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ABSTRACT: The microstructure and chain diffusion behavior at a rubbery/glassy polymer interface (PS/
PPO) were studied using the depth-resolved technique of secondary ion mass spectroscopy (SIMS). Unlike
the typical rubbery—rubbery interface, the microstructure of the miscible glassy—rubbery interface
demonstrated a very sharp symmetric profile with a thickness around 25 nm before annealing. As chain
diffusion took place, the glassy—rubbery interface moved toward the PPO region, the interface broadened
asymmetrically, and the chains diffused across the interface showing both the Fickean and the case Il
characteristics simultaneously. For the purpose of analysis, the interfacial layer can be divided into a
rubbery region and a glassy region according to the local T calculated from the local polymer concentration
using the Flory—Fox equation. The case Il characteristic dominated on the glassy side of the interface,
where chain mass flow required plasticization of the glassy polymers by the neighboring rubbery chains.
The Fickean characteristic, on the other hand, prevailed on the rubbery side of the interface, where
polymers at both sides of the interface were rubbery chains. The effect of temperature on the interdiffusion
was in good agreement with that predicted by the WLF equation. The average velocity of the interface
decreased with the PS molecular weight following a negative power law. The power of the dependence,
however, was different for the two molecular weight regimes above and below the critical molecular weight
of PS (M. = 38K). The mutual diffusion coefficient and the tracer diffusion coefficients were determined

from the SIMS data. The results were in good agreement with the slow theory predictions.

Introduction

Polymer diffusion plays a very critical role in various
segments of polymer technologies.»=37 In polymer thin
films and interfacial systems, the interfacial structure,
strength, and dynamic properties are extremely sensi-
tive to the polymer chain motions near the interfaces.
Polymer diffusion is also a fundamental chain behavior
from which the ultimate structure and dynamics of
polymer chains can possibly be revealed. Following
Alfrey, Gurnee, and Lloyd,® the general transport
behavior of polymers is determined by the diffusion
mobility relative to the relaxation rate of polymeric
segments. The diffusion cases in which the rate of
diffusion is much less than that of segmental relaxation,
such as that of rubbery—rubbery interdiffusion in which
the Fick's laws are obeyed, are classified as case |
diffusion. Conversely, if the diffusion rate is more rapid
than the segmental relaxation, the diffusion behavior
is classified as following the case Il diffusion charac-
teristic.

The dynamic behavior of polymers in the melt has
been successfully described by the reptation model, 1357
in which the chain moves along a virtual tube defined
by the environmental topological constraints imposed
by the entanglements between the neighboring chains.
For rubbery—rubbery interfaces, many research groups
had explored the interdiffusion across the interface with
various sample preparation and detection techniques.8—37
Generally it is concluded that reptation model can be
suitably used to describe the chain motions near the
interface. The diffusion was found to depend on chain
concentration, and error functions were used for the
concentration profiles across the interfaces. On the other

10.1021/ma020292j CCC: $25.00

hand, the interfacial diffusion across a glassy polymer
layer remains scarcely explored. Previously, Composto
and Kramer,® using a special sample staining technique
and the method of Rutherford back-spectroscopy (RBS),
were able to obtain the diffusion profiles of the glassy—
rubbery interfaces between the miscible polymers of
polystyrene and poly(xylenyl ether; PXE). The data of
interface movement pointed to a Fickian diffusion
characteristic although the RBS results probably was
suffered from a limitation of depth resolution and
usually longer diffusion times were used for data
collection. It was also revealed that the interdiffusion
process was quite slow and the concentration profile was
markedly asymmetric. The mutual diffusion coefficient
of the glassy—rubbery interdiffusion was strongly de-
pendent on the chain composition. Almost at the same
time but slightly later, Sauer and Walsh?® employed
techniques of neutron reflection (NR) and spectroscopic
ellipsometry (SE) to study the glassy—rubbery interface
between polystyrene and poly(vinyl methyl ether). A
sharp interface between the two polymers was found,
which broadened gradually from 15 to 55 nm as diffu-
sion proceeded. The interface moved with a constant
velocity during the interfacial diffusion. These results,
however, indicate a case 11 diffusion process?® prevailing
in the glassy—rubbery interface, in conflict with the RBS
results reported by Composto and Kramer.1®

To investigate the glassy—rubbery interdiffusion, we
employed the SIMS technique here to study the polymer
chain diffusion behavior at the interface of a miscible
polymer pair: polystyrene (PS) and poly(2,6-dimethy1-
1,4-phenylene oxide) (PPO). The diffusion in the polymer
samples was controlled by annealing at a temperature
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between the glass transition temperatures of the two
polymers. As detailed in the literature, various experi-
mental detection techniques were used to probe the
interdiffusion across polymer interfaces. Among them,
forward recoil spectroscopy (FRES),'®32 infrared spec-
troscopy,®® and small-angel neutron scatting (SANS)26
can provide useful information for large interdiffusion
depths but are limited by the depth resolutions to
greater than 100 nm. Although neutron reflection
(NR)20:34 can provide high depth resolution but the
samples require deuteration which may lead to ad-
ditional problems of immiscibility and thermodynamic
slowing down (TSD) due to the deuterium isotope
effect.?? In contrast, the secondary ion mass spectros-
copy (SIMS)38=43 is a very powerful and attractive
technique for exploring polymer chain diffusion?122.35-37
In particular, it has excellent depth resolution of about
10 nm for element detection and is capable for direct
concentration profiling of a given atomic species in a
depth range up to several micrometers.38 In this paper,
the SIMS technique was used to study the polymer
chain diffusion behavior at the rubbery—glassy interface
of PS and PPO. The oxygen atoms bonded to the PPO
backbones were used as “marker” for SIMS detection
and accurate polymer concentration profiles were ob-
tained. With the excellent depth resolution of SIMS, the
microstructure of the glassy—rubbery interface and the
characteristics of the interfacial diffusion, as well as the
effects of temperature and PS chain entanglements were
investigated.

Experimental Section

I. Sample Preparations. The diffusion sample consists of
two layers of polymers, a 0.5 um thick PS on top of a PPO
layer of the same thickness, both supported by a polished
silicon wafer. The PPO,* obtained from the Aldrich Chemical
Co. (My = 244000, M,, = 80000), has a glass transition
temperature of 500K. For the PS (My/M, = 1.06, Pressure
Chemical Co.), several molecular weights were used: 9000,
25 000, 90 000, and 2 000 000. The glass transition tempera-
tures of the polymer ranges from 362 to 373 K according to
the molecular weight. The PPO film was cast directly by spin
coating from the toluene solution on a silicon wafer. The PS
film was first cast by spin coating on a glass slide, and then
floated onto a water surface, subsequently picked up onto the
PPO layer that was already on a silicon wafer. For obtaining
uniform PPO films, the solution was heated to approximately
373 K before casting. To remove the trapped water within the
samples, the stacked films were dried in a vacuum at room
temperature for least 24 h. For diffusion study, the samples
were heated to an elevated temperature (393, 433, or 453 K)
for various lengths of time. Under this annealing condition,
the PS is in the rubbery state while the PPO is in the glassy
state. Before the depth profile measurements, the sample was
coated with a thin layer of gold (ca. 30 nm) to avoid electric
charging.

1. SIMS. SIMS®*72 has long been an important tool for
material analyses. Recently, it has been frequently applied for
studying polymer diffusion.?12235-37 The basic principle of
SIMS is using a primary ion beam to sputter secondary
charged species, mostly secondary ions, out of the surface layer
from a selected scanned area. The charged species are filtered
through and counted by a mass spectrometer that is tuned to
an element of interest. Repeated exposure of the same scanned
area to the primary beam of constant current can be used to
obtain the counts number of an element as a function of
sputtering time, producing the useful data of depth distribu-
tion of the element of interest.

A secondary ion mass spectroscope (SIMS), CAMECA ims4f,
was used to measure the depth concentration profile at the
interfaces of the PS/PPO samples. The primary ion beam used
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was Cs™, spot size around 30 um?, with an accelerating voltage
of 13.5 kV maintained at a current of 26 nA. The scanned area
is 225 um by 225 um. The produced secondary ions were
analyzed for the elements of carbon (13C~), hydrogen (H™), and
oxygen (O7). At the beginning of each depth exploration, a
transitional layer of 15 nm in thickness was usually required
before a steady-state sputtering was reached. The thickness
of the transitional layer, however, is less than that of the gold
overcoat on each sample. Therefore, its effect on the concentra-
tion profile obtained from SIMS can be neglected.

Results

. Quantitative Analysis of SIMS Data. The depth
profile of the glassy—rubbery polymer interface can be
probed and analyzed in details by using the SIMS
technique. A typical set of raw data obtained from the
SIMS depth profiling experiment is shown in Figure 1a
presented in the format of secondary ions counts (hy-
drogen, oxygen, and carbon) vs the sputtering time. The
sputtering rate was calibrated, and the raw data can
be converted into the concentration profiles of the atomic
species vs sample depth. The sputtering rates of PS and
PPO were found to be quite similar, approximately 0.8
nm/s. The depth resolution of the concentration profiles
is around 10 nm. The major source of resolution limita-
tion in SIMS comes from the instrumental broadening.
Since the PPO chains contains oxygen atoms while the
PS chain has no oxygen atom at all in its chemical
structure, the oxygen ions current was used for probing
the depth concentration profile of the PPO molecules.
However, before an accurate quantitative diffusion
analysis can be made, the experimental artifacts due
to contaminations were to be identified and eliminated
from the SIMS raw data. First, the existence of a
conspicuous peak in the oxygen profile near the free
surface, as shown in Figure 1a, was frequently observed,
and it was identified as due to the adsorbed water from
the ambient storage environments. A similar anomalous
peak was also usually present at the PS—PPO interface
before annealing, also shown in Figure la. Upon an-
nealing, this peak moved to the free surface as shown
in Figure 2. The moving speeds of this peak at different
annealing temperature were measured and the activa-
tion energy Q was determined to be around 8.4 J/mol,
very close to that reported for water vapors in poly-
mers.*®> The peak was hence attributed to the humidity
vapors trapped during sample preparations where a
water floating process was used. These peaks were
generally ignored for diffusion data analysis.

For quantitative determination, the oxygen ion counts
were first normalized according to the carbon ion counts
of the same sample. A typical result is shown in Figure
1b. To obtain the PPO volume fraction, ¢ppo, from the
SIMS data, a relative sensitivity factor, S (atoms/cm?),
was defined according to pi = A(li /1), where |; is the
secondary oxygen ion intensity and I, is the intensity
of the matrix carbon isotope secondary ions (counts/s).
The theoretical value of the ratio 1i/1y, is /s for PPO
polymer; the factor  can be empirically determined
using the SIMS experimental values of I/l obtained
from a pure PPO sample. The value of g was then used
to convert the SIMS data of the diffusion samples into
the depth profile of gppo. A typical PPO concentration
profile of a PPO/PS sample before annealing was
demonstrated in Figure 1c where it was shown that the
PPO concentrations in the PS and the PPO bulk regions
were generally flat. The precise interfacial position and
the diffusion coefficient were determined using the
Boltzmann—Matano analysis.1946.47
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Figure 1. Diffusion profile of a 90KPS/ PPO diffusion couple
from SIMS experiments before annealing: (a) the raw data,
(b) the relative intensity profile of oxide ions, and (c) the PPO
concentration profile.

I1. General Diffusion Behavior at the Rubbery—
Glassy Interface. Figure 2 shows the PPO depth
profile before annealing. The depth profile of the inter-
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Figure 2. PPO concentration profile of 90KPS/PPO diffusion
couple annealed at 453 K for 15, 30, 45, and 60 min.

face is quite symmetric with respect to the Matano plane
at which the concentration profile showed a very sharp
transition from gppo= 1.0 to @ppo = 0.20 over a thin
transition zone with a thickness around 20—30 nm.
After the sample was annealed at 453 K, the depth
profile changed into an asymmetric distribution with a
Fickean diffusion profile appearing in the PS side of the
interface. The Fickean diffusion profile apparently was
due to the PPO chains diffused across the interface.
Other than the Fickean diffusion profile in the PS side
of the interface, the PPO concentration in the PS bulk
is approximately constant with depth. On the other
hand, the concentration profile at the PPO side of the
Matano interface remained very steep. The PPO con-
centration in the PPO bulk was undiluted with the
rubbery PS molecules and maintained at a constant
level of @ppo = 100%. This observation is in good
agreement with that reported previously by Composto
and Kramer in a similar system using Rutherford back
spectroscopy (RBS).19

Concurrent to the evolution of the depth profile across
the interface during polymer interdiffusion, the Matano
interface was moving toward the PPO bulk. The inter-
diffusion effectively resulted a progressive thinning of
the PPO bulk. As the interdiffusion proceeded, the PPO
concentration in the PS bulk increased steadily, in a
sharp contrast to the observation that the PPO volume
fraction in the PPO bulk always remained fixed at
around 100%. The fact that the PPO concentration in
the PS bulk is approximately constant indicates that
the PPO molecules exiting from the interface quickly
dispersed within the PS bulk uniformly. The driving
force behind the quick PPO dispersion is believed
mainly to be due to the large negative enthalpy of
mixing of the two polymers.

The sharp PPO concentration profile at the PPO side
of the interface strongly indicates the case Il diffusion
dominance at the location. In that, the glassy PPO layer
located at the interface was first plasticized by the
nearest neighboring PS chains which, driven by the free
energy of mixing, subsequently started to diffuse into
the thin plasticized PPO region. When sufficient PS
segments had diffused into the plasticized PPO layer,
individual PPO chains were then able to undergo higher
order chain motions, to be “dissolved“ from their ho-
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Figure 3. Matano interface displacement vs annealing time
at 453 K for (a) diffusion couple 9KPS/PPO and (b) diffusion
couple 90KPS/PPO.

mopolymer glassy entanglement network, and to diffuse
into the rubbery PS layer. The thickness of the steady-
state plasticized interfacial region, as indicated by the
SIMS depth profile data, is very thin, on the order of
less than 20 nm. However, this interface, as will be
shown later, eventually grew into a macroscopic scale
when the interdiffusion across the PS/PPO interface
finally approached an equilibrium state.

As shown in Figure 2, the diffusion of the PPO chains
into the rubbery PS bulk created a Fickean diffusion
profile at the PPO side of the interface. The Fickean
process is widely regarded as the dominant diffusion
mechanism in polymer melts. As was correctly pointed
out by Sauer and Walsh,?° the PPO diffusion into the
PS bulk in fact is similar to the dissolution of glassy
polymer in a good solvent. In summary, it is apparent
that according to the SIMS data the PS chains moved
into the PPO bulk following a case Il diffusion while
the PPO molecules permeated into the PS bulk in a
fashion governed by a Fickean diffusion process. The
SIMS depth profile of the glassy/rubbery interface
clearly demonstrates these two characteristics simul-
taneously.
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Figure 4. (a) Matano interface displacement vs annealing
time of the diffusion couple 90KPS/PPO at 433 K. (b) Matano
interface displacement vs the square root of annealing time
of the diffusion couple 90KPS/PPO at 433 K.

The moving velocity v of the PPO/PS interface toward
the PPO bulk was found to be approximately constant
for short annealing times. The data are shown in Figure
3. This was also when the PPO concentration across the
interface did not change too significantly from that in
the unannealed samples. At longer diffusion times, the
interface velocity v started to slow, resulting in a
deviation from the linear relationship of v vs t, as shown
in Figure 4a. The deviation of linearity of v vs t became
significant when the PS bulk had been heavily diluted
by the PPO molecules that migrated across the PPO/
PS interface, and the interface velocity v started to show
a linear dependence on the square root of diffusion time
t, as demonstrated in Figure 4b. Nevertheless, the
concentration profile across the interface remained very
steep and the PPO concentration in the PPO bulk was
always undiluted at 100%. Therefore, the slowdown of
the interface movement does not correspond to a change
of the chain diffusion mechanisms. Instead, it was
attributed to a decrease of the chemical potential
differences of the polymer molecules across the glassy/
rubbery interface. The interface slowdown is related to
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Figure 6. Local effective glass transition temperature dis-
tribution vs depth of thediffusion couple calculated from the
SIMS PPO concentration profiles (90KPS/PPO at 453 K).

the broadening of the interface and the analysis will be
shown in the Discussions.

I11. Microstructure of the Glass—Rubber Inter-
face. For convenience of analysis, the layer between the
plane @ppo = 0.99 (plane A), schematically shown in
Figure 5, and the plane where the tangent of the PPO
concentration profile in the PS bulk intercepted with
@ppo = 0 was defined as the interfacial region at the
PPO/PS interface. The structure and properties of the
interfacial layer can be resolved spatially from the
composition profile provided by SIMS experiments.
Since PPO and PS are miscible over the full concentra-
tion range, it was assumed that in the interfacial layer
the PS and PPO chains mixed homogeneously down to
the molecular scales such that a single Ty could be
locally assigned. The local Ty distribution in the inter-
facial layer was calculated using the Flory—Fox equa-
tion from each concentration profile acquired from the
SIMS experiments. The results are shown in Figure 6.
To test the validity of the Flory—Fox equation, a PPO/
PS blend (60%/40%) was prepared and its Ty was
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determined using a differential scanning calorimeter
(DSC). The DSC result was approximately 407 K, very
close to that predicted using the equation. For each
curve in Figure 6, the interface can be conveniently
divided into a rubbery layer and a glassy layer by a
plane (the plane B) at which the local Ty is equal to the
annealing temperature. Corresponding to the annealing
temperature 453 K, the PPO concentration at plane B
is gppo = 0.66. The rubbery layer (resided on the PS
side of the interface) in fact was the gateway for the
PPO molecules to diffuse into the PS bulk. Since they
were rubbery, the polymer chains in this region were
free to move and should obey a Fickean diffusion process
according to the results of the numerous previous
studies.’®28 This is also in good agreement with the
SIMS depth profile which shows a Fickean diffusion
profile in the rubbery interfacial region. On the other
hand, the glassy layer (resided on the PPO side of the
interface) was a region filled with partially plasticized
PPO molecules and the incoming PS chains. Hence, a
term “intermixing layer” was used for this interfacial
region. This glassy layer is very thin, on the order of
20—30 nm. The sharp PPO gradient at the intermixing
layer strongly indicated an interdiffusion dominated by
the individual PPO molecules that were plasticized and
“dissolved” from the glassy PPO matrix permeating
across the interface rather than by the collective move-
ment at the interface of the whole entangled PPO chain
mass gradually swollen by the plasticizing PS front.
Beyond the Fickean diffusion profile that was extending
several hundreds nanometers from the intermixing
layer on the PS side of the interface, the PPO concen-
tration was quite constant in the PS bulk. This indicated
a very fast dispersion of the PPO chains in the PS bulk
due to the quite negative y interaction parameter. The
rapid dispersion further supported the assertion that
the migration of the PPO molecules into the PS bulk
was consist of molecular motions of individually dis-
solved chains rather than that of the whole PPO
entanglement network.

The intermixing layer was found broadening as the
interdiffusion proceeded, however. As the annealing
time increased, the intermixing layer thickness in-
creased steadily, as shown in Figure 7. As correctly
pointed out by Sauer and Walsh,?° the change in the
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intermixing layer thickness is due to the velocity dif-
ferential between the interfaces A and B (illustrated in
Figure 5), which were both moving toward the PPO bulk
during interdiffusion. The movement of plane A was
controlled by the rates of plasticization and permeation
of individual glassy PPO chains from the PPO bulk, a
process restricted by the case 11 diffusion of PS into the
PPO bulk. Since gppo on both sides of plane A was
approximately invariant with time, the velocity of plane
A was approximately constant during the entire course
of interdiffusion. On the other hand, the movement of
the plane B, resulted from the interdiffusion of the fully
plasticized PPO chains and the PS bulk (a Fickean
diffusion), was strongly influenced by the gap of chemi-
cal potential of PPO chains across the plane B, and
hence decreased with annealing time. Therefore, broad-
ening inevitably takes place in the interdiffusion across
the glassy—rubbery polymer interface.

IV. Effect of Temperature and the PS Molecular
Weight. The movement of the Matano interface during
annealing was strongly influenced by the annealing
temperature. As shown in Figure 4, the moving velocity
of the interface increased significantly as the annealing
temperature increased from 433 to 453 K. The values
of the interface moving velocity v433 and v433 (corre-
sponding to the diffusion at the annealing temperatures
433 and 453 K) are in good agreement with the predic-
tion of the WLF equation, i.e., log (v433/vss3) = log ar =
C1(433 K — 453 K)/C, + (433 K — 453 K), where the
universal constants are C; = —17.44 and C, = 51.6.

The interface velocity was also found to be strongly
influenced by the PS molecular weight. The experimen-
tal results of the interface velocity, averaged up to 1 h
diffusion time, vs PS molecular weight are shown in
Figure 8. The velocity decreased with the PS molecular
weight according to a negative power law in each of the
two molecular weight regimes divided by the critical
molecular weight of PS (M, = 38K). The observed effect
of PS molecular weight was attributed to two contribu-
tions. First, longer polymer chains require longer times
to penetrate and plasticize the PPO chains, leading to
slower chain interdiffusion. Second, when the PS chains
become longer than the critical molecular weight M,
chain entanglements form and reduce the chain mobility
of both the PS and PPO chains. When the PS chain
length is greater than M., the plasticization in the
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intermixing layer becomes less effective, and the PPO
chains in the intermixing layer are further constrained
by the entanglement network of PS and, according to
the reptation model, need to undergo repetitive worm-
like motions along the “tube” to result a net coil
displacement.

The mutual diffusion coefficient D was calculated
using the Matano method®° at Cppo = 0.5:

1 ox 0.5

D = T 2 3C g Jo

X dCppo 1)

where D is the mutual diffusion coefficient at the PPO
concentration Cppo = 0.5 at the annealing temperature
Ta, tis the annealing time, X is the position of Cppo, and
the integral item is the inverse slope of the concentra-
tion profile. Apparently, the calculated results are
highly dependent on the concentration profiles deter-
mined experimentally. The concentration profiles (t =
1 h) determined by SIMS were used to calculate D.
Figure 9 shows the mutual diffusion coefficient obtained
by using eq 1 as a function of the PS molecular weight.
It is clear that the diffusion coefficient follows the same
trend as that of the interface velocity. That is, at both
the low molecular weight and high molecular weight
regimes divided by the PS entanglement molecular
weight (M. = 19K), the mutual diffusion coefficient
decreases in a simple power law with the PS molecular
weight. The molecular weight of the PS, however, has
an effect on the Ty of PS. For the sake of comparison,
the effect of molecular weight on the Ty of PS chains
was calibrated by analyzing the diffusion coefficient
evaluated at a T — Tqg = 80 K. This was be done by
shifting the D’s according to the WLF equation using
the shift factor ar defined as the ratio of the diffusion
coefficients D to Dr,+80, corresponding respectively to
the diffusion coefficients at the annealing temperature
Ta and the temperature T4 + 80

D ) Cy[T, — (T, + 80)]

(2)

log a; = | -
09 ar =108 ( C, + [T, — (T, + 80)]

DTg+80

Figure 9 also shows the shifted results of the mutual
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diffusion coefficient with various PS molecular weights.
The differences between the shifted data of Dt g0 and
the original values of D, however, are quite small and
can be neglected.

Since the mutual diffusion coefficient D is controlled
by the excess enthalpy and entropy of segment—seg-
ment mixing, D can be expressed in terms of the Flory—
Huggins yx interaction coefficient and the segment
mobilities of polymers. Following the results developed
by Brochard, Jouffroy, and Levinson,” consider a regular
solution of chemically dissimilar polymers A and B, each
with degrees of polymerization Nap and Ng and the
Onsager coefficients Aa and Ag (defined by the flux
equations), respectively. The Onsager coefficients can
be related to the segment mobilities as follows Aax =
QOAAOA and Ag = (PBAOB where Aoa and Aogg are the
segment mobilities of the polymer components repre-
sented by the subscripts. It can be shown that for the
simple case of a symmetrical blend (Na = Ng = N, Aoa
= Aog) the mutual diffusion coefficient D can be
expressed in the context of a lattice model as®

D = 2(xs — 1)¥a®sDr 3)

for nonentangled short chains where ys is the interaction
parameter at the spinodal point and D+ is the segmental
diffusion coefficient of the interdiffusion. For entangled
long chains, an additional factor of N¢/N, where Ne is
the threshold value of N to have entanglements, should
be multiplied on the right-hand side of the equation to
include the reptation effect. The interaction parameter
¥s can be expressed by the equation'®

Xs = [(NAQDA){L + (NB¢B)71]/2 (4)

Brochard et al.® and Binder!® had postulated that
incompressibility condition occurred during diffusion,
thus the fluxes of the diffusing species at the interface
should be equal in value and opposite in direction.
Therefore, the mutual diffusion coefficient is controlled
by the diffusion of the slower moving component if the
two components have very different mobility. This is the
so-called “slow theory”, in which Dt becomes!8

1_ 98 Pa
D; D*N, * Dg*Ng ©®)

where Da* and Dg* are the tracer diffusion coefficients
of the A and B polymer segments according to the Rouse
theory. The tracer diffusion coefficients of the segments
can be expressed as?8

kT kT
= and Dg* =
EANA B EBNB

where &x and &g are the segmental friction coefficients
of polymers A and B, respectively, and k is Boltzmann’s
constant. However, the condition of volume impress-
ibility becomes unnecessary, as pointed out by Kramer,
with the introduction of a vacancy flux in the interdif-
fusion in a lattice model allowing a bulk flow across the
interface. In this approach, Kramer derived that Dt can
be expressed as!®

D,*

D; = @gDa*Njy + @aDg*Ng (6)

which, also in agreement with the independent work
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by Sillescu,'112 indicates an interdiffusion-controlled by
the fast moving component and hence is called the “fast
theory”.

Although the majority of the previous research work
concerning identifying either the “slow theory” or the
“fast theory” to be the dominant mechanism in a
interdiffusion was confined within the realm of rub-
bery—rubbery interfaces, it is interesting to analyze our
data in the light of the above theories in order to gain
insights into the relatively unexplored glass—rubbery
interdiffusion. The mutual diffusion coefficients D de-
termined from the SIMS profiles using eq 1 were
compared with the theoretical values from eq 3 using
respectively the segmental diffusion coefficient Dt's
calculated from the slow theory (eq 5) and the fast
theory (eq 6) for different PS molecular weights in the
PS/PPO diffusion couple with the Flory—Huggins in-
teraction parameter®* y = —0.024. In the calculations
of Dt's, the tracer diffusivities of PS and PPO measured
by Composto and Kramer?® at 479 K (Dpg ~ 3 x 10712
5x 10713,9 x 10714, 9.2 x 10716, and 9 x 1017 for MW
= 9000, 25 000, 90 000, 900 000, and 2 000 000 respec-
tively, and Dfpg ~ 7.65 x 107%6) were used after a WLF
conversion for normalizing the temperature difference
with our experiment here. The calculations were com-
pared with the SIMS data as shown in Figure 9. The
measured diffusion coefficients are generally on the
order of 10~14cm?/s, following closely the “slow theory”
calculations. In our diffusion experiment, the PPO
chains, the slow component, were initially frozen and
required the plasticization of the mobile PS chains to
activate the interdiffusion across the interface. There-
fore, the interdiffusion was in fact controlled by the
plasticization rate and movement of PPO chains. Only
when the PPO chains at the interface were swollen and
started to diffuse, the PS chains can diffuse into the
PPO layer.

The broadening of the intermixing layer with the
diffusion time tq followed an empirical rule, 7 =k In t4
where K is a constant independent of the PS molecular
weight. The data were shown in Figure 7 where the
broadening curves for the different PS molecular weights
are parallel to each other. For a given diffusion time tq,
the intermixing layer is thinner for the higher PS
molecular weight, probably due to slower interdiffusion.
Attempts to shift these curves in Figure 7 by normal-
izing the Ty difference using the WLF equations,
however, failed. At least it implies that for the inter-
diffusion involving different PS molecular weight the
interfacial broadening does not follow the same mech-
anisms. For instance, as the molecular weight of PS
increased from 9K to 2000K, molecular chain motions
may change from that following the Rouse model to that
described by the reptation model.

V. Diffusion toward the Equilibrium Stage. As
the diffusion time increased, the concentration profile
of the polymer across the interface became more and
more gentle and eventually leveled. The glassy—rubbery
interface finally evolved into the equilibrium configu-
ration. Figure 10 shows the PPO concentration profile
of PS(90K)/PPO at 433 K after 310 h of annealing. The
concentration profile demonstrates an interfacial layer
thickness of around 100 nm. It is somehow surprising
to note that when the concentration profile finally
leveled, the calculated local T4 became greater than the
annealing temperature, 433 K. As mentioned before, the
chain mobility at the interfacial region can be estimated
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Figure 10. Concentration profile of 90KPS/PPO) annealed
for 310 h at 433 K.

from the local effective T4 Thus, the interdiffusion
across the glass—rubber interface should cease to occur
and the interface became stationary when the local Ty
is equal to or greater than the annealing temperature.
However, it was found otherwise (Figure 10). This
observation will be discussed later.

Discussions

Our data revealed that the chain concentration gradi-
ent across the glassy—rubbery interface was very sharp
for short diffusion times. The sharp interfacial gradient
broadened very slowly with diffusion time. This behav-
ior is very different from that of the rubbery—rubbery
interdiffusion reported previously where the interface
broadened quite rapidly with diffusion time. In addition,
the Matano interface of the rubbery—glassy diffusion
moved much faster than that in the rubbery—rubbery
diffusion, obviously due to the large differentiation
between the chain diffusivities on the both sides of the
interface. The apparently complex behavior of polymer
interdiffusion across a glassy—rubbery interface, how-
ever, can be deciphered and analyzed in details by
identifying the “intermixing layer” residing at the
interface. As defined in the previous sections, the
“intermixing layer” is where the glassy, immobile PPO
chains being plasticized by the rubbery PS molecules
at the glassy—rubbery interface. The width of the
“intermixing layer” is very small, on the same order of
magnitude as the radius of gyration of the glassy
macromolecules. It is clear from the data that the
plasticization process of the PPO chains by the PS
molecules preceded the advancement of the PS into the
PPO bulk, constructing a case Il diffusion behavior for
the PS chains into the PPO layer. This assertion is
strongly supported by the following facts. First, the PS
diffusion front into the PPO matrix was very sharp and
the PPO concentration behind this front always kept
undiluted at gppo = 100%. Also, the PS diffusion front
traveled toward the PPO bulk with a constant velocity
at short diffusion times when the PPO concentration
difference across the interface did not change markedly.
This process in fact is strikingly similar to the dissolu-
tion of a glassy polymer in a “rubbery” good solvent. In
the conventional case 11 diffusion cases small molecules
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were absorbed up in a polymer where the small mol-
ecules can penetrate the bulk without the removal of
the macromolecules from their occupied space. The
advancement of PS front here, proceeded with a slow
speed around 0.05 nm/s, requiring not only the plasti-
cization of the PPO molecules but also, very likely, the
removal of the plasticized PPO molecules from the PPO
bulk to yield room for the incoming PS molecules. Under
the condition of volume incompressibility, the sharp
diffusion front case Il diffusion should be compounded
with the effects produced by the diffusion of the dis-
solved PPO macromolecules into the PS bulk. The
migration of the plasticized PPO chains into the rubbery
PS bulk, the PPO removal process, obviously followed
a Fickean diffusion behavior in that the PPO concentra-
tion profile at the PS side of the interface illustrated a
typical Fickean profile, consistent with the well-held
conclusion in the literature that in polymer melts
polymer chains transported following Fickean diffusion.
The fully plasticized PPO molecules had demonstrated
a high mobility in that once they permeated through
the interface they quickly dispersed uniformly into the
PS bulk. In summary, the interdiffusion across the
glassy—rubbery interface in fact demonstrates both case
Il and Fickean characteristics simultaneously.

One important ramification can be drawn from the
SIMS observations. Under the condition of volume
incompressibility, the sharp interface indicated an
unreasonably high swelling ratio of the PPO entangle-
ment network at the interface if no chain disentangle-
ment was allowed for the PPO chains. For instance,
given an interface profile of concentration variation from
@ppo = 1.0 to gppo = 0.2 over a thickness around 25
nm (ta = 15 min, Figure 2), the swelling ratio under the
above conditions would be approximately 5, exceeding
the maximum elongation extension ratio Amax = 3.0 that
the PPO entangled strands*® can withstand. Also it was
observed that the dissolved PPO molecules quickly
dispersed uniformly and reached the other end of the
PS bulk. Therefore, the plasticized PPO chains within
the intermixing layer must have completed the dissocia-
tion process from their glassy chain network before
permeation into the PS bulk.

The disentangled and fully plasticized PPO chains
would quickly dissolve into the PS bulk, apparently due
to the large negative enthalpy of mixing with the PS
chains, leaving behind a sharp PPO concentration
gradient at the glassy—rubbery interface of a thickness
comparable to the radii of gyration of PPO molecules.

The concentration profile across the glassy—rubbery
interface obtained from the SIMS experiments provides
the structural information on the diffusion front, e.g.,
the identification of the intermixing layer. The SIMS
data, however, was intrinsically coupled with a broad-
ening effect stemming from the SIMS instrumentation.
It is desirable to deconvolute this broadening effect in
order to obtain more accurate information on the
interfacial microstructure. For this purpose, it is a
reasonable approximation that the actual concentration
depth profile c(z), the SIMS broadening function g(z),
and the SIMS measurement I(z) satisfy the following
relation*142

12) = [ c(2)9(z — 2) dz @)

In addition, a step function was assumed for the actual
depth profile c(z,t) before interdiffusion taking place, i.e.,
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c(z, t=0) =0 in the PS bulk and c(z, t = 0) = 100% in
the PPO bulk. Thus, the SIMS broadening function g(z)
could be calculated from eq 7 using the SIMS data I(z,
t = 0) of the unannealed samples. The broadening
function g(z) was then used to calculate the actual
concentration profile c(z) via a deconvolution process
based on eq 7. The deconvoluted profiles c(z) of the PS-
(90K)/PPO for various annealing times are shown in
Figure 11. The thickness of intermixing layer of the
corresponding profile was determined and shown, along
with that from raw data I(z), in Figure 7. The decon-
voluted results showed a similar linear dependence on
the annealing time (Figure 12), but the magnitude of
the thickness of the annealed samples is in the range
of 25—30 nm, systematically lower than that of the raw
data.

The broadening of the intermixing layer, as correctly
pointed out by Sauer and Walsh,?® was due to the
velocity differential of the two planes A and B depicted
in Figure 5. The velocity of plane A was controlled by
the rate of plasticization of the PPO chains, a process
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characterized by case Il diffusion. The velocity of plane
B, on the other hand, was mass exchange of the fully
plasticized PPO and the rubbery PS chains. This mass
exchange, controlled by Fickean diffusion process, slowed
eventually due to the substantial decrease of chemical
potential difference across plane B. While the velocity
of plane A was approximately constant with time since
the PPO concentration at the plane A is fixed at 99%
according to the definition of plane A. The intermixing
layer broadening reflected variation of the interfacial
concentration profile with time, which also caused
shifting of the Matano interface relative to plane A. At
short diffusion times when the interface broadening was
negligible the Matano interface moved almost in syn-
chronization with that of plane A, demonstrating a case
Il diffusion characteristic. At long diffusion times,
however, the Matano interface, increasingly influenced
by the slow of plane B, moved in fashion more and more
like Fickean diffusion. This long time behavior is shown
in Figure 4a where a t¥2 characteristic can be resolved.
The planes A and B as well as the Matano interface of
a 90KPS/PPO sample annealing at 433 K for various
times are shown in Figure 13a—c. As shown in the
figures, the Matano interface moved toward plane B and
further from plane A as annealing time increased,
confirming that the Matano interface eventually was
dominated by the movement of plane B when the
diffusion times became large. Finally, the PS/PPO
interface can be regarded as an isotropic chemical
discontinuity in a solid. The broadening of this interface
in fact was a classical problem previously treated by
Cahn and Hilliard*® with the considerations of concen-
tration fluctuation effects. It had been concluded by
them that the interface would eventually broaden even
in the absence of variation of chemical potential differ-
ence across the interface. Exploration along this direc-
tion of the interface broadening, however, would require
more experiments on various types of polymer inter-
faces.

In comparison to the theoretical calculations of the
slow theory and fast theory, the predictions of the slow
theory bear a much better agreement with our experi-
mental data here. However, this result of the glass—
rubbery interdiffusion should not be regarded as a proof
leading to the final jurisdiction on the “slow vs fast”
theories arguments in polymer melts. One should also
note that the data used for calculating the mutual
diffusivities here are short time diffusion results, which
correspond to the interface movement governed by case
11 diffusion.

In our analysis, the degree of plasticization of the
glassy molecules at the interface, quantified as the local
glass transition temperature, is important as only the
fully plasticized chains with an effective T4 lower than
the annealing temperature are capable of crossing the
interface into the rubbery PS bulk. Although this
approach seems appropriate for short and ordinary
diffusion times, for exceedingly long diffusion times, e.g.
310 h at 433 K for PS(90K)/PPO (Figure 10), the
interdiffusion continued to proceed even as the effective
Ty of the intermixing layer became greater than the
annealing temperature. This somehow surprising ob-
servation, nevertheless, may stem from the fact that the
PPO sample used in this experiment was not monodis-
perse. The low molecular weight fraction of the PPO
molecules could have been fully plasticized at an earlier
stage so that the Fickean permeation into the PS layer
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could start. However, more thorough experiments for
long diffusion times are needed to further clarify the
intriguing “glassy—glassy” interdiffusion phenomenon.

Conclusions

The interdiffusion and microstructure at a glassy—
rubbery interface in a PS/PPO diffusion couple were
examined in details in the depth-resolved SIMS experi-
ments. The concentration profile at the glassy—rubbery
interface was very different from that of the rubbery—
rubbery interfaces. The concentration profile was very
sharp with a thickness on the order of 30 nm. The
interfacial layer can be divided into a rubbery region
and a glassy region according to the local T4 The
glassy—rubbery interface of the diffusion pair moved
toward the PPO region upon annealing and the inter-
facial layer slowly broadened as the diffusion time
increased. The polymer interdiffusion across the glassy—
rubbery interface simultaneously demonstrates the
Fickean and the case Il diffusion characteristics. The
case Il characteristic dominates on the glassy side of
the interface where chain mass flow requires plasticiza-
tion of the glassy polymers by the neighboring rubbery
chains. The Fickean characteristic, on the other hand,
prevails on the rubbery side of the interface where
polymers at both sides of the interface are rubbery
chains. The effect of temperature on the interdiffusion
was in good agreement with that predicted by the WLF
equation. The interdiffusion was strongly influenced by
the molecular weight of the PS region. The velocity of
the interface decreased with the PS molecular weight
according to a negative power law in each of the two
molecular weight regimes divided by the critical molec-
ular weight of PS (M, = 38K). The exponents of the
power law dependence, however, are different for the
two regimes divided by the M. Finally, the mutual
diffusion coefficients were calculated from the SIMS
data. When the results were compared with those
calculated using the fast and slow theories, the slow
theory apparently had a much better fit with the
experimental results, consistent with the observation
that only when the glassy PPO chains at the interface
were plasticized could the interdiffusion across the
interface subsequently occur.
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