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ABSTRACT: The effect of polystyrene (PS) matrix relaxation on interdiffusion at a PS and poly(vinyl
methyl ether) (PVME) interface was investigated with attenuated total internal reflectance infrared
spectroscopy (ATR-FTIR) at 105 and 85 °C, corresponding to 5 °C above and 15 °C below the T} of PS,
respectively. Monodisperse PS samples with My of 3.0 x 10% and 1.05 x 105 were used to simulate
relaxation in the PS matrix corresponding to chain reptation and constrained-release mechanisms,
respectively. A binary blend of monodisperse PS samples consisting of short chains with My of 3.0 x 104
and long chains with M, of 3.0 x 10° was used to simulate relaxation in the PS matrix by tube dilation.
In the binary PS blend, the short chains were deuterated in order to monitor the concentration of each
component independently. Non-Fickian diffusion was observed above and below the T of the PS matrix.
Above the T of PS, interdiffusion was enhanced as the matrix relaxation mechanism changed from chain
reptation to tube dilation to constrained release, consistent with the predicted relaxation time of these
matrices. Below the T of PS, interdiffusion was controlled by the rate of swelling of PS by PVME and
interdiffusion was faster in the binary PS blend due to the reduced entanglement density between the

long chains.

Introduction

Diffusion at polymer—polymer interfaces affects the
polymer concentration profile and their interfacial
thickness.l=* Polymer—polymer interdiffusion has been
studied by a variety of techniques® including neutron
and ion scattering,68 X-ray fluorescence,® electron
microscopy,l°~12 Raman and infrared spectroscopy,!3-1°
and light scattering.202! These studies have provided
evidence for the importance of temperature,?2 molecular
weight,?8 molecular weight distribution,?* and composi-
tion?528 on interdiffusion at polymer—polymer inter-
faces. More importantly, these studies have shown that
interdiffusion at polymer—polymer interfaces is con-
trolled by the slower or faster diffusing component below
and above the glass transition, T}, of the slow-diffusing
.component, respectively.27-30

In our previous paper,!® we observed non-Fickian
diffusion at the polystyrene (PS) and poly(vinyl methyl
ether) (PVME) interface both below and above the Ty
of the slow-diffusing component, PS, in which interdif-
fusion was partially controlled by the relaxation of the
slow-diffusing component. This non-Fickian behavior
at the PS/PVME interface has also been observed by
Sauer and Walsh?® and Deppe et al.3! We used a
combination of Fickian and case II models to fit the
experimental results. The data at 105 and 85 °C,
corresponding to 5 and 15 °C above and below the T of
PS, had 20% and 70% non-Fickian component, respec-
tively. In another paper,3? the swelling of PS by PVME
was confirmed with dynamic mechanical analysis using
cross-linked PS in contact with PVME. We showed that
the swelling process was characterized by an interfacial
velocity as the PVME swelled the PS matrix. The
relaxation time of the swelling process was determined
from the interface velocity as a function of temperature,
and the results indicated that the swelling process was
controlled by the relaxation time of the slowly diffusing
component, PS.

We also investigated?* the effect of molecular weight
and polydispersity on interdiffusion at the PS/PVME
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interface. According to these results, interdiffusion was
independent of PS molecular weight but strongly de-
pendent on PVME molecular weight in good agreement
with the fast mode theory2?82? in which interdiffusion is
controlled by the faster diffusing component, PVME.
Furthermore, the molecular weight distribution of PS
significantly affected the rate of interdiffusion across
the interface. It was shown that tube renewal signifi-
cantly affected the relaxation of the PS matrix as low
molecular weight PS with molecular weight below the
entanglement was added to the matrix. This indicated
that interdiffusion can be significantly affected by the
mechanism of the matrix relaxation.

The effect of the mechanism of matrix relaxation on
the viscoelastic properties of polydisperse polymer
systems33-36 and binary or ternary blends of monodis-
perse polymers®7—41 has been studied recently. These
results indicate that different matrix relaxation mech-
anisms such as chain reptation,*245 tube dilation, tube
renewal,*” or constrained release*$4? can significantly
affect the terminal relaxation time and the zero-shear
viscosity of polymer melts. We believe that the relax-
ation-controlled interdiffusion at the PS/PVME interface
was undoubtedly related to the mechanism of relaxation
of the PS matrix.

Here, we report on the effect of matrix relaxation on
interdiffusion at the PS/PVME interface above and
below the T of the slow-diffusing component, PS. The
technique of attenuated total internal reflectance in-
frared spectroscopy (ATR-FTIR) is used for measuring
interdiffusion. With ATR-FTIR, the diffusion of each
component can be monitored independently without
labeling because polymers have specific absorption
bands in the infrared region, and the concentration of
each component in a matrix consisting of a binary blend
of polymers can be measured by deuteration.

Three PS matrices with different relaxation mecha-
nisms were constructed using PS samples of different
molecular weight or a binary blend of monodisperse PS
samples. Monodisperse PS samples with M, of 3.0 x
10% and 1.05 x 105 were used to represent matrix
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relaxation by chain reptation and constrained release,
respectively. A binary blend of two monodisperse PS
samples with 75 wt % PS of My, 3.0 x 108 and 25 wt %
PS of My, 3.0 x 104 was constructed to represent matrix
relaxation by tube dilation.

Experimental Section

_ Polystyrene samples with weight-average molecular weights,

M, of 3.0 x 10%, 1.05 x 105, and 3.0 x 108 and polydispersity
indices of lower than 1.06 were obtained from Pressure
Chemical Co. (Pittsburgh, PA) as primary standards. PVME
was obtained from Scientific Polymer Products (Ontario, NY)
as a secondary standard with My, of 9.9 x 10* and a polydis-
persity index of 2.10. Gel permeation chromatography analy-
sis of the two polymers indicated that no additives were
present. The GPC was carried out with a GPC system (Model
6000A, Waters Associates, Milford, MA) with tetrahydrofuran
as the solvent and u-Styragel columns with 108, 10%-, and
10%-A pore sizes and a 1 mL/min flow rate. The PS and PVME
samples had T, of +101 and —27 °C, respectively, measured
by differential scanning calorimetry (DSC 2910, E. I. du Pont
de Nemours & Co., Wilmington, DE).

Monodisperse PS with My, of 3.0 x 10* was ring deuterated
for studying interdiffusion in binary blends of monodisperse
PS samples. The benzene ring hydrogens of PS were deuter-
ated using excess deuterated benzene in the presence of
catalytic amounts of ethylaluminum chloride (EtAlCl;) and
anhydrous hydrogen chloride at room temperature and under
nitrogen.’?®-52 Deuterated benzene and ethylaluminum dichlo-
ride (EtAlCl;) were purchased from Aldrich Chemical Co.
(Milwaukee, WI) and used without further purification. An-
hydrous gaseous hydrogen chloride was prepared from the
reaction of sodium chloride and concentrated sulfuric acid and
passed through concentrated sulfuric acid and mercury traps.
In a typical procedure, a 50-mL reaction flask was charged
with 1 g of monodisperse PS with M, of 3.0 x 10* and 20 mL
of deuterated benzene under nitrogen. Next, catalytic amounts
of EtAICl; were added to the mixture followed by the addition
of gaseous HCl at room temperature and under nitrogen. The
reaction mixture was stirred vigorously for 4 h, quenched with
3 mL of distilled water, washed three times with distilled
water, and dried over anhydrous sodium sulfate. After drying,
the deuterated PS was isolated by precipitation in n-hexane
and filtered. The white solid product was dried in vacuo for
24 h at room temperature.

The deuterated PS was characterized by 'H NMR, FTIR,
GPC, and DSC. 'H NMR was recorded in CDCl; using a
Varian XL-200 NMR instrument. The extent of deuteration
was calculated by comparing the integration ratio of the
aliphatic methyl protons and aromatic protons of normal PS
with deuterated PS. The complete disappearance of the peaks
due to aromatic protons at around 6.5 and 7.1 ppm was used
for monitoring the extent of deuteration. The extent of
deuteration was more than 99%.

A FTIR spectrometer (Nicolet 800, Madison, WI) with the
ATR accessory (Connecticut Instruments) was used for the
interdiffusion studies.’® The ATR crystal was germanium with
5-cm length, 1-cm width, and 2-mm thickness. The PS film
was cast on the ATR crystal with a spin coater (Model 11-
EC10D-R485, Photo-Resist Spinners, Garland, TX) from a
p-xylene solution. PS with M, of 3.0 x 10° was used to
simulate a PS matrix with only reptation as the mechanism
of chain relaxation, henceforth designated by the PS3M
matrix. The PS3M film was spin cast on the ATR crystal from
a 2 wt % p-xylene solution at 400 rpm. PS with M, of 1.05 x
105 was used to simulate a PS matrix with constraint release
or tube reorganization®® as the mechanism of chain relaxation,
henceforth designated by the PS100K matrix. The PS100K
film was spin cast on the ATR crystal from a 5 wt % p-xylene
solution at 250 rpm. A binary blend consisting of 75 and 25
wt % monodisperse PS samples with M, of 3.0 x 10¢ and 3.0
x 104, respectively, was used to simulate a PS matrix with
tube dilation*® as the mechanism of chain relaxation, hence-
forth designated by PShd. The PShd film was spin cast on
the ATR crystal from a 2 wt % p-xylene solution at 400 rpm.
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The PS 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, and
finally heated to 115 °C to remove any residual solvent and
minimize molecular orientation resulting from the spinning
process. The thicknesses of the PS films were measured using
a profilometer (alpha-step 200, Tencor Instruments, Mountain
View, CA). The PVME was cast directly on the PS film from
a 10 wt % isobutyl alcohol solution at 250 rpm. The PVME
film was dried at 25 °C for 24 h and then dried in vacuo at
room temperature for 24 h to remove residual solvent. Since
the T of PVME is below room temperature, further drying at
higher temperatures was not necessary. The thickness of the
PVME film was measured using the procedure described in
ref 15.

The use of ATR-FTIR for interdiffusion studies at polymer—
polymer interfaces was described by us before.'5242632 Briefly,
the infrared beam enters the ATR crystal from one of the side
faces. If the refractive index of the crystal is higher than that
of 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. At the crystal/
polymer interface, a small fraction of the beam penetrates into
the PS layer and is absorbed by PS.%® The fraction of the beam
which is absorbed gives rise to absorption bands in the ATR
spectrum which can be used to monitor the concentration of
each component within the penetration depth of the polymer
layer.

In a typical ATR-FTIR experiment, a PS film was cast by
spin coating from a p-xylene solution on a Ge crystal. 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 an isobutyl alcohol solution to ensure good molecular
contact at the PS/PVME interface. The assembly consisting
of the ATR crystal, the two polymer films, the aluminum foil,
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 end-
face angle of the ATR crystal and the optical angle of the
infrared beam were 45°.

Spectral Analysis

The benzene ring hydrogens of a monodisperse PS
with M, of 3.0 x 10% were deuterated in the presence
of deuterated benzene and HCI and catalytic amounts
of EtAlCl; at room temperature and under a nitrogen
atmosphere. Parts a and b of Figure 1show the 1H NMR
spectra of PS before and after the deuteration reaction,
respectively. The peaks centered at 1.45 and 1.85 ppm
are due to the hydrogens of the aliphatic main chain of
PS. The peaks centered at 6.60 and 7.05 ppm are due
to hydrogens of the aromatic ring. The loss of aromatic
hydrogen peaks, as evidenced in the spectrum of deu-
terated PS, is an indication of deuteration. The extent
of deuteration was determined by comparing the ratio
of the aliphatic and aromatic methyl protons of normal
PS with that of deuterated PS. According to !H NMR
results, the extent of deuteration was greater than 99%.

The molecular weight distribution of the PS before
and after deuteration was measured with GPC, as
shown in parts a and b of Figure 2. Figure 2a is the
GPC trace of PS with M, of 3.0 x 10¢ and polydispersity
index of 1.06 before the deuteration reaction. Figure
2b compares the GPC trace of monodisperse PS after
the deuteration reaction (curve 1) with a commercially
available polydisperse aromatic deuterated PS with M.,
of 1.0 x 105 and polydispersity index of 2.5 (curve 2).
Comparison of the GPC traces in Figure 2b indicates
that the deuteration reaction did not alter the molecular
weight or the molecular weight distribution of the PS.

The FTIR spectra of PS before and after the deutera-
tion reaction, in the 3500—2000 cm™! range, are shown
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Figure 1, 'H-NMR spectrum of PS with M, and polydisper-
sity index of 3.0 x 10* and 1.06, respectively, before the
deuteration reaction. The peaks centered at 1.45 and 1.85 ppm
are due to the aliphatic hydrogens of PS. The peaks centered
at 6.60 and 7.05 ppm are due to the aromatic hydrogens of
PS. (b) tH-NMR spectrum of PS with M. and polydispersity
index of 3.0 x 10* and 1.06, respectively, after the deuteration
reaction. The peaks centered at 1.45 and 1.85 ppm are due to
the aliphatic hydrogens of PS. The peaks at 6.60 and 7.05 ppm
have disappeared after the deuteration reaction.

in parts a and b of Figure 3, respectively. The high-
frequency spectra of PS consists of seven absorption
bands (Figure 3a).52 The bands with peak locations at
2930 and 2850 ¢m™! are due to the C-H stretching
vibrations of the CH; and CH groups of the aliphatic
main chain. The bands with peak locations at 3000,
3030, 3060, 3085, and 3105 cm™! are due to the C-H
stretching of the aromatic CH groups on the PS side
chain. The five bands due to aromatic CH groups move
to a lower frequency centered at 2250 cm™~! for deuter-
ated PS, as shown in Figure 3b. Figure 3b compares
the spectra of PS after the deuteration reaction (curve
1) with that of a commercially available polydisperse
deuterated PS indicating that the deuteration reaction
was complete.

The ATR-FTIR spectra of PS and PVME in the high-
frequency region and the assignment of each absorption
band were previously discussed by us.’ The ATR-FTIR
spectrum of a 50/50 (w/w) PS/PVME in the high-
frequency region from 2700 to 3200 cm~! is shown in
Figure 4. Band 1 with peak position at 2820 em™1! is
the C—H stretching of the CHs group of the PVME
methoxy side chain. Bands 3—5 with peak positions at
2880, 2930, and 2975 cm™! are due to the C—H stretch-
ing vibration of the CH; and CH groups on the PVME
main chain. Bands 2 and 4 with peak positions at 2850
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Figure 2. (a) GPC trace of PS with M,, and polydispersity
index of 3.0 x 10* and 1.06, respectively, before the deuteration
reaction. (b) GPC traces for PS with M,, and polydispersity
index of 3.0 x 10 and 1.086, respectively, after the deuteration
reaction (curve 1) and a commercially available polydisperse
deuterated PS with M, and polydispersity index of 1.0 x 105
and 2.5, respectively (curve 2). The weight fraction scale
cimrresponds to curve 1. Curve 2 is shifted by 2.0 units for visual
clarity.

and 2930 cm™! are due to the C—H stretching vibration
of the CH and CH; groups on the PS main chain,
respectively. Bands 6—10 are due to the C—H stretch-
ing of aromatic CH groups on the PS side chain, as
discussed previously, and these bands are absent in the
spectra of deuterated PS. The seven absorption bands
of PS and the four absorption bands of PVME in the
high-frequency region combine to give 10 bands with
the PS and PVME bands at 2930 ¢cm™! superimposed.

The PVME band at 2820 cm™! and the PS bands at
2850 and 3030 cm™~! were used to determine the mole
fraction of PVME as a function of interdiffusion time.
To relate the molar fraction of PVME to the relative
absorbance of PVME and PS, a calibration curve was
constructed. Blends of PS and PVME with known
compositions ranging from 10 to 90% by weight were
cast from a toluene solution on ATR crystals, and their
spectra were collected. The areas under the peaks were
determined by deconvoluting!5 the spectrum. The areas
of the PVME band at 2820 cm™~! and the PS bands at
2850 and 3030 cm™! were used to calculate the relative
absorption of PVME and PS. Figure 5 shows a typical
time evolution of ATR-FTIR spectra for the PS/PVME
pair at 105 °C with PS and PVME M,, of 1.05 x 10°
and 9.9 x 10* and polydispersity indices of 1.06 and
2.10, respectively. The PS and PVME film thicknesses
were 0.7 and 6.6 um, respectively. The spectra 1-10
correspond to 0, 21, 42, 63, 84, 105, 139, 199, 259, and
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Figure 3. (a) FTIR spectra of PS with M., and polydispersity
index of 3.0 x 10* and 1.06, respectively, before the deuteration
reaction in the high-frequency region. The absorption bands
1-5 with peak locations at 3000, 3030, 3060, 3085, and 3105
cm~! are due to the C—H stretching vibrations of the aromatic
CH groups on the PS side chain. (b) FTIR spectra of PS with
M, and polydispersity index of 3.0 x 10* and 1.086, respectively,
after the deuteration reaction (curve 1) and a commercially
available polydisperse deuterated PS with M, and polydis-
persity index of 1.0 x 10° and 2.5, respectively (curve 2). The
absorption band 1 with peak location at 2250 cm™! is due to
the C—D stretching vibration of the aromatic CD groups on
the deuterated PS side chain. The absorption bands 2 and 3
with peak locations at 2850 and 2930 ¢cm™* are due to the C-H
stretching vibrations of the aliphatic CH and CH; groups on
the PS main chain, respectively. The absorbance scales for
curves 1 and 2 were shifted by 0.025 and 0.125 wunits,
respectively, for visual clarity.

319 min of interdiffusion, respectively. The absorbance
scale corresponds to the spectrum at zero interdiffusion
time. The other spectra were shifted by 0.01 absorbance
unit for visual clarity. According to Figure 5, as
interdiffusion proceeds, the PVME band at 2820 ¢cm™!
increases with time, while the PS bands at 2850 and
3030 ecm™! decrease with time. The spectra were
deconvoluted, the relative absorption of PVME as a
function of time was calculated, and the molar fraction
of PVME was obtained from the calibration curve.
Figure 6 shows the effect of PS matrix relaxation on
interdiffusion at a PS/PVME interface at 105 °C, cor-
responding to 5 °C above the 7 of the PS matrix.
Figure 7 shows the same effect on interdiffusion in a
PS/PVME pair at 85 °C, corresponding to 15 °C below
the T, of the PS matrix. In Figures 6 and 7, the open
and filled circles correspond to a constrained-release
matrix (PS100K) with PS M, of 1.05 x 10° and a
reptation matrix with PS M, of 3.0 x 108 (PS3M),
respectively, and the open squares correspond to a tube
dilation matrix (PShd) consisting of a binary blend of
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Figure 4. ATR-FTIR spectrum of a 50/50 (w/w) PS/PVME
mixture in the high frequency region. Absorption bands 1-10
correspond to peak frequencies of 2820, 2850, 2880, 2930, 2975,
3000, 3030, 3060, 3085, and 3105 cm™1, respectively.
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Figure 5. Time evolution of the ATR-FTIR spectra for
interdiffusion at a PS/PVME interface at 105 °C. The PS and
PVME M,s were 1.05 x 10° and 9.9 x 10* and polydispersity
indices were 1.06 and 2.10, respectively. The PS and PVME
film thicknesses were 0.7 and 6.6 um, respectively. The spectra
1-10 correspond to 0, 21, 42, 63, 84, 105, 139, 199, 259, and
319 min of interdiffusion time, respectively. The absorbance
scale corresponds to the spectrum at zero interdiffusion time,
and the other spectra were shifted by 0.01 unit for visual
clarity.

monodisperse PS and deuterated PS with 75 and 25
weight fractions and My, of 3.0 x 10% and 3.0 x 104,
respectively. The PS film thicknesses for experiments
with PS100K, PS3M, and PShd matrices were 0.7, 0.45,
and 0.40 um, respectively. The dimensionless Fourier
time in Figures 6 and 7 is defined by:

t* = tDpy /0,2 (1)

Here, t* and ¢t are dimensionless and experimental
times, respectively, Dpy is the self-diffusion coefficient
of PVME, and 48; is the thickness of the PS layer.

For the experiments with binary blends of monodis-
perse PS, the mole fraction of high molecular weight
PS with My, of 3.0 x 10% was determined using the
bands with peak locations at 3030, 3060, and 3085 cm ™!
due to the C—H stretching of aromatic CH groups on
the PS side chain. The bands were deconvoluted to
determine the area under the peaks, and they were
normalized based on the area of the reference band with
peak location at 2930 em~! which is the common peak
for PS, deuterated PS, and PVME. Figure 8 shows the
time evolution of the ATR-FTIR spectra for a binary
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Figure 6. Effect of the mechanism of PS matrix relaxation
on the PVME cumulative concentration at a PS/PVME inter-
face at 105 °C. The open and filled circles correspond to
matrices with constrained release (PS100K) and chain repta-
tion (PS3M) as the mechanism of matrix relaxation, respec-
tively. The open squares correspond to a tube dilation matrix
(PShd) consisting of a binary blend of monodisperse normal
PS and deuterated PS with weight fractions of 75 and 25 and
Mys of 3.0 x 10% and 3.0 x 10% respectively. The PS film
thicknesses for PS100K, PS3M, and PShd matrices were 0.7,
0.45, and 0.40 um, respectively. The PVME M, and polydis-
persity index were 9.9 x 10* and 2.10, respectively, with a film
thickness of 6.6 um.
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Figure 7. Effect of the mechanism of PS matrix relaxation
on the PVME cumulative concentration at a PS/PVME inter-
face at 85 °C. The open and filled circles correspond to matrices
with constrained release (PS100K) and chain reptation (PS3M)
as the mechanism of matrix relaxation, respectively. The open
squares correspond to a tube dilation matrix (PShd) consisting
of a binary blend of monodisperse normal PS and deuterated
PS with weight fractions of 75 and 25 and M,s of 3.0 x 108
and 3.0 x 10% respectively. The PS film thicknesses for
PS100K, PS3M, and PShd matrices were 0.7, 0.45, and 0.40
um, respectively. The PVME M, and polydispersity index were
9.9 x 10% and 2.10, respectively, with a film thickness of 6.6
um,

blend of monodisperse PS and deuterated PS in contact
with PVME at 85 °C. The binary PS blend in Figure 8
consisted of 75 and 25 wt % monodisperse PS and
deuterated PS with My of 3.0 x 10% and 3.0 x 10%
respectively. The molecular weight and polydispersity
index of PVME was 9.9 x 10* and 2.10, respectively.
The PS and PVME film thicknesses were 0.4 and 6.6
um, respectively. The spectra 1—8 correspond to 0, 1.3,
3.0, 4.7, 6.0, 7.7, 9.0, and 10.7 h of interdiffusion time,
respectively. The absorbance scale corresponds to the
spectrum at zero interdiffusion time. The other spectra
were shifted by 0.01 absorbance unit for visual clarity.
According to Figure 8, as interdiffusion proceeds, the
PVME band at 2820 cm™! increases with time, while
the PS bands at 3030, 3060, and 3085 cm™! due to a
nondeuterated PS component decrease as a function of
time. Figures 9 and 10 show the effect of the mecha-
nism of PS matrix relaxation on the concentration of a
higher molecular weight PS component for interdiffu-
sion at a PS/PVME interface at 105 and 85 °C, respec-
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Figure 8. Time evolution of the ATR-FTIR spectra for
interdiffusion at the interface between a binary blend of
monodisperse normal and deuterated PS and PVME at 85 °C.
The binary PS blend consisted of 75 and 25 wt % monodisperse
normal and deuterated PS with Mys of 3.0 x 10° and 3.0 x
10%, respectively. The PVME M,, and polydispersity index were
9.9 x 10* and 2.10, respectively. The PS and PVME film
thicknesses were 0.4 and 6.6 um, respectively. The spectra 1
—8 correspond to 0, 1.3, 3.0, 4.7, 6.0, 7.7, 9.0, and 10.7 h of
interdiffusion time, respectively. The absorbance scale corre-
sponds to the spectrum at zero interdiffusion time, and the
other spectra were shifted by 0.01 unit for visual clarity.
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Figure 9. Effect of the mechanism of PS matrix relaxation
on the cumulative concentration of the long PS chain at a PS/
PVME interface at 105 °C. The open and filled circles cor-
respond to matrices with constrained release (PS100K) and
chain reptation (PS3M) as the mechanism of matrix relaxation,
respectively. The open squares correspond to a tube dilation
matrix (PShd) consisting of a binary blend of monodisperse
normal PS and deuterated PS with weight fractions of 75 and
25 and My, of 3.0 x 10% and 3.0 x 10¢, respectively. The PS
film thicknesses for PS100K, PS3M, and PShd matrices were
0.7, 0.45, and 0.40 um, respectively. The PVME M, and
polydispersity index were 9.9 x 10¢ and 2.10, respectively, with
a film thickness of 6.6 um.

tively. The mole fractions in Figures 9 and 10 are
normalized based on one at the beginning of the experi-
ment when the PS and PVME phases are completely
separated to zero at the end of the experiment in which
the deuterated PS, nondeuterated PS, and PVME are
completely mixed. Therefore, the ordinate in Figures
9 and 10 is the normalized nondeuterated mole fraction
of PS,

Analysis of Results

The relative intensity of infrared radiation decreases
exponentially as a function of distance away from the
crystal surface and is characterized by the penetration
depth of infrared radiation within the polymer film,15:53
Figures 6, 7, 9, and 10 indicate cumulative concentra-
tions. To compare the experimental results with model
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Figure 10. Effect of the mechanism of PS matrix relaxation
on the cumulative concentration of the long PS chain at a PS/
PVME interface at 85 °C. The open and filled circles cor-
respond to matrices with constrained release (PS100K) and
chain reptation (PS3M) as the mechanism of matrix relaxation,
respectively. The open squares correspond to a tube dilation
matrix (PShd) consisting of a binary blend of monodisperse
normal PS and deuterated PS with weight fractions of 75 and
25 and My, of 3.0 x 108 and 3.0 x 10%, respectively. The PS
film thicknesses for PS100K, PS3M, and PShd matrices were
0.7, 0.45, and 0.40 um, respectively. The PVME M, and
polydispersity index were 9.9 x 10* and 2.10, respectively, with
a film thickness of 6.6 um.

predictions, for an interdiffusion time ¢, the mole frac-
tion of PVME, Cpv, at distance z from the crystal surface
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(¢), versus
time given by:15

() meCPV(z,t) Irel(z) oz .
Q )=
_/:Irel(Z) 0z

Here, I is the infrared intensity relative to the
intensity at the interface and z is the distance from the
crystal/polymer interface in the polymer layer.

In eq 2, it is assumed that the penetration depth of
IR radiation is independent of the refractive index
gradient across the PS/PVME interface as interdiffusion
proceeds. The effect of refractive index gradient on
penetration depth was discussed previously by us.! In
brief, the variation in refractive index across the inter-
face was shown to be negligible for infrared frequencies,
especially in the higher frequency range of 2500—3500
wavenumbers, but the variation is significant for visible
light frequencies as shown by Stein and collaborators.?!
In a previous study by us,!® error analysis was done to
determine the effect of uncertainty in the values of
refractive index, wavelength, and PS and PVME film
thickness on the penetration depth. For 20% uncer-
tainty in the value of refractive indices and 2% certainty
in the wavelength IR radiation, there was less than 1%
variation in the penetration depth. Also the effect of
PVME film thickness on penetration depth was negli-
gible. The variation in PS film thickness across the ATR
crystal contributed as much as 8% error in the concen-
tration of PVME. The effect of variation in PS film
thickness on the cumulative concentration of PVME was
simulated by fitting the experimental data to the
Fickian model with 0.1 m variation (maximum variation
expected based on surface roughness measurements
with profilometer) in PS film thickness across the
interface. The fit could not reproduce the shape of the
PVME cumulative concentration. On the other side, a

Macromolecules, Vol. 28, No. 18, 1995

combination of Fickian and case II diffusion provided
the best fit to the experimental results, especially for
experiments below the T of PS. Therefore, the experi-
mental results were analyzed using a combination of
Fickian and case II diffusion.

For a Fickian model, the PVME concentration profile
across the interface as a function of distance and time
was derived by us previously and is given by:15:24

Cyr=t= 0+ 2n(d, +3dy) — 2
Covlzt) =1-— Y {e
2 2(Dt)""

n{al +2n(d, + 8,) + 2
e
2(Dt)V2

+

} 3)

Here, Cpy is the molar concentration of PVME, Cj is
the initial molar concentration of PVME, D is the
interdiffusion coefficient, and J; and d2 are the PS and
PVME film thicknesses, respectively. The Fickian
component of the PVME cumulative concentration is
obtained by substituting for Cpy from eq 3 in eq 2.

The case II model corresponds to a diffusion process
which depends on the relaxation of the PS matrix and
is independent of the concentration profile.5® The case
IT diffusion is characterized by an interface velocity, K;,
which defines how fast the interface moves into the PS
layer. For case II diffusion, the cumulative concentra-
ti0111502f1 PVME was derived by us previously and is given
by: 1o

n=-—oo

—2(8, — Kit) .
s I

Qu®) = Cy exp[

Here, @u is the case II component of the PVME
cumulative concentration, C3Y is the equilibrium con-
centration of PVME obtained from the experimental
data at long diffusion times, and dp is the penetration
depth of the infrared beam within the polymer film. The
PVME cumulative concentration can be represented by
a linear combination of Fickian and case II components
as given hy:

QW) = (1 = ¢)Qx(t) + ¢y @u(t) (5)

Here, @ is the PVME cumulative concentration, Q¢
and @y are the Fickian and case II components of the
cumulative concentration, respectively, and ¢y is the
fraction of the case II component.

A linear combination of Fickian and case II diffusion
was chosen to analyze the data because it assumes the
two components of diffusion act independently and
allows us to extract quantitative information such as
the percent non-Fickian, the interdiffusion coefficient,
and the interface velocity. The quality of the fit of the
experimental data to the model was determined using
the correlation coefficient, as discussed previously by
us.!® The correlation coefficient of the fit using a linear
combination of Fickian and case II diffusion was better
than 0.99. For the experiments at 105 °C, there was a
slight improvement of the fit when a linear combination
of Fickian and case Il was used and the correlation
coefficient improved from 0.9954 for the Fickian model
to 0.99996 for the linear combination of Fickian and case
IT diffusion. For the experiments at 85 °C, the correla-
tion coefficient obtained by fitting the data to the
Fickian model was less than 0.85. However, the cor-
relation coefficient increased to 0.9963 when the data
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Table 1. Best Fit of the Experimental Data at 105 °C to
the Fickian and Case II Models for the PSSM, PShd, and

PS100K Matrices
diffusion case II
PS % Non-Fickian coefficient, interface velocity,
matrix component cm?/s (x1018) cm/s (x108)
PS3M 0.30 30+14 1.3+0.6
PShd 0.25 42+19 26+£12
PS100K 0.20 15.0£ 7.0 27+13

were fitted with a linear combination of Fickian and
case II diffusion with 70% case II component and the
shape of the experimental cumulative concentration
profile was similar to the case II mode. It should be
mentioned that other diffusion models or a nonlinear
combination of Fickian and case II models may also give
a satisfactory fit of the experimental data. To be able
to distinguished between these different models, a more
extensive experimental investigation with different
types of PS matrices and molecular weights is required
which is in progress.

Discussion of Results

The effect of the mechanism of PS matrix relaxation
on interdiffusion at the PS/PVME interface at 105 °C,
5 °C above the T of PS, is shown in Figure 6. The open
and filled circles correspond to PS100K and PS3M
matrices, and the open squares correspond to the PShd
matrix. For the PS3M matrix, the PS matrix is mono-
disperse with M, of 3.0 x 10® which is at least 10 times
greater than the critical molecular weight for the onset
of repta’cion.56 Therefore, for the PS3M matrix, chain
reptation is the dominant mechanism of relaxation. For
the PS100K matrix, The PS matrix is monodisperse
with My, of 1.05 x 105 which is less than the critical
molecular weight for the onset of reptation but greater
than the critical molecular weight for entanglement.56
Therefore, for the PS100K matrix, constrained release
or tube reorganization dominates the relaxation of the
PS matrix.484956 For the PShd matrix, the PS matrix
is a binary blend of monodisperse PS samples with Ms
of 3.0 x 10¢ and 3.0 x 10¢ and 75 and 25 wt %,
respectively. The concentration of the long chains is
much greater than the critical concentration for the
entanglement of long chains.4! The long chains, with
molecular weight much higher than the critical molec-
ular weight for the onset of entanglement, form perma-
nent obstacles, whereas the short chains with molecular
weight close to the entanglement molecular weight form
transient obstacles around the diffusing chains and
cause the dilation of the tube formed by the long
chains.%® Therefore, for the PShd matrix, the relaxation
of the PS matrix is enhanced by tube dilation and the
molecular weight between the entanglements is in-
creased.

According to Figure 6, interdiffusion at the PS/PVME
interface increases as the mechanism of PS matrix
relaxation changes from chain reptation to tube dilation
to constrained release. In a previous paper, we
showed that interdiffusion in the PS/PVME pair is
independent of the molecular weight of PS above the
T, as predicted by the fast-mode theory.?628 However,
according to the results in Figure 6, interdiffusion at
the PS/PVME interface is influenced by the mechanism
of relaxation of the PS matrix. The data in Figure 6
were analyzed using a linear combination of Fickian and
case II diffusion with eq 5 in conjunction with eqs 2—4.

Table 1 gives the best fit to the data in Figure 6, with
the fitted parameters being the fraction of case II
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component, ¢, diffusion coefficient, D, and interface
velocity, K;. As the mechanism of PS matrix relaxation
was changed from constrained release to tube dilation
to tube reptation, the fraction of case II component
increased from 0.20 to 0.25 to 0.30. This indicated that
interdiffusion became more non-Fickian as the relax-
ation time of the PS matrix increased. As the matrix
was changed from PS3M to PShd to PS100K, the
diffusion coefficient of the Fickian model increased from
3.0t0 4.2 to 15.0 x 10713 em?/s and the interface velocity
of the case II model increased from 1.3 to 2.6 to 2.7 x
1078 em/s. The errors provided in Tables 1 and 2 for
the values of the diffusion coefficient and interface
velocity are the maximum experimental error due to
uncertainty in the values of independent variables.
These variables included the refractive index gradient,
wavelength, PS and PVME film thicknesses, and area
of the deconvoluted peaks.

For the PS3M matrix with M, of 3.0 x 108, the matrix
relaxation was by chain reptation and the matrix
relaxation time was given by:%7

M2
‘L'rep = Tom (6)

Here, 7r¢p is the reptation time of the chain, 7p is the
segmental relaxation time, and My, M., and M, are
chain molecular weight, entanglement molecular weight,
and segment molecular weight respectively.

For the PShd matrix, since the we1ght fraction of the
long chains with M, of 3.0 x 108 is much higher than
the critical concentration for entanglement of long
chains, the shorter chains with M, of 3.0 x 10* behave
as diluent and cause the dilation of the tube by the long
chains. Since the molecular weight of the long chains
was much higher than the critical molecular weight for
entanglement, the matrix relaxation was by chain
reptation but the relaxation was enhanced by tube
dilation given by:58

Ty = Trepd” (7

Here, 14 is the relaxation time of a dilated tube and ¢
is the volume fraction of the long chains.

For the PS100K matrix with M, of 1.05 x 105, matrix
relaxation is due to tube reorganization or constrained
release as well as chain reptation:46-4¢

Vry, = Uty + Ut (8)
where
M 5
=0.0927,———— 9)
OMOZM 3

Here, 1, is the overall matrix relaxation time and Trep
end Ter are the matrix relaxations due to chain reptation
and constrained release, respectively.

According to eqgs 6—9, as the matrix relaxation
changed from chain reptation to tube dilation to tube
reorganization, the matrix relaxation time decreased
from 4.6 x 105 to 2.6 x 105 to 1.5 x 10! s, respectively,
and the diffusion coefficient changed from 3.0 x 10-13
to 4.2 x 10718 t0 1.5 x 10712 cm?%/s, respectively. There
is good qualitative agreement between the diffusion
coefficients and the predicted matrix relaxation times.
However, more extensive experimental data are re-
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Table 2. Best Fit of the Experimental Data at 85 °C to the
Fickian and Case II Models for the PS3M, PShd, and

PS100K Matrices
diffusion case I1
PS % non-Fickian coefficient, interface velocity,
matrix component cm?/s (x1014) cm/s (x109)
PS3M 0.60 6.51+23 1.8+ 1.0
PShd 0.60 35+16 28+13
PS100K 0.60 8.8+4.1 44 +2.1

quired to obtain the exact relationship between the
relaxation time of the slow-diffusing matrix and the
interdiffusion coefficient.

Figure 9 shows the depletion rate of the nondeuter-
ated PS component from the PS matrix next to the ATR
crystal as a function of interdiffusion time at 105 °C.
For the monodisperse PS3M and PS100K matrices, the
depletion rate is the total change in PS concentration
with interdiffusion time. For the PShd matrix consist-
ing of 25% deuterated PS with M, of 3.0 x 10* and 75%
normal PS with M, of 3.0 x 108, the depletion rate is
the change in the concentration of the long-chain PS
component with interdiffusion time. The depletion rate
of PS follows the same trend as the change in PVME
concentration, shown in Figure 6. This indicates that
when the slow-diffusing matrix is a binary blend of long
and short chains above the critical concentration for
entanglement of long chains, interdiffusion is controlled
by the long chains. This also indicates that interdiffu-
sion in polydisperse matrices is related to the weight-
average molecular weight of the matrix as opposed to a
number-average molecular weight.

Figure 7 shows the effect of the mechanism of PS
matrix relaxation on interdiffusion at the PS/PVME
interface at 85 °C, 15 °C below the Ty of PS. The open
and filled circles are the cumulative concentration of
PVME for the PS100K and PS3M matrices, respectively,
and the open squares are for the PShd matrix. Accord-
ing to Figure 7, interdiffusion is faster for the PShd
matrix compared to PS100K and PS3M matrices. The
experimental data in Figure 7 were analyzed with eq
5, and the best fit to the data is given in Table 2. The
fraction of case II component was 0.6 for all three
matrices. As the PS matrix was changed from PS100K
to PS3M to PShd, the diffusion coefficient of the Fickian
model did not change appreciably but the interface
velocity of the case II model increased from 1.8 x 107°
t0 2.8 x 1072t0 4.4 x 1079 cm/s, respectively. Therefore,
the higher rate of diffusion of PVME for the PShd
matrix compared to PS100K and PS3M matrices can
be attributed to the higher interface velocity or faster
rate of swelling for the PShd matrix. The PShd matrix
is a binary blend of monodisperse PS samples with short
chains close to the entanglement molecular weight and
long chains having much higher molecular weight for
entanglement. Therefore, the short chains act as dil-
uent and increase the effective molecular weight for
entanglement in the matrix according to:3840

M, =Mj/p,, (10)

Here, M. is the effective entanglement molecular
weight, M.° is the entanglement molecular weight for
monodisperse PS, and ¢y is the weight fraction of the
long PS chains.

For a binary PS matrix with 75 wt % long chains, the
molecular weight of the chains between entanglement
increases from 1.8 x 10%to 2.4 x 104, This increase in
molecular weight between entanglements causes an
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increase in the rate of swelling of the PS matrix below
the Ty of PS. Sauer and Walsh® have also studied
interdiffusion in the PS/PVME bilayer below the T, of
PS, and they have observed a significant dependence
of the swelling rate on entanglement density. They
found that the front velocity of PVME into PS depended
strongly on the temperature and time of preannealing
of the spin-coated PS layer and preannealing was
especially important for higher molecular weight PS
films. According to their results, the interface velocity
was higher for PS films which were not annealed and
lower for preannealed PS films. They attributed the
higher interface velocity for nonannealed PS films to
the reduced entanglement density due to spinning of
PS films from solution. The entanglement density
dependence of interface velocity is also a proof of the
swelling process at the PS/PVME interface below the
Ty of PS.

Figure 10 shows the dependence of matrix relaxation
on the depletion rate of PS at 85 °C. The experimental
data for the PShd matrix correspond to the depletion
rate of the long chains as a function of interdiffusion
time. All three matrices showed similar depletion rates,
with the PShd matrix having a slightly higher depletion
rate (lower PS concentration). This faster depletion rate
for the PShd matrix can be attributed to a lower
entanglement density as discussed above. After the PS
matrix is swollen (i.e., PS mole fractions less than 0.6
in Figure 11), the depletion rate of the PS100K matrix
becomes faster than those of the PS3M and PShd
matrices due to the significantly shorter relaxation time
of the PS100K matrix.

Conclusions

The effect of PS matrix relaxation on interdiffusion
at the PS/PVME interface was studied with ATR-FTIR
spectroscopy. The results were analyzed using a com-
bination of Fickian and case II models, with the fitted
parameters being the fraction of case II component, the
Fickian diffusion coefficient, and the case II interface
velocity. At 105 °C, 5 °C above the T; of PS, the rate of
diffusion of PVME into PS increased as the mechanism
of PS matrix relaxation was changed from chain rep-
tation to tube dilation to tube reorganization. The
fraction of case II component was higher for the PS
matrix with chain reptation as the mechanism of
relaxation as compared to tube dilation and tube
reorganization.

There was good qualitative agreement between the
predicted matrix relaxation times and the experimen-
tally determined diffusion coefficients. Deuteration was
used to monitor the concentration of the long PS chains
in a binary monodisperse PS matrix. The change in the
concentration of the long chains with PS matrix relax-
ation showed the same trend as the rate of diffusion of
PVME into PS. This indicated that interdiffusion, in
binary PS blends above the critical molecular weight
for the entanglement of long chains, is controlled by the
higher molecular weight component. The effect of PS
matrix relaxation on interdiffusion at PS/PVME was
also studied at 85 °C, 15 °C below the Ty of PS. The
interface velocity was faster for the tube dilation matrix
as compared to the chain reptation and constrained
release. This was attributed to the reduced entangle-
ment density in the tube dilation matrix with a subse-
quent increase in the rate of swelling of PS by PVME.
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