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Introduction

Diffusion of organic liquids in contact with amorphous

glassy polymer matrices has been a topic of long standing

interest in polymer physics. The process plays an important

role in both the manufacture and final properties of many

polymer-based products. Some remarkable examples are

lithography in microelectronics, polymers for barrier app-

lications, polymer blends and alloyswith hard and soft com-

ponents, and drug delivery systems, among many others.

For a long time, diffusion at glassy polymer matrices was

synonymous with the penetration of small molecules,

mostly investigated by sorption techniques.[1] Under certain

conditions, small sized molecules, particularly those that

swell glassy polymers, can diffuse and penetrate into poly-

mer matrices following the Case-II diffusion mechanism.

Thomas and Windle[1] established the main characteristics

and the rate-controlling step of this remarkable non-

Fickean diffusion process, confirmed later by Kramer and

coworkers.[2,3] The penetration of the small molecules cau-

ses an osmotic pressure-driven deformation process,[1]

where the glassy polymer outer layers act as semi-

permeable membranes throughwhich the small size molec-

ules can diffuse. Case-II diffusion is established when the

stress caused by the osmotic-driven penetration of small

molecules overcomes the yield stress of the glassymatrix.[3]

At this point, the diffusion process is controlled by the time-

dependentmechanical response of the polymer to the osmo-

tic swelling stress at the penetrant diffusion front, which

constitutes the central aspect of Case-II.[1] As a conse-

quence, sorption kinetics and diffusion front advances in

Case-II conditions vary linearly with time, in marked con-

trast with the square root of time scaling that generally

characterizes the Fickean diffusion.

On the contrary, diffusion of large molecules, i.e., poly-

mers in the liquid state, in glassy polymer matrices has

been a less studied case. Results have been reported only

for miscible polymers pairs, where the Flory-Huggins

Summary:Weexplored the diffusionmechanisms in a series
of liquid/glassy polymer interphases. The diffusion experi-
mentswere performed in a uniqueway: the temperature range
studied encompassed the glass transition temperature (Tg) of
the glassy matrices. We observed that the diffusion behavior
of the liquid polymer was remarkably continuous when
passing through thematrix Tg, and that the diffusionmodes at
the liquid/glassy interphases were very similar to those
observed in liquid/liquid polymer diffusion.

Diffusion profiles of liquid PS in glassy PPO obtained by
confocal Raman spectroscopy. The samplewas held at 160 8C
for the times indicated in the plot.
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thermodynamic interaction parameter is favorable.[4–9] The

diffusion mechanisms in these systems are still under dis-

cussion and have been a subject of controversy. Some

authors have extended the concept of Case-II to explain the

diffusion mechanism at the liquid/glassy polymer inter-

phase, claiming that the process is controlled by the

mechanical response of the glassy polymer.[5–7] This idea

has been predominant in many papers published about this

topic, including some very recent ones.[10] Other authors

have questioned this view pointing out that largemolecules,

such as liquid polymers, are associated with extremely low

osmotic pressures, insufficient to trigger a mechanism of

mechanically controlled penetration.[9] These authors have

suggested that in these cases the interphase evolution is

diffusion controlled, as observed in liquid-liquid diffusion

between polymers with different physical properties.[9,11]

We started this project with the objective of discerning

between these different views about the mechanisms that

control the interfacial growth in liquid/glassy polymer

blends. We focused our investigation on two miscible poly-

mer pairs: a) liquid poly(vinyl methyl ether)-glassy

polystyrene (l-PVME/PS); and b) liquid PS-glassy poly-

(phenylene oxide) (l-PS/PPO). For these systems, the

diffusion mechanisms reported in the literature are contra-

dictory,[9,10] or based on studies not systematic enough to be

convincing.[5,6,10] We also wanted to investigate whether

the observed mechanism is a general or a particular one

(e.g., osmotic pressure effects are only dependent onmolec-

ular sizes). We studied planar l-PVME/PS and l-PS/PPO

interphases by ‘‘optical sectioning’’ with confocal Raman

microspectroscopy, a technique that allows direct observa-

tion of the chemical composition profiles at the interphase.

The strategy we followed consisted of performing the

diffusion experiments in temperature ranges that encom-

passed the glass transition temperatures (Tg) of the glassy

matrices, with the specific purpose of directly comparing

diffusion rates for liquid-liquid and liquid-solid polymer

diffusion in the same polymer pair and using the same

experimental technique. This communication reports on

our preliminary results, which show that in both polymer

pairs the diffusion process presents the same features,

independent of the physical state of the matrix.

Experimental Part

PS (referred to as PS227,Mw ¼ 227 000 g �mol�1,Mw=Mn ¼
1.05, Tg¼ 102 8C) and PVME (Mn ¼ 4 000 g �mol�1,
Mw=Mn ¼ 1.05, Tg¼�33 8C) used for the l-PVME/PS experi-
ments were purchased fromPolymer Source (Dorval, Canada).
Experiments involving the l-PS/PPOpolymer pairwere carried
out using two anionically synthesized PS from Polymer
Source. These samples are referred to here as PS1.5 (Mw ¼
1 460 g �mol�1, Tg¼ 45 8C) and PS3.9 (Mw ¼ 3 900 g �mol�1,
Tg¼ 77 8C);Mw=Mn < 1.1 in both samples. The PPO sample
was purchased from Aldrich (Mw ¼ 31 000 g �mol�1,
Mw=Mn ¼ 2.0, Tg¼ 212 8C). The Tg for the pure polymers
and blends were measured by differential scanning calorime-
try, with a Perkin-Elmer Pyris II DSC instrument, at a heating
rate of 10 8C �min�1. The molecular-weight characterization
was provided by the manufacturers.

The bi-layered samples used for diffusion experiments are
described in Table 1. Polymer blends for the bi-layers were
prepared by freeze-drying benzene solutions at 10% (w/w).
Antioxidant (200 ppm, Santonox, Ciba-Geigy) was added to
the blends to prevent degradation. Polymer bi-layers, in the
form of cylindrical specimens (20 mm diameter), were pre-
pared by sequential vacuum molding of a thin low-Tg layer
(40–150 mm thick) on top of a thicker high-Tg layer
(500 mm thick), as explained elsewhere.[12] For details about
the compositions of the layers see Table 1. Diffusion between
polymer layers was promoted by annealing in a temperature-
controlled oven (�0.5 8C) for specified times. The oven was
continuously flushed with dry nitrogen to avoid oxidation of
the samples. We kept the liquid-solid interphase strictly
horizontal at all times, to prevent the flow of the low-viscosity
thin layer. The samples were periodically removed from the
oven and were allowed to quickly cool back to room
temperature, which virtually stops polymer diffusion, before
Raman measurements were performed.

Local Raman spectra were measured at room temperature,
on a Raman microspectrometer DILOR LabRam Confocal,
equipped with a 16 mW He-Ne laser beam (632.8 nm wave-
length). A slit opening of 500 mm and a holographic grating of
1 800 lines �mm�1 were used (spectral resolution of 5 cm�1).
The technique was employed in the depth-profiling mode. We
used an Olympus 100� objective (NA¼ 0.9) in combination
with pinhole openings between 100–300 mm (the maximum
aperture is 1 000 mm), which renders a nominal depth resolu-
tion of 4 mm.As explained in earlier work,[13] the resolution for

Table 1. Characteristics of the samples used in the diffusion experiments. PS227, PS3.9, and PS1.5 identify PS with anMw of 227 000,
3 900, and 1 460 g �mol�1 respectively.Fliq refers to the initial volume fraction of the low-Tg component in each of the layers. Thickness
refers to the range of initial thickness of the low-Tg layer examined in our experiments (not all of themwere shown here). The high-Tg layer
is about 500 mm thick.

System Low-Tg layer High-Tg layer Diffusion temperatures

Fliq Tg Thickness Fliq Tg 8C

8C mm 8C

l-PVME/PS227 0.8 �30 60–75 0.0 100 85, 105, 125
l-PS1.5/PPO 0.9 51 40–70 0.1 182 140, 160, 180, 200
l-PS3.9/PPO 0.9 80 70–125 0.1 185 160, 180, 200, 220
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depth-profiling decreases progressively as a function of depth.
Concentration profiles for each diffusion time were measured
by taking several Raman spectra from different depths along
the diffusion path in steps of 2–5 mm (typically 30–40 points).
The acquisition time for each spectrum was 30 s and 8 spectra
were accumulated for each data point. The acquired Raman
spectrawere translated to local chemical compositionswith the
linear decomposition method.[14] The procedure was repeated
for several diffusion times, always focusing the laser beam
within 10 mm of the same spot at the sample surface.

Results and Discussion

Figure 1 shows representative liquid PS concentration pro-

files obtained from diffusion experiments in the l-PS/PPO

polymer pair. To obtain these profiles, confocal Raman

‘‘optical sectioning’’ was started at the outer PS surface, the

zero in the depth scale axis, and then repeated at deeper

positions along the PS diffusion path. We examined a range

of temperatures that encompasses the Tg of the glassy

matrix, a PPO-rich blend in this case. The top panel in

Figure 1 shows PS3.9 concentration profiles corresponding

to a sample annealed at 200 8C, which is 15 8C above the Tg
of the PPO-rich matrix, for several diffusion times. The

bottom panel shows PS1.5 concentration profiles for a

sample annealed at 160 8C, which is 23 8C below the Tg of

the PPO-rich matrix.

The liquid PS concentration profiles shown in Figure 1

are markedly asymmetric. They are characterized by a

fairly flat region along the outer first 50–75 mm, where the

PS concentration is uniform. Note that because of the limit-

ed PS supply, the concentration of liquid polymer through-

out this region decreases with diffusion time.[12] The profile

slope then becomes increasingly higher and the PS con-

centration rapidly decreases, until the depths of the pure

matrix are reached. The transition region between the PS-

rich and PPO-rich layers appears artificially smoothed

because of limitations in the spatial resolution of the confo-

cal Raman technique. In the depth-profiling mode, the

spatial resolution decreases as we focus the laser beam

deeper into the sample; for this reason, the broadening is

more pronounced in those interphases located at higher

depths. This problem has been thoroughly analyzed and

quantified in previous work.[12,13] We have shown that the

actual transition between the low- and high-Tg layers

is abrupt and occurs in a narrow range on the depth scale

(1–2 mm), as determined by using a focusing mode with

invariant and superior instrumental resolution (sur-

face profiling, 1.5 mm resolution).[13] Hence, these liquid

PS concentration profiles, which can be thought as having

a ‘‘plateau’’ region with uniform liquid polymer con-

centration followed by a sharply defined drop in con-

centration or ‘‘diffusion front’’, advance into the glassy (or

highly viscous) matrix maintaining an almost rectangular-

box shape. The same features described above also char-

acterize the liquid PVME concentration profiles in the

l-PVME/PS polymer pair (not shown here). These experi-

ments were performed at temperatures ranging from 15 8C
below to 25 8Cabove theTg of the polymermatrix (purePS).

As observed in the plots, the diffusion profiles of the

liquid polymer show similar characteristics for experiments

performed above and below the matrix Tg. At diffusion

temperatures slightly above its Tg, the high-Tg matrix beha-

ves like a highly viscous liquid during the whole experi-

ment. This case can be thought of as diffusion between a

low-viscosity liquid and a highly viscousmatrix. The asym-

metry observed in the diffusion profiles can be quantita-

tively explained in terms of the dissimilar mobility between

the components of the polymer pair, as discussed in pre-

vious work.[4,12] In the experiments conducted at diffusion

temperatures below thematrixTg, thematrix remains glassy

during the whole process. The asymmetry of the liquid

diffusion profiles and the fact that thematrix remains glassy

at the temperature of the experiment are concurrent condi-

tions in diffusion mechanisms controlled by mechanical

relaxation, and it would be tempting to consider these

experiments as examples of Case-II diffusion processes.[5,6]

Figure 1. Diffusion profiles of liquid PS inPPOmatrices: a) PPO
matrix is a highly viscous liquid. The data correspond to the
l-PS3.9/PPO pair, held at 200 8C for the times indicated in the plot.
b) PPO is in the glassy state. The data correspond to one of the
l-PS1.5/PPO samples held at 160 8C for the times indicated in the
legend.
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However, our careful analysis of the diffusion kinetics will

show that this may not be the case.

We chose two parameters for the investigation of the

diffusion kinetics of these liquid polymers: the concentra-

tion of liquid polymer at the ‘‘plateau’’ region (Fpl) and the

position of the advancing liquid polymer diffusion front

(zdf), defined as the region on the depth scale where the

concentration of liquid polymer drops abruptly. The plateau

region coincides with chemical compositions that corre-

spond to the highest polymer mobility and is very sensitive

to the features that control the diffusion process. In addition,

Fpl can be very precisely measured in our experimental

setup. In contrast and as discussed above, instrumental

artefacts distort the shape of the diffusion front making the

precise determination of zdf more difficult. We can take

advantage of the fact that in systems characterized by diffu-

sion profiles with an almost rectangular-box shape, both

parameters are related by the conservation of mass which

requires that the product ofFplzdf is constant throughout the

process.[7b] We obtained the successive positions of the

liquid polymer diffusion fronts from this relationship.

Figure 2 shows how the diffusion fronts of the liquid

polymers advance into the high-Tg polymermatrices in both

l-PVME/PS and l-PS/PPO systems. The plot includes

diffusion experiments conducted at temperatures above and

below the matrix Tg (see figure caption). Figure 3 summa-

rizes similar results plotted in Fickean fashion, as functions

of the square root of the elapsed diffusion time. In these

experiments and differently from previous reports,[5,10] we

have taken particular care in examining not only an extend-

ed range of diffusion temperatures, but also a wide range of

diffusion times. In thisway, diffusion data are extended over

time scales large enough tomake surewhether the evolution

is linear or other. From the experimental data shown in

Figure 2–3, we can draw some immediate conclusions. a)

In both polymer pairs, the liquid diffusion fronts advance

more rapidly at higher temperatures. No indication of

changes in the diffusion mode when passing through the

matrix Tg is observed. b) For all the experiments, the ad-

vances of the liquid diffusion fronts toward the (glassy or

liquid) matrix are markedly non-linear with time. This fact

is not surprising for the experiments conducted at temper-

atures above the matrix Tg (curve (c) in Figure 2), for which

diffusion is presumably Fickean. It does not give support for

a Case-II mechanism in experiments conducted at tem-

peratures below the matrix Tg, as one of the characteristics

of this mechanism is the constant advancing rate of the

diffusion front, as a result of the coupling between diffusion

and the mechanical relaxation of polymer segments in

response to the osmotic-driven swelling stress.[1] c) All the

data scale remarkably well with t1/2, a typical signature of

Fickean diffusion. The slight downward curvature observed

in all the experiments at very longdiffusion times inFigure 3

is distinctive of liquid-liquid polymer diffusion between

components with different Tg and can be quantitatively

explained in terms of the changes in the diffusion coeffi-

cients as the diffusion process evolves.[4,12]

We now turn our attention to how temperature, and the

resulting changes in the physical state of the matrix, oper-

ates on the diffusion rates. We examined the changes in the

diffusion front velocity (Vdf) in the range of annealing

temperatures that encompasses the matrix Tg. Figure 4

shows instantaneous values of Vdf, calculated as dzdf/dt,
b

plotted in Arrhenius fashion for the polymer pairs ex-

amined. To focus only on the influence of temperature, we

calculated Vdf data at the same value of liquid polymer

concentration at the plateau region (Fpl¼ 0.7) and from

experiments carried out using similar initial thicknesses

for the low-Tg layer (65 mm). The absence of dis-

continuity in the diffusion behavior when passing through
Figure 2. Advances of liquid polymer fronts with increasing
diffusion time. The solid symbols and the bottom time axis
correspond to l-PVME/PS227 held at: (a) 85 8C and (c) 125 8C.
The open symbols and the top time axis correspond to l-PS1.5/PPO
held at: (b) 140 8C and (d) 180 8C.

Figure 3. Positions of liquid polymer fronts versus square root of
diffusion time. The solid symbols correspond to l-PVME/PS227
held at: (a) 85 8C, (b) 105 8C, and (c) 125 8C. The open symbols
correspond to l-PS1.5/PPO held at: (d) 180 8C and (e) 200 8C.

b We calculated instantaneous values for Vdf following the
procedure described in ref.[7a]
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the matrix Tg (arrows in the plot) is remarkable, confirming

the observations made on the data shown in Figure 2–3.

The curves yield apparent activation energies (Eact) of

20 kcal �mol�1 for the l-PVME/PS pair (range 85–125 8C)
and of 36 kcal �mol�1 for the l-PS/PPO pair (range 140–

220 8C).Valuesof activationenergies for viscousflow(Eact/v)

can be obtained from the Williams-Landel-Ferry (WLF)

equation, i.e., Eact/v¼ 2.303RC1
gC2

gT2/(C2
gþ T� Tg)

2, where

R is the gas constant and C1
g and C2

g are the WLF para-

meters calculated at Tg as the reference temperature.[15]

These constants, usually obtained from viscoelastic mea-

surements, are well known for the systems studied

here.[16,17] The obtained Eact values compare well with

Eact/v corresponding to temperatures well above Tg
(T� Tg¼ 125 8C for l-PVME/PS227 and T� Tg¼ 80 8C
for PS1.5/PPO). This fact suggests that the controlling step

of the diffusion process is placed at the liquid polymer-

matrix interphase, at liquid polymer concentrations corre-

sponding to a local Tg quite lower than the annealing

temperatures. On the contrary, Case II diffusion has been

characterized by Eact values much higher than those

associated with Fickean diffusion, as these correspond to

the creep occurring because of the matrix yielding process

produced by the osmotic-driven liquid penetration.[1]

Conclusion

We have shown that the diffusion behavior of the liquid

polymers examined here are rather insensitive to the physi-

cal state (liquid or glassy) of the high-Tg polymer matrix.

Despite the dramatic changes in the relaxation rate of the

matrix when going from the liquid to the glassy state (i.e.,

the change of PS creep rate in the transition range is about

three orders of magnitude),[15] no signature of change in the

diffusion mode was observed in any of the examined sys-

tems. Conversely, the diffusion behavior of the liquid

polymer was remarkably continuous when the annealing

temperature passed through the matrix Tg, with all the

characteristics of liquid-liquid polymer diffusion. Typical

features of Case-II diffusion, reported in other works as the

dominant mechanism in these systems, were not observed

here. We may infer that diffusion at these liquid/glassy

polymer interphases proceeds similarly and is ruled by the

same principles that control the polymer diffusion in the

liquid state.
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Figure 4. Temperature dependence of instantaneous velocities
of the liquid polymer diffusion fronts (Vdf), obtained at Fpl¼ 0.7,
plotted in Arrhenius form for both l-PVME/PS227 and l-PS1.5/
PPO polymer pairs. The arrows indicate the corresponding glass
transition temperature of the amorphous matrix. The dotted lines
represent the linear fittings used to calculate the apparent
activation energies.
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