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Fast Mutual Diffusion in Polymer Blends
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Mutual-diffusion and tracer-diffusion coefficients, D and D', are measured in the miscible poly-
mer blend system polystyrene+poly(2, 6-dimethyl-1, 4-phenyieneoxide) by forward recoil spec-
trometry. ~e find D to be much larger than D', an increase that is predicted quantitatively by a
theory which includes the entire chemical-potential driving force for interdiffusion.

PACS numbers: 61,25.Hq

Mutual diffusion or interdiffusion in miscible poly-
mer blends„aside from its practical importance in the
control of phase separation and homogenization, is of
great interest for testing the relations between the
thermodynamics of such blends and their diffusion
behavior. de Gennes' was first to point out that be-
cause the combinatorial entropy of mixing of polymers
is so small, scaling as N ' where N is the degree of
polymerization, the mutual diffusion of chemically
dissimilar polymers will be dominated by the excess
enthalpy and entropy of segment-segment mixing. In

I

the usual mean-field approximation, the excess Gibbs
free energy of mixing per segment can be represented
by a regular solution model, 2 so that

AG~j„= Xgg$8ka T,

where kti, T, $&, and pit are Boltzmann's constant,
absolute temperature, and volume fractions of the
components A and 8 in the binary blend, respectively.
The strength of the segment-segment interaction is
represented by the Flory-Huggins interaction parame-
ter X. Within this approximation the mutual-diffusion
coefficient D is given by3

~DA NA 4'tt +D8 N84 A ~ ~ 4 B~NA + O'A t N8 24 A 4 it X ~
(2)

where D" and N are the tracer-diffusion coefficient
and degree of polymerization of the polymer com-
ponent represented by the subscript. The first two
terms in the curly braces correspond to the combina-
torial entropy of mixing and the last term is the excess
thermodynamic term. For miscibility of high-N poly-

mers, X normally must be negative and consequently
the last term should significantly enhance diffusion
over the case of chemically identical polymers ~here X

is 0. Such enhancement will be termed segment-
interaction enhancement. Recent measurements5 in
polyvinylchloride:polycaprolactone (PVC:PCL) blends
show a strong maximum in D at Qpvc=0. 5 in qualita-
tive agreement with Eq. (2). Since the D"s of PVC
and PCL were not measured, however, Eq. (2) could

not be tested quantitatively.
In this Letter we present strong experimental evi-

dence for segment-interaction-enhanced mutual dif-
fusion in a miscible polymer blend. The polymers are
deuterated polystyrene (d-PS) of weight-average
molecular weight M„=255000 (N=2452) and dis-
persity index 1.2, and poly(2, 6-dimethyl-1, 4-pheny-
lene oxide), also named poly(xylenyl ether) (PXE), of
M =35000 (N=292) and dispersity index 2.3. A

t

base film ( —2 itt, m thick) of PXE:d-PS is spin cast on
a silicon-wafer substrate from a solution (@dzs =@1)
of the polymers in chloroform. A second film ( —350
nm thick) is prepared from another solution of dif-
ferent composition (ttd~s=@2) by spin casting on a
glass substrate. After drying, this film is floated off
onto the surface of a water bath from where it is

picked up on the coated Si wafer to produce a bilayer-
film diffusion couple. The concentration versus depth
profile of d-PS in the film is measured before and after
diffusion in vacuum ( & 10 6 Torr) at temperature T
by forward recoil spectrometry (FRES). Details of this
ion-beam analysis technique have been published else-
where. 6 9

Figure 1 shows the profile of volume fraction of d-

PS versus depth x for a diffusion couple before and
after diffusion for a time t=1800 sec at T=206'C.
The initial @d~s 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 @(x) profile of the undif-
fused sample appears somewhat diffuse as a result of
the limited instrumental resolution of the PRES tech-
nique. The solid line in Fig. 1(a) corresponds to a step
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function convoluted with the instrumental resolution function r(x), a Gaussian with full width at half maximum
of 80 nm. After diffusion however, the interface becomes significantly broadened as shown in Fig. 1(b). Since
the composition of the couple varies by only 0.09, a single mutual-diffusion coefficient D should control the inter-
diffusion'0 and hence we expect a concentration profile given by"

y(x) = 0.5(@z—Pt) [erf[(h —x)/w ]+erf[(h +x)/w] } + y, , (3)

( 0.05) as diffusion proceeds, a true D' is measured.
The data on the polydisperse d-PXE were analyzed to
yield the D" of PXE of weight-average molecular
weight Mw. t4 D' for d-PS of different molecular
weights M scaled as M 2 as predicted by the theory of
reptation. '

The values of D' so determined'9 for the PS and
PXE components of the interdiffusion couples are also
plotted in Fig. 2. The D"s depend differently on
blend composition, with Dd ps surprisingly exhibiting a
strong minimum with /ps, whereas Dd~xE increases
monotonically as /ps approaches 1. D' for the 35000
PXE component is about a factor of 80 lower than D'
for the 255000 d-PS component at the lower /ps's.
The most important result, however, is that the mutu-
al diffusion coefficient D is almost an order of magni-
tude higher than either of the D"s of the components

where It is the thickness of the top film and
w = 2(Dt) . The solid line in Fig. 1(b) represents the
best fit of Eq. (3) to the data. This fit requires a D of
1.1X10 '3 cm2/sec which we take as the value at the
interfacial composition. Values of the interdiffusion
coefficient extracted in this way are plotted as func-
tions of the composition of the interface in Fig. 2. To
partially compensate for the decreasing glass-transition
temperature Tg of the blend with increasing /des, T
was adjusted so that T T~ was h—eld constant at 66 'C.

To compare the D values with those predicted by
Eq. (1) we measured the tracer-diffusion coefficients
D' of d-PS and d-PXE diffusing into blends of undeu-
terated PS:PXE. The d-PXE was synthesized at Gen-
eral Electric'2 and had a Mw of 46000 and a dispersity
index of 2.4. Bilayer films with a very thin pure deu-
terated polymer layer ( —20 nm thick) on top of a
thick film of the blend were diffused at T Tg-
= 66'C '3 and analyzed by means of FRES.t~'5 Since
the deuterated polymers rapidly become dilute (p
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FIG. 1. Volume fraction of deuterated polystyrene in a
d-PS:PXE thin-film diffusion couple: (a) as deposited, (b)
after diffusion for 1800 sec at 206'C.

FIG. 2. Diffusion coefficients vs composition in the
PS:PXE system. Circles and triangles, measured tracer-
diffusion coefficients D of d-PXE (M=35000) and d-PS
(M = 255000) into blends of PS:PXE. Lozenges, measured
interdiffusion coefficients in the d-PS:PXE diffusion cou-
ples. The lour solid lines represent smoothed values of
Dd~xE and Dd'ps used in the calculation. The upper solid
line and dashed line represent the D predicted by Eq. (2)
~ith, and without, segment-interaction enhancement, i.e.,
for X = 0.14S —78/ Tand X = 0.
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of the blend, providing strong qualitative evidence for
the existence of segment-interaction-enhanced mutual
diffusion.

Quantitative confirmation of this conclusion can be
obtained by computing the D expected if the mixing
were ideal, i.e. , X=0. This D is shown as the dashed
line in Fig. 2. Clearly the mutual-diffusion kinetics are
significantly increased by the negative X parameter of
this compatible blend. The experimental data are in
good agreement with the D's (solid line) predicted
from Eq. (2) using a value of X =0.145 —78/T, corre-
sponding to a range of values from 0.001 to —0.029 as
T is decreased with Qd~s to maintain T Tg=—66'C.
This X( T) produces values that lie comfortably within
the range of X's determined for the d-PS:PXE system
from small-angle neutron diffraction. 2o

In summary, we have observed unambiguous evi-
dence of an increased mutual diffusion in a miscible
polymer blend driven by the excess enthalpy and en-
tropy of segment mixing, evidence that strongly sup-
ports the interpretation of the maximum in D in the
PVC:PCL blends. 5 The observation has added signifi-
cance in that it implies that previous observations of a
strange molecular weight dependence of interdiffusion
in the PVC:PCL blends (D —M ') 2' may be due to
segment-interaction enhancement as first suggested by
de Gennes. ' Experiments to test the M„dependence
of D in the PS-PXE system should throw light on this
point.
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