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ABSTRACT: The interface in a diffusion couple consisting on one side of a blend of high and low molecular
weight polystyrene and on the other side of pure high molecular weight polystyrene (N, and Ng > Ng, the
entanglement molecular weight) was analyzed. The phase profiles were recorded by scanning infrared microscopy.
The initial sharp interface broadened after thermal treatment above the glass transition temperature. Ex-
perimental evidence was found that tube renewal influences the mutual diffusion even when both polymers
are above the entanglement molecular weight. Assuming a concentration-dependent tracer diffusion coefficient,
a semiempirical expression for the mutual diffusion is given. Thus, a qualitative agreement with the prediction

of the fast mutual diffusion theory was obtained.

1. Introduction

Diffusion in polymer melts has attracted enormous in-
terest in the past 10 years.! Self-diffusion in entangled
polymer melts seems to be well understood in terms of
reptation theory.2® Despite this, there is still a dispute
going on about whether the interdiffusion across the in-
terphase in a diffusion couple of polymer A and polymer
B is ruled by the faster or by the slower diffusing species.**
Theoretical inconsistencies seemed to be solved with the
elegant experiments of Kramer et al.5® Using forward
recoil spectrometry (FRES), they showed that in a diffu-
sion couple of polystyrene and poly(2,6-dimethyl-1,4-
phenylene oxide) the interdiffusion was controlled by the
faster moving polystyrene. The results could be well fitted
with the theoretical approach of Kramer et al.,” where a
vacancy flux allowed bulk flow to take place. This vacancy
flux mechanism was criticized by Brochard and de Gen-
nes,? as it would lead to an unacceptable density gradient
in the sample. Rather they proposed that up to the rep-
tation time rg of the B molecules the shorter chains A swell
the longer chains B. This transient swelling is controlled
by the diffusion coefficient of the faster A species. The
length scale of the swelling regime has usually a magnitude
of several micrometers. At times greater than the relax-
ation time rp the interdiffusion should be controlled by
the slower B chains. Recently it was shown that the slow
theory may merge into the prediction of the fast theory
when considering a moving background.’® Thus, to ex-
amine the different theoretical approaches, it is desirable
to get experimental data for a length scale of more than
a few micrometers.

Very recently Klein et al.!' presented results, that
strongly support that the mutual diffusion or interdiffusion
is controlled by the mobility of the faster moving species.’®
They concluded that the appropriate model describing the
mutual diffusion in an A/B couple must take into account
convective effects, as proposed by Sillescu.'? The exper-
imental technique used from Klein et al. was infrared
microdensitometry (IRM).}3 Nevertheless their experi-
ment has a limited spatial resolution of 60 um. Thus this
technique is limited to polymers with relatively great
diffusion coefficients.

In the present study we also used infrared spectroscopy
to characterize phase profiles in polymer blends. But with
a different sample preparation technique and a measure-
ment procedure the spatial resolution was enhanced up
to 10 um.™

The broadening of the interface in a diffusion couple
consisting of two identical homopolymers but with very
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Table I
Molecular Characteristics of Polymers®
sample 107M,, M, /M, N/N,
66K 6.6 1.05 4
2000K 1970 1.10 116

¢ The molecular weights were measured by light scattering (M)
and size exclusion chromatography (M,). The entanglement
length is taken N, = 17 000.

different molecular weights was investigated. For spec-
troscopic contrast, one of the polymers was deuterated.
The schematic representation of our experiment is given
in Figure 1. Small cylinders of polymer A and a mixture
of polymer A and B were formed by compression molding.
A step function was created by pressing both cylinders
slightly together. Then the diffusion couple was placed
in an exactly fitting container and kept at a particular
temperature for different time periods in a vacuum oven.
Afterwards a microcut with thickness of 2 um was taken
along the diffusion direction. Then, the microcut was
placed under a FT-IR microscope equipped with a com-
puter-controlled movable table. To get the diffusion
profile, the microcut was scanned in steps varying between
5 and 15 um along the diffusion axis with an IR beam size
of 10 um. In this way usually 30-40 complete FT-IR
spectra were taken along the interface of the diffusion
couple. From the absorbance of the C-D vibration of the
different IR spectra and the corresponding x coordinates,
the diffusion profiles were directly obtained. In section
II the experiments and the investigated materials are de-
scribed in detail, and in section III results are given and
compared with theoretical predictions.

II. Materials and Methods

The polymers were anionically polymerized polystyrene (PS).
The high molecular weight PS-h, M,, = 1.97 X 10f g/mol, was the
hydrogenated polymer and the lower molecular weight PS-d, M,,
= 6.6 X 10* g/mol, was fully deuterated (98%). Samples and
characterization are given in Table L.

A mixture of 50 wt % PS-h and PS-d was made by freeze drying
a benzene solution of both components. Afterward the mixture
was dried in a vacuum oven for 1 week at 50 °C to remove residual
solvent.

A schematic representation of the sample preparation and the
measurement procedure is given in Figure 1. Small cylinders
(length 3 mm, diameter 2 mm) were formed by slightly pressing
the samples for 3 min at 120 °C. The prepared diffusion couple
consisted on one side of a 50 wt % mixture of PS-d (66K) and
PS-h (2000K) and on the other side of pure PS-h (2000K). The
interface was created by pressing the two cylinders together for
5 min at 150 °C. Microcuts were made with an ultramicrotom
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Figure 1. Schematic representation of sample preparafion and
measurement of the interface profile.
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Figure 2. Concentration—distance profile c¢(x) of a diffusion
couple. One side is 50 wt % deuterated-PS (M,, = 6.6 X 10%)/50
wt % hydrogenated-PS (M,, = 1970 X 10%) and on the other side,
hydrogenated-PS (M,, = 1970 X 10%): (a) Measured immediately
after creation of the step function. The broken line shows the
ideal step function. (b) Interface profile after t = 2.075 X 108 s
at 176 °C. The broken line represents the calculated profile
according to eq 1. The interquartile width of the step function
(width between c(x) = co/4 and 3cy/4) is ~8 um, and the width
of the broadened profile ~38 um.

(Reichert-Jung, FRG) and spread on a water surface to prevent
themselves from rolling up. The initial broadening was controlled
by taking a microcut from the interface and scanning it under
the FT-IR microscope along the diffusion direction (scanning
infrared microscopy, SIRM). The size of the IR microscope
aperture was 10 um and a step width of 5 and 15 um was used.
Three hundred spectra with a spectral resolution of 8 cm™ were
accumulated for each complete IR spectrum to get a sufficient
signal-to-noise ratio. Within the range of Beer’s law the absor-
bance is directly proportional to the concentration of the com-
ponents. In the present case all spectra were in the range of Beer’s
law, and thus it was concluded that the absorbance of the C-D
vibration is directly proportional to the concentration of PS-d.
The criterion of the specimen regularity and the control of the
microcut thickness were performed by the appearance of inter-
ference fringes in the IR spectra. The interface profiles were
obtained by plotting the normalized absorbance of the C-D vi-
bration versus the coordinates of the corresponding IR spectrum.
A typical concentration—distance profile of an initial step function
is given in Figure 2a. The broken line indicates the ideal step
function. It can be seen from Figure 2a that the initial broadening
was about 10 um. Before each set of diffusion experiments the
initial broadening was measured. For the quantitative evaluation
of diffusion coefficients the experimental concentration—distance
profiles were convoluted with the instrumental resolution function,
a Gaussian given by the initial broadening of the interface.
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Figure 3. Reduced concentration—distance profile of the diffusion
couple 50 wt % PS-d (66K) and 50 wt % PS-h (2000K)/PS-h
(2000K) at 150 °C. Data are taken from four independent ex-
periments with varying diffusion times between 0.533 X 10 and
1.760 X 108 g,
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Figure 4. Reduced concentration—distance profile of the diffusion
couple 50 wt % PS-d (66K) and 50 wt % PS-h (2000K)/PS-h
(2000K) at 176 °C. Data are taken from four independent ex-
periments with varying diffusion times between 0.594 X 108 and
2.075 X 10% s,

Optical examination of the width of the initial interface was
performed by filling one side of the diffusion couple with 5 wt
% Ti0,. The TiO, particles were easy to find in the visible light,
and thus a comparison of the position of the experimental interface
from IR and from visible inspection could be performed. The
midpoint of the interface measured by the SIRM technique was
determined from the condition that the diffusion-broadened areas
on either side of the midpoint (at x = 0) were equal by numerical
integration. The position obtained from both techniques agreed
within 5 um.

Figure 2b shows a typical concentration—distance profile after
thermal treatment. The interquartile width (the width between
¢(x) = co/4 and 3cy/4) is about 38 um compared to 8 um of the
initial interphase. After thermal treatment the samples were
quenched below the glass transition temperature (T, = 100 °C).
Thus, no artificial broadening occurred during microtoming and
scanning the interface.

III. Results and Discussion

Two sets of diffusion experiments were performed. At
150 and 176 °C the interdiffusion of PS-d (66K) (blended
with 50 wt % PS-h (2000K)) into pure PS-k (2000K) was
measured. For each temperature four experiments with
varying periods of diffusion time were carried out. In
Figures 3 and 4 all experimental data are shown in reduced
concentration—distance graphs.

For an incompressible diffusion couple with a concen-
tration-dependent mutual diffusion coefficient D, the in-
terdiffusion in one dimension is!®

d¢(x,t) /8t = 3/3x(Ddc /dx) (1)

where ¢ is the volume fraction of one component. The
boundary conditions on eq 1 are ¢ = 0 at x = —= and ¢
=1 at x = 4+, Theoretical concentration—distance profiles
were generated by using a standard iteration procedure'®
with an exponential concentration dependence of D. As
the experimental profiles were only slightly concentration
dependent, the iteration converged after a few cycles. The
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Table I
Tracer Diffusion Coefficients D* of PS-d and PS-A°
T, °C 107M,, D*, em?/s
176 6.6 2.0 X 10712
176 2000 1.9 X 10715

«Data were taken from ref 16 and 17.

solid lines in Figures 3 and 4 depict the fitted interface
profiles, calculated by eq 1.

First, it is surprising that the profiles are only slightly
concentration dependent. For a highly asymmetric dif-
fusion couple such as in the present case, one would expect
a highly asymmetric interface profile as well. This ap-
parent inconsistency will be discussed in detail in the next
section.

Theory predicts*® that for a diffusion couple of low and
high molecular weight polymers, A and B, which are both
well above the entanglement molecular weight (polymer-
ization indices N, Ng > Ng where Ng is the number of
monomers/entanglement, assumed to be the same for A
and B) the chains move by reptation. Introducing a va-
cancy flux the interdiffusion of A and B across the in-
terface is given by®

Dl =
[Da*Nyaodg + Dp*Npoallos/Na + ¢a/Np - 264épx]
2)

where diffusion is controlled by the faster moving shorter
chains. Another approach retains the incompressibility
condition and results in the expression*

Dy = [¢5/(Dp*Ny) + ¢a/(Dg*Np)|[d5/Na +
®a/Np — 2¢a0px] (3)

where the mutual diffusion of both chains is coupled and
essentially controlled by the slower species. A recent
generalization of the latter theory that considers the
moving background with a distinct velocity finally leads
to the result of the fast theory.l? It is evident from eq 2
and 3 that the interdiffusion should be highly concentra-
tion dependent when N, << Ng. In Figure 5 a repre-
sentative experimental profile and the calculated profiles
from eq 2 and 3 are given. The tracer diffusion coefficients
D,* and Dg* were taken from the literature!®'? and are
listed in Table I1. In Figure 5a, the slow theory completely
fails in describing the broadened interface, whereas the fast
theory {Figure 5b) predicts the broadening at the high
molecular weight side of the diffusion couple quite well
(right-hand side in Figure 5b). Nevertheless, one finds a
marked discrepancy at the left-hand side, where the long
chains diffused into the blend of the short and the long
PS chains. Despite both chains being above the entan-
glement molecular weight, the long chains move into a
matrix where tube renewal may influence the mutual
diffusion and thus the broadening of the interface. Tracer
diffusion experiments of Green et al.'® showed that tube
renewal may be important in the present case. Thus, to
get a more quantitative description of the present exper-
iments, eq 2 and 3 have to be modified to allow for tube
renewal.

Recent experiments of Kramer et al.’® and Smith et al.®
investigated the diffusion in blends, where one component
was too short to make entanglements. The experimental
diffusion coefficients strongly depended on the matrix
molecular weight (or on the concentration of the short
chains) when the jump time for a primitive path step ap-
proached the relaxation time of the constrainst built up
by the surrounding matrix. Kramer et al.!® developed a
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Figure 5. (a) Open circles show the experimental concentra-
tion—distance profile of a 50 wt % PS-d (66K) and 50 wt % PS-h
(2000K)/PS-h (2000K) diffusion couple at 176 °C and 1.210 X
108 8. Curve II was fitted with eq 1; curve I was calculated from
eq 2 where the slow species controls the mutual diffusion. (b)
Open circles and curve II have the same meaning as in Figure
5a. Curve I was calculated from eq 3 where the fast species
controls the mutual diffusion.

semiempirical concentration dependence for the tracer
diffusion coefficient:

D*(¢) = Dr/a(¢)(1/¢ + acgkMMg?/P3¢%)  (4)
where
ac = (48/25)2(12 /72

Dy, denotes the reptation diffusion coefficient for a tracer
chain M, P is the molecular weight of P chains in the
matrix, and a(¢) considers the change of the glass tran-
sition when longer chains are diluted with shorter chains.
a.(¢) may be expressed in terms of the WLF shift factor
ar,%% and z is the number of constraints defining the tube
at any cross section.?* The main assumptions of eq 4 are
that only the long chains can form constraints and that
Mg(¢) is inversely proportional to ¢. The latter assump-
tion was reasoned by the experimentally observed con-
centration dependence of the viscoelastic response func-
tions.22 However, Smith et al.® found D ~ ¢™?%in highly
concentrated solutions of poly(propylene oxide) in oli-
gomeric propylene oxide. In a recent theoretical treatment
Rubinstein et al.2? argued that the plateau modulus Gy°
~ ¢* with o = 3. This implies a stronger concentration
dependence of the entanglement density and thus of the
diffusion coefficient. Due to this inconsistency we refrain
from the assumption that Mg(¢) ~ ¢! in eq 4 and write
Mg(¢) ~ ¢, where $ is now a fitting parameter. As the
short chains in the present case also contribute to the
constraints, we write for the matrix molecular weight P in
eq 4

P= wAMA + wBMB (5)

where w, and wyg are the weight fractions of polymer A and
B, respectively. Thus, eq 4 can be modified, and one
obtains

D*(¢) = Dr/ac(6)(1/¢" + MMz?/P*¢%) (6)

From eq 6 the concentration dependence of the tracer



Macromolecules, Vol. 22, No. 8, 1989

10—1 1

log Dé(cmzls)

5

0 025 050 075 1

o

Figure 6. Tracer diffusion coefficient Dp* of the high molecular
weight polymer B versus the volume fraction of B in the matrix,
M, = 66000 and My = 2000000. The line was calculated from
eq 6.

diffusion coefficient Dg*(d) of the long chains in a matrix
of varying concentration of A (66K) and B (2000K) mol-
ecules can be calculated (Figure 6). The constraint release
parameter was z = 3 (ref 24) and the exponent b = 1.5.
The tracer diffusion coefficient of B is given in Table II,
and the entanglement molecular weight of the undiluted
matrix Mg = 18000. It can be seen from Figure 6 that the
tracer diffusion coefficient of the long chains B is enhanced
with increasing concentration of the shorter chains A.

Equations 2 and 3 can now be modified by inserting eq
6 for Dg*, where tube renewal is supposed to influence the
mutual diffusion, leading to

Dl =
[Do*Npop + Dg*(¢)Npodallop/Na + éa/Np — 20408x]
(M

and for the slow theory

D, = [¢p/(Dp*Ny) + ¢a/(Dp*(¢)Np)][¢p/Ny +
¢a/Np — 2¢2¢8x] (8)

In the present case Dp* was assumed to be constant, as
it is unlikely that tube renewal influences the diffusion of
the faster chains A"’

In Figure 7 the mutual diffusion was calculated from eq
7 and 8. Again, the experimental data and the best fit from
eq 1 are shown. The broadening at the high molecular
weight side of the interface did not change significantly,
whereas the left side is now broadened by tube renewal.
Comparison with Figure 5 reveals the importance of tube
renewal when a long chain moves into a matrix with lower
molecular weight. The fast theory fits the experimental
data qualitatively well, whereas the slow theory fails. With
the semiempirical relation of the concentration dependence
of Dg*, one should not expect quantitative agreement with
the experiments. But, in a first approximation one finds
a satisfying qualitative agreement.

The present experiments reveal that tube renewal may
be an important factor when a long polymer chain is dif-
fusing into a matrix of significantly lower molecular weight,
despite both polymers being above the entanglement
molecular weight. Even in diffusion couples where both
polymers have more than 21 times the entanglement mo-
lecular weight, one can find some experimental evidence
for tube renewal (see in Figures 3 and 4 of ref 11 at the
lower molecular weight side of the diffusion couples).

This is not surprising as recent analysis of the relaxation
behavior of highly entangled polymer mixtures via vis-
coelastic response functions focused attention to tube re-
newal effects. Graessley et al.?> measured the stress re-
laxation in entangled low and high molecular weight
mixtures of polybutadiene over the complete concentration
range. The frequency and the shape of the modulus peaks
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Figure 7. (a) Open circles and curve II have the same meaning
as in Figure 5a. Curve I was calculated from the modified slow
theory eq 8 considering reptation and tube renewal. (b) Open
circles and curve II have the same meaning as in Figure 5a. Curve
1 was calculated from the modified fast theory eq 7 considering
reptation and tube renewal.

changed significantly with the mixture composition. In
a later theoretical treatment of their data, Graessley?
showed that this behavior may be explained only by con-
sidering tube renewal in the relaxation process. In a de-
tailed theoretical analysis Rubinstein et al.? showed that
Graessley’s data may be well fitted by using the Marruc-
ci-Viovy theory.?"?® They pointed out that tube renewal
and tube length fluctuations must be taken into account
even in mixtures where M, /Mg > 21 for the lower mo-
lecular weight polymer. A striking example where tube
renewal competes with reptation even in ultrahigh mo-
lecular weight homopolymer melts was given by Graessley
et al.?® It was shown that the theoretical zero-shear vis-
cosity fits the experimental data only when tube renewal
was considered.

From these arguments it seems evident that tube re-
newal is important in the understanding of the present
diffusion experiments. With a concentration-dependent
tracer diffusion coefficient a semiempirical approach for
the mutual diffusion was given. The shape of the interface
profiles of the present experiments was qualitatively de-
scribed by the modified fast theory. The slow theory failed
in describing the profiles even when tube renewal was
taken into account.
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Scattering Behavior of Wormlike Star Macromolecules
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ABSTRACT: Calculations by Mansfield and Stockmayer on the radius of gyration of wormlike star molecules
have been extended to the angular dependence of the corresponding scattering functions P(g). Analytical
expressions could be derived on the basis of the Koyama theory for wormlike chains if the arms are freely
hinged at the star center (“combinatorial star” approximation). The results are compared with Monte Carlo
calculations and small-angle neutron-scattering measurements from 12-arm polystyrene stars in a © solvent.

Introduction

Star-branched macromolecules continue to be of great
interest to polymer scientists. This architecture occurs in
every type of network as an elementary substructure, and
understanding the conformational behavior may help to
improve present knowledge about the conformation of
networks. Up to now Gaussian chain statistics have been
assumed.!? However, even under idealized thermodynamic
conditions, i.e. at vanishing second-virial coefficient, A, =
0, the chains exhibit no ideal flexibility. Chain stiffness
of the arms and a defined angle between the initial tan-
gents of the arms at the star center exert influence on the
global and internal structure of these star molecules.

Particle scattering functions of realistic models with
fixed angles at the star center are difficult to treat ana-
lytically. Therefore, Monte Carlo simulations applying
different concepts were recently carried out.>* These
simulations allowed the numerical calculation of the static
and dynamic scattering behavior. Such simulations are
time-consuming and cannot be easily extended to more
complex architectures, e.g. multiply branched clusters.
Analytical equations will facilitate the derivation of scat-
tering curves and the interpretation of experimental data
from these more complex structures.

A few years ago Mansfield and Stockmayer® derived a
general relationship for the mean-square radius of gyration
of wormlike star molecules. They assumed wormlike arms
with and without a certain angle correlation among the
arms at the center. Two cases were treated explicitly. In
the one case the angles were fixed at the star center, and
in the other the arms were freely jointed. In the following
we call the second case the “broken wormlike star”, and
we show that the particle scattering factor of this structure
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can be calculated analytically on the basis of the Koyama
approximation® for linear chains.

Three chain models for the arms of the stars are applied,
i.e. the Gaussian model, the rodlike model, and the
wormlike model. A combinatorial concept consisting of
two different approaches is used to derive analytical ex-
pressions for the particle scattering factor of these star
models. To check the validity of the wormlike chain
model, the analytical expressions are compared with two
different types of data: (i) Monte Carlo results on poly-
methylene 12-arm stars, based on Flory’s model of rota-
tional isomeric states’ (RIS); (ii) small-angle neutron-
scattering (SANS) data on 12-arm polystyrene stars in
dilute solution of cyclohexane-d.

Samples and Methods

The Monte Carlo procedure on polymethylene was previously
described in detail® For both combinatorial approaches of Monte
Carlo stars, we could use stored histograms of the intraparticular
distance distribution for linear chains. In the combinatorial
approach, where two arms are connected to a continuous linear
chain, the same data as in ref 4 were used.

Experimental data are those of neutron-scattering experiments
from two 12-arm polystyrene star samples in the ©-solvent cy-
clohexane-d, which were already presented in ref 4.

Particle-scattering functions of wormlike stars based on the
approximation of Koyama® were calculated with the aid of the
integration subroutine DCADRE of the IMSL Library.

Combinatorial Stars

The idea of combinatorial stars consists in the use of the
particle-scattering factors of linear chains, Py(q) for one
arm and P,y(g) for two connected arms, and these parti-
cle-scattering factors are weighed then according to their

© 1989 American Chemical Society



