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Abstract

Sorption and diffusion data were obtained for water vapor in four different polymers: poly (methylmethacrylate) (PMMA), poly (2-

hydroxyethylmethacrylate) (PHEMA), poly (N-vinyl-2-pyrrolidone) (PVP) and poly (acrylonitrile) (PAN) at 35 8C using a gravimetric

sorption method. Highest sorption was for PVP, followed by PHEMA. PMMA and PAN sorbed very little water. All the polymers exhibit a

BET type III sorption isotherm; the large upturn at high activity for PVP and PHEMA is probably due to plasticization of the polymers by

water vapor. Sorption data were interpreted using Flory–Huggins theory and the Zimm and Lundberg cluster integral.

Fickian diffusion is observed for PHEMA. For PVP, the fractional uptake Mt=M1 is linear with the square root of the time up to

Mt=M1 ¼ 0:6 2 0:8 for all water activities aw; but it shows a clear water sorption overshoot at aw ¼ 55:3% and aw ¼ 72:1%; probably due to

macromolecular relaxation. PMMA sorption kinetics is also characterized by a maximum in the water uptake. The diffusion coefficient

increases significantly with water concentration for PVP and PHEMA, weakly for PMMA, but it is independent of concentration for PAN.

q 2003 Published by Elsevier Ltd.
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1. Introduction

Sorption and diffusion data are pertinent to a variety of

applications including membrane separation of gases and

vapors; packaging and coating technology; controlled drug-

release systems, and biocompatible materials for biomedical

applications. In particular, in the contact lens industry,

recent efforts have been directed toward obtaining continu-

ous-wear lenses, i.e. lenses that can be worn for up to 1

month without removal from the eye [1]. For a successful

product, the lens must provide both appreciable water

content and oxygen permeability. Comfort and on-eye

movement correlate with water content and water transport

through hydrogel contact lenses [2–4].

Because of its practical importance, water as penetrant

has received increasing attention in recent studies of vapor-

sorption and diffusion in polymeric materials [5–18]. Water

is a complex penetrant because, due to its polarity and

ability to form hydrogen bonds, it may interact strongly with

itself or with the polymer. Water also has a tendency to

cluster and to cause plasticization of the polymer matrix

[18].

When a penetrant diffuses into a polymer film, the

macromolecules rearrange toward a new configuration with

a relaxation rate that depends on temperature as well as on

solvent concentration. The relative time scales of the

diffusion and relaxation processes determine the nature of

the transport process. Vrentas et al. [19] defined a diffusive

Deborah number De as the ratio of the characteristic

relaxation time l and the diffusion time, L2=D; where D is

the diffusion coefficient and L is the film thickness. For

De p 1 the diffusion rate is significantly slower than the

relaxation rate of the polymer chain, and Fickian diffusion is

observed. Fujita [20] has summarized the characteristic
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features of Fickian sorption of a solvent in a polymer film

(slab geometry), suddenly exposed to an environment at

constant solvent activity. If the surface concentration in the

polymer instantaneously reaches the equilibrium value, (i) a

plot of the fractional penetrant uptake Mt=M1 (where Mt is

the mass of penetrant absorbed at time t; and M1 the

equilibrium one) versus the square root of the time is linear

up to Mt=M1 ¼ 60% (or more) for both absorption and

desorption; (ii) beyond the linear portions, both sorption

curves are concave to the time axis, independent of the form

of the concentration dependence of D; (iii) a series of

absorption curves between the same initial and final solvent

concentrations in films of different thicknesses gives

superposable plots of Mt=M1 versus t0:5=L: When the time

scales of diffusion and relaxation are of comparable

magnitude ðDe , 1Þ; a series of anomalous features may

be encountered in the kinetic sorption curve; any of the

conditions (i)–(iii) may be violated. Therefore, Fickian

behavior is expected for rubbery polymers at temperatures

well above the glass-transition temperature, whereas

anomalous sorption is more likely to occur for polymer–

penetrant mixtures in the glassy state.

The most commonly used method to characterize the

nature of the transport process is to fit the initial portion of

the sorption curve with

Mt

M1

¼ kta: ð1Þ

For a flat sheet, anomalous diffusion is indicated by 0:5 ,

a , 1; while a ¼ 0:5 corresponds to Fickian diffusion [21].

However, many factors other than the polymer relaxation

may produce anomalous features including a non-planar

geometry, time-dependent surface concentrations or aniso-

tropic dimensional changes in the polymer sample, even if

the rate-controlling process is Fickian at the molecular level

[22]. Anomalous a values, therefore, may not be specifi-

cally connected with polymer relaxation.

This work concerns solubility and diffusion of water

vapor in four homopolymer films whose monomers are

commonly used in formulations for contact lenses. We

report experimental data for water vapor sorption and water

diffusion through polymer films at 35 8C, the average

temperature of a contact lens on the eye [23]. Water

clustering, polymer plasticization, and the nature of the

diffusion process are discussed. The data reported here are

of interest for the development of packaging and insulation

materials and for design of continuous-wear contact lenses,

in addition to other biomedical applications.

2. Experimental section

2.1. Materials

Water is obtained from a Barnstead NANOpurew system

and degassed with a standard freeze/thaw procedure.

Polymers used are poly (2-hydroxyethyl methacrylate)

(PHEMA), poly (methyl methacrylate) (PMMA), poly (N-

vinyl-2-pyrrolidone) (PVP), and poly (acrylonitrile) (PAN).

Table 1 gives characteristics of the four polymers:

supplier, CAS-register number, molecular weight, density,

glass-transition temperature, solvent and drying temperature

used for film casting. The glass-transition temperature of

each polymer was measured by modulated differential

scanning calorimetry (DSC 2920, Modulated DSC, TA

Instruments). Solvents used are methanol (EM Science,

99.8%), chloroform (Fisher Scientific, 99.9%, with 0.8 v/

v% ethanol as preservative) and dimethyl sulfoxide

(DMSO) (Fisher Scientific, 99.9%). Details are available

elsewhere [24].

2.2. Procedure

Polymer films are prepared by solvent casting using the

solvents shown in Table 1. Each film is dried at a

temperature higher than its glass-transition temperature

(Table 1) for 24 h to remove the solvent completely. The

film is then cooled slowly (0.2 8C/min) in a vacuum oven

(Napco E series model 5851) flushed with dry N2. Except

for water-soluble PVP, the films are pre-equilibrated with

liquid water for 24 h and then dried following the same

procedure to standardize their histories. The dry-film

thickness is measured using a micrometer (Mitutoyo MDC

0-1’ PF, accuracy ^3 mm) at different locations; the

average (reported in Table 3 with the standard deviation)

is used for subsequent calculations.

A gravimetric sorption method is used for both sorption

and diffusion experiments. Fig. 1 shows a schematic of the

apparatus. The measured elongation of a calibrated quartz

Fig. 1. Schematic of the apparatus for water vapor sorption and diffusion

measurements: (1) glass chamber, (2) quartz spring, (3) quartz pan, (4)

solvent flask, (5) vacuum line, (6) vent, (7) fan, (8) 1-octadecene

manometer, (9) air thermostatic bath.
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spring (Ruska Instruments) determines the water uptake in

the polymer. Springs are calibrated using known masses

previously weighed with a Mettler M3 microbalance to a

precision of ^1 mg; the springs have a sensitivity of about

5 mm/mg. The calibration curves are linear in all cases.

Elongation measurements are corrected for the temperature-

dilation effect as suggested by Ruska:

LC ¼ LM½1 þ 1:35 £ 1024ðT 2 T0Þ�; ð2Þ

where LC and LM are, respectively, the corrected and

measured lengths and T and T0 (in 8C) are, respectively, the

experimental and calibration temperatures.

A U-tube manometer is used to measure the pressure.

The manometer liquid is 1-octadecene, selected because of

its low vapor pressure, immiscibility with water, and

suitable density for the pressure range of interest here.

The density of 1-octadecene is calculated with an equation

from Daubert and Danner [25].

Spring elongation and manometer-liquid height differ-

ence are measured with a cathetometer (Wild, model

KM274) with a precision of ^0.1 mm. The glass apparatus

is enclosed in an air bath with an Omega CN9000 PID

controller (accuracy ^0.5 8C) to maintain the experimental

temperature very close to 35 8C.

2.3. Vapor-sorption equilibria

For each run, polymer samples (,10–25 mg) are

attached to three springs. If the polymer is hydrophilic, it

is loaded onto a quartz pan (,10 mg); if it is hydrophobic, it

is directly attached to the spring hook. After closing the

glass chambers, the apparatus is evacuated with the vacuum

pump, and both the manometer liquid and the water are

degassed by a standard freeze/thaw procedure [26]. The

polymers are dried at 80 8C for at least 24 h until a constant

weight is achieved. Then the temperature is set to 35 8C, and

a vacuum test is carried out to ensure that the apparatus can

maintain the desired pressure (changes of less than 0.3 Torr/

day).

When the vacuum test is successful, water vapor is

injected by opening the solvent flask valve. Spring

elongation and pressure are measured at several time steps

until equilibrium is reached (20–40 h), i.e. when a few

successive measurements agree to within experimental

error. Then a new water injection is made. The experiments

correspond to a range of vapor activities, aw; from 15 to

90%. Water activity is calculated assuming an ideal gas

phase of pure water vapor, i.e. neglecting the vapor pressure

of 1-octadecene and of the polymer:

aw ¼
p

p0
w

; ð3Þ

where p is the pressure and p0
w is the water saturation

pressure taken from Daubert and Danner [25].

2.4. Diffusion

In this case, only one sample is used at a time.

Preparation steps are identical to those for the equili-

brium-sorption experiment: spring calibration, degassing of

1-octadecene and water, drying of the polymer sample, and

vacuum test. Following vapor injection, the water uptake

and time are measured simultaneously. Time is obtained

from a stopwatch (Fisher Scientific, uncertainty ¼ 0.13 s),

started as soon as the manometer liquid moves. Measure-

ments are repeated until equilibrium is attained. After

equilibration, the polymer is dried as described above. The

diffusion experiments are performed by suddenly raising

water vapor activity from 0 to 20, 40, 60 or 80% (integral

sorption).

3. Results and discussion

3.1. Vapor-sorption equilibria

Fig. 2 gives the vapor-sorption equilibrium data. Water

weight fraction in the polymer is plotted against water vapor

activity calculated from Eq. (3). Due to their hydrophobic

character, PMMA and PAN absorb only small amounts of

water (roughly 2 wt% at the highest activity). Stannett et al.

[27] reported a slightly higher sorption for PAN at all

activities; the sorption curve obtained by Katchman and

McLaren [28] at 25 8C overlaps our results for aw , 0:6; but

it departs significantly from our and Stannett’s measure-

ments at highest water activities. The measured water

uptake in PMMA agrees well with previous reports [29].

Water sorption in water-soluble PVP is the largest and is

Table 1

Polymer properties

Polymer Supplier CAS No. M.W. Densitya (g/ml) Tg (8C) Solvent Tdrying (8C)

PHEMA Polysciences 25249-16-5 200,000 1.15 121 Methanol 145

PMMA SP2 9011-14-7 540,000 1.2 119 Chloroform 145

PVP SP2 9003-39-8 360,000 1.16b 181 Water 210

PAN SP2 25014-41-9 150,000 1.184 85a DMSO 145

SP2: Scientific Polymer Products, Inc.
a Indicated by Scientific Polymer Products, Inc. Our DSC experiments do not show a clear glass-transition for PAN.
b Kaplan and Guner [56].
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in good agreement with previous data [13]. The sorption

curve for PHEMA lies between those for PVP and the

hydrophobic polymers, as expected because PHEMA swells

in liquid water but it does not dissolve. Our PHEMA

sorption measurements compare favorably with recent

literature data for water vapor at 37 8C [30].

The polymers considered here have glass-transition

temperatures Tg in the dry state higher than the experimental

temperature (see Table 1). However, a water weight fraction

of roughly 8% [30] and 17–21% [31–33] lowers Tg of

PHEMA and PVP, respectively, to 35 8C. Therefore, a

change from the glassy to the rubbery state occurs for both

PVP and PHEMA at high activity. For PMMA and PAN, we

can estimate the required water content to produce a glass-

transition at 35 8C by applying the Flory–Fox equation [34]:

1

Tgm

¼
ww

Tgw

þ
wp

Tgp

; ð4Þ

where w is the weight fraction, and subscripts w, p and m

indicate water, polymer, and mixture, respectively. Tgw is

equal to 2135 8C [15,32,33]. The estimated water weight

fractions are 15 and 10%, for PMMA and PAN respectively.

These values are much higher than the maximum water

sorbed in our experiments. Consequently, PMMA and PAN

remain in the glassy state over the entire measured range of

water activity.

To assess the strength of polymer–water interaction, we

adopt Flory–Huggins theory [35] to correlate the sorption

isotherms:

ln aw ¼ ln Fw þ 1 2
1

r

� �
Fp þ xF2

p; ð5Þ

where Fw and Fp are the water and polymer volume

fractions, r is the number of segments in the polymer

molecule, and x is the Flory solvent–polymer interaction

parameter. Because Flory–Huggins theory strictly applies

only to rubbery polymers, our interaction parameters are

‘effective’ parameters when the polymer–solvent mixture is

glassy. Fig. 3 displays x as a function of water vapor activity

for the four polymers. The x value provides a good (inverse)

indication of the solvent power of the penetrant (water) for

the polymers [36]: water is a good solvent for PVP ðx ø 0Þ

and a non-solvent for PHEMA, PMMA, and PAN ðx . 1Þ:

For PHEMA x is very close to 1, borderline for solvent

character. Fig. 3 indicates that x is concentration-dependent

for all polymers, increasing with water activity for PVP but

decreasing for PHEMA, PMMA, and PAN.

According to the BET classification [37], all the

polymers exhibit a type III isotherm (Fig. 2), although the

small sorptions in PMMA and PAN do not show this clearly,

unless the water weight fraction axis in Fig. 2 is enlarged.

Results for PVP and PHEMA portray a large upturn at high

activity, whereas the upturn is less pronounced for PMMA

and PAN.

Two possible explanations for a large degree of upturn at

high activity are clustering of water molecules or plasticiza-

tion of the polymer matrix induced by water sorption [15].

We consider plasticization at the end of the diffusion

section. The Zimm and Lundberg cluster integral [38]

provides a method to determine the extent of clustering of

the solvent molecules inside the polymer matrix. The

advantage of this integral is that it can be obtained directly

from equilibrium data using the following relation:

Gww

vw

¼ 2Fp

›
aw

Fw

� �
›aw

2
664

3
775

P;T

21; ð6Þ

where Gww is the cluster integral, vw is the partial molecular

volume, both for the water molecules. The quantity Gww=vw

gauges the tendency of sorbed molecules to cluster. If

Gww=vw ¼ 21; the solution is ideal: water molecules

exclude their own volumes to the other water molecules

Fig. 2. Water vapor sorption equilibria for PVP, PHEMA, PMMA and PAN

at 35 8C.

Fig. 3. Flory interaction parameter x versus water vapor activity for PVP,

PHEMA, PMMA and PAN at 35 8C.
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but have no other effect on their distribution. Gww=vw ¼ 0

means that clustering is just sufficient to overcome the

excluding effect of the central water molecule, whereas

Gww=vw . 0 indicates that the water molecules tend to

cluster. If Gww=vw , 21; the water molecules prefer to

remain isolated.

Fig. 4a compares the values of the clustering function

Gww=vw for the four polymers. To calculate Gww=vw; we first

fit our experimental equilibrium data (Fw versus aw) with

Eq. (5), where we assume x ¼ c1Fw þ c2 with c1 and c2

constants. We then differentiate the resulting smooth

function. Although the calculated values may vary some-

what with differing smoothing procedures, the following

conclusions remain valid. Results for PVP give a small

negative Gww=vw for water activities up to 0.76, whereas at

very high activity, Gww=vw becomes slightly positive,

suggesting that water does not cluster in this polymer.

Conversely PHEMA, PMMA and PAN exhibit positive

values for Gww=vw; indicating that water molecules tend to

cluster in these polymers, as expected for poor solvents [36].

The clustering tendency increases significantly in the order

PMMA . PAN . PHEMA . PVP.

The product FwGww=vw represents the mean number of

water molecules in excess of the mean water concentration

in the specific neighborhood of a given water molecule [38].

Fig. 4b shows the mean cluster size, FwGww=vw; as a

function of water vapor activity for the four polymers. For

PVP, FwGww=vw is small and negative ð. 20:1Þ; in good

agreement with data from Chang et al. [13], except at very

high activity, where it becomes slightly positive. PHEMA,

PMMA and PAN display positive values increasing with

water activity, indicating that clusters of larger size form at

high activity. Stannett et al. [39] and Ranade et al. [40]

reported a similar range of values for PAN for aw . 0:5;

whereas at lower aw values their sorption curves are

concave to the activity axis suggesting no clustering.

Our results obtained for x and Gww=vw indicate a large

difference for water interacting with the four polymers.

When the polymer–water interaction is strong (PVP), water

is a good solvent for the polymer, and water molecules do

not cluster in the polymer matrix. By contrast, upon

reducing the polymer–solvent affinity (larger x), the

solubility of water decreases, and water tends to cluster in

the polymer matrix (larger Gww=vw).

3.2. Fickian versus anomalous diffusion

A change from the glassy to the rubbery state occurs for

both PVP and PHEMA at high water activity, whereas

PMMA and PAN remain in the glassy state at all activities.

Therefore, anomalous diffusive behavior is expected for our

systems. To understand the nature of the diffusion process in

our polymers, we fit the exponent a in Eq. (1) to our

experimental data. Table 2 summarizes the results. For

PAN, a is very close to 0.5 at all activities, suggesting

Fickian diffusion. Too few data have been collected for

PMMA at short time for an accurate determination of a: For

PHEMA ðL ¼ 302 mmÞ; a plot of lnðMt=M1Þ versus ln t fails

to show a linear relationship for some activities (see

example in Fig. 5a). When the linear relationship holds,

the fitted a is inside the range of anomalous diffusion ða ¼

0:58 2 0:62Þ: However, if we plot Mt=M1 versus t0:5=L; an

excellent linear correlation (R2 . 0:995; most often

,0.999) is found for Mt=M1 up to 60–75% at all activities.

However, the linear fit produces a nonzero intercept with the

time axis (Fig. 5b). This suggests that after a short time lag,

the diffusion process follows Fickian kinetics. The time lag

in our data probably follows from an unavoidable

experimental artifact: it is not possible to raise instan-

taneously solvent activity and surface concentration to the

equilibrium value. We collect the time data starting from the

instant when the manometer liquid begins to move. Some

Fig. 4. Clustering function Gww=vw (a) and mean cluster size FwGww=vw (b)

at various water vapor activities for PVP, PHEMA, PMMA and PAN at

35 8C.
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time is needed before the system attains the desired solvent

activity and equilibrium with the solvent surface. As a

consequence, a sigmoidal shape of the sorption curve is

expected at the very early stage of the sorption [41]; this

sigmoidal shape appears as a time lag in the uptake kinetics

because we start to collect data a few minutes after water

injection.

To verify the Fickian nature of the water transport in

PHEMA, we performed a second set of diffusion

experiments for the same range of solvent activities

with a film of different thickness ðL ¼ 181 mmÞ: In spite

of the short delay discussed above, the sorption curves

for different thicknesses are superposable at all activities,

as shown in Fig. 6 for the two extreme activities. We

conclude that water sorption in PHEMA is Fickian. Our

results are supported by the studies of Gehrke et al. [22]

who documented Fickian water transport in originally

glassy PHEMA. Therefore, anomalous a values may

simply arise from a delay in raising the penetrant surface

concentration to the equilibrium value, and not from

polymer relaxation.

For PVP, a rises from 0.57 to 0.77 upon increasing water

activity. The plot lnðMt=M1Þ versus ln t shows an excellent

linear relationship for all activities (see Fig. 5a for

aw ¼ 0:187). However, a plot Mt=M1 versus t0:5=L also

shows very good linear correlation, especially at low

activities, with a nonzero intercept (Fig. 5b). Based on the

previous discussion, either a time lag or polymer relaxation

may be a source of an anomalous a: Occurrence of a

sorption overshoot, discussed in Section 3.3, caused by

polymer relaxation suggests that relaxation is important in

PVP.

3.3. Sorption overshoot

A plot of the fractional penetrant uptake Mt=M1 versus

t0:5=L for PVP and PMMA at high activities (0.55 and 0.72

for PVP; 0.55 and 0.82 for PMMA, respectively) in Fig. 7

presents a characteristic maximum before reaching the

equilibrium value. This feature of uptake kinetics, called

‘sorption overshoot’, is in general due to a rearrangement of

the polymer chains following plasticization induced by a

penetrant.

Four possible causes of sorption overshoot are reported

in the literature. First, sorption overshoots are observed

when the absorption of a fluid in crystallizable glassy or

rubbery polymers promotes crystallization [42,43]. Solvent-

Table 2

Exponent a in Eq. (1) for varying water activities

Polymera aw a R2b

PVP 0.187 0.57 0.9987

0.384 0.65 0.9987

0.550 0.72 0.9998

0.721 0.77 0.9983

PHEMA 0.181 – –

L ¼ 181 mm 0.368 0.69 0.9818

0.598 0.65 0.9959

0.776 0.72 0.9974

PHEMA 0.192 – –

L ¼ 302 mm 0.379 – –

0.598 0.58 0.9991

0.761 0.66 0.9958

PAN 0.394 0.46 0.9365

0.571 0.51 0.9818

0.747 0.47 0.9926

a For PMMA too few data have been collected at short times for an

accurate determination of a:
b R2 is the square of the correlation coefficient.

Fig. 5. Water uptake at early time for PVP ðaw ¼ 18:7%Þ and PHEMA

(aw ¼ 19:0%; L ¼ 302 mm) (a) in lnðMt=M1Þ versus ln tðsÞ plot, and (b) in

Mt=M1 versus t0:5=L plot.
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induced crystallization (SINC) can be detected from the

appearance of a characteristic kink in the equilibrium

sorption curve, by a reduction in the equilibrium uptake in a

second sorption run, or by testing the polymer sample for

change in crystallinity before and after sorption.

Second, a penetrant-induced melting of labile crystals

and subsequent formation of stable crystals may lead to a

sorption-uptake maximum without a net change in the

crystallinity fraction and, therefore, in the equilibrium

uptake [44]. Penetrant-induced melting and recrystallization

can be verified by modulated differential scanning calori-

metry (MDSC).

Third, sorption overshoot in rubbery [45–48] or glassy

[49] polymers may arise from a slow relaxation of the

polymer chains to a more compact structure. In this case,

there is no crystallinity after sorption, and the solvent

equilibrium-uptake in two consecutive sorption runs is

unchanged.

Finally, a maximum in kinetic sorption curve may be

caused by release of indigenous components of the polymer

matrix after contact with a liquid [50,51].

We exclude this last possibility because, during the

experiment, the polymer films contact solvent vapor and not

liquid, and because the films were soaked in liquid water

and subsequently dried before any uptake experiment. This

procedure eliminates any water-soluble or volatile com-

ponent before collecting sorption data. Moreover, the

weight of the dry polymer sample was unchanged after

each desorption step.

No kink is present in our equilibrium-sorption data (see

Fig. 2), suggesting that there is probably no significant

solvent-induced crystallization in our samples. For a

crystallizable polymer, the pre-equilibration step with liquid

water promotes the formation of crystals. Therefore, it is

unlikely that crystallization (SINC or solvent-induced

melting and recrystallization) occurs in the subsequent

water vapor sorption at activities lower than unity. Hence,

the observed overshoot is most likely caused by polymer

relaxation.

However, to distinguish between a process involving

crystallization and a simple polymer relaxation, we

performed a calorimetric analysis on our samples after

pre-equilibration with liquid water. No melting peak was

detected for any of the four polymers studied upon heating

to 400 8C. Consequently we conclude that PVP, PMMA do

not crystallize after water sorption and, therefore, that the

sorption kinetic overshoot is due to polymer relaxation.

Sorption overshoot is observed if the diffusion time scale

is smaller than the time scale for polymer-chain rearrange-

ment (relaxation or crystallization). Indeed, the degree of

overshoot, defined as

Mmax 2 M1

M1

ð7Þ

decreases when the diffusion rate is reduced compared with

the polymer relaxation rate, for example, by increasing the

film thickness [42] or by lowering the temperature [43], by

increasing the degree of polymer crosslinking or by using

penetrants of larger size [49,52]. It is also well known that

the maximum in solvent uptake is more pronounced at high

solvent activities where the rate of penetrant diffusion in the

polymer is faster [45,46].

We observe this behavior in our experimental data. PVP

sorption curves do not show any evidence of overshoot at

the lowest activities (aw ¼ 18:7% and aw ¼ 38:4%),

whereas a maximum in the solvent uptake appears at aw ¼

55:0% (Fig. 7a); the maximum becomes more pronounced

at aw ¼ 72:1% with a degree of overshoot of 4.5% (Fig. 7b).

Similar behavior is observed for PMMA films in Fig. 7c and

d. The degree of overshoot for PMMA is roughly 2% at

aw ¼ 55:3% and 4% at aw ¼ 82:1%:

3.4. Diffusion model

To interpret our data we require a model that is able to

describe the variety of behaviors observed in our exper-

iments: Fickian diffusion with time lag (PHEMA) and

without time lag (PAN) as well as possible anomalous

diffusion (PVP). Long and Richman [53] proposed a

variable surface-concentration model to describe an anom-

alous, sigmoidal sorption curve. Although the transport

process in the film is assumed to be Fickian, a non-

instantaneous equilibration at the film surface is responsible

for the anomalous feature. We interpret our data using a

simplified version of Long and Richman’s variable-surface-

concentration model, suggested by Crank [41]. We assume

that the diffusion process is Fickian, and that the water

surface concentration approaches exponentially the equili-

brium water concentration, C0; at the selected activity:

Cð^l; tÞ ¼ C0½1 2 expð2btÞ�; ð8Þ

where l ¼ L=2 and b is the inverse of the characteristic time

Fig. 6. Comparison of the fractional uptake versus the ratio of square root of

time to film thickness for PHEMA with two different thicknesses at two

activities and 35 8C.
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for attaining saturation at the surface. If this characteristic

time is short, but not negligible, compared with the diffusion

time scale, the predicted sorption curve has Fickian scaling

ða ¼ 0:5Þ after a short delay.

The solution of Fick’s second law with the boundary

condition given by Eq. (8) and with a constant diffusion

coefficient D is [41]:

Mt

M1

¼ 1 2 expð2btÞ
D

bl2

� �1=2

tan
bl2

D

 !1=2

2
8

p2

X1
n¼0

exp 2Dð2n þ 1Þ2p2 t

4l2

� 


ð2n þ 1Þ2 1 2 ð2n þ 1Þ2
Dp2

b4l2

" #( ) :

ð9Þ

In the limit of b!1 (no time lag), we recover the

typical Fickian curve for constant surface concentration,

constant diffusion coefficient, and constant temperature. Eq.

(9) cannot describe sorption overshoot. However, it is

reasonable to adopt Eq. (9) to fit diffusion coefficients to

sorption curves displaying overshoot, since the overshoot

occurs near the end of the diffusion process. This is because

the sorption maximum appears only if penetrant diffusion is

faster than polymer relaxation. Moreover, the degree of

kinetic overshoot for both PMMA and PVP is small.

Fig. 8 shows water-sorption kinetics in four polymers for

different penetrant activities. Points are experimental data,

whereas lines represent the fitting curves obtained with Eq.

(9). The fit is satisfactory for all polymers at each activity.

Table 3 shows the fitted diffusion coefficient D and b at each

activity together with the root mean square deviation of the

calculated water uptake and the film thickness for each

polymer. We used the SigmaPlotq program with a least-

squares method to calculate D and b from Eq. (9). In

Fig. 7. Sorption overshoot in PVP at (a) aw ¼ 55:0% and (b) aw ¼ 72:1%; and in PMMA at (c) aw ¼ 55:3% and (d) aw ¼ 82:2%: Points are experimental data;

lines are fitting curves using Eq. (9).

O. Rodrı́guez et al. / Polymer 44 (2003) 6323–63336330



general, the diffusion coefficient is concentration dependent;

thus, the diffusion coefficients reported here are averages for

a concentration range from zero to the equilibrium value at a

given indicated activity.

The inverse of b measures the characteristic time

required to reach the equilibrium water content at the

sample surface, including the time necessary to raise the

vapor activity to the desired level. Typical values of 1=b are

in the range 0.5–6 min for PVP and PHEMA, whereas 1=b

is close to zero for PAN and PMMA (within experimental

uncertainty). In all cases 1=b is much smaller than the

diffusion time scale, i.e. ð1=bÞ=ðl2=DÞp 1:

The water diffusion coefficient is concentration

independent in PAN within the experimental uncertainty

ðD ø 2:4 £ 1029 cm2=sÞ: Stannett et al. [27] reported

diffusion coefficients for water in PAN

(D ¼ 2:5–4 £ 10210 cm2=s at 30 8C and 4–10 £ 10210 �

cm2=s at 45 8C) smaller than our values, displaying a

maximum with water concentration. Because PAN is

glassy at these experimental temperatures, differences in

the sample thermal history may account for the

discrepancy between our results and those of Stannett.

For PMMA, D increases slightly at high activities (from

16 £ 1029 to 23 £ 1029 cm2/s). Within the activity range

studied here, the diffusion coefficient always increases with

rising water vapor activity for PVP and PHEMA. For the

former D is between 16 £ 1029 and 61 £ 1029 cm2/s, and

for the latter, D is between 6.9 £ 1029 and 31 £ 1029 cm2/s.

Ichikawa et al. [54] obtained similar values for D (12.3–

16.8 £ 1029 cm2/s) in PMMA and in PHEMA (7.1–

8.9 £ 1029 cm2/s) at aw ¼ 50%: Our measured diffusion

coefficient for water in PVP falls in between those reported

Fig. 8. Comparison of the fractional uptake versus the ratio of square root of time to film thickness for (a) PVP, (b) PHEMA ðL ¼ 302 mmÞ; (c) PMMA and (d)

PAN at several activities and 35 8C. Points are the experimental data, lines the fitting curves using Eq. (9). For clarity of presentation, the fitting curve is shown

only at one activity for PMMA ðaw ¼ 55:3%Þ and PAN ðaw ¼ 74:7%Þ; whereas for PVP that one at aw ¼ 72:1% is omitted.
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by Ichikawa et al. [54] (7.4–11.8 £ 1029 cm2/s) and Chang

et al. [13] (7–10 £ 1028 cm2/s).

The Fickian diffusion coefficient Ð for a binary system

can be written as the product of two terms [55]; the first one

is an intrinsic mobility, Ð while the second one is a

thermodynamic non-ideality factor, G; defined by

G ¼
›lnðawÞ

›lnðFwÞ
: ð10Þ

Fig. 9 shows the thermodynamic factor for our systems

calculated from the measured equilibrium water uptake.

Although G is a decreasing function of solvent concentration

for all four polymers, the measured diffusion coefficient

increases significantly with rising water activity in PVP and

PHEMA, slightly in PMMA; it is independent of concen-

tration in PAN. Therefore, the concentration dependence of

the diffusion coefficient cannot be explained in terms of a

non-ideality factor and must be associated with an increase

of the intrinsic mobility Ð at higher activities. Plasticization

of the polymer matrix induced by water sorption is likely

responsible for the augmented intrinsic mobility upon

increasing water concentration.

We have shown that water forms clusters in PHEMA,

PMMA, and PAN. Water clustering is associated with a

diffusion coefficient that decreases with rising solvent

activity, whereas plasticization gives a diffusion coefficient

that increases with solvent concentration [6,15]. Our results

suggest that plasticization dominates at high activity,

especially for PVP and PHEMA, whereas clustering and

the concentration dependence of the thermodynamic factor

cancel the effect of plasticization in PAN. Similar behavior

has been observed for polyethersulfone [15] and for a series

of polyarylates [6] with water as a penetrant.

4. Conclusions

Water vapor sorption and diffusion data at 35 8C have

been obtained for four homopolymers of interest for

packaging, insulation, and biomedical applications (such

as drug-delivery systems) or for contact lens technology.

Sorption results show that water has little solubility in

PMMA and PAN, as expected for hydrophobic polymers.

Water solubility is much higher in hydrophilic PVP and

PHEMA. Data reduction using Flory–Huggins theory and

the Zimm and Lundberg cluster integral shows that for

polymers with strong interaction with water (PVP) water

clustering is negligible, while for more hydrophobic

polymers the degree of clustering appears to be larger.

Water diffusion is faster in PMMA than in PAN. In these

two polymers, the diffusion coefficient is, respectively,

weakly and not concentration dependent. For PVP and

PHEMA, however, the diffusion coefficient is concen-

tration-dependent and rises with increasing water vapor

activity. Combined with the large upturn in the equilibrium

isotherm, this trend suggests that the polymer matrix is

plasticized by the solvent. Water diffusion is Fickian in

PHEMA. The anomalous feature of sorption overshoot has

been observed for PVP and PMMA at high water activity.
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