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ABSTRACT: We examine the dynamics of concentration fluctuations and spinodal decomposition in ternary
systems composed of two polymers and a single solvent, assumed to be well-described by the Flory-Huggins
model. The dynamic light-scattering spectrum in the one-phase region is calculated for systems in which
one of the polymers is isorefractive with the solvent. It is shown that the spectrum in this case is well represented,
in the limit gRg < 1, by a sum of two exponentials. Only in the limit where the probe species is infinitely
dilute does single-exponential behavior occur. Recent experimental results showing nonsingle-exponential
behavior and in some cases the existence of two distinct modes of decay are discussed in light of these predictions.
The theory of spinodal decomposition as formulated for binary systems is extended to the ternary case. It
is shown that the light-scattering spectrum will evolve as the sum of three exponentials after quenches into
the spinodal region. Recent experimental results are in qualitative agreement with this finding.

Introduction

Concentration fluctuations in polymer-solvent systems
have been studied extensively in recent years. Both dy-
namic and static light scattering techniques have been used

to provide much new information on the behavior of dilute

and semidilute solutions. These developments, along with
numerous theoretical advances, notably the scaling laws,!
have greatly increased our understanding of polymer—
solvent systems in the one-phase region. Much less work
has been done on polymer—polymer systems, both as a
consequence of the comparative rarity of compatible
polymer systems and as a result of the experimental dif-
ficulties that arise when studying such systems. Dynamic
light scattering has been applied to low molecular weight
polymer mixtures as studied recently by Murschall et al.2
For higher molecular weights, Rutherford back-scattering
spectrometry® have been found to be extremely useful.
While considerable effort is being made to understand
polymer—-solvent and polymer-polymer systems in the
one-phase region, there is also increased interest in the
dynamics of phase separation in such systems. In par-
ticular, recent developments in the theory of spinodal
decomposition in polymer—polymer mixtures have led to
several experimental studies.*® de Gennes’ has shown that
for quenches into the spinodal region, the structure factor
associated with the total intensity at time ¢, ({6¢4(q,t)[%),
can be described in the early stages of spinodal decom-
position by

(156a(q,D)2) = (|0ga(q,0)2)e 2@ )

where ¢, is the volume fraction of polymer A and the
relaxation time, 7(q), is given by )

7Hq) = ¢*Alq) L 2xap + s ol (2)
Noagg AB T 18¢4ds

where q is the scattering wave vector, A(g) the g-dependent
Onsager coefficient of the binary system, N the degree of
polymerization of both species, x5 the Flory interaction
parameter, and a the statistical segment length of each
polymer. Binder® has modified the above approach to take
account of random thermal fluctuations and obtains

(10palg,t)?) =
(186a(q,0)[2)e 2@ + (|6g(g,=)P)(1 - €27@) (8)

where ([644(q,)|?) is the structure factor as t — «. In
the early stages of spinodal decomposition and for g-values
such that ¢ <'g,, q, being the wave vector at which 7(q)
changes sign, both equations predict that the structure
factor will grow exponentially with time for quenches into
the spinodal region, but for quenches in the one-phase
region, Binder’s approach predicts that the structure factor
will decay to a finite value (|d¢5(g,=)|?) rather than zero,
in agreement with experiment. It should be stressed,
however, that both theories are linear in nature and will
not be able to describe the later stages of spinodal de-
composition where nonlinear effects will be dominant.

The above predictions have largely been confirmed in
recent experiments on polymer—polymer phase separation.
For example, Snyder et al.® have used light scattering to
monitor the time evolution of the structure factor after
quenches into the spinodal region of a polystyrene—poly-
(vinyl methyl ether) mixture. In the early stages of spi-
nodal decomposition, a plot of the logarithm of the total
intensity vs. time yields a straight line in agreement with
the predictions of theory. In the later stages of phase
separation considerable deviation occurs due to the in-
creased importance of nonlinear processes.

Less well understood are the dynamics in ternary sys-
tems composed of two polymers and a solvent. Recent
experiments on both rigid® and flexible!® polymers indicate
that the dynamic light scattering spectrum in the one-
phase region is well approximated (in the limit gRg < 1
where Rg is the radius of gyration) by a sum of two ex-
ponentials. In addition, many authors!!~'¢ have investi-
gated dynamics in “isorefractive” systems, i.e., systems in
which one of the polymer species is refractive-index
matched to the solvent and hence presumably contributes
very little to the excess scattering from the solution. At
very low concentrations of the “optically labeled” or probe
species, initial experiments! found single-exponential
behavior of the correlation function, i.e.,

(06a(a,)304(=0,0)) = ([86a(q,0)P)e?™t  (4)
where A\, has been taken to be identical with the tracer
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diffusion coefficient of the probe species. Recently, how-
ever, it has been found that even in the regime qR, < 1
where internal polymer modes are not probed, the spec-
trum of the isorefractive system cannot be described by
a single exponential as in eq 4. Chu et al.,'? for example,
have studied a pseudoternary system composed of two
polymers and a cosolvent mixture and find that even when
one of the polymers is index matched to the solvent mix-
ture, two modes of decay, similar to those observed in
nonisorefractive systems, are detected. Similar results have
been obtained by Nemoto et al.’® for a ternary system
spanning a wide range of compositions of the isorefractive
polymer. Other authors have observed nonexponential
behavior of the correlation function but have not resolved
their spectrum into two distinct modes of decay. Lodge
and co-workers, for example, have proposed that poly-
dispersity effects play a major role and have presented an
analysis on this basis. On a different but related topic, the
study of phase separation in polymer—polymer-solvent
systems is still at an early stage of investigation. Sasaki
and Hashimoto!” have studied a nonisorefractive ternary
system and find significant deviation from the theories
developed by de Gennes and Binder for binary systems.
They interpreted this phenomenon as a consequence of the
finite time required to quench into the spinodal region but
did not discuss the applicability of binary theory to ternary
systems.

In this paper we present an analysis of concentration
fluctuations in ternary systems in general and isorefractive
systems in particular. In the one-phase region we review
the steps involved in calculating the light-scattering
spectrum with the aim of offering an explanation for some
of the recent experimental results. Finally, we extend the
available theory of spinodal decomposition to the ternary
case in order to provide a framework for the analysis of
spinodal decomposition in ternary systems.

Equations Governing the Dynamics of
Concentration Fluctuations

We consider a system composed of two polymers, A and
B, of degrees of polymerization N, and Np, in a solvent,
S. We assume that the free energy of mixing (per lattice
site) is given by the usual Flory~Huggins! expression for
concentrated solutions

Afpu/kT = ¢g(r) In ¢g(r) +
(1/Np)oa(r) In ¢4(r) + (1/Np)¢g(r) In ¢g(r) +
Xs®s(r)[@a(r) + ¢p(r)] + X 0a(r)es(r) (5)

where the ¢;(r) are the spatially varying volume fractions
and where we have assumed for convenience that the
solvent-polymer interaction parameters are equal and
given by xs. This assumption simplifies the expressions
for the diffusion coefficients obtained below but does not
affect the conclusions of this work. The polymer-polymer
interaction parameter is denoted by x,. Equation 5 can
be extended to include contributions to the free energy
from concentration fluctuations. These contributions can
be expressed in terms of the gradients of the volume
fractions'® giving a relation of the form

Af/RT = (Afpu/kRT) + kan[Voa(r)]? +
kapVda(r)Vop(r) + kgp[Vep(r)]? (6)

In general the coefficients, ky, will be functions of com-
position as expressed, for example, by de Gennes’ in the
binary case. In order to give a detailed description of
spinodal decomposition over a somewhat wider range of
wave vectors, we must include these gradient terms. A
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brief treatment of this aspect of the problem is given in
Appendix A along with a calculation of the coefficients k;
based on de Gennes’ results for binary systems. However,
for the purpose of simplifying the main body of this paper,
where our aim is to stress the multiexponential nature of
dynamics in ternary systems, we will consider the ¢ — 0
limit where the gradient terms in eq 6 are negligible. We
assume also that the system is completely incompressible
8o that density fluctuations can be neglected. Recent
light-scattering experiments? have shown this to be a good
assumption in polymer—polymer mixtures; we expect sim-
ilar behavior in concentrated polymer-polymer—solvent
systems. Finally we consider long time scales such that?

t > Rp2/Dy (7
and
t » Rg%/Dy (8)

where the R;? are radii of gyration and the D, are the tracer
diffusion coefficients of polymers A and B. Thus, we do
not consider the possibility of coupling between intermo-
lecular and intramolecular dynamics. From eq 5 we can
derive expressions for the chemical potential per segment
of each component, giving

(us — ug) /RT =
In ¢g(r) + $a(x)[1 - (1/Ny)] + ¢p(r)[1 - (1/Ng)] +
xs[@a2(®) + ¢p2(r)] + (2x5 — X,)a(r)9p(r) (9)

(s = 1A% /NaRT =
(1/Na) In ¢a(r)- ¢s(r)[1 — (1/Ny)] + ¢p(r)[(1/Ny) -
(1/Np)] +xs¢s*(r) + x,¢(r)(¢s(r) + ¢p(r)) (10)

(up — up°) /NgkT =
(1/Np) In ¢(r)- ¢g(r)[1 - (1/Ng)] + ¢4(r)[(1/Np) -
(1/NQ] +xs8s%(r) + xp0a(r)[ps(x) + par)] (11)

With the necessary thermodynamic description of our
system in place, we now need to formulate the continuity
equations of our system. Assuming the system to be
completely incompressible, we have two independent
equations of continuity

dpalr) i

gt + Vejalr) = 0 (12)
9

¢::r) + Vejp(r) = 0 (13)

The fluxes, ji(r), are given by
. Uadaa
iae) = =SVl Ny - @] (1)

DA ‘
Jo(e) = =2 SV lka()/Ng = ms()]  (15)

where U, and g are the specific volume of component A
and B, respectively, and mg is the molecular mass of the
solvent. Equations 12-15 are derived in Appendix B and
we have made the additional assumption that the Onsager
coefficient, A,p, can be neglected. This assumption does
not affect the main points of our analysis in any significant
way. We have also assumed that A,, and Apg are inde-
pendent of the wave vector, g. This is justified for the
length scales of interest in this paper; the ¢ dependence
of the Onsager coefficients will in general be important
only on length scales shorter than the radius of gyration
of the polymer species®®

Equations 12 and 13 can be Fourier transformed and
written in matrix form as
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a_ ¢A(q:t)
at (qss(q,t)) ¥

2 Updaa/kTm, 0 1al@) /Ny - us(q) =0 (16)
a 0 OpAps/kTm, J\ up(q)/Ng - us(@)

To progress further we make the usual linear approxi-
mation: we let 6¢;(g) be the deviation from the mean
volume fraction, ¢y, i.e.,

0i(q) = ¢i(q) — ¢y (17)
and get the linearized chemical potentials per site
1
(@) /Ny - us(@) kT=const+( + — -
[ua(@)/Na - us(@)l/ ™

1
ZXS)5¢A(Q) + (;b_s— + xp = 2xs Jo¢n(q) (18)
0

L1

Npoépy  ¥so

1
2Xs)5¢B(Q) + ('— + xp
®so

One obtains, then, by using these expressions in eq 16,

3 + ¢* =0 (20
dn(q,t) Dga  Dgg /\9¢5(q,t)
where the diffusion coefficients, D;;, are given by

1 2xs) @1)

[uB(q) /Ng — pg(@)1/ET = const + (

2xs Jodalq) (19)

1
Daa = wAAAA/mS)(NA%o ¢so

Dyg = (UAAAA/ms)(‘l— + X - 2Xs) (22)
®s0

Xp ~ 2XS) (23)

1
-2 24
N, ¢Bo s Xs) @4)

The Onsager coefficients cannot be calculated a priori so
that we must retain them as parameters of the model. We
note, however, that they must be such as to give the fol-
lowing limiting values of the diffusion coefficients, D;;:°

lim DlJ = Di! i= ]
#—0
=0,i] (25)
where D is the tracer (self) diffusion coefficient of i in the
ternary system.

Equation 20 can easily be solved by taking Laplace
transforms and inverting to give

1
Dga = (OgAgp/ ms)(— +
®s0

Dgg = (0gApp/ ms)(

| M- Dses Dyap e
bpalg,t) = [ VW dpalq,0) + N )\26¢B(q’0) ]e q
A2 - Dag 2
+ _)\'——5¢A(q 0) + >\15¢'B(Q10) e Mt (26)
Dgy ,
épp(g,t) = [ 5¢B(q 0) + Y d9a(q,0) ]e'q A
2
2 D 2
[ W 5¢B(q 0) + 5¢A(q 0)] et (27)

where the eigenvalues A\; and A, are given by
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M2 = %[Daa + Dgp % [(Daa — Dpp)? + 4DpDp,s1Y/%
(28)

In the following section, eq 21-28 will be used to calculate
the dynamic light-scattering spectrum in isorefractive
systems. Next, they will be used to calculate the time
evolution of the equal-time structure factor for quenches
from the one-phase region into the spinodal region.

Dynamic Light Scattering in Isorefractive
Systems

The quantity of interest in dyanmic light scattering is
{de(g,t)6e(—q,0) ) where de is the fluctuation in the dielectric
constant, ¢, of the system. By defining the quantities ¢
as

= (8¢/3¢3) T (29)
we have at constant temperature and pressure
de = €A5¢A + €B 5¢B (30)

so that
<6€(q,t)6€(-q,0)> =
([eada(q,t) + pdon(q,t)][€adda(-¢,0) + egdpp(-¢,0)])
(31)
In a perfectly matched isorefractive system, we have ez =
0, giving
(55(Qat)a€(—q3o)) = 5A2(6¢A(qat)6¢A(—q’O)) (32)
The right-hand side of eq 32 can be calculated directly

from eq 26 so that the dynamic light-scattering spectrum
from an isorefractive ternary system can be written as

(8e(q,t)0e(-q,0)) = e*(180alq,0)1%) X
[ [ DBB DAB (0¢B(g,0)064(~q,0)) ]e‘qz"l" N
)\1 - - Az

N (A @OP)
[ 2~ Das | Dan_(365(@000s(-0.0) ]e_qw ]
Ag - )\1 )\ - >\1

(1504(g,0)*)
(33)

Therefore, even in isorefractive systems, the spectrum at
arbitrary concentrations is described by a sum of two ex-
ponentials with g2 dependent relaxation times. Only in
the limit ¢, — 0, where, by using eq 25 and 28 we obtain

A =Dy (35)
= Dgp (36)

does the spectrum reduce to a single exponential, i.e.,
Hm (8e(q,t)3e(~q,0)) = €x(|60a(q,0)[)eaDat  (37)
640

An origin of the nonsingle exponential which one observes
even in isorefractive systems may be the thermodynamic
coupling that occurs between the two variables ¢, and
d¢p. This is an intrinsic property of all ternary systems
and is observed in systems of flexible polymers,'? rodlike
polymers,® and colloidal particles.?!

Attempts to interpret observations of two-exponential
decay behavior in isorefractive polymer systems in terms
of entanglements between the probe species and the iso-
refractive polymer'® should not be necessary. In recent
experiments on isorefractive systems where nonsingle ex-
ponential behavior is observed, it is possible that aside
from the effect of polydispersity,'® contributions from both
coupled diffusion coefficients through modes A; and A, are
being detected due to the finite concentration of the la-
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beled species. Experiments on polymer—polymer systems?
indicate that the effect of concentration on the diffusion
coefficient persists even at very low concentrations so that
actually attaining the infinite dilution limit is quite difficult
without extrapolation of the data. This effect is particu-
larly pronounced in systems which show limited miscibility
and becomes more significant as the coexistence curve is
approached. While deviations from single-exponential
behavior have been observed in isorefractive systems
composed of two compatible polymers and a solvent, it is
interesting to note that the most severe deviations have
been detected in systems where the polymers are incom-
patible. Chu and co-workers'? and Nemoto et al.!® have
detected two distinct modes of decay in polystyrene
(PS)-poly(methyl methacrylate) (PMMA)-solvent sys-
tems, while, using the same polymers, Numasawa et al.
have noticed significant deviation from single-exponential
behavior. It seems likely, therefore, that thermodynamic
coupling between the polymer species, particularly if they
are incompatible, must be considered even at very low
concentrations of the probe polymer. The infinite-dilution
limit might not be easily attainable so that eq 33 may not
be accurately approximated by eq 37. Other factors such
as polydispersity treated by Lodge et al.!® and incomplete
refractive index matching will also be important. The
latter issue is investigated further in Appendix C.

Dynamics of Spinodal Decomposition in Ternary
Systems

In this section we examine the dynamics of spinodal
decomposition in ternary systems. We shall show that the
light scattering spectrum from ternary systems will not
exhibit the single-exponential behavior which is predicted
to occur in binary systems. This is true whether or not
the system is isorefractive, since in most experimental

“situations, spinodal decomposition will be observed when
both polymer species have appreciable compositions. In
our ternary system in which ¢, + ¢ + ¢g = 1, we have
three independent correlations, i.e., eq 20 can be rewritten
in terms of the quantities (d¢;(q,t)d¢;(—q,t)) as

5 [[Bora
'a—t‘ <¢A(q’t)5¢3(_q,t)) +
{16¢n(g.t)®

2Dss  2Dpp 0 {LENCENS)
¢*| Dea  Dasn+Dps  Dag (80alq,t)oep(-q,t))| = 0 (38)
0 2Dg, 2Dgg | | (I66n(g,)]%)

Equation 38 describes the time dependence of the corre-
lations (8¢i(q,t)d¢;(-q,t)) as the system passes from its
initial state at T, to its final state at T} It is clear that
we can expect our spectrum to be composed of three ex-
ponentials and to be more complex than in the binary case
where there exists one independent correlation and sin-
gle-exponential behavior occurs. From eq 26 and 27 we
expect our spectrum to be of the form

(3e(q,t)de(-q,t)) = Ae 2™t 4+ Be2a™at 4 Cema*ha + Mt
(39)

In isorefractive systems the amplitudes A, B, and C are
given by

M-D 2
A= eAz[(ﬁ) (166(q,0)%) +

2
AB 2
VS (169p(q,0)|*) +

A, — Dgg Dyg
2( )\1 _ >\2 )( Al _ >\2)(5¢A(q,0)5¢‘8(—Qy0)> ] (40)

Macromolecules, Vol. 20, No. 8, 1987
B= eﬁ[ (%)2<|6¢A(q,0)|2> +
(MDfBM )2<|6¢B<q,0)|2> +
2( A}z\ 1‘_111323 )( )\f—):\BM ) (564(q,0)505(-g,0)) ] (41)
c= —2eA2[ ( A;I—_DQB )( x;;_Df’z‘a)<|«S<z>,\<q,0>|2> +

Dis }? Dag [ A2— Dgp
8 2+
(A1 =) Wesaom + 5 S

)(5¢A(q,0)5¢3(—q,0)>] (42)

Ay = Dpp
A=A
In the limit ¢, — 0, eq 39 will reduce in the isorefractive

case to a single exponential, i.e.,

lim (3e(q,t)oe(~9,0))= ea2(|60a(g,0)[2)e 2 Part (43)

However, we are interested in concentrated solutions so
that the full expression, eq 39, must be used. For quenches
close to the spinodal curve, some simplification may be
expected. In this case A; will be slightly negative and A,
will be positive. If |Xy] > [\,], then the spectrum will consist
of two exponentially decaying terms and a single expo-
nentially increasing term. Thus at large times, the spec-
trum will be approximated by

(3e(q,t)de(-g,t)) = Ae™a™t (44)

so that single-exponential behavior will be expected. At
very short times, contributions from the exponentially
decaying terms must be included so that deviations from
single-exponential behavior will be expected. Sasaki and
Hashimoto!” have studied phase separation in polymer~
polymer-solvent systems and have indeed observed de-
viation from single-exponential behavior in the early stages
of spinodal decomposition. The authors interpreted this
phenomenon as a consequence of the finite time required
to quench into the two-phase region but such an expla-
nation may not be needed in light of our findings. It is
difficult, however, to carry out a quantitative comparison
of the data with eq 39, since there are only limited data
available and there are five adjustable parameters. How-
ever, the qualitative trends exhibited by the data are en-
couraging so that further study on such systems should be
carried out.

Conclusion

Dynamics of concentration fluctuations in ternary sys-
tems are seen to be more complex than in the binary case.
Even in isorefractive systems, the light scattering spectrum
will be quite complicated. At least two exponentials should
be revealed by dynamic light scattering in the one-phase
region. In the infinite-dilution limit where the probe
species is present in only trace amounts, the spectrum
should in theory reduce to a single-exponential decay. This
limit may be difficult to attain in practice so that the use
of refractive-index matching as a means of measuring
tracer diffusion coefficients without extrapolation proce-
dures may be limited in scope. The early stages of spinodal
decomposition as measured by light scattering from iso-
refractive systems will be quite complex, requiring at least
three exponentials to fit the data. A simplification results
in that these three decays involve only two independent
variables, \; and A,, which for shallow quenches are likely
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to be of considerably different magnitudes. Although more
data are clearly needed, the limited results available in the
literature so far are in qualitative agreement with our
conclusions.
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Appendix A: Extended Free Energy Expression
in Ternary Systems

In binary systems, the Flory-Huggins equation can be
extended to include gradient terms such that’

Af _ Afmn
5T = BT + K(V¢)? (A1)
where
K=—% (A.2)
364(1 - ¢)

and a is the statistical segment length which is assumed
to be the same for both species. Extending this approach
to a ternary system composed of two polymers and a
solvent we write

% ’:;H + Kaa(Voa)? + KapVsVop + Kpp(Vop)®
(A.3)
where
Ko = a2/364, (A.4)
Kyg=0 (A.5)
Kgg = a?/36¢5 (A6)

As in de Gennes’ derivation” we have assumed (i) we are
in the low-g limit where the Ornstein—Zernike equation
holds, i.e., we consider terms up to ¢2 in our free energy
expression; (ii) the polymer chains obey Gaussian statistics;
(iii) the interaction parameters do not contribute to the
gradient terms, i.e.,

Xss Xp K 1 (A7)

and (iv) the polymers have the save segment length, a.
In the limit as ¢g — 0, we have, assuming no volume
changes on mixing,

Véa = -Veép (A.8)
so that eq A.3 becomes
Af _ Afru .
kT = &T 36¢ PRV (A.9)

which is simply the expression obtained earlier by de
Gennes for polymer—polymer systems as should be ex-

pected. On the other hand, since
Vd)A + V¢B + V(f)s =0 (A.lO)

we can write, from eq A.3, for our ternary system

Af _ Afrn + a*f 1
kT kT ¢A

)(V¢A)2+ (Vos)? +

36¢

T%‘V¢Av¢s (A.11)

Now, in the limit ¢ — 0 we have
Véa = Vg (A.12)

giving
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Af  Af FH a?

kT~ kT 36¢
The chemical potential difference per site, us/Nj — ug, is
then given by functional differentiation as
1
ﬁ(ﬂA/NA - Hg) =
1 aAfFH a?
kT d¢,

——(Vu)? (A.13)

——(Va)? - V2¢A (A.14)

36¢ 2 18¢

This is identical with Binder’s expression (eq 6.6 of ref 8)
for the chemical potential difference for a binary poly-
mer—solvent system. Thus our proposed equation for the
free energy in ternary systems of two polymers and a
solvent, eq A.3, gives previously obtained limiting ex-
pressions for the free energy in binary polymer—polymer
and polymer—solvent systems. It can therefore be used as
the starting point for a more detailed theory of spinodal
decomposition in ternary systems, incorporating terms up
to fourth order in the wave vector, q.

Appendix B: Conservation Equations

The continuity equation for component i in a mixture

is given by

dp;

3{1 + Voou; =0
The most useful fluxes for formulating the phenomeno-
logical relations in their simplest form are the fluxes J;’s
with respect to the velocity u™ of the local center of mass
where®

(B.1)

J; = pi(u; - u™) (B.2)
and
2d;=0 (B.3)
Equation B.1 can then be written as
(8p;/0t) + u™Vp; = -V.J; - p;V-u™ (B.4)

In our ternary system where i = A, B, or S for solvent, the
three equations represented in (B.4) can be rewritten in
terms of the continuity equation for the mixture by sum-
ming (B.4) over all components and two equations for A
and B, respectively. One has then

dp /ot = —V-pu™ (B.5)
9pa
at

and an equation similar to (B.6) for component B. The
mass fluxes J, and Jg are given in terms of Onsager
coefficients A’s as®

+ u™ va = -V. JA pAV-um (B.6)

Aaa
dy = ~aT V(#A/mA ~ug/mg) - V(#B/mB s/ mg)
B.7)
Jg=- —V(I-LB/mB —ug/mg) - V(MA/mA ug/mg)

(B.8)

when y; is the chemical potential of molecule i and m; is
its mass.

For an incompressible mixture, p is constant and V-u™
= 0; eq B.5 is automatically satisfied and the last term in
(B.6) drops out. Finally, since we shall be considering only
small fluctuations away from equilibrium, we neglect
nonlinear terms such as u™Vp, in (B.6). We are then left
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with the two governing equations
apA/Gt = "‘V'JA (B.g)

and
dpp/0t = —V-Jg (B.10)

Equations 12-15 follow from (B.7)-(B.10) by letting ¢; =
piU; where U; is the specific volume of component i and
neglecting the cross-coefficient terms involving A,g.

Appendix C: Effect of Incomplete
Refractive-Index Matching

We saw earlier that in a perfectly matched isorefractive
system we have eg = 0 so that eq 31 simplified to give eq
32. In this way the spectrum could be calculated directly
from eq 26 to give eq 33. In this Appendix we investigate
the effect of including terms linear in eg in eq 31. Since
the equations get quite cumbersome we use the following
notation:

Saa = (106a(q,0)®) (C.1)
Sag = (0¢4(q,0)0¢5(-gq,0)) (C.2)
Sps = (16¢6(q,0)]*) (C.3)

From eq 31, 26, and 27, our spectrum becomes
(8e(q,t)8e(~q,0)) = A @™+ At (C.4)
where
M-Dgg  Spp Das f_B_[ Dgy
A=A Ssadi—A @

Sgg Dag +SAB(>‘1‘"DBB+>‘1—DAA)] (C5)

A, =

Saa M= As o Saa\ M- X AL — A

M- Dgg  Sag Dag eg| Dga
A= 8 s

A=A Saa MmN el AN

S D S X —D X—-D
Sep_Das  Sasf do-Des Ao AA) (C6)
Saada— A Saa\ XN Ay — A

In general we want A; > A, so that the A\; mode will
dominate. For simplicity we consider some special cases.
In the limit where ¢, and ¢y became infinitely dilute we
can use eq 25 to give

S

1+€_B._£
A @S )
4 @Sk '

fASAA

Therefore, in this case, A; will be much greater than A,
when

S
BOAB 1 (C.8)
€A SAA

which is essentially the result of Hanley et al.'* If we now
consider a situation where only the probe species is infi-
nitely dilute, we get

D S
1+3 (#) 4+ DaB
A €A Dpa ~ Dgp Saa

4 (__’-EA___) 4 Sus
€A DBB_DAA SAA

(C.9)
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Interestingly, this expression includes diffusion coefficients
as well as the thermodynamic quantities Sj;. Since the
diffusion term in the numerator is the negative of that in
the denominator, these terms will cancel for the total in-
tensity as expected from eq C.4 at ¢t = 0. However, at any
time, ¢, they will have an effect on the amplitude ratio
A/ A, of the two decay modes. In a situation where

SAB DBA

—_— (C.10
San | Dan - Das )

we simply return to eq C.8 as our criterion of adequate
index matching. If, however, we have

SaB Dgy
— KL | (C.11)
Saa Dys - Dpp
we then require
€ Dgy
1K1 C.12)
€a|Daa — Dgg (
The data of Daivis et al. indicate that!®
Dga
—| =8 (C.13)
Dys - Dgp

in their system. Putting this into eq C.12 then gives as
a rough estimate

eg/ea K 0.1 (C.14)

In general one must therefore be careful in deciding what
values of eg and ¢, constitute a genuinely isorefractive
system for light-scattering purpose. Effects of this kind
may have some bearing on the recent data showing non-
single-exponential behavior in isorefractive systems.
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