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and the dashed lines represent the prediction from eq 1 
for four-arm and eight-arm stars, respectively, using the 
same values of the constants. The diffusion coefficients 
for the four- and eight-arm stars are much greater than 
predicted by the f - 2 dependence in the exponential of 
eq 1. For example, the predicted value of D* for the 
four-arm star with Ma = 40000 is 2.5 X cm2/s, while 
the measured value is 5 X cmz/s. The comparison 
of D*’s for the eight-arm star with Ma = 60000 is even 
worse, 1.4 X cmz/s predicted versus 2 X cm2/s 
measured. In contrast, the tracer diffusion coefficients of 
all the star molecules in microgels are described approx- 
imately by a single-exponential law, which is independent 
of the number of arms on the star. We conclude from this 
result that diffusion of a star-branched molecule by arm 
retraction does not require simultaneous retraction of more 
than one arm. Diffusive steps may occur by retraction of 
one arm at  a time. 

While we have been able to rule out very large differ- 
ences in the diffusion coefficient as a function o f f ,  i t  is 
expected that a weaker dependence must remain. An 
intuitive understanding can be gained by assuming that 
individual arm retractions are uncorrleated and that the 
branch point moves a distance proportional to l / f  each 
time a single arm retracts. This assumption leads directly 
to a diffusion coefficient which scales as l l f .  A detailed 
model which gives a similar result has been proposed by 
R~binstein.’~ This relatively weak dependence is certainly 
within the range of uncertainty of our data. 
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ABSTRACT We have used forward recoil spectrometry to measure the mutual diffusion and tracer diffusion 
coefficients, D and D*, in the miscible polymer blend of deuteriated polystyrene (d-PS)/poly(xylenyl ether) 
(PXE) containing a volume fraction 4 = 0.55 of d-PS. In this blend, D* of the faster diffusing PS molecules 
of degree of polymerization Nps decreases as Nw-’ as expected from reptation. On the other hand D decreases 
as NPs-l, an observation in strong support of the “fast theory” of mutual diffusion which predicts that D is 
controlled by the D* of the faster moving species, Le., D = 2+(1-  +)DT(xS - x), where x and xs  are the Flory 
interaction parameter of the blend and its value at the spinodal and DT is the transport coefficient given by 
DT = (1 - 4 ) D * p ~ N p ~  + @D*pxJVpm While at low temperatures (e.g., 200 “C), D is much larger than D*, 
the difference between D and D* diminishes with increasing temperature until finally at the highest temperatures 
(e.g., 310 “C) D is less than D*. This change in the relative values of D and D* is due to the temperature 
dependence of x. Using the measured values of D* and D ,  we find that x ( T )  = 0.112 - ( 6 2 / n .  The D and 
D*’s were also measured as a function of composition in d-PS/PXE blends ranging from @ = 0.0 to Q = 1.0 
at a temperature 66 “C above the glass transition temperature of each blend. Under these conditions D is 
much larger than the D*’s, an increase predicted quantitatively by the “fast theory” using the same x(T) 
determined for the + = 0.55 blend. 

Introduction 
Mutual diffusion or interdiffusion in miscible polymer 

blends, aside from its practical importance in the control 
of phase separation and homogenization, is of great interest 

0024-9297/88/2221-2580$01.50/0 

for testing the relationship between the thermodynamics 
of such blends and their diffusion beha~i0r.l-l~ de Gennes14 
was the first to point out that because the combinatorial 
entropy of mixing of polymers is so small, scaling as N-’ 
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where N is the degree of polymerization, the mutual dif- 
fusion of chemically dissimilar polymers will be dominated 
by the excess enthalpy and entropy of segment-segment 
mixing. In the usual mean-field approximation, the excess 
Gibbs free energy of mixing per segment can be repre- 
sented by a regular solution model,15 so that 

where kg, T, @A, and ~ J B  are the Boltzmann constant, ab- 
solute temperature, and volume fractions of the compo- 
nents A and B in the binary blend, respectively. The 
strength of the segmentsegment interaction is represented 
by the Flory-Huggins interaction parameter x. Within this 
approximation the mutual diffusion coefficient D is given 
by2+ 

(2) 

where 4A4JBDT is an Onsager transport coefficient and xs 
is the interaction parameter a t  the spinodal 

D = ~ ( x S  - X M A ~ B D T  

(3) 

where NA and NB are the degrees of polymerization of the 
polymer components represented by the subscripts. 

Before presenting the current theories which predict DT 
of a binary blend from the individual mobilities of its 
components, it is necessary to accurately define what is 
meant by tracer diffusion, self-diffusion, and mutual dif- 
f~sion.’~J’ In tracer experiments, the tracer diffusion 
coefficient D* of a dilute concentration of labeled A or B 
chains is measured in a matrix blend of A and B chains 
which may differ in length and chemical species from the 
labeled ones. Self-diffusion, on the other hand, is simply 
a special case of tracer diffusion. Here, the diffusing chains 
and the matrix chains must be chemically identical, except 
for the label, and of the same degree of polymerization. 
The most crucial characteristic of tracer diffusion, as far 
as this paper is concerned, is that the driving force for 
tracer diffusion is dominated by the combinatorial entropy 
of mixing (i.e., A G m i P  = 0). 

While most experiments have measured the diffusion 
of a dilute polymeric species because the tracer diffusion 
coefficient thus obtained is easy to interpret theoretically,18 
most diffusion problems of practical interest involve con- 
centrated diffusion couples. Consider a binary diffusion 
couple of an A/B blend which contains volume fractions 
4’ and 42 of the A component on either side of an interface. 
In their seminal paper, Brochard, Jouffroy, and Levinson: 
hereafter abbreviated as BJL, make the assumption that 
the diffusion fluxes of the segments of A and B chains are 
equal and opposite across the interface. This assumption 
requires a gradient in pressure V P  across the couple and 
leads to an expression for DT given by 

4JA +- 
DT D*ANA D*BNB 

4JB =- 1 - (4) 

An identical expression was derived independently by 
Binder.3 Note that in this case the mutual diffusion 
coefficient will be controlled by the diffusion of the slower 
moving component if the mobilities of the two components 
are very different. Several experiments seem to support 
this “slow theory”.l’J3 

While the total fluxes of A and B segments across the 
interface must be equal, it is well-known from diffusion 
experiments in solids that such fluxes do not have to be 
wholly diffusive.16J7 The two diffusion fluxes, J A  and J B ,  
may differ and a bulk (or convective) flow of the blend as 
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a whole may occur to compensate. (In this case both A 
a n d  B segments move with a velocity V toward the side 
of the diffusion couple with the higher concentration of 
the faster diffusing species (say A), such that, J A  + v4JA/Q 
= -JB + vC$B/Q, where Q is the volume of one quasi-lattice 
cell.) One can imagine that the bulk flow velocity is a 
response to the pressure gradient of BJL which reduces 
that pressure gradient nearly to zero if the mechanisms 
for flow are fast enough. While Kramer et al.4 invoke a 
certain mechanism (vacancy flux) for this bulk flow, it was 
also pointed out that any mechanism which will prevent 
the build up of the pressure gradient will give the same 
result. Using a more general approach similar to the one 
sketched above, S i l l e ~ c u ~ * ~  eliminates any gradient in 
pressure by invoking the Gibbs-Duhem equation. Al- 
though the Kramer et al. and Sillescu theories appear 
different, both define the mutual diffusion coefficient for 
a system where unequal diffusion fluxes are compensated 
by a bulk flow in the diffusion couple. Thus, both theories 
yield the same expression for DT 

(5) 
A more recent theory of Brochard derives a bulk flow 
velocity from irreversible thermodynamics.21 This new 
theory also arrives at  the “fast” theory result, eq 5. Note 
that while the “slow theory” predicts a D which is con- 
trolled by the diffusion of the slower moving component, 
the “fast theory” (i.e., eq 5) says it is controlled by diffusion 
of the faster moving one. Green et al.I9 performed marker 
displacement experiments in which inert markers were 
placed at  the initial interface between a thick film of long 
PS chains and a thick film of short PS chains. These 
results showed that a bulk flow occurred (V # 0) during 
interdiffusion of the polymers in agreement with the “fast 
theory”. 

In order to explain the marker results, Brochard and de 
Gennes20 have revised the earlier “slow theory” by pro- 
posing a hybrid, ”fast-slow theory”. They claim that for 
a characteristic diffusion distance less than 

DT = ~JBD*ANA + ~AD*BNB 

the slower moving B macromolecules are swollen like a gel 
by the faster moving A ones so that the “fast theory” holds, 
whereas for greater diffusion distances a pressure gradient 
develops so that the “slow theory” result obtains. Note 
that this swelling is analogous to the bulk flow flux in the 
“fast theory”. In eq 6, TB is the reptation time and (RB2)ll2 
is the root-mean-square end-to-end distance of the B 
chains. This idea seemed to explain the results of the 
marker displacement experiments in which the slower B 
molecules were extremely long (Mw,ps = 20 000 000), since 
the l’s, which ranged from 1 to 20 bm, were larger than the 
diffusion distances that could be probed by the ion beam 
technique used. (However, it is possible to criticize the 
consistency of a theory which invokes a mechanism (rep- 
tation) for the onset of the pressure gradient that is also 
a mechanism for viscous flow and hence for the relaxation 
of such pressure gradients.) 

Now that a relationship between the transport coeffi- 
cient DT in a polymer blend and the D*’s of its components 
has been presented, one can use this relationship in order 
to extract the Flory-Huggins parameter x from the mea- 
sured values of D and the D*’s. Upon rewriting eq 2, x 
is given by 

D 
~ ~ A ~ B D T  

x = x s -  (7) 
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Table I 
Weight-Average Degrees of Polymerization and 

Polydispersity Indices of the  Various Polystyrene and  
Poly(xyleny1 ether) Polymers Together with Their Sources 
Npn NpnE polydispersity index source 

529 
1058 
2452 
5000 
7885 

529 
865 

2452 
3750 

19230 

Deuteriated PS and PXE 
1.06 Polymer Laboratories 
1.1 Polymer Laboratories 
1.1 Polymer Laboratories 
1.1 Polymer Laboratories 
1.3 Polymer Laboratories 

225 1.9 General Electric 
383 2.4 General Electric 

Protonated PS and PXE 
1.06 Pressure Chemical 
1.06 Pressure Chemical 
1.06 Pressure Chemical 
1.06 Pressure Chemical 
1.2 Pressure Chemical 

292 2.3 General Electric 

In order for  h igh  N polymers  to be miscible, x normally 
must be negative and consequently the second term should 
dominate eq 7.22 However, for a blend which exhibits a 
lower critical solution temperature, x should become less 
negative with increasing temperature until ,  finally, x be- 
comes greater than xs. Since x strongly influences the 
diffusion i n  concentrated couples, one should witness a 
corresponding decrease in the value of D,  compared  with 
its D*'s, as temperature increases. These predictions will 
be tested quantitatively.  

In two previous short papers1y7 we outlined results which 
demonstrated that the mutual diffusion of deuter ia ted  
polystyrene (d-PS) chains and protonated poly(xyleny1 
e ther )  ( P X E )  cha ins  was significantly enhanced b y  the 
s t rong  a t t rac t ive  in te rac t ion  between them and that the 
faster moving component  (d-PS) in the blend dominates  
the measured mutual diffusion coefficient. In this paper 
we complete the experimental proof that the "fast theory" 
describes mutual diffusion in this polymer blend and then 
use measurements  of D and D* as a function of tempera- 
ture to extract the temperature dependence of x(T). Using 
these values for x(T) ,  we reexamine the composition de- 
pendence of the mutual diffusion coefficient D(@)  for d- 
PS/PXE blends ranging from pure d-PS to pure PXE. 

Experimental Met hods 
T o  measure the tracer diffusion coefficient in blends of poly- 

styrene (PS) and poly(xyleny1 ether) (PXE), diffusion couples 
were made which consisted of a thin (-20 nm) deuteriated 
polystyrene f i  (d-PS) or deuteriated poly(xyleny1 ether) (d-PXE) 
film on top of a thick (- 2 pm) film of a blend of protonated PS 
and PXE, which served as the matrix into which the diffusion 
was carried out. The matrix film was prepared by pulling a 2 cm 
x 2 cm silicon wafer, a t  a constant rate, from a blend of PS/PXE 
dissolved in chloroform. The film of the deuteriated tracer 
polymer was prepared from a chloroform solution of d-PS or 
d-PXE polymer by spin casting on a glass substrate. The deu- 
teriated film was floated off onto the surface of a water bath and 
then picked up with the PS /PXE coated wafer. The tracer 
diffusion couples used in this study are shown in Figure la where 
$J is the volume fraction of PS in the matrix and N represents 
the weight-average degree of polymerization of the d-PS or d-PXE 
chains. The weight-average degree of polymerization (N), poly- 
dispersity index, and source of the deuteriated and protonated 
polymers used in this study are shown in Table I. 

Whereas the tracer couples were constructed so as to follow 
the diffusion of a dilute amount of labeled chains, mutual diffusion 
experiments are concerned with the diffusion of both species in 
a binary diffusion couple. The mutual diffusion couple was formed 
by spin casting a base film (-2 pm thick) of d-PS/PXE on a 
silicon-wafer substrate from a solution containing a volume 
fraction @J' of d-PS in chloroform. A second film (-350 nm) was 

(a) 

;!+-; ---- fi- ---- 
O C  
> v  a 
a LL 

350nm 
DEPTH (nm)  

Figure  1. (a) Tracer diffusion couple consisting of a thin deu- 
teriated film of d-PS or d-PXE on a thick protonated PS/PXE 
blend containing a volume fraction 4 of PS. The weight-average 
degree of polymerization is denoted by Nps and N p m  for d-PS 
and d-PXE, respectively. (b) Mutual diffusion couple consisting 
of two films of d-PS/PXE containing weight-average degrees of 
polymerization of Nps and 292 for d-PS and PXE, respectively. 
The top film has a volume fraction d2 of d-PS while the bottom 
film has a volume fraction 4'. The lower diagram shows the initial 
step (-10%) in the volume fraction versus depth profile of a 
typical couple. 

prepared from another solution of different composition, d2, by 
spin casting on a glass substrate. After drying, this f i  was floated 
off onto a surface of a water bath from where i t  was picked up 
with the d-PS(&)/PXE coated wafer to  produce a bilayer-film 
diffusion couple. The initial profile between the two blends is 
shown schematically in the lower portion of Figure lb .  

Both the tracer and mutual diffusion couples at a given volume 
fraction $J were heated simultaneously to a temperature T under 
vacuum (<lo4 Torr) for a given diffusion time t .  After annealing, 
the concentration versus depth profile of d-PS or d-PXE in the 
film was measured by forward recoil spectrometry (FRES). In 
this technique, a beam of doubly ionized helium 4He2+ ions with 
an energy Eo = 2.8 MeV strikes the diffusion couple at a glancing 
angle of 15". An energy-sensitive detector records the number 
and energy of the deuterium nuclei (2H) and hydrogen nuclei ('H) 
which enter the detector. Since the 2H nuclei recoiling from the 
surface receive a much higher fraction (-2/3) of E, than do 'H 
nuclei ( -1/2) ,  the surface peaks due to  2H and 'H are well 
separated in energy. For a scattering nucleus which lies a t  a depth 
x below the surface, the He2+ ions will lose energy via electronic 
excitations before the recoil collision and then the scattered 
nucleus will also lose energy as it traverses the film on its outward 
path. Therefore 2H and 'H recoiling from depths below the surface 
are shifted to lower energies than the 2H and 'H recoiling from 
the surface. The number of nuclei that recoil from a particular 
depth within the sample is proportional to  the concentration of 
2H or 'H at that depth. Figure 2 shows a typical FRES spectrum 
for the tracer diffusion of d-PS chains into a protonated PS/PXE 
matrix. Note that the energies of 2H nuclei recoiling from deep 
in the polymer (2750 nm) will overlap in energy with the surface 
'H nuclei. Therefore the optimal characteristic diffusion distance 
w for tracer diffusion corresponds to about 330 nm while the 
optimal thickness for the top film in a mutual diffusion couple 
is about 350 nm. The forward recoil spectrum can be analyzed 
quite easily to obtain the depth profile of d-PS or d-PXE chains 
in the matrix. Details of this ion beam analysis technique have 
been published e l s e ~ h e r e . ~ ~ - * ~  
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Figure 2. FRES spectrum from a sample of a thin film of d-PS 
(weight-average molecular weight = 255 000) which has diffused 
into a thick film PS /PXE matrix for 2 X lo4 s a t  206 "C. The 
volume fraction of PS in the matrix is 0.55 and the molecular 
weights of the PS and PXE in the matrix are 255 OOO and 35 OOO, 
respectively. 

g 0.12 

2 0.09 
c 
0 $ 1  5 
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0.12 

V 2 
0 . 0 6  
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Figure 3. Volume fraction versus depth profiles corresponding 
to (a) d-PS (from the FRES spectrum in Figure 2) and (b) d-PXE 
(weight-average molecular weight 46 000) diffused in the same 
PS:PXE blend as (a) for 1.56 X lo5 s a t  206 "C. The solid lines 
were theoretical fits using Dps* = 1.2 X and DpxE* = 2.2 
X cm2/s for d-PS and d-PXE, respectively. 

Figure 3 shows the depth profile for d-PS (a) and d-PXE (b) 
tracer films diffused into protonated PS /PXE blends which 
contained 0.55 volume fraction of PS. Since the d-PS and d-PXE 
from the thin layer becomes rapidly diluted, the combinatorial 
entropy of mixing is the only driving force for diffusion over most 
of the diffusion time. Thus, the volume fraction profile can be 
described by the tracer, or infinite dilution, diffusion coefficient 
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dh ' 0.45 
100 200 300 400 500 600 700 

DEPTH (nm) 
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100 200 300 400 500 600 700 
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Figure 4. Volume fraction of deuteriated polystyrene in a d- 
PS(Nps = 2452)/PXE(Npm = 292) mutual diffusion couple, (a) 
as deposited and (b) after diffusion for 1800 s at  206 "C. The 
solid lines represent a best fit of eq 9 to the data by using an 
instrumental resolution of 80 nm (a) and a D of 1.1 X cm2/s 
(b). 

D*. The depth profile for monodisperse chains diffusing in a 
semiinfinite matrix is given by the solution to Fick's second law" 

where h, the initial thickness of the tracer film, is found by 
integrating the experimental depth profile and w is the charac- 
teristic diffusion distance, 2(D*t)1/2. A theoretical volume fraction 
profile can be computed by convoluting p(x) from eq 8 with the 
instrumental resolution function, a Gaussian with a full width 
a t  half-maximum of 80 nm. The tracer diffusion coefficient is 
varied until a good fit of the theoretical profile to the experimental 
profile is achieved. The solid line in Figure 3a represents the best 
fit to the data using D*ps = 1.2 X cm2/s. The tracer diffusion 
coefficient of the polydisperse d-PXE chains was found by 
modifying eq 8 to include polydispersity effects.27 The solid line 
in Figure 3b represents this polydisperse fit to the data by using 
D*pxE = 2.2 x cm2/s for chains of weight-average degree 
of polymerization 383. 

Because of a strong concentration dependence of the glass 
transition temperature Tg of most polymer blends, mutual dif- 
fusion coefficients are not easily m e a ~ u r e d . ' * ~ - ~ ~ > ~ ~  For example, 
the glass transition temperature of PS/PXE blends is Tg("C) = 
215.4-173.84~~ + 7 5 . 1 4 ~ ~ ~  - 1 1 . 8 4 ~ ~ ~  from differential scanning 
calorimetry.n Consider the diffusion profile for a diffusion couple 
consisting of pure PS and pure P X E  which is heated to tem- 
perature T. Because of the drastic difference between the glass 
transition temperatures of PS (105 "C) and PXE (216 "C for Npm 
= 292) and mobilities of PS and PXE, the resulting concentration 
profile cannot be described by a simple, concentration-inde- 
pendent, diffusion coefficient (Le., eq 8). Since D varies con- 
tinuously along the interface of this couple, it is quite difficult 
to extract values of D.27 However, if the diffusion couple consists 
of two d-PS/PXE blends which differ by 10% in concentration, 
a single mutual diffusion coefficient associated with the average 
composition at the interface of the couple can be measured. Figure 
4 shows the volume fraction profile of d-PS versus depth x for 
a mutual diffusion couple before (a) and after (b) diffusion. The 
initial I#J~ of the bottom film is 0.60 while that  of the top film is 
0.51. The interface between the two films in the experimental 
profile of the undiffused sample appears somewhat diffuse as a 
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Figure 5. Tracer diffusion coefficients D* of d-PS (circles, 
triangles) and d-PXE (square) as a function of the weight-average 
degrees of polymerization N of the d-polymers. The diffusion 
was at 206 "C into a blend matrix of 0.55 volume fraction PS (NH) 
and PXE (NpXE = 292). The circles and squares correspond to 
a matrix NPs of 19 230, while the triangles correspond to a matrix 
Nps which is about equal to the Nps of the d-PS. The solid line 
is a line of slope -2 as predicted by reptation. 

result of the limited instrumental resolution mentioned previously. 
The solid line in Figure 4a corresponds to a step function con- 
voluted with the instrumental resolution function. After diffusion, 
however, the interface becomes significantly broadened as shown 
in Figure 4b. Since the composition of the couple varies by only 
0.09, the mutual diffusion coefficient D can be assumed to be 
constant over this range. The depth profile should be given by 
the Fickian s01ution'~~~~J~ 

(9) 
where h is the thickness of the top film and w = 2(Dt)'I2. The 
solid line in Figure 4b represents the best fit of eq 9 to the data. 
This fit requires a D of 1.1 X cm2/s which we take as the 
value at the interfacial composition, i.e., 6 = 0.555. 

Results 
Molecular Weight Dependence. To provide a critical 

test for the "fast" and "slow" theories, we measured both 
the tracer diffusion coefficients D* and mutual diffusion 
coefficients D in a PS/PXE blend containing 0.55 volume 
fraction PS. The D*'s of d-PS (circles) and d-PXE 
(squares) are plotted in Figure 5 as a function of N ,  the 
degree of polymerization of the tracer polymer. The tri- 
angles will be discussed below. The weight-average degree 
of polymerizations of the protonated PXE and PS in the 
4 = 0.55 blend matrix were 292 and 19 230, respectively. 
All samples were heated to 206 "C, a temperature 66 "C 
above the Tg of this blend, to carry out diffusion. Note 
that D* of d-PS scales as N-2 as predicted by reptation. 
Note also that D* of PXE is nearly 2 orders of magnitude 
smaller than D* of PS a t  the same value of N. 

In the mutual diffusion experiments to be discussed 
below, the relevant D*'s for PS were for d-PS chains dif- 
fusing into a blend of PS/PXE where the degree of PO- 
lymerization of the PS in the matrix matches that of the 
d-PS tracer. Such D* measurements were also carried out 
and the results are shown as the triangles in Figure 5. As 
expected for reptation, the D*'s do not depend on the 
degree of polymerization of PS in the matrix as long as this 
degree of polymerization equals or exceeds that of the d-PS 

where A', B, and T ,  are empirical parameters and where 
T,,f is a reference temperature. The derivation of eq 10 
is presented in the Appendix. As shown in Figure 7, the 
tracer diffusion coefficients for d-PS (circles) and d-PXE 
(squares) increased rapidly as the diffusion temperatures 
increased from 180 to 310 "C. The dashed lines are non- 
linear least-square fits of eq 10 to the experimental D*'s 
where the empirical parameters Bps = 601, BpXE = 555, 
and T ,  = 361 K were obtained at  reference temperature 
of 500 K. Except at the lowest T, the temperature de- 
pendence of the D*'s for d-PS and d-PXE diffusing in a 
4 = 0.55 blend are in good agreement with eq 10. Note 
that both D*ps and D*, increase at  about the same rate 
with increasing temperature (i.e., both D*W and D*pm can 
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Figure 7. Temperature dependence of the tracer diffusion 
coefficients of d-PS (circles) and d-PXE (squares) of weight-av- 
erage degrees of polymerization 2452 and 292, respectively, and 
the mutual diffusion coefficients (diamonds) of d-PS/PXE blends 
of weight-average degrees of polymerizations 2452 and 292, re- 
spectively. The values used for Tref and T, were 500 and 361 K, 
respectively. The matrix films for the tracer experiments were 
a PS/PXE blend containing 0.55 volume fraction PS while the 
average volume fraction of d-PS in the mutual diffusion couple 
was also 0.55. 

be described by using B’s that are nearly the same). 
Also shown in Figure 7 are the values of the mutual 

diffusion coefficients D (diamonds) for d-PS/PXE blends 
measured for a 0.55 volume fraction d-PS blend. The 
weight-average degree of polymerizations of the d-PS (Nps 
= 2 452) and PXE ( N ~ x E  = 292) were the same as those 
of the tracer molecules used to measure the D*’s. Note 
that at low temperatures D is almost an order of magnitude 
greater than the D*’s of the components of the blend. 
Qualitatively, this enhancement can be attributed to the 
existence of segment-interaction-enhanced mutual diffu- 
sion first predicted by de Gennes.14 Note also that the 
temperature dependence of D deviates from that of the 
D*’s such that the difference between D and the D*’s 
gradually diminishes with increasing temperature until 
finally D becomes somewhat less than the D*’s at 310 “C. 
As discussed below this decrease in D can be attributed 
to the temperature dependence of the interaction param- 
eter x. 

Composition Dependence. The tracer diffusion 
coefficients D* and mutual diffusion coefficient D were also 
measured as a function of the volume fraction 4 of PS in 
PS/PXE blends ranging from 4 = 1.0 (pure PS) to 4 = 
0.0 (pure PXE). The values of D* are plotted in Figure 
8 for d-PS (NPs = 2452) and d-PXE (NPxE = 292).28 To 
partially compensate for the decreasing glass transition 
temperature Tg of the blend with increasing 4, the diffu- 
sion temperature T was adjusted so that T - Tg was held 
constant at  66 “C. The weight-average degrees of polym- 
erization of the matrix PS and PXE components were 3750 
and 292, respectively. As shown in Figure 8, the D*’s 
depended differently on blend composition, with D*ps 
surprisingly exhibiting a strong minimum with 4, whereas 
D*pxE was at  first constant and then increased monoton- 
ically as 4 approached 1.0. Note also that D* for the 292 
PXE component was about a factor of 80 lower than D* 
for the 2452 d-PS component a t  the lower 4’s. 

Values of the mutual diffusion coefficient are also 
plotted as a function of composition in Figure 8. The 

i q , L ,  
dS 
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Figure 8. Diffusion coefficients versus composition in the 
PS/PXE system. The squares and circles represent the tracer 
diffusion coefficients D* of d-PXE (Npm = 292) and d-PS (Nps 
= 2452) in blends of PS/PXE. The diamonds represent the 
measured mutual diffusion coefficients in the d-PS/PXE diffusion 
couples. The lower solid lines represent smoothed values of 
D*d.pm and D*d.p~ used in the calculation for D. The upper solid 
line and dashed line represent the D predicted by eq 2 and 5 with, 
and without, segment-segment interaction enhancement, i.e., for 
x = 0.112 - [62/T(K)] and x = 0.0, respectively. 

weight-average degree of polymerization for the compo- 
nents in the d-PS/PXE blend were 2452 and 292 for d-PS 
and PXE, respectively. Note that at intermediate com- 
positions D is almost an order of magnitude higher than 
either of the D*’s of the components of the blend, again 
providing strong qualitative evidence for the existence of 
segment-interaction-enhanced mutual diffusion. 
Discussion 

The predictions of both the “slow” and “fast” theories 
of the mutual diffusion coefficient D will be compared 
quantitatively with the experimental values, using the 
measured values of the tracer diffusion coefficients, D*ps 
and D*pxE. In computing D,  xs is set equal to its mean- 
field value given by eq 3.30 Since 1x1 >> xs for a diffusion 
temperature of 206 “C, the (xs - x) term in eq 2 is in- 
sensitive to Nps. The solid line in Figure 6 shows the D 
computed by using the “fast theory” (eq 2 and 5) where 
a x of -0.0178 produces the best-least-squares fit to the 
data. Utilizing the same x, the dashed line shows the D 
computed from the “slow theory” (eq 2 and 4). Since the 
D predicted from the “slow theory” is dominated by the 
D* of the slow PXE chains, whose N remains constant, a 
different choice of x will only scale the dashed line up or 
down but can never produce a good fit to the measured 
D’s. Clearly the data are in excellent agreement with the 
fast theory and in strong disagreement with the slow one. 
This comparison between theory and experiment demon- 
strates unequivocally that the mutual diffusion of a 
polymer blend is controlled by the diffusion of its faster 
moving species. 

While it is clear that the fast theory describes the d- 
PS/PXE results well, the hybrid “fast-slow theory” of 
Brochard and de Gennes20 might also. To demonstrate 
that this theory can be ruled out, we have computed from 
eq 6 the characteristic diffusion distance 1 beyond which 
the “slow theory” result should be observed. Unlike the 
long PS chains in the marker experiment by Green et d.19 
originally treated by Brochard and de Gennes, the slow 
moving PXE chains in our experiment are rather short and 
therefore the 1’s computed for these PS:PXE blends range 
from 11 to 39 nm, much smaller than the typical mutual 
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Substituting x(T) = 0.112 - 62/T and the D*’s from 
Figure 7 into eq 2 and 5, the temperature dependence of 
the mutual diffusion coefficient D corresponding to a 4 = 
0.55 blend can be predicted. This result, represented by 
a solid line in Figure 7, shows that a t  temperatures less 
than 280 “C, the predicted values of D agree quite well with 
the experimental values of D. Note that the retardation 
of D observed experimentally can be explained quite nicely 
by the temperature dependence of x. As T increases, x 
becomes more positive and therefore D becomes less and 
less enhanced by the excess enthalpy and entropy of 
mixing. Finally at  high enough T, mutual diffusion be- 
comes retarded rather than enhanced relative to tracer 
diffusion. Green and Doyle3I observe a similar slowing 
down of D in the PS/d-PS system due to a small positive 
x. Thus the thermodynamic “slowing down” at  high T and 
the thermodynamic “speeding up” of D at low T show quite 
conclusively that the excess enthalpy of mixing strongly 
affects the interdiffusion process in PS/PXE blends. 

Although from the simple Flory-Huggins model of the 
thermodynamics of polymer blends x is expected to be 
independent of blend volume fraction 4, previous exper- 
iments on other blend systems have demonstrated that x 
can change with compo~i t ion .~~ Nevertheless the results 
of our mutual diffusion experiments show that the as- 
sumption of a composition-independent x is reasonably 
good for the d-PS/PXE system. To demonstrate this 
point the mutual diffusion coefficient D ( 4 )  was predicted 
by using eq 2 and 5 for the entire composition range (0.0 
5 4 5 1.0) from the determined for the 4 = 0.55 blend. 
The predicted D’s are shown as the solid line in Figure 8 
and are in good agreement with the experimental data. 
Since these values of x appear to predict the magnitude 
of D(4) quite well, it appears that x in the d-PS/PXE 
system is not a strong function of composition. The dashed 
line in Figure 8 represents the predicted D’s expected if 
the mixing were ideal, i.e., x = 0. At extreme compositions, 
the difference between the predicted D (dashed line) ex- 
pected for ideal mixing (i.e., x = 0) and the measured 
values of D is small, thus showing that mutual diffusion 
experiments are relatively insensitive to the composition 
dependence of ~ ( 4 )  near 4 = 0.0 and 1.0. It is mainly at  
intermediate values of 4 that one observes enhanced mu- 
tual diffusion due to a negative x parameter. 

One can also construct a phase diagram for a d-PS/PXE 
blend of degrees of polymerization Nps = 2452 and NpXE 
= 292. In the Flory-Huggins theory the free energy of 
mixing per quasi-lattice site for a d-PS/PXE mixture is 
given byI5 
AG,i, = 

IOOO/T (K- ‘ )  
16 2 0  2 2  24 2 6  2 0  

x -0 .021  \ \ - 

\ 
\ 
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Figure 9. Temperature dependence of the segment-segment 
(Flory) interaction parameter, x, in a d-PS/PXE blend containing 
0.55 volume fraction of d-PS. The short-dashed line represents 
xs = 0.0039 and the solid line x = 0.112 - [62/T(K)]. The open 
squares represent the x’s from D and D* in Figure 7 while the 
open circle represents the average value of x = -0.0178 as com- 
puted from the diffusion data in Figure 6. The solid circles,33 
solid up- ointing triangle,% solid square,% and solid down-pointing 

solid diamond% represents a x measured for d-PS in a PS/PXE 
blends containing 0.50 volume fraction of PS plus d-PS. The 
temperatures for the SANS measurements (which were all made 
at room temperature where the blends are in the glassy state) 
correspond to estimates of the temperatures at which each blend 
fell out of equilibrium at the cooling rates using the 
methods outlined in ref 37. The long-dashed line represents x’s 
measured at high temperatures by using SANS for dilute d-PXE 
in 

diffusion distances of 200 nm measured by our FRES ex- 
periments. Thus, the Brochard and de Gennes theory 
predicts that the swelling of the PXE chains is negligible 
and that the slow theory should prevail, in strong dis- 
agreement with our results. 

Knowing that the fast theory correctly describes the 
mutual diffusion process, we next demonstrate that the 
Flory-Huggins interaction parameter x for the blend can 
be determined systematically from the measured values 
of D(T) and D*(T). From eq 2 and 5, the interaction 
parameter is given by 

triangle P * represent x’s measured for dilute d-PS in PXE. The 

D 

(11) 
where D*ps and D*pxE are the tracer diffusion coefficients 
of PS and PXE, respectively. Values of the interaction 
parameter at various temperatures were extracted by using 
eq 11 and are plotted in Figure 9 for a 4 = 0.55 blend. The 
open squares correspond to x’s computed from the diffu- 
sion coefficients in Figure 7 while the open circle represents 
the average x calculated from the diffusion coefficients 
given in Figure 6. Note that the x’s determined by our 
molecular weight and temperature experiments are con- 
sistent with each other. Our results show that x becomes 
less negative (i.e., there is a less attractive segment in- 
teraction between d-PS and PXE) as T increases and that 
x scales roughly as 1/T. A least-squares fit to the data 
yields x = 0.112 - 62/T (solid line). Also shown in Figure 
9 is the interaction parameter at  the spinodal, xs = 0.0039, 
which was calculated by eq 3 with Nps = 2452 and NpXE 
= 292.30 

4PXE 

NPXE 
In 4ps + - In ~ P X E  + X ( T ) ~ P S ~ P X E  

(12) 
where 4ps and 4PXE are the volume fractions of d-PS and 
PXE, respectively, and x( T )  is assumed to be composition 
independent and equal to the values we compute for a 4 
= 0.55 blend. From eq 12, the phase diagram in Figure 
10 was computed. The critical composition and temper- 
ature T, are predicted to be 4 = 0.27 and 566 K, respec- 
tively. This value of T, is consistent with the wide range 
of Tc’s reported in the literature for various PS/PXE 
 blend^.^^^^^ 

It is worthwhile to compare the x’s measured by our 
mutual diffusion experiments using FRES with those 
found by small-angle neutron scattering SANS experi- 
ments for the PS/PXE system. In Figure 9 we compare 
our values of x at 4 = 0.55 with those measured by Jelenic 
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Figure 10. Calculated phase diagram for d-PS:PXE blends. The 
inner line represents the spinodd(- - -) and the outer the binodal 
(-). The degrees of polymerization were 2452 and 292 for d-PS 
and PXE, respectively. 

et al.% (solid circles), Wignall et al.% (solid upward pointing 
triangle), and Maconnachie et al. (solid downward pointing 
triangle34 and solid square39 measured x for dilute d-PS 
in PXE. These experiments were carried out a t  room 
temperature where the blend is a glass; we have estimated, 
using the methods outlined in a separate p~blication?~ the 
effective temperature at which equilibrium was established 
at the cooling rates inferred for these experiments and the 
measured D*’s of PS. Note that our x (T )  (solid line) 
produces values that lie comfortably within the wide range 
of x’s found in the literature. Jelenic et al.33 report an 
anomalous molecular weight dependence of x where x per 
unit volume ranges from -0.0124 to -0.0006 for d-PS of 
molecular weights of 25 000 to 465 000, respectively; this 
anomaly is largely eliminated by the estimation of the 
equilibration temperature; the higher molecular weight 
samples fall out of equilibrium a t  higher temperatures. 
Figure 9 also includes a value of x for dilute d-PS in 4 = 

(solid diamond) blends of PS/PXE. Since this ex- 
periment was also carried out at room temperature we have 
estimated the equilibration temperature using the same 
procedure37 as for the data for d-PS in PXE. 

In the only previous study concerning the temperature 
de endence of x in the PS/PXE system, Maconnachie et 
al! found that x was described by x (T )  = 0.121 - 78/T 
(dashed line) for dilute d-PXE in PS. While these values 
of x increase with increasing temperature a t  roughly the 
same rates as our results, the x’s measured by SANS are 
more negative than the x’s computed from the mutual 
diffusion experiments. As discussed below, this difference 
might be attributed to two possible causes, the first of 
which is deuterium labeling. 

Yang et al.38 show that deuteriation of the PS compo- 
nent in a PS/poly(vinyl methyl ether) (PVME) blend 
raises the lower critical solution temperature by about 40 
“C. Since a similar increase in the upper critical solution 
temperature of d-PS/polybutadiene (PB) over PS/PB is 
alqo observed,39 it appears that the interaction between a 
deuteriated component and its protonated partner is not 
the same as that between two protonated molecules. Thus, 
the values of x measured in our studies are specific to the 
d-PS:PXE system and should not be gssumed to hold true 
for the PS/d-PXE system or the PS‘/PXE system. An- 
other possible reason for the difference between our results 
and Maconnachie et a1.k is the composition dependence 
of x. In the SANS experiments, x is measured for a dilute 
amount of d-PXE in a pure PS matrix while we compute 
the x in a d-PS/PXE blend containing 0.55 volume frac- 
tion of d-PS. Using the SANS technique, Shibayama et 
al.32 show that x is a strong function of concentration in 
the d-PS/PVME system. Since these results were ra- 
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tionalized in terms of the different thermal expansion 
coefficients and thermal compressibilities in d-PS/PVME 
blends, some composition dependence of x in the d-PS/ 
PXE blends might also be expected.40 Although, as shown 
in Figure 9, our composition studies of D suggest that the 
composition dependence of x is weak, mutual diffusion 
experiments are relatively insensitive to x a t  the extreme 
compositions (where the driving force for diffusion is 
mainly combinatorial entropy) and therefore we cannot 
rule out the composition dependence of x in the dilute 
regime. 

Recently several other groups have measured D in com- 
patible blends in order to test the prevailing theories. 
Using infrared microdensitometry, Jordan et ala4’ studied 
the mutual diffusion in a polyethylene couple containing 
degrees of polymerization of NA and of NB, where 5% of 
the NB molecules were deuteriated. They found that the 
broadening of the interface was controlled by the mobility 
of the faster moving (shorter) polymer chains in agreement 
with the fast theory. Since the interfacial broadening was 
roughly 500 pm, much greater than the characteristic 
distance 1 of -1 pm, again the hybrid fast-slow theory 
predicts that the slow mode should dominate D ,  in dis- 
agreement with their experimental results. 

In another study, Garabella and Wendorff’l used 
small-angle X-ray scattering to indirectly measure the 
interdiffusion process between films of pure poly(viny1id- 
ene fluoride) PVDF and pure poly(methy1 methacrylate) 
PMMA. However, several assumptions in the analysis 
procedure were made which weaken their claim that only 
the “slow theory” can explain their experimental results. 
The two most questionable assumptions were to estimate 
values of D* and then to assume that these D*’s were 
independent of composition (i.e., tracer diffusion coeffi- 
cients of both components were not measured). Although 
they claim that their estimated D* for PMMA agrees with 
the value found by Wu et a1.,’2 this comparison should not 
be made because the diffusion coefficients measured by 
Wu et al. correspond to the intrinsic diffusion coefficients, 
not the tracer diffusion coefficients. Another questionable 
assumption was to ignore the composition dependence of 
the D*’s. In their experimental setup, three different 
contributions to D ( 4 )  were possible. Because pure films 
were used, the large variation in Tg (-140K) across the 
couple will produce a large change in both D*’s with 4. 
Second, as shown by our data in Figure 8, even at constant 
T - Tg, an extra composition dependence of D* can be 
produced by the compositional dependence of the mo- 
nomeric friction coefficient {,,. A further complication 
might also be an enhancement of the D* of the slower 
species due to constraint release.n All three of these effects 
have been shown to be quite important in the PS/PXE 
system. Thus although this is an interesting experiment, 
no conclusive judgements on the fast theory versus slow 
theory controversy should be drawn from it. 

Using dynamic light scattering, Murschall et al.13 claim 
that the mutual diffusion of unentangled poly(pheny1- 
methylsiloxane) PPMS/PS blends follows the slow theory. 
This conclusion was based mainly on the similarity be- 
tween the WLF parameters (i.e., C, and C,) of the 
PPMS/PS blends and those of pure PS, the slower moving 
component. However, since C ~ h e n ~ ~  has shown that it is 
also possible to fit their data by using the C1 and Cz values 
of pure PPMS, these experiments cannot be used to ac- 
curately differentiate between the fast and slow theories. 

Conclusions 
1. In a miscible blend of d-PS/PXE containing 0.55 

volume fraction of PS, the mutual diffusion coefficient D 
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increases as NPs-l with decreasing Nps, where Nps is the 
degree of polymerization of the faster diffusing PS mole- 
cules. Since the tracer diffusion coefficient D* of d-PS 
dominates D, our results are in excellent agreement with 
the fast theory, and in strong disagreement with the slow 
theory, of mutual diffusion. 

2. From the measured values of D(T)  and D*(T) at (I 
= 0.55, the Flory-Huggins interaction parameter x is found 
to be x = 0.112 - 62/T .  At a low diffusion temperature 
T ,  D ( T )  is enhanced relative to the values of D*; at high 
enough T’s, however, a thermodynamic slowing down of 
D is observed as x becomes positive. 

3. An enhanced mutual diffusion coefficient D ( 4 )  was 
observed a t  intermediate compositions of d-PS/PXE. 
Using calculated values of x (T )  for the (I = 0.55 blend and 
the measured values of D*(~#J) for d-PS and d-PXE, we can 
successfully predict D((I) across the entire composition 
range suggesting that the composition dependence of x is 
weak. 

Appendix 
Temperature Dependence of the Tracer Diffusion 

Coefficient: Equation 10 was derived by noting that both 
T/D* and the zero-shear rate viscosity to are directly 
proportional to the monomeric friction coefficient 5 b . 4 3 9 4 4  

Since lo reflects the majority of the temperature depen- 
dence of D * / T  and q0-1,29 we can write 

log (to) = -log ( D * / T )  + log (constant) (Al) 

Since vo(T)  is also given by the Vogel-Fulcher relation- 
ship,45 we have 
log (vo) = -log ( D * / T )  + log (constant) = 
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