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means would afford fractionations of such a high accuracy
and reliability which the present experimental facilities
might not be able to warrant. Furthermore, any other side
reaction or disturbing parameter not considered here might
introduce further difficulties. As a result of this analysis,
it seems to be extremely difficult to work out a successful
experimental route of determining M;. Nevertheless, this
route invariably will have to make use of the differences
in the molecular weight distribution of the dead polymer
which would be caused by the different means.

VI. Final Remarks

The fundamental equations (eq 22 and 23) developed
in this paper prove to be helpful in providing universal
relationships between kinetic quantities. Their knowledge
reduces the problem of solving the kinetic scheme for any
form of chain length dependence of &, to the evaluation
(either by closed calculation, if possible, or numerically)
of the expression (k,/k,°)!/2P%/%, which is fairly constant
for moderate values of the parameter b and varies only by
a few percent on passing from its limiting value for pre-
dominant termination by disproportionation to its limiting
value for predominant chain transfer. If both these lim-
iting values are accessible, as is the case with the geometric
mean approximation in the long-chain approximation, a
fully exact solution can be provided. In all other cases,
the (exact) numeric data obtained by iterating the chain
length distribution can be reproduced with fair accuracy.
Furthermore, due to the factorizability connected with the
geometric mean approximation, in addition an exact
treatment of a kinetic scheme involving termination by
recombination is possible in this case.
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ABSTRACT: A molecular theory of r-mer fluid mixtures is presented. It is based on the Sanchez-Lacombe
lattice—fluid model for r-mer fluids and their mixtures. Each molecule is characterized by a constant number
of segments in the pure state and in solution. A more general mixing rule is used for the close-packed volume
per segment in the mixture and in the one-fluid approach. The number of contact sites is not considered
constant for all types of segments, and, thus, surface area fractions are introduced in the formalism of the
model. Experimental data on all basic thermodynamic quantities of mixing for poly(dimethylsiloxane),
polyisobutylene, and natural rubber solutions are used to test the theory. Liquid-liquid phase equilibria are
considered for polymer—polymer mixtures. For this case, the effect of the binary parameters is discussed.
Extension of the theory to account for gas solubilities in polymeric liquids is also discussed. The theory is
compared with the original Sanchez-Lacombe theory and Flory’s equation-of-state theory of polymer solutions.

In recent years there has been a sustained interest to-
ward the development and refinement of statisticome-
chanical theories of the liquid state.’* The radial distri-
bution function approach has proved a successful treat-
ment of liquids formed by small molecules of nearly
spherical force fields. For macromolecules, however, its
applicability is limited and exact theoretical treatments
remain elusive. Approximate treatments whose common
starting point is the partition function formulation are
commonly used as an alternative. In this respect, free-
volume models for polymer solutions®*7 have proved quite
successful in explaining their thermodynamic behavior,
including volume changes on mixing, the composition
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dependence of the Flory-Huggins x interaction parameter,
and the exhibition of lower critical solution temperatures
by nonpolar polymer + nonpolar solvent mixtures as well
as polymer + polymer mixtures. In these models the
characteristics of the pure liquids, as manifested, for ex-
ample, in their equations of state, are taken into account
for the description of the thermodynamic behavior of their
mixtures. From a quantitative standpoint, the success of
these models is heavily based not only on the judicious
choice of the binary parameters but also on the adequate
description of pure component behavior.

The “cell” character of the so-called FPP (Flory-Pat-
terson—Prigogine) theory®® and the lack of any detailed
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model for the dependence on external conditions of the
total number of external degrees of freedom per molecular
segment (parameter ¢) limit its range of applicability to
the liquid state only. Coupling of the FPP approach for
liquids with other models for the gaseous state cannot
always be used in a thermodynamically consistent manner
for the description of vapor-liquid equilibria. For instance,
it cannot be used for external conditions approaching the
critical state. Semiempirical modifications of Flory’s
equation-of-state theory* to make it applicable to the
gaseous state have appeared in the literature.*'® The
interesting combination of the “cell” and “hole” concepts
in a single model!112 does not alleviate this problem due
to the presence in the formalism of the imperfectly un-
derstood Prigogine parameter c.

Lattice—fluid models,®” on the other hand, are able to
predict vapor-liquid transition in a fundamental manner.
They can, for example, be used for the prediction and
correlation of the solubilities of subcritical as well as su-
percritical gases in polymeric liquids.!® They are also
directly related to the classical Gibbs—DiMarzio'* approach
to glass transition.’® Sanchez and Lacombe’s model® is a
remarkably simple model, but an extensive comparison of
its performance with the performance of FPP models is
still lacking. This may partly explain the fact that in spite
of its shortcomings, the FPP approach is much more
commonly used in the polymer solution literature than the
lattice—fluid approach.

The purpose of this work is to present and test a mod-
ified lattice—fluid model of mixtures of r-mer fluids. It is
based on Sanchez and Lacombe’s model.® Seeking an
improvement of the model, from the quantitative stand-
point, without seriously sacrificing its simplicity, we will
consider constant the number of segments per molecule
in the pure state and in solution. Molecular shape dif-
ferences will be taken into account, in direct analogy with
Flory’s equation-of-state theory,* through the characteristic
surface-to-volume ratio, s, of each component. Aside from
this latter feature, the theory for pure fluids is formally
identical with the Sanchez-Lacombe theory of pure
fluids.’® Thus the characteristic equation-of-state or
scaling parameters in the present model are the same as
in the original Sanchez—Lacombe theory.5

The one-fluid approach is followed and a more general
mixing rule is used for the close-packed volume per seg-
ment in the mixture.!” The effect of incorporating an
“entropic” binary parameter analogous to the @,, param-
eter of Flory’s theory* is discussed. Experimental data for
a number of polymer—solvent systems extensively used to
test Flory’s theory* are used to test the present model.

This work is a direct continuation of our previous work!?
where we treated the simpler case of equal number of
contact sites for all types of segments. However, no com-
parison of the theory with experimental data for the
thermodynamic mixing quantities was done in that work.

Theory

Partition Function. Consider a mixture of N; mole-
cules, each consisting of r, segments (r;-mers) and N,
ro-mer molecules at temperature T and external pressure
P. For an approximate description of our system, it is
assumed that all molecules are arranged on a quasi-lattice
of N, sites, Ny of which are empty (holes). Molecular
segments and holes are assumed in the present work to be
randomly mixed. We may then use Flory’s combinatorial
expression’® for the number of configurations available to
our system. In Sanchez-Lacombe®!81® nomenclature, the
pressure ensemble partition function in its maximum term
approximation may be written as
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E and V are the potential (attractive) energy and the total
volume of the system, respectively. The site fractions, f,
are defined as

fo = No/N, (2
and
fi=riNi/Nry i=1y2 (3)

On the basis of Flory’s combinatorial expression!® the
parameter w; is given explicitly as

o= — o1 (4)
" ogexp(r;- 1) ’

o; is a symmetry number and §; is a flexibility parameter
characteristic of component i. w; may be recognized to be
the number of configurations available to an r;-mer in the
close-packed pure state;!® it will be treated as a constant
and terms containing it will cancel out in all expressions
for the mixing quantities of our interest.

In order to proceed further we must evaluate V and E.

Volume of the Mixture. By adopting the one-fluid
approach, we may attribute to each quasi-lattice site a
volume v*; it is the average close-packed volume per seg-
ment in the mixture. The total volume, V, of the system
is then

V = N* (5)

This volume must be distinguished from the total
close-packed volume, V*, of the mixture, which is

V¥ = rNuv* = (r|N; + roNyu* (6)
where
N=N,+N, (7)
The reduced volume of the mixture is
Vv Nuw* Ny+rN 1
_W—va*_ rN =5 ®)

7 being the reduced density.

The division of a molecule into segments is, in essence,
arbitrary; a segment is simply considered to be an isometric
portion of a chain molecule. As mentioned previously, our
model in the case of pure components reduces to the theory
of Sanchez and Lacombe for pure fluids.'® This latter
theory provides us with both a number of segments per
molecule, r;, and a close-packed volume per segment, v;*,
for each pure fluid i. The characteristic volumes v;* are,
generally, different for different fluids. We must then
adopt an appropriate combining rule for the evaluation of
mer volume, v¥*, in the mixture. Following our previous
work!317% we adopt for v* the quadratic mixing rule

* = 0 %0% + 2010010* + 0% 9)

where ¢; is the close-packed segment fraction for compo-
nent I, given by

=fiD (10)
vyo* is given by

D *1/3 4 pg*l/3 3
1 (11)

£,0 is a dimensionless binary parameter (equal to one for
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a mixture of hard spheres). For v*’s not widely different,
&1, is expected to have a value close to unity.

For simplicity and in accordance with our previous
work, 131720 we will consider the number of segments per
molecule, r;, to remain constant in the pure state and in
solution. In general, then, the close-packed volume per
r-mer is different in the pure state (rv*) and in the
mixture (r;v*). Lacombe and Sanchez’s!® mixing rule for
v* is recovered by equating v,,* in eq 9 with the arithmetic
mean of v* and v,*. In this latter theory r; is varying with
composition in the mixture. Our assumption of constant
r; leads to a simpler formalism without worsening the
quantitative character of the model.

Potential Energy of the Mixture. In the evaluation
of the potential energy of the system, only nearest-neighbor
interactions are taken into account. In addition, mer—hole
and hole-hole interaction energies are assigned a zero
value. We may then write for the potential energy

—E = Nyje;; + Nygerp + Nogeoy (12)

where NN;; is the number of i-j contacts, each contact being
characterized by the interaction energy —¢;. This number
of contacts will certainly be influenced by the shape
characteristics of the interacting molecules. The original
Sanchez—Lacombe theory®'? ag well as our previous work?!?
does not take into account explicitly shape characteristics
of the molecules in the mixture. Flory’s theory*!” does take
into account molecular shape, though in a crude manner,
through the surface areas of contacts per segment, which
are, in general, different for different components. By
adopting then Flory’s approach,* we may assign a value
s; to the number of contact sites per segment (proportional
to the surface area per segment) of type i. In addition, we
may introduce at this point, surface area fractions as

o N,-r,-si
©7 Ngso + Nyrys; + Norgsy’

i=12 (13)

In the present treatment, holes are characterized not
only by a varying size with composition (eq 9) but by a
varying s, with composition as well. In order to keep
unaffected the formalism of the Sanchez-Lacombe theory
of pure fluids,'® we have adopted the mixing rule

89 =8 = @181 + oSy (14)

in analogy with Flory’s theory.

The idea of introducing varying numbers of contact sites
per segment in lattice theories is by no means a new one;
it was already advanced in the thirties.?! Kleintjens and
Koningsveld’ as well as Panayiotou and Vera? have in-
corporated this idea in lattice—fluid models. These
treatments differ in the details from the present and lead
to significantly different formalisms. Combination of eq
13, 14, and 8 gives

9= = (15)

where the close-packed surface area fraction, ¢;, referred
to as the surface fraction, is given by

Nirs; oS8

9, = = =
" ONsi+ Norosy 181 + @8y
[~
_—, i # j(16)
@+ ois;/s) J
From the definitions of these fractions we obtain
90+91+62=1 (17)

and
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We may now evaluate the number of contacts N;;. In
the random-mixing approximation pair and higher order
probabilites may be evaluated in terms of singlet proba-
bilities which are equal to the surface area fractions of each
species in the system. Thus

rsN
Ny = Niri8:0; = Norosg; = — 910, (19

~

and
N .
ON; = Nrs; = =92, i=1,2 (20)

In order to proceed further we must relate the interac-
tion energy ¢; to the equation-of-state parameters of pure
fluid i. In the case of pure fluids (superscript degree
symbol), eq 12 for the potential energy reduces to the
equation

Nr; s; Nir;

W6 = f éeii = #éi* (21)

The characteristic temperature T;* and pressure P* are
related to ¢* as follows:

i

ripi*

éi* = RI,* = }),'*U‘,"'= = Pi*

(22)

where M; is the molar mass and p;* is the characteristic
density of pure fluid i. The three scaling parameters re-
ported usually® are T;*, P*, and p;*.

In analogy with eq 21 we may write for the mixture

-E = —¢* (23)

The composition dependence of ¢* may be obtained by
substituting eq 19 and 20 in eq 12:

e* = %(012511 + 20,0561 + Folep) (24)

By elementary algebra this equation may be cast in the
more useful form

& = g% + pe* — ¢ 9,RTX (25)
where
e* + (s1/89)e* — 2(51/59)1 %e19*
X12 = RT (26)
and
(3132)1/2
€% = g Gz = $iz(er*eg*)1/2 @7

The dimensionless binary parameter {3, is expected to take
values close to unity (equal to one of Berthelot’s rule).
Equation 25 reduces, as it should, to the corresponding
equations in simpler treatments'®!® when s,/s, = 1. It is
important to notice that in this development of the theory
the absolute values of s, and s, are not needed; only their
ratio is needed.

Equation of State. In analogy with eq 22 we may
define the characteristic parameters T* and P* for the
mixture as follows:

e* = RT* = Py (28)
The corresponding reduced quantities are then
T=T/T* (29)
and
P=p/p* (30)
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The free energy of the system may be obtained from eq
1 as

G=-RTlh¢Q (31)

Minimization of G with respect to N, leads to the
equation of state

Pi In(1-5 B
L2V =r&=1—r[l+—-——(~ p)+3.] (32)
i T

which is formally identical with the equation of state de-
rived by Sanchez and Lacombe®*%'® for both pure com-
ponents and mixture. Notice that eq 32 gives the correct
ideal gas limit (P — 0, T — «). In the case of high poly-
mers (r — =) and at negligible external pressure, eq 32
reduces to the equation

p=1~exp[-p - (/D7 (32a)
The thermal expansion coefficient, «, and the isothermal
compressibility, 8, obtained from eq 32 are given by
1+ Pp?
TToll/G-1D +1/r] -2

aT (33)

and

_ Py?
Tol1/G-1)+1/r] -2

Basic Thermodynamic Quantities of Mixing. From

classical thermodynamics, the chemical potential u; of
component | in the mixture is given by

u; = (3G /ON)rpN, ., (35)
Using equation 31 and taking into account the minimiza-

tion condition for G, which has led to the equation of state,
eq 35 gives for the chemical potential of component 1

sP (34)

H1 r -
ﬁ = ln ("% + (1 - ;;)(pz + rlf)X12022 + rl(U— 1) ln (1

p rp Bof ewr* + erp*
— ) +ln— - = 4+ ————
p) +In o Ty T( V¥ 1) @8

The chemical potential for component 2 is obtained from
this equation by simple interchange of subscripts 1 and
2 (v1* = Dy ¥, $:X 12 = 5:Xy). In the case of pure com-
ponent 1 eq 36 gives for the chemical potential
#1° - . P b B3,
ﬁ=r1(vl—1)ln(1—p1)+ln;1-—T—1+r1?1-

In the close-packed limit (no allowance for empty sites)
we obtain from eq 36 and 37 for liquids at low pressures
the equation

) By =~ #° r
ﬁ};ﬂel( RT )=1w1+(1‘;;)*’2*’1"12’922

(38)

which is reminiscent of the familiar Flory-Huggins equa-
tion1718

B = ° rivg*
=Ind +|1- B, + xBy?
rT ( rgvz*) 2 ¥ x¥ (39)

87

where the “volume” fraction ; is defined as
Nirv*
Nlrlvl* + Nzrzvz*,

It should be noted that there is a difference, though
small, between this “volume” fraction and the true volume

®, = i=1,2 (40)
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fraction in the mixture. Thus, for the system benzene
(1)-poly(dimethyisiloxane) (2) at 25 °C (p,* = 0.994 g/cm?,
v* = 9.8 cm®/mol, p; = 0.874 g/cm?, p,* = 1.104 g/cm?,
vg* = 13.1 cm?®/mol, p, = 0.972 g/cm®) when ¢, = ¢, the
value of &, is 0.428 while the corresponding true volume
fraction is 0.429. On the other hand, for the system
benzene (1)-polyisobutylene (2) at 25 °C (py* = 0.974 g/
cm?, vy* = 15.1 cm3/mol, p, = 0.917 g/cm?) when ¢, = ¢,
the value of ®, is 0.395 while the corresponding true
volume fraction is 0.410. Following common practice*é17%
we will use in this work &;’s instead of the true volume
fractions. Combination of eq 36, 37, and 39 gives for the
Flory-Huggins x interaction parameter in solvent (1)-
polymer (2) systems at low pressures.

1 . 2 p T
X = ln-—+(¢2—<I>2)+r1pX12132 +1n__——7'(p—
P, pr Ty

771) +r{@-1)In 1 -p) "'1(51 -DIn(1 "7’1)}/‘1’22
(41)

The volume change upon mixing is
AVM = rNU*lj - r1N101*51 - r2N2U2*52 (42)

or
AVM _ug* Jvet
Ngr SVl — el o =0 0°  (42a)
The relative volume change of mixing is
AVM 5 -
Ve T (42b)

V° being the sum of the volumes of the pure components.
The enthalpy of mixing is given by

AHM = "rNé*[") + rlNlel*f)l + rQNgéz*i)g + PAVM (43)
or, in combination with eq 25

AHM pL— B Pa—P{ PAVM
— = RT{TJ%l’lez to—m—te 7 } +
2

rN T, rN
(43a)
By series expansion of eq 43a in powers of ¢,, the en-
thalpy of mixing at infinite dilution, AH.,, at low pressures
is given by
AH. = RT :52 J!

po*ve*{ T

§g
+ 7’13_1X12 + 51P1*7’12¢1} (44)

where

1 1 83 1 1
=l =-=+—-X + - - = 45
121 ﬂ1( T, T, s 12) re ™ (45)
Phase Stability. The stability with respect to diffusion
of a homogeneous phase over the entire range of compo-
sition in a binary mixture at a given temperature and
pressure requires the following
aHl au2 aﬂl 8#2
— — >

——— &
5x1 axz 0x2 6x1 0 (46)

x; being the mole fraction of component i. All these ine-
qualities are simultaneously satisfied if

3% /3¢p.2 > 0 (47

where

g =G/(rN) (48)
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Using eq 1, 31, and 48, we obtain from ine(iuality 47 the
following condition for phase stability

8 s 2 " 1
5[221(018—2 + 02) X + 5P*T¢2] <L+l
1

re1r  Tey

Py
2}—27.‘(U1* + U2* - 21)12*) (49)

where

Pp 1 1
=% —_— * *)y - =
¥ =pnt RT(U1 v2") (r1 r2) +

P
%(% = @) (v* + ve* — 2015*%) (50)

and

= Lo 1 1[5 5%
Az RT op ~ T, T2(02 ¥y SI)XJ.Q (51)

Inequality 49 will be referred to as the spinodal ine-
quality.

Gas Solubilities in Polymer Liquids. All equations
in this work have been written in such a manner that a
direct comparison is possible with corresponding equations
in simpler treatments of the lattice—fluid theory. 319
Extension of the theory to account for gas solubilities in
polymeric liquids can be done along the lines of our pre-
vious work.!3 The weight fraction Henry’s law constant
H,, at very low pressures is defined as

Hy, = lim (,P/wy) (52)
Yully
where vy, is the mole fraction of the solute (gas) in the vapor
phase and w), is its weight fraction in the liquid phase. In
the present treatment H, is given by

RTpy*
H, = expyri] 1+ 5. X0 +
M,

P2

(02~ 1) In (1 - py) - T,

M, is the molecular weight of the solute. Equation 53 is
formally identical with eq 49 of ref 13; X;,, however, is
given now by eq 26. Corrections for the effect of high
pressures on H,, are given in ref 13.

Applications

Comparison of Theory and Experiment. Mixing
Functions. In this section we test the lattice-fluid model
presented in the previous section against experimental data
for the basic thermodynamic quantities of mixing (volumes
of mixing, heats of mixing, activities, and x interaction
parameters) for a number of representative polymer—sol-
vent systems.

The test will be done in successive steps. First, we will
consider the simple case of a one-parameter model (£;, =
1, 8,/s; = 1). Subsequently, we will introduce in the model
values for s;/s, obtained from the literature; the ratio s, /s,
will not be treated as an adjustable parameter in this test.
In cases of discrepancies between theoretical and experi-
mental volumes of mixing, agreement can be reached most
effectively by considering £, as an adjustable parameter.
This test will make possible a direct comparison of the
performances of the present model with existing similar
theories.

Poly(dimethylsiloxane) Solutions. PDMS solutions
are a class of polymer solutions that have repeatedly been
used in the past to test new theories.?*2 Flory’s equa-
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Figure 1. Comparison between experimental and calculated
values of x plotted against the “volume” fraction for the system
benzene (1)-PDMS (2) at 25 °C. Circles represent experimental
results of Flory and Shih?® and the triangle represents the results
of Summers et al.®2 Curve 1 was calculated by the Sanchez-
Lacombe theory,® curve 2 was calculated by the present one-
parameter model, and curve 3 was calculated by the present
three-parameter model using the binary parameters in Table I.

tion-of-state theory* usually fails to reproduce the exper-
imental data for this class of systems. Consideration of
all three parameters X, @3, and s;/s, of Flory’s theory
as adjustable does not always reproduce simultaneously
the experimental data for all quantities of mixing; large
contributions of the “entropic” term (containing &,,) are
often needed or the adjusted values of s;/s, are mean-
ingless.?-252" Reformulation of Flory’s theory by intro-
ducing a mixing rule analogous to eq 9 of the present work
has led to considerable improvement of the theory.1720:28

The first system used to test the model is the mixture
benzene (1)-PDMS (2). Experimental data for excess
volumes at 25 °C were obtained from ref 23. The heats
of mixing at infinite dilution at 25 °C reported in the
literature are 14.2 J g! (Delmas et al.®®) and 11 J g!
(Morimoto®). The average value 12.6 J g'! has been taken
as a basis for all subsequent theoretical calculations. Data
for x interaction parameters have been obtained from ref
23 and 32.

On the basis of the average value 12.6 J g1 for AH.., the
estimated value of the binary parameter {;, for the original
Sanchez-Lacombe theory® is 1.0027. With this value for
{12 the Sanchez-Lacombe theory predicts for the ratio
AVM/V® the value 0.00240 at ®, = 0.5; the corresponding
experimental value is?® ~0.00061. Curve 1 in Figure 1 for
the x interaction parameter was esimated by the San-
chez-Lacombe theory® with the above value for {;,.

Application of the one-parameter Flory theory for this
system?® (X, determined from experimental AH.) gave
the following: AVM/V® = 0.0121 at &, = 0.5, x(®, = 0)
= (0,23, and x(®, = 1) = 0.66. In order to avoid confusion
we have not plotted in Figures 1-9 the curves for x cal-
culated by Flory’s theory.*

The simple version of the model presented in the pre-
vious section (£33 = 1, 8;/8; = 1) has one binary adjustable
parameter, the parameter {;,. For the system benzene—
PDMS with AH,, = 12.6 J g7, we obtain {;, = 0.9825. With
this value for {,, the calculated AVM/V® at &, = 0.5 is
-0.00069, in fairly good agreement with the experimental
value, and the calculated x interaction parameters are
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Table I
Binary Parameters of Lattice-Fluid Models
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Sanchez-Lacombe

Present model
(612 = 81/52 = 1.0, 412 = 0)

present three-parameter model

system theory® {1, $12 81/82 $12 303 q1
benzene-PDMSe 1.0027 0.9825 118 0.9809 1.0000 0.015
chlorobenzene-PDMS 1.0082 0.9955 1.4% 0.9912 0.9967 0.060
cyclohexane-PDMS 0.9994 0.9918 122828 0.9936 1.0005 0.028
1.0¢ 0.9920 1.0005 0.022
MEK?*>-PDMS 1.0013 0.9802 1.4%8 0.9852 0.9990 0.039
benzene-PIB° 0.9824 0.9768 1.03%8 0.9786 1.0187 -0.033
1.72%. 1.0367 1.0187 -0.049
cyclohexane-PIB 0.9932 0.9993 1.0 0.9993 1.0151 -0.027
1.6136 1.0567 1.0151 -0.045
n-pentane-PIB 0.9865 1.0008 1.8936 1.1071 1.0163 —0.056
n-octane-PIB 0.9966 1.0014 1.47%8 1.0429 1.0063 0.003
benzene-NR? 0.9901 0.9923 114 0.9960 1.0070 0.0046
1.0¢ 0.9924 1.0070 0.0046

s Poly(dimethylsiloxane). ?Methyl ethyl ketone. ¢Polyisobutylene. ¢Natural rubber. ¢Alternative set of binary parameters.

Table 11
Comparison between Calculated and Observed Values of
AVM/V® (X102) at &, = 0.5

caled
Sanchez- present model
system exptl Lacombe® Flory* (£, = 1.0)
PDMS-benzene ~0.061 0.24 1.21  -0.069
PDMS-MEK ~0.030 0.36 -0.020
PDMS-cyclohexane 0.053 0.160 0.710  0.021
PDMS-chlorobenzene -0.490 —0.220 0.250 -0.320
PIB-benzene 0.34 0.17 0.75  —0.54 (0.22)°
PIB-cyclohexane -0.14 -0.44 -0.07 ~0.88 (-0.42)
PIB-n—-pentane -1.28 -1.86 -1.55 -2.00 (-1.81)
PIB-n-octane -0.48 -0.74 -0.78 (-0.72)
NR-benzene 0.09 -0.19 0.09 -0.27 (-0.18)

¢Values in parentheses were calculated with the combining rule:
Quoa* = vy* + vy*).

shown by curve 2 in Figure 1. Although the model un-
derestimates x, it is in much better agreement with ex-
periment than Sanchez and Lacombe’s theory® and Flory’s
theory®.

Experimental x parameters are best reproduced by using
for s,/s, the value 1.1 reported in the literature? and an
“entropic” correction to X,, analogous to the @y, term in
Flory’s theory.* Following Flory’s argument, we add to the
expression for system’s potential energy the “entropic”
correction term RTrNe,9¥,q;,. The product of the di-
mensionless binary parameter ¢, with R may be consid-
ered to represent the entropy of interaction between unlike
segments. As in Flory’s theory,! this correction term will
affect only the expression for the chemical potential; thus,
we must add to the right-hand side term of eq 36 the
quantity r;9,%¢;s.

Curve 3 in Figure 1 was obtained by setting s;/s, = 1.1,
$12 = 0.9809, and ¢y, = 0.0148. With this set of parameters
we obtain AH, = 12.6 J gt and AVM/V° = -0.00064.

All subsequent systems are treated in the same manner.
Values of the binary parameters of the lattice-fluid models
considered are given in Table I. Volumes of mixing
calculated with the three one-parameter models considered
are summarized in Table II.

The second mixture used to test the lattice—fluid theory
is chlorobenzene (1)-PDMS (2). Excess volumes for this
system were measured by Flory and Shih® at 25 °C.
Delmas et al.?®® found for the same system AH, = 7.53 J
gl. x interaction parameters obtained from osmotic
pressure measurements by Kuwahara et al.®® at 20 °C are
shown in Figure 2.

Flory’s one-parameter theory for this system? gave x(®,
= 0) = 0.15 and x(®, = 1) = 0.2.
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Figure 2. Comparison between experimental and calculated
values of x for the system chlorobenzene (1)-PDMS (2) at 25 °C.
Circles represent osmotic pressure measurements of Kuwahara
et al.3¥ Curve 1 was calculated by the Sanchez—Lacombe theory,®
curve 2 was calculated by the present one-parameter model, and
curve 3 was calculated by the present three-parameter model using
the binary parameters in Table 1.

On the basis of the experimental AH,, we obtain for the
simple version (£, = 81/, = 1.0) of our model {;; = 0.9955.
With this value for {;, the calculated AVM/V® at &, = 0.5
is -0.0032, while the calculated x parameters are shown
by curve 2 in Figure 2. In both respects this simple one-
parameter model appears superior to the Sanchez-La-
combe theory® or the Flory theory.* Better agreement with
experiment requires consideration of additional binary
adjustable parameters.

The ratio s,/s, for this system as calculated by Flory and
Shih? is 1.4. The set of the parameters £, = 0.9967, {;,
= 0.9912, and g¢;; = 0.060 reproduced the experimental
values for AH., and AVM/V°, while the calculated x pa-
rameters are shown by curve 3 in Figure 2.

The third system considered is eyclohexane (1)-
PDMS (2). Excess volumes for this system were measured
by Flory and Shih? at 25 °C. Delmas et al.*® found for
the same system AH. = 5.2 J g

Experimental and calculated x interaction parameters
are shown in Figure 3. Flory’s one-parameter theory for
this system?® gave x(®, = 0) = 0.13 and x(®; = 1) = 0.24.

The fourth system considered is methyl ethyl ketone
(MEK) (1)-PDMS (2). Experimental data for AH.,,
AVM/V°, and x parameters for this system were reported
by Shiomi et al;*® they found AH. = 14.3 J g! and
AVM/V® = -0.0003 at ®, = 0.5. The observed x param-
eters are represented by circles in Figure 4 along with the
calculated ones.



Macromolecules, Vol. 20, No. 4, 1987

02 1

05 @ 10

Figure 3. Comparison between experimental and calculated
values for x for the system cyclohexane (1)-PDMS (2) at 25 °C.
Circles and triangles represent experimental results.?®® The
dashed line is the least-squares experimental line of Brotzman
and Eichinger.# Curve 1 was calculated by the Sanchez-Lacombe
theory,® curve 2 was calculated by the present one-parameter
model, and curves 3 and 4 were calculated by the present
three-parameter model with s;/s, = 1.0 and s; /s, = 1.2, respec-
tively, using the binary parameters in Table 1.
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Figure 4. Comparison between experimental and calculated
values of x for the system MEK (1)-PDMS (2) at 35 °C. Circles
represent experimental results.®® Curves 1, 2, and 3 were calculated
by the Sanchez-Lacombe theory,® the present one-parameter
model, and the present three-parameter model, respectively, using
the binary parameters in Table L.

In all four PDMS-solvent systems considered, the con-
tribution of the g;, term to x is significantly lower than
the corresponding contribution of the §,, term in Flory’s
theory.

Polyisobutylene (PIB) Solutions. PIB solutions are
another class of polymer solutions that have also been
repeatedly used in the past to test new theories.®7%8:
Predictions of Flory’s equation-of-state theory*® and of
Sanchez and Lacombe’s theory® are in acceptable agree-
ment with experiment for this class of solutions.

As a first example we will consider the mixture benzene
(1)-PIB (2). Excess volumes for this system were mea-
sured by Eichinger and Flory® at 24.5 °C. The integral
heats of mixing at infinite dilution were measured by
Delmas et al.3” and by Cuniberti and Bianchi® at 25 °C.
They have found AH,, = 17.8J g} and AH,, = 15.0J g},
respectively. x interaction parameters determined by
high-pressure osmometry® and vapor sorption measure-
ments®® are shown in Figure 5 by circles and squares, re-
spectively.
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Figure 5. Comparison between experimental and calculated
values of x for the system benzene (1)-PIB (2) at 25 °C. Squares
and circles represent experimental results.®**® Curves 1 and 2
were calculated by the Sanchez-Lacombe theory® and the present
one-parameter model, respectively; curves 3 and 4 were calculated
by the present three-parameter model with s,/s, = 1.03 and s, /s,
= 1.72, respectively, using the binary parameters in Table I.

Flory’s one-parameter theory for this system gave x(®,
=0) = 0.44, x(®; = 1) = 1.42, and AVM/V® = 0.0075 at
®, = 0.5; the corresponding experimental value is AVM/V°
= 0.0034.%

On the basis of the average experimental value AH,, =
16.4 J g! for this system, we obtained for the simple
version (£, = s;/8; = 1.0) of our model {;, = 0.9768. With
this value of {;, the estimated volume of mixing at &, =
0.5 is AVM/V° = —0.0054, in remarkable disagreement with
experiment. Analogous disagreement was observed by
Hamada et al.?® for this system when they used in their
theory a combining rule analogous to eq 11; they observed
that for PIB solutions the mean arithmetic combining rule
(2v19* = v * — Uy*) gives much better results for the excess
volumes. The calculated x parameters with {;, = 0.9768
are shown by curve 2 in Figure 5.

The ratio s, /s, for this system was calculated to be equal
to 1.03 by Hamada et al.2® and to be equal to 1.72 by
Eichinger and Flory.% The set of the parameters £, =
1.0187, 5,/s5 = 1.08, {1, = 0.9786, and g,, = —0.033 repro-
duced the experimental values for AH., and AVM/V®, while
the calculated x parameters are shown by curve 3 in Figure
5.

It is worth observing the rather large value of £, re-
quired to bring calculated volumes of mixing in agreement
with experimental ones. Notice also that the value of v,*
estimated by the combining rule of eq 11 with ¢, = 1.0
is 12.26, while use of the mean arithmetic combining rule
would give v,5* = 12.45, a value that is close to the product
1.0187 X 12.26 = 12.49. Use of this latter combining rule
would give AVM/V® = (.0022, much closer to the experi-
mental value.

The second PIB—solvent system considered is eyclo-
hexane (1)-PIB (2). Excess volumes for this system were
measured by Eichinger and Flory® at 25 °C. Delmas et
al.% found for the same system AH. = -0.61 J g%. x
interaction parameters obtained from osmotic pressure
measurements3®4? at 30 °C and vapor sorption measure-
ments3 at 25 °C are shown in Figure 6.

Flory’s one-parameter theory gave for this system x (&,
= () = 0.3 and x(®, = 1) = 0.61.

The third PIB-solvent system considered is n-pentane
(1)-PIB (2). Excess volumes for this system were mea-
sured by Baker et al.#! at 25 °C. Delmas et al.3" found for
the same system AH, = -3.6 J gt at 25 °C. x interaction
parameters obtained from vapor sorption measure-
ments®+4! at 25 °C are shown in Figure 7.

Flory’s one-parameter theory gave for this system3 x (&,
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Figure 6. Comparison between experimental and calculated
values of x for the system cyclohexane (1)-PIB (2) at 25 °C.
Squares and circles represent experimental results. ¥4 Curves
1,2, and 3 were calculated by the Sanchez-Lacombe theory,? the
present one-parameter model, and the present three-parameter
model, respectively, using the binary parameters in Table I.
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Figure 7. Comparison between experimental and calculated
values of x for the system r-pentane (1)-PIB (2) at 25 °C. Squares
and circles represent experimental results.?4! Curves 1, 2, and
3 were calculated by the Sanchez-Lacombe theory,? the present
one-parameter model, and the present three-parameter model,
respectively, using the binary parameters in Table I.

= () = 0.66 and x(®, = 1) = 0.94.

The fourth PIB-solvent system considered is n-octane
(1)-PIB (2). Excess volumes for this system were mea-
sured by Flory et al.*2 at 25 °C. Delmas et al.* found for
the same system AH,, = —0.61 J g1, x interaction param-
eters were also determined at 25 °C by Flory et al.*? and
are shown by circles in Figure 8.

Natural Rubber (NR) Solutions. NR solutions are
another class of polymer solutions where an “entropic”
correction @, to the binary parameter X;, in Flory’s
theory* is needed in order to reach agreement with ex-
periment. In the present work we will consider only the
system benzene (1)-NR (2), for which experimental data
for all basic thermodynamic quantities of mixing are
available. Excess volumes for this system were measured
by Eichinger and Flory* at 25 °C. The experimental value
of AH, for this system is* 5.7 J g 1. x interaction param-
eters determined from high-pressure osmometry and vapor
sorption measurements*® are shown in Figure 9.

Equation-of-state parameters for NR in the lattice—fluid
theory obtained from PVT data by Eichinger and Flory*
are T* = 595 K, P* = 439 mN/m?, and p* = 982 kg/m3.

The binary parameter {;; in the Sanchez-Lacombe
theory® obtained from the experimental AH. is 0.9901.
With this value for {;; the calculated x parameters are
shown by curve 1 in Figure 9. The calculated volume of
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Figure 8. Comparison between experimental and calculated
values of x for the system n-octane (1)-PIB (2) at 25 °C. Circles
represent experimental results.2 Curves 1, 2, and 3 were calculated
by the Sanchez-Lacombe theory,® the present one-parameter
model, and the present three-parameter model, respectively, using
the binary parameters in Table I. .Curve 2’ was calculated by the
present model with 512 = 1.0, g1z = 0, 31/32 = 147, and {12 = 1.0429.

Figure 9. Comparison between experimental and calculated
values of x for the system benzene (1)-natural rubber (2) at 25
°C. Circles represent experimental results.# Curves 1 and 2 were
calculated by the Sanchez-Lacombe theory® and the present
one-parameter model, respectively. Curves 3 and 4 were calculated
by the present three-parameter model with s;/s; = 1.0 and s,/s,
= 1.1, respectively, using the binary parameters in Table I.

mixing at &, = 0.5 is AVM/V° = -0.0019; the corresponding
experimental value is 0.0009.

The binary parameter {;, is the simple version (¢, =
§1/85 = 1.0) of our model determined from the experi-
mental AH., is 0.9923. With this value for {;, the calculated
x parameters are shown by curve 2 in Figure 9 while the
calculated volume of mixing at &, = 0.5 is AVM/V° =
—0.0027. Calculated volumes of mixing by both the San-
chez-Lacombe theory® and the present simple model are
in rather large disagreement with experiment. Agreement
between calculated and experimental volumes of mixing
can be reached by setting £; = 1.007. In the case of the
studied system, a simple replacement of eq 11 by the mean
arithmetic combining rule (equivalent to setting £, =
1.0016) would not improve significantly the situation. The
set of parameters s, /s, = 1.0, {1, = 0.9924, £,; = 1.007, and
¢12 = 0.0046 reproduces the experimental values for AH,,
and AVM/V°, while the calculated x interaction parame-
ters are shown in Figure 9 by curve 3.

Although the one-parameter Flory theory*! correlates
satisfactorily the experimental volumes of mixing, it un-
derestimates significantly the x parameters in this system.
Eichinger and Flory*? found x(®; = 0) = 0.25 and x(®, =
1) = 0.4; consequently the required “entropic” correction
in Flory’s theory is significantly larger than the corre-
sponding correction in our lattice—fluid model.



Macromolecules, Vol. 20, No. 4, 1987

700T—T—r—T—T T T T T

600 B

T 4

500F . -

400 R

05 10
ﬁw

Figure 10. Simulated spinodals for PVC-PCL mixtures: curve
1, {12 = 1.0045, s, /s, = 1.0, ;5 = 0.0; curve 2, {1, = 1.0073, 5,/s,
= 1.0, g;5 = 0.0; curve 3, {1, = 1.0078, s, /55 = 1.35, g1 = 0.0; curve
4, g’lg = 1.0073, 31/82 = 1.40, gie = 0.0; curve 5, {12 = 10073, 81/32
= 1.0, g1 = 0.001.

Liquid-Liquid Equilibria. Critical Temperatures.
Polymer solutions show a greater propensity for phase
separation at higher temperatures (existence of lower
critical solution temperatures (LCST)) than similar mix-
tures of low molecular weight liquids. Both upper critical
solution temperatures (UCST) and LCST as well as the
corresponding critical compositions depend on the mo-
lecular weight. Sanchez and Lacombe’s discussion® on the
impact to phase stability of the differences in equation-
of-state characteristics of polymer and solvent molecules
holds, of course, true for the present model as well.

Binodal curves in liquid-liquid equilibria may be cal-
culated, as usual, by equating the chemical potentials for
each of the components in the coexisting phases. The
shape of binodal curves in polymer mixtures depends
strongly on the molecular weight distribution. Since we
have not considered molecular weight distributions in the
present model, we may confine ourselves to those char-
acteristics of liquid-liquid equilibria in polymer solutions
which can be brought about by simple application of the
spinodal inequality condition (eq 49).

In systems with a nonzero “entropic” correction term (g,
# 0), we must add to the left-hand side term in the spi-
nodal inequality (49) the term

2% l91)
%)

9,9
2(]12—‘—1 2(1 +
L1

As an example of polymer—polymer systems, we consider
the mixture poly(vinyl chloride) (PVC) (1)-poly(e-capro-
lactone) (PCL) (2), known to be compatible over the
complete range of composition.® Phase separation char-
acteristics of this system were also studied through the
spinodal condition from Flory’s theory* by Olabisi.#6 On
the basis of his PVT data for both pure polymers, the
lattice—fluid equation-of-state parameters are for PVC T*
= 661 K, P* = 7564 mN/m?, and p* = 1485 kg/m?® and for
PCL T* = 570 K, P* = 500 mN/m? and p* = 1189 kg/m?.

In Figure 10 are shown five spinodal curves calculated
by the present model for the system PVC~PCL. The effect
of the binary interaction parameter {;, on the simulation
of phase separation behavior is most emphatically shown
by comparing curves 1 and 2; an increase in {;;, makes
interchange energy parameter X;, more negative, thus
favoring miscibility. The most interesting characteristic
in Figure 10 is the effect of the surface to volume ratio s;/s,
on the shape of the spinodal curve. This is shown by
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Figure 11. Phase diagrams for PS-PVME mixtures*’ where M,
for PVME is 51 500 and M,, for monodisperse PS is (0) 10000,
(¥) 20400, (A) 51000, and (01) 200000.. Wpg is the weight fraction
of PS. Solid lines are calculated binodals while broken lines are
the corresponding spinodals.

comparing curves 2, 3, and 4 of the figure. At very low
pressures the effect of increasing £, on the shape of the
spinodal curve is not significant except for a slight
broadening of the complete immiscibility region. Com-
parison of curves 2 and 5 shows the effect of considering
a nonzero “entropic” correction term (g;; # 0). These
theoretical predictions cannot be tested experimentally due
to thermal instability of PVC. Figure 10, however, may
be used as a guide in phase separation simulation studies
of other compatible polymer pairs.

It would be certainly interesting to apply the present
model to an actually observed demixing system. The ov-
erwhelming majority of real systems, however, consist of
polydisperse polymers. Extension of the model to account
for polymer polydispersity is postponed for a subsequent
publication.

Our model, as developed here, might still be applied to
a mixture of near-monodisperse polymers. Nishi and
Kwei!” have reported LCST-type phase diagrams for such
systems, namely, mixtures of a poly(vinyl methyl ether)
(PVME) sample of M,, = 51 500 with various near-mono-
disperse polystyrene (PS) samples.

PVT data for PVME are rather limited in the open
literature.®® On the basis of this limited information the
estimated equation-of-state parameters for PVME are T*
= 628 K, P* = 418 mN/m? and p* = 1117 kg/m®. The
corresponding parameters for PS have been obtained from
the literature.®

In Figure 11 are shown experimental data along with the
predicted binodals and spinodals of the present model for
the system PS-PVME. The simple version of our model
(¢, = s1/s3 = 1.0, g1 = 0) has been used. The binary
interaction parameter {;, has been adjusted to give an
adequate description of the phase behavior for the system
PS(M,, = 51 000)-PVME; its value is {;» = 1.00466. Cal-
culated binodals and spinodals are very sensitive to the
value of {;,; this is why we report its fifth decimal here.

As shown in Figure 11 the description of the phase be-
havior of this system by theory is essentially correct, albeit
qualitative. The model predicts correctly the effect of
molecular weight. on the phase behavior of the system.

Conclusions

In this work we have presented an approximate ther-
modynamic theory of polymer solutions. It is based on
Sanchez and Lacombe’s lattice-fluid theory,® which is
modified in the following respects: (a) The number of
segments per molecule of a fluid is constant in both the
pure state and solution. (b) A quadratic mixing rule is used
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for the close-packed volume per segment in the mixture
(eq 9) along with the classical combining rule (eq 11). (c¢)
Molecular shape characteristics are taken into account
through the use of the surface to volume ratio s,/s,. (d)
An “entropic” correction of the interchange energy pa-
rameter X, is introduced in analogy with the corre-
sponding correction in Flory’s equation-of-state theory.*

An extensive test of the theory has been done against
experimental data for the basic thermodynamic quantities
of mixing in a number of representative polymer—solvent
systems. In parallel, the original Sanchez-Lacombe theory®
and the simple version of our model'? (¢;, = 1.0, 5,/s, =
1.0) have been tested against the same set of experimental
data. The systems considered (PDMS, PIB, and NR so-
lutions) had been used previously for testing Flory’s the-
ory.* Some basic conclusions can then be drawn when the
performances of all these models are compared. They are
the following: (a) Acceptable correlation of all basic
quantities of mixing by a one-parameter model of polymer
solutions either in the cell approach? or in the lattice—fluid
approach®!3 is rather fortuitous; in general, three binary
parameters are needed. (b) One convenient set of binary
parameters is, {;5 (or Xy5), &9, and gy (or @y5). The
physical significance, however, of the parameter g, (or ;)
is not entirely clear.l” (¢) In both the cell and lattice—fluid
treatments the proper combining rule for v;,* seems to be
dictated, to a great extent, by the nature of the polymer;
thus, for PDMS solutions the combining rule of eq 11 is
the proper one, while for PIB solutions the mean arith-
metic combining rule (2v,* = v,* + vy*) seems to be su-
perior. (d) The proper trend of x parameters with com-
position (slope dx/de;) in polymer solutions can be ob-
tained by considering the surface to volume ratio s;/s,.
Although the variation of the number of segments per
molecule with composition in the original Sanchez-La-
combe theory® can be considered to take, to some extent,
into account molecular shape characteristics in the mix-
ture, the present work shows that this is insufficient and
an explicit consideration of the ratio s;/s, does improve
the theory. The inadequacy of the original lattice—fluid
theory to reproduce the experimental trend of x with
composition was considered by Sanchez and Lacombe® as
“the most serious shortcoming of the lattice—fluid theory”.
(e) If allowance is made in the simple version of our
model®? for a choice of the proper combining rule for v,,*,
it appears at least equally if not more quantitative than
the original Sanchez-Lacombe theory® and Flory one-pa-
rameter theory?. Notice, however, that the equation-of-
state parameters in Flory’s theory are temperature de-
pendent, while in the lattice—fluid theory they are not. (f)
The theory presented in this work (with {35, &5, and g,
parameters) and the extended Flory theory!” (3;,, &5, and
Q1> parameters) have many features in common and nei-
ther can be considered definitely superior to the other;
both are equally good or equally poor models of polymer
solutions. However, the fact that the lattice—fluid theory
is applicable to both the gaseous and the liquid state is,
in our opinion, a definite advantage of the lattice-fluid
theory. (g) The incorporation of the ratio s;/s, in the
formalism of the lattice—fluid theory increases considerably
its versatility in simulation studies of the phase separation
behavior in mixtures.

As for future work, the lattice—fluid theory can be fur-
ther improved in a number of ways. Correction for non-
randomness can be introduced in the way we described
earlier.®? Consideration of different interacting groups in
the same molecule can be done in a way we also described
earlier.’ Improvement of the theory can also be done
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through improvement of the theory for pure fluids.”?? It
is hoped that the present work will stimulate both ex-
perimental and theoretical work toward clarifying the re-
lation between the nature of the polymers, the obstruction
of chain irregularities for efficient packing, and the proper
combining rule for v;,* in polymer solutions.

Registry No. PS, 9003-53-6; PVME, 9003-09-2; PVC, 9002-
86-2; PCL (SRU), 25248-42-4; PCL (homopolymer), 24980-41-4;
PIB, 9003-27-4.
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ABSTRACT: Laser light scattering was used to determine static and dynamic solution properties of five
poly(1,4-benzamide) (PBA) samples in dimethylacetamide (DMAC) with 3% (g/mL) LiCl. The results show
D°, = 1.24 X 103M, 0% cm?/s with M,, expressed in units of grams per mole and a persistence length p of
75 + 3 nm. As the ap (=0.89) value and the persistence length for PBA in DMAC with 3% (g/mL) LiCl are
greater than those for poly(1,4-phenyleneterephthalamide) (PPTA) in concentrated sulfuric acid, PBA in
DMAC/LiCl has stiffer chains than PPTA in concentrated sulfuric acid. Concentration and angular dependence
of mean line widths as well as molecular weight distributions derived by using different methods of data analysis

are presented.

Introduction

Dynamic light scattering in combination with static light
scattering intensity measurements has been used suc-
cessfully to determine both the static and dynamic prop-
erties of wormlike macromolecules in solution, such as
poly(1,4-phenyleneterephthalamide) (PPTA) in concen-
trated sulfuric acid.l?® Poly(1,4-benzamide) (PBA) is an-
other important aromatic polyamide polymer material that
yields high-thermal-stability, high-modulus, and high-
tensile-strength fibers from solution spinning of anisotropic
dopes. PPTA and PBA have similar chemical chain
structure, the only difference being the incorporation into
the chain of all amide groups in the “head to tail” order
for PBA and in the alternating order for PPTA. Thus, the
rigidity of the PBA molecular chain greatly exceeds that
of PPTA.* The static and dynamic solution properties of
these two polymers can also be expected to be somewhat
different. We have published static and dynamic light
scattering characterization of PPTA in 96 wt % sulfuric
acid.2® The present work reports recent experimental
results on static and dynamic solution properties of PBA
in dimethylacetamide (DMAC) with 3% (g/mL) LiCl

Experimental Section

1. Materials. Five different molecular weight poly(1,4-
benzamide) samples were kindly provided by Professor J. Wang
of the Shanghai Institute of Resins in Shanghai, China.

The solvent mixture was prepared by dissolving 3% (g/mL)
LiC), which was dried at 450 °C for 3 h, in N,N-dimethylacetamide
(DMAC) (certified reagent ACS, Fisher Scientific Co.) and kept
in a drybox before use.

Solutions at different concentrations were prepared by dilution.
The stock solution was made by dissolving 0.13 g of PBA in 10
mL of filtered DMAC/LiCl solvent mixture. The middle portion
of each centrifuged solution (after 2 h of centrifugation at 1 X
10* gravity) was transferred to a screw-capped (with Teflon
packing inside) 16-mm-o.d. light scattering cell and stored in a
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drybox except during light scattering experiments. All mea-
surements were completed within a few days after preparation
of solution, but for sample 4 (see Table I) light scattering mea-
surements were performed periodically over about a 1-mo. period
in order to check the solution stability.

The condition for centrifugation was further tested by making
light scattering measurements at upper and lower portions of a
PBA solution after 6 h of centrifugation at 3 X 10* gravity. The
agreement signified that PBA was not fractionated by centrifu-
gation, yet our procedure was sufficient to eliminate most of the
dust particles in solution.

2, Methods of Measurement. The refractive index n and
the refractive index increment (dn/dc) of the DMAC/LiCl solvent
mixture were determined at 30 °C by using a Brice-Phoenix
differential refractometer. For the measurement of n of the
solvent mixture, we used chloroform (n = 1.4446 at Ay = 546 nm,
25 °C) as a reference standard. At 30 °C and Ay = 514.5 nm, the
values of n and (dn/3dC)y for the solvent mixture are 1.4491 and
0.3426 mL /g, respectively.

The viscosity 5, of the DMAC/LiCl solvent mixture was de-
termined at 30 °C by using a Ubbelohde viscometer with cyclo-
hexane as a reference standard

n0/d = Ft - (B/t) 0y

where d is the density, F is an instrument constant, and B is
related to the kinetic energy term. When the flow time ¢ is long
enough (usually ¢ > 120 s), the B/t term in comparison with Ft
is negligibly small. At 30 °C the values of 7, and d for the solvent
mixture are 1.354 cP and 0.9596 (g/mL), respectively. The
DMAC/LiCl (3% g/mL) solvent showed no absorption peak in
the wavelength range between 600 and 400 nm.

The light scattering apparatus has been described elsewhere.®
We used a Lexel Model 95 argon ion laser operating, nominally,
at ~250 mW. All light scattering measurements were performed
by using Ay = 514.5 nm. Intensity measurements were accumu-
lated automatically every 4.5° between 18° and 135° scattering
angles ().

Correlation function measurements were made by using a
128-channel Brookhaven Model BI-2030 digital correlator. Only
those time correlation function measurements whose base-line
difference between calculated and measured values was less than
0.1% were accepted. A few low-angle (18°-24°) data that showed
a base-line difference of around 0.2% were also analyzed. Cor-
relation function data were accumulated every 6° between 8 =
18° and 60° and every 15° between 60° and 120°. The light
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