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Molecular weight and polydispersity effects
on interdiffusion at the interface between
polystyrene and poly(vinyl methyl ether)

E. JABBARI, N. A. PEPPAS*

School of Chemical Engineering, Purdue University, West Lafayette, IN 47907, USA

Time dependence and the effect of polystyrene (PS) and poly(vinyl methyi ether) (PVME)
molecular weight and polydispersity on interdiffusion at the interface of PS and PVME were
investigated with attenuated total reflection infrared spectroscopy (ATR—FTIR). The time
dependence of interdiffusion was studied by varying the thickness of the slow-diffusing
component, PS, and the results were analysed using a combination of Fickian and Case Il
models. PS samples with molecular weights ranging from 1.0 x 10°% to 3.0 x 10°, above the
entanglement molecular weight, were used to study the effect of molecular weight on
interdiffusion. PS samples with controlled polydispersity ranging from 1.1-3.0 were prepared
using a trimodal distribution constructed from monodisperse PS samples. The polydispersity of
the PS samples was controlled by varying the number average molecular weight of the
distributions while keeping the weight average molecular weight constant. To study the effect
of PVME molecular weight and molecular weight distribution on interdiffusion, PVME was
fractionated three times from an aqueous solution to increase its molecular weight from

9.9 x10% to 1.7 x 10° and reduce its polydispersity index from 2.1 to 1.4, respectivley.

1. Introduction

In general, adhesion at polymer—polymer interfaces
affects the mechanical properties of polymers near
these interfaces [1]. This process, in turn, influences
various phenomena such as welding of polymer inter-
faces and lamination of composites.

Microscopic adhesion is related to the intermolecu-
Jar interactions at the interface and depends ex-
clusively on the interfacial characteristics [2]. On the
other hand, macroscopic adhesion is related to the
irreversible processes at the interface and is affected
by specimen geometry and measurement techniques.
Therefore, the adhesive strength of a bond is the sum
of the microscopic forces (reversible work) and macro-
scopic adhesion (irreversible work).

Polymer—polymer adhesion may be interpreted by
the theories of adsorption [3], wetting [4], diffusion
[5,6], fracture [1], kinetic [7], and by mechanical
interlocking [8]. Of these theories, the diffusion theory
of Voyutskii [5] is of particular interest to us. After
intimate contact is established between two polymer
films, adhesion takes place by interdiffusion of poly-
mer segments across the interface. The extent of inter-
diffusion and chain interpenetration depends on the
compatibility between the two polymers. For com-
patible polymers the interface thickness is of the order
of micrometres, whereas for incompatible polymers it
is of the order of dngstroms. It has been shown [9]
that the extent of interdiffusion is directly propor-
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tional to the Flory-Huggins interaction parameter
between the two polymers.

Interdiffusion in homopolymers, otherwise known
as polymer healing, has been studied extensively with
techniques such as neutron scattering [10], forward
recoil spectrometry [11], Rutherford backscattering
[12], and secondary ion mass spectrometry [13].
These techniques have shown unequivocal evidence
for interdiffusion and chain interpenetration at
polymer—polymer interfaces. In particular, Rutherford
backscattering spectrometry [12] has been used to
show movement of the interface toward the faster
diffusing component at a polystyrene (PS) and deu-
terated PS (d-PS) interface with different molecular
weights. The interface movement was of the order of
10 nm depending on the difference between the two
molecular weights.

This interface movement has also been observed for
partially compatible polymers such as PS and
poly(styrene-co-4-bromostyrene) [14]. When the two
polymers were contacted and annealed in the two-
phase region, the interface shifted during equilibration
to two phases corresponding to the binodal concen-
trations. This indicated that the phase diagram as well
as the physical properties of the two polymers signific-
antly influence the diffusion process and the concen-
tration profile across the polymer—polymer interface.
The interface movement was of the order of 50 nm
depending on the binodal concentrations.
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Recent results from Sauer and Walsh [15] and our
laboratory [16] have shown that for polymer inter-
faces with dissimilar properties, the faster diffusing
component swells the slower diffusing component
prior to interdiffusion across the interface below and
above the T, of the slow-diffusing component. These
results were obtained using a polymer pair consisting
of PS as the slowly diffusing component with a glass
transition temperature, T,, 101°C and poly(vinyl
methyl ether) (PVME) as the fast diffusing component
with T, = —27°C. The temperature range of the
experiment was from 85-105°C spanning temper-
atures below and above the T, of PS.

The PS and PVME pair has been used extensively
as a model to study adhesion at glassy and rubbery
interfaces with applications in rubber-toughened poly-
mer composites. For example, in lamination of com-
posites, the polymer bilayer is annealed for a specified
period of time at temperatures near the T, of the two
polymers to improve their interfacial adhesion. The
temperature and duration of the annealing process
directly affect the interfacial thickness and the adhes-
ive strength of the glassy—rubbery interface.

The results of interdiffusion at the interface of PS
and PVME were previously analysed with Fickian
and Case-II models [17]. At 105 °C corresponding to
5°C above the T, of PS, the concentration profiles had
20% non-Fickian component. On the other hand, at
85 °C corresponding to 15°C below the T, of PS, the
concentration profiles had 70% non-Fickian compo-
nent. These are the first data exhibiting Case-1I dif-
fusion for diffusion at polymer—polymer interfaces
above the entanglement molecular weight for below
and above the T, of the slow-diffusing component.

The effect of temperature on interdiffusion at
PS-PVME interface was previously investigated by us
[18]. These results showed that PVME swelled PS
and this swelling could be characterized by an inter-
face velocity. The relaxation time for the swelling
process was determined from the interface velocity
and it was controlled by the relaxation time of the
slow-diffusing component, PS.

The objective of this work was to investigate the
effect of molecular weight (MW) and molecular weight
distribution (MWD) of PS and PVME on interdiffu-
sion at the interface of PS-PVME below and above
the T, of the slow-diffusing component. A technique
based on attenuated total reflection infrared spectro-
scopy, (ATR-FTIR), was used for quantitative
analysis of interdiffusion at the PS-PVME interface.

2. Experimental procedure

2.1. Sample preparation

Polystyrene samples with weight average molecular
weights, M, of 1.5 x 10%, 3.0 x 104, 1.05 x 10°, 4.7
% 105, 8.5 x 10°, and 3.0 x 10° and polydispersity
indices of less than 1.06, were obtained from Pressure
Chemical Co. (Pittsburg, PA) as primary standards.
Poly(vinyl methyl ether) was obtained from Scientific
Polymer Products (Ontario, NY) as a secondary

standard with M, of 9.9 x 10* and polydispersity
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index of 2.10. Gel permeation chromatography ana-
lysis of the two polymers indicated that no additives
were present.

An FTIR spectrometer (Nicolet 800, Madison, WI)
with an ATR accessory (Connecticut Instruments,
Boston, MA) was used for the interdiffusion studies in
the configuration shown in Fig. 1. The ATR crystal
was germanium of 5 cm length, 1 cm width, and 2 mm
thickness. Polystyrene films were cast from p-xylene or
toluene solution on an ATR crystal with a spin coater
(model 1-EC101D-R485, Photo-Resist Spinners, Gar-
land, TX) at 250 r.p.m. For monodisperse PS samples
with M, of 1.05 x 105, 8.5 x 10°, and 3.0 x 109, the
solution concentration with 5.0%, 2.5%, and 1.5%,
respectively. The concentration of PS was varied to
control the solution viscosity for spin casting. For
trimodal PS samples, the solution concentration was
constant at 5.0%. The PS film was dried in a con-
trolled atmosphere at 25°C for at least 24 h, then
in vacuo at 25°C for 24 h, followed by in vacuo at
115°C for 1 h to remove any residual solvent in the
film. The film was then annealed at 115 °C for at least
12 h to remove solvent and minimize molecular ori-
entation resulting from the spinning process. The
thickness of the PS film was measured with a profil-
ometer (alpha-step 200, Tencor Instruments, Moun-
tain View, CA).

PVME was cast directly on PS films from a 10 wt %
isobutanol solution using a spin coater at 250 r.p.m.
The PVME film was dried at 25°C for 24 h and then
in vacuo at room temperature for 24 h to remove
residual water. Because the T, of PVME is below
room temperature, further drying at higher temper-
atures was not necessary. The thickness of the PVME
film was measured by casting a PVME film on a
microscope slide with the same dimensions as the
ATR crystal and under the same spinning conditions.
The film was dired at 25 °C for 24 h and then in vacuo
at room temperature for 24 h to remove residual
water. The glass slide was weighed before and after the
PVME film was cast. The thickness of the PVME film
was 6.6 pm.

2.2. Preparation of PS samples with controlled
polydispersity
Polydisperse PS samples were prepared using a tri-
modal - distribution constructed from monodisperse
PS samples with M, of 1.5 x 10%, 1.05 x 10°, and 4.7
x 10°. The polydispersity index of the samples were

Figure 1 ATR assembly for in situ measurement of polymer—
polymer interdiffusion. a, Infrared light beam; b, ATR crystal; ¢, 2S
layer; d, PVME layer.



controlled by varying the number average molecular
weight of the distributions while keeping the weight
average molecular weight constant. The weight per
cent of each monodisperse polymer for preparing
polydisperse samples with a trimodal distribution is
given in Table I. For example, a PS sample with
polydispersity index of 2.0 was constructed using a
trimodal distribution with 16.7, 79.2, and 4.1 wt %

monodisperse PS with M, of 1.5 x 10%, 1.05 x 105,
and 4.7 x 103, respectively.

2.3. Fractionation of PVME

PVME was fractionated from water solution to reduce
its molecular weight and polydispersity. PVME dis-
- solves in water at 25 °C but it phase-separates above
37°C. A 10% aqueous solution of as-received PVME

with M, of 9.9 x 10* and polydispersity index of 2.10
was allowed to equilibrate at 37°C to form two
phases. One phase was rich in PVME and the other
phase rich in water and low molecular weight PVME.,
The PVME phase was separated from the water phase
by decanting off the latter and this process was re-
peated three times to separate the lower molecular
weight fraction of PVME. The fractionated PVME
was analysed by GPC to determine its molecular
weight and polydispersity index.

Molecular weight distribution analysis was carried
out with a GPC system (model 6000A, Waters Associ-
ates, Milford, MA) with tetrahydrofuran as the solvent
and pStyragel® columns with 10%, 104, 103, 10? nm
pore sizes and 1 mimin~! flow rate. The M, of
the fractionated sample was calculated from the
chromatogram using a standard calibration curve
constructed from monodisperse PS samples. The
polydispersity index was determined from the chro-
matogram width and the slope of the universal calib-
ration curve using a method described by Gorbunov
et al. [18]. The chromatogram width was adjusted for
instrumental broadening by subtracting the variance
of a monodisperse PS sample from the vaniance of the
fractionated PVME sample. The fractionated PVME

sample had a E and polydispersity index of 1.7 x
10° and 1.4, respectively.

2.4. Thermal analysis of the PS—-PVME blends
Differential scanning calorimetry (DSC 2910, TA In-
struments, Willmington, DE) was used to measure the
T, of PS and its blends with PVME. Blends of PS and

TABLE I. Composition of trimodal distribution sample con-
structed from monodisperse PS to examine the effect of PS molecu-
lar weight distribution

PS molecular weight, PS (wt %)
M, (gmol ™)

PI=1.1 PI =20 PI =30
1.5 x 10* 0.0 16.7 344
1.05 x 10° 100.0 79.2 571
47 x 10° 0.0 4.1 8.5

PVME with known compositions ranging from
0%—-100% PS by weight were cast in Petri dishes from
a 1% solution in toluene. Toluene is a compatible
solvent for PS as well as PVME. The films were dried
in a controlled atmosphere at 25°C for at least 24 h,
then dried in vacuo at 25°C for 24 h. The films were
annealed at 105 °C for at least 12 h to ensure complete
mixing of PS and PVME. The lower critical solution
temperature of the PS— PVME blend with PS M,

= 1.0 x 10° and PVME with M, = 9.9 x 10* with
polydispersity index of 1.05 and 2.1, respectively, is
125°C [19]. Therefore, the annealing temperature of
105°C i1s well within the one-phase region of the
PS-PVME phase diagram. The DSC of the blends
were carried out at 5°C min~* under ambient condi-
tions.

A thermogravimetric analyser (Hi-Res TGA 2950,
TA Instruments, Wilmington, DE) was used to study
the degradation behaviour of PVME and its blends
with PS as a function of temperature. In a typical
experiment, a sample was equilibrated to the desired
temperature for degradation studies and the weight
loss was recorded as a function of time under ambient
conditions.

2.5. Attenuated total reflection infrared
spectroscopy

The use of ATR-FTIR for interdiffusion studies at
polymer—polymer interfaces was described previously
[16]. Briefly, the infrared beam enters the ATR crystal
from one of the side faces. If the refractive index of the
crystal is higher than the PS and the incident angle of
the beam is higher than a critical angle then the
infrared beam is totally reflected at the crystal/PS
interface and the beam travels inside the crystal and
exits from the other side face. However, due to diffrac-
tion at the crystal/polymer interface, a small fraction
of the beam penetrates into the PS layer and is
absorbed by PS [20]. The fraction of the beam which
is absorbed gives rise to absorption bands in the ATR
spectrum and is used to monitor the concentration of
each component within the penetration depth in the
polymer layer.

In a typical experiment, a PS film was cast by spin
coating from p-xylene solutions on a germanium crys-
tal. The PS film was dried in a controlled atmosphere
to remove any residual solvent. The PVME was spin
cast directly on the PS film from isobutanol solution
to ensure molecular contact at the PS-PVME inter-
face. The assembly consisting of the ATR crystal, the
two polymer films, and the heating unit was heated to
the desired interdiffusion ~temperature and the
ATR-FTIR spectrum was collected in situ with 128
averaged scans and a resolution of 4 cm ™!, The spec-
tra were recorded using a Globar (mid-infrared) light
source with potassium bromide as the beam splitter
and mercury cadmium teliuride (MCT) detector,
cooled to liquid nitrogen temperature. No polariza-
tion was used for the light source. The end-face angle
of the ATR crystal and the optical angle of the infrared
beam were 45°.
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3. Analysis of results

3.1. Spectral analysis

Previously we discussed [16] the ATR-FTIR spec-
trum of PS and PVME in the high-frequency region
and the assignment of each absorption band. The
ATR-FTIR spectrum of a 50/50 wt/wt PS/PVME in
the high-frequency region from 2700-3200cm™! is
shown in Fig. 2. The PVME band at 2820 cm ! and
the PS bands at 2850 and 3030 cm ™! were used for
quantitative analysis of the PS/PVME spectra.

Time evolution of the ATR-FTIR spectrum for
interdiffusion in the PS-PVME pair at 105°C is
shown in Fig. 3. The absorbance scale corresponds to
the spectrum at zero interdiffusion time. The other
spectra were shifted by 0.015 absorbance units for
visual clarity. Spectra 1-5 correspond to 0, 0.5, 1.0, 1.5,
and 2.0 h interdiffusion time, respectively. For quant-
itative analysis, the PS-PVME spectrum was de-
convoluted to relate the area under the three peaks to
PS and PVME mole fractions. The deconvolution
program uses the Levenberg—Marquardt fitting rou-
tine to fit the experimental convoluted absorbance
data to a set of calculated Gaussian or Lorentzian
peaks [16]. The best fit was obtained with a 50%
Lorentzian and 50% Gaussian peak composition.

To relate the molar fraction of PVME to the relat-
ive absorbance of PVME and PS, a calibration curve
was required. Blends of PS and PVME with known
composition ranging from 10%-90% PS by weight
were cast on a ZnSe crystal from a 1% solution in
toluene at 250 r.p.m. The area under the peak was
determined by deconvoluting the original spectrum.
The area of the PVME band at 2820 cm ™!, the PS
bands at 2850 and 3030 cm ™! were used to calculate
the relative absorption of PVME and PS.

3.2. ATR-FTIR cumulative concentration

The relative intensity of infrared radiation decreases
exponentially as a function of distance away from the
crystal surface and is characterized by the penetration
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Figure 2 ATR-FTIR spectrum of a 50/50 wt/wt PS-PVME mix-
ture in the high-frequency region. The peak frequencies 1-10 are
2820, 2850, 2880, 2930, 2975, 3000, 3030, 3060, 3085, and 3105 cm ™%,
respectively.
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Figure 3 Time evolution of ATR-FTIR spectra for interdiffusion in

a PS-PVME pair at 105°C. The PS and PVME M,, were 1.05
x 10° and 9.9 x 10* with polydispersity indices of 1.06 and 2.10,
respectively. The PS film was spin cast on a germanium crystal at
250 r.p.m. from a 5% p-xylene solution. The PVME film was spin
cast on the PS film at 250 r.p.m. from a 10% isobutanol solution.
The PS and PVME film thickness were 0.7 and 6.6 pm, respectively.
The absorbance scale corresponds to spectrum 1 and the other
spectra were shifted by 0.015 absorbance units. Spectra 1-5 corres-
pond to 0.0, 0.5, 1.0, 1.5, and 2.0 h interdiffusion time, respectively

depth of the radiation within the polymer film. This
exponential decrease has to be considered in order
to compare the experimental results with model pre-
dictions. For an interdiffusion time, ¢, the mole frac-
tion of PVME from the model, ¢y, at distance z was
multiplied by its corresponding relative intensity and
it was integrated over the penetration depth. This
process was repeated for each interdiffusion time to
give the cumulative concentration of PVME, Q(t),
versus time as given by

fmmowwm
o) = =2 F (1

Irel (Z) dz

0
where
Irel = e*:/dp (2)

and I, is the infrared intensity relative to the intensity
at the interface, z is the distance from the crystal/poly-
mer interface in the polymer layer, and d, is the
penetration depth of infrared radiation in the polymer
medium. The penetration depth for germanium crystal
with end-face and an optical angle of 45° is 0.114 pm
for a PS-PVME pair and 3000 cm ™! IR frequency.

3.3. Fickian and Case Il models

The experimental PVME cumulative concentration
were analysed using a combination of Fickian and
Case II modeis to obtain the interdiffusion coefficient
and the interface velocity. The interdiffusion system
consists of a PS layer with thickness 3,, and a PVME
layer with thickness 8, on a ATR crystal, as shown in
Fig. 1. The interdiffusion direction is along the z-axis



which is perpendicular to the PS-PVME interface
with the origin at the crystal/PS interface. The PVME
concentration profile across the interface as a function
of distance and time was derived elsewhere [16] for
Fickian diffusion

_ Co "o 8, +2n(d, +8,) —z
Cpy (z,t) =1 — 2 n:Zw {erf[ 2D

8, + 2n(3, + 8,) + 2
erf[ 2D ]} 3

where cpy 18 the molar concentration of PVME, D is
the interdiffusion coefficient, z is the distance across
the interface, ¢ is the interdiffusion time, and ¢, is the
initial molar concentration of PYME. Substituting for
cpy from Equation 3 in Equation 1 gives the Fickian
component of the PVME cumulative .concentra-
tion, Q.

The Case II model corresponds to a diffusion pro-
cess which depends on the relaxation of the PS matrix
and it is independent of the concentration profile. The
faster diffusing component, PVME, diffuses into the
slower diffusing component, PS, and the original
sharp interface moves into the slower moving com-
ponent, PS, remaining as a sharp interface. The Case
IT diffusion is characterized by an interface velocity,
K, which defines how fast the interface move into the
PS layer. The cumulative concentration of PVME
using the Case II model was derived previously [16]
and is given by

(4)

Oun () = % exp [M]

d

where @y is the Case II component of the PVME
cumulative concentration and c¢§¥ is the equilibrium
concentration of PVME obtained from the experi-
mental data at long diffusion times.

The PVME cumulative concentration may have
both Fickian and Case II components. This can be
taken into account by using a linear combination of
the two cases as given by

o) = (1 —¢y) O )+ &y Ou () (5)

where Q is the PVME cumulative concentration inside
the penetration depth, Q. and Q) are the Fickian and
Case II components of the cumulative concentration,
respectively, and @, is the fraction of the Case II
component.

A typical cumulative concentration of PVME at
105°C is shown in Fig. 4. The solid line is the best fit
using Equation 5 with 20% and 80% Case II and
Fickian components, respectively. The dotted lines 1
and 2 are the Case II and Fickian components of the
best fit, respectively. The error bars were determined
from the standard deviation of the intensity and line-
width of each ATR-FTIR peak based on a 95%
confidence level. The maximum error in the values of
PVME cumulative concentrations was 18%. Previous
experimental results for diffusion at the PS-PVME
interface showed that the diffusion profiles at 105 and
85 °C, corresponding to 5°C above and 15°C below
the T, of PS, had 20% and 70% Case IT component,
respectively. Therefore, all of the experimental data
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Figure 4 Comparison of the experimental mole fraction of PYME
as a function of interdiffusion time and a combination of Fickian
and Case II models using Equation 5 at 105°C. ( ) Best fit
using Equation 5, (---) (1) Case-II and (2) Fickian components of
the best fit, respectively. The PS and PYME M, were 1.05 x 10°
and 9.9 x 10* with polydispersity indices of 1.06 and 2.10, respect-
ively. The PS film was spin cast on germanium crystal at 250 r.p.m.
from a 5% p-xylene solution. The PVME film was spin cast on the
PS film at 250 r.p.m. from a 10% isobutanol solution. The PS and
PVME film thickness were 0.7 and 6.6 pum, respectively. The best fit
to the experimental data was obtained with a diffusion coefficient of
1.1 x 1072 ecm?s™ !, the interface velocity of 2.6 x 10 8 cms ™!,
and 70% Case II component.

measured at 105 and 85 °C were analysed with 20%
and 70% Case II component, respectively.

4. Results and discussion

The T, of PS and PVME blends were measured as
a function of composition with DSC, as shown in Ta-
ble II. All of the biends exhibited only one T,. The T,
of the blends with 0/100, 50/50, 70/30, 80/20, 90/10,
and 100/0 wt/wt PS/PVME were — 28, — 11, 38, 47,
66, and 102 °C, respectively, in excellent agreement
with the values reported in the literature [21]. These
results indicate that the PS-PVME blends are com-
patible for all compositions ranging from 0—100 wt %
PS.

The thermal degradation of PVME and its blends
with PS was studied by Park et al. [20] and they
reported that water vapour and carbon dioxide were
evolved during the thermal oxidation of PVME.
Therefore, in our studies, TGA was used to study the
degradation of PS-PVME blends by monitoring the
weight loss as a function of composition and temper-
ature. The composition dependence for the de-
gradation of PS-PVME blends at 130 °C is shown in
Fig. 5. According to this figure, PVME is the least
stable compound in this blend and as PVME is added
to a pure PS sample, the induction period for the de-
gradation decreases from over 20 h to less than 24 h.
The temperature dependence of the PVME thermal
degradation is shown in Fig 6. According to this
figure, there is less than 0.2% weight loss of PVME for
4hat120°C,5hat 110°C, 14 h at 100°C, and 20 h at
90 °C. Therefore, the duration of experiments at 85
and 105 °C was kept below 30 and 6 h, respectively, to
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TABLE II Composition dependence of 7, for PS-PVME blends

PS (wt %) T, (0
0 —28
50 -1
70 38
80 47
90 66
100 102
101 ——— T T T
e i
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Figure 5 Percent weight loss of PS—-PVME blends at 130°C as a
function of time for (1) 100/0, (2) 80/20, (3) 60/40, and (4) 20/80 wt/wt
PS/PVME, respectively. The M, of PS and its polydispersity were
1.05 x 10° and 1.06, respectively. The M, of PVME and its poly-
dispersity were 9.9 x 10* and 2.1, respectively.
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Figure 6 Percent weight loss of PVME as a function of time at
(1) 120°C, (2) 110°C, (3) 100 °C, and (4) 90 °C, respectively. The M,
of PVME and its polydispersity were 9.9 x 10* and 2.1, respectively.

ensure no degradation of PVME occurred during the
experiment.

4.1. Time dependence of interdiffusion

The time dependence of interdiffusion at the PS-
PVME interface was studied with PS films of different
thickness. PS films were cast by spin coating from a
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5% toluene or a p-xylene solution at 250 r.p.m. The
thickness of the films were measured as a function of
distance from the centre of the ATR crystal with
profilometry and the results are shown in Fig. 7.
According to this figure, the thickness of the PS films
cast from p-xylene and toluene solution were 0.7 and
1.1 pm, respectively. The PVME film was spin coated
directly on the PS film from a 10% solution of PVME
in isobutanol at 250 r.p.m. The thickness of the PVME
film was 6.6 um.

The cumulative concentration of PVME as a func-
tion of time for the PS—PVME pair at 85 and 105°C is
compared in Fig. 8 for PS film thickness of 1.1 and
0.7 pm. According to this figure, at 85 °C correspond-
ing to 15°C below the T, of PS, the shape of the
PVME cumulative concentration curve changed and
became more sigmoidal as the PS film thickness was
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Figure 7 Thickness of PS film on a germanium crystal. The PS with

M, of 1.05 x 10° and polydispersity index of 1.06 was spin cast at
250 r.p.m. from (O) 5 wt% p-xylene or (@) toluene solutions.

0.95

0.75 4
5 85°C 85°C 1
8 0.55 i
° J
s ]
¥ 0.35
O 1

g $

[9)

(o]

PR S W USRS SRS VT S S A VO T S AT ST GO S T WO B T

0 5 10 15 20 25 30 35
Time (h)

Figure 8 The effect of PS film thickness on PVME cumulative
concentration at 85 and 105°C versus interdiffusion time. The PS
film thickness was (O) 0.7 um and (@) 1.1 pm. The PS with M, of
1.05 x 10° and polydispersity index of 1.06 was spin cast at
250 r.p.m from a 5% toluene or p-xylene solution. The PVME with
M, of 9.9 x 10* and polydispersity index of 2:10 had a film thick-
ness of 6.6 um.



increased. The independent variable time can be made
dimensionless with respect to the PS film thickness by

5y

t*

(6)

where t* is the dimensionless time, Dpy is the self-
diffusion coefficient of PVME, and 3, is the thickness
of the PS layer.

If the diffusion coefficient is independent of time, the
PVME cumulative concentrations with different PS
film thickness should be superimposed when plotted
against dimensionless time. The cumulative concen-
trations in Fig. 8 are replotted versus dimensionless
time in Fig. 9. At 105°C, the cumulative concentra-
tions for the two PS film thickness superimpose except
toward the end of the diffusion process. On the other
hand, at 85 °C corresponding to 15 °C below the T, of
PS, the cumulative concentrations do not superim-
pose indicating that the diffusion coefficient is time
dependent. This is in good agreement with our pre-
vious results that the PVME cumulative concentra-
tions at 105 and 85 °C had 20% and 70% non-Fickian
component, respectively. This indicates that the PS
matrix changes significantly as interdiffusion proceeds
giving rise to time-dependent interdiffusion coefficient.

The relaxation times of PS and PVME chains were
previously determined by us [17] using the following
equation derived from the reptation model for the
relaxation of a polymer chain in the melt

(s (L M2 0
o = 5 ) 2R \pponr, ) 0

where 1., is the relaxation time of a chain using
reptation theory, L is the contour length of a polymer
chain, R is the gas constant, T'is temperature, M, is the
entanglement molecular weight, M, is the repeating
unit molecular weight, p is the polymer density, b is
the statistical segment length, and n is the zero shear
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Figure 9 The effect of PS film thickness on PVME cumulative
concentration at 85 and 105°C versus dimensionless time. The
dimensionless time is defined by Equation 6. The PS film thickness
was (O) 0.7 um or (@) 1.1 um. The PS with M, of 1.05 x 10° and
polydispersity index of 1.06 was spin cast at 250 r.p.m. from a 5%
toluene or p-xylene solution. The PVME with M, of 9.9 x 10* and
polydispersity index of 2.10 had a film thickness of 6.6 um.

viscosity of the polymer which is temperature de-
pendent.

In order for PVME to swell the PS matrix, the
relaxation time of the PVME should be compared
with the PS relaxation time corresponding.to the
critical molecular weight for entanglement. Using the
above equation, the relaxation times of PVME and PS
at 105°C are 0.3 and 8s, respectively, with the PS
relaxation time an order of magnitude greater than the
PVME. On the other hand, at 85°C, the relaxation
times of PYME and PS are 0.7 and 110 s, respectively,
with the PS relaxation time more than two orders of
magnitude greater than PVME. This indicates that at
105 °C as well as 85 °C the diffusion process is partially
controlled by the relaxation of the PS matrix, giving
rise to a time-dependent diffusion coefficient. The best
fit parameters to the PYME cumulative concentra-
tions using a combination of Fickian and Case II
models at 85 and 105°C for PS film thickness of 0.7
and 1.1 um is given in Table III. The best fit for the
data at 105 and 85°C was obtained with 20% and
70% non-Fickian component, respectively.

4.2. Effect of PS MW and MWD

PS films with molecular weights of 1.05 x 10°, 8.5
x 10° and 3 x 10° were spin coated on ATR crystals
from p-xylene solution at 250 r.p.m. with concentra-
tions of 5.0, 2.5, and 1.5 wt % PS, respectively. The
polydispersity of the PS samples was less than 1.06.
The thickness of PS films, measured by profilometry,
was 0.7, 0.55, and 0.45 pum for PS molecular weights of
1.05 x 10%, 8.5 x 10°, and 3 x 10°, respectively.

The effect of PS molecular weight on the PVME
cumulative concentration as a function of dimen-
sionless time at 105 and 85 °C is shown in Figs 10 and
L1, respectively. According to these figures, the rate of
diffusion of PVME in PS decreases slightly at 105°C
and is independent of PS molecular weight at 85 °C as
the PS molecular weight increases from 1.05 x 10° to
3.0 x 10 This indicates that at 105°C, PS as well as
PVME diffuses across the interface, whereas at 85 °C,
interdiffusion is limited by the rate of swelling of PS by
PVME. The data in Figs 10 and 11 are analysed using
a combination of Fickian and Case II models and the
results are given in Table I'V. The interface velocities
in Table IV are a measure of the rate of swelling of PS
by PVME and are independent of the molecular -
weight. At 105 °C, the diffusion coefficient is related to
molecular weight by M ~%# and at 85°C, it is inde-
pendent of molecular weight. This indicates that the

TABLE III Effect of PS film thickness on interdiffusion at the
interface between PS and PVME at 85 and 105°C

PS film Interface velocity, Diffusion coefficient,
thickness, K; D
3, (um) -
(108 cms™ 1(10° cms™Y) (102 em?s™ 1) (10'° cm?s™Y)
105°C 85°C 105°C 8§5°C
0.7 2.6 22 1.0 8.8
1.1 1.5 1.7 1.2 24
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Figure 10 The effect of PS molecular weight on PVME cumulative
concentration at 105°C versus dimensionless time. The dimen-
sionless time is defined by Equation 6. The monodisperse PS M,
were (O) 1.05 x 10°, (@) 8.5 x 10°, and ((J) 3.0 x 10° with film
thickness of 0.7, 0.55, and 0.45 um, respectively. The PVME film
thickness was 6.6 pm.
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Figure 11 The effect of PS molecular weight on PVME cumulative
concentration at 85°C versus dimensionless time. The dimen-

sionless time is defined by Equation 6. The monodisperse PS M,
were (O) 1.05 x 10°, (@) 8.5 x 10%, and (0) 3.0 x 10° with film
thickness of 0.7, 0.55, and 0.45 um, respectively. The PVME film
thickness was 6.6 pm.

interdiffusion process is independent of molecular
weight of the slower diffusing component, PS. Accord-
ing to the fast-mode theory, proposed by Kramer
et al. [22] and Sillescu [23] for polymers with different
molecular weights, and extended by us to- dissimilar

polymer interfaces [24], interdiffusion is independent
of the molecular weight of the slow-diffusing compo-
nent. The results in Table IV are in good agreement
with the fast-mode theory.

The effect of PS polydispersity on the PVME cu-
mulative concentration was studied using trimodal
distributions constructed from monodisperse PS
samples. The weight average molecular weight of all
the samples was 1.05 x 10° with polydispersity indices
of 1.06, 2, and 3. The trimodal distributions were
constructed from samples with M, of 1.5 x 10* (PSI),
1.05 x 10° (PS2), and 4.7 x 10° (PS3) with PI values
of less than 1.06 for all the samples. It should be noted
that the molecular weight of PS1 is below the entan-
glement molecular weight and PS2 and PS3 are above
the entanglement molecular weight. The weight per -
cent of monodisperse polymers for constructing
polydisperse samples are given in Table 1.

The time dependence of the cumulative concentra-
tion of PVME for PS polydispersities of 1.06, 2.0, and
3.0 at 85°Cis shown in Fig. 12. As the PS polydispers-
ity index increases, the rate of diffusion of PVME in
PS also increases. The data in Fig. 12 are analysed
with a combination of Fickian and Case II models and
the results are shown in Table V. According to this
table, the interface velocity as well as the diffusion
coefficient increases with polydispersity, indicating
that the relaxation time of the PS chains, as well as the
diffusive properties of the PS matrix, change with
polydispersity. The diffusion of PVME in polydisperse
PS matrix can be analysed in terms of a binary PS
matrix with one below and the other above the entan-
glement molecular weight. Diffusion in these systems
is controlled by the higher molecular weight compon-
ent which is the rate-limiting step.

The component with M, below the entanglement
molecular weight is PS1 with molecular weight M, ,

and weight fraction w,. The component with M,
above the entanglement is PS23 with molecular
weight M, ,5 which is (W, M, 5, + waM,, 3)/(w, + w3)
and weight fraction w, ; equal to (w, + ws). The
critical entanglement molecular weight for PS, M9, is
1.8 x 10* [25]. The diffusion of PS23 chains in PS
blends with M,, ,; > M,, ; * M? has been studied by
Green and Kramer [26] who showed that
D,y oc M, 1 M9 and by Antonietti et al. [27] who
showed that D, 5 oc M4 M} with a somewhat lar-
ger than unity. These studies show that the presence of
the PS1 chains contributes significantly to the
Stokes—Einstein diffusion of the higher molecular
weight component, PS23.

TABLE 1V Effect of PS molecular weight on interdiffusion at the interface between PS and PVME at 85 and 105°C

PS Molecular weight, M,,  Interface velocity, K;

Diffusion coefficient, D

(1073 gmol ™ ) (108 cms™ 1) (10° cms™1) (102 cm?s™ 1) (1013 cm?s™ %)
105°C 85°C 105°C 85°C

105 2.6 22 1.0 8.8

850 2.2 2.1 0.5 8.8

3000 1.0 3.1 0.2 13.6
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Figure 12 The effect of PS molecular weight distribution on PVME
cumulative concentration at 85°C versus dimensionless time. The
dimensionless time is defined by Equation 6. The polydispersity
indices of the PS samples were (O) 1.06, (@) 2.0, and
() 3.0. The PS and PVME film thickness were 0.7 and 6.6 pm,
respectively.

TABLE V Effect of PS molecular weight distribution on inter-
diffusion at the interface between PS and PVME at 85°C

PS polydispersity Interface velocity  Diffusion coefficient

index K; D

PI (10°cms ™) (10'° cm?s™ 1)
1.1 2.2 8.8

2.0 6.1 275

3.0 14.6 550

The diffusion coefficient of the higher molecular
weight component is also a function of the effective
entanglement spacing of the PS23 chains, M, ;3 which
is the same as the critical entanglement molecular
weight for a PS matrix consisting only of PS23 chains
and in the presence of PS1 chains is given by [28, 29]

M, ,;= MS/W23 (®)

in the reptation [30], constraint release [31], and
tube renewal [32] mechanisms for diffusion in poly-
mer melts, the diffusion coefficient is related to the
effective entanglement spacing by M!,;, M{ 75, and
M3 ,5, respectively. Using Equation 8, the diffusion
coeflicient of the higher molecular weight PS compon-
ent is related to PS23 weight fraction, w,4, by

D,53 = w,3 (reptation) 9)
D,5 = w3, (constraint release) (10)
D,, = ws5 (tube renewal) (11)

The PS samples with polydispersity indices of 1.06, 2,
and 3 contain 100, 83.3, and 65.6 wt % higher molecu-
lar weight PS23 component, respectively, as given in
Table I. The experimental diffusion coefficients as a
function of polydispersity, presented in Table V, are
related to the weight fraction of PS23 component by

w; %, indicating that the tube renewal mechanism

contributes significantly to the relaxation of PS chains
and the diffusion process at the interface.

4.3. Effect of PYME MW

The effect of PVME molecular weight was studied by
fractionating three times the original PVME sample
from water solution. After fractionation, the PYME
M, increased to 1.7 x 10° and the polydispersity
index reduced to 1.4. The time dependence of the
PVME cumulative concentration for the two PVME
samples at 85 and 105 °C is shown in Fig. 13. Accord-

ing to this figure, as the PVME M, increases from 9.9
x 10* to 1.7 x 105, the rate of swelling of PS by
PVME decreases significantly. Comparison of the
results for PS molecular weight effect shown in
Figs 10 and 11 with results in Fig. 13 indicates that
interdiffusion at the interface of PS and PVME is
dominated by the faster diffusing component, PVME.

The diffusion coefficient and interface velocity were
calculated from the experimental data and the results
are given in Table VI. The best fit at 85 and 105°C
were obtained with 70% and 20% non-Fickian com-
ponent, respectively. At 85 and 105°C the diffusion
coefficient is related to PVME molecular weight by
Mgy and M, 5y, respectively. These results are in
good agreement with ‘the fast-mode theory in which
the interdiffusion coefficient is inversely related to the
molecular weight of the faster diffusing component,
PVME.

5. Conclusions

The time dependence of interdiffusion at the interface
between PS and PVME and the effect of PS and
PVME molecular weight and molecular weight dis-
tribution were investigated with attenuated total re-
flection infrared spectroscopy (ATR-FTIR) below
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Figure 13 The effect of PVME molecular weight on PVME cumu-
lative concentration at 85 and 105°C versus dimensionless time.

The dimensionless time is defined by Equation 6. The PVYME M,
before and after fractionation were (@) 9.9 x 10*and (O) 1.7 x 10°
with polydispersity indices of 2.1 and 1.4, respectively. The thickness

of the PVME films were 6.6 um. The PS with M, of 1.05 x 10° and
polydispersity index of 1.06 had a film thickness of 0.7 pm.
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TABLE VI Effect of PVME molecular weight on interdiffusion at the interface between PS and PVME at 85 and 105°C

PVME molecular Interface velocity, K;

Diffusion coefficient,

weight, M, D

(1073 gmol™Y) (108 cms™ 1) (10° cms™ 1) (10*2ecm?s™Y) (10 cm?s™1)
105°C 85°C 105°C 85°C

99 2.6 22 1.0 8.8

120 0.8 1.1 0.5 50

and above the T, of PS. At 105 and 85 °C, the diffusion

“process was partially controlled by the relaxation time
of the PS matrix, giving rise to a time-dependent
diffusion coefficient. The interdiffusion coefficient was
independent of PS molecular weight but strongly
dependent on PVME molecular weight in good agree-
ment with the fast-mode theory in which interdiffusion
is controlled by the faster moving component. The
molecular weight distribution of PS significantly affec-
ted the interdiffusion process. It was shown that the
diffusion coefficient was related to the weight fraction
of the higher molecular weight PS component by
w;#°. This indicated that tube renewal significantly
affects the relaxation of PS chains as the low molecu-
lar weight component is added to the matrix.
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