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The effect of the polymer network structure on methanol transport dynamics in glassy polymers was investigated in both dry
and plasticized disks of poly(methyl methacrylate) (PMMA) through gravimetric integral sorption studies. PMMA was
synthesized by a controlled free radical polymerization mechanism, crosslinked in bulk with ethylene glycol dimethacrylate,
and swollen in methanol under a variety of conditions. In the Case II transport regime, control over the transport rate was
shown to depend on the glassy-state properties of the polymer, and the Case II front velocity was found to be proportional to
the square root of the crosslinking density. Similarities were observed in the penetrant transport behavior of both dry and
plasticized samples at high degrees of crosslinking, and the activation energy of methanol transport at low degrees of
crosslinking was found to be similar for both Fickian and Case II mechanisms. VVC 2011 American Institute of Chemical

Engineers AIChE J, 58: 1600–1609, 2012
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Introduction

Deviations from the expected diffusive behavior in regard
to the transport of small penetrant molecules, either vapors
or liquids, into glassy polymers have been extensively
reported. These penetrant–polymer systems exhibit a wide
array of dynamic sorption behavior, including simple Fickian
transport, Fickian transport with highly concentration-
dependent diffusion coefficients, Case II transport, and other
anomalous phenomena. The rationale for this diversity in
behavior is that in glassy polymers, the relaxation and chain
disentanglement process necessary for sample expansion and
sorption of penetrants can be a rate-controlling step; thus the
transport of the penetrant would proceed at a rate dependent
on the mechanical properties of the polymer glass and its
thermodynamic compatibility with the penetrant.1,2 Case II
transport, traditionally presented as a limiting case of com-
plete relaxational control over the transport dynamics, has
three primary phenomenological traits, all of which are nec-
essary conditions for the occurrence of this mechanism.3,4

First, during the penetrant sorption process, there is a
sharp front separating a dry polymer core and an outer,
penetrant-swollen region. However, the existence of this
sharp, inwardly propagating front during integral sorption is
not by itself a conclusive indication of Case II behavior.
Indeed, sharp penetrant fronts can be observed in most pene-
trant sorption studies into glassy polymers owing to the

strong concentration-dependence of the diffusion coefficient
in such cases.1,5,6

Second, the sharp front separating dry polymer from fully
swollen polymer must advance at a constant rate through the
sample until the two fronts (one from each face in a planar
integral sorption experiment) meet in the center and sorption
ends. In this manner, the initial transport kinetics are forced
to scale with time, t, and not t1/2 (as is the case in Fickian
transport). For this to occur, the penetrant concentration in
the swollen region behind the advancing front must maintain
a constant concentration throughout the sorption process and
constitute an equilibrium, or at least a pseudo-equilibrium,
degree of swelling.

Third, there is a Fickian precursor, or foot, that precedes
the sharp penetrant front through the polymer. The presence
of this precursor was first predicted from theories and later
experimentally verified by numerous authors.7–12 This pre-
cursor represents initial Fickian diffusion of the penetrant
into the glassy polymer and is responsible for initiating,
through solvent-plasticization, the very rapid expansion of
the polymer network over the front region.

The presence of this Fickian precursor necessitates another
commonly observed trait of Case II transport, namely that
there is an induction time associated with sorption in glassy
polymers, where the dominance of a particular rate-control-
ling mechanism has not yet been established. Additionally,
integral sorption experiments into glassy polymers are often
highly anisotropic in nature due to the stresses imposed by
the dry, glassy core on the outer swollen region. Finally, as
a further result of these imposed stresses, a material may ini-
tially overshoot its final equilibrium penetrant concentration,

Correspondence concerning this article should be addressed to N. A. Peppas at
peppas@che.utexas.edu.

VVC 2011 American Institute of Chemical Engineers

1600 AIChE JournalMay 2012 Vol. 58, No. 5

MATERIALS, INTERFACES, AND ELECTROCHEMICAL PHENOMENA



as a polymer’s ability to hold penetrant can vary with orien-
tation and external stress.

There is currently no way to accurately predict a priori
the velocity of a Case II penetrant front in an integral sorp-
tion experiment from the basic material properties of the
polymer and penetrant. The vast majority of investigations
has focused on characterizing the qualitative features of
Case II transport profiles and attempting to model a transi-
tion from Fickian to non-Fickian dynamics, with the result
that much is still unknown about how basic material prop-
erties affect the transport dynamics within the purely Case
II regime. In particular, the effects of the polymer network
structure and relaxational behavior have not been suffi-
ciently studied.

A major novel effort of this investigation was a detailed
analysis of the effects of crosslinking on the mechanisms of
penetrant transport and on the Case II front velocity. The
most significant previous finding in terms of how polymer
structural parameters affect the transport process has been a
determination that the molecular weight of the polymer has
no significant effect on the Case II front velocity beyond the
critical molecular weight for entanglements.13 This implies
that the number of chain ends and even the related degree of
initial free volume have very limited control over the Case
II mechanics for identical thermal histories in the presence
of stable entanglements. Thus, adding additional points of
resistance through chemical crosslinks should have a signifi-
cant effect on the Case II dynamics.

Previously, Kwei and Zupko14 noted that increasing the
crosslinking density of a polymer while keeping other factors
constant resulted in a change from Fickian dynamics at a
single lower degree of crosslinking to Case II dynamics at a
single higher degree of crosslinking. Additionally, Robert
et al.15 reported that water sorption into spherical micropar-
ticles moved from Fickian to anomalous transport dynamics
as the crosslinking ratio was increased. Peppas and
Urdahl16 and Smith and Peppas17 later detailed the effects
of crosslinking density on the presence of overshoots in in-
tegral sorption experiments; namely that the overshoots
were diminished in magnitude and eventually disappeared
completely as the degree of crosslinking was increased.
The investigation presented in this article sought to add to
these previous studies by directly examining first the effects
of the crosslinking density on the Case II front velocity.
Second, the observation that the transport mechanism can
be changed simply by altering the crosslinking density was
expounded on.

To study the effects of basic network parameters, includ-
ing the molecular weight between crosslinks, Mc, and the
polymer mesh size, n, control over these parameters was
necessary. Traditionally, investigators in this field have pur-
chased polymer samples from industrial companies for sorp-
tion studies, with the result that little was known or reported
on the network structure and other general properties of
those polymers. In this investigation, polymer samples were
synthesized in house, and the polymer network structure was
altered by varying the molar incorporation of crosslinks into
the polymer chains. Additionally, a controlled, living free
radical polymerization mechanism was utilized to both
increase crosslinking efficiency and avoid autoacceleration
by controlling the concentration of growing polymer chains.

The most-studied penetrant–polymer system in the litera-
ture exhibiting Case II transport is methanol sorption into
poly(methyl methacrylate) (PMMA). This system consis-

tently displays Case II transport dynamics at easily accessi-
ble experimental conditions and was chosen as the primary
system for this investigation. Therefore, samples of PMMA
crosslinked during bulk polymerization by the incorporation
of difunctional methacrylate comonomers were synthesized.
These polymers were then characterized by gel permeation
chromatography (GPC), differential scanning calorimetry
(DSC), and dynamic mechanical analysis (DMA) to deter-
mine basic material properties and verify the polymer net-
work structures produced. Additionally, the effects of tem-
perature were studied, and the behavior was compared with
previous investigations.

Materials and Methods

Sample preparation

All reagents were purchased from Sigma–Aldrich (St.
Louis, MO) and used as received unless otherwise noted.
Homopolymers of methyl methacrylate (MMA) were synthe-
sized using an iniferter-mediated, thermally initiated free
radical polymerization. MMA was passed through a pre-
packed inhibitor removal column (Sigma–Aldrich) to remove
hydroquinone before polymerization and was used within 2
weeks of inhibitor removal. The crosslinking agent used was
ethylene glycol dimethacrylate (EGDMA). Lauroyl peroxide
was added as a thermal initiator in the amount of 0.5 wt %
of the total monomer content. Tetraethylthiuram disulfide
(TED) was added as an iniferter compound in a 1:1 molar
ratio with the thermal initiator.

The components were prepared in a cylindrical glass reac-
tion vessel that was silanized before use with SilicladTM

(Gelest, Morrisville, PA). The mixture was placed in an
oxygen-free environment inside a sealed glove box and bubbled
with nitrogen for 5 min to remove dissolved oxygen. The ves-
sel was then sealed and placed in a water bath maintained at
60�C and allowed to polymerize for 48 h (�2.3 initiator half-
lives). Following synthesis, the polymer cylinders (nominally
25 mm in diameter) were sliced into disks with a nominal
thickness of 1 mm by a IsometTM Low-Speed Saw with dia-
mond wafering blades (Buehler

VR
, Lake Bluff, IL), polished to

remove surface defects by an abrasive slurry (Novus #2 Fine
Scratch Remover, Savage, MN), and dried and annealed.
Unless otherwise noted, samples were dried in a vacuum oven
above their Tg until the weight stabilized (generally 4 weeks)
and subsequently annealed in a vacuum oven at �10�C below
Tg for 2 weeks. Additionally, the polymers synthesized in this
investigation were stored in a standard desiccator loaded with
Drierite moisture absorbent (W.A. Hammond Drierite, Xenia,
OH) before drying/annealing.

Iniferter chemistry and GPC

An iniferter-mediated mechanism was utilized to control
the free radical polymerization of PMMA and circumvent
autoacceleration. Iniferter (initiator-chain transfer-termina-
tion) compounds typically contain a labile bond, such as a
carbamate or disulfide bond, which leads to the formation of
stable sulfur radicals.18 For the case of a carbamate-based
molecule or the case of the combination of a disulfide mole-
cule with a traditional free radical initiator, the availability
of both carbon and sulfur radicals leads to a reversible cap-
ping mechanism and living polymerization scheme, whereby
the growing chains are successively terminated via combina-
tion with a free sulfur radical and then reinitiated by the
cleavage of the newly formed, yet labile, bond.19–22
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The efficacy of this mechanism stems from the fact that
the sulfur radicals formed are relatively less reactive than
carbon radicals toward the double bonds found in monomers
and thus do not initiate growing polymer chains to a signifi-
cant extent.23–25 Additionally, while bimolecular termination
of two growing chains can still occur, the cross-termination
of a sulfur radical with a carbon radical is preferred even at
low conversions when the diffusion resistances are negligi-
ble.26 This preference is only heightened as conversion
increases due to increased viscosity and subsequent diffusion
limitations, which affect the growing polymer macromolecules
to a much greater extent than the small radical sulfur com-
pounds. The low conversion preference has been attributed by
some to a higher activation energy for carbon–carbon radical
termination vs. carbon–sulfur radical termination.27 As a result
of this behavior, the often problematic phenomenon of autoac-
celeration can be largely avoided.27

One particular concern with the exothermic polymeriza-
tion of PMMA in bulk was supplying adequate heat transfer,
so that autoacceleration as a result of a high core tempera-
ture does not occur. This deficiency resulted in significant
spatial dependencies of the molecular weights (data not
shown). However, the addition of an iniferter compound,
like TED, had the ultimate effect of retarding the reaction
kinetics, thus preventing temperature-induced autoaccelera-
tion and giving homogeneous polymer cylinders. The signifi-
cant reduction in the overall molecular weight, the number-
average molecular weight was reduced from 1,470,000 to
139,000 g/mol, was consistent with the elimination of
autoacceleration. In addition to the circumvention of autoac-
celeration, this polymerization mechanism was chosen for its
ease of use in bulk polymerizations, as no solvent was
required, its negligible addition of impurities such as heavy
metals, and previously demonstrated use in polymerizations
of 2-hydroxyehtyl methacrylate and MMA.28–31

Polymer characterization

The molecular weights and molecular weight distribution
of uncrosslinked polymer samples were determined by a
GPC system consisting of a refractometer (Optilab DSP,
Wyatt Technology, Santa Barbara, CA) and a multiangle
laser light scattering detector (DAWN EOS, Wyatt Technol-
ogy). The system used a series of two identical polymer labs
columns packed with crosslinked polystyrene beads (5 lm
bead size, mixed-C pore size). For PMMA, samples of poly-
mer were dissolved in tetrahydrofuran (THF) at a concentra-
tion of 5–10 mg/mL, and 60 lL of this solution was injected
into the GPC system with THF as the carrier solvent.

The thermal properties of the polymer samples were char-
acterized by DSC (Perkin Elmer DSC 7, Perkin Elmer, Wal-
tham, MA) using a heat/cool/heat method at a heating/cooling
rate of 10�C/min. The Tg was determined as the halfway point
during the change in heat capacity of the polymer associated
with the transition from glass to rubber (1/2 DCp method).

DMA (DMA 983, TA Instruments, New Castle, DE) was
used to determine basic mechanical properties. Rectangular
samples (�2 � 8 � 20 mm3) were cut for each polymer to be
tested. Once prepared, the samples were placed into the DMA
device, and the device was run on resonant mode with a fixed
oscillation amplitude of 0.30 mm from 60 to 180�C at 5�C/
min (or higher temperatures as needed). In this manner, the
shear storage modulus, G0; the shear loss modulus, G00; the
onset Tg based on G0; and the tan d peak Tg were determined.

Gravimetric studies

Disks of PMMA were suspended in methanol (Certified
ACS Grade, Fisher Scientific, Pittsburgh, PA) in a glass jar
on a raised aluminum mesh that occluded less than 3% of
the lower disk surface. The glass jars were then placed in a
constant-temperature water bath. Weight measurements were
taken at time intervals by removing a disk from the penetrant,
drying the surface, and recording both the weight in air and
the weight in a nonsolvent (water) using an Ohaus analytical
plus balance (Ohaus, Pine Brook, NJ). For each experiment,
sets of three disks were immersed at the same time and all
disks were measured at each time point. Additionally, thick-
ness and diameter measurements were taken both before
immersion in methanol, and once the disks have reached equi-
librium using a digital caliper (Brown and Sharpe, North
Kingstown, RI). Finally, disks were taken directly from a vac-
uum oven after drying/sub-Tg annealing and once the oven
had cooled slowly to near room-temperature.

Data analysis

Data analysis of gravimetric integral sorption experiments
was accomplished primarily by application of the power-law
model:

Mt

M1
¼ ktn (1)

where Mt is the mass of penetrant absorbed at a time t, M1 is
the equilibrium mass of absorbed penetrant, k is a proportion-
ality constant, and n is the power-law exponent.5 This equation
is derived from the short time (Mt/M1\ 0.60) approximation
of the rigorous solution to Fick’s second law, where the binary
diffusion coefficient is contained within k and n ¼ 0.5.5

In Case II transport, the fractional mass uptake, Mt/M1, is
directly proportional to time, and thus, n is 1.0. Any behavior
that falls between these two extremes is generally assumed to
involve a combination or superposition of the two mechanisms
and is simply referred to as anomalous behavior with power-
law exponent values of 0.5\ n\ 1.0.

Additionally, glassy polymers undergoing integral sorption
generally go through an induction time, where the domi-
nance of a particular transport mechanism has not yet begun.
In Case II transport, this corresponds with the fact that the
relaxational process must be initiated by a Fickian precursor,
where slow initial diffusion into the polymer is followed by
the establishment of advancing fronts. To account for the
presence of induction times in integral sorption studies,
Eq. 1 was modified by a time-shift to get:

Mt

M1
¼ k t� sð Þn (2)

where s is the induction time. Data covering the first 60% of
sorption were fit to Eq. 2 through a nonlinear regression and
values of k, s, and n were calculated for all investigations.

Systems exhibiting Fickian or near-Fickian fractional mass
uptake, Mt/M1, profiles were further analyzed to determine
the binary diffusion coefficient, D12, through Eq. 3:

D12 ¼ k2p2

16
(3)

where k was determined from Eq. 2 or a linear regression of
the data plotted vs. t1/2. In addition, Fickian profiles were
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normalized with respect to sample thickness by dividing time
by the square of the initial disk thickness. The rationale for this
transformation was that the characteristic diffusion time in
Fickian transport varies with both the diffusion coefficient and
the diffusion path length.5 In this way, fractional mass uptake
curves for disks with varying thicknesses could be collapsed
onto a single curve.

Systems exhibiting Case II transport profiles were ana-
lyzed to determine the Case II front velocity by Eq. 4:

VII ¼ dW

dt

� �
h0
W0

� �
(4)

where VII is the Case II front velocity, W is the weight of the
disk, dW/dt is the rate of mass uptake of the swelling disk, h0 is
the initial disk thickness, and W0 is the initial weight of the
disk. This expression is valid for Case II transport in the limit
where one-dimensional planar transport into the disk can be
assumed. As Case II transport involves a steady-state front
propagation into a dry polymer core, the initial thickness,
initial polymer mass, and rate of mass uptake are all linked.

Results and Discussion

DSC and DMA

DSC and DMA experiments were performed on the syn-
thesized polymers after drying and annealing to determine
both the thermal and the mechanical properties of the sam-
ples before use in sorption investigations. For this investiga-
tion, a critical parameter was the rate at which the Tg
changed with changing network structure. Figure 1 shows
the variation of the three calculated values of the glass tran-
sition temperature with increasing theoretical crosslinking
density, qc,t (from 0.002 to 0.261). It should be noted that
the crosslinking density used herein is the mol fraction of
polymer repeat units that are part of a crosslinkage, as
defined by Flory.32 Additionally, the theoretical value was
calculated using available reactivity ratios to predict copoly-
mer compositions based on the reaction feed with an
assumed crosslinking efficiency of 100%.33 Although the
absolute value of the Tg differed for each method, increasing
the crosslinking density by incorporating more crosslinking

moieties affected each method in the same, linear manner.
This behavior is generally expected and predicted by the
Fox–Loshaek Equation:34

Tg ¼ T0
g þ Kcq (5)

where T0
g is the glass transition temperature of the uncros-

slinked polymer, q is the crosslinking density of the polymer
as defined by Fox and Loshaek, and Kc is a polymer-specific
constant.34

Additionally, values of the shear storage modulus, G0, are
shown in Figure 2 for PMMA samples with varying theoreti-
cal crosslinking densities. As shown, G0 increased monotoni-
cally after a critical crosslinker composition was reached.
This indicated that at and below theoretical crosslinking den-
sities of 0.04, the increase in comonomer concentration was
creating crosslink points at a much greater rate than after
this critical region. This effect was due to the entrapment of
entanglements in the network structure.

Values for the molecular weight between entanglements in
uncrosslinked polymer, M0

e , are given in Ferry35 as 4700,
10,000, and 4800 g/mol for conventionally synthesized, atac-
tic PMMA. These entanglements act as temporary, physical
crosslinks in the rubbery state. However, as chemical cross-
links are added to the network structure, some of these
entanglements become entrapped, thereby creating perma-
nent physical crosslinks that add to the effective crosslinking
density of the polymer. As the degree of chemical crosslink-
ing continues to increase, eventually all of the entanglements
present become locked into place and contribute to polymer
properties dependent on the crosslinking density. Thus, shear
modulus profiles like the one shown in Figure 2 were
expected from theory.35 Additionally, the latter portion of
the curve in Figure 2 was fitted to a linear profile, as shown.
The resulting y-intercept returned a value of M0

e ¼ 4690 g/mol
for the polymer samples used in this study. This value was
in excellent agreement with values typically reported for
PMMA and was utilized in this investigation to determine
the experimental crosslinking density, qc.

Figure 1. Values of Tg determined for PMMA with vary-
ing theoretical crosslinking densities (qc,t) by
DSC and DMA (G0 and tan d).

Figure 2. Values of the rubbery plateau shear storage
modulus (G0) determined by DMA for PMMA
crosslinked with EGDMA with varying theo-
retical crosslinking densities (qc,t).
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Crosslinking density

DSC measurements of Tg were used to calculate the cross-
linking density and Mc through the Fox–Loshaek Equation
(Eq. 5) and appropriate data. For PMMA crosslinked with
EGDMA in a free-radical polymerization, the Fox–Loshaek
constant has been calculated to give:36

DTg ¼ ð0:78� 105Þq (6)

Thus, for PMMA crosslinked with EGDMA, the Tg values
from Figure 2 were used to calculate q and Mc. Figure 3
compares these values of Mc with the weight-averaged theo-
retical values expected from the reactivity ratios with a
crosslinking efficiency of 40% (best fit to the data).

Additionally, DMA analysis was also utilized to determine
Mc. Using rubber elasticity theories, the following equation
can be derived:37

qe ¼
E1

6RT
(7)

where qe is the total entanglement (chemical and physical)
density and E1 is the bulk storage modulus in the rubbery
plateau region, which can be related to the shear storage
modulus (G0) by:

E1 ¼ G0 1þ lð Þ (8)

where l is Poisson’s ratio, which for PMMA is 0.44.38 Finally,
the effects of chain ends were removed, and qe was related to
Me through Eqs. 9 and 10:

te ¼ qeV0 ¼ t 1�Me

Mn

� �
(9)

t ¼
�V

�tMe

(10)

where V0 is the volume of the polymer before expansion, t is
the number of mols of network chain segments including chain

ends, �V is the total volume of the sample, and �t is the specific
volume of the polymer.

Values of Mc were thusly calculated from values of Me with
entanglements subtracted assuming Me,0 ¼ 4690 g/mol (as
determined before). The Mc values were then used to calculate
an experimental crosslinking density, qc. The resulting approxi-
mate crosslinking efficiency was 38% (data not shown).

Drying and annealing

To remove the unreacted monomer from the PMMA sam-
ples, disks were first dried at 10�C below their Tg in a vac-
uum oven for an extended period of time until the weight
stabilized. This resulted in a pseudo-Fickian desorption pro-
file and required 6 months to complete the drying process.
The greatest change in polymer disk weight, as well as
amount of monomer removed, occurred in the first 2 weeks.
Figure 4 shows the effect that varying drying times had on
the sorption kinetics of methanol at 30�C. Within the first
24 h, there was an initial loss of �0.25 wt % of polymer
mass, which was attributed to removal of moisture from the
PMMA disks. PMMA is somewhat moisture absorptive due
to its carbonyl groups and can absorb up to 2 wt % in mois-
ture, though this will be reduced with increased molecular
weight and crosslinking.39 Additionally, the polymers syn-
thesized in this investigation were primarily stored in a
standard desiccator loaded with Drierite moisture absorbent,
and as such would be expected to retain only a small per-
centage of water.

The power-law exponent, n, fits for the transport curves at
varying drying times are shown in Figure 4. As more MMA
was removed from the polymer disks, the behavior began to
shift from Fickian (n ¼ 0.5) to non-Fickian (n ¼ 0.71), or
anomalous, transport kinetics. However, due to the sensitive
nature of power-law analyses near an n of 0.5, only the 13-
day drying time demonstrated a statistically significant
change from the other drying times. In addition, the apparent
diffusion coefficient, as determined by the kinetic parameter
k, decreased, and the induction time necessary to establish
the transport profiles increased in statistically significant
trends with continued drying up to 7 days drying (13 days

Figure 3. Comparison of molecular weights between
crosslinks derived from DSC Tg measure-
ments and weight-averaged reactivity ratio
calculations with a crosslinking efficiency of
40% for PMMA crosslinked with EGDMA.

Figure 4. Power-law model analysis on transport
kinetics into PMMA disks with a crosslinking
density of 0.023, dried at 10�C below Tg for
varying times, and swollen in methanol at
30�C.
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drying yielded non-Fickian transport). After 4 months of dry-
ing time, uncrosslinked PMMA displayed purely Case II
transport kinetics (data not shown).

Figure 5 shows the effects that super-Tg drying had on the
transport kinetics of crosslinked PMMA disks in methanol at
30�C. The Case II front velocity, VII, decreased as drying
continued from 7 to 28 days. After 4 weeks, the disks were
completely dry, and no change was noticed in the transport
dynamics. It can be difficult to discern by Figure 5, but the
Fickian mechanism was seen once again with no drying of
the polymer disks. Additionally, as cooling below the Tg
after drying results in a nonequilibrium state, the polymer
disks were annealed for 2 weeks after drying. However, this
annealing process was found to have no appreciable effect
on the transport mechanism or VII (data not shown).

Effect of temperature

The effects of temperature on the penetrant transport process
have been previously studied. However, it was desired to verify
that the PMMA samples synthesized in this investigation behave
in a comparable manner. Briefly, Thomas and Windle40 noted
several key effects that temperature had on methanol transport
into PMMA samples. First, the rate of mass uptake displayed the
typical Arrhenius dependence on temperature (Eq. 11), though in
this case the Case II front velocity, VII, was the parameter of
interest rather than the binary diffusion coefficient:

VII ¼ VII;0 exp � Ea

RT

� �
(11)

where VII,0 is the Case II front velocity at 0 K, Ea is the
activation energy of Case II penetrant transport, T is the
temperature in K, and R is the ideal gas constant (R ¼ 1.987
cal/(mol K)).

Second, as the temperature was increased further, deviations
from Case II dynamics were observed. Basically, as the Case
II front velocity continued to increase, at some point the diffu-
sion of methanol through the swollen layer behind the Case II
front could no longer maintain a constant methanol concentra-
tion at the front. As a result, the Case II front diminished in
magnitude as it propagated through the polymer, and the ve-
locity of the front decreased concomitantly. Additionally, as
the temperature of a system is increased, the rate of relaxation

of the polymer increases and eventually becomes comparable
to the diffusion rate of the penetrant, at which point deviations
from Case II transport will also occur. Finally, in the purely
Case II regime, Thomas and Windle40,41 reported an activation
energy for transport, Ea, of 25 kcal/mol.

Figure 6 displays the penetrant transport curves for metha-
nol into PMMA from 25 to 35�C. As can be seen from the
power-law analysis of the data, all samples displayed Case II
transport, except the data at 35�C, which showed a slight
deviation from Case II dynamics. Additionally, as the tem-
perature was increased, the front velocity increased and the
magnitude of the induction time decreased. The values of VII

plotted vs. 1/T were fit with a linear regression to the trans-
formed Arrhenius expression (Eq. 12):

ln VIIð Þ ¼ ln VII;0

� �� Ea

R

� �
1

T

� �
(12)

The value of the activation energy thus calculated was
25.5 kcal/mol (R2 ¼ 0.996), which is in excellent agreement
with previous research.

An additional consideration that was taken into account
was the effect that the equilibrium penetrant volume fraction,
us, had on the front velocity. It has been reported that the
velocity of the Case II front varies linearly with us with a
unit slope.40 Data collected in this study (not shown) corro-
borated this relationship. Thus, the value of us should
always be taken into account. When the data were then nor-
malized by us, the trend was essentially unchanged, and the
recalculated activation energy was 23.8 kcal/mol.

Finally, in an analogous manner, the dependence of the
diffusion coefficient on temperature for polymer disks dried/
annealed at 10�C below Tg for 24 h was determined by an
Arrhenius expression:

ln D12ð Þ ¼ ln D0ð Þ � Ea

R

� �
1

T

� �
(13)

where D12 is the binary diffusion coefficient, and D0 is the
binary diffusion coefficient at 0 K. In this instance, the
polymer disks all displayed Fickian sorption kinetics due to the
plasticizing effect of the 2.0–2.5 wt % of unreacted monomer

Figure 5. Effect of drying time on PMMA disks with a
crosslinking density of 0.023 dried at 10�C
above Tg and swollen in methanol at 30�C.

Figure 6. Effect of temperature on PMMA disks with a
crosslinking density of 0.023 and swollen in
methanol.
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that remained. Figure 7 plots these data vs. the square root of
time and shows linear regressions of the data (all regressions
had an R2 value of greater than 0.99). When these data were fit
to Eq. 13, the activation energy was calculated as 24.5 kcal/
mol (R2 ¼ 0.96).

This result implies that transport of methanol into glassy
PMMA had the same activation energy whether the transport
followed a Case II or Fickian regime for dry or plasticized
samples, respectively. This similarity was at first unexpected.
Indeed, the fact that Case II transport exhibited an apparent
activation energy higher than those typically associated with
Fickian diffusion and comparable to those reported for creep
of glassy PMMA (17–30 kcal/mol) has been used occasion-
ally as evidence to support the notion that Case II transport
is a creep-deformation controlled, viscoelastic response of
the polymer to an osmotic pressure (or an osmotic suction)
created by the penetrant activity differential.41 Additionally,
values for the activation energy of methanol diffusion into
rubbery PMMA have been measured in the infinite dilution
limit as 19 kcal/mol.42 Finally, some authors have reported

activation energies for Case II transport into glassy PMMA
as low as 20 kcal/mol.43 Thus, the results of this investiga-
tion fall within the range of reported values, and much of
the discrepancies in the literature are likely due to varying
polymer properties and thermal histories.

Effects of crosslinking with EGDMA

One polymer property that has not been studied in suffi-
cient detail as to its impact on penetrant transport in glassy
polymers is the crosslinking density. In this investigation,
PMMA cylinders were synthesized with varying molar
amounts of EGDMA included in the polymerization feed.
Figure 8 presents the results from samples of four crosslink-
ing densities swollen in methanol at 30�C. For these lower
degrees of crosslinking, the methanol–PMMA system dis-
played purely Case II transport dynamics, as was expected.

However, at crosslinking densities greater than 0.05, devi-
ations from Case II transport were seen (Figure 9). The early
portions of these profiles have also been magnified in Figure
10. As the crosslinking density was increased past qc ¼ 0.05

Figure 7. Effect of temperature on PMMA disks with a
crosslinking density of 0.023 dried for 24 h at
10�C below Tg and swollen in methanol (lin-
ear regressions shown).

Figure 8. Effect of low crosslinking density (qc) on pene-
trant transport for PMMA disks crosslinked
with EGDMA and swollen in methanol at 30�C.

Figure 9. Effect of high crosslinking density (qc) on
penetrant transport for PMMA disks cross-
linked with EGDMA and swollen in methanol
at 25�C.

Figure 10. Power-law analysis of the effect of high
crosslinking densities (qc) on penetrant
transport for PMMA disks crosslinked with
EGDMA and swollen in methanol at 25�C.
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several phenomena occurred. First, whereas before this point
increasing the crosslinking density led to a reduction in the
initial rate of penetrant transport, continuing to increase the
crosslinking density led to faster initial rates of sorption.
Second, the nature of the early transport mechanism also
changed from Case II toward Fickian as qc continued to
increase. Returning to Figure 9, the late-time behavior can
also be analyzed. Once past the initial, anomalous portion of
the integral sorption curve, the rate of transport leveled out,
seemingly returning to Case II dynamics in the interim
region, before rapidly accelerating in rate toward the end of
the sorption process.

The behavior of the samples with low crosslinking den-
sities (qc \ 0.05) could easily be understood, as the resist-
ance to chain relaxation was increased with increasing cross-
linking and the rate of transport ought to have decreased.
However, the behavior for higher crosslinking densities was
far more complex. Figure 11 plots the equilibrium polymer
volume fraction, up, vs. the shear storage modulus, G0, and
sheds light on this transition in behavior. Typically, as meth-
anol was imbibed into the polymer, at some critical concen-
tration the Tg of the now swollen PMMA dropped below the
experimental temperature. This resulted in an end-state that
was a rubbery, methanol-swollen PMMA disk.

When the crosslinking density was increased, the amount
of penetrant that can ultimately be sorbed by the polymer
sample was decreased. At some point, the polymer could no
longer absorb sufficient penetrant to go through this glass/
rubber transition. For methanol sorption in PMMA, this
point has been reported as a polymer volume fraction of
�0.80.40 Clearly, the deviations from Case II transport in
this instance occurred only once the polymer-penetrant end-
state was glassy rather than rubbery (the deviations occurred
significantly in the last three points in Figure 11 and to a
lesser degree in the point before the last three).

On first examination, this lent credence to the idea that a
glassy polymer must have a rubbery end-state for Case II
transport to occur. However, it has been shown by several
previous investigators that Case II transport can occur
regardless of whether or not the swollen polymer end-state is
rubbery or glassy.40,44,45 What likely occurred in this case

was that the increased relaxational resistances of the polymer
forced the establishment of a very significant Fickian precur-
sor. Thus, initial sorption into the polymer was due entirely
to the establishment of the precursor. Once the edge of the
polymer had absorbed enough penetrant to relax and expand
further, a sorption front was established and propagated
inward, leading to the steady-rate portion of the integral
sorption curve. This continued until the significant Fickian
precursors met one another in the center of the polymer and
began to overlap. Once this occurred, the dry polymer core
disappeared along with the associated stresses that were nec-
essary for the sorption front to propagate. This led to a rapid
increase in the sorption of penetrant, as the polymer disk
underwent structural rearrangement toward an effectively
isotropically swollen end-state.

Returning to Figure 11, the equilibrium polymer volume
fraction, up, varied linearly with G0, meaning that up was
dependent on the total number of effective crosslinks (chem-
ical crosslinks and trapped entanglements). In contrast, when
the Case II front velocity, VII, (normalized by us) was plot-
ted vs. G0 (data not shown), a change in slope after the point
at which all entanglements have been entrapped (as seen in
Figure 2) was observed. This indicated that the Case II front
velocity depended not on the total number of effectively per-
manent crosslinks but on the number of effective crosslinks
in the glassy state. In the glassy state, all entanglements act
as crosslink points, not just the ones that are permanently
entrapped.

Thus, it was more appropriate to plot the normalized Case
II front velocity vs. the crosslinking density (qc). The nor-
malized velocity decreased monotonically, though at increas-
ingly diminished rates, as the crosslinking density was
increased. A nonlinear power-law model regression of this
curve gave an exponent, n, of 0.52. Thus, the Case II front
velocity, VII, varied linearly with the square root of the
crosslinking density, qc (as shown in Figure 12). To the best
of our knowledge, this was a novel finding of this investiga-
tion. This relationship was further confirmed for PMMA
polymers crosslinked with EGDMA and swollen in methanol
at 30�C (data not shown).

Figure 11. The variation of equilibrium polymer volume
fraction, up, plotted against the shear storage
modulus, G0, in PMMA disks crosslinked with
EGDMA and swollen in methanol at 25�C.

Figure 12. Normalized (by us) Case II front velocity, VII,
vs. the square root of the crosslinking den-
sity, qc

0.5, in PMMA disks crosslinked with
EGDMA and swollen in methanol at 25�C.
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Additionally, the effects of crosslinking with EGDMA
were investigated in plasticized samples of PMMA (disks
dried/annealed for 24 h at 10�C below Tg). Figure 13 dis-
plays the complete profiles of these plasticized polymers
swelling in methanol at 30�C. The early time (first 60% of
swelling) power-law model exponents are also shown. In a
similar manner to the fully dried polymers, the integral sorp-
tion curves for crosslinking greater than qc ¼ 0.05 were ini-
tially Fickian, moved toward a constant rate uptake, and
finally rapidly accelerated near the end of swelling. As was
the case when examining the temperature dependence, plasti-
cizing the polymer with unreacted monomer greatly reduced
the relative time scales of the processes occurring and
moved transport dynamics from Case II to Fickian at low
crosslinking densities.

However, at higher crosslinking densities, analogous
behavior to that of the fully dried polymer was seen in terms
of the transport mechanism. This indicated that as the cross-
linking density continued to increase, a limit was reached
where the presence of a plasticizing species had a reduced
effect on the relative increase of chain motion. In other
words, at some point there was a sufficient quantity of cross-
links such that the crosslinks themselves became the limiting
factor in chain motion. The presence of the unreacted mono-
mer will increase the free volume present in the polymer
and enhance the rate of diffusion of a penetrant into the
polymer. However, with more crosslinking points per chain,
a higher concentration of penetrant will be required to initi-
ate a propagating sorption front. Thus, a more substantial
Fickian precursor was formed, and once again there was an
uptick in sorption rate once the precursors met in the center
of the polymer and spatial rearrangement began.

Finally, an additional consequence of this two-stage/super
Case II mechanism was that the polymers no longer overshot
their final equilibrium penetrant concentration (as shown in
Figure 12), which agreed in nature with previous data.16,17

This demonstrated that the presence of the overshoots in
these systems was initially a result of the anisotropic swel-
ling nature of sorption in glassy polymers. In other words,
the equilibrium degree of penetrant sorption was higher in
the stressed polymer gel than in the final polymer end-state.

Conclusions

PMMA samples were synthesized, dried, annealed, and
the integral sorption of methanol into PMMA disks was
examined via gravimetric methods. The synthesis procedure
used allowed for precise control over the polymer network
structure, and polymerization and sample preparation proce-
dures were optimized so as not to influence the observed
transport mechanisms or rates. One of the primary findings
of this investigation was the degree to which the transport
process can be manipulated and altered through simple
crosslinking of the polymer. It was shown that polymer sys-
tems can be taken from Fickian transport to anomalous to
Case II transport and then beyond that to a two-stage/super
Case II mechanism simply by increasing the number of
chemical crosslinks. The ultimate scaling of the dynamics of
Case II transport with network structure was shown to be
straightforward; namely, the Case II front velocity was
proportional to the square root of the crosslinking density
(VII ! qc

0.5). As a result of the interrelation of the crosslink-
ing density, the molecular weight between crosslinks, and
the polymer mesh size, this conclusion led directly to two
analogous scalings: the Case II front velocity was propor-
tional to the molecular weight between crosslinks to the
�0.5 power (VII ! Mc

�0.5) and proportional to the polymer
mesh size (VII ! n).

Data also showed that control over this crosslinking effect
on the Case II front velocity was determined by the proper-
ties of the polymer in the glassy state. This was demon-
strated clearly from data indicating that the front velocity
was determined not only by the number of permanent cross-
links but also by the total number of entanglement points in
the glassy state. The polymer end-state did, though, alter the
transport phenomena observed at long times. When the poly-
mer remained glassy at the equilibrium degree of sorption,
the ability of the polymer to undergo major structural rear-
rangement from an anisotropically swelling dynamic gel to
an isotropically swollen end-state was hindered, and the
long-time dynamics were anomalous. Finally, similarities
between the underlying controlling processes for methanol
sorption into both dry and plasticized PMMA were noted.
The activation energies for transport and the behavior at
high crosslinking densities were found to be similar regard-
less of whether the mechanism was Fickian or Case II at
low crosslinking densities.
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