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Abstract. Rayleigh and Brillouin scattering have been investigated for organiwxganic liquid 
mixtures. For conformal liquid mixtures (CS2-CHCI3 and GHn-CH3OH systems). the Rayleigh 
scattering intensity and the adiabatic compressibility derived from the Brillouin shift are well 
expressed by the regular solution model, slightly changing the interaction parameter as a function 
of the concenmtion. The half widths of the Brillouin peaks show different tendencies with 
concentration for these two systems. For the C6Hn-CH1OH system, the scattering intensity 
varies as expected from the phase diagram. although it has a miscibility gap. 

1. Introduction 

Since the discovery of critical opalescence in a binary fluid system, the experimental 
technique of Rayleigh and Brillouin scattering has given us plenty of information in terms 
of macroscopic data, for example, isothermal compressibility 111, acoustic relaxation [2] 
and glass transition [3,4]. On the other hand, the relations between thermodynamic 
properties of mixing and microscopic fluctuations in binary fluids have been derived by 
Bhatia and Thornton [5 ] ,  based on the grand partition function in the theory of statistical 
mechanics (hereafter this will be refemed to as BT theory), Therefore the critical opalescence 
phenomena can also be analysed in terms of BT theory. In relation to the BT theory, the 
excess free energy [6], the interaction parameter [7,8] and the associated complex formation 
[9] of liquid mixtures have been investigated using light scattering measurements. 

Under these circumstances, we have tried to measure the Rayleigh and Brillouin 
scattering for several binary mixtures of organic fluids, because some of them are conformal 
and another has a tendence to phase separation. In this paper we report new results of 
Rayleigh and Brillouin scattering measurements for CS2-CHCI3, C6Hs-CH3OH and C6H12- 
CH3OH systems. 

2. Experimental details 

Figure 1 shows a block diagram of the system for measuring the Rayleigh and Brillouin 
scattering intensities. The instrument consists of a single-mode argon-ion laser @EC. 
GLG3460), a Fabry-Peat interferometer (Mizojiri, FP-no), a lock-in amplifier (NF, LI- 
570A), and an X-Y recorder (Riken Denshi F-5C). The exciting-light wavelength was 
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514.5 nm and the laser power was about 500 mW. The incident light power was adjusted 
by ND filters and was monitored with a solar cell. The light beam was chopped at 225 Hz 
and focused at the centre of a sample cell by a lens Lj (focal length f j  = 3 cm). The size of 
the glass sample cell was 124 (outer diameter) x 32 mm (height), and it had a screw cap. 
The light scattered at right angles was focused by a lens L2 (focal length f2 = 25 cm) onto a 
slit (slit width 0.5 mm) of a monochromator. The light passing through the monochromator 
with a resolution of 2.8 nm was made parallel by a lens L:, (focal length f, = 20 cm), and 
analysed by the Fabry-PCrot interferometer. The spacer between the interferometer etalons 
has a thickness of 6.030 mm, giving a free spectral range of 0.829 cm-', and an overall 
instrumental half-width of about 0.015 cm-', 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 L4 (focal length 
f4 = 30 cm). 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 0.3 s, which was found to be sufficient for obtaining good SN ratio but was 
not long enough to distort the line shape. 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 pressure transducer 
of the interferometer to the voltage. 

SINGLE-MODE 
Ar-ION LASER 

I- 

LOCK- IN 

W L l F l E R  

FABRY - PEROT 

I 

Figure 1. A block diagram of the system for measuring the Rayleigh and Brillouin scanering. 
M, and M2 are minors: LI. Lz, LA. and La me lenses: @ m valves. 

The samples used in this experiment were commercially available reagents. They were 
made dust free by using a membrane filter (Advantec, Dismic) with a pore size of 0.2 pm. 
The test of a solution being dust free was performed by comparing the observed Rayleigh 
intensity with the true Rayleigh intensity of dust-free samples, which was essentially similar 
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Figure 2 The observed light-scattering spectra of CSI-CHCII mixtures and their variation with 
changing composition. The horizontal ban at each side of the specva represent the base line. 
The malm fraction of CHCI, is indicated in the figure. 

to that described by Iwasaki et a! [IO]. We can determine that mixture samples are dust 
free by the same method as applied for pure liquids. 

The observed light-scattering spectra for the CS2-CHCls system as typical examples are 
shown in figure 2. It may be seen from this figure that the intensities of the Rayleigh lines 
increase remarkably on passing from pure liquids to binary solutions. The intensity change 
in the Brillouin lines is quite different from that of the Rayleigh lines. The background 
intensity due to a Rayleigh wing is large for pure CS2 and almost zero for pure CHCI,. The 
experimental curves were well described by the sum of Lorentzian curves and therefore it 
was easy to separate the Rayleigh peak and the Brillouin doublet. 

The sample temperature was kept at 25 "C within an accuracy of 0.5 "C during the 
course of the measurements. 

3. Theoretical background 

By analogy with Van Hove's neutron-scattering formalism [ 1 I], and following Komarov 
and Fisher [12], the intensity I ( R . w )  of light scattered from a pure fluid, per unit incident 
intensity, per unit solid angle, per unit frequency range w,  we have derived the following 
expression [131: 

where N is the number of molecules in the fluid, rr, an effective polarizability per.molecule; 
R, the angular frequency of incident light, w the angular frequency difference of the incident 
and scattered light, c the velocity of light in a vacuum, R the distance from the scattered 
centre, 9 the angle between the direction of observation and the direction of the electric 
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vector in the incident light, and S(q, w )  the space and time Fourier transform of the two- 
body correlation function G ( r .  t )  which is defined by Van Hove, where q is the wave vector 
corresponding to w. 

The observed intensity In  may correspond to 

where K is a constant determined by the condition of measurements. For a binary mixture, 
A-B, equation (2) is converted to [13,141 

IR = K‘S(q)  = K ’ [ ( ( d )  - ((a))’ +c:daAA(q) + kACB@AaBaAB(q) 

+ c;CY;uBB(q)] (3) 

where ci indicates the concentration of the constituent i in the mixture, K’ = 
K(NQ~/2rrRZc4)sinZrp, LYA and O ~ B  are the polarizabilities  CY^ of A and B components, 
((CY)) represents CAUA + CBCYB. and the aij values are the so-called Faber-Ziman structure 
factors [I51 expressed in the form of 

where p is the number density and the gij  values are the partial pair distribution functions. 
Since the wavelength of the incident light is 514.5 nm. the momentum transfer q is of 

the order of 0.002 A-’. Therefore, we can discuss the Rayleigh scattering results in terms 
of aij(q) in the longwavelength limit as q --f 0. According to BT theory, aij(0) vatues 
(i, j = A, B) for a binary fluid mixture A-B are given by [SI 

where VM is the molar volume and 
are given by 

the isothermal compressibility. S,,(O, c, T) and 8 

and 

where AG is the Gibbs free energy of mixing (AG = G -c.t,G;- (1 -cA)G;). Combining 
equations (3) and (5). we obtain the scattering intensity as [I41 
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Figure 3. The Rayleigh scattering intensity of CaH62H3OH mixtures as a function of CH,OH 
concentration. The circles indicaIe experimental data and solid and broken lines values calculated 
using equation ( I  I ) .  For details, see text. 

When there is a large difference in the molar volumes of pure components, the Gibbs free 
energy of mixing under the Flory approximation may be written as 116, 171 

(9) 

where E is the regular solution parameter expressed in terms of painvise interactions 
( E  = (ZN2/2)(2612 - E I I  - *I)), The first term on the right-hand side is expressed in 
terms of the volume fraction @ of components A and B. The corresponding concentration- 
concentration fluctuation in the long-wavelength limit S,(O) is given by 

AG = k ~ T { c l n @ ~  4- (1 - C) h @ B ]  + C(1 -- .C)& 

c(1 - c )  
SCC(0 ,  c, T )  = I + c(1 - c)(@ - 2E/ksT) ' 

The application o f  this expression to the scattering intensities seems to be straightforward 
by multiplying by a constant K, which may be determined by the experimental situation, 
and therefore the Rayleigh scattering intensity is given by 

4. Results and discussion 

4.1. CSz-CHCl, and C6H6-CH3OH systems 

For conformal solutions of binary mixtures, the areas of Rayleigh lines of C6Hs-CH30H 
and CSz-CHC13 systems have been examined as shown in figures 3 and 4, respectively, by 
circles. As seen in the figures, the scattering intensities of the pure elements are very small 
and, roughly speaking, are increased until the equicomponent concentration. The increment 
of the scattering intensity is approximately caused by the addition of the other component 
into the pure system. Therefore, the net deviation in the scattering intensities from linearly 
interpolated values may be approximately related to the concenhation fluctuations in the 
mixtures. 
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cs2 CHCIJ mol ,% CHC13 
Figure 4. The Rayleigh scattering intensity of CS~CHCIJ mixtures as a function of CHCI3 
concenmlion, The circles indicate experimental data and solid and broken lines values ulculated 
by using equation (11). For details. see t a l .  

Table 1. The best-fit parameters of equation (1 I )  for the CSz-CHCI, and CaHn-CH30H systems 
with the assumption thal NksTXrl VM iS a function of the cancentration ratio c. 

By using equation (11) with the experimental data of I ,  and volume data [18,19], 
least-squares fitting was performed. The polarizability data used (CSz, 8.74; CHC13, 9.5; 
C6H.5, 10.32 and CH,OH, 3.29 (10-%n3)) were taken from [20]. The curves obtained are 
shown in figures 3 and 4 by broken lines. For the CSZ-CHCI~ system, the fit between the 
experimental data and equation ( I  1) is fairly good. This result implies that the mixture of 
CS2 and CHCI3 can be considered to be a regular solution. On the other hand, the fit for 
the CaH6-CH30H system is worse than that for the CS2-CHCI3 system, which suggests 
that the regular solution parameter E varies with the concentration c. Therefore we try 
curve fitting again under the assumption that E has the form EO + &IC. The b e s t 4  curves 
are shown in figures 3 and 4 by solid lines and the parameters are listed in table 1. The 
agreement is excellent for both the C6H6-CH30H system and for CS2-CHCI3. Errors of 
the fitted parameters are less than I %  after the repeated fittings, and the criterion of the 
regular solution model, 2 ~ l k s T  < 4, is satisfied. Therefore these two systems are exhibited 
in terms of a modified regular solution model. According to the literature 1211, the heats of 
mixing for C&-CH3OH are endothermic values at the concentrations CCH~OH - 0.38 and 
0.65 and their values are 190 and 130 cal mol-], respectively. These results are, at least, 
consistent quantitatively and qualitatively for the concentration range from cCH+, = (M.7. 
However, our results suggest that the heat of mixing turns out to be scarcely exothermic 
for 0.7 < CCH~OH < 1. Although it is not easy to determine such small quantities, a direct 
measurement for the heat of mixing would be expected to be comparable to the present 
result. The concentration variation of the intermolecular interaction 2c(l - c ) & / k g T  is 
shown in figure 5, which indicates that the interaction between CSz and CHCI, molecules 
changes from repulsive on the CSz-rich side to attractive on the CHCI3-rich side. The 
associated complex formation is found near the concentration ratio CSz:CHCl3 = 1:4. 
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Figure 5. Interaction panmeter for the CSz-CHCIj system 3s a function of CHCIj concentmion. 

l"oo- 50 I 08 

C6Hs CH30H mol X CHBOH 
Figure 6. The sound velocity derived from Ihe Bdlouin shifts (e) and the half width of the 
Brillouin peak (0 )  in CsH64H,OH mixtures as a function o f  CHjOH concentration. Solid 
lines are guides for the eyes. 

It is well known that the sound velocity for the systems can be derived from the Brillouin 
shifts. The sound velocities obtained for pure substances agree with the values in [lo]. The 
sound velocities in C6H6-CH30H and CS2-CHC13 systems are shown in figures 6 and 7, 
respectively, by filled circles. From these the adiabatic compressibilities are obtained by 
using a well known formula 

1 
x s  = 7 

PV, 

where p is the density of the system. The estimated adiabatic compressibilities for these 
systems are shown in figures 8 and 9, respectively, by open circles. 

Under the assumption of the regular solution model, the Gibbs free energy of the system 
is expressed in the following form: 

G = c A G ~ + c ~ G ~ + C A O B E + ~ B T ( C A I ~ ~ A + C ~ ~ I ~ ~ ~ ) .  (13) 
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loooo -08 SO 
CS2 CHC$mol% CHCls 

Figure 7. The sound velocity derived from the Brillouin shifts (a) and the half width of the 
Brillouin pe3k ( 0 )  in CSaSHCI)  mixtures as a function of CHCI) concentration. Solid lines 
are guides for the eyes. 

I " " " " ' 1  

CY in the first two terms on the right-hand side of equation (13) are the Gibbs free energy 
of the pure component i and all other terms are equal to AG as described in equation (9). 

According to thermodynamical relations, the isothermal compressibility XT is given by 

I av 
X T =  -v (ap)T 

and 

V = (5) 
T. N 
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Figure 9. The adiabatic compressibilities O f  CSz-CHCI, mixtures BS a function of CHCI3 
concentmion. The circles indicate the values derived from the sound velocity and the broken 
line is calculated by using equation (17). 

If E is a linear function of pressure and if the entropy term is nearly equal to that of an 
ideal mixture T$,,, ( = ~ B T ( C A  lncA + CB Inca)), then we have approximately 

Therefore the concentration dependence under the assumption of the regular solution model 
is generally given by a convex curve. For the adiabatic compressibility, this tendency seems 
to be valid. 

The estimated xs values defined as below are also plotted in figures 8 and 9 by dotted 
lines: 

CAVA CBVB 
xs = - & A +  7 X s . B  V 

As seen in figure 8, for the CsHs-CH30H system x8 satisfies the above tendency. However 
for the CSz-CHC13 system (figure 9), a deviation of the observed xs from the values of 
equation (17) is seen, which is attributable to the pressure dependence of the interaction 
parameter E. 

The width of the Brillouin peak is related to the sound absorption. The observed 
half width at half maximum of the Brillouin peaks for the C6Hs-CH30H and CS2-CHCI3 
systems are shown in figures 6 and 7 ,  respectively, by open circles. The half widths vary 
very differently for these two systems with changing concentration. The peak seen in the 
C6&,-CH@H system suggests that transmission of sound waves is obstructed in the C6Hb- 
CH3OH mixture. An increase in the sound-attenuation coefficient of this system may be 
caused by the term relating to the quantity ap/ac, where fi  is the chemical potential, which 
contribution is well discussed in the literature (see, for example, 1221). 

4.2. Fluid mixtures with a miscibilizy gap ( C H ~ O H - C ~ H I ~  system) 

This system has a fairly small difference between the densities of the two components and 
displays a miscibility gap of two phases at room temperature. In the procedure of preparing 
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a sample, if their concentration ratio is given as c, even after fully shaking the container, 
the sample may be divided into two phases A and B as seen in figure 10 1231. So the lower 
fluid must be A and the upper one is B. 

In fluid A, %HI* at CA mol% is dissolved into CH3OH. In a similar way CH3OH of 
1 - CS mol% is dissolved into C6H12 in fluid B. Therefore, all samples with the nominal 
concentration ratio at c, if this is in the range between c, and CB at a given temperature 
T as seen in figure 10, should be separated into the two phases A and B by (CB - c) and 
(c - CA) respectively. 

The scattering intensities have been measured for various position of the specimen 
container. The top and the bottom of the container correspond to 15 mm and 35 mm of 
beam height in figure 1 I ,  respectively. Step-wise intensities are caused by crossing from 
the upper phase to the lower one. These have no height dependence and the concentration 
dependences are shown in figure 12. Further measurements in the one-phase region and 
near the critical point are now in progress for several systems. 

5. Summary 

Light-scattering measurements have been performed for organic-organic liquid mixtures. As 
conformal mixtures, the CSZ-CHCI~ and C&-CH30H systems are investigated. For these 
systems the Rayleigh scattering intensities and the adiabatic compressibilities derived from 
their Brillouin shifts are well expressed by a regular solution model with slight changes 
to the interaction parameter. A kind of associated complex formation is suggested near 
the concentration ratio CS2:CHCIs = 1:4, where the interaction parameter has a negative 
maximum. 
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20 30 40 

Beam Height lmml 
Figure 11. The observed Rayleigh scattering intensity for the CHpOHGH12 system as a 
function of light-beam height. The molar fraction of C6Hn is indicated in the figure. The 
curves in the figure are guides for the eyes. 

150 

50 100 
CH30H C6H12 mol% C6H I z 

Figure 12. The Rayleigh scattering intensity near the phase interface for the CHpOH-GHIZ 
system as a function of the C ~ H I Z  concentration. The open and full circles represent the 
scattering intensities in ChH12- and CHpOH-rich phases, respectively. The solid and broken 
curves in the figure are guides for the eyes 

The Rayleigh scattering intensity of liquid mixtures with a miscibility gap was also 
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investigated. For the CsH12-CH30H system, the light-scattering intensity obtained was 
reasonable in the sense that it reproduces the exact phase diagram For all compositions. 
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