S(g, w) (Van Hove 1954). As is well known, the
hydrodynamic form of the van Hove correlation function is essentially given by the
Rayleigh peak and the Brillouin doublet peaks in light scattering experiments.

The total integrated intensity of the Rayleigh and Brillouin peaks of S(g, ) in the
hydrodynamic region is equal to the structure factor, S{g). The wavelength of visible
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light is, however, much greater than the nearest neighbor interparticle spacing in
liquids. Therefore, the Rayleigh-Brillouin scattering from liquids gives fully the infor-
mation of the structure factor in the long wavelength limit, S$(0).

In a binary mixture of liquids, these discussions can be extended by Bhatia and
Thornton (1970) and March et al. (1973).

This encourages us to carry out the determination of the phase diagram for binary
liquid solutions with miscibility gaps and also to perform the experiments of the
Rayleigh-Brillouin scatterings for them, in order to discuss the results by thermo-
dynamical view-points.

In this paper, we report the phase diagrams and Rayleigh-Brillouin peak intensities
for the miscibility gap systems C;H,,—CH,;OH and C¢H,, —CH,OH.

2. EXPERIMENTAL

2.1 Determination of phase diagram

The samples used in the present experiment were commercially available reagents
with 99.9 mol.% purity and their mixtures. The sample containers were small glass
cylinders with screw caps and their capacity was about 1.5ml. For each system
(C¢H,,—CH,OH and C4H,,—CH,;OH), 21 sample solutions were prepared with
5% step in molar concentration. The sample with container was set in a water bath,
which was made of glass vessels to be transparent. Each container had a small float to
keep it at the middle of the water bath. The sample container was shaken for several
times during heating up or cooling down in the water bath which itself was also stir-
red up for all the time. After the sample solution was turned to be one phase, the
temperature of the water bath was kept at a temperature higher than that of the phase
transition to some extent. Then heating was stopped. We have determined the
transition temperature of the solution into two phases under the cooling of the water
bath at rate of 1°C/10 min. The phase separation was recognized by the beginning of
sample solution being cloudy. The newly determined phase diagrams for the present
systems are shown in Figures 1 and 2.

2.2 Measurements of Rayleigh-Brillouin scattering

Figure 3 shows a block diagram of the measuring system of the Rayleigh and the
Brillouin scattering intensity. The instrument is combined by a single-mode argon-ion
laser (NEC, GLG3460), a Fabry-Perot interferometer (MIZOJIR], FP-T30), a lock-in
amplifier (NF, LI-570A), and an X-Y recorder (RIKEN DENSHI, F-5C). The exciting
light wavelength was 514.5 nm and the laser power was about 500 mW. The light beam
was chopped at 225 Hz and focused at the center of a sample cell by a lens L, (focal
length f, = 3cm). The size of sample glass cell was 12¢ (outer diameter) x 32 mm
(height) with a screw cap. The light scattered to a right angle was focused by a lens L,
{focal length f, = 25 cm) onto a slit (slit width 0.5 mm) of a monochromator. The light
passing through the monochromator was made being parallel by a lens L, (focal length
f3 =20cm), and analysed by the Fabry-Perot interferometer. The spacer between the
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Figure 1 The phase diagram of CH,OH — C,H |, system.
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Figure 2 The phase diagram of CH;OH — C¢H,, system. The broken line shows calculated values from
Figure 7 and Eq. (4).
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Figure 3 A block diagram of the measuring system of the Rayleigh and Brillouin scattering. M, and M
mirrors; L, L,, L, and L,; lenses; ®: valves.

interferometer etalons has a thickness of 6.030 mm, giving a free spectral range of
0.829cm !, and an overall instrumental half-width of about 0.015cm ™!, varying
slightly for different alignments. The interferometer was pressure-scanned by supplying
nitrogen gas to the chamber enclosing the etalons. The interferometer output was
focused onto a screen by a lens L, (focal length f, = 30cm). The light passing through a
pinhole (diameter = 0.3 mm) on the screen was detected by a photomultiplier tube
(HAMAMATSU PHOTONICS, R647-04). The output current from the tube was led
into the lock-in amplifier. The time constant of the lock-in amplifier was chosen as 0.3s
which was found to be sufficient for S/N ratio. The reference signal to the lock-in
amplifier was synchronized with the light chopper. The output of the lock-in amplifier
was indicated on the X-Y recorder. The X-axis of the recorder was supplied from the
transducer of pressure of the interferometer to the voltage. The scattering spectrum is
also stored in a microcomputer, and some parameters, such as intensities and Brillouin
shifts, are obtained by using least square fitting method.

The samples used in this experiment were made dust-free by using a membrane filter
(ADVANTEC, DISMIC) with a pore size of 0.2 um. The test of a solution being
dust-free was done by comparing the observed Rayleigh intensity with the true
Rayleigh intensity of dust-free samples. We see that mixture samples can be dust-free by
the same method as that applied for pure liquids. The observed light scattering spectra
for the present systems are shown in Figures 4 and 5.

The sample temperature was kept at 25°C within the accuracy of 0.5°C during the
course of measurements.
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Figure 4 The observed light scattering spectra of CH,OH — C,H, , mixtures and their variation with the
composition change. The horizontal bars in the both sides of spectrum represent the base line. The molar
fraction of C4H,, is indicated in the figure,
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Figure 5 The observed light scattering spectra of CH, OH — C¢H, , mixtures and their variation with the
composition change. The horizontal bars in the both sides of spectrum represent the base line. The molar
fraction of C4H,  is indicated in the figure.
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3. THERMODYNAMICS OF PHASE DIAGRAM

The present systems exhibit a two-phase region and consequently they are not
described by a conformal solution theory. However the solution in the one phase of
their systems may be analyzed in terms of a modified conformal solution (MCS) theory
(Flory, 1942) which includes the effect of size difference of the constituents.

The Gibbs free energy for a binary solution A, B by MCS theory is given by the
following form (Tamaki, 1987),

I'-ca

G=¢c,G%+(1—c,)GS+ NkyT{c ng +(1—c,)In(l —¢)}
+ Ne,(1—c)gle)w, 0y

where G? is Gibbs free energy of the i constituent in its pure state and g(c) is a function
of the concentration and is assumed to be expressed by a polynomial g(c)=
1+ Ac + Bc? + Cc® + Dc* + Ec® + FcS.

The concentration-concentration fluctuation in the long wavelength limit, S..(0, ¢, T),
defined by Bhatia-Thornton (B-T) is, then, equal to

%G
S.0,c,T)= NkBT/<—7)
ocy/npr

=c(1—c) [l +c(1—c)d’+c,(1—c)g'(chw/kyTI ™, 4]

where

1/0V
d=—| — . 3)
V(acA)N,p,T

From the coexistence curve for two phases, the interaction function g"(c Jw is
derived by using least square fitting with the following condition

[ +cd1—c)8® +c (1 —cg"(cgw/kgT]=0. @)

Figures 6 and 7 show g"(c)w/k, derived from the experimental data of the phase
diagram, the experimental densities (Joerges and Nikuradse 1950, and Harms 1942/43)
and equation (4) (closed circles), and least square fitted curve with a fourth order
polynomial of g"(c ,)w. As seen in these figures, agreement is very good. Reversely using
this g"(c ,)w, the phase separation temperature can be estimated with an error smaller
than a few degrees (broken line in Figure 2). If the system is completely described in
terms of an ideal regular solution model, Eq. (4) is converted to

2c,(1—cyw
1 kT =0. (5)
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Figure 6 The interaction parameter g"(c)w for CH; OH — C,H,, system as a function of concentration.
The closed circles are derived from phase diagram and broken line is a result of least square fitting with a

fourth order polynomial.
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Figure 7 The interaction parameter g”(c)w for CH;OH — C¢H, , system as a function of concentration.
The closed circles are derived from phase diagram and broken line is a result of least square fitting with a

fourth order polynomial.
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Figure 8 §_(0)for CH,OH — C,H,, system as a function of concentration at 25°C. Solid line is obtained
from fitted g"(c)w and Eq. (2), and closed circle is derived from light scattering intensities and Eq. (11). Broken
line represents the S, (0) for ideal mixture.

From g"(c) we can calculate S_(0) for one phase region by Eq. (2). Figures 8 and 9
show calculated S_(0) by solid lines for CH;OH — C,H,, and CH;OH—CH,,
systems, respectively. Furthermore by using §,.(0) and the condition g(0)=g(1) =1
which may correspond to the Henry’s law in the activity coefficient, we can estimate the
quantities, AG(=G —¢,G% —(1 —c,)GY) and thereafter g(c,) and w. Calculated
values of AG, g(c ) and w are shown in Figures 10 and 11, and Table 1, respectively.

4. THEORETICAL BACKGROUND OF
RAYLEIGH-BRILLOUIN SCATTERING

By analogy with Van Hove’s neutron scattering formalism (Van Hove 1954), and
Komarov and Fisher (1963), the intensity I(R, w) of light scattered from fluid, per unit
incident intensity, per unit solid angle, per unit frequency range w, is given by the
following expression '
204
e™"0

I(R,m):(Na Q

2nR%c*

> sinZ¢p S(g, ®), (6)

where N is the number of molecules in the fluid, «, an effective polarization per
molecule, Q, the angular frequency of incident light, w the angular frequency difference
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Figure 9 S_.(0) for CH;OH — C(H , system as a function of concentration at 25°C. Solid line is obtained
from fitted g (c}w and Eq. (2), and closed circle is derived from light scattering intensities and Eq. (11). Broken
line represents the S_(0) for ideal mixture.
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Figure 10 Calculated AG for CH;OH — C4H,, and CH;0H — C H,, systems. Broken lines represent
the two phase region.
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Figure 11 Obtained g(c) from Figure 10 for CH,OH — C,H,, and CH,OH — C H, , systems.

Table 1 Interaction parameter w calculated from Eq. (1).

system w/k(K)
CH;0OH—C.H,, 1533.5
CH,0OH —C¢H,, 1466.9

of the incident and scattered lights, ¢ the velocity of light in vacuum, R the distance from
the scattered center, ¢ the angle between the direction observation and the direction of
electric vector in the incident light, and S(g, @) the space and time Fourier transform of
the two-body correlation function G(r,t) which is defined by Van Hove, g being the
wave vector corresponding to w.

The observed integrated intensity .# corresponds to

I =Fp+25,=K f I(R, 0) do, 0

where K is a constant determined by the condition of measurements. Equation (7) is
converted to (Bhatia and Tong, 1968)

F =K'S(q)= K’(C,zq a,44(9) + 2c,cpa,p(q) + 5123“85(‘]))’ (8)

where K' = K(NalQ¢/2nR*c*) sin’¢ and the a;; are the so-called Faber-Ziman
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structure factors (Faber and Ziman, 1965) expressed as

a;lg) =1+ J w4nr2p[gi,-(r) - l]Sin(qr) dr, 9)
0 qr

where p is the number density and g,;'s are the partial pair distribution functions.
Since the wavelength of the incident beam of light is the order of 50004 and is very
large compared to the correlation length between molecules, we can discuss the Ray-

leigh scattering results by a;;(q) in the long wave length limit as g —» 0. According to B-T,
a;;(0)’s (i, j = A, B) for a binary fluid mixture A-B are given by March and Tosi (1976)

Nk,T c 1)\?
aAA(O) = ﬁXT - i + Scc(oi CA’ T) (5 - 'C_A_> ’
Nk,T c 1)?
ags(0) = V:; Xr— C—A +85.0,¢,, T) (5 + E;) , (10)
B

Nk,T 1 1
aAB(O) = VB LT + 1 + Scc(oa C 4 T) (5 - C—) (5 + _)»

M 4 Cp

where y; the isothermal compressibility. Combining Egs. (9) and (10), we obtain the
scattering intensity .# as

Nk
I = K'[ BTXT +5.0,¢, TW]- (11)
VM

So far the integrated scattering intensity is fully expressed in terms of the three
thermodynamic quantities, y, S..(0) and § except for the experimental constant K'.
The constant K’ in this expression can be experimentally obtained so as to fit the
observed intensity .# of pure component by using the isothermal compressibility y,
which is numerically close to 1.1 y,.

The adiabatic compressibility g, is given by

1
pv,’

Xs (12)

where v, is the sound velocity of liquid and is related to the Brillouin shift. In the
following section, we will analyze our experimental results for the Rayleigh-Brillouin
scattering by using the above formulae.

5. 8.0,¢c, T) OBTAINED FROM RAYLEIGH-BRILLOUIN SCATTERING

Comparing Eq. (11) and the experimental data of Rayleigh-Brillouin scattering
intensities, we have obtained S,(0,c, T) for the one-phase solutions at the room
temperature, under the assumption that x,=11y, and y,>~(c,V /V)x{+
(1 —c ) Va/Vy2 S.(0,c, T) obtained for the present systems are shown in Figures 8
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and 9. They agreed quantitatively with those obtained by analyzing the coexistence
curves of two phases with the help of modified conformal solution theory.

6. ANOMALOUS BEHAVIOR IN THE RAYLEIGH SCATTERING FOR
C,H,, — CH,OH SYSTEM

As described in the above, the present system have a two-phase separation.
CH,0OH — C,H,, system has a fairly small difference in the densities and indicates a

S ‘ T —[7 T
120 ) -
CY xr"“""'-'il.—-
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50 60
80— -
- —
——s—s— "0 Y.y —* ***e 50
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‘é 0 —t T t | 1+
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80 2(/ 30 40 —
— ’. + —
—3 L T ’_Qioo
+
40— o ° . . o . 10
0 1 aA—2¢ 4 ¢+ A——jo
10 20 30 40

Beam Height (mm)

Figure 12 The observed Rayleigh scattering intensity for CH,OH — C4H,, system as a function of a light
beam position. The molar fraction of C4H, , is indicated in the figure. The curves in the figure are guides for
the eyes.
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miscibility gap of two phases at room temperature. In the procedure of making a
sample, if their concentration ratio is given as c, even after shaking fully the container,
the sample may be divided into two phases as A and B as seen in Figures 1and 2. So the
down-side fluid must be A and the up-side one is B.

In the fluid A, the CgH,, of ¢, mol% is dissolved into CH;OH. In a similar way
CH,OH of 1 —c, mol%is dissolved into C¢H, in the fluid B. Therefore, all samples
with the nominal concentration ratio at c, if it is in the range between ¢, and czata
given temperature T as seen in Figures 1 and 2, should be separated into the two phases
as A and B by the amount of (cy — ¢) and (¢ — ¢ ).

The scattering intensities have been measured for various position of the specimen
container (Figure 12). The top and the bottom of the container correspond to 15mm
and 35mm of beam height in Figure 12, respectively. Step-wise intensities are caused by
the crossing the up-side phase to the down-side one. These have no height dependence
and the concentration dependencies are shown in Figure 13.

In a similar way to the case of C;H, , — CH,OH system, the samples were prepared
and then the Rayleigh scatterings were measured. The scattering intensities as a
function of the depth from the top of the fluids were shown in Figure 14.

From 30 to 70 mol%, C,H,,, they form the two phase regions as seen by a kind of
step-wise change. However, it is very interesting that these intensities have a position
dependence. This phenomenon seems to be quite unusual. As far as seeninthe c— T

150 I T T T 1 1 T T T
E]OO B ,' I
.E [— ,) —
oo :
0 - ! -
:_(6 r—- ," -
~50F ) so—o——o—_ .

B /, \o —{
0 *7 I T Tt 1 TR R S SR T
0 o0 100
CH3OH C5H12 mol% 05H12

Figure 13 The Rayleigh scattering intensity near the phase interface for CH,OH — C,H,, system as a
function of the C,H, , concentration. The circles and triangles represent the scattering intensities in CoH, ,
and CH; OH rich phases, respectively. The solid and broken curves in the figure are guides for the eyes.
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Figure 14 The observed Rayleigh scattering intensity for CH,OH — C H, , system as a function of a light
beam position. The molar fraction of C; H, , is indicated in the figure. The curves in the figure are guides for

the eyes.

phase diagram, both C;H,;, — CH,OH and C;H,, — CH,OH mixtures show a
similar feature. The difference for both mixtures is only the density of the constituents
(CH;0H:0.7914g/cm?,C¢H,,:0.7763g/cm? and C4H, ,:0.6594g/cm?). For
C¢H,, — CH;OH mixtures, the densities of the constituents are nearly the same, while
for C¢H,, — CH,;OH ones, they are quite different.

In order to see whether these facts are related or not to the gravitational effect, we
tried to measure the various size of containers in which the thickness of the up and
down side solutions and found that the position dependence from the interfacial
boundary is unique. This infers that the anomaly is not related to an explicit
gravitational eflect.

However, since the S (0,c, T)’s at ¢, and/or ¢z are quite large, it may be possible
to form a fine change in the pair distribution function g,;(r) at the position near
the interfacial boundary if the densities of the constituents are quite different..Such
a position dependence in the physical quantities near the interfacial boundary can
be seen, for example, although their position dependence can be seen only in the
length of several hundred times of the segment of liquid crystal (Ondris-Crawfold
et al., 1993).

At the present stage, we can not clearly answer to the question for such a macro-
scopic position dependence. However it may be worth while to report such a very

unusual behavior.
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