
Temperature, composition and molecular- 
weight dependence of the binary interaction 
parameter of polystyrene/poly(vinyl methyl 
ether) blends 

Charles C. Han, Barry J. Bauer, John C. Clark, Yoshio Muroga*, 
Yushu iatsushita* ,  i a m o r u  Okadat, Qui Tran-congt and 
Taihyun Chang§ 
Polymers Division, Institute for Materials Science and Engineering, National Bureau of 
Standards, Gaithersburg, MD 20899, USA 

and Isaac C. Sanchez 
Alcoa Laboratories, Alcoa Centre, PA 15069, USA 
(Received 1 April 1988; accepted 4 April 1988) 

The binary interaction parameter Z=fr has been obtained for deuterated polystyrene/poly(vinyl methyl ether) 
blends as a function of temperature, composition and molecular weight from small-angle neutron scattering 
experiments. The consistency of the correlation length 4, the zero-wavenumber scattering intensity S(0) and 
the Xar parameter with the mean-field prediction has been demonstrated by the q dependence of the static 
structure factor S(q) and the 1/T dependence of ~-2, S(0)-1 and X=~. The effective interaction parameter Xe~ 
can be related to the Flory-Huggins interaction parameter ZF. The free-energy function as well as the 
spinodal curve and cloud-point curve have been constructed. 
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I N T R O D U C T I O N  

The technical importance of polymer blends has been well 
recognized in recent years 1. Making polymers miscible 
through chemical structure modification is a very 
important topic, but miscibility may not be the ultimate 
characteristic one is looking for. This is because 
synergistic effects which enhance the property of a phase- 
separated material mainly come from molecular 
alignment, reinforcement, phase domain size and 
morphology. 

In order to understand and possibly control the 
domain sizes and morphology due to phase 
decomposition, one has to understand thermodynamics 
(statics) as well as phase-separation kinetics (dynamics). 
We understand that statics and dynamics are inseparable 
subjects if we wish to talk about phase behaviour of even a 
simple binary system. The most important quantity 
needed in both static and dynamic characterization is the 
free energy (of mixing) of the system as a function of 
temperature and composition. For  the case of polymer 
systems, we also need to know the molecular-weight 
dependence of the free-energy function. 

Small-angle neutron scattering (SANS) has been 
used 2-4 to measure the effective or scattering binary 
interaction parameter Xar (for convenience, we will drop 
the subscript 'effective' or 'scattering' throughout this 
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paper and define ~eff=~scatt=Z) for a deuterated 
polystyrene/poly(vinyl methyl ether) (PSD/PVME) 
system. This technique offers a rather simple, fast and 
accurate method of obtaining the Z parameter. Therefore, 
a systematic study of this X parameter as a function of 
composition (~b), temperature (T) and molecular weight 
(MW) is possible. 

The extraction of the g parameter from SANS 
measurements depends on the mean-field nature of the 
polymer system and the random-phase approximation 
(RPA) calculation. Nevertheless, within our measure- 
ment error, we have found this procedure quite 
satisfactory. Furthermore, we should point out that the g 
parameter extracted from this procedure is different from 
the ZF parameter in the Flory-Huggins free-energy 
function as long as the ZF parameter is allowed to be 
compositionally dependent. The exact origin of this 
compositional dependence of gv is not certain. It could be 
caused by residual entropic effects of monomer size 
difference between the two components, by the local 
packing orientations, by the chain-end effect, etc. 5-s. We 
shall discuss the relationship between Z, which is 
measured in our experiment, and ZF, which is used in the 
free-energy function of Flory-Huggins type later. We 
should point out that we have allowed the ZF to be 
compositionally dependent, which is different from the 
original definition of the Flory-Huggins g parameter. 
Essentially, we have incorporated all residual 
compositional dependence into gv. But, as long as the 
interaction between the two types of monomer can be 
described by a single q-independent potential function 
U(c~,T) at a given ~b and T, the RPA calculation will 
provide a general scattering factor S(q), which allows the 
extraction of the effective interaction parameter Z from 



the scattering experiment. Then, through the 
compositional dependence of Z, the free-energy function 
can be constructed according to the calculation by 
Sanchez 9, which will be demonstrated later. 

In this paper, we present a systematic study of the 
effective Z parameter as a function of if, T and M W for 
high-molecular-weight and narrow-molecular-weight- 
distribution deuterated polystyrene/poly(vinyl methyl 
ether) systems by the SANS technique. The free-energy 
function has then been constructed numerically from 
these measurements. 

THEORETICAL BACKGROUND 

It has been shown by de Gennes 1° and later by Binder 1 
that for a non-interacting polymer system, the random- 
phase approximation calculation gives an inverse 
additivity of the scattering structure factor S(q). In other 
words, the inverse of the total scattering structure factor 
S(q) equals the sum of the inverse of the individual 
structure factor SA(q) and SB(q) for a binary polymer 
system: 

1 1 1 
) (I) 

S(q)-NAC~ASA(q) NBdpBSa(q) 

On the other hand, for an interacting system with a mean- 
field potential U, the total structure factor can be 
represented as: 

1 1 1 

S(q) - NA(aASA(q) + NB(aBSB(q) -- 2Z (2) 

By putting in the scattering lengths and other constants, 
equation (2) can be written as4: 

k N 1 1 2 z 

S(q) - -  ~ ) A N A I ) A S D ( U A )  "[" dpaNBVnSD(Us) v o (3) 

where 

kN= No(aA _aB ) 2 
\ V A  VB/ 

with N o being the Avogadro number, a~ being the 
scattering length per mole of monomer i, v o and v~ being 
the molar volumes of a reference unit cell and of the ith 
segment respectively. The single-chain structure factor 
SD(U~) may be represented by the Debye function: 

2 
SD(Ui) = 7~-~2 [exp(- U,)-  1 + Ui] u;  

(4) 

with Ui = q2R2i/3 and q is the magnitude of the scattering 
wavevector: 

q -Iql = (4~/2)sin(0/2) 

2 is the wavelength of the incident beam and 0 is the 
scattering angle. Rg,, Ni and 4h are the radius of gyration, 
the degree of polymerization and the volume fraction of 
polymer i, respectively. The g parameter obtained is 
related to the mean-field potential U for a given 
composition and temperature as: 
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U = VAVsZ/V~ (5) 

By the expansion of the Debye function and dropping all 
terms higher than the second moment, equation (3) can be 
written in the Ornstein-Zernike form: 

S(q) = S(q = 0)/[1 + ~2(TAb)q2 ] (6) 

with 

b 2 
2 ( T ~ ¢ )  = ~ [ ~ ) A ~ ) B ( Z s  - -  Z)] - 1  (7) 

and 

b 2 b 2 . b~ "~ 
(8) 

where ~(T,q~) is the correlation length at temperature T 
and composition 4)= ~bA, bi is the statistical segment 
length of the ith component and Z, is the effective X 
parameter at the spinodal point: 

1 ( 1 1 )  
Xs--a VA ~ N s  ) (9) 
Vo t~NA VB 

In the vicinity of the phase separation temperature, 
both S(q= T, dp) and ~(T,~b) may have scaling forms as 
often observed in critical fluctuation phenomena: 

S(q=O,T, qb)=So(d?)e -~ (lO) 

~(T,¢)=~o(¢)~ -~ (11) 

where 

e= T-T~ (12) 
I T~ I 

Ifa binary polymer system can be described by the mean- 
field model 12"13, then v and ? should have values of 1/2 
and 1 respectively. One should notice that Z has a unit of 
energy per kBT; the lIT dependence of g together with 
equations (3) and (7) predict that in the vicinity of the 
critical temperature To: 

and 

S(O,T,c~)oc IT - T~I-' (13) 

~(q~)oc I T -  T~1-1/2 (14) 

These are consistent with the mean-field exponents of v 
and y. However, this is a result which should be expected 
because the RPA calculation itself is a mean-field 
calculation. Therefore, a check on the 1/T dependence of 
Z or a check on equations (13) and (14) are equivalent to a 
check on the mean-field exponents v and y. We shall 
discuss this point again in the discussion section. 

EXPERIMENTAL 

Materials 
Poly(styrene-ds) (PSD) was prepared by anionic 

polymerization of styrene-d s in benzene with 
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T a b l e  1 Molecular weight and polydispersity of  the three series of  
samples used for SANS study 

PSD P V M E  

Mw Mw/Mn Mw Mw/Mn 

L series 230 x 10 a 1.14 389 × 103 1.25 
M series 402 x 10 a 1.42 210 x 103 1.32 
H series 593 x 103 1.48 1100 x l03 1.26 

butyllithium as initiator using standard techniques ~4. 
The molecular-weight distribution was measured by gel 
permeation chromatography (g.p.c.) and the molecular 
weights and polydispersities are listed in Table I. 

Poly(vinyl methyl ether) (PVME) was polymerized by 
cationic polymerization of vinyl methyl ether in toluene 
with boron trifluoride-ethyl ether complex as an 
initiator ~ 5. The polymer was fractionated with toluene as 
a solvent and heptane as a non-solvent. The fractions 
used in this study are also listed in Table 1. The weight- 
average molecular weight and polydispersities were 
measured by g.p.c. 

Sample preparation 
The neutron scattering samples were prepared by 

solution casting from toluene. In the blends designated 
the M series, no antioxidant was used. But, in the L and H 
series, 0.05 wt ~ of Santonox R* (Monsanto Chemical 
Company) was added as antioxidant. The cast films were 
cut and compression moulded at 120°C into circular 
specimens. The thickness of all specimens was 1.6 mm, 
with a diameter of 19mm. All specimens were then 
thoroughly dried in a vacuum at 120°C for at least 16 h 
and sandwiched between oxygen-free Cu windows for 
SANS measurements. All SANS measurements were 
carried out at the temperature reported in this paper. No 
quenched samples have been used, in order to avoid any 
possible artefacts caused by quenching. All samples were 
kept in vacuum at 100°C between measurements to 
ensure their dryness. 

Small-angle neutron scattering experiments 
SANS experiments were carried out at the National 

Bureau of Standards Research Reactor. The wavelength 2 
of the incident beam was monochromatized to 6 A by a 
velocity selector. A focusing collimation was used which 
gives a minimum scattering wavevector qmin of 
6 x 10- 3 A- 1. The observed scattering intensity at a given 
temperature, molecular-weight combination and com- 
position was corrected for electronic noise, background 
radiation and detector inhomogeneity. It is then 
normalized against a dry silica gel which serves as a 
secondary standard 16, to give the absolute intensity. 
Finally, it is circularly averaged to give the q, ~b and T 
dependence of the scattering structure factor S(q). 

RESULTS AND DISCUSSION 

Small-angle neutron scattering measurements have been 
carried out for all three series of molecular-weight 

*Disclaimer. Certain commercial materials and instruments are 
identified in this paper in order to specify the experimental procedure. In 
n o  c a s e  does such identification imply recommendation or endorsement 
by the National Bureau of Standards 

combinations at various temperatures and con- 
centrations listed in Table 1 and Appendix 2. The 
experimental structure factor S(q) was fitted to equation 
(3) with a non-linear least-squares regression program. 
Since the first two terms, which include the inverse of the 
structure factors SD(UA) -1 and SD(UB) -1, are highly 
correlated, it is impossible to treat the statistical segment 
length b of PSD and PVME as two independent fitting 
parameters. Therefore, we have used a single averaged 
parameter, b,2c in the fitting procedure, with4: 

U -Nivi  . . . .  2 (15)  

In Figure I, the scattering intensity S(q) is displayed vs. q 
for the 30/70 sample of the M series at various 
temperatures as shown in the figure. Full curves are best 
fits according to equation (3). Three parameters, i.e. 2 have, 
Z/v 0 and a baseline factor, were used in all regression 
analyses. The baseline factor was introduced for possible 
incorrect subtraction of incoherent scattering. It is always 
very small for all experiments reported in this paper. 
S(q = O,c~,T), ~(dp,T), X(~,T)/v o and ba2o obtained from the 
fitting and equations (3) and (7) are listed in Appendix 1. 
The molar volumes of 1 0 0 . 5 4  c m  3 mol-  1 and 
55.47 cm 3 mo1-1 are used for PSD and PVME repeat 
units respectively. In Figure 2, reciprocal square 
correlation length (~-2) is plotted vs. T for various 
compositions for the H series results. The ~- 2 values can 
be represented by a straight line near the spinodal 
temperature which is the intercept at ~ - 2 = 0 as shown in 
the figure. This is equivalent to a log ~ vs. log e plot with 
an exponent of v= 1/2 as indicated by equations (1 l) and 
(14). A similar plot of S(q = 0)-1 vs. T is shown in Figure 
3. Again, a good straight-line representation of the data is 
obtained near Ts which indicates that the mean-field 
exponent ofv = 1 is consistent with the results. Notice that 
similar behaviour can be observed for the critical 
composition (~bpsD =0.2) as well as off-critical 
compositions. 

80 

60 

-~4o 

20 

"•c A~. 48C ~/150 *c 

'~o-. o ~ Ioo°c , , 
IO0OC "b-.o " ~ .  'O.b~ ' 0 .~  ' o.b5 ' 0.04 o. 

. . . . .  8 ' 6 ' 0.01 0 0 2  O. 5 O. 4 0.05 q(~,-~) 

Figure I Scattering intensity S(q) from SANS experiment for M series 
PSD/PVME sample of ~PSD = 30 wt ~o displayed vs. q for 100, 120 and 
130°C. Full or  broken curves are best fits according to equation (3). 
Experiments with several other temperatures are displayed at reduced 
scale in the insert 
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Figure 2 Reciprocal square correlation length ~-2 plotted vs. T for 
various composit ions for H series sample 

In Figure 4, X/Vo values are plotted against 1/T for the 
H series sample at various compositions as indicated in 
the figure. At any given composition, the X/vo values 
follow the 1/T dependence as is clearly indicated by the 
straight lines in this figure. As mentioned before, this is 
necessary in order to obtain the mean-field exponents 
from equations (3) and (7). Substituting X by B + A/T into 
equations (3) and (7) we obtain: 

kNS(q=O)-' 2Zs 2x_2A(l__l] 2AT~-T (16) 
-v 0 v o v o \ T  ~]= v 0 TT~ 

4-2 A36dpAdPBf_l__ l_']=A36dpAckB (Ts-- T~ 
T 2 \ T  Ts// ~- \ ~ - /  (17) 

Equations (16) and (17) indicate that at T,~ Ts, ¢-2 and 
S(q=0) -1 should have higher values than a strict AT 
prediction indicated in equations (13) and (14). If we 
examine the ~-2 and S(0)-1 data carefully in Figures 2 
and 3, positive deviation is always found at T ~ Ts. This 
indicates that the RPA may be a very good model for 
concentration fluctuations for any composition and 
temperature even at temperatures far away from T~. A 
better procedure to examine a polymer/polymer system is 
to fit the S(q) data to the RPA calculation of equation (3) 
and to examine the reciprocal temperature dependence of 
Z/Vo, ~-2 and S(0) -1 consistently for a wide range of 
temperatures and compositions. It is dangerous to 
interpret the small positive curvature from either the 
S - 1 (0) VS. T plot or from the ~- 2 vs. T plot as a crossover 
from mean-field to Ising prediction 17. The same data 
from Figure 2 are replotted as ~- 2 vs. 1/T in Figure 5 to 
demonstrate this point. Similar plots for S(0)-1 vs. 1/T 
for all three molecular-weight samples have been carried 
out as well. Spinodal temperatures have been obtained 
consistently from the intercepts of ~- 2 and S(0)- 1 going 
to zero and are listed in Appendix 2. 
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The Z/Vo values for 30 wt % and 50 wt % samples of all 
three molecular-weight series are plotted against 1/T in 
Figure 6 together with least-squares fitted lines through 
each set of data. The same kind of comparison can be 
made for other concentrations as well. In general, we do 
not see significant molecular-weight dependence. The 
concentration dependence of Z/Vo at 130°C is displayed in 
Figure 7. It seems that g/Vo varies linearly with 
composition except that there may be a very small 
curvature at ~bas D <0.3. If the free energy of mixing of a 
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Figure 3 S(0)-x plotted vs. T for the H series sample 
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Figure 4 Reciprocal temperature dependence of UVo for various 
composit ions of the H series sample 
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Figure 5 Reciprocal square correlation length plotted vs. 1/T for 
various compositions for the H series sample 
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Figure 6 Interaction parameter X/Vo vs. 1/T for H, M and L series of 
samples, together with linear least-square fitted lines. The upper group 
are data at 30/70 composition while the lower group are data at 50/50 
composition 

binary polymer system follows a Flory-Huggins type is 
a s :  

f=- AF/v o = Af = Afcom b "1- Afe x 

(~Nlnv~ ( 1 - ¢ ) 1 n ( 1 - ¢ )  =kBT 4 
\ A A NaVB Vo / 

(18) 

with the interaction parameter XF as a function of both 
composition and temperature (1/T dependence) and vi as 
the monomer volume of the ith component,  then the 
spinodal and critical point can be easily obtained 19 at 
(02f/632¢)=0 and (03f/0¢3)=0. Since the scattering 
structure factor at q = 0  is inversely proportional to 
O2f/O¢ 2, we can rewrite equation (3) as: 

s-~kN),= o = 1 1 a2(AF) i {O2f'~ 
voRT 042 = ~ \ 0 ~ ]  

1 1 2 z 
- -  (19) 

U A e A N A  VB¢BNB VO 

o r  

O2f 2 
=-~ , -x )  (20) 

042 Vo 

By letting NAY A = Vl, Nev B = v 2 and Vo = 1 for simplicity, 
equation (18) can be rewritten as: 

f = ksT[(¢l/V,)ln ¢, + (¢Jvgln ¢5 + ¢,¢zxF] (21) 

Following the calculation of Sanchez 9, it can be shown 
that 

with 

and 

XP = ¢2X, a + ¢xX.2 (22) 

ksT¢2zul = Aft, + ¢2d(Afcx)/d¢l 

ke T ¢~x~,2 =- Afcx+ ¢ t d(AfJ/d¢2 

~2 

X,x = (2/¢22)f $~X d¢~ 
0 

X,z = (2/¢~)f  ¢:X d¢i  

0 

(23) 

(24) 

Since we have Z values for various compositions and 
temperatures, it is clear that the free energy of mixing can 
be constructed from equations (24), (22) and (21). We try 
to correlate Z/Vo values by empirical functions before the 
construction of the free-energy function. We have tried 
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Figure 7 Interaction parameter X/Vo vs. SPSD for all three series of 
samples at 130°C 
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and 

-8  

x 

-16 

Z = A + + + E4,2 (25) 
1 

~0 B~b 2 D + E~b (26) 
=A+ (I+C~)2)I/2 F T  

We should point out that both equations (25) and (26) are 
empirical formulae; we do not think we can attach any 
theoretical significance to them at this time. The Z/Vo data 
for the L series and the best-fitted curves are shown in 
Figure 8. 

In Figure 9, Xul/Vo, Zu2/Vo, X,/Vo and XF//) 0 a r e  displayed 
against tpps D for the H series at T= 100°C. Using the 
model equations (25) and (26) we have tried the analysis 
of L, M and H series separately as well as by combining 
results from L and H series together. The M series sample 
was prepared without any antioxidant. There was 
discolouring of the sample after it was heated at high 
temperature (100-150°C) for about one day in the SANS 

-24 

142 °C 
155°C 
130~ 
125°C 
120% 

IO0°C 

two different functional forms: 

0 0'.2 ' 014 ' 0'.6 ' 018 1.0 
CPSO 

Figure  8 In te rac t ion  p a r a m e t e r  X/Vo of the  H series sample  p lo t ted  
against  q~ for var ious  t empera tu re s  as shown in the figure. Full curves  are  
non- l inear  leas t -square  fit to the da t a  accord ing  to equa t ion  (25) 
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experiment. Therefore, we have chosen to analyse the Z/Vo 
values from the H series and L series samples together. 
The best-fitted parameters for both equations (25) and 
(26) are listed in Table 2. The calculated free-energy curves 
at several temperatures for the H series are shown in 
Figure 10 together with the corresponding spinodal curve 
and measured spinodal temperatures. 

With the knowledge of XF as a function of T and ~b, the 
cloud-point curve can also be generated. Equations (27) 
and (28) can be used to calculate the spinodal and critical 
point respectively for a polydisperse system, where Nw 
and Nz are the weight-average and z-average degrees of 
polymerization, respectively: 

2X = 2ZF--2(1- 2 ~ ) ~ -  ~b(1- ~b)00~X ~ 

I)o /20 
F (27) 

VANAw~ v.N.w(1-- dp) 

6• t~2~F 0SZF voNA~ 
- -3(1-2  

VoNBz 
N~w(1-& 

(28) 

Calculation of the cloud point requires a numerical 
solution. This was carried out according to the procedure 
described in Appendix 1. 

In Figure 11, the spinodal curves generated with 
molecular weights corresponding to the H, M and L series 
from the Z/Vo values obtained from the analysis in the last 
section are displayed together with spinodal temperatures 
obtained experimentally. The consistency between 
calculated and experimental spinodal temperatures of H 
and L series are quite satisfactory despite the fact that the 
spinodal temperatures are very sensitive to the XF value. 
Fitted parameters by using data from H and L series 
together for equations (25) and (26) are also listed in Table 
2. On the other hand, for the M series sample, measured 
spinodal temperatures are inconsistent with the L and H 
series. This is due to the small amount of degradation 
and/or crosslinking as mentioned before. We should 
point out that a very small experimental deviation in the 
sample preparation and handling such as moisture 
content, degradation and crosslinking could result in a 

TaMe 2 Best-fitted p a r a m e t e r s  

Model  1 (equat ion (25)) 

P a r a m e t e r s  Series H Series M Series L Series H + L Series H + L ° 

A 8.368 × 10 -4  1.093 × 10 -3  8.121 × 10 - 4  8.257 × 10 - 4  8.714 × 10 -4  
B 3.694 × 10 -4  - 6 . 5 2 3  × 10 - s  9.663 × 10 - 4  6.138 × 10 - 4  4.749 × 10 -4  
C - 3 . 4 2 0 ×  10 -1 - 4 . 3 6 8 ×  10 -1 - 3 . 3 3 8 x  10 -1 - 3 . 3 3 9 ×  10 -x - 3 . 5 4 3  x 10 - l  
D - 1.899 × 10-1 - 4.895 × 10-  2 - 4.097 × 10-1 - 2.806 × 10-  l - 2.461 x 10-  l 
E - 2.662 x 10-  l 7.056 x 10 - s - 1.205 x 10-  4 - 6.280 x 10-  5 0 

Mode l  2 (equat ion (26)) 

P a r a m e t e r s  Series H Series M Series L Series H + L  

A 8.367 x 10 - 4  - 8.096 x 10 -4  8.237 x 10 -4  
B 3.426 x 10 - s _ 7.478 x 10-  s 5.092 x 10 - s 
C 8.927 x 101 - 6.854 x 101 7.407 x 101 
D - 3.35 x 10-1 _ - 3.155 x 10-1 - 3.264 x 101 
E - 2 . 0 1 8  x 10 -1 - - 4 . 4 2 7  x 10 -1 - 3 . 0 2 9  x 10 -1 

a Best fit of  non- l inear  least  squares  with E fixed at  0 
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fairly small X change, but a very large shift in spinodal 
temperatures. This is obvious from equation (27) because 
of the small magnitude of entropic terms. Also shown in 
Figure 11 are cloud-point curves generated according to 
Appendix 1. 
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F i g u r e  11 Calculated spinodal and cloud-point curves together with 
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(c) L series of samples: (E]) spinodal from S(O) and ~; ( - - - )  spinodal 
from X; ( - - )  cloud point from X; (0 )  critical point from X 
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CONCLUSIONS 

In this study we have measured Z/v o as a function of 
temperature and composition for three different 
molecular-weight combinations of PSD/PVME blends. 
The second derivative of free energy can be used directly 
in the kinetics studies of spinodal decomposition 2°. On 
the other hand, the binary interaction parameter ZF can 
be obtained according to Sanchez' theory 9 and the free- 
energy function can be generated with an empirical 
functional form of the measured X/v o. Spinodal 
temperatures and cloud-point curves have been generated 
and compared with experimental values. 

It is important to notice that small variations in 
experimental procedure could lead to a large change in 
measured spinodal temperatures which is not reflected in 
the small-magnitude change in X/v o. Nevertheless, one 
could still use the actually measured spinodal 
temperature in the equation ~2f/~th2 = K ( T -  1 _ T~- 1) for 
a given composition and obtain very good agreement 
with other measurements. For example, M series data can 
be superimposed with L and H series by using actually 
measured Ts in the above equation. In this study, possibly 
because of large molecular weights used in all three series, 
we do not observe an obvious molecular-weight 
dependence of ZF" 
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APPENDIX 1 

Roe 2~ has calculated cloud-point curves for polymers 
with molecular-weight distributions, but Z was assumed 
to be independent of composition th. In the following 
description, th is the volume fraction of a component in a 
phase, N is the number of repeat units in a polymer, v is 
the volume fraction of a phase, Z is the interaction 
parameter and # I R T  is the chemical potential. The 
subscripts A or B refer to the two polymer types, 1 or 2 to 
the two phases, and i to a particular component (i.e. a 
particular degree of polymerization). The chemical 
potential of a polymer A in phase 1 is given in equation 
(A. 1) and the chemical potential of polymer B in phase 1 is 
given in equation (A.2): 

~ T :  In(thAi)-- (1 --NAi'/ 
N,J  (A.1) 

+NAi(Z(1--thAl)2"4-thAl(1--thA1)2?-~A ) 

PBi =ln(thBi)-- 1 
R T  N~ ) (A.2) 

+N~i(zthL-thL(i-thA,)~) 
Parameter Z is an arbitrary function of th and T and must 
be evaluated at the temperature and composition of 
interest. For simplicity the subscripts are neglected in this 
section. In equations (A.1) and (A.2) thai and thBi are the 
volume fraction of species A i and Bi in phase 1 
respectively. This is equal to the volume of A i or B i 
divided by the phase volume v 1. At equilibrium the 
chemical potential of any polymer species is the same in 
both phases, and the amount of i in both phases at 
equilibrium is related. Equation (A.3) shows how 
polymer A will partition itself between the two phases: 

{vi exp[ I --NN~i-- NAi(Z(I --+Ai)E-I-thAI(I --thAi)E ~ )  ] 

ll -' + v2 exp[1 NAi(X+ , -- +#t(1 -- +A,)    -AjAJ 

PAl2 = 1 -- PAil (A.3) 

PAil is the fraction of component A i partitioned into 
phase 1 and PAl2 is the fraction partitioned into phase 2. 
In this way the partitioning of each component can be 
calculated and by summing all the partitioning as in 
equations (A.4) to (A.6), the phase volumes, compositions 
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and number-average degrees of polymerization can be 
calculated: 

vt = VAf PAl WA(N) dN + vB PB1W(N) dN (A.4) 

o o 

oO 

(])1 = oaf P A l  WA(N) dN/v 1 

o 

(A.5) 

oO oo 

1 PA1WA(N) dN+vB dN vi (A.6) = 

N1 VA N N 
o o 

Here we have assumed that species A or B follows a 
continuous distribution function WA(N) or Ws(N) 
respectively. N1 is the number-average degree of 
polymerization of phase 1. A numerical solution can be 
found giving the equilibrium phase values; the numerical 
scheme has been described elsewhere 22. 

The integrations of equations (A.4) to (A.6) cannot be 
solved in general for arbitrarily sized volumes of phases in 
equilibrium, but in the limit of one of the phases going to 
zero volume, which is the cloud point, the integrations 
can be carried out 21 for model distributions such as the 
Zimm-Schultz distribution 23. On substituting the 
Zimm-Schultz distribution: 

B,,. , (k/N.)* k- t/~)= F ~  sv lexp(-Nk/Nw) (A.7) 

into equations (A.4) to (A.6), we can obtain (A.8) to 
(A.12): 

( 1 "~kA { 1 "~kB 
- - + v B ( A . 8 )  vl = v, 1--Q,NwA/k,)  I-Q Nw;k / 

( 1 '~kA / 
~ b l A  = VA " - 01  (A.9) 

1 VAkA ( 1 ~kA-1 

N1 = (kA ~ ])-NwA \-1 -- QA-NwA/kA] 

o Bk~ ( _1 ~kB-1 
q (ka-- 1)NwB\I-QaNwa/kaJ 

(A.10) 

1 
QA = 

N1 

1 

N2 
X]-( 1 -- ~A* )2 _ (1 -- ~A2) 2-] 

f~A [-q~l A(1 -- ~bA1) 2 -- ~bA2(1 -- $A2)2-I 

(A.11) 

1 
QB = 

N1 

1 
x(4,]~ -$~2) N2 

4- ~ A  [-~2A' (1 -- ~AI) -- ~22( 1 - qrAm)-] 

(A.12) 

Now the numerical solution is greatly simplified since 
numerical integrations are not necessary. The parameter 
k is related to the polydispersity, k =  1/(1-xn/Xw). 

Now there are only three variables, the volume, 
composition and number-average degree of polymeri- 
zation of one of the phases. The volume, composition and 
degree of polymerization of the other phase can be 
calculated by conservation of mass. It is a simple task to 
find the values of the three variables that satisfy equations 
(A.8) to (A. 10) by use of the Newton-Raphson method 22. 

APPENDIX 2 

Experimental values of ~, S(0) and X/Vo from SANS measurements are given in tabular form here. 

M W  D e s i g n a t i o n  ~bps D T (°C) Z/Vo ( x  105) ~ (A) S(0) Ts (°C) 

H 10/90 0 .0951 100.0 - 7.88 54.3 33.8 146.0 
120.0 - 3.89 73.6 61.2 
125.0 - 3.06 80.5 73.5 
130.0 - 2.08 92.3 96.5 
135.0 - 1.11 111.1 140.1 
138.0 - 0 . 5 3 9  136.3 209.7 
138.0 - 0 .365 137.1 214.4  
142.0 0 .306 189.9 410.7  

20 /80  0 .1897 100.0 - 10.45 35.9 27.3 147.0 
120.0 - 5.16 50.8 52.7 
125.0 - 4.11 56.4 64.6 
130.0 - 3.00 64.6 84.8 
135.0 - 1.82 79.4 126.8 
138.0 - 1.32 89.4 160.9 
142.0 - 0 .621 113.3 256.4  
144.0 - 0 .206 140.6 396.6 
146.0 0 .222 216.3 907.8 
148.0 0 .526 748.0  11053.0 

(continued on next page) 
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Binary interaction parameter of blends: C. C. Han et al. 

M W  D e s i g n a t i o n  (~PSD T (°C) X/v o ( x  105) ~ (A) S(0) Ts (°C) 

30/70  0 .2864  100.0 - 12.36 27.6 23.6 148.0 
120.0 - 6.44 38.2 44.1 
125.0 - 5.19 42.8 53.9 
130.0 - 3.98 48.3 68.8 
135.0 - 2.73 57.5 96.4 
138.0 " 2 . 1 1  64.3 120.4 
142.0 - 1.18 81.9 190.9 
146.0 - 0 . 3 6 2  118.8 398.1 
148.0 - 0 .0177 168.2 799.7 

40 /60  0 .3854  100.0 - 14.57 22.5 20.2 152.0 
120.0 - 8.09 30.7 35.8 
125.0 - 6.69 33.8 43.0  
130.0 - 5.49 37.0 51.8 
1 3 5 . 0  - 4.06 43.1 68.8 
1 3 8 . 0  - 2 . 9 8  49.9  9 1 . 4  

142.0 - 2.10 58.1 124.3 
146.0 - 1.19 74.3 199.9 
148.0 - 0 .760  88.1 278.8 
150.0 - 0 . 3 0 1  116.9 484.8  
152.0 O. 113 203.4  1446.0 

45 /55  0 .4338 100.0 - 15.58 21.1 19.0 154.0 
120.0 - 9.04 27.6 32.3 
125.0 - 7.66 30.3 37.9 
130.0 - 6 . 1 4  33.5 46.8 
135.0 - 4 . 7 7  38.2 59.4 
138.0 - 3.95 41.9 70.9 
142.0 - 3.02 47.6 90.0 
144.0 - 2 . 5 9  51.3 104.3 
146.0 - 1.70 61.5 150.3 
148.0 - 1.29 69.4 189.5 
150.0 - 0 . 8 1 3  83.4 270.6  
152.0 - 0 . 3 5 7  108.9 457.9  
154.0 0 .0991 199.3 1497.0 

50/50 0 .4837  100.0 - 16.12 19.5 18.4 157.0 
120.0 - 9.27 26.1 31.5 
125.0 - 7.73 29.0 37.6 
130.0 - 6.37 31.8 45.3 
135.0 - 4.96 36.2 57.4 
138.0 - 4 . 2 8  38.7 66.0 
140.0 - 3.70 42.0  75.5 
144.0 - 2.77 48.3 98.7 
146.0 - 2.29 52.3 117.2 
148.0 - 1.80 58.5 144.5 
152.0 - 0 . 8 7 2  79.3 260.2  
154.0 - 0 .470 97.9 398.6  
156.0 - 0 .0187 155.8 988.3 

55/45 0 .5349  100.0 - 17.97 18.8 16.5 159.0 
120.0 - 10.54 24.6 27.8 
125.0 - 8.91 27.1 32.8 
130.0 - 7.50 29.2 38.8 
135.0 - 5.88 33.1 48.9 
1 3 8 . 0  - 4 . 9 1  3 6 . 6  5 8 . 1  

142.0 - 3.83 41.1 73.4 
146.0 - 2.80 47.7 97.8 
150.0 - 1.88 56.8 139.8 
154.0 - 0 .914  77.2 252.8  
156.0 - 0 .491 96.2 392.0 
158.0 O. 164 261.0  2655.0  

60 /40  0 .5840  100.0 - 19.20 17.7 15.5 161.0 
120.0 - 11.63 23.1 25.3 
125.0 - 9.94 25.1 29.5 
130.0 - 8.31 27.6 35.1 
135.0 - 6.91 30.3 41.9  
138.0 - 5.46 33.9 52.5 
142.0 - 4 . 3 8  37.8 64.7 
146.0 - 3.35 43.1 83.1 
150.0 - 2 . 3 8  50.6 113.7 
154.0 - 1.40 63.9 180.2 
156.0 - 0 . 9 8 6  73.3 239.0  
158.0 - 0 . 4 9 4  94.9 391.8 

(continued on next page) 
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M W  D e s i g n a t i o n  ~bps D T (°C) •/v 0 ( ×  105) ~ (~t) S(0) T s (°C) 

70/30  0 .6850  100.0 - 20.78 17.2 14.3 168.0 
120.0 - 12.95 22.3 22.8 
125.0 - 11.34 23.6 25.9 
130.0 - 9.59 26.0 30.5 
135.0 - 8.12 28.2 35.8 
138 .0  - 7 .22  29.7 40.1 
142.0 - 6.14 32.1 46.8 
146.0 - 5.15 35.0 55.4 
150 .0  - 4 . 1 0  39.2 68.6 
154.0 - 3.22 43.9 85.9 
158.0 --  2.19 52.4 121.6 
160.0 - 1.75 57.8 147.6 
162.0 - 1.31 65.6 188.8 
164.0 - 0 . 8 7 5  76.6 259.0  
166.0 - -0 .255  114.9 555.0 

80/20  0 .7889  100.0 - 21.33 18.8 13.9 171.0 
120.0 - 13.40 23.8 21.9 
125.0 - 11.72 25.5 25.0 
130.0 --  10.22 27.2 28.5 
135.0 - -8 .57  29.6 33.8 
138.0 --  7.74 31.0 37.3 
142.0 - 6.87 32.8 41.8 
146.0 - 5.56 36.7 51.1 
150.0 - 4.53 40.3 61.8 
154.0 - 3.78 43.2 73.1 
158 .0  - 2 . 6 9  51 .1  9 9 . 2  
162.0 --  1.81 60.8 140.0 
166.0 - 0 . 8 3 7  82.3 255.2  

10/90 0 .0942 120.0 - 4 9 9  59.8 39.1 156.0 
130 .0  - 3 .00  70.7 52 .7  
140.0 - 0 . 5 9 5  92.3 90.9 
145.0 - 0 .088 101.0 107.4 
150.0 0 .887 125.0 164.5 
152.0 1.81 177.5 332.1 
154.0 2.41 309.7 981.1 

20 /80  O. 1901 120.0 - 10.04 45.5 26.2 152.0 
130.0 - 2.98 59.4 68.2 
140.0 - 1.08 78.0 119.6 
145.0 - 0 . 0 9 9  100.2 195.9 
150.0 0 .865 166.2 524.4 
152 .0  1.34 4 1 0 . 7  3 1 2 2 . 0  

30/70 0 .2897  120.0 - 6.39 35.7 40.6 153.0 
130.0 - 3.76 45.4 62.9 
140.0 - 1.92 62.5 102.2 
145.0 - 0 . 7 6 9  80.5 167.5 
150.0 0 .360 135.9 450.0  
152.0 0 .950 398.9 3777.0  

40 /60  0 .3850  120.0 - 14.30 29.6 19.9 156.0 
130.0 - 5.93 35.6 44.4  
140.0 - 3.47 47.0  69.8 
145.0 - 2.46 55.7 91.1 
1 50.0 - 0 .992 69.6 163.8 
152.0 0 .063 107.6 384.1 
154.0 0 .534  171.9 960.7  

45 /55  0 .4348 120.0 - 8.57 27.3 32.2 157.0 
130.0 - 6.00 32.1 44.4  
140.0 - 3.65 40.6  67.7 
145.0 - 2.48 47.7 91.9 
150.0 - 1.43 58.5 135.7 
152.0 - 0 .347 82.2 263.9  
154.0 0 .096 105.9 431 .4  
156.0 0 .629 226.1  1824.0 

50/50 0 .4848 120.0 - 10.39 26.2 27.3 158.0 
120.0 - 9.96 24.6 28.1 
130.0 - 7.07 31.3 38.5 
130.0 - 7.31 28.5 37.3 
140.0 - 4 . 2 2  39.8 60.5 
140.0 - 4 . 5 7  36.1 56.6 
140.0 - 4 . 2 2  36.9 60.5 
145.0 - 2.88 46.6 82.8 
150.0 - 2.19 52.1 102.7 
152 .0  - 0.914 69.6 180 .0  
154.0 - 0 . 4 2 7  82.7 253.8 
156.0 O. 120 114.5 470.6  

(continued on next page) 
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M W  Designa t ion  ~bps D T (°C) Z/Vo ( x  10 s) ~ (A) S(O) Ts (°C) 

55/45 0.5347 120.0 - 10.52 24.1 26.8 160.0 
130.0 - 7.47 28.5 36.7 
140.0 - 4.55 36.0 56.9 
145.0 - 3.22 41.8 76.0 
150.0 - 2.03 50.4 108.9 
152.0 - 1.36 57.8 143.2 
154.0 - 0.955 64.6 177.6 
156.0 - 0.511 75.6 240.6 
158.0 - 0.0044 90.1 403.9 

60/40 0.5862 120.0 - 21.16 22.4 13.8 163.5 
130.0 - 8.03 28.1 34.4 
140.0 - 5.89 32.3 45.5 
145.0 - 4.46 36.6 58.0 
150 .0  - 3 .25  4 1 . 9  75 .5  

154.0 - 2.23 53.1 101.4 
154.0 - 1.42 57.4 139.4 
158.0 - 1.15 67.6 159.6 
158.0 - 0.472 77.5 249.2 
160.0 - 0 . 5 5 5  83.7 233.1 
160.0 0.26 129.0 630.2 
162.0 O. 109 123.8 479.2 

70/30 0.6867 120.0 - 13.12 22.5 21.7 169.0 
130.0 - 10.07 25.6 27.8 
140.0 - 6.25 32.5 42.9 
145.0 - 4 . 9 2  36.3 52.9 
1 50.0 - 3.77 40.9 66.2 
154.0 - 3.25 43.6 74.7 
158.0 - 2.33 49.7 97.0 
162.0 - 1.22 62.5 150.6 
164.0 - 0 . 6 8 6  73.6 205.4 

80/20 0.7899 120.0 - 2 6 . 0 9  22.7 11.1 173.0 
130.0 - 10.99 27.4 25.2 
140.0 - 7.71 31.5 34.8 
145.0 - 6.26 34.7 41.8 
150 .0  - 4 . 8 3  3 9 . 0  52 .2  

154 .0  - 3 .70  43.4 6 4 . 9  

158.0 - 3.21 46.0 72.6 
162.0 - 2.26 52.4 93.9 
164.0 - 1.86 56.3 107.2 
166.0 - 1.39 61.9 129.0 
168.0 - 0.873 70.4 165.7 
170.0 - 0 . 0 1 3  101.0 314.3 

M 10/90 O. 1025 100.0 - 7.96 59.4 31.4 143.0 
110.0 - 6.26 64.3 38.2 
120.0 - 3.70 78.8 56.6 
125.0 - 2.77 86.4 68.4 
130.0 - 1.87 94.1 85.9 
135.0 - 0.207 132.4 164.2 
140.0 0.331 161.5 232.3 

20/80 O. 1986 100.0 - 10.66 37.4 25.8 141.0 
120.0 - 3.62 65.8 65.1 
125.0 - 2 . 1 9  79.1 93.9 
130.0 - 1.20 93.6 136.2 
135.0 - 0.281 123.6 233.6 
140.0 0.572 212.8 689.8 

30/70 0.2922 100.0 - 14.49 28.3 19.7 149.0 
110.0 - 10.55 33.2 26.5 
120.0 - 7.33 39.4 36.9 
125.0 - 5.44 44.8 48.1 
130.0 - 4 . 1 3  51.3 60.8 
135 .0  - 2 . 6 9  6 1 . 3  8 5 . 5  

140.0 - 1.52 74.6 128.5 
145.0 - O. 180 115.2 299.4 
150.0 0.617 263.4 1444.0 

(continued on next page) 
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MW Designat ion  ~PSD T (°C) X/Vo ( x 10 5) ~ (A) S(O) Ts (°C) 

35/65 0 .3394  100.0 - 11.80 26.6 23.9 150.0 
120.0 - 6 . 4 9  36.1 41.6 
125.0 - 5.36 39.1 49.0 
130.0 - 3 . 9 3  44.9  63.8 
135.0 - 2 . 5 9  54.0 89.1 
138.0 - 1.91 60.2 111.8 
140.0 - 1.43 66.6 135.8 
142.0 - 1.06 72.3 163.5 
143.0 - 0.817 78.2 188.1 
144.0 - 0 . 5 9 9  84.4 217.6  
145.0 - 0 . 3 7 2  91.9 260.4  
146.0 - O. 128 104.1 329.9 
147.0 - O. 123 122.9 455.0  
148.0 0 .313 146.6 638.8 
149.0 0 .562 215.5  1350.3 
150.0 0 .640 271.6 2087.3  

40 /60  0 .3851 120.0 - 8.99 29.8 30.9 152.0 
125.0 - 7.38 32.6 36.9 
130.0 - 5.62 37.3 47.2 
135.0 - 4 . 7 6  40.4  54.5 
140.0 - 2.59 52.5 89.8 

45 /55  0 .4376  100.0 - 13.15 24.1 21.7 153.5 
120.0 - 7.97 31.8 34.5 
125.0 - 6.95 33.7 39.1 
130.0 - 5.38 37.5 49.0  
135.0 - 3.98 43.3 63.5 
140.0 - 2.60 50.3 87.2 
143.0 - 1.81 59.9 117.4 
146.0 - 1.20 68.1 153.9 
149.0 - O. 513 85.3 236.9  
152.0 O. 199 129.3 537.9 

50/50 0 .4843 100.0 - 17.17 20.2 16.8 155.5 
110.0 - 13.41 22.5 21.2 
120.0 - 9.82 26.6 28.4 
125.0 - 7.96 29.0 34.5 
130.0 - 6 . 1 4  33.1 43.6 
135.0 - 4 . 8 8  36.8 53.3 
140.0 - 3.65 41.4  68.2 
145.0 - 2 . 1 8  51.9 101.9 
155.0 0 .595 233.2  1739.3 

60 /40  0 .5838 100.0 - 17.29 19.4 16.6 160.0 
110.0 - 13.81 22.4 20.6 
120.0 - 11.39 24.5 24.6 
125.0 - 9.93 26.1 27.9 
130.0 - 8.38 28.0 32.7 
135.0 - 6 . 3 5  31.8 41.9 
140.0 - 4 . 9 5  35.5 52.1 
145.0 - 3.47 41.9  69.9 
1 50.0 - 2.14 50.4 101.2 
155.0 - 0 . 8 7 3  66.7 176.4 

80/20  0 .7925 110.0 - 15.58 21.3 17.8 170.0 
120.0 - 11.29 24.6 23.8 
125.0 - 10.27 25.8 25.9 
130.0 - 8.68 28.0 30.0 
135.0 - 8.09 28.8 31.9 
140.0 - 6.49 31.9 38.3 
145.0 - 5.02 34.9 47.1 
150.0 - 3.69 40.0 59.4 
155.0 - 2 . 5 3  45.5 77.2 
160.0 - 1.69 51.1 98.2 
165.0 - 0.412 68.1 168.7 
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