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ABSTRACT: Liquid—liquid diffusion at the interphase between poly(vinyl—methyl ether) (PVME) and
polystyrene (PS) was experimentally studied using confocal Raman microspectroscopy. A combination of
a specially designed experimental setup and a direct and precise quantification for the corrections to be
applied to the Raman measurements allowed us to measure directly the PVME concentration along the
diffusion path for a wide range of diffusion times. An already proposed and tested liquid—liquid diffusion
model (based on liquid dynamics controlled by monomeric friction coefficients) was used to correlate and
predict the detailed shape of the PVME concentration profiles and the diffusion rates as functions of
diffusion time and temperature. The results obtained allowed us to discern among several approaches
previously proposed in the literature to calculate monomeric friction coefficients in this system. Only the
approach that considers independent monomeric friction coefficient values for PS and PVME (obtained
from tracer diffusion measurements) gave good agreement between experimental results and model
calculations. Calculations performed using literature data for a common monomeric friction coefficient
for both PS and PVME (obtained from estimated blend viscosity data) do not agree with experimental
measurements. The success of the model used for this work clearly ruled out the need for combinations

of Fickean and Case Il models used previously to describe PS—PVME polymer diffusion.

Introduction

Liquid—liquid diffusion in polymer pairs has received
considerable attention in recent years. Besides its
importance in some industrial processes, its connection
with recent theories of molecular viscoelasticity has
contributed to the development of successful physical
models to predict quantitatively the influence of the
main variables involved in the diffusion processes.
Currently, it is helping to elucidate important details
of the chain dynamics of individual components in
miscible polymer blends.

When two miscible polymers are put in contact in the
liquid state, diffusion occurs in a concentrated regime.
The most interesting feature of this regime is that the
motions of the diffusing species are strongly coupled
with the properties of the matrix. In many cases, the
physical properties of the diffusing species are different
from those of the matrix, and therefore, the diffusion
process produces large changes in the polymeric local
environment. It usually leads to nonsymmetric inter-
phase composition profiles.1=2 At this point, the model-
ing of the process turns out more complex and the
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simple Fickean diffusion model with a constant diffusion
coefficient becomes inadequate. On the other hand,
some details of the composition profiles, such as the rate
of change of the composition profiles slopes along the
interphase diffusion path or its overall curvature and
symmetry, may reflect rich information about the
polymer—polymer interaction®® and are very important
to understand the nature of the diffusion process.2=46

Few miscible polymer pairs have been used as models
for diffusion studies in the concentrated liquid—liquid
regime. Among them, the polystyrene (PS)—poly(phen-
ylene oxide) (PPO) pair has been the most stud-
ied.23578 For this polymer pair, asymmetric interphase
composition profiles have been experimentally mea-
sured and a Fickian diffusion model developed by
Kramer* has been successfully used to predict and
correlate all the experimental results.®” As predicted
by this model, large differences in molecular mobility
along the diffusion path, originated in the large differ-
ence between the glass-transition temperatures and/or
molecular weights of the pure polymers, are the cause
of formation of asymmetric interphase composition
profiles.?”

Poly(vinyl—methyl ether) (PVME) is also miscible
with PS in wide ranges of concentrations and temper-
atures. Some properties of their blends, miscibility
curves, and separation processes have been thoroughly
studied. The composition dependence of the glass-
transition temperature (Tg) of PS—PVME blends has
been shown not to follow the classical Fox or Gordon—
Taylor equations.®~11 Phase diagrams for wide ranges
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of molecular weights and temperatures have been
determined.1°-16 The temperature and composition de-
pendence of the PS—PVME Flory—Huggins interaction
parameter have been calculated.’>* The molecular
dynamics for these blends in the liquid state has been
shown to follow a general WLF-type temperature de-
pendence.1217 Colby has shown that the general time—
temperature superposition (TTS) principle is not obeyed
for PS—PVME miscible blends if the frequency range
is extended to about 10 decades, but for smaller fre-
guency ranges, the TTS principle could be used without
large errors involved.’® PS and PVME monomeric fric-
tion factors for both species have been measured for
several compositions and temperatures and shown to
be very different in values.17.1920

Jabbari and Peppas reported the first extensive
studies on liquid—liquid PS—PVME diffusion, including
the interpretation of the results in terms of mechanistic
models.?! The authors used attenuated total reflection
infrared spectroscopy (ATR-FTIR) to follow the evolution
of the diffusion process between a thin PS layer and a
thicker PVME layer. ATR-FTIR is an indirect technique
in the sense that the measured signal represents a
summation of contributions originated at different
depths. Furthermore, the depth range from which the
IR signal was collected represents at most 15% of the
total original pure PS layer thickness, which excludes
the interphase.?! The combined facts of measuring the
IR signal from the least representative part of the
sample and using an integral type of signal make the
ATR-FTIR experimental results very hard to invert to
obtain a unique interphase composition profile. To
interpret the results obtained, the authors used a
Fickean diffusion model with constant diffusion coef-
ficient, which failed in predicting the time evolution of
the whole diffusion process. To improve the fit of the
experimental data, they resorted to using simple weighed
combinations of Fickean and Case-11 diffusion models.??

This methodology has been extensively used by the
mentioned authors and by others in recently published
works.2® We believe that the use of those combinations
can lead to a misleading interpretation of the physics
of the diffusion process, even while—as has been shown—
a Case-ll contribution may improve substantially the
fit of the experimental data.?! Case-1l is a model
developed only for diffusion of low-molecular weight
liquids into glassy polymer matrices.?* A distinctive
feature of this diffusion mechanism is that the liquid
penetration is non-Fickean because it is rate-controlled
by the competition between the osmotic pressure (pro-
duced by the liquid penetrant) and the mechanical
relaxation of the glassy matrix. In contrast, liquid—
liquid diffusion between polymer pairs that differ mark-
edly in their Ty is a Fickean process, controlled by the
diffusion of the more mobile of the two polymers.467
However, both processes share a common characteris-
tic: the advancing liquid species move against rapidly
increasing gradients of physical properties that decrease
the liquid mobility. In the Case-11 regime, these proper-
ties are represented by the steep gradients of osmotic
pressure and glassy matrix yield stress;?>26 in liquid—
liquid diffusion between polymers pairs that differ
markedly in their Ty, they are represented by gradients
of chemical potential, local Ty, and monomeric friction
factors.” This fact makes the shapes of the advancing
fronts of the composition profiles for both mechanisms
to look qualitatively similar, but we must take into
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account that the physical processes involved are com-
pletely different.

In this work, we performed a quantitative experimen-
tal study on liquid—liquid PVME—PS polymer diffusion
using confocal Raman microspectroscopy, a direct tech-
nique. The experimental method does not need any
labeling and has been thoroughly analyzed and tested
in earlier work.?2’=2° By “optical sectioning”, a direct
observation of the interphase is possible with a moder-
ate spatial resolution (in the order of microns). Differ-
ently from the ATR-FTIR technique extensively used
for studying PS—PVME polymer interdiffusion, the
whole composition profile can be directly observed,
making its analysis and comparison with diffusion
models easier. The system studied consists of a thin
PVME-rich layer in contact with a thicker pure PS layer
through a planar interface. Both PS and PVME samples
used have very narrow molecular weight distributions.
The diffusion process was monitored from very early
stages (high diffusion rates) to very long times (when
very low diffusion rates occur). Two diffusion temper-
atures were used as a crosscheck for the temperature
dependencies of several thermodynamic and kinetics
parameters used in the diffusion model calculations
because they were taken from literature data. This
experimental setup is expected to render precise and
reliable information about the diffusion process.

The experimental data were compared with theoreti-
cal calculations from diffusion models based on physi-
cally realistic molecular models for the liquid dynamics
and on sound thermodynamic principles. We considered
two approaches that differ in the way that the mono-
meric friction coefficients are calculated. One of them
is based on independent values for each polymer species,
and these predictions agreed well with our experimental
data. The other one is based on a common value for both
monomeric friction coefficients, and the predictions of
this approach did not agree with our experimental data.

Physical Diffusion Model Used

The details of a generalized model for liquid—liquid
polymer diffusion in polydisperse systems can be found
elsewhere.®0 In the present case, both components, PS
and PVME, are nearly monodisperse. Therefore, the
calculations of diffusion rates can be simplified consid-
ering a diffusion process with two components (PS and
PVME) with polymerization degree IPYME and IPS, re-
spectively. Under this assumption, the diffusion process
can be modeled using a single binary diffusion coef-
ficient (D)*

D = kT(®"MEAPS +
(I)PS (IDPVME

(I)PSAPVME) ZXCI)PS(DPVME (1)

[PVME |PS -

where @ represents concentrations (volume fractions),
T temperature, A the Onsager coefficients, y the ther-
modynamic interaction parameter, and k the Boltzmann
constant. For the whole range of blend compositions
selected for this work, the PVYME sample has a molec-
ular weight that is always below the critical molecular
weight for entanglements. For this reason, Rouse-type
dynamics is assumed for the PVME species and the
Onsager coefficient for PVME becomes?#
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where o represents the monomeric friction factor.

Key parameters used as input in the model calcula-
tions are the monomeric friction factors for PS and
PVME and their dependences with composition and
temperature. We considered two approaches proposed
in the literature for obtaining these values. The “indi-
vidual values approach” is based on independent values
of the monomeric friction factors for PS and PVME. This
approach is supported by experimental evidence on this
particular system!719 as well as on other miscible
blends® in the sense that the friction coefficients for each
species may be very different. The use of independent
values for the monomeric friction factors for every
species present in the blend may imply the existence of
more than a single glass-transition temperature (one
for each species) and thermorheologically complex be-
havior, as each monomeric friction factor ought to follow
a different WLF dependence. These issues have not been
completely understood yet, and some experimental
evidence indicates that the fact of whether this behavior
can be observed or not depends on the particular species
involved in the blend and on the experimental method
used.31-33

For the “individual values approach”, we used experi-
mental data of the monomeric friction factor for PS and
PVME calculated from tracer diffusion experiments by
Green and others.'”!® Values for the PS monomeric
friction factor were taken from Figure 5 of ref 19. Values
for the PVYME monomeric friction factor were calculated
using the procedure proposed and detailed in ref 17. The
composition dependency of the monomeric friction fac-
tors (at constant T — T4 blend = 107 K) were fitted in
terms of the PVME volume fraction using the following
expressions

Iog gOPVME = —-7.041 + 8.858¢)PVME _ 9-146(¢)PVME)2
3)

log &,"° = —6.437 + 10.9610"Y"" — 11.519("VM%)?
(4)

where the units for &y are [Dy-s/cm]. We assumed as a
good approximation the use of a common T4 and WLF
equation parameters for all species in the blend, as
suggested by Figure 6 in ref 19 and by the work of
Colby.18 The WLF equation used to model the temper-
ature dependence of friction factors was calculated
converting the parameters of the Vogel—Fulcher form
published in ref 19

CO(Tref) _ —4.87(T — Tref)

o0 ) T 1220+ T-T,, ©)

where Tres = Ty + 107 K. A low-degree polynomial was
used to correlate precisely the composition dependence
of the blend T4, which was obtained by fitting experi-
mental data obtained from DSC measurements on
PS—PVME blends (see Experimental Section)

T = 375.7 — 363.70"YME + 313.0(@"VME)? —

84.5(®"VME)® (6)

g,blend

where the unit for Tgplend IS K.
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Figure 1. Monomeric friction coefficients used for diffusion
simulations at 120 °C. (@) PS monomeric friction coefficient
data, obtained from tracer diffusion experiments, taken from
ref 19). (- -+ *) PS monomeric friction coefficient data fit used
for calculations. (—) PVME monomeric friction coefficient data
fit used for calculations. (- - -) Common monomeric friction
factor used for calculations taken from ref 22b.

A different approach, considering common values of
friction coefficients for both PS and PVME components,
was also examined. This “common value approach” may
have been suggested by the viscosity—diffusion coef-
ficient relationship existing in the Doi—Edwards model
for homopolymer melts, as pointed out by Green and
others. Doi—Edwards states that both the center of mass
diffusion coefficient for the individual chain and the
zero-shear viscosity for the melt depend on the same
relaxation time and molecular structure parameters.19.34
This concept was used by Jabbari and Peppas to cal-
culate common monomeric friction values for both PS
and PVME species. Starting from literature values for
zero-shear viscosity for pure PS and pure PVME, a
simple viscosity blending law was applied to calculate
the PS—PVME blend viscosity values. From each blend
composition, a common monomeric friction factor was
calculated. These values, reported in ref 22b for two
temperatures (105 and 125 °C), were used here for a
second set of calculations

log £,(105 °C) = 0.94 — 17.70d"VM* +
7.99(®"VM)? + 0.81(@"VM5)®

log £,(125 °C) = —2.50 — 10.540°VME +
4.15(d"VMF)? 4 0.55(@"VME)® (7)

To compare both approaches, we plotted in Figure 1
the calculated values for the monomeric friction factor
(&o) as a function of PVME volume fraction at 120 °C.
The filled circles represent values experimentally mea-
sured by Green et al. for the PS monomeric friction
factor, taken from Figure 2 of ref 19. The dotted and
solid lines represent the values of ¢, for PS and PVME,
calculated using eqs 3—6. The dashed line represents
the common ¢p values calculated by Jabbari and
Peppas,??® by the procedure described above as “common
value approach”.

Values of the Flory—Huggins thermodynamic interac-
tion parameter (y) for the PS—PVME polymer pair were
taken from ref 15. The temperature dependence re-
ported for this parameter (in the temperature range
between 330 and 430 K) is given by

35.86

% =0.0872 — ®)

where T is the absolute temperature [K].
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To solve the continuity equations, we used the finite
elements scheme detailed in ref 30. The restriction
imposed by the mass conservation (®PS + ®PYME =1 at
any point for any time) was explicitly included in the
calculation scheme using a Lagrange multipliers strat-
egy. Nonflux or Newmann boundary conditions were
used at the outer surfaces of the sample.

Experimental Section

Materials Characterization. Polystyrene (sample P1505—
St, M,=217 000 g/mol, M,/M,=1.05) and poly(vinyl—methyl
ether) (sample P2219-MVE, M, =3850 g/mol, My/M, =1.05)
were purchased from Polymer Source (Dorval, Canada). Mo-
lecular weight characterization details were provided by the
maker.

PS—PVME blends were prepared by weighing the polymers
in the desired proportions, dissolving the solids in benzene at
room temperature (about 10 % (w/w) solutions), and freeze-
drying the necessary amounts of solutions. All samples were
exhaustively dried under vacuum before using to remove any
traces of solvent.

Glass-transition temperatures (Tg) for pure polymers and
several PS—PVME blends (80%, 60%, 50%, 40%, and 20%
PVME (w/w)) were measured by differential scanning calo-
rimetry (DSC) using a Perkin-Elmer Pyris 11 DSC instrument.
Samples were cooled and heated from —70 °C at rates of 10
°C/min under N, atmosphere. Glass-transition temperatures
were determined as the onset of the transition. A single Ty
was observed in all the PS—PVME blends. Experimental
values of Tys of PS—PVME blends were fitted as a function of
the blend composition (PVME volume fraction) using a low-
degree polynomial form (eq 6). This expression was used
throughout this work for diffusion simulations.

Sample Preparation for Diffusion Experiments. De-
tails of the samples used for the whole set of diffusion
experiments, including layer compositions and thickness and
diffusion temperatures, are given in Table 1. Two different
compositions for the blends employed for the thin layers were
used for the diffusion experiments conducted at 125 °C for the
purpose of expanding the (T — T,) range.

Composite plates for diffusion experiments were prepared
as follows. A layer of pure PS (about 500 um thick) was first
prepared by vacuum molding, using cylindrical molds with
sliding pistons. A thinner layer (between 40 and 80 um thick)
of a low-Ty PS—PVME blend was then vacuum molded on top
of the thick PS layer. The molding temperature was conve-
niently chosen below the Ty of the thick layer to minimize
diffusion at this stage. To avoid the sticky low-Tg4 blends to
adhere to the metal piston, a highly polished, flat Teflon disk
was placed on top of the low-Tg thin layer. After molding and
cooling to room temperature, liquid nitrogen quenching pro-
duced an easy Teflon—low-Ty blend separation. Before per-
forming the diffusion experiments, PVME composition profiles
were measured to check for any amount of diffusion that might
have occurred during the molding stage.

Diffusion between layers of the composite plates was
promoted by elevating the temperature in a controlled oven
(£0.5 °C) for specified times. The oven was continuously
flushed with dry nitrogen to avoid sample oxidation. We kept
the PS—PVME interface strictly horizontal all the time to
prevent the flow of the high-viscosity thin layer. The samples
were periodically removed from the oven for diffusion mea-
surements and allowed to quickly cool to room temperature
before Raman measurements were performed.

Confocal Raman Microspectroscopy. Local Raman spec-
tra were measured at room temperature, on a Raman Mi-
crospectrometer DILOR LabRam Confocal, using a 16-mwW
He—Ne laser beam with a wavelength of 632.8 nm. The pinhole
opening was between 100 and 300 #m (the maximum aperture
is 1000 um). In the excitation and collection path, an Olympus
x100 (NA=0.9) “dry” metallurgical objective was used. A slit
opening of 500 um and a holographic grating of 1800 lines/
mm were used, which allows acquiring data in a Raman shift

Diffusion Studies in the PS—PVME Pair 4943

Table 1. Characteristics of the Samples Used for
Diffusion Experiments

thin layer thick layer
Ty  thickness Ty diffusion
sample ®PVME  [°C] [u] @®PYME  [°C] temp. [°C]
105-08 0.8 -30 72 0.0 100 105
125-08 0.8 —30 65 0.0 100 125
125-06 0.6 -21 95 0.0 100 125

range between 500 and 1500 cm~* with a spectral resolution
of 4 cm~1. The acquisition time for each spectrum was 100 s,
and 10 spectra were accumulated for each data point.

The technique was used in the depth-profiling mode. Full
details of this procedure have been detailed and discussed in
earlier work.?®2° The laser beam is aligned in a direction
parallel to the diffusion coordinate and focused at successively
deeper positions into the sample. The confocal device allows
the “optical sectioning” of the sample, without physical cutting
or microtoming. In this way, a large number of measurements—
for many diffusion times—can be made without altering the
sample; besides, this procedure eliminates uncertainties about
experimental errors in the samples manufacture. As a disad-
vantage, if dry “metallurgical” microscope objectives are used,
the actual spatial resolution of the method is worsened
compared with that theoretically expected (1—2 um). It is due
to refraction of the laser beam at the air/polymer interface that
enlarges the region of the sample illuminated by the laser
beam, far beyond the diffraction limit.2® The deeper one focuses
into the sample, the larger the effect. In addition, the real focus
point is placed deeper than the micrometric positioning screw;
this effect increases linearly with depth. Both effects have been
carefully analyzed in previous works and have been corrected
in this work to obtain precise and reliable results.

After each diffusion period, local Raman spectra were
measured along the diffusion coordinate. Spectra were ac-
quired focusing the laser beam at different depths in steps of
2—5 um (typically 30—40 measurements along the diffusion
path). The composite plates were molded into specially de-
signed sample holders, which allow a precise placement of the
Raman laser beam, always at the same spot (within £10 xm)
of the sample surface.?® Local chemical compositions were
calculated from the acquired Raman spectra using the linear
decomposition method.3> A necessary calibration that relates
Raman intensities with compositions was performed previously
using the same blends prepared for DSC measurements.

Results and Discussion

Confocal Raman Measurements. Experimental
results obtained from confocal Raman depth profiling
at PVME-PS interphases, for samples annealed at 105
°C and 125 °C, are shown in Figure 2A,B. Results are
presented in the form of PVME concentration profiles
for several annealing times. Each profile was measured
by focusing the laser beam at the outer surface of the
PVME-rich layer and then recording local Raman
spectra at successively deeper positions through this
layer, up to the pure PS depth. The procedure was
repeated for several annealing times, always focusing
the laser beam at the same spot of the sample surface.
In these plots, the zero at the abscissa scale (interdif-
fusion coordinate axis) corresponds to the outer surface
of the PVME-rich layer.

The chemical composition profiles show clearly how
the limited supply of PVME has diffused into the
initially pure (thicker) PS layer. The limited PVME
supply causes the PVME concentration at the thin
(PVME-rich) layer to decrease with diffusion time. For
both temperatures, it is observed that the PVME
concentration at this region decreases rapidly at short
times and then at lower rates at longer times. As will
be shown later, the time evolution of this process reflects
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Figure 2. (A) Experimental PVME concentration profiles
obtained from confocal Raman depth profiling at PS—PVME
interphases for the sample 105-08 (annealed at 105 °C),
measured for several annealing times, as indicated in the
graph. (B) Experimental PVME concentration profiles obtained
from confocal Raman depth profiling at PS—PVME interphases
for the sample 125-06 (annealed at 125 °C), measured for
several annealing times, as indicated in the graph. (C)
Experimental results showing a representative PVME profile
corresponding to the sample 105-08 after 8.5 h of diffusion at
105 °C.

the changes in local mobility as the local T4 approaches
the temperature of the experiment and can be inter-
preted and precisely modeled in terms of the proposed
diffusion model.

The profiles look different from the sigmoid comple-
mentary error functions, characteristic of Fickean dif-
fusion with a constant diffusion coefficient. This fea-
ture can be better appreciated in Figure 2C, which
shows a representative PVME concentration profile
corresponding to the 105-08 sample after 8.5 h of
diffusion at 105 °C. The general shape of these chemical
composition profiles is markedly asymmetric and re-
sembles the typical diffusion profiles between polymer
pairs with different physical properties.573 Moving
from the outer surface of the PVYME-rich layer along the
diffusion path, the PVME concentration profile is at first
fairly flat (the low-Tg region) and then its slope becomes
increasingly higher, up to the pure PS layer (high-Tg
region).
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Figure 3. PVME concentration profiles calculated from the
diffusion model. (—) Raw predictions based on the diffusion
model, performed using the “individual values approach” for
monomeric friction coefficient values. (- - -) Model predictions
convoluted with the instrumental spatial broadening function
of the confocal Raman microspectrometer. (A) Sample 105-08
after 0, 2.5, 14.5, and 80 h of diffusion at 105 °C. (B) Sample
125-06 after 0, 2.5, 14.5, and 60 h of diffusion at 125 °C.

The characteristics described before can be clearly
observed even while some fine details of the profiles,
particularly the regions of higher slope close to the pure
PS layer, are slightly distorted due to spatial resolution
limitations of the experimental technique. At this point,
the use of deconvolution would be a wise strategy to
correct the artificial broadening because, for this case,
the instrumental broadening function can be known in
advance with a reasonable precision for a given set of
instrumental conditions. This approach is currently
under investigation. Instead, for the sake of better
accuracy, we simulated the effect of the instrumental
broadening by convoluting the diffusion model calcula-
tions, as will be developed in the next section.

Composition Profiles from Diffusion Models.
The experimental results presented in the previous
section can be compared with predictions from the
diffusion model for the actual experimental conditions
used (diffusion temperatures, initial thickness of the
thin PVME-rich layer, and diffusion times).

PVME concentration profile results obtained from the
diffusion model calculations corresponding to the samples
105-08 and 125-06 are shown in Figure 3A,B as solid
lines for different diffusion times. Diffusion simulations
were performed using the single binary diffusion coef-
ficient given by eq 1, along with values of Flory ther-
modynamic interaction parameter calculated for each
temperature using eq 8. The calculation results that we
show were performed using the “individual values
approach” based on independent values for the PS and
PVME monomeric friction coefficients (eqs 3—6). Cal-
culations performed using the “common values ap-
proach” (eq 7) rendered PVME composition profiles with
similar characteristics (nonsymmetrical interphase com-
position profiles, due to abrupt changes of the mono-
meric friction factor along the PVME diffusion path) but
predicted a much faster diffusion. This is due to the
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much lower values for the monomeric friction coefficient
predicted by the “common” approach, as shown in
Figure 1. Also, the detailed changes of shape of the
PVME concentration profile along the diffusion path
ought to be somewhat different, but we can observe that
the larger differences in Figure 1 are located in the
PVME-rich region, which at the diffusion temperature
has a relatively quite high diffusion coefficient. There-
fore, the relative effect of using a common monomeric
friction factor on the shape of the PVME concentration
profile is diminished.

All the main characteristics already observed in the
experimentally measured chemical composition profiles
are also predicted by the diffusion model: The limited
PVME supply causes the PVME concentration at the
outer layer to decrease with diffusion time and a narrow
interphase advances into the PS-rich layer, maintaining
an almost rectangular-box shape for the PVME concen-
tration profile. The highest slope region, associated with
a higher T4 change, is located next to the glassy poly-
mer (PS). The gradually decreasing slope reflects the
influence of the Ty profile rapidly decreasing along
the PS diffusion path, as explained in previous work.”
The large variation of the monomeric friction coeffi-
cient with composition shown in Figure 1 leads to a very
rapid decrease in the molecular mobility along the diffu-
sion path and explains the asymmetry observed in cal-
culated and experimentally measured PVME concen-
tration profiles. This is a general pattern which we
expect to be a common characteristic for every diffusion
process involving liquid—liquid diffusion between poly-
mers with very different molecular mobility, as is the
present case.

To compare the diffusion model predictions with the
experimental measurements, we simulated the instru-
mental resolution effects inherent to Raman depth-
profiling by convoluting the theoretical predictions with
the instrumental spatial broadening function.282937 As
the convolution function we used the bell-shaped in-
strumental broadening function proposed in ref 33,
which is characterized by a full-width at half-maximum
(fwhm) that depends on the focusing depth. As a test
for this procedure, we carried out in our laboratory
additional experiments based on a different experimen-
tal design. We measured the Raman response (in depth-
profiling mode) for a series of well-defined planar
interfaces, which were carefully designed to serve as
models for step changes in chemical composition pro-
files. The model step profiles, convoluted with the
predicted instrumental broadening function, coincided
with reasonable precision with the chemical composition
profiles experimentally measured by depth profiling.3”
On the basis of those results, we are confident that the
corrections introduced via convolution of the chemical
composition profiles theoretically predicted are precise
and realistic.

The PVME concentration profiles predicted by the
diffusion model and convoluted with the instrumental
broadening function are shown in Figure 3A,B as dotted
lines. Even while they retain the main characteristics
of the original profiles, the instrumental broadening
affects mainly the regions with larger slopes, as the
diffusion fronts (theoretically sharp), generating artifi-
cial tails. This effect is due to the fact that convoluting
with a bell-shaped instrumental broadening function is
somewhat similar to averaging the local chemical
compositions over larger distances of the diffusion path.
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Figure 4. Comparison between experimental data (symbols)
and model predictions (lines) for the same samples, diffusion
temperatures, and diffusion times as those indicated in Figure
3. Calculations were performed using the “individual values
approach” for the monomeric friction coefficient values.

Therefore, regions where the profiles have lower slopes
are almost unaffected. In the next section, convoluted
PVME concentration profiles will be compared with
those experimentally measured.

Comparison between Experimental Profiles and
Theoretical Predictions. Figure 4A,B is used to
compare experimental measurements with the diffusion
model predictions convoluted with the confocal Raman
instrumental broadening curve for the same tempera-
ture and times as those shown in Figure 3A,B.

The convoluted simulation results are in excellent
agreement with the experimental results within experi-
mental error. The only differences observed between the
predictions and the experimental data are the extension
of some of the tails placed ahead of the diffusion fronts.
Part of these differences is due to the finite size of the
diffraction-limited volume of the sample from which
Raman radiation is collected. Notice that when we
corrected the decreasing in the depth resolution with
the focusing depth, we assumed that refraction aber-
rations overwhelm diffraction effects and that the
diffraction-limited volume that originates Raman radia-
tion is infinitesimal.?® However, the dimensions of this
region are finite (depending on the microscope objective
numerical aperture and on the wavelength of the laser
beam). Even while the diffraction-limited volume is
confined in a small region (2—5 um), tails can be ex-
tended over tens of micrometers.38 The rigorous correc-
tion of this effect involves a second convolution step and
was not addressed in this work.3” As explained before,
the fact that the confocal Raman fwhm increases with
the focusing depth causes—for larger focusing depths—
somewhat larger differences between predicted values
and experimental data. Experimental measurements for



4946 Tomba et al.

depths beyond 125 um in Figure 4B differ more with
the convoluted model predictions, as expected.

The same combination of experimental methods and
physical diffusion model was used to study liquid—liquid
diffusion at the interphase between solid poly(phenylene
oxide) (PPO) and liquid polystyrene (PS).” Those experi-
ments performed with the PPO—PS pair are used as
an extreme showcase to illustrate the importance of the
markedly asymmetric interphase monomeric friction
coefficient profiles to generate asymmetric interphase
chemical composition profiles. The PS monomeric fric-
tion coefficient at the interphase rises by more than 10
orders of magnitude along the PS diffusion path, from
the liquid PS to the solid PPO (see Figure 6 in ref 7).
Striking similarities and large differences with the
results shown at this work were found due to the solid
PPO phase with high-yield stress that avoids liquid PS—
with low osmotic pressure—to diffuse into the glassy
matrix. The most important common characteristic is
the nonsymmetric interphase chemical composition
profiles found at the interphases where liquid—liquid
polymer diffusion takes place. The same calculation
procedure was used for the PPO—PS pair, and excellent
agreement was also found between calculations and
experimental results. For this work, the diffusion
experimental conditions used amount to liquid—liquid
diffusion between a low-viscosity liquid polymer (PVME)
and a liquid polymer with very high viscosity (PS a few
degrees above its Ty), and also markedly nonsymmetric
interphase chemical composition profiles are found for
a wide range of diffusion times. For all the experiments,
the calculation results obtained by convoluting the
diffusion model results with the instrumental spatial
broadening curve agree very well with the direct,
uncorrected experimental measurements.

Kinetics of the Diffusion Process. A method that
has gained wide acceptance as a useful tool to follow
the time evolution of the diffusion process in limited-
supply experiments is the use of the chemical composi-
tion at the plateau region behind the advancing diffu-
sion front.2°3% Chemical composition at this plateau
region is easier to measure and (for the case of confocal
Raman spectroscopy) free from deviations caused by
poor instrumental resolution conditions. Besides, the
plateau region coincides with the chemical compositions
associated to the largest mobility, and its time evolution
is far more sensitive to the details of the diffusion model
used. Earlier studies on the PS—PVME pair used a
different approach to obtain data of the time evolution
of the diffusion process. In these studies, an ill-
conditioned summation of contributions from the deep-
est part of the advancing front was analyzed.?%2? This
type of ill-conditioned experimental information con-
tains much larger experimental error and is therefore
much harder to analyze. In addition, the slope of the
advancing front is much less sensitive to the details of
the diffusion model used because the main cause for the
slowing down of the PVME advance is the large change
of the local T4 and its effect on the monomeric friction
coefficients.

Figure 5A,B shows the chemical composition at the
plateau region behind the advancing diffusion front (in
the form of PVME volume fractions) as a function of the
diffusion time for the samples used in this work.

The experimental data shown correspond to averaged
values for the outer 20 um of the PVME-rich layer and
are represented as symbols. Lines refer to calculations
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Figure 5. (A) Chemical composition of the plateau region
behind the advancing diffusion front (in the form of PVME
volume fractions) as a function of the diffusion time for sample
105-08. (o) Experimental data: lines refer to model calcula-
tions; (a) (—) independent values for PS and PVME monomeric
friction coefficients, (b) (- - *) constant diffusion coefficient D
=1071%cm?s, (c) (- - -) common monomeric friction coefficient
for PS and PVME. (B) Evolution of the PVME volume fraction
at the plateau region behind the advancing diffusion front for
all samples used. Symbols: experimentally measured values.
Lines: diffusion model predictions using independent values
for PS and PVME monomeric friction coefficients.

using diffusion models. Figure 5A shows experimental
data corresponding to the 105-08 sample (diffusion at
105 °C) as solid triangles. Calculations carried out using
a Fickean model with a constant diffusion coefficient
(D = 1071° cm?/s, dotted line) failed to reproduce the
time evolution of the experimental data, as already
established in earlier work.2! Calculations using the
diffusion model described above and independent mon-
omeric friction coefficients for PVME and for PS (solid
line) predict correctly the time evolution of the diffusion
process. The use of a common monomeric friction
coefficient (dashed line) overestimates the diffusion
rates by a large error.

Figure 5B shows the comparisons of the diffusion
model predictions (solid lines) with the full set of
experimental data (symbols). Diffusion model calcula-
tions correspond to the “independent values approach”.
The agreement between experimental data and model
predictions is excellent for the full range of diffusion
times, thin layers starting chemical compositions and
thickness, and diffusion temperatures studied. The
diffusion experiments conducted with samples 125-08
and 125-06 were performed at the same diffusion
temperature, and both samples show initial differences
in Ty and thickness of the thin layers. Nevertheless, the
experimentally measured PVME concentration at the
plateau for these samples, after long diffusion times (in
the order of 40 h), are virtually identical, as predicted
by the model calculations. This fact also corresponds to
the existence of a diffusion-controlling step at the
liguid—liquid interphase that is in turn controlled by
the diffusion temperature. Diffusion rates at the inter-



Macromolecules, Vol. 37, No. 13, 2004

phase are the lowest for the whole PVME diffusion path,
and therefore, the interphase controls the overall dif-
fusion rate. The PVME is the faster diffusing species,
and its mobility controls the whole diffusion process, as
predicted elsewhere.®

To summarize, the results presented so far show that
experimental data obtained for diffusion at the PVME-
PS interphase are well predicted by the simple diffusion
model proposed, only when experimental data on inde-
pendent monomeric friction coefficients for both poly-
mers are used for the calculations. The data show that
the assumption of thermorheologically simple behavior
(a common WLF equation for both components, PS and
PVME) can be considered valid for diffusion experi-
ments.

For miscible polymer blends, the local motion modes
for each component species, which control the mobility
of the individual chains, may not have either the same
relaxation rate or the same temperature dependence.
The energy barriers for main-chain bond rotations
(intramolecular interactions), the size of the atoms set
involved in that motion, and the intermolecular interac-
tions between like and between different species to-
gether are expected to determine the chain T4 and the
monomeric friction factor dependence on temperature.

The above-mentioned behavior cannot be generalized
and may depend on the particular species pairs involved
in the blends and on the experimental method used. The
literature shows examples of remarkably simple behav-
ior, as the polystyrene/polyisoprene blends. Polystyrene
and polyisoprene have Ty differences well over 150 °C
and show (to a good approximation) the same mono-
meric friction factors for PS and for PI1, which depend
only on the temperature interval above the matrix T4.4°
In other cases, like the well-studied polystyrene (PS)—
polyphenylene oxide (PPO) system,®> the monomeric
frictions coefficients for PS and PPO (obtained from
tracer diffusion measurements) differ by more than 1
order of magnitude, even when compared at the same
T — Tq4 but share the same temperature dependence.
After comparing Colby conclusions!® and results from
this work, we think that a similar behavior might be
observed for other polymer pairs with thermorheological
complex behavior for extended frequency ranges and a
simple behavior for diffusion experiments. In an ex-
treme case, Kim et al. measured tracer diffusion coef-
ficients for the polystyrene—tetramethylbisphenol A
polycarbonate (PS—TMPC) pair, where T4 values are
separated about 100 °C, showing that the monomeric
friction factor for TMPC can be more than 100 times
larger than the monomeric friction coefficient for PS,
and they follow different temperature dependences.*!
For the PS—PVME pair, the measurements made by
Green have shown that PS and PVME monomeric
friction factors are different and the temperature de-
pendence for the blends viscosities and for the PS tracer
diffusion coefficients are shown to be the same (see
Figure 6 of ref 19).

Another issue that remains open is whether a com-
mon monomeric friction factor—calculated from blends
zero-shear rate viscosities—can be used to describe
polymer—polymer interdiffusion. At a first glance, one
can expect that this type of calculation would render
common monomeric friction coefficient values that could
amount to some type of average for the individual
monomeric friction coefficients for both species. Model
calculations (not shown here) performed using a simple
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average for PS and PVME monomeric friction coef-
ficients give a reasonable prediction for the whole
diffusion experiments set. Similar calculations per-
formed using the common monomeric friction coef-
ficients reported in ref 22b clearly overestimate polymer
diffusion, as shown in Figure 5A. We understand that
the error is due to the rough approximations made by
the authors to estimate blend viscosities because it has
been experimentally shown that viscosity blending laws
show large deviations from values experimentally mea-
sured for this polymers pair.t” A much more complete
study that ought to include the calculation of monomeric
friction coefficient values from measurements of viscosi-
ties of PS—PVME blends may help to clarify this issue.

Conclusions

The experimental results obtained for diffusion at the
interphase formed between liquid PVYME and liquid PS
were correctly predicted by a simple model for liquid—
liquid polymer diffusion. The model assumes (a) simple
and well-established liquid polymers molecular dynam-
ics controlled by monomeric friction coefficients and (b)
diffusive control by the faster diffusing species. The
diffusion rate-controlling step is shown to be the PVME
diffusion at the PS—PVME interphase. These results
show that the need for combinations of Fickean and
Case-11 models, extensively used in previous works on
this system, is clearly ruled out.

On the other hand, model predictions are in agree-
ment with the experimental observations only when
independent values for the monomeric friction factors
for both PS and PVME (calculated from tracer diffusion
experiments) were used in the diffusion calculations.
The agreement is extended over a broad range of
chemical compositions, local glass-transition tempera-
tures, local molecular weight distributions, and mono-
meric friction coefficient values. Model predictions using
a common value for the monomeric friction coefficients
for both species, calculated from viscosity data taken
from the literature, clearly did not follow the time
evolution of the diffusion process. However, the issue
of calculating common monomeric friction factors from
blend viscosity data and its use for calculating liquid—
liquid interdiffusion rates remains open, even while its
physical meaning could not be clarified here.
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