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Abstract 

The penetration kinetics of metbanol in polymethyl methacrylate (PMMA) beads h a  

been examined in detail, which reveals a size dependence in the induction time during the 

initial phase of the Case II sorption. In addition. the induction time and front penetration rate 

are invenely related. Similar size dependence and inverse relationship between induction 

tirne and front peneuation rate have also been observed in several other systems including 

methanol in crosslinked PMMA beads, higher alcohols in uncrossiinked PMMA beads, and 

n-hexane in polystyrene (PS) beads. This suggests that the induction time is not a materid 

constant as  previousiy assumed by existing theories. A new phenomenological analysis of 

front penetration kinetics further substantiates that the induction time and front penetration 

rate are inveneiy related for any given system. 

Our results also show that the volume swelling ratio in the swollen region of the bead 

remains constant during the propagation of the penetration front. This supports the notion of 

a unifonn concentration distribution in the swollen region during Case II sorption. This 

volume swelling ratio also shows a slight increase with temperature. 

As confumed by SEM and AFM observations, the dependence of induction time on 

size is not caused by changes in surface morphology since there is no detectable ciifference h 

surface morphology for PMMA beads of different diameters. 



The inverse relationship between induction time and penetration rate as derived from 

Our phenomenological analysis is in agreement with that predicted from a moiecular theory. 

The phenomenological analysis fûrther confirms that the induction time and its relationship 

with the initial front penetration rate depend on both the geometry and dimension of the 

polymer specimen in the penetration direction. The length of induction time for shb  a d  

cylindrical geometry approaches that of the semi-infinite geometry more than that of the 

sphericai geometry. Consequently, this size dependence may become insignificant when the 

dimension of the cylindricai discs and slabs is comparable to the diarneter of the beads. 

Based on Our resuits, a quantitative criterion has been formulated for the occurrence 

of Case II sorption. A new phase diagram has also been constructed to predict the occurrence 

of Case II behavior. It provides a qualitative definition of the upper temperature Iimit for 

Fickian difision as well as a lower temperature limit for anomalous diffusion in glassy 

polymers. 
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Case II Sorption: A Review 

1.1 Introduction 

The diffusion of small molecules in a polymer occurs as a result of the random 

motions of individual molecules known as random walk or Brownian motion in the 

polymer. Therefore. the transport behavior of small molecules in polymers strongly 

depends on the polymer structure and mobility. As a result, small molecules can be used as 

a sensitive indicator to probe the polymer structure and state, and their dynamic changes. 

Diffision in polymer is also one of the fundamental probiems associated with a variety of 

industrial applications including controlled drug release, packaging, separation, and micro 

lithography. 

Diffusion may not occur in pure form. In materials science, abundant examples 

exist supporting the notion that coupling of diffusion, phase transformation, structural 

relaxation and mechanical defornation, etc.. are often the n o m  in reality. Diffusion of the 

fluid molecules in a polymer can be adequately described by Fick's law when the structure 

and mobility of the polymer are not significantly rnodified by the presence of the penetrant 

molecules in the polymer. Such premises may not be valid when a glassy polyrner is 

exposed to a penetrant of high activity, where Fick's law fails. 

Five major types of experimental results are commonly associated with non-Fickian 

or anomalous diffusion kinetics in glassy polymer: Case Il behavior. Super Case II 

behavior, sample size effects, two stage sorption and sorption overshoot. It is conceivable 



that material properties, both mechanical and physical in nature. may have to be considered 

in searching for an interpretation of the apparent anomaious behavior in the Fickian 

paradip .  Currently, there is no single univeeally accepted theory which could be used to 

describe al1 the diffusion anomalies. 

Diffusion of penetrant molecules in a rubbery poiymer generally follows Fickian 

diffusion or Case 1 diffusion, which is a Iimiting behavior for diffusion in polymers. In slab 

samples, such Case 1 difision is characterized by a linear increase of polyrner weight gain 

as a function of the square root of sorption time. On the other hand, the sorption weight 

gain may deviate from the Case 1 difision behavior and increase linearly with time in 

glassy polymers. This phenomenon is known as  Case II diffusion which has been regarded 

as another limiting case for diffusion in polymers, generally glassy polymers. Case 1 

diffusion and Case II transport have characteristic activation energy ranging from less than 

10 kcal/g-mol to 20-50 kcal/g-mol, respectively. Diffusion behavior which is intermediate 

between that of Case I or Case lI is regarded as anornalous diffusion. Super Case II 

diffusion is characterized by an acceleration of absorption rate towards the end of the front 

penetration process. 

The role of Case II diffusion as another limiting case of diffusion may be debated 

because of the controversy over the existence of Super Case II diffusion, and the fact that 

Case 1 diffusion generally precedes the onset of Case II diffusion. In addition, Case 1 

behavior may reoccur in Case II difision when the sample dimension is large. Therefore, 

Case II diffusion rnay be more appropriately named as Case II transport or more precisely, 

Case II so~ption. Case II sorption is uniquely characterized by a constant movement of 

penetration front after a glassy polyrner is immersed in a non-dissolving liquid penetrant. 



This linear behavior of front penetration kinetics has been proposed for the design of zero- 

order dmg delivery systems (Hopfenberg and Hsu, 1978). 

1.2 Literature Review 

Case II behavior was first documented by Alfrey, Gumee and Lloyd (1966). This 

transport mechanism is generally associated with liquid penetrant in glassy polyrners. The 

unique ataibute of this unsteady sorption is the constant movement of a sharp penetration 

front, separating highly swollen polymer shell from a nearly dry core, propagating slowly 

into the dry glassy core. The liquid m a s  uptake of a polymer slab increases linearly with 

time due to the stepwise concentration distribution. The transport process was strikingly 

distinct from normal difision. It has been actively investigated in the past three decades 

(Frisch. 1980; Windle, 1985; Lustig et aL, 1992; Kalospiros e t  al., 1993: Duming et  al., 

1996; Sarnus and Rossi, 1996). In this review, Case II transport, Case II sorption and Case 

II behavior are used interchangeably, so are Buid molecules, penetrant, difisant and 

swelling agent: as well as interna1 stresses and differential swelling strpsses. 

1.2.1 OveMew of Case II Sorption 

The sorption method has been extensively used experimentally to snidy the 

unsteady difision of penetrant in polymen. Sorption kinetics is characterized by penetrant 

concentration distribution in the swelling polymer or the weight change of the polymer due 

to absorption. Differential or interval sorption takes place when the difference between the 

extemal penetrant activity and the equilibrium penetrant activity within the polymer is close 



to zero. When the difference of penetrant activity is close to 1, the process is termed 

integral sorption. 

Case II sorption only occurs during integrat sorption of srnall molecules in @assy 

polymers (Windle, 1985) or during interdiffusion of polymers when only one of the 

polyrnen is in glassy staie (Sauer and Walsh, 199 1 : 1994). The phenornenon is considered 

as nonlinear since it cannot be observed during differentiai sorption test (Billovits and 

Durning, 1990, 1993). The following key features are charactenstic with Case II sorption: 

0 An induction time is needed to form the fluid penetration front; 

O The front will rnove at a constant velocity; 

0 The induction time is inversely proportional to the front penetration rate; 

O The penetrant concentration distribution in the swelling polymer is airnost step- 

wise 

As will be clarified later, the following observations are dso associated with Case II 

sorption: 

0 The fronts are hallmark of heterogeneity of the swelling polymer; 

0 The rate controlling process occurs at the front; 

O Case II  sorption is nonlinear and irrevenible; 

0 Case II sorption rnay be treated as a quasi-steady transport process 

When a glassy polyrner is immersed in an organic swelling agent of high activity, 

partial absorption will occur instantaneously to fil1 the unoccupied fkee volume at the 

polymer surface. Further absorption of diffusant will cause swelling or plasticization. The 



swelling or plasticization of poiymer is realized through the change of polymer 

confomation (chains or segments). This dynamics of conformational change is determined 

by the rnobility of the polymer chain, which is hindered by intramolecular and 

intermolecular forces. The intramolecular and intermolecuiar forces can be altered by 

experimental temperature. type and concentration of diffusants. The conformational 

changes, which limit the kinetics of concentration changes, are not instantaneous; a long 

time interval is needed for the surface concentration of the diffusant to reach an equilibrium 

value. 

Before the onset of Case 11 behavior, the surface concentration will first evolve to a 

threshold concentration prior to establishing the penetration front, then the surface 

concentration will approach an equilibrium value. Once the concentration in the surface 

layer reaches a cntical threshold value (usually Iess than the equilibrium value), the 

swelling region would start to move into the core (Hui et al.. 1987a). An induction time 

corresponding to the time necessary for the polymer surface to reach this critical 

concentration is usually associated with this process. 

The heterogeneous swelling poiymer can be divided into three regions: a swollen 

region, a transitional swelling region and an unswolIen region. Isotropie conformational 

changes of polymer chains due to penetrant swelling will cause Iateral expansion paralle1 to 

the polymer surface, which will be constrained by the unswoilen core through the adjacent 

unaffected chains and segments. The lowest energy path for such conformation change is 

in the direction perpendicular to the surface. Changes of polymer conformation and sarnple 

dimension are therefore anisotmpic. This potentially unstable structure stores energy. 



The swelling region is usually obsenred as an interface or a front separating the 

swollen from the unswollen region. However, this is not a pure geometrîcai plane. The 

thickness of the swelling region for poly (methyl methacrylate) (PMMA)/methanol was 

estimated to be 0.1-20 Fm (Thomas and Windle, 1978; Duming et al., 1995). Polymer 

relaxation (delayed response to stimulus ) in response to the osmotic swelling stresses or 

plasticization is mainly involved in this region. The kinetics of relaxation or plasticization 

depends on the activity of diffusant available in this region and the morphology of the 

unswoilen polymer adjacent to the region. Diffusion in this region is intermediate between 

Case 1 and Case II behavior. It is possible that mechanisms goveming the movement of this 

transitional swelling region are also involved in the formation of the initial swollen surface 

layer during the induction period. 

As a driving force in the swelling region, the osmotic stress is responsible for the 

transformation or plasticization of adjacent unswollen polymer, again embodied by the 

changes in polymer conformation. Generally, sample thermal and sorption history can 

result in modification of the polymer structure. Similarly, the samplr geometry and size 

will affect the differential swelling stress. The nature and activity of difîusants, as well as 

temperature, cm also influence the osmotic swelling pressure and the differentid swelling 

stress. Generally, these factors will affect the time required for the surface layer formation 

and the migration speed of the swelling region. 

When the swollen polymer is mbbery, a thermodynamic equilibrium state is 

generally reached, and the equilibnum concentration depends mainly on the interaction 

coeffkient and the penetrant moiar volume. On the other hand, the swollen polymer will 

be in a pseudo-equilibrium state when it is still glassy, since the glassy state is not in 



thermodynarnical equilibrium. The polymer-penewt mixture can be effectively 

considered stable in the time scale of the experiments. The "equilibnum" concentration, 

different from its thermodynarnic value. may depend on at least four factors: the polarity of 

the penetrant, its solubility parameter, molar volume and giass transition temperature 

(Bellenger et al.. 1997). 

In the swollen region, the osmotic swelling pressure is superimposed with the 

differential swelfing stress which is generally compressive in nature. When the swollen 

region is hornogeneous, difision can be described by a modified Fick's law, with a stress 

and concentration dependent diffusion coefficient. The swollen polymer may be in the 

rubbery or giassy state, depending on the experimental temperature and diffusant 

concentration. Contrary to the assumption held by many investigators in this field, recent 

DSC results on PMMNMethanol systems have demonstrated that the swollen PMMA may 

still be in the glassy state when sorption is conducted below 40°C (Lin et ai.. 1990, 199 1). 

Depending on the level of tensile stress and plasticization due to the presence of 

peneuant, the unswollen glassy region can be either homogeneous or heterogeneous. The 

latter occurs when the tende stress is above the yield strength of the unswollen polymer. 

In this case, crazing and cracking may result. Diffusion in this region c m  be Fickian or 

non-Fickian, depending on the morphology and the degree of mechanical damage in the 

unswollen core. Mechanical darnage or failure of the core due to differential swelling 

stresses may lead to an accelerated migration of the swelling region when diffusionai 

resistance is negligible. 

It is known that a range of difision patterns can occur in the same polymer within a 

broad range of temperature, penetrant type and activity. This was proposed initially by 



A l h y  et al. (1966) and latter described in more detaii by Hopfenberg and Frisch (1969). 

Experimental work with glassy polystyrene (PS) by Enscore, Hopfenberg and Stannett 

revealed that sarnple dimension and history can aiso significantly alter the diffusion kinetics 

and equilibrium absorption of the penetrant (Enscore et al., 1977a, 1977b; Hopfenberg, 

1978). For example, absorption in submicron spheres is Fickian, whereas under the same 

boundary conditions, absorption in films (75 pm thick) and spheres (1 84 pm) are Case II. 

In addition thinner films (35 ym) may exhibit the so-cailed Super Case II behavior, whereas 

thick films (2000 pn) show Fickian behavior. The geometrical shape of specimen is 

anoiher important factor that controls the sorption kinetics, concentration distribution and 

front penetration kinetics (Peterlin, 1980; Lee and Kim 1992). 

1.2.2 Experimentd Study of Case II Sorption 

1.2.2.1 Concentration distribution 

It is well established that the penetrant concentration profile is almost step-wise in 

typical Case II sorption, neariy constant behind the penetration front and negligibly low 

ahead of the front. The temporal evolution of concenuation proNe can be adequately 

detennined by tracking the front movement, or by rneasuring the weight gain (Thomas and 

Windle 1978). The two most important parametes of Case II sorption, namely the 

induction time and front penetration rate, are pnerally obtained from such expenments. 

NMR imaging (Grinsted et al., 1992), optical rnicroscopy (Lee and Kim, 1992; Lee, 1993), 

laser interferometry (Duming et al., 1995), and magnetic resonance imaging (Ercken et al.. 

1996) have been employed in the non-destructive tracking of front movement. For ngid 



slabs, cylinders and spheres, optical microscopy remains the simplest and most effective for 

such purpose. Confirmation of such step-wise concentration profile, and the relationship 

between induction time and front penetration rate can be derived from simple analysis of 

this phenornenon (see Chapter 2). 

Results on the effect of sample thickness and temperature (Hopfenberg, 1978; 

Thomas and Windle, 1978) indicate that the front propagation rate may be reduced when 

the transport is rate-limited by diffusion in the swoIIen region as a result of an increase in 

the dif is ion path Iength between the polymer surface and the swelling front as the front 

propagates inward. In this case, the penetrant concentration profile may not be step-wise, 

as experimentally demonstrated by following the penetrant color density distribution in the 

methanol-PMMA system using a microdensitometer (Thomas and Windle L 978). 

For a more accurate understanding of Case II sorption, the concentration profile of 

the penetrant in the unswollen polymer dunng the induction penod and front propagation 

needs to be determined. This generally requires a method with hi& spatial resoiution and 

adequate penetration depth. Rutherford backscattenng spectrometry (RBS) (Hui et al., 

1987% b; Lasky et al.. 1988), and resonance nuclear reaction analysis (Umezawa et al., 

1992) have been employed for this purpose. The results demonstrate that the initiai change 

of the penetrant concentration at the polymer surface is very slow prior to reaching a critical 

value and establishing a nascent concentration profile near the polyrner surface. 

Subsequently, the penenant concentration increases autocatalytically toward the saturation 

concentration, coincidental with the creation of a sharp concentration front and the 

texmination of induction period. The front, with a penetrant precursor or Fickian tail, 

migrates into the unswollen core at a constant speed. 



1.2.2.2 Micro-mechanism of Case KI sorptioo 

Although the penetrant molecules move more easily dong their length rather than 

perpendicular to the molecular contour, experimental evidence does not support a simple 

reptation-like mechanism for the molecular motion of the penetrant in glassy polymer (Gall 

et al, 1990). 

Case I I  behavior occun in both linear and crossiinked polymers. The reptation of 

polymer chahs may not be dominant in Case II sorption if the key parameters of Case II 

sorption are independent of the polymer molecular weight and iü distribution as was 

concluded by Baird et al. (1971). However, contradictory observations were also reported 

for polymers of relatively low molecular weight (Bray and Hopfenberg, 1969; Papanu et al, 

1990; Sauer and Walsh, 1991; 1994; Umezawa et al., 1992). When the polymer is of high 

molecular weight (Mn - 200,000 for polystyrene (McGareI and Wool, 1987)), the frictional 

forces opposing the forced reptation of polymer chain are higher than the chain scission 

force well below Tg. Consequently there is no dependence on molecular weight since 

polymer chain scission is dominant in this situation (McLeish et al., 1989; Plurnmer and 

Donald, 1990; Kausch and Plumer, 1994), though the forced reptation of fragrnented 

chain segments may still take place. Observations of structurai damage of the swelling 

polymer, such as crazing and fracture, were reported in some cases (Alfrey et al., 1966; 

Jacques and Hopfenberg, 1974a; 1974b). If the surface energy required for the creation of 

craze or crack is large, simple homogeneous shear deformation will be favored (Kausch and 

Plummer, 1994) 



As to the sorption kinetics, the swelling dynamics of ultra-thin film exposed to 

vapor cm be monitored as a simulation of the critical plasticization process at the 

nanometer scale in the transitional swelling region. The effects of penetrant size, sorption 

temperature and the rnolecular weight of polymer on the sweliing of PMMA thin films in 

alcohols were characterized by in siîu ellipsometry (Papanu et aL. 1990). Surface-enhanced 

Raman scattering can be potentially used to monitor solvent progression within a polyrner 

matrix in real time, which is capable of providing spectral information about polymer 

relaxation with spatial resolution under 300A (Drake and Bohn. 1994). Sirnilarly, surface 

plasmon resonance measurement was shown to be useful in the study of difision event in 

nanometer sized polymer films (Drake and Bohn. 1995; 1996). Attenuated total 

reflectance, FTLR m - A T R )  spectroscopy was applied to provide information about 

molecu1a.r interaction in the swelling polymer (Fieldson and Barbari, 1995). In addition, 

relaxation time of polymer chains in the surface layer can be estimated from ellipsornetry 

(Kip et al., 1985). 

Tt has long been recognized that the g las  transition temperature of the swolien 

polymer can be higher than the experimental temperature in Case II sorption (Frisch et aL, 

1969: Thomas and Windle, 1980; Brown, 1989; Samus and Rossi , W6),  Le., the swollen 

polymer may exist in glassy state as confirmed by experimental results (Janacek and 

Kolarik, 1976; Williams et aL, 1986; Lin et aL, 1990, 1991). Consequently, glass 

transition at the experimental temperature is not essential for the occurrence of Case II 

behavior. It has been proposed that B relaxation is associated with Case II sorption 

(Thomas, 1978). However, this idea has not been conclusively verified either 

experirnentally or theoretically. Case II sorption has also been considered as a yielding or 



creep phenornenon of the polymer in response to the osmotic stress of the penetrant. In this 

case. the polymer swelling rate is determined by the osmotic stress exerted on the polymer 

sirniiar to the mechanical strain rate (Gall et al., 1990). In addition to the proposed Case II 

sorption mechanisms based on glass transition and crazing, the interpretation based on 

plasticization and yielding, i.e.. chah solvation and molecular rearrangement through 

forced reptation of polymer chain. provides another alternative mechanism. 

1.2.23 EEecîs of polymer history on diaision 

Unlike mbbery polymers, the structure and consequently the properties of glassy 

polyrnes depend strongly on the sarnple history. Such history effects need to be taken into 

account in the preparation of specimen and the interpretation of expenmental sorption 

results. Considerable effort has been devoted to elucidate the history effects on penetrant 

difision by various investigators. One of the most extensively studied systems is the 

sorption of methanol in PMMA. 

Methanol treatment has been observed to reduce the glass transition temperature 

(Tg) of a fully swollen PMMA below the experimental temperature when the sorption 

experiment is cariied out at a temperature above 40°C (Lin et al.. 1990, 1991). Micro- 

cracks in PMMA have been observed to heal above 40°C with methanol treatrnent- It was 

also found that during cooling, desorption above Tg of the swollen PMMA may produce 

voids in the polymer and create an opaque appearance, due to the temperature dependence 

of the peneuant solubility in the polymer. This indicates that morphological changes can 

be induced by sorption/desorption. Furthenore, desorption and resorption rate can be 

considerably faster than the initial sorption rate (Lin et ai.. 1990, 1991). Ml these facts 



suggest that penetrant absorption and desorption processes in glassy polymer rnay not be 

reversible. 

The removal of absorbed penetrant from a poiymer below its Tg can also increase 

the porosity of the polymer. Experiments by Koenig's group indicated that cyclic 

absorptiondesorption of methanol at room temperame has a more significant effect on 

diffusion kinetics in PMMA than that produced from temperature changes. During such 

cycling, the diffusion kinetics were changed from Case II to Case 1, accompanied by an 

increased diffusion rate and equilibrium concentration (Grinsted et al., 1992). This may be 

attributed to an increase in porosity. 

PMMA can also be plasricized by water. As the initial water content in PMMA 

increases, the diffusion rate of methanoi into PMMA wilI aiso increase. The room 

temperature diffusion coefficient with a water content of 1.25 wt % is increased by an order 

of magnitude over that of the original specimen. This indicares that water content, even 

though very low, has a si_@ficant effect on the diffusion of methanoi in PMMA (Grinsted 

et al., 1992). 

in addition to sorption history, thermal history has also been reported to influence 

the difision kinetics. Front penetration in annealed smples is slower with a longer 

induction time, compared with the "as-received" samples. On the other hand, the front 

penetration rate in annealed sarnples increases significantly with increasing cooling rate 

through Tg (WindIe, 1984). The height and depth of the precursor at the front are also 

sensitive to the quench scheme, especially at higher cooling rates. Although increased front 

sharpness has been associated with increased front penetration rate in annealed samples, the 

front sharpness can decrease when the thermal history is varied (Durning et al., 1995). 



12-24 Effect of experimentd temperature and penetFaot size 

Polyrnenc materials can exist in different States ranging from mbbery to glassy 

state, depending on the experimental temperature with respect to the Tg of the polymer. 

Generally, diffusion in hornogenous rubbery polymers is well descnbed by the Fick's Law. 

Dif is ion in glassy polymers, however, may show anomalous, aiso known as non-Ficlcian, 

behavior which cannot be adequately described by simple Fick's law. 

Case II sorption only occun when the unswollen polymer is in the glassy state. The 

behavior of Case II sorption is strongly influenced by the experimentd temperature since 

the front velocity, diffusion coefficient and viscosity of the polyrner al1 depend on thermally 

activated processes. The induction time is also influenced by temperature since the 

induction time and penetration rate are inversely related to each other (Rossi et al., 1995; 

Friedman and Rossi, 1997; Chapter 2 and 3). In general, the front penetration rate 

increases, while the induction time decreases, with increasing expenmental temperature. 

The apparent activation energy for Case I I  sorption is reported to be in the range of 20-50 

kcal/g-mol, much greater than that for Case 1 diffusion (10 kcdg-rnol)(Thomas and 

Windle, 1978,1980; Lasky et al., 1988b; Lee, 1993; Duming et al., 1995). 

Case II behavior typically takes place at temperatures lower than Tg of the 

unswollen polymer, with a nearly step-wise penetrant concentration distribution in the 

swelling polymer separated by a penetration front moving at constant velocity. The 

equilibriurn concentration in the swollen region will increase with increasing temperature 

(Thomas and Windle, 1978). At temperatures above Tg, Case II behavior will be 

transformed to Fickian behavior. The peneuant concentration at the front and the front 



penetration rate will decrease with increasing penetration depth at higher temperanires. It is 

reported that the front becomes sharper with increasing temperature at first, then loses its 

sharpness with funher increase in temperature (Duming et al., 1995). 

The effect of increasing penetrant size is simiIar to the effect of decreasing 

temperature. SmaIIer moIecules are more favorable kinetically, therefore, they penetrate at 

considerably higher rates (Gall et al., 1990; Sarti and Doghieri, 1994). The effective cross 

section of a penetrant molecule has a more dominant influence on & penetration rate than 

its molecular weight (Papanu et al., 1990). The flexibility and compacmess of the difising 

species have a profound effect on the diffusive behavior (Amould and Laurence. 1992). 

Interdiffusion of miscible polymers may also exhibit Case II characteristics when 

one polymer is glassy and the other remains rubbery at experirnental temperatures (Sauer 

and Walsh, 1991; 1994). The penetration rate will confomably depend on the thermal 

history of the glassy polymer. Unlike classical Case II sorption, the penetration rate of a 

mbbery polymer in a glassy polymer depends strongly on the molecular weight of the 

glassy polymer, which was attribured to the molecular weight dependence of the rate of 

swelling and dissolution of the glassy polymer in the swollen front. 

1-2-23 Effect of extemal and internai stress 

The effect of stress on diffusion has long been recognized (McAfee, 1958: Li. 1978; 

Larché and Cahn, 1982; Wilson and Aifantis, 1982; Unger and Aifantis, 1983 : Neogi et al. 

1986: Sih et ai., 1986; Klier and Peppas, 1987; Yaniv and Ishai, 1987; Weiüman, 1990; 

Gent and Liu, 1991). The stresses wil1 influence diffusion kinetics through their influence 

on die free volume fraction of the polymer and the chernical potential of the penetrant 



(Fahrnay and Hurt, 1980; Larché and Cahn, 1982: Neumann and Marom, 1987). The 

coupling between a concentration field and a stress field is strongly govemed by the nature 

of the boundaries (Larché and Cahn, 1982). The inte-d sorption process in solid materials 

is often accornpanied by the existence of intemal stress due to non-uniform swelling or the 

application of extemai stress. 

In a glassy polymer undergoing Case II sorption. the low extemai stress may lead to 

an appreciable change in both the front penetration rate and the induction time. The 

application of compressive stress will produce an increase in induction time and a decrease 

in front penetration rate (More et al., 1992), opposite to what would be expected for tensile 

stress (Brown, 1989). Kigher stresses rnay produce more dramatic effects (More et al., 

1992). The extemai stresses were chosen to be weU below the (unplasticized) yield stress 

to maintain the homogeneity of the specimen. The penetration front was sharp and parallel 

to the original edge of the specimen indicating that the change is not caused by local 

inhomogeneities. 

During sorption, the specimen can be perrnanently defomed when the externd 

stress exceeds the yield stress. It has been reponed that pre-deformed samples absorb 

solvent at a higher rates than the undeformed sample, and Case II kinetics can be 

maintained only when the penetrant size is large or the temperature is Iow (Sarti and 

Doghieri, 1994). Resorption is faster than the orib@nai absorption for both deformed and 

undeformed samples. The results demonstrate that the effect produced by deformation is 

similar to that by cyclic sorption (Harmon et al., 1987). For a ductiie material such as 

PMMA, the change in penetration rate in the defomed specimen should depend on the 



strain state of shear deformation in the polyrneric glass. It is not directly related to the sign 

and magnitude of stress applied during straining process (Windle, 1984). 

Integral sorption of high concentration of penetrant in glassy polymer may lead to a 

heterogeneous structure. The concentration distribution in the swelling polymer is stepwise 

since the diffusion coefficient in the swollen region is much greater than that in the 

unswollen region. The heterogeneous transport medium, anaiogous to composite materid. 

can be divided into three regions: a swoilen region, a transitional swelling region and an 

unswollen region. The geometrical continuity of the three is maintained by intemal stresses 

(known as differential sweiling stresses), more compressive in the swollen region, shear in 

the swelling region and tensile in the unswollen region. This will have indirect 

implications since the diffusion coefficient and equilibrium concentration of the penetrant 

are usually stress-dependent (Fahmay and Hurt, 1980; Neumann and Marom, 1987). The 

stress gradient in a swelling polymer acts as a negative dnving force to the penetrant 

difision against the chernical potential gradient (Kim et al.. 1996). The intemal stress 

induced by diffusion will always enhance diffusion (Li, 1978; Larché and Cahn, 1982). 

The anisotropic dirnensional changes of the swelling polymer during Case II sorption is an 

obvious manifestation of the mechanical constraint of the unswollen region (Thomas and 

Windle, 1977). In Cohn and Marom's (1982, 1983) work on anisotropic dimensional 

changes in PMMA during Case II sorption, the swelling system was considered as a 

composite matenal wirh a stiff fiber embedded in a soft matrix. As a consequence, the size 

and the relative dimensions of the core would determine the anisotropic behavior. 



1.2.3 Theories: Criterion and Modeling 

Although expenmental and theoretical efforts have been made to delineate the 

transport process involved in integral sorption, no practical set of criteria is available to 

predict the diffusion pattern in a systematic manner. It is understandable that current 

knowledge of Case II behavior is not sufficient to enable the universal prediction of 

expenmental conditions under which Case II sorption will occur. 

For anomalous swelling in a glassy polymer sheet, the swelling medium can be 

treated as a changing composire laminate or sandwich. The synergistic coupling of 

diffusion, relaxation and the resulting differentiai swelling stresses will determine the 

overall transport kinetics of the polymer when temperature, geometry and size of the 

polymer sample, t y p  and activity of penetrmt are specified. 

Various approaches have been appiied to describe or predict Case II behavior. 

Existing continuum models can be classified as phenomenoiogical models, mechanistic 

models and thermodynarnic modeis. No mode1 has been established to predict the front 

penetration rate based on the rnolecular dynarnics of polymers. Phenomenological models 

use formulations denved from intuitive or empirical approaches to describe the sharp 

penetration front with an initial constant rate. These can provide useful guide to better the 

understanding of Case II behavior. On the other hand, mechanistic models attempt to 

predict the key attributes of Case II behavior, namely the induction Ume and front 

penetration rate, via the introduction of non-Fickian mechanism. These can provide 

insightful understanding of the transport behavior. In contrast, thermodynamic models are 

derived from the fmt principle, capable of validating the mechanistic models on a 



theoretical basis. These are either based on linear irreversible thermodynarnics or extended 

irreversible thermodynamics, d l  independent of the microscopie details of the system. 

1.23.11 Criterion for the occurrence of Case II behavior 

Case II sorption only occun during integral sorption in a glassy polymer. It is 

considered as a manifestation of the coupling between diffusion and anelasticity or 

viscoelasticity (Durning et ai., 1996). The activity of the immersion fluid has to exceed a 

cntical value to induce Case II behavior (Hopfenberg et al., 1969). The penetrant volume 

fraction at the surface has to be greater than 0.1 for Case II behavior to begin (Lasky et al., 

1988a Umezawa et al.. 1992). Those conditions alone, however, are insufficient to ensure 

a Case II behavior. 

To maintain a constant fiont penetration rate, the rate controlling process should in 

principle be occumng at the front. Microscopically, it has been accepted that Case II 

behavior occurs when the mobility of the penetrant in the swollen region is much greater 

than the segmentai relaxation rates at the front. and the relaxation at the front becomes the 

rate limiting step. No practical rule is available to guide the selection of a 

poiymer/penetrant pair which will exhibit Case II behavior, as the mechanistic bais  of 

Case II sorption is still not well understood. Therefore, it is not clear if Case II behavior 

occun in any specific combination of a glassy polymer and penetrant under appropriate 

expenmental conditions, or only to a limited combinations of polymer and penetrant due to 

their unique synergy. 

Alfrey (1965), Hopfenberg and Frisch (1969) atternpted to describe the full 

specrnim of the diffusion patterns for a given polymer-penetrant system in a phase diagram 



with temperature and penetrant activity as independent variables. Their description for 

polystyrene, however. is incomplete, and is not universally consistent with other systematic 

experirnental observations. The effect of sample size. sample history on diffusion pattern 

was not predicted in their phase diagrams. 

Vrentas, Duda and CO-workers correlated the appearance of non-Fickian behavior 

with a diffusional Deborah number 9==/'L2, the ratio of a characteristic relaxation time to 

a characteristic diffusion tirne (Vrentas et al., 1975). Here, a is the mean relaxation time; 

D is a diffusion coefficient and L is a characteristic length. L'D represents a characteristic 

time for sorption determined by molecular mechanism. They showed that the anomalous 

behavior appears at intermediate Deborah numbers. The size of a swelling sarnple and the 

relaxation behavior of polymer will play an important role in detemùning the Deborah 

number and the corresponding tramport kinetics. Although Deborah number diagrans 

were constructed to predict the difision pattern. they cannot be used to predict the 

occurrence of Case II behavior. because Deborah number can be weII defined only in 

differential sorption. integd sorption cannot be characrerized by a single Deborah number 

(Vrentas and Duda 1977; Wu and Peppas. 1993). An integrd Deborah number was 

defined as the ratio of the characteristic relaxation time in the glassy region to the 

charactenstic time in the swollen region to characterize integral sorption with a single 

parameter (Wu and Peppas, 1993). 

Although Deborah nurnber has been widely used to interpret experimental 

observations, the soundness of these ideas has recently been challenged (Samus and Rossi, 

1996). Deborah number diagrarn predicts that when a PMMA slab is immersed in 

methanol, Case II behavior will occur at room temperanire for samples with a thickness of 



1 mm, while Fickian behavior will take place when a sufficiently thick slab of PMMA is 

used; consequently, the Front would either disappear or begin to rnove with a velocity 

proportional to the square root of time, simply because a thick slab of PMMA is employed. 

According to these ideas. systems such as naturai rubber or polyethylene which exhibit 

Fickian behavior for film thicknesses of the order of 1 mm, should display "non-Fickian" or 

even Case II behavior if sufficiently thin films are used. This obviously is not realistic 

since Case II behavior only occurs in integral sorption when the polyrner is in the glassy 

state. Therefore, the Deborah number diagram is limited in predictive value. 

1.2.3.2 Phenomenological models 

The kinetic features of Case I sorption is determined once the diffusion coeffcient 

is known. This is true for Case II sorption when the induction time and front penetration 

rate are known. In this case, the sorption kinetics may be simpler than Case 1 sorption since 

the concentration distribution in a swelling polymer is almost stepwise (Alfrey, 1965). 

Peterlin ( 1965.1969) presented an elegant phenomenoIogicai analysis of Case II 

behavior, assuming the existence of penetration front moving at constant velocity and an 

almost step-wise penetrant concentration distribution in a swelling polyrner: a uniformly 

high concentration in the swollen region and a Iow Fickian concentration distribution in the 

unswollen region. Peterlin's mode1 provided a usehi1 concept that Case 1 and Case II 

behavior can occur simultaneousiy in a swelling system. It was predicted that the length of 

the Fickian tail, which should be inversely proportional to the front penetration rate, 

increases linearly with the difision constant. 



Berens and Hopfenberg's (1978, 1979) phenomenological treatment of this 

anomaious diffusion problem employed a combination of Case I and Case II processes. 

With the assumption of a Fickian precunor extending into the glassy core. Super Case II 

behavior could be simuiated by this approach. However, the overlap of the Fickian 

precursor is not a convincing explanation for Super Case II behavior, because this overiap 

also occurs in other situations which does not lead to Super Case II behavior. 

Astarita and Sarti's (1978) phenomenologicd model is combined with a 

mechanistic criterion for occurrence of Case II: behavior. It was assumed that two different 

physical processes, penetrant diffusion and polymer plasticization, take place dunng the 

sorption of penetrant into the sample. Diffision of absorbed molecules occurs only in the 

plasticized region according to Fick's law (the diffusion coefficient in the glassy region is 

assumed to be zero). Polymer can only be plasticized if the volume faction of solvent 

exceeds a certain value, and the kinetics of the transition from the glassy to the rubbery 

state determines the equation for the velocity of the plasticization font. Constant front 

movement takes place only if such a iimit exists. This approach was also successfully 

extended to correlate sarnple size effects on transport pattern (Astarita and Joshi, 1978), 

and the difference between sorption and desorption (Joshi and Astarita, 1979). 

The existence of induction time c m  be quantitatively predicted in an extended 

treatrnent of Astarita and Sarti's mode1 (Rossi et al., 1995; Friedman and Rossi, 1997), 

which is consistent with a simpler phenomenological analysis of the front penetration 

kinetics (see Chapter 2). The main difference between the extended model and the originai 

mode1 is that in the penetration kinetics an upper limit is set for the front penetration rate 

rather than imposing a constitutive equation (Rossi et al., 1995). The extended model 



predicts a longer distance covered by the constant front (compared with the original model) 

before the crossover to Fickian behavior at later stage. 

Case II sorption can also be formulated as a moving boundary problem with a 

surface resistance boundary condition. A univenai effect of sarnple geometry on the trend 

of the front movement, which is independent of transport mechanisrn, was predicted and 

verified experimentally (Lee and Kim, 1992). It was demonstrated that the front 

penetration in cylindricai and spherical sampies will accelerate towards the center. rather 

than remain constant, for a polymer/penetrant system exhibiting typical Case II behavior. 

This was s h o w  to be a natural outcorne of the radially symmetric geometry and not a 

Super Case II phenornenon. The transport characteristics is independent of the sarnple 

geometry only in the initial stage of the front penetration. The understanding of this 

geometry effect helps to clariQ the confusion in the interpretation of some experimental 

observations. 

In a series of papers by Cohen et al. (Cox and Cohen. 1989; Cohen and White. 

1989: Cohen and Emeux, 1990: Cox, 1990; Hayes and Cohen, 1992; Edwards and Cohen, 

199%. 1995b; Witelski, 1996; Edwards, 1996), the pverning equations for the generation 

and peneuarion of the front were derived from a difision equation with stress gradient as a 

second driving force for peneuant flux in addition to the classical Fickian flux due to 

concentration gradient. The mathematical framework is essentially presented as a moving 

boundary problem. The stress evolves with a relaxation time according to a concentration- 

dependent equation, analogous to Maxwell or Kelvin-Voigt viscoelastic models. 

Prediction of induction time and surface concentration effects were neglected in their 

treatrnent. Athough a constant front rate was not considered as a priori, their approach is 



essentially phenomenological. nieir ad hoc analy sis involving glas transition can be 

extended to Case II sorption without g las  transition. 

With quasi-steady state approximation, a constant front movement in Case II 

sorption can be predicted, though short time prediction of front movement does not agree 

with experimental observation (Cohen and Emeux, 1990). Based on an ad hoc assumption 

of the involvement of glas transition and related dependence of relaxation time, some 

general features of Case I I  behavior have been simulated with great simplification of the 

actual phenornenon (Hayes and Cohen, 1992). With emphasis on the effect of the 

nonlinear viscoelastic term. a constant movement of the front c m  be predicted from 

asyrnptotic solutions. It was also predicted that there is a self-regulating mass uptake which 

is determined by the properties of the polymer but independent of the extemally imposed 

boundary conditions (Edwards and Cohen, 1995% 1995b). Asymptotic and numericd 

soIutions were obtained to correlate the front speed and mass transport with dimensionless 

groups which were identified to measure the relative effects of different dynamic processes. 

It was demonstrated that the concentration profile c m  change its concavity in a certain 

parameter range (Edwards, 1996). Several trends were predicted to occur with the increase 

of thickness in the transitional sweliing layer. For example- the front penetration rate will 

gradually increase, and the stress profile will be broadened, and the position of increasing 

maximal stress wi11 be further extended into the glassy region ahead of the front (Witelski. 

1996). 

To account for the "non-Fickian" features of the sorption curves by using 

constitutive relations for the local flux different from Fick's law, Camera-Roda and Sa* 

(1990) divided the overall flux into a Fickian term and a relaxation term. The Fickian tenn 



implicitly assumes an instantaneous response of the difision flux to the concentration 

gradient. while the relaxation term takes into account of the delayed response of the 

diffusion flux to the concentration gradient. The delayed response can be attributed to 

molecular rearrangements or morphological changes under intemal stresses associated with 

diffusant transport. The time scale was represented by a Deborah number. Physicd 

parameters such as modulus and diffusion coefficient were assumed to depend on 

concentration which is influenced by time-dependent solubility. The effects of relaxation 

was lumped into the constitutive equation for diffusion flux. The mode1 is formulated to 

give qualitative representation of various anomalous transport behaviors, with front moving 

at a concentration dependent velocity. Fickian behavior can be recovered if the delay is tao 

short or too long in regard to difision time. 

The success of Fick's law relies on the fact that the relaxation time for ordinary 

materials can be effectively taken as zero. In contrat, the relaxation times of glassy 

polyrnes c m  be comparable to the expenmental time scaie. Maxwell first included a 

relaxation tirne in the hear flux equation in 1867 to avoid infinite propagation speed of heat 

waves or thermal impulses. The idea was then neglected until the formulation of Maxwell- 

Cattaneo equation in 1949. For mass flux, it takes the fom: 

where s is the relaxation time, c, D, and J are concentration, diffusivity and flux 

respec tivel y. 

Kalospiros et al. ( 199 1,1993) attempted to develop a universal difision mode1 

based on Maxwell-Cattaneo equation with two adjustable parameters, coupled with a 

description of the intrinsic swelling kinetics. The goveming equations can then provide 



discontinuous solutions for the chemical potential and local penetrant concentration. The 

mode1 c m  only give qualitative prediction for the anomdous patterns, inciuding Case II 

behavior, due to the assumption of oversimplified constitutive equations wiih constant 

parameters. It was shown that Case II sorption will be slower than would be predicted on 

the basis of Fickian diffusion, The relaxation time was shown to be crucial to the 

development of front 

The phenomenological approaches reviewed thus far are assurneci to be valid 

throughout the sarnple and usually include one or more (often vaguely defined) relaxation 

times, which may or may not be different from mechanicai relaxation time. In Case II 

sorption, it was argued that the only obvious "violation" of Fick's law occurs at the 

penetration front, where a different phenornenon (plasticization) occurs. m e n  the kinetics 

of plasticization is taken into account, such as imposing an upper limit on the flux into the 

glassy matenai, the vaiidity of Fick's law can still be retained (Samus and Rossi. 1996). 

1.23.3 Mechanistic phenomenological models 

Over the past decades, several mechanistic models were developed to describe the 

observed Case II sorption in PMMA and PS sheets. Long and Richman (1960) 

experimentally dernonstrated that the surface concentration is time-dependent and reaches 

the equüibrium values very slowly. Time-dependent surface concentration boundary 

condition and a constant diffusion coeficient were used to descnbe the non-Fickian 

sorption to obtain solutions to the difision equation. Their successful approach delineates 

an important link between sorption and molecula. relaxation process, and demonstrates the 

significant effect of boundary conditions on transport behavior. 



Crank proposed a theory based on the influence of differential swelling stresses on 

difksion coefficient. With the use of simplified linear elasticity, Crank assumed that this 

differential swelling stress only affects the difision coefficient while the cross section area 

of the swelling slab remains uniform throughout the sample thickness (Crank. 1953). 

Crank dso proposed the use of a time and concentration dependent diffusion coefficient to 

deal with the non-Fickian problem. Such an approach may yield a good fit with 

experimental data but it does not provide additiond insight into the mderlying physical 

process. 

As an improvement of Crank's theory, Petropoulos and Roussis treated the polyrner 

as a linear viscoelastic matenal (Petropoulos and Roussis, 1978). The difision coefficient 

was considered to depend on both concentration and stress. This, when cornbined with 

Fick's second law, produced some features of Case II diffusion. Under well defined 

conditions, this model could also predict the existence of Super Case II difision and an 

increased desorption rate. The model was improved later by making the diffusion 

coefficient and equilibrium concentration both stress and time dependent. However, the 

existence of a sharp difision front and the associated kinetics can not be predicted by this 

modela 

Tn an earlier work of Gostlic and Sani (1983), sorption rate was considered to be 

controlled by both swelling kinetics and penetrant diffusion through the swollen layer. The 

sum of osmotic swelling stress and differential swelling stress, exerted on the glassy core in 

the swelling region, was considered to be the driving force for swelling. It was 

demonstrated that dunng the sorption process, the osmotic swelling stress in the swelling 

region would decrease, due to an increase in diffusional resistance. As a result, the 



differential swelling stress in the core would increase. which lead to the acceleration of 

front velocity. Their general ideas are reasonable, however, the assumption that s w e h g  

kinetics is determined by the rate of mechanical crazing appears to be ad hoc. In addition, 

solubility and diffusion coefficient were assumed to be constant, and linear viscoelasicity 

was employed in the model. 

The most weII known model is that of Thomas and Windle (T-W) (1978, 1981, 

1982). According to this model, the penetrant chemicd potential is a function of both 

concentration and osmotic pressure. The osmotic pressure is related to the local 

concentration by a viscous response model. The swelling kinetics is obtained for a thin 

film without diffusional resistance with the assumption that the local normal strain is 

proportional to the local penetrant concentration. The swelling kinetics is then combined 

with Fick's law to predict the typical features of Case II sorption. The T-W mode1 uses a 

simple viscous response model as the stress-suain constitutive equation; consequently it 

cannot encompass the polymer relaxation time. 

Anisotropic swelling during Case II diffusion in slab samples was reported by 

several groups (Thomas and Windle. 1978; Cohn and Marom, 1982). This effect has been 

related to the stress state in the swelling sheet. In T-W models, the dimensional changes 

and diffusion kinetics were treated separately without the inherent connection govemed by 

differential swelling stress. As a result, differential swelling stress will affect the 

dimensional changes, but not the diffusion kinetics in the T-W model. Such neglect of the 

contribution of the differential swelling stress to diffusion kinetics is not justified based on 

physical considerations. Sirnilarly, T-W model does not distinguish between the penetrant- 

induced osmotic pressure and the stresses in the polymer, even though the former is a scalar 



and the latter is a tensor. Furthemore, the local strain is not used in the cdcufation of the 

swelling or deformation of the polymer. despite the fact that the increasing difiusional 

resistance due to swelling in the rubbery region c m  cause a significant error if the swelling 

is extensive. Also, the theoretical assumption that the swollen region is in a rubbery state 

rnay not be valid based on recent experimental evidence (Lin et al.. 1990. 199 1) .  

It was noted in Thomas and Windle's expetiments that changes in difisional 

resistance in thick specimen (>3 mm) or at eievated temperature (s40°C) can significantly 

influence the whole diffusion process. Their kinetic mode1 is based on the coupling of 

Fickian difision (represented by a concentration dependent diffusion coefficient) with the 

viscous response of the polymer chah (represented by concentration dependent viscosity) 

to the osmotic swelling stress of the penetrant in the swelling region. The rate-controlling 

step in the swelling region is the Newtonian viscous flow of the polymer under osmotic 

swelling stress (creep or tensile flow). Although the theory includes Case II sorption as a 

Iimiting case, paradoxically it also seems to predict the existence of Super Case II transport. 

Although the theory could reproduce some of the Case II features. it does not predict the 

sample size effect on penetration kinetics. Its agreement with sorne experimental results 

might be considered fortuitous as acknowledged by Thomas and Windle. The ment of the 

mode1 is in the theoretical treaîment of relaxation contribution and induction time. 

However, the effect of relaxation may not be the only factor responsible for the Case II 

behavior as cornmonly believed. It appears that the constant front velocity may not be 

govemed by a single mechanism. It is more likely the synergistic result of several different 

factors, such as diffusion, relaxation and differential swelling stress. 



The T-W mode1 was further refined and tested by Hui et ai. (1987% 1987b) and 

Lasky et al. (1988a. 1988b). The agreement between theory and expenment on surface 

layer swelling is poor. This was attributed to the oversimplification of T-W model. The 

Newtonian Buid assumption was believed to lead to an underestimation of front velocity. 

Their mode1 can predict most essentid features of Case II sorption, but it cannot properly 

predict the linear viscoelastic limit (Durning et al., 1985). Astarita and Sarti's model and 

T-W model were considered complementary (Billovits and Duming, 1988): Astarita and 

Sarti's model gives analytical asynptotic solutions and simple phenomenological 

understanding of the behavior, while T-W model provides a more detailed mechanistic 

interpretation of Case II behavior, and a prediction of front penetration rate which Astarita 

and Sarti's model fails to provide. 

Fick's law can be derived from the thermodynamics of irreversible process. 

Similady, the phenomenological and mechanistic models for Case II sorption can also be 

derived from irreversible thermodynamics (Jou et al., 1996). 

Frisch. Wang and Kwei (1969) took the partial stress of the penetrant as the second 

driving force, in addition to the _sadient of chexnical potential. Based on the 

themodynarnics of irreversible process. the basic transport equation for the flux of the 

penetrant takes the f o m  



where B is the mobility coefficient, p the chernical potential and S the partial stress tensor 

in one dimension. proportional to the total uptake of peneaant. The generalized diffusion 

equation is expressed as 

where s is a constant and the convection velocity v=Bs. Case II behavior c m  be predicted 

when the effect of stress gradient dominates the chemical potential. The phenomenoiogical 

mode1 of Peterlin (1 965,1969) c m  be denved by this approach. 

Glassy polymers are in a nonequiiibrium state, with a very slow rate of change 

towards equilibriurn. It takes a finite time for the polymer to reach equilibrium because of 

the entanglement of polymer chains. In a consideration of sorptionequilibrium boundary 

conditions, Frisch (1964) derived the relationship for the time-dependent surface 

concentration observed by Long and Richman (1960). He also justified the use of history- 

dependent difisivity of glassy polymers based on thermodynamic anaiysis of isothermd 

diffusion. 

The time dependence of difisivicy and solubility was also derived from classicai 

formalisrn of linear irreveaible thermodynamics by Neogi (1 983), based on the formulation 

of Larché and Cahn (1982). The chemical potential was used to obtain a phenomenolo@cd 

expression for diffusive flux. However, the relaxation rnechanism cannot explain the 

sigrnoidal sorption (Neogi. 1983). and Case II behavior cannot be explained with the 

swelling effect (Kim and Neogi, 1984). It was recognized that anornalous ciiffision may be 

induced by eirher swelling or relaxation, or generaily, a combination of both (Neogi et al. 

1986). The chemical potentiai of the penetrant in the polymer depends on both the 



penetrant concentration and stress in the polymer. S welling induces tirne-dependent 

internai stress that affects the chernical potential of the solid. similar to the effect of 

pressure. Consequently the surface concentration will be time-dependent since the 

chemical potential of the penetrant in the polymer remains the same as that in the fluid 

reservoir, which is constant. 

Brochard and de Gennes (1983) suggested that the swelling of the polymer due to 

the influx of penetrant molecules will result in an elastic-like orientational stress opposing 

the osmotic stress (the mixing tenn) and consequently resisting further influx of the fluid. 

The stress accompanying the swelling of polymer can be dealt within the reptation mode1 

(Herman and Edwards. 1990). The swelling of polymer will induce a non-random 

distribution of orientations for the segments in the primitive chain, which contribute to the 

free energy and chemical potential of the polymer and the penetrant. When this 

contribution is large enough compared with the ordinary rnixing terms, phase separation 

may take place. The sharpness of the phase boundary between the polymer and the 

concentrated solution is likely to be dictated by the nature of the polymer. Case I I  behavior 

would take place when the contour relaxation time of the polymer chah is long in the 

unswollen glassy region, while it is very short in the swollen region compared with 

swelling time. 

Under certain conditions, a relaxing or ratedependent driving force for mutual 

diffusion may corne from the stored free energy in a deformed polymer structure due to the 

interdiffusion of polymer and fluid. Duming and Tabor (1986) developed a nonequilibrium 

thermodynamic theory for the limiting case of linear viscoelastic difision, Le. differential 

sorption, with a simple functional form for the nonequilibrium free energy consistent with 



well accepted molecular-level models for concentrated polymer solutions based on 

reptation theory. When the initial disturbance from equilibrium is infinitesimal, as in the 

case of differential sorption. the transient network and reptation models c m  provide 

expression for the chemical potential of the soiute, which is then employed to generate a 

simple expression for the diffusive flux containing a rnemory integral associated with the 

deformation of the polymer structure, and the resultant integrodifferentid equation is linear, 

with the diffusion coefficient and the polymer relaxation time reasonably assumed to be 

constant The diffusive flux is proportional to the gradient of the chemical potential for 

srnall drïving forces and small strain histories. This is a linear initial-value problem, or a 

formulation of interdiffusion in the linear limit. The relation behveen osmotic pressure and 

the stresses on the polymer was andyzed by a force balance. A diffusional Deborah 

number was obtained by arranging the rnodel equations in dimensionless form. Mode1 

simulations showed the typicai two-stage sorption behavior. 

Fu and Durning (1993) rederived the Thomas-Windle's model for Case I I  sorption 

from the results of this linear irreversible thennodynarnic treatrnent of Durning and Tabor 

(1986) by introducing a concentration dependence of physical properties in the fluid flux 

expression. The polymer relaxation time could be defined since the viscous mode1 in the 

Thomas-Winde rnodel was replaced with the Maxwell viscoelastic model. They 

demonstrated that Thomas-Windle model is a smail Deborah number limit of the more 

general theory of Durning and Tabor (1986), contrary to the conventional expectation that 

anomalous behavior occurs when Deborah niimber is close to one. Strong nonlinearities in 

both diffusivity and viscosity are considered essentiai for the prediction of Case II sorption 

from Thomas-Windle model. Thomas-Windle's model was also analyzed by a singular 



perturbation technique. The analysis shows that relaxation has a signifcant effect on the 

unswollen region ahead of the moving front (Durning et al., 1996). Both Thomas-Windle's 

mode1 and Durning and Tabor's mode1 can be derived from extended irreversible 

thermodynamics as limiting cases (Jou et al., 1991). Here, extended irrevenible 

thermodynamics is more appropriate than linear irreversible thermodynamics for the 

description of integral sorption. 

The denvation of the continuum thermodynamic theory of diffision in a 

viscoelastic polymer extended the original theory of mixtures developed by Txuesdell 

(1984) to situations where one of the components of the mixture is a viscoelastic solid with 

relaxation time depending on the local temperature and concentration history (Lustig et al. 

1992). In this comprehensive theory, the fluxes can be driven by chemical-potentid 

gradient, elastic and viscoelas tic stresses, and thermal diffusion. The anomalous transport 

behavior, inciuding Case II behavior, is caused by the negative driving force to the 

penetrant diffision due to the polymer stress gradient against the chemical potential 

gradient (Kim et al.. 1996). For one dimensional sorption, the theories of Durning and 

Tabor (1986) and Lustig et al. (1992) can be considered equivdent (Cairncross and 

Durning, 1996). 

Carbone11 and Sarti (1990) poshllated that the chemical potential of the penetrant 

depends on the instantaneous value of the stress, which can be correlated to the 

deformation history and concentration fields based on the constitutive equation for the 

Helmholtz free energy of the mixture. The constitutive equation for stress is represented by 

a standard linear viscoelastic mode1 where the polymer is assumed to have one single 

relaxation time. A new expression for the difisive flux is then obtained by this approach 



to account for the effect of stress on diffusion in a viscoeIastic solid. The expression used 

for the chemical potentiai and the constitutive equation of stress are thennodyn;lmically 

consistent. because they are dl based on the Helmholtz free energy. Similar to other 

viscoelastic models, it may lead to unredistic prediction of desorption fluxes out of a dned 

polymer manix (Doghien et al., 1993). 

The constraints imposed by the second law of thermodynamics on viscoelastic-rate- 

type constitutive equations for the diffusive flux has been analyzed @oghieri et al., 1993). 

It was found that the steady-state diffusivity and relaxation time cannot be chosen 

independentiy of each other because the precise relationship between them and the 

equilibnum entropy. When this constraint is imposed on sihiations close to low 

concentration lirnit, the relaxation time approaches zero. and Fickian behavior is predicted. 

1.2.4 Current Status 

The fadure of classical Fick's law in descnbing anomaious diffusion reveals that 

Fick's law and consequently Fourier's law are not universally observed. They can only be 

used as a fint approximation for simple diffusion process. Like Newton's law, the 

adoption of the first derivative is not supported by any universai principle or method. They 

are macroscopicalIy descriptive or purely phenomenologicai because they do not have a 

rnicroscopic basis. 

Despite intensive research effort in this area it is generally agreed that a complete 

physical picture of diffusion in giassy polymer is not yet available. It should be emphasized 

here again that glas transition is not essential for the occurrence of Case II behavior. The 

exact nature of relaxation involved in Case II sorption is still not clear, though it has been 



unduly associated with @as transition. Since the front penetration rate remains constant as 

the distributions of intemal stresses change, the effect of intemal stresses rnight not be 

dominant in Case II sorption. Systematic and creative expenmentai investigations are 

needed to quantitatively test some of the existing models and theories, to examine the 

synergy among relaxation, swelling (internai stress or gradient of interna1 stress) and 

diffusion, to elucidate the micro-mechanism or macro-mechanism of Case II behavior, and 

ultimately to estabiish a criterion for the occurrence of Case II behavior. 

Existing theories are generally ad hoc and the predicted trends are only in 

qualitative agreement with some experiments. The seemingly controversiai or intriguing 

expenmental results have not been explained by a consistent theory. So far, no mode1 can 

predict both qualitatively and quantitatively the observed Case II behavior. There is still a 

need to develop a realistic physicai picnire for Case II sorption in glassy polyrner. Both the 

boundary conditions and governing equations need to be re-fomulated according to the 

physicai scenario of Case II behavior, consistent with the spectra of anomalous transport 

behaviors as a whole. The 'heeory for Case II sorption preferably should be a special case of 

a unified theory for anomalous transport. 

Tlie practical exploitation of Case II behavior for the design of zero-order dnig 

rekase device is questionable, since the transport process in dmg release from glassy 

hydrogels is more likely to be multi-cornponents difision, involving a mechanism 

different from typical Case II sorption; and the drug release rate from such devices may be 

too slow to be practical at body temperature for dmgs of high molecular weight, such as 

polypeptides. Moreover. zero-order release is not necessarily the optimal profile to be 

pursued in vivo as has been demanded by chronophamacokinetics. 



1.3 Hypothesis 

The induction time and front penetration rate are correlated to each other. The 

induction time is not a materiai constant. It will depend on sarnple size and geornetry when 

the sarnple dimension is considered smak 

1.4 Objectives 

1). To propose criteria for the occurrence of Case II sorption; 

2). To establish correlation between key parameters of Case II sorption; 

3). To provide mechanis tic interpretation of micro-events. 

1.5 Selection of Mode1 System 

Due to complexities involved in the physical process of anomalous diffusion, a well 

developed and characterized polymer is more desirable for experimental work to further 

characterize Case II transport- Although Case II diffusion can occur in a variety of glassy 

polymer-swelling solvent systems (PS in acetone and in n-alkanes, crosslinked epoxies in 

benzene and PMMA in alcohols), PMMA is used as mode1 system in this work as more 

data on PMMA is available- 

PMMA is widely used as structural, optical and biomedicd materials (Mark. 1985). 

The wide application of PMMA is due to its excellent transparency, good biocompatibilty 

and balanced mechanical propenies. It has been used as bone cement to deliver antibiotics 

to prevent deep wound infection. It c m  potentially be used to deliver various agents 

including proteins (Downes, 1991). The relationship between cernent preparation, 

morphology and dnig release characteristics has been extensively studied. The research 



work is generdy empirical. The study of difision in PMMA may help to improve Our 

understanding of the dnig release process. Although the effects of water and sample history 

(including physicd aging) deserve special attention in controlled release of dnigs, they will 

not be included in the present treatment as it is outside the scope of the present 

investigation. 

Sphencai beads have the simplest geometry. No anisotropic dimensional change 

will occur in beads during swelling. The simple sample geometry helps to simplify the 

mathematical problem. PMMA beads used in our experîment were prepared by suspension 

polymerization. Because diffusion in polymers is closely related to the physicai structure of 

the materid, difision snidies will also help to evaluate the materid for quality control and 

to optimize the conditions of suspension polymerization. 



Chatper 2 

Phenomenological Penetration Kinetics of 
Case II Sorption 

2.1 Introduction 

Difis ion of small organic molecules in glassy polymers is commonly encountered in 

many different fields ranging from controlled release. separation and micro lithography. The 

resulting penetration kinetics cannot be adequately descnbed by the classical Fick's law and, 

therefore, has been the subject of numerous research publications over the past three decades. 

One limiting case which has atîracted significant aiiention is the so-called Case II sorption 

behavior. 

Case II sorption is phenomenologically characterized by an induction time and a linear 

penetration kinetics of the solvent penetrating front (or a Iinear weight gain as a result of 

uniform concentration distribution in the swollen region of a slab). For modeling purpose, 

Case II sorption, like other anomalous diffusion phenornena, may be considered as a moving 

boundary problem (LRe and Kim, 1992). The evolution of the position of the front and the 

concentration field, in theory, could be predicted by solving the transport equation with 

appropriate surface flux boundary conditions. The expression of "Case II sorption" or "Case 

II transport" is preferred over "Case II diffusion" because the penetrant transport in glassy 

polymers is not a pure difision process. 

Various theories have been developed to describe Case I I  sorption. In the well known 

Thomas-Windle theory (Thomas and Windle, 1978, 198 1,1982; Windle. 1985)' the induction 



tirne and front penetration rate were treated as  materid properties of the polymer. As a result, 

the behavior of Case I I  sorption was regarded as a materiai property independent of sample 

size and geometry for quite some time. As an improvement to and a further elucidation of 

Thomas and Windle work Lasky et al. treated Case II sorption as a moving boundary problem 

(Hui et al, 1987a, 198%: Lasky et al.. 1988a 1988b). Their prediction of the velocity of front 

movement is not satisfactory in general, especially for penetrant of hi& activity. The 

paradoxical agreement of Thomas and Windle's sirnplifed theory with the complex physical 

phenomena involved in Case II sorption reveds our limited understanding of the underlying 

rnechanisms. 

As for the existing interpretations of Case II sorption, the following aspects still remain 

to be addressed: 

1) It is widely believed that a physical transition from the glassy to rubbery state during 

the swelling and difision processes is the central feature for the occurrence of Case II 

sorption. This concept, however, has neither k e n  well established experimentdly, nor well 

defined conceptually. For example, an obvious glassy to mbbery transition is involved during 

the swelling of a glassy hydrogel, such as PHEMA in water, no m i e  Case II sorption behavior 

has been reported for PHEMA hydrogels. On the other hand, no glass transition is involved in 

a methanol-swollen PMMA polymer exhibithg Case II behavior over a wide range of 

temperatures (Janacek and Kolarik, 1976; Williams et al., 1986; Lin et al. 1990, 199 1 ), since 

the swollen polymer is not in the rubbery state. Therefore, the widely held concept of glass 

transition in detexminhg Case II behavior is questionable. 



2) What happens at the swelling front is criticai in determining the overall transport 

characteristics. However, the appearance of a moving front is not limited to Case II sorption 

alone. For example. penetrating fronts are dso observed dunng Fickian or other anornaious 

sorption processes. Although the osmotic pressure gradient present at the front has been cited 

to explain the characteristics of Case II sorption, it does not offer further understanding as to 

why Case II sorption will not occur in other sirnila. systems. 

3) Intemal stresses and their non-uniform distribution will inevitably be generated in a 

swelling polymer due to non-uniform swelling resdting from the presence of an unswollen 

core. These stresses occur in both Fickian and anornaious diffusion. It is therefore obvious 

that the mere existence of stresses alone does not produce a Case II sorption behavior. 

In contrast to the mechanistic models, such as that of Thomas and Windle, pure 

phenomenological mode1 may provide a useful framework to further the understanding of 

Case II behavior. As will be shown later, an important conclusion of our phenomenological 

analysis is that the induction time depends on the dimension of the polymer sample, rather 

than being a material constant, 

Our recent expenmental results on sphericai PMMA beads demonstrate a significant 

dependence of induction tirne and penetration rate on sample dimension, which contradicts the 

predictions of Thomas-Winde's theory and is not apparently predicted by other existing 

theories on Case II sorption. In this study, a simple reciprocal relationship between the 

induction time and penetration rate for Case II sorption is deduced, and experimentally 

confmed. The evaluation of the volume swelling ratio confms an important aspect of Case 

II sorption regarding the uniform penetrant concentration profile in the swollen shell. It has 



also been found that this volume swelling ratio only margindly increases with increasing 

swelling temperature. The dependence of both the induction time and front penetration rate 

on the cooling rate of the PMMA beads after annealing has been investigated experimentdly, 

the result of which can be interpreted by changes in the free volume fraction. The effect of 

penetrant size has dso  been investigated using alcohols of different chain lengths as 

penetrants. The results show similar trend as those observed with methanol as the penetrant. 

2.2 Phenomenological Penetration Kinetics 

It can be s h o w  that the norrnalized penetration rate depends on sampie size as a 

consequence of its definition 

where P, P' and t are respectively the nomalized front peneuation. normalized front 

penemtion rate and immersion time. a, (O) is the initial radius of the sphere or cylinder, or 

the half-thickness of the film, and a, ( t )  = - di(t) is the corresponding radius or half-thichess 
2 

for the inner unswollen core and di(t) is the diameter or thickness. as  shown in Figure 2.1. If 

the tnie penetration rate is defined as 

da-(t) 1 d[di (t)] 
vo =--=-- dt 3 dt 

- vo -- 
a, (O) 
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Figure 2.1 Schematic diagram of a swelling PMMA bead 

where v, can be adequately regarded as a material constant. It is obvious from Equation (2.3) 

that normalized penetration rate will be affected by the original dimension of the polymer 

sarnple. Experimentally, Case II sorprion is characterized by a linear peneaation kinetics, 

which can be represented by 

P= -A + P't 



Where A is the extrapolated normalized penetration. Induction time is the extrapolated time 

of onset of front penetration ceases to be zero. From the definition of induction tirne, a 

reciprocal relationship between the induction time r, and the nomaiized penetration rate P 

cm be obtained from Equation (2.4) by setting P = O at t = r,  : 

This relationship is similar to the phenomenologicd prediction reported by Li and Lee for 

various other geometnes (see Chapter 3). 

It can easiiy be seen from Equations (2.3) and (2.5) that both the induction time and 

normaiized penetration rate depend on the size of the sample. This relationship may imply 

that similar mechanisms are involved in the formation of the initial swollen surface layer and 

the propagation of the swelling region, as is dso evident from the similar activation energies 

reponed for the induction time and nomalized penetration rate of the methanol front in 

PMMA (Thomas and Windle, 1978; Lee, 1993) 

2.3 Experimental 

23.1 Synthesis of Polymer Beads 

The synthesis of PMMA beads and their purification in methanol have been described 

in details elsewhere (Lee, 1993). Brieffy, free radical suspension polymenzation of fiesMy 

distilied methyi methacrylate were ernployed to prepare PMMA beads at 70°C for 3 hr. using 

t-bu@ peroxy-2ethylhexanoate as the initiator and freshly precipitated Mg(0H)z as the 

suspending agent. After polyrnerization was completed, concentrated HCl was added to 



remove the suspending agent. The beads obtained by filtration were then extracted in a 

Soxhlet with methanol before being ds-ied to a constant weight in a vacuum oven, typically at 

70-80°C for 3-5 days. Based on intnnsic viscosity measurement in acetone obtained on a 

Ubbelohde viscorneter. the average molecular weight of the PMMA beads was estimated to be 

about 5.2 x 105 according to the Mark Houwink equation. The heat treatment of PMMA 

beads was performed using a Perkin-Elmer DSC-2. The beads were heated to 130°C at 

32OoC/min and kept at 130°C for three hours under nitrogen gas purge, then cooled d o m  to 

room temperature at different programmed rates. Samples without heat treatment are those 

oven dried at 70-80°C for 3-5 days right after the purification process. 

23.2 SweWg Test 

The penetration of methanol and ethanol into PMMA beads was measured in a sealed 

quartz cuvette at room temperature (25°C) and observed with a WiId M420 polarized light 

stereornicroscope equipped with a digital optical measuring accessory (Wild MMS235; 

accurate to +0.00Imm). The penetration of n-propanoi, iso-propanol. and n-butanol was 

conducted in cuvettes irnrnersed in water bath with temperature maintained at 50 +0.2OC. Al1 

solvents used were reagent grade. Methanol was obtained from by Caledon Laboratories 

LTD, anhydrous ethanol from Commercial Aicohol Inc., iso-propanol from Caledon 

Laboratories LTD, 1-propyl dcohol from ACP chernicals Inc., and butanol-l from BDH Inc.. 



2.4 Results and Discussion 

2.4.1 Penetration Kinetics 

Typical methanol penetration curves for an anneaied PMMA bead sample are 

illustrated in Figures 2.2-2.5. The annealed samples were cooied down to room temperature at 

a rate of SOUmin. Figure 2.2 shows the change of the outer diameter, d,(t). as a hinction of 

immersion time as swelling proceeds. It can be seen that the change of diarneter starts 

immediately before the development of a visible penetration front. This swelling can only be 

attributed to Fickian diffusion within the surface region. Therefore, do(t) continues to increase 

smoothly dunng the propagation of the Front. However, the rate of increase of d,(t) graduaily 

diminishes due to the decreasing difisionai driving force as weil as the area at the front. For 

Case II sorption of methanol in PMMA, d,(t) ceases to increase once the fronts have met at the 

center (d,(t)=O), suggesting a negligible concentration gradient behind the swelling front (Lee, 

1993). 

As cm be seen from Figure 2.3, the diameter of the unswollen core decreases at a 

constant rate for the major portion of the penetration process. The front propagation 

accelerates shortly before the complete disappearance of the unswollen core. This 

acceleration of front propagation has been shown to be a naniral consequence of the spherical 

geometry (Lee and Kim. 1992). When the linear portion of the penetration curve is 

extrapolated to zero time, an extrapolated bead diarneter consistently 1.2 times that of the 

initial diameter do(@ for beads of various sizes is obtained, in agreement with the fact that 

fiont propagation does not start irnmediately after immersion of the sarnple. This ratio of the 

extrapolated diameter to the 



Time (hr) 
Outer diameter of a swelling PMMA bead in methanol as a function of time at 
25°C. The uncrosslinked PhMA bead was anneded at 130°C and cooled to 
room temperature at S0Umin (d,(O)= 1.280mm) 





original diarneter also equals the ratio of the diameter of a completely swollen bead to its 

original diameter. 

( t )  - ~ ; ( t )  
As shown in Figure 2.4. the volume swelling ratio, defined as , does not 

a: ( O )  - al3 ( t )  

change with time once the front starts to propagate. This agrees with the fact that the 

penetrant concentration in the swollen region is nearly constant, and the gradual decrease of 

compressive stress in the swollen region is not significant enough to cause an increasing trend 

in the volume swelling ratio. It is reasonable that the volume swelling ratio reported in Figure 

2.4 is not a step function of time, since the evoiution of the Fickian tai1 in the surface layer 

during the induction period also contributes to the gradual establishment of a constant volume 

swelling ratio during the front propagation period. Through proper data analysis it may be 

possible to estimate the effective Fickian tail Iayer thickness. 

There are two different definitions for the normalized penetration thickness, referenced 

either to the initiai surface position of the unpenetrated beads by a0 ( 0 )  - ai (*) Or changing 
a0 (0) 

outer surface of the swelling sphere by ( )  - ( )  . The former should be preferable 
a,  (0 

because a simple relationship may exist between normalized penetration P and normalized 

dP - _ -- 1 d[d,(t)l- 1 da#) penetration rate, P = - _ _-- , and only one time dependent 
dt do ( O )  dt a,(O) df 

variable is inciuded in Pr. 

Two nomatized penetration curves are shown in Figure 2.5. In the initial part of the 

curve, the normalized penetration is a linear function of time. The slope of this linear portion 

gives the nomalized penetration rate, P'. The extrapolation of this Linear 





Figure 2.5 Compiete time course of normaiized penetration with different definitions. The 
uncrosdinked PMMA bead (do@)= 1.28Omm) was annealed at 130°C and 
cooled to room temperature at SOUmin and imrnersed in methano1 at 2S°C 



relationship to the two axes (zero penetration and zero time) provides two important 

parameten. the induction time 7, and the extrapolated nomaiized penetration, A. The 

induction time based on the present definition using the initial surface position as the 

reference agrees well with the actual expetimental time of onset at which the migration of 

penetration front from the sample swelling surface was first observed. 

2.4.2 Effects of Sample Size 

In Figures 2.6 and 2.7, the estimated induction time 7, and the reciprocal of 

nomalized penetration rate 1IP' were plotted against the original bead diarneter, based on 

results collected on 80 beads annealed at 130°C cooled at S°Clmin to room temperature. Each 

point represents the average result obtained from 3 to 20 beads. As expected from Equations 

(2.3) and (2.5), both T, and 1IP' are linearly proportional to the original diarneter of the beads. 

This is at least a good first approximation. The dependence of 1/P' on Do(@ is a naturd 

consequence of the definition of P'. However, the dependence of induction time on sample 

size is not predicted by existing theones on Case II sorption. 

According to Rossi et al. (1995) and Astarita and Sarti (1978), the difisive flux into 

the glassy region is lirnited or equai to the product of front penetration rate and critical 

penetrant concentration, v, c, , as dictated by plasticization kinetics during the induction 

period. The greater the dimension of the specimen, the longer it is required for the surface to 

reach the threshold or critical concentration, when the dimension of the beads is in 

intermediate range (see Chapter 3). 
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Figure 2.7 Effect of specimen size on normalized penetration rate. The uncrosslinked 
PMMA beads were anneded at 130°C and cooled to room temperature at 
S°C/rnin and imrnersed in methmol at 25°C 



On the other hand, the increase in penemt  concentration gives rise to an increase in 

volume of the swelling layer which is hirther constrained by the compressive stresses exerted 

by the rigid unswollen core. The second possible scenario is that the effective thickness for 

the Fickian tail region is the about the same for PMMA beads of different sizes during the 

induction time. It is conceivable that the larger the bead diameter, the smaller the fraction of 

the Fickian tail region, and therefore the higher the consaaint which wiil suppress the 

diffilsivity and equilibrium concentration, Ieading to a longer induction time. 

As a result of either of these possible scenarios or a combination of both. it requires 

longer time for larger beads to reach a constant volume swelling ratio before front propagation 

stans. The induction time is consequently longer because front would not propagate until the 

concentration in the effective Fickian tail region reaches the threshold level (Lasky et ai., 

1988a). 

According to the alternative phenomenological analysis proposed by Li and Lee (see 

Chapter 3), the relationship for a spherical geometry is: 

From Equation (2.6), the extrapolated nomalized penetration for sphericai sample is 

expressed as: 

Figure 2.8 shows a plot of the extrapolated nomalized penetration, 4 ,  against the 

original diameter of the beads. It can be seen that within expenmental error, A appears to be 

almost independent of bead size. 





The dependence of penetration rate v, and scaled induction time s,/d.(O) on bead 

diameter is shown in Figures 2.9 and 2.10. The results on the penetration rate show a slight 

decreasing trend with increasing bead diameter. This is matched by an increasing trend in the 

scaled induction time vs. do@) plot. as would be expected from Equation (2.5) with A being 

constant. This may also be attnbuted to the stress effect. The larger bead will produce a 

higher compressive stresses in the swollen region and the swelling region, thereby decreasing 

the penetrant diffusion coefficient and the mobiliîy of the polymer chain, as well as producing 

a decrease in the penetration me. 

Experirnentally. it has been demonstrated that extemal stress cm be applied to modiQ 

the characteristics of Case II sorption (Hannon et al., 1987; More e t  al., 1992). It is therefore 

not surprising that the inherent stress produced during the swelling process may rnodify the 

characreristics of Case II sorption. The stress effect on difision generally results from its 

effect on free volume fraction (Smith and Adam, 1981; Neumann and Marom; 1987). The 

magnitude and distribution of the internai stress, aiso known as differentid swelling stress, 

have been shown to depend on size (Crank, 1953; Cohn and Marom, 1982,1983; Klier and 

Peppas, 1987; Fu et al.. 1991). Therefore, the observed size effect may also be a naturd 

outcome of the size dependent effect of intemal stress on difision. 

The volume swelling ratio in the swollen shell appears to be relatively independent of 

sample sizes, and maintains aimost the same value throughout the sorption process. This 

implies that the effect of intemal stresses on equilibrîum solvent concentration in the swollen 

shell may not be significant. 
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Figure 2.9 Averaged results for size effect on penetration rate. The uncrosslinked PMMA 
beads were annealed at 130°C and cooled to room temperature at S°C/min and 
immersed in methanoi at 25°C 





2.4.3 EEect of Sample History 

The combined effects of size and cooling rate on normalized penetration rate and 

induction time for annealed beads are illustrated in Figures 2.1 1 and 2.12 respectively. The 

results for samples without heat treatrnent are also included to dernonstrate the effect of 

sample thermal history. The cooling rate traversing the glas transition region of the polymer 

is critical in determining the free volume fraction of the polymer. The lower the cooling rate. 

the higher would be the packing density of the beads. A higher cooling rate will result in a 

larger free volume fraction in the polymer. This will increase the rnobility of the polymer 

chah and the difision coefficient of the penetrant, especially at the swelling front, and 

consequently will result in a shortened induction time and an increased nomalized penetration 

rate. 

It shoutd be noted that, due to the relatively low thermal conductivity of PMMA, a 

higher extemal cooling rate does not necessarily result in a higher cooling rate inside the 

beads. This helps to explain the closeness of the results at cooling rate of 20°C/min and 

32O0Umin. 

The sarnples without annealing exhibit a very hi& free volume ratio because drying ar 

70-80°C after purification of the beads in methanol is an irreversible desorption process for 

the swollen beads, which should yield a morphologically more porous polymer (Lin et al-, 

1990,199 1). This porosity cannot be reduced by drying below the g las  transition temperature. 

The density of the dried polymer is closer to the swolien rather than the annealed polymer and 

consequently, the induction time is very short and penetration rate is high. The observed 

increases in nonnalized penetration rate and the observed decreases in induction 
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Figure 2.1 1 Effect of size and sarnple history on nomalized penetraîion rate. The 
uncrosslinked PMMA beads, immersed in methmoi at 2S°C, were either 
without heat treatment or anneaied at 130°C and cooied to room temperature at 
different rates 
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Figure 2.12 Effect of size and sample history on induction time. The uncrosslinked PMMA 
beads, imrnersed in rnethanol at 25"C, were either without heat treatment or 
anneaied at 130°C and cooled to room temperature at different rates 



time are consistent with the above interpretation based on the free volume consideration. 

Within experimentd error, the volume swelling ratio shows no discemible trend with 

the change of sample thermal history. The sensitive dependence of penetration rate v,, on the 

thermal history of the glassy polymer is well known (Aifkey et aL, 1966). Its dependence on 

cooling rate is shown in Figure 2.13. which shows the sarne trend as reported by Winde 

(1985). As can be seen in Figure 2.14 that, within experimentd error, A can be considered as 

independent of cooling rate or at best a very weak function of the cooling rate. However, 

possibly due to the random inhomogeniety of unannealed samples, a larger scatter of A was 

O btained. 

2.4.4 The Muence of Sweliing Temperature 

The temperanire effect on Case II sorption was reported in a previous publication ( k e ,  

1993). The penetration rates consistently increase with increasing swelling temperature, 

corresponding to a decreasing trend in the normalized induction time. In this case, A should 

only decrease slightly with increasing temperanire, as would be expected €rom the activation 

energy values for induction time and penetration rate. In Figure 2.15, the volume swelling 

ratio shows a marginally increasing trend with increasing temperature, which is consistent 

with the results of Thomas and Windle (Thomas and Winde, 1978). 

2.4.5 Effect of Penetrant Size 

Cornparison of penetration kinetics of alcohols with different rnolecular weight was 

conducted at elevared temperature to facilitate the absorption of alcohols having higher 

rnolecular weight. 
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Figure 2.13 Effect of cooiing rate on the penetration rate of methanol in PMMA beads at 
25°C. The uncrosslinked PMMA beads were anneded at 130°C and cooled to 
room temperature at different rates 







Penetration observed at 50°C exhibits typicai Case II behavior for the alcohols used, 

except that the penetration front is less sharp when the penetrant is iso-propanol. The 

induction time increases with an increase in the molecular size of the penetrant as well as the 

bead size of samples having identical thermal history. The results are summarized in Figures 

2.16 and 2.17. 

At room temperature, there is no significant dependence of penetration rate on the size 

of the beads. However, the penetration rate depends strongly on the rnolecular size of the 

alcohols; the higher the molecular weight of the penetrant, the slower the front movement. 

The penenation rate was reduced roughly one order of magnitude by each increase of carbon 

atom as s h o w  in Table 1. Although the penenant molecules move more easily dong their 

length rather than perpendicular to the molecular contour, experimental evidence does net 

support a simple reptation-like mechanism for the molecular motion of small penetrant in 

glassy polymer ( G a  et al. 1990). Interestingly, no significant dependence of volume swelling 

ratio on the molecuiar size of the alcohols has been observed. 

Table 2.1. Effects of Molecular Size of AlcohoIs on Case II 
Transport in PMMA Beads at 50°C 

MeOH 

Volume S welling Ratio 

1.46kû.05 

Penetration Rate 
(-1 

0.266kû.û4 

Induction Time (hr) 
(Dia==O.SOmm) 

0.0504 



0.4 0.6 0.8 1 .O 

Diameter (mm) 

Figure 2.16 Effect of the molecular size of the penetrant MeOH and EtOH. The 
uncrossIinked PMMA beads were annealed at 130°C and cooled to room 
temperature at SOUmin and immersed in the penetrant at 2YC 



0.4 0.6 0.8 1 .O 

Diameter (mm) 

Figure 2.17 Effect of the rnolecular size of the penetrant, MeOH, EtOH, i-PrOH. n-PrOH, 
n-BuOH. The uncrosslinked PMMA beads were anneaied at 130°C and cooled 
to room temperature at 5"Umi.n and irnmersed in the penetrant at 2S°C and 
50°C 



2.5 Conclusions 

The induction tirne and penetration rate in rnethanol-PMMA system were observed to 

Vary with the diameter of bead sarnples undergoing Case II sorption. Being not predicted by 

existing theories, diis observation implies that the characteristic parameters for Case II 

sorption are not material properties. The induction time and penetration rate were dso 

observed to depend on sample history: the induction time increases with decreasing cooling 

rate, while the penetration rate shows the opposite trend. This history dependence can be well 

interpreted in terms of the free volume theory. 

A phenomenological relationship between induction time and front penetration rate 

has been proposed and experimentally verified. The induction time and front penetration rate 

are inversely related by the extrapolated normalized penetration, which appears to be 

independent of the bead size and cooling rate. 

The volume swelling ratio in the swoilen region of the bead remains constant during 

the propagation of the penetration front, which offers another supporting evidence for the 

uniform penetrant concentration distribution in the swollen region during Case II sorption. 

This volume sweiiing ratio also shows a slight increase with the swelling temperature. In the 

case of alcohol penetrants, no signifi~cant dependence of volume swelling ratio on the 

rnolecular size of the alcohols was observed. 

In ail cases. the intemal stresses may be a dominant factor in determinhg the 

dependencies of the induction time and penetration rate on sample size. However, their effect 

on the volume swelling ratio does not appear to be significant. 



Chapter 3 

Prediction of the Behaviors of Case II 
Sorption in Glassy Polymers 

3.1 Introduction 

Case II sorption, uniquely characterized by a constant movement of the fluid 

penetration front and a uniform hi& concentration of the penetrant in the swollen polymer 

shell, occurs when a non-solvent penetrant is absorbed by a glassy polymer. The swelling 

penetrant concentration leads ro a plasticization of the polymer and generates differential 

swelling stress. Thus, Case II sorption has been considered as a result of stress-coupled 

diffusion. The effects of osmotic stress, differential swelling stress and its gradient on 

diffusion have been incorporated in various theoretical approaches to predict the Case 

behavior (Crank, 1953; Alfrey et ai., 1966; Frisch et al., 1969: Petropoulos and Roussis, 

1978; Thomas and Windle, 1978; Gostlic and Sarti, 1983; Neogi et al.. 1986; Klier and 

Peppas. 1987; Cohen and White, 1989; Cox and Cohen, 1989; Carbone11 and S h ,  1990; 

Cohen and Emeux, 1990; Cox, 1990; Hayes and Cohen, 1992: Lustig et al. 1992; 

Govindjee and Simo, 1993; Edwards and Cohen, 1995% 1995b; Edwards. 1996; Witelski, 

1996). It is well recognized that the differential swelling stress and the viscoelastic 

behavior of polymers play a cntical role in the self-modulation of penetrant fluxes. As h a  

been demonstrated by phenomenological models, Case II behavior c m  also be produced 



when the surface flux of penetrant is lirnited (Lee and Kim, 1992; Rossi. Pincus and de 

Gennes. 1995)- 

Historically, Case II sorption in polymers is often associated with the glassy to 

rubbery transition induced by the penetrant swelling (Alfrey, 1965: Windle, 1985). 

However, as has been demonstrated experimentaily, g l a s  transition is not a pmrequisite 

for the occurrence of Case II behavior. For exarnple, Case II behavior may occur while the 

swoilen polymer shell is still in the gassy state, simiiarly absorption in glassy polymers 

involving glass transition may not produce Case II characteristics (Frisch et al., 1969; 

Janacek and Kolarik, 1976; Thomas and Windle, 1980; Williams et al., 1986; Lin et al., 

1990. 1991; Sarnus and Rossi. 1996). The only possible relaxation involved in Case II 

sorption is the relaxation in the glassy state with an activation energy of 20 kcal/mol, 

close to that for solvent front penetration. It is believed that this relaxation is ~ S O  

involved in the yielding of polymers and the nucleation of crazing or the generation of a 

microcavity. On the other hand, disentangement of polymer chains may occur dunng 

polymer swelling. This disentanglement is mobilized by forces exerted on polymer chah 

rather than Brownian motion. Forced reptation of polymer chain is also involved in the 

yieiding of polymers under stress, and the development of crazing under stress or due to 

solvent attack (Brown, 1989; McLeish et ai.. 1989; Herman and Edwards, 1990; Piurnmer 

and Donald, 1990)- 

In order to gain a better understanding of Case II sorption in glassy polymers, it is 

useful to fmt  define the critena for its occurrence. To this end, it is necessary to analyze 

the physics involved in the two characteristic parameters of Case II sorption, namely the 



induction time and the front penetration rate, based on an improved understanding of 

poIymer dynamics. Incorporating appropriate boundary conditions with these results, the 

evolution of Case II sorption in a swelling glassy polymer c m  then be formulated as a 

generalized moving boundary problem. 

In this paper, the relationship between induction time and penetration rate is fint 

established from a molecular theory. It is further demonstrated that the induction time 

depends on both the geometry and size of the polymer specimen. A simple relationship 

between the induction time and initial front peneuation rate will be established for a glassy 

polymer with various finite geometries. Here, Case II sorption is treated as a pseudo 

steady state transport process. The flux of the penetrant into the glassy polymer is 

assumed to be limited to a much lower finite value, due to the synergy of diffusion, 

plastickation kinetics and differential swelling stress in a viscoelastic glassy polymer. 

3.2 The Relationship between Induction 
Time and Penetration Rate 

Case II sorption c m  be charactenzed by IWO parameters, narnely the induction time 

and the front penetration rate. To better describe these characteristics of Case II sorption, 

it is essential to provide theoretical predictions on the induction time and front penetration 

rate and their relationship based on known physical parameters. 

Based on Thomas-Winde's theory, the front penetration rate v, c m  be simply 

represented by (Brown, 1989; Gall et al, 1990): 



where Do is the diffusion coefficient of the penetrant in the glassy region, cc the threshold 

penetrant concentration, ll the osmotic stress and S the trace of stress tensor. According to 

Equdon (3.1). the front penetration rate is expected to depend on the molecular weight of 

the polymer in low molecular weight ranges because the viscosity q depends on molecular 

weight of the polymer. When the molecular weight is too high. polymer chain scission, 

rather than forced reptation of the whole chain, will take place. Consequently, the front 

peneuation rate loses its dependence on the rnolecular weight of polymer. 

Although the microscopic scenario of relaxation during swelling in Case II sorption 

has not been well established. it can be undestood intuitively that in order for the 

progression of the penetration front and the polymer swelling to occur, rearrangement of 

polymer chains must take place in the transitional region between the swollen sheli and the 

unswollen core. This rearrangement can be realized by the stressed difision or forced 

reptation of polyrner chains (McLeish et al., 1989; Plurnmer and Donald, 1990). The 

remangement and consequently the penetration rate should be proportional to the square 

root of translational difision coefficient Dr of the polymer chah (or broken segments) for 

forced reptation, similar to the relationship for Do suggested by Equation (3.1). Since = 

I I  Dr and Dr can be considered as sirnilar to the diffusion coefficient of polymer chain for 

Brownian or difisive reptation (Graessley, 1982). 



where K is a material constant, kb Boltzmann constant, T the temperature, n degree of 

polymerkation, and f the friction coefficient per monorner unit. Here, as is consistent with 

expenmental observations, the front penetration rate increases with the experirnentd 

temperature and decreases with increasing molecular weight of the polymer. However, the 

front penetration rate does not depend on the molecular weight of the pofymer due to 

polymer chain scission when the molecular weight is high. 

The induction time r ,  is intuitively related to the disentanglement time t or the 

time requVed for the complete rearrangement of polymer chains during the formation of 

the initial swollen skin Iayer, prior to the front propagation. This disentanglement time is 

characterized by the relaxation time sr of the polymer chain (Graessley, 1982) 

where Kr is also a dimensioniess material constant, ( p) the mean-square end to end 

distance of the chains, and M the rnolecular weight of polymer chain. From Equations 

(3.2) and (3.3), a new expression relatinp the induction time and penetration rate can be 

obtained 

.,v; 
As a first approximation, - is expected to be a material constant, detennined once the 

4 

condition of sorption is specified regardless of the exact form of the translational 

diffision coefficient. This predicted relationship between induction time and penetration 



rate is sirnilar to that given by Rossi et al. (1995) for situations where the effect of 

geometry and size of the sampies can be neglected. 

According to Rossi et al. (1995). penetrant diffusion is the oniy process within the 

polymer before the piasticization front is established, and the difision in this induction 

penod is govemed by Fick's law; a constant flux boundary condition at the penerrant- 

polymer interface is adopted to account for the kinetics of the plasticization process at the 

polymer surface. Induction tirne is the time when the surface concentration reaches the 

critical penetrant concentration c, . For a semi-infinite, initially dry giassy polymer. the 

relationship between the induction time r ,  and penetration rate vo has been given by 

Rossi. Pincus and de Gennes as (Carslaw and Jaeger, 1959: Rossi, Pincus and de Gemes, 

1995; Friedman and Rossi, 1997): 

where 4 is diffusion coefficient of the penemt in the glassy region. This is obtained by 

defining the induction time as the time for the surface concentration to reach c, according 

as the surface concentration is given by (Canlaw and Jaeger. 1959a) 



The induction time ro is defined as the tirne when c(0.t) = c,. Other details of the 

derivation of Equation (3.5) are included in Appendix A. Another correlation for 

@O induction time, ro = - , a f o m  similar to Equation (3.3,  cm be derived from the more 
4kZ 

general surface resistance boundary conditions when the sample can be considered as 

semi-infinite, as is shown in Appendix B. The relationship expressed by Equation (3.5) is 

preferable since front velocity can be easily determined experimentally, whiie the value of 

k from the surface resistance boundary condition is unknown, despite the fact that it has a 

dimension of front penetration rate. 

Contrary to the assumption adopted by Rossi et al. (1995), the sarnple dimension in 

the penetration direction dunng Case II sorption is usually finite. In this case, the semi- 

infinite plate assumption is not appropriate since the induction period is generally long. 

For large slabs, long cylinders and spheres with finite thickness or radius, the more 

appropriate relationship between induction time and penetration rate can be derived from 

concentrated solutions for large value of 4 f  or small value of a0 in a similar approach 
a i  

with the induction time q, defined as: c(ao, si,) = c, 

For large slabs (Crank, 1975a), 

as a result of rearrangement of 



For long cyiinders (Crank. 1975b), 

as a result of rearrangement of 

where a, s are the positive roots of 

Ji  (a) = 0 

For spheres (Cr& 1975~). 

as a result of remangement of 

where the anao s are the positive roots of 

As a first approximation, higher order terms in the infinite series have been 

neglected in arriving at Equations (3.8)- (3.10) and (3.12). This is certainly justified for 

Dot large values of -. As shown in Figure 3.1. Equations (3.8)- (3.10) and (3.12) provide a 
ab 

good approximation to the exact numerical solution when the dimension in the penetration 

direction is srna11 in cornparison with the induction Ume. It is obvious from Figure 3.1 that 

both the dimension and size of the sample will have a signifcant effect on the induction 



Slab, Eq. (3.8) 1 
- - - -  - Cylinder. Eq. (3.1 0) 
- - Sphere, Eq. (3-12) 

Slab, Eq. (3.9) 
Cylinder. Eq. (3.1 1 ) 
Sphere, Eq. (3.13) 

0.5 1 1.5 2 

DiametertThickness (mm) 

Figure 3.1 Prediction of induction time based on Equations (3.8). (3.10) and (3.12) in 
cornparison with numencal solutions based on Equations (3.9). (3.1 1)  and 
(3.13) for slab, cylinder and sphere, respectively. Do is assumed to be 
2 . 2 ~ 1 0 - ' ~  m2/s and vo= 6.1 lxlo-' mfs. 



time. The size dependence of induction time is consistent with the prediction that surface 

concentration wilI also depend on both the difision coefficient and dimension of the 

sample based on the surface resistance mode1 (Shankar. 1982). The size and geometry 

dependence of surface concentration. and consequentiy that of the induction time. is an 

essentiai feanire of the diffusion process regardless of the exact form of the boundary 

conditions. Figure 3.1 dso suggests that the dependence of induction time on size rnay not 

be observed in thick slabs. The trend of the size dependence may also depend on the 

diffisivity and front penetration rate. As is shown in Figure 3.2 and 3.3, an approximate 

iinear dependence of induction time on size can be achieved in the small sarnple size range 

with a proper choice of parameters. It is further noted that the room temperature 

experimental results of Case II sorption of methanol in PMMA beads (Figure 3.4 ) a w e  

well with the prediction based on Equation (3.12). 

3.3 Discussion 

3.3.1 Relationship between Induction T h e  and Penetration Rate 

When the sorption time is short, or when the induction time is very small, the 

concentration profiles for specimens with fiaite dimension can be effectively treated as 

Dot equivalent to those of the serni-infinite plate. as represented by the small 7 solutions for 
=o 

various geornetries. This is also trtxe when die dimension of the specimens is very large 
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Figure 3.2 Prediction of induction time based on Equations (3.8), (3.10) and (3.12) in 
cornparison with numericd solutions basrd on Equations (3.3,  (3.9), (3.11) 
and (3.13) for semi-infinite plate, slab, cylinder and sphere, respectively. 
Do is assumed to be 7x10"~ rn2/s and vo = 7 . 7 8 ~  IO-' d s .  
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Figure 3 -3 Prediction of size e ffect on induction time based on Equation (3.1 2). 
Various & and vo are used to demonstrate their effects on the size 
dependence 
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Figure 3.4 Experimental results of Case II sorption of methanol in PMMA beads at 
room temperature in comparison with the prediction based on Equations 
(3.12) and (3.14). Do is assurned to be 7x10-l2 m2/s, vo= 7.78x1U9 rn/s and 
A-0.306 



Dot which gives a srnall 7. In this case, the solution for induction time again converges to 
a o 

that of Rossi. Pincus and de Gennes for semi-infinite sarnples. namely Equation (3.5) 

(Carslaw and Jaeger. 1959b. Crank, 1975b). Detailed derivation of this is given in 

Appendix A. 

The relationship between the induction time and front penetration rate expressed in 

Equation (3.5) has not been reduced to the simplest form since the front penetration rate 

depends on the diffusivity of the penetrant in the polyrner 4 according to Equation (3.2). 

By combining Equations (3.2) and (3.5). the induction time becomes independent of Do . 

In reality, however, factors which affect Do will affect the induction time indirectly 

through their influence on the f'ction coeficientf. For example, a less compact polmer 

structure would produce a smaller value off, the mobility of the polymer chah, as well as 

that of the penetrant, is less restricted, and consequently induction time is shorter while Do 

is higher. Therefore. the applicability of Equation (3.5) due to Rossi. Pincus and de 

Gennes is lirnited because the specimen size in most experiments cannot be treated as 

serni-infinite and the fact that the induction time is affected by the penetrant diffusivity Do 

To overcome this drawback, more accurate expressions, Equations (3.8), (3.10) 

and (E), are derÏved for samples with finite geometries. Here, the induction time-front 

penetration rate relationship depends on both the size and geometry of the sample. Again. 

Dot Equations (3.8), (3.10) and (3.12) hold only when 7 is large. 
ai 



From the phenomenoiogicai definition of induction time, a reciprocal relationship 

between the induction time and initial front penetration rate can be easily deduced from 

individual penetration curves for specimens of finite sizes (see Chapter 2): 

where a, is either the radius of a sphere or cylinder. or the half thickness of the slab, A is 

the extrapolated normalized penetration. The value of A depends on the geomehy of the 

sarnpie as is clearly seen from Equations (3.8), (3.10) and (3.12). It has been 

experimentdly demonstrated that A rnay be independent of the sample size (see Chapter 

2). The relationship expressed in Equation (3.14) carmot be reduced to a simpler form. It 

may be considered as a simpler alternative expression for Equations (3.8), (3.10) and 

(3.12) in the small dimension range as clearly suggested by a cornparison of Equations 

(3.12) and (3.14) with experimental results shown in Figure 3.4. 

The expression for the front penetration rate in Equation (3.2) can also be 

incorporated to Equations (3.8), (3.10) and (3.12) to predict the effect of sample size and 

geometry on induction time. 

3.3.2 Boundary Condition 

The boundary condition is a manifestation of the interaction between the polyrner 

and the penetrant It can be characterized by the surface concentration or flux of the 

penetrant at the surface. both of these are generally tirne-dependent. Experimentally, it has 

been established that during Case II sorption, the surface concentration of the penetrant 

will not reach the equilibrium concentration instantaneously (Hui et al., 1987% b; LasIq et 



al., 1988; Umezawa et al.. 1992). Therefore, a constant surface concentration is not a 

realistic assumption during the induction period. 

When a non-porous glassy polymer is in contact with a non-solvent penetrant, a 

concentration gradient of the penetrant will be present in the polymer as a resuit of the 

difision of penetrant into the polyrner. C o n t r q  to the prediction of Fick's law, the initial 

influx of the penetrant into the polymer can be finite, despite the fact that the concentration 

gradient is infinitely large initiaily. This suppression of initial influx is closely related to 

the nature of the glassy polymer. First of ail, the surface concentration of penetrant 

reaches the equilibrium concentration in an incremental rather than instantaneous manner, 

due to the viscoelastic behavior of the polymer, which is also tme for the concentration 

change in the interior of the polymer (Lang and Richman, 1960; Shankar, 1982). 

Secondly, a compressive hydrostatic stress exists in the swollen shell as a requirement of 

geomenic compatibility due to constraint of the rigid unswollen core (Klier and Peppas. 

1987). In this case, the penetrant influx will be reduced because of the concomitant 

reduction of both diffusion coefficient and equilibriurn concentration of the penetrant 

caused by the compressive stress (Fahmay and Hurt, 1980; Larché and Cahn, 1982; 

Neumann and Marom, 1987). Thirdly, a stress gradient is generated due to differential 

swelling of the polymer adjacent to the surface or the moving front. The stress gradient, 

which relates to the concentration gradient of the penetrant, will produce a flux in a 

direction opposite to that of the flux due to concentration gradient (Kim et ai.. 1996). 

When the swollen polymer is relatively rigid, and neither mechanical failure nor 

significant stnicnual damage is produced by the osmotic pressure generated by the 



concentration gradient, a flux with a finite magnitude should be expected throughout the 

diffusion process. As a consequence. Case II sorption cm be effectively regarded as a 

pseudo-steady state transport once the front is established (Gall et al, 1990) 

The response of stress to the gradua1 and rapid change of concentration is 

viscoelastic, which can be represented by (Hayes and Cohen, 1992): 

where a and b are constants, and p, the inverse of the relaxation time, is a function of the 

penetrant concentration. 

The difision of penetrant in a glassy poiymer is govemed by (Wilson and 

Aifantis, 1982; Neogi, 1993): 

where E(c) is a phenomenological coeffxcient correlating the effect of stress gradient; 

D(c, 0) = D(c) + FU is the global diffusion coefficient; F is a phenomenological 

coefficient correlating the effect of hydrostatic stress o on the global diffusion coefficient: 

D(c) is the concentration dependent component of the diffusion coefficient expressed as 

Here, O<& el, is a srnall parameter corresponding to the large difhsivity of the polymer 

in the plasticized state; c, c ce. is the cntical penetrant concentration marking the position 



of plasticization front; 6 is the thickness of the plasticizing zone. The contribution of 

stress gradient is related to the concentration gradient by (Neogi, 1993): 

where V is the specific molar volume of the penetrant; E is the modulus of elasticity; p is 

the density of polymer-penetrant mixture. 

From Equations (3.15) and (3.17), it is reasonable to expect that the initial 

penetrant flux into the glassy polymer will be Iirnited to a finite value, due to the coupling 

of difision and differentiai swelling stress in the polymer. As govemed by the kinetics of 

plasticization, the initial flux of the penetrant at the polymer surface during the induction 

penod will not exceed v, c, . (Rossi, Pincus and de Gennes, 1995). 

At the polymer surface, combination of Equations (3.16) and (3.18) provides a 

quantitative criterion for the occurrence of Case II sorption: 

since v,c, = O .  The calculated values of this dimensionless parameter are shown in Table 

Table 3.1 The Evaluation of Equation (3. 19) 

Polymer + Penetrant 

PMMA i MeOH 
PMMA + EtOH 
PMMA I PrOH 
PMMA + BuOH 
PS + Hexanes 
Nylon + MeOH 
Natural rubber + MeOH 

V 
(m3/moll 

4.07E-O5 
5.84E-05 
7.E-05 

9.1 SE-O5 
O.ûûû13 1 
4.07E-05 
4.07E-05 

E 
(GPo) 

2.75 
2.75 
2.75 
2.75 
3.34 

1.9 
1.05E-04 

P 
(kg/m3) 

1109.32 
1109.8 

1 112.32 
1114 
975 

1069.32 
0.88532 

CP 

(kg/m3) 
157.32 
157-8 

160.32 
162 

131.8 _ 

- 15%32 
157.32 

VE 
3pRT c p  

2.13254 
3.08262 1 
4.0 13608 
4.939647 
7.984373 

1.8224 1 
0.000 126 



The volume fraction of the penetrant was assumed to be 0.2 for ail penetrantl 

polymer pairs in the calculation of c,. The magnitude of this dimensionless parameter for 

glassy polyrner is close to 1, rather than exactly equal to 1, since approximate values of the 

parameters were used in the calculation. Better agreement rnight be achieved when the 

exact values of the parameters are used in the evaluation. Since the magnitude of the 

dimensionless parameter for natural rubber is significantly lower than those of the glassy 

polymen, this demonstrates that the criterion may be usehl in excluding system which 

does not exhibit Case II behavior. 

Based on generalized surface resistance conditions. Lee and Kim (1992) showed 

that solutions to the associated moving boundary diffusion problem predict accurately the 

sample geometry effect on Case II front movernent. Such size and geornetry dependence 

is also expected to affect the induction time as illustrated above. The constant flux 

boundary condition approximation is employed because it is a special case of the more 

general surface resistance boundary condition and provides a useful correiation between 

induction time and front penetration rate. This boundary condition can be considered as a 

natural outcome of Case II sorption once the front is established since the transport 

behavior during front propagation is effectively equivalent to steady state diffusion (Gall et 

al., 1990). 

For a more general solution, one needs to incorporate the stress effect described in 

Equations (3.15)-(3.18) into the moving boundary difision problem and to employ the 

surface resistance boundary condition. In this case, numerical procedures would be 

needed to generate appropriate solutions. 



3.4 Conclusions 

The initial flux of penetrant into a glassy polymer during the induction period is 

limited to a finite value due to the coupling between diffusion and differential swelling 

stress in a viscoelastic glassy polymer. Our modeiing of Case I I  sorption suggests that the 

induction time of Case II sorption depends on the geometry and size of the glassy polymer. 

This suggests that the induction time should not be considered as a matenal constant. It 

has been predicted that the induction tirne is proportional to the size of the sample in the 

small size range. This prediction agrees well with our experimental observations. The 

simple relationship between induction time and penetration rate derived from a molecula. 

theory in the present analysis agrees with the phenomenological results of Rossi, Pincus 

and de Gennes. Furthemore, a quantitative criterion is proposed for the occurrence of 

Case II sorption. 

Appendix 3A 

Derivation of induction tirne for semi-infinite solid and other f d t e  geometries with 
D t 

srnail 4 and constant surface flux 

As dictated by the kinetics 

surface ( x d )  during the induction 

of plasticization, the penetrant flux at the polymer 

period may not exceed v, c, . where v, is the front 

penetration rate in an initially dry glassy polymer (Rossi, Pincus and de Gemes, 1995). 



The surface flux is assumed to be no larger than v, c, during the induction period. Fick's 

fust iaw and second iaw state that 

and consequently J(x, t )  satisfies the same differen tial equation as c(x t)  

since 

For semi-infinite solid, the solution of J(x,t) with J ( 0 . t ) ~  vo c, is similar to the solution of 

C(X, t )  

X 
J (x ,  r ) L vocperfc 

34% 

From (1) 

which yields c(0, t )  l 2 v  c 
O Pd* 



The induction time is defined as the time when d0.t) = c, 

Qt The solutions at small 7 _ - for large slabs and infinite cylinders are respectiveiy (Carsiaw 
"O 

and Jaeger, 1959b, Crank, 1975b): 

- 
slabs: 

a - -Y D,t(a + 3r) 
cylinders : 1 3  - - 

2a2r2 

These result in the sarne equation for induction time (Ag) as that of the semi-infinite solid 

at c(0. t )  = c, . 

Appendix 3B 

Induction tirne for semi-infinite solid with a surface resistance boundary condition 

Dunng the induction penod, the surface penenant flux c m  be expressed as (Lee 

and Kim, 1992): 

& 
-Do -(O, t )  = J ( 0 ,  t )  = k(c_  - c,) 

& 
(B1) 

The solutions for smdl and large value of time are treated differentiy. 

3BI Srnail time solution 

The concentration distribution under this boundary condition is (Crank, 1975d) 



where h=kQ 

'(O* ') - erfc(0) - exp(h' ~,r)erfcIh,/%] at the surface - = - - #. m 

The induction time zi, is defined as the time when c, = cs 

and 

The sarne equation can also be denved from the small tirne solution for the slab and 

cylindrical geometry under the same boundary condition (Crank, 1975e: 19750. 

3B2 Large tirne solution 

The solution at large tirne is given by (Carslaw and Jaeger, 1959c) 

The induction time . c ~  is also defined as the time when c, = cs 

This gives 1 = 
1 

hJnD,7, 



Chapter 4 

Elucidation of the Cause of the Observed 
Size Effect in Case II Sorption 

4.1 Introduction 

The fmt and foremost feanire of Case II sorption is the constant inward movement 

of the fluid penetration front afier a glassy polymer is immened in a non-dissolving liquid 

penetrant. Before the onset of Case II behavior. the surface concentration will evolve 

slowly to a threshold concentration. The induction time is defined as the time necessary for 

the polymer surface to reach this critical concentration. 

Essential to various theories developed to descnbe Case II sorption, the behavior of 

Case II sorption has been considered as a rnaterial property independent of sample size and 

geometry. Consequently, both the induction time and front penetration rate were solely 

treated as rnaterial properties of the polymer. The vaiidity of such assumptions was 

supported by experimental observations based on samples of thick slab geometry or thin 

films with simiIar thicknesses (Thomas and Windle. 1978. 198 1? 1982; Windle, 1985; Hui 

et al, 1987% 1987b; Lasky et al., L988a, 1988b; Papanu et al., 1990). 

Our recent experimental results, however. showed a positive correlation of 

induction time with bead diarneter (0.2-1.5 mm) for the penetration of methanoi into 

PMMA beads, and the induction time is invenely proportional to penetration rate (see 

Chapter 2). This phenornenon is not predicted by current theones of Case II sorption. 



Various mechanistic interpretations can. therefore, be proposed as possible as the basis of 

alternative models of Case II sorption. To investigate the underlying rnechanisms for this 

size dependence and to verib the physical bais  for Our newly developed model (see 

Chapter 3), an experimental approach is necessary. 

In the present work, experiments were carried out to verify that the size effect is not 

caused by differences in surface rnorphology, molecular weight and its distribution, 

heterogeneity of the beads, and differential swelling stress in the polymer. Samples with 

difFerent geometries and chernical composition were also tested to examine the generality 

of this size effect. The disappearance of this size effect in cylindricai discs and slabs with 

dimension comparable to that of the beads in the front penetration direction cm be 

explained by a new model developed by Li and Lee (see Chapter 3). 

4.2.1 Materials 

The synthesis of PMMA (polyrnethyl methacrylate) beads and their purification in 

methanol have been described in details elsewhere (Lee, 1993). Free radical suspension 

polymerization of fresNy distilled methyl methacrylate was employed to prepare PMMA 

beads at 70°C for 3 hr. with t-butyl peroxy-2-ethylhexanoate as the initiator and fieshly 

precipitated Mg(OW2 as the suspending agent. EGDMA (ethyleneglycol dimethacrylate) 

was used as crosslinking agent to prepare crosslinked PMMA beads. Mer polymerization 

was completed, concenuated HCI was added to remove the suspending agent. The beads 

obtained by filtration were then extracted in a Soxhlet with methanol before being dried to 



a constant weight in a vacuum oven. typically at 70-80°C for 3-5 days. Based on the 

intrinsic viscosity measurement in acetone obtained on a Ubbelohde viscorneter, the 

average molecular weight of the PMMA beads was estimated to be about 5.2 x 105 

according to the Mark Houwink equation. 

The PS (polystyrene) beads were obtained from Polyscience. (MW 125,000 - 

250,000). PMMA sheets were obtained as Plexiglas €rom Rohm-Haas and cut into slabs. 

43.2 Sample Treatment 

The heat treatment of PMMA and PS beads was perforrned on a Perkin-Elmer DSC- 

2. The beads were heated to l3O0C at 320°C/min and kept at 130°C for three hours under 

nitrogen gas purge, then cooled down slowly to room temperature at SOUrnin. 

Al1 Plexiglas slabs were annealed at 130°C for 3 hrs before each penetration test, 

then cooled down at O.S°C/rnin through the glass transition temperature. The penetration 

test was done at ambient temperature (2S°C). Extraction of impurities was done in the 

Soxhlet extraction apparatus following the penetration test. Desorption of methanol from 

the extracted slabs was conducted in the fumehood. 

4.23 Swelling Test 

The penetration of medimoi into crosslinked PMMA beads was performed in a 

sealed quartz cuvette at room temperature (25°C) and observed with a Wild M420 

polarized light stereomicroscope equipped with a digital optical measuring accessory (Wild 

MMS235; accurate to Hl00 lrnm). 



For polystynme beads, n-hexane (99% of n-hexane, Sigma Chernical Co.), was 

employed as penetrant with experiments conducted at room temperature (25OC). The 

nurnber of beads tested was about 50. 

4.2.4 Dissolution Test 

Dissolution of uncrosslinked PMMA beads in acetone and acetic acid was 

conducted at 2S°C in a quartz cuvette. Ail solvents used were reagent grade. The diameter 

of the undissolved beads was measured by the stereomicroscope equipped with a digital 

optical meaniring accessory (Wild MMS235: accurate to d.001 mm). 

4.2.5 SEM and AFM. Observation 

Polymer beads were sputter-coated with gold for SEM (scanning electron 

microscopy) observation. Amil (atornic force microscopy) images of the poiyrner beads 

were obtained from Nanoscope III at ambient environment. Ail images were taken from the 

top position of the beads. 

4.3 Results and Discussion 

4.3.1 Effect of Molecular Weight 

The individual dissolution profiles of uncrosslinked PMMA beads in acetone and 

acetic acid are shown in Figure 4.1. The dissolution of PMMA beads in those two solvents 

started imrnediateiy once the beads were irnmersed in the solvents. No swelling or 

penetration front was observed in PMMA beads during dissolution at 25OC. The 





penetrauon rate of dissolution front into the center of beads remained constant throughout 

the dissolution process. Beads of different diameters were tested in the dissolution 

experiment. As shown in Figure 4.2. the dissolution rate appears to be independent of the 

bead diameter. This constant dissolution rate, similar to the penetration rate of the swelling 

front during Case II sorption. may serve as another indirect evidence that there is no 

detectable effect of spatial distribution of molecular weight within the beads. The beads 

can be considered uniform for both diffusion and dissolution. 

The molecular weight of a crossiinked polymer is considered infinitely high. The 

swelling of crosslinked polymer in a penetrant can be used to demonstrate if the molecular 

weight of a polymer has any significant effect on the resulting Case II behavior. The results 

of methanol penetration in crosslinked PMMA beads are shown in Figures 4.3 and 4.4. The 

induction tirne and front penetration rate, and their dependence on the diarneter of the 

crosslinked beads are essentidly identical to the results of uncrosslinked beads under 

identical conditions. 

Data collected so far indicates that the effect of molecular weight on induction time 

and penetration rate is not sipificant within the limit of Our tests. It is therefore reasonable 

to conclude that the possible difference in the molecular weight distribution in beads with 

different sizes is not likely to be the cause for the observed size effect. 

43.2 No Effect of Morphological Differences 

SEM and Atomic Force Microscopy ( M M )  were used to examine the correlation 

between surface morpholo~ of the bead and disc samples in order to detect any 



Figure 4.2 Effect of the diameter of PMMA beads on dissolution rate in acetone at 25°C 



Figure 4.3 

0.5 1 
Diameter (mm) 

Size effect on induction time for methanoi sorption in crosslinked PMMA 
beads at 25°C. The crosslinked PMi'MA beads were annealed at 130°C and 
cooled to room temperature at S°C/min 



0.5 1 

Diameter (mm) 

Figure 4.4 Size effect on methanol penetration rate in crosslinked PMMA beads at 
25°C. The crosslinked PMMA beads were annealed at 130°C and cooled to 
room temperature at S°C/min 



correlation with their penetration behavior. 

SEM images show that voids were observed on the surface of PMMA beads without 

heat treatment- The size and number of these voids were reduced after annealing above the 

gIass transition temperature of the polymer as shown in Figures 4.5 and 4.6. This helps to 

explain the observation that heat treatment increases the induction time while reducing the 

front penetration rate. Furthemore, the size and the number of voids do not Vary 

significantly with the diameter of the beads. This implies that the size effect is not due to 

rnorphological differences among beads with different sizes. Therefore, SEM can be 

employed to establish the effect of heat treatment on the density, and size of voids on the 

surface of these beads. 

On the other hand. AJ34 enables the direct observation of swollen polymer surface 

without the influence of vacuum as encountered in SEM. The surface morphology of 

swollen beads and slabs was also compared with that of the dehydrated ones using AFM. It 

was observed that the size of the voids increased in the swolIen States as shown in Figures 

4.7 and 4.8. 

4-33 Effect of Polymer Composition 

To further explore the generaiity of the size effect, penetration test was conducted in 

polystyrene (PS) beads imrnersed in n-hexane, another system exhibiting typical Case II 

behavior. The results are surnmarized in Figures 4.9 and 4.10. The induction time of n- 

hexane in PS beads increased with increasing bead diameter, with a much stronger 

dependence on size as cornpared with that of PMMA. The penetration rate of n-hexane in 



Figure 4.5 Surface charactenstics of a PMMA bead before armealing, as observed 
under SEM 



Figure 4.6 Surface characteristics of a PMMA bead after annealing above the glass 
transition temperature of the polymer, as observed under SEM 



Figure 4.7 The sudace morphology of a dry PMMA bead observed under AFM 



Figure 4.8 The d a c e  morphology of a swollen bead observed under AFM 
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Figure 4.9 Size effect on induction time for n-hexane sorption in uncrosslinked PS 
beads at 25°C. The uncrosslinked PS beads were annealed at 130°C and 
cooied to room temperature at S°C/min 
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Figure 4.10 Sire effect on n-hexane penetration rate in uncrosslinked PS beads at 25°C. 
The uncrosslinked PS beads were anneded at 130°C and cooled to room 
temperature at SOUrnin 



PS beads did not seem to depend on the diameter of the PS beads. 

The penetration of water or methanol in PHEMA beads does not exhibit typical 

Case II behavior (Lee and Kim. 1992). It is conceivable that the size effect is not merely 

caused by sample geometry. 

4.3.4 EEect of Geometry 

Expenments were conducted to deterrnine whether the ssize effect occurred in beads 

would occur in cylindrical or slab sarnples. 

The samples used in the test included cylindrical Plexiglas discs of the sarne 

thickness with different diarneters, Plexiglas slabs and Acrylite slabs with different 

thickness (sarne area). As are shown in Figure 4.11 and 4.12. the experimental results did 

not show a significant dependence of induction time on disc diarneter or thickness of the 

samples. This indicates that the induction time for slab and cylindrical gornetry 

approaches that of the serni-infinite geometry more than chat of the spherical geometry. 

The size effect is chus insignificant when the dimension of slab or cylinder is comparable to 

that of the sphericai beads in the penetration direction. 

In the present snidy, discs with different diarneters (3-1 1 mm) were machined from 

the same sheet. There is a possibility that even the srnailest diarneter of the disk is still 

large when cornpared with its thickness (1 mm), as a result the discs al1 behave like 

infinitely large discs. Therefore, the diameter of the disc does not affect induction time. 

This also suggests that the effect of the differential swelling stress on penetration rate may 

not be dominant in this case. 



0 surface rnachined 

surface unmachined 

Figure 4.11 Size effect on induction time for methano1 sorption in Plexiglas sIabs at 
2S°C. The Plexiglas slabs were annealed at 130°C and cooled to room 
temperature at 5 *C/rnin 
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Figure 4.12 Size effect on induction tirne for methano1 sorption in Plexiglas discs wirh a 
thickness of 1.0 mm at 25°C. The Plexiglas discs were annealed at 130°C 
and cooled to roorn temperature at S°C/min 



During Plexiglas sarnple preparation, one side of the slab was machined to change 

the thickness of the slab. The roughness of the machined surface and the associated 

deformation due to machining showed no apparent effect on either induction time or 

penetration rate as compared with the penetration frorn unmachined smooth surface. 

4.3.5 Effect of Extractables 

To further veriQ whether there is a size dependence in slab geometry, experiment 

was conducted to test if such a dependence cm be reveaied by reducing the scattering of 

sorption data through purification of the Plexiglas slabs. ~Methanol penetration test was 

performed before and after the purification. The results are s h o w  in Figure 4.13 and 4.14. 

The Plexiglas slabs were extracted extensively in methanol in a Soxhlet. The 

extract was concentrated by evaporation and the components were then separated by TLC. 

W and IR spectra were obtained for the extractable components. It appears that the extract 

consists of long carbon chain esters. 

The front penetration rate of the extracted slabs in methanol was lower ihan that of 

the unextracted ones with a reduced data scattering. However, no obvious dependence of 

penetration rate on slab thickness was observed. In addition, negative values of induction 

time were obtained from extrapolation of some of the experimental data, which is not 

typicd of Case II sorption and no obvious dependence of induction time on slab thickness 

can be discemed. Some Plexiglas slabs were distorted during extraction. Cracks were 

present on the surface of the Plexiglas slabs after extraction. This may have conaibuted to 

the abnormal trend of some measured induction time. 



0 penetration before extraction A 
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Figure 4.13 Size effect on induction time for methanol sorption in Plexiglas slabs at 
25OC. The Plexiglas slabs were annealed at 130°C and cooled to room 
temperature at S°C/min 
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Figure 4.14 Size effect on methanol penetration rate in Plexiglas slabs at 25°C. The 
Plexiglas slabs were annealed at 130°C and cooled to room temperature at 
SOUmin before each penetration test 



43.6 Effect of Stress Distribution 

Fringes due to the distribution of differentid swelling stress in swelling spheres 

could be observed under polarized Iight like those published in the Iiterature. as is shown in 

Figure 4.15. 

The birefringence in a swelling slab due to differential swelling stress c m  also be 

observed under polarized light. This is shown in Figure 4.16. The color is reIated to the 

size of the slab and the concentration distribution in the slab. In the Iater stage of the 

penetration experiments, the contrast of color of the swollen region to the unswollen region 

is not obvious. In fact, residual birefringence exists after the disappearance of the 

unswollen core, indicating that the relationship between stress and strain is not elastic. The 

color disappears eventually as reonentation and reamgement in the swollen polyrner 

proceeded. 

The partially penetrated slab has a laminate sandwich structure. According to the 

lamination theory of composites (Tsai and Hahn, 1980), the stress in homogeneous lamina 

can be considered as uniform. This is supported by the fact that the color of the swollen 

region is uniform but different from that of the unswollen region when observed under 

polarized Light. 

Based on the expenmental results of Thomas and Windle (1978; 1980; 198 1; 

1982,), and the theoretical treatment of Cohn and Marom (1982; 1983), the change of slab 

sample thickness does not affect the value of the induction time. According to More et al. 

(1992), however, both induction time and penetration rate are stress-dependent. If this were 

tme, a change in sarnple size will result in the change of differentid stress state in a 



Figure 4.15 Fringes due to the distribution of differentid swelling stress in a swelling 
PMMA bead as observed under polarized Iight 



Figure 4.16 The birefringence in a swelling Plexiglas slab due to the distribution of 
differential swelling stress as observed under polarized light 



sweUing polymer. consequently, both induction time and penetration rate should show size 

dependency, However this is not consistent with current experimental observations relating 

to Case II sorption. Moreover, since the stress distribution changes as the front moves 

towards the center. and the front penetration rate for beads with various diameters 

maintains about the same value regardless of the position of the front, it may be reasonable 

to conclude that the effect of differentiai swelling stress on the characteristics of Case II 

sorption may not be significant. 

4.4 Conclusions 

The dependence of induction time on bead sample size cannot be attributed to differences 

in surface morphology since there is no detectable difference in the surface morphology for 

beads of different diameters, as measured by SEM and AFM. 

This size dependence occurs in bead samples of homogeneous structure as both 

dissolution and penetration tests suggest that the uncrosslinked beads appear to be uniform. 

Crosslinked PMMA beads also exhibit typicai Case II behavior. In this case, the 

dependence of induction time on the diarneter of crosslinked PMMA beads is identical to 

that of the uncrosslinked PMMA beads. It is therefore reasonable to assume that the 

observed size effect is not likely to be sensitive to differences in polymer molecular weight 

or its distribution. 

The effect of differential swelling stress on the characteristics of Case II sorption may not 

be significant since the stress distribution changes as the front moves towards the center, 

while front penetration rate stays at about the same value regardless of the front position 

and the bead size. 



The size effect on induction time is also determineci by sample geometry. The value of 

induction tirne for slab and cylindncal geometry approaches that of the semi-infinite 

geornetry more than that of the spherical geometry. Consequently the size effect may 

become insignificant when the dimension of slab or cylinder is comparable to that of the 

spherical beads in the penetration direction. 

The presence of extractable impurities in the polymer may facilitate the front 

propagation. The front penetration rate of the extracted PMMA slabs in methanol was 

lower than that of the unextracted ones. 

The size effect can dso be observed in the penetration of n-hexane in PS beads, which 

suggests that this size effect is a characteristic of Case II sorption regardless of the chernical 

composition of the glassy polymer. 



Chapter 5 

Summary of Conclusions and Suggestions 

5.1 Summary of Conclusions 

Our results show that the induction time and front penetration rate associated with Case II 

sorption of methanol in PMMA beads appear to depend on the diameters of the-beads, which is 

not predicted by existing theories. This implies that the characteristic parameters for Case II 

sorption are not material properties. Consequently. the induction time and penetration rate 

become dependent on the sarnple geometry and history; the latter may be well associated with free 

volume changes. In this case, the induction time increases with decreasing cooling rate, while the 

dependence of penetration rate on cooling rate follows the opposite trend. 

We have derived and experimentally confirmed the phenomenological relationship 

between induction time and front penetration rate. The induction time and front penetration rate 

are inversely related by the extrapolated normalized penetration, which appears to be independent 

on the bead size and cooling rate. 

Our results also show that the volume swelling ratio in the swollen region of the bead 

remains constant during the propagation of the penetration front. This offen additional 

supporting evidence for the uniform concentration distribution in the swollen region during Case 

II sorption. This volume swelling ratio also shows a slight increase with the swelling temperame. 

No significant dependence of volume sweiling ratio on the molecular size of a homologous series 

of alcohols was observed. 



The effect of differentiai swelling stress on the characteristics of Case II sorption does not 

appear to be significant since the stress distribution changes as the front moves towards the center, 

while front penetration rate and volume swelling ratio maintain about the same value regardless of 

the spatial position of the front and the size of the bead. 

The dependence of induction time on bead size is not caused by differences in surface 

rnorphology since there is no detectable differences in surface morphology for PMMA beads of 

different diameters, as confmed by SEM and AFM observation. 

This size dependence occurs in PMMA beads with homogeneous structure because both 

dissolution and penetration tests indicate that uncrosslinked beads can be considered uniform 

throughout. Crosslinked PMMA beads also exhibit typical Case II behavior where the 

dependence of induction tirne on the diameter of crossiinked PMMA beads is sirnilar to that of the 

uncrosslinked PMMA beads. It is also reasonable to conclude that the size effect may not be 

caused by differences in the molecular weight or its distribution. 

The size effect on induction time is determïned by sarnple geometry. The value of 

induction time for slab and cylindrical geometry approaches that of the semi-infinite geomeuy 

more than that of the spherical geometry. Consequently the size effecr may become insignificant 

when the dimension of slab or cylinder is comparable to that of the sphencai beads in the 

penetration direction. 

The size effect has also been observed during the penetration of n-hexane in PS beads, 

which demonstrates that this size effect is a characteristic of Case II sorption, regardless of the 

chexnical composition of the polymer. 



The relationship between induction tirne and penetration denved from a molecular theory 

agrees with the results of other phenornenologicai analysis under the imposed constant flux 

boundary condition. It is also demonstrated that the induction Ume of Case II sorption depends on 

the geomeuy and size of the glassy polymer. Consequently, the induction time should not be 

considered as a material constant. Based on Our results, a quantitative criterion has been 

formulated for the occurrence of Case II difision. Typical trend of Case II front penetration can 

be recreated when the surface resistance boundary condition is used. This suggested that Case II 

sorption can be regarded as a pseudo steady state transport process. The initial flux of the 

penetrant into the glassy polymer during the induction period may be limited to a much lower 

finite value, due to the coupling between diffusion and differential swelling stress in a viscoeIastic 

glassy polymer. 

A new phase diagram has been constructed to predict the occurrence of Case II behavior. 

It provides a qualitative definition of the upper temperature limit for Fickian diffusion or lower 

temperature limit for anomalous difision in glassy polymen (see appendix). 

5.2 Suggestions for Future Work 
The inability of the classicai Fick's law in describing anomaious diffusion again reveds 

that Fick's law and consequently Fourier's Iaw are perhaps limiting laws. They can be used as a 

fint approximation for simple diffusion process. As in Newton's law, the adoption of the fist 

derivative is not supponed by any universal pnnciple or method. 

Despite the intensive research effort in this area, it is generally agreed that a complete 

physical picture of difision in glassy polymer is not yet available. It should be ernphasized here 



again that a &us transition is not essential for the occurrence of Case II behavior. The exact 

nature of relaxation involved in Case II sorption is still not ciear, though it has been unduly 

associated with glass transition. Since the front penetration rate remains constant as  the 

distributions of interna1 stresses change, the effect of intemal stresses might not be dominant in 

Case II sorption. More systematic and creative expenmental investigation is needed to 

quantitatively test some of the existing modeis and theories, to examine the synergy between 

relaxation. swelling (intemal stress or gradient of internai stress) and diffusion, to elucidate the 

micro-mechanism or macro-rnechanism of Case II behavior, and ultirnately to establish a criterion 

for the occurrence of Case II behavior, 

Exisring theories are generally ad hoc and the predicted trends are only in qualitative 

agreement with some expenments. The seemingly controvenial or intriguing expenmental results 

have not been explained by a consistent theory. So far, no mode1 has been successhil bath 

qualitatively and quantitatively in predicting this synergistic effect. A more realistic physical 

picture for Case Il sorption in glassy poiymer is still lacking. Both the boundary conditions and 

goveming equations need to be re-formulated according to the physical scenario of Case II 

behavior. consistent with the spectra of known anomalous transport behaviors. In particular, the 

theory for Case II sorption should be a special case of a unified theory for anomalous transport 

The practicd exploitation of Case II behavior for the design of zero-order dmg release 

device may be questionable, since the transport process involved in drug release from glassy 

hydrogels is more likely to be multi-component difision, involving rnechanisms different fiom 

typical Case II sorpuon. Furthemore, the drug release rate from such device may be too slow to 



be useful for hi& molecular weight drugs, such as proteins and peptides. Moreover. zero-order 

release may not necessarily the optimal profile to pursue as dictated by chronophmnacokinetics. 
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Appendix 

A Graphic Presentation of Diffusion 
Behavior in Glassy Polymers 

Introduction 
The sorption of srnaIl molecules in glassy poIymer is not a simpie mixing or 

diffusion process, except for sorption involving penetrant at very low activity or at ves, 

high temperatures (far above Tg). The interaction of penetrant and polymer may induce 

different changes in the polymer structures within various parts of the specimen dunng 

sorption. The structural changes of polymer can be reversible or irrevenible depending 

on the diffusion temperature, type and activity of the penetrant, the chernical and physical 

smicture of the poiymer, and consequently a specmm of difision behavior is observed, 

which cannot always be described by Fick's law. 

The chernical structure and Tg of poly (methyl methacrylate) (PMMA) and poly- 

hydroxylethylmethacrylate (PHEMA) are very close. Under ambient conditions, the 

penetration of methanol into PMMA is purely Case II in contrat to the anornaIous or 

non-Fickian sorption behavior of water in PHEMA. It is not clear as to how the 

difference in diffusion behavior in PMMA and PHEhriA arises. To understand what 

makes them different, it is necessary to examine physicochernical factors relevant to 

diffusion of solvent in glassy polymers. Although experimentai and theoreticai efforts 

have been made to delineate the transport processes involved in the absorption of s m d  

molecuIes in polymers (Alfrey, 1965; Alfrey et al., 1966; Hopfenberg and Frisch, 1969; 

Cole and Lee, 1989), criteria available for the prediction of transport behavior under a 

given set of conditions are generally unsatisfactory. To elucidate the rnechanism of Case 

II sorption, it is desirable to re-examine the critena for conditions under which Case II 

sorption will occur. 

U r e y  (1965), Hopfenberg and Frisch (1969) attempted to describe the full 

specmrn of diffusion behaviors for a given polymer-penetrant system in a phase diagram 

with temperature and penetrant activity as independent variables. This systematic phase 



diagram, however, does not encompass dl experimental observations. For example, 

immediately following the complete desorption of rnethanol from PMMA, the 

reabsorption of rnethanol is no longer Case II. But according to the phase diagram of 

Hopfenberg and Frisch (1969), if the absorption temperature and the penetrant activity are 

the sarne, one should expect the same Case II behavior. This is certainly not consistent 

with experimental observations. It should also be noted that diffusion of penetrant into 

glassy polyrner will cease at O K, and Hofenberg's experimental results show that the 

thickness of the polymer will determine the mode of difision (Enscore et ai., 1977% 

1977b; Hopfenberg, 1978, Thomas and Windle, 1978). These facts are not included in 

the reported phase diagram. Therefore, there is a need for a generdized new phase 

diagram for the polymer-penetrant system. 

Vrentas, Duda and co-workers correlated the appearance of non-Fickian behavior 

with a diffisional Deborah number 0=a~/I?, the ratio of a characteristic relaxation tirne 

to a characteristic difision time (Vrentas et ai., 1975). Here, a is the mean relaxation 

time; D is a difision coefficient and L is a characteristic Iength. L~ /D  represents a 

characteristic time for sorption determined by moIecular mechanism. They showed that 

the anomalous behavior appears at intermediate Deborah numbers. The size of a swelling 

sample and the relaxation behavior of polymer wili piay an important role in detemiining 

the Deborah number and the corresponding transport kinetics. Although Deborah number 

diagrams were constructed to predict the difision pattern, they cannot be used to predict 

the occurrence of Case II behavior, because Deborah number c m  be well defined only in 

differential sorption and, as a result, integral sorption cannot be characterized by a single 

Deborah number (Vrentas and Duda, 1977; Wu and Peppas, 1993). An integrai Deborah 

number has been defined as the ratio of the characteristic relaxation time in the glassy 

region to the characteristic time in the swollen region in order to characterize integral 

sorption with a single value (Wu and Peppas, 1993). 

Although Deborah number has been widely used to interpret experimental 

observations, the soundness of these ideas was challenged based on physical 

considerations (Sarnus and Rossi, 1996). For example, according to the Deborah number 

diagram, when a PMMA slab is imrnersed in rnethanol, Case II behavior should occur at 



room temperature for samples with a thickness of about 1 mm, whereas Fickian behavior 

may take place when a sufficientiy thick slab of PMMA is used. However, when 

extending this approach to other Fickian systems such as natural rubber or polyethylene, 

unredistic prediction of "non-Fickian" or even Case II behavior for thin films would 

result. Since Case II behavior only occun during integral sorption when the polymer is in 

giassy state, the extent of utility of the Deborah nurnber diagram is therefore open to 

interpretation. 

Available experimental evidence suggests that during Case II sorption the swollen 

polymer cm be either giassy or rubbery. Since the state of a swollen polymer is related to 

the penetrant concentration in the polymer, it is obvious that the critenon for Case II 

sorption cannot be based solely on penetrant concentrations affecting the glass transition. 

There is good evidence that the maximum penetrant concentration gradient in a polymer 

may determine the transport pattern through its influence on osmotic pressure. 

A new phase diagram has been constructed to illustrate the ternperature-dependent 

difision behavior, which provides a qualitative definition of the upper temperature limit 

for Fickian diffusion or lower temperature limit for anomalous difision in glassy 

polymers. 

Phase Diagram and Criterion 

Although experimental and theoretical efforts have been made to delineate the 

transport process involved in the absorption of small molecules in polyrners, at present, 

no practical criteria are available to predict the transport behavior or conditions for the 

transformation of diffusion behavior under a given set of conditions. It is not surprising 

that no satisfactory theory can predict the conditions under which Case II sorption would 

occur- 

It is well known that existing difision of small molecules proceeds with the 

fluctuation of the free volume distribution within the polymer. The interaction between 

polymer and penetrant certainly depends on the temperature since it detemiines the 

dynamics of the fluctuation and the equilibrium concentration of the system. Depending 



on the type and activity of the penetrant, sweliing of the polymer may occur. The 

physical state of the penetrated polymer and its transition wilI depend on the 

concentration of the penetrant and temperature as weil as on time and position. The 

dif is ion behavior will be significantly influenced by the physical state of the penetrated 

polyrner. Although the criteria are still unknown, it is reasonable to expect that good 

solvent will enable the dissolution of polymer through the oriented reptation of polymer 

chains, poor solvent may induce crazing of polymer through forced reptation of polyrner 

chains or cracking of polymer involving scission of polymer chains. The structural 

changes in the polymer will affect the pattern of subsequent penetrant uptake. 

In Figure Al ,  a new diagram is constmcted to predict the local difision pattern of 

a penetrant (activity=l.O) into a polymer solid. In this diagram. C, is the local 

concentration of the penetrant inside the polymer at time t which is related to the polymer 

volume change due to swelling. Ce is the equiiibrium (maximum) concentration of the 

penetrant in the polymer which increases with increasing temperature. Cg is the 

penetrant concentration at which the transition of polymer from glassy to rubbery state 

occurs. Cr is the minimum concentration at which the polymer changes into liquid or the 

maximum concentration at which the polymer remains rubbery. 

Tg is the temperature at the onset of relaxation of the polymer. At temperature 

beiow Tg, the penetrated polyrner will remain in its glassy state. The change of CI is 

essentiaily Fickian. The diffusion is realized through the fluctuation of the free volume 

distribution related to y relaxation. The activation energy for diffusion is generdly less 

than 10 kcal/mol. 

Ta is the temperature at which g l a s  transition of polymer occun when it is in 

equilibriurn with the penetrant. At temperatures between Tg and T, the change of CI is 

initially Fickian. Deviation from Fickian behavior will occur due to changes in the 

penetrated polymer structure at higher penetrant concentration. Maximum osmotic 

pressure is expected in this temperature range due to an increased equilibrium penetrant 

concentration and a relatively resuicted polymer mobility. Anomalous diffusion such as 

Case II sorption, Super Case II sorption may occur due to the generation of microvoids, 



Figure Al Phase diagrarn for transport of penetrant in polymers 



crazes or cracks in various parts of the polyrner through forced reptation of polymer 

chains related to P relaxation, mainly dnven by the osmotic pressure. The activation 

energy ranges from 20 to 50 kcal/mol, corresponding to the range of the activation energy 

from relaxation of the polymer to primary chah scission. 

Between Ta and the glass transition temperature of the unpenetrated polymer, Tg, 

anomaious diffusion will eventually occur due to the transition of polyrner state induced 

by the high degree of penetrant sorption. In this case, a significant increase in the volume 

of the swelling polymer is expected. Case II sorption may also occur when the swollen 

polymer is rubbery. 

Tl is the onset temperature at which polymer starts to flow. Between Tg and Tl, 

the polymer initially remains in the mbbery state. The change of Ct is initially Fickian. 

Concentration dependent diffision is expected at higher penetrant concentration. 

Between TL and TI, dissolution or flow of polymer will eventually occur. Here the 

diffusion behavior is completely Fickian. 

A new phase diagram is constmcted to predict the occurrence of Case II behavior. 

1t provides a qualitative definition of the upper temperature limit for Fickian diffusion or 

lower temperature lirnit for anomalous difision in glassy polymers. 
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