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Abstract

The kinetics of moisture sorption/desorption in poly(terephthalate-co-phosphate) thin films was investigated in situ at 7= 25 °C using optical
waveguide spectroscopy (OWS). At low water activities, Fickian diffusion was observed for the initial phase of the sorption process, while at
high activities, due to the clustering of water, a complex sorption behavior was found. The moisture sorption isotherms were analyzed according
to both the Zimm and Lundberg model as well as the Brown model, which suggests the formation of clusters of water molecules in poly(ter-
ephthalate-co-phosphate) at water activities of oy =0.58 or higher. The water diffusion coefficient decreases with increasing water activity,
which also suggests water cluster formation. A biphasic desorption behavior was also observed upon decreasing the water activity from
ay =1 to 0. This study demonstrated the unique advantages of OWS in characterizing in situ the sorption/desorption behavior of penetrants

in polymer thin films.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymeric materials usually adsorb moisture when exposed
to a humid atmosphere or immersed in aqueous media. The
moisture sorption may affect the physical and chemical prop-
erties of polymers, such as the glass transition temperature
(Ty), the mechanical strength, the gas permeation behavior,
etc [1—5]. A great deal of efforts thus were put into the studies
of water vapor sorption and diffusion in polymer matrixes,
particularly for polymeric materials employed in an aqueous
environment, such as in food packing, for gas separation,
controlled drug release, biomedical applications, as polymeric
adhesive, etc.

* Corresponding author. Max-Planck-Institut fiir Polymerforschung, Acker-
mannweg 10, 55128 Mainz, Germany. Tel.: +49 6131 379161; fax: +49
6131 379360.

E-mail address: knoll@mpip-mainz.mpg.de (W. Knoll).

0032-3861/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.polymer.2006.08.031

Since water molecules can interact strongly not only with the
polymer matrix but also with themselves via hydrogen bonding,
the state of water within the polymer matrix depends on the
extent of water—polymer interaction, as well as on the water
activities (i.e., on the relative humidity). At lower water activi-
ties, water is distributed mainly within the polymer matrix,
physisorbed to active sites via hydrogen bonds. This can gener-
ally be described by the Flory—Huggins solution theory. At
higher activities, water has a tendency to cluster or to cause plas-
ticization of the polymer matrix depending on the possibility of
forming hydrogen bonds among water molecules, or between
water and hydrophilic groups. Three types of water have been
proposed to exist in a polymer matrix. Primary bound water
(Type III) is strongly associated with polar groups of the
polymer chains. Secondary bound water (Type II) is hydrophobi-
cally bound water formed at high humidity through water—water
hydrogen bonds. Bulk water (Type I) is solvent-like water,
which is similar to that of bulk water in aqueous solution.
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Fig. 1. The chemical structure of poly(terephthalate-co-phosphate).

Recently, a new polyphosphoester co-polymer, namely
P(BHET-EOP/TC), was developed in order to obtain not
only the typical biodegradable characteristics of polyphos-
phoester but also to have strong mechanical properties by in-
corporating phosphates into the poly(ethylene terephthalate)
(PET) backbone [6]. In contrast to PET, the co-polymer is
more amorphous. The flexible phosphoester bonds in the back-
bone lower the glass transition temperature and confer good
solubility in common solvents, e.g., chloroform. The pentava-
lency of the phosphorus atom in the backbone allows for
chemical linkage of other molecules to the polymer. With an
EOP/TC ratio of 80:20, the co-polymer showed a favorable
toxicity profile in vitro and good tissue biocompatibility [6].
It was suggested that this class of biodegradable co-polymers
may find use in biomedical applications, such as drug delivery
and tissue engineering. In this work, we will investigate the
moisture sorption/desorption behavior of this new co-polymer.

Optical waveguide spectroscopy had proved to be well
suited to characterize polymer thin films ranging from several
hundred nanometers to a few micrometers in thickness [7—9].
For example, the behavior of PMMA films at various temper-
atures and pressures was studied using this optical technique
[10—12]. It was also applied successfully to monitor the kinet-
ics of the swelling of polymer brushes [13,14] and plasma po-
lymerized thin films [15]. OWS can determine the (isotropic)
refractive index (n) and the thickness (d) simultaneously, pro-
vided at least two modes can be guided in the thin film
structure.

In this report, OWS was employed to monitor in situ the ki-
netic behavior of moisture sorption and desorption in thin
films of P(BHET-EOP/TC). The P(BHET-EOP/TC) films
were spin-coated to a thickness of ca. 500 nm, which allowed
for exciting at least two waveguide modes in an OWS spec-
trum. It provided sufficient data for simultaneous determina-
tion of the thickness and the refractive index of the thin
film. The moisture sorption isotherm was obtained from the
thickness of the swollen P(BHET-EOP/TC) films at a given
relative humidity, which was then analyzed using different
models, including the Flory—Huggins model, the Zimm and
Lundberg model and Brown model. Our results suggest that
water molecules tend to form clusters in the polymer matrix
at high water activity.

2. Experimental
2.1. Materials

The synthesis of P(BHET-EOP/TC, 80:20) was described in
details before [6]. The ratio in the notation refers to the molar

ratio of EOP to TC units in the polymer backbone. Its chem-
ical structure is given in Fig. 1. In brief, 1,4-bis(2-hydroxy-
ethyl)terephthalate (BHET) was first reacted with ethyl
phosphorodichloridate (EOP) to yield a hydroxyl-terminated
prepolymer, which was further polymerized with terephthaloyl
chloride (TC). Milli-Q water was used throughout the experi-
ments. LaSFNO glass slides (n = 1.844 at A = 633 nm, Hellma
Optik, Jena, Germany) were used in the OWS measurements.
The LaSFN9 slides were cleaned with 2% Hellmanex deter-
gent, rinsed extensively with water, then with ethanol, and
finally dried thoroughly with pure nitrogen gas. A 2-nm chro-
mium layer and a 50-nm gold layer were deposited onto the
glass slides. Here the chromium layer is used to enhance the
adhesion of gold on the LaSFNO9 glass. The P(BHET-EOP/
TC, 80:20) polymer was dissolved in chloroform at a concen-
tration of 2 wt%, and was then spin-coated onto Au coated
LaSFND9 slides at 2000—3000 rpm resulting in a thickness of
400—600 nm. Prior to the OWS measurements, the films
were dried at 50 °C for 24 h in order to remove any solvent
from the film.

2.2. Optical waveguide spectroscopy (OWS)

The use of OWS for the characterization of thin films has
already been discussed in details elsewhere [7—9]. The
OWS scan can be fitted using the Fresnel equations obtaining
not only the refractive index n but also the thickness d of the
guiding film provided at least two optical modes can be ex-
cited. The excitation of waveguide modes can be achieved
not only by p-polarized light but also by s-polarized light al-
lowing for the characterization of optically anisotropic films.
OWS measurements were carried out with a home-built setup
based on the Kretschmann configuration (as shown in Fig. 2)
as described before [7,13]. The samples were mounted to a Tef-
lIon cell, which could be kept at a constant relative humidity.
The humidity inside the Teflon cell was controlled by using
a small vessel filled with a saturated aqueous salt solution in
contact with excess salt. The high salt content of the solution
reduces the water vapor pressure to a distinct value. Saturated
salt solutions of lithium bromide, calcium chloride, potassium
carbonate, sodium bromide, sodium chloride, potassium chlo-
ride, zinc sulfate were used to achieve a desired humidity, i.e.,
6%, 29%, 43%, 58%, 715%, 84%, 90%, respectively [13,15].
Zero humidity was obtained by drying the samples over potas-
sium hydroxide pellets. One hundred percent humidity was
obtained through pure H,O. Each sample was firstly dried
with solid potassium hydroxide before introducing the salt so-
lution. During the moisture exposure, the change in thickness
was monitored by measuring the shift in the minimum dip of
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Fig. 2. (a) Schematic of sample installation in OWS (Kretschmanns configura-
tion) accompanied with a humidity cell, into which a vessel containing the sat-
urated salt solution was placed and (b) the schematic of waveguide modes
within the polymer film, which can be seen in the reflectivity curve if one
measures the reflectivity as a function of incident angle.

a waveguide mode as a function of time. The time resolution is
better than 1.5 s. Once equilibrium of the swelling process was
reached, an OWS angular scan was taken in order to determine
the thickness and the refractive index of the swollen polymer.

3. Results and discussion
3.1. OWS measurement

Moisture sorption of P(BHET-EOP/TC) films at controlled
water activity was monitored using OWS accompanied with
a specific cell, to which the sample was attached. A small ves-
sel containing either solid KOH pellets or saturated salt solu-
tions was placed into the cell in order to obtain desired water
activity. For determination of the thickness of P(BHET-EOP/
TC) at various water activities, the reflectivity versus the inci-
dent angle curves were recorded at a constant temperature.
Fig. 3 shows the typical reflectivity versus incident angle curve
for P(BHET-EOP/TC) at water activities of 0, 0.75 and 1. It is
evident that two waveguide modes could be excited and after
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Fig. 3. Typical s-polarized OWS spectra of a P(BBHET-EOP/TC) film at various
water activities, T =25 °C.
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Fig. 4. The thickness and the refractive index of a P(BHET-EOP/TC) film for
various water activities.

introducing the humid air, the higher order mode located at
lower incident angles is shifted to higher angles. This indicates
a large increase in thickness of the P(BHET-EOP/TC) film due
to the swelling by incorporation of water molecules into the
polymer matrix. The reflection curve can be fitted based on
Fresnel equation using a simple box model. Because of the
presence of two waveguide modes, both the thickness and
the refractive index of P(BHET-EOP/TC) at various water
activities were determined independently, which is shown in
Fig. 4. Clearly, with increasing water activity, the thickness
of the P(BHET-EOP/TC) film increases due to the swelling
induced by the incorporation of water molecules.

3.2. Flory—Huggins analysis

For a flat sheet, the relative increase in thickness is directly
proportional to the change in volume. Consequently, the rela-
tive increase in P(BHET-EOP/TC) thickness can be used to
calculate the volume fraction ¢; of water within the polymer:

deg — d d,
Zaq 0420 (1)

6= deq deq

here d is the thickness of the film at oy = 0, and d is the equi-
librium thickness of the film at various water activities. The
water uptake as indicated by the volume fraction is 3.9% and
8.9% for P(BHET-EOP/TC) at «; =0.9 and «; =1, respec-
tively. It is very surprising that there is a ‘jump’ in P(BHET-
EOP/TC) thickness at oy =1 compared to that at «; =0.9.
The incorporation of water molecules (7= 1.333) into the
P(BHET-EOP/TC) layer (n = 1.543) also results in a decrease
in the refractive index, as can be seen in Fig. 4. At ¢; =1 a
refractive index of n = 1.534 was obtained indicating approxi-
mately 4.3% water incorporation into the film. This water
uptake value is higher than that for PET, which can only adsorb
1% or less of water. The reason is that P(BHET-EOP/TC) is
hydrophilic compared to PET because of the incorporation of
phosphate in the backbone.

In Fig. 5 the volume fraction ¢; of water sorbed in
P(BHET-EOP/TC) at 25 °C is shown as a function of the water
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Fig. 5. The volume fraction of water within the PBBHET-EOP/TC) film as
a function of water activities. The lines are the simulations according to the
Flory—Huggins equation. The different interaction parameters used for the
simulation are given in the figure.

activity o;. This isotherm shows an upward curvature at low
water activities and a big upturn at oy =1 (i.e., 100% relative
humidity). The sorption isotherm was firstly correlated accord-
ing to conventional solution thermodynamics, i.e., the Flory—
Huggins theory [16—18]:

ap = ¢, eXP((1*¢1)+X(1*¢1)2) (2)

where « is the water activity, ¢, is the volume fraction of wa-
ter in the polymer, and x is the Flory—Huggins interaction pa-
rameter. By fitting the experimental data using Eq. (2), it is
possible to calculate the Flory—Huggins interaction parameter
x. The x value provides a good indication of the solvent power
as a penetrant for the polymers. The lines in Fig. 5 represent
the calculated curves from Eq. (2) using different interaction
parameters x as indicated in the figure. Clearly, the value at
ay = 1 is out of the fitting range and the Flory—Huggins model
cannot describe the whole sorption isotherm of the present
case. However, by comparing the simulated curves with the
measured data at low water activities, oy < 0.9, the Flory—
Huggins interaction parameter y is estimated to be in the range
between 2.2 and 2.7. The high value of interaction parameter x
indicates that the interaction of water molecules with each
other is stronger than the interaction between water and the
polymer segments. Water is still not a good solvent of
P(BHET-EOP/TC) even though more polar groups exist in
P(BHET-EOP/TC) than in PET.

The curvature and strong upturn observed in the sorption
isotherm may be caused by two phenomena: (1) the clustering
of water molecules [17,19,20], or (2) the plasticization of the
polymer matrix induced by water sorption [21,22]. Clustering
causes an increase in the average size of a water molecule and
hence reduces the diffusion coefficient, while plasticization al-
lows the polymer chains to move more freely leading to faster
diffusion. Thus the behavior of the diffusion coefficient can be
used to differentiate between plasticization and clustering. In
this study, the diffusion coefficient decreases with increasing

humidity (given in Section 3.5), indicating clustering of water
molecules as the predominant process for sorbed water,
particularly at high water activities. Two independent methods
were employed for the clustering analysis: (1) the Zimm and
Lundberg theory [23], and (2) the Brown theory [24].

3.3. Zimm and Lundberg analysis

Zimm and Lundberg [23] developed a mathematical ap-
proach to determine the tendency of penetrant molecules to
cluster in a polymer based on a quantity called the cluster in-
tegral, G, which can be obtained directly from equilibrium
data using the equation:

o(&
Gy—:‘=—<1—¢1>[ a(ZL‘I)] -1 0

here, v is the partial molar volume of the penetrant, «; is the
penetrant activity, ¢, is the volume fraction of the penetrant.
P and T are the pressure and temperature, respectively. The
quantity G,/v, is a measure of the tendency of penetrant mol-
ecules to form clusters. For an ideal solution, G,/v; is equal to
—1 because the activity «; is proportional to the volume frac-
tion ¢;. If Gi/v; < —1, penetrant molecules (water in the
present study) prefer to remain isolated. If G,/v; > —1, pene-
trant molecules tend to cluster. If G,/v; =0, the degree of
clustering is just sufficient to overcome the excluded volume
of the polymer molecule. The extent of clustering is indicated
by the extent to which G,,/v; exceeds —1.

Zimm and Lundberg [23] have provided a more useful
quantity ¢,Gq1/v,, which refers to the mean number of excess
water molecules in the neighborhood of a given water mole-
cule. This definition specifies the excess water molecules in
the vicinity of the central water molecule, but does not include
the central water molecule. If the water solvent molecule is in-
cluded, Brown [24] has suggested that the average number of
water molecules in a cluster (., the so called cluster number)
can be calculated by the following equation:

N. = ¢, (%4‘1) +1 4)
1
and
o«
Nc__¢1(1_¢1)[a(%”1) +1 (5)

For an ideal solution, there is no clustering and N, is equal
to 1.

The Jones method [2,25] can be employed to solve the
differential in Eq. (3). If /¢, is plotted against «, the exper-
imental data can be fitted according to second order polyno-
mial, which is then differentiated. In this analysis, a small
term of the compressibility of the penetrant in a binary mixture
is ignored. The results of Zimm and Lundberg analysis are
shown in Table 1. The data at «; > 0.43 were used in the curve
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Table 1

The results of Zimm and Lundberg analysis

RH (%) o é1 ald, Gi/vy N,
43 0.43 0.018 24.4 -30.3 0.48
58 0.58 0.023 25.7 —4.6 0.92
75 0.75 0.032 23.2 229 1.77
84 0.84 0.039 21.3 38.6 2.56
90 0.9 0.039 22.8 47.7 2.92
100 1 0.089 11.3 60.3 6.44

fitting because clustering of water molecules may occur pref-
erably at higher water activity. From Table 1, it can be seen
that at oy < 0.58, the cluster integral G;,/v; is lower than
—1, indicating that water molecules are randomly mixing
within the polymer. While at «; > 0.75, the cluster integral,
G11/vy, is higher than —1, which suggests a high tendency of
water cluster formation. The calculated cluster number N,
also shows the same trend. At «; = 0.9, water forms clusters
with an average number of 2.9 water molecules. If the humid-
ity is increased to «; = 1, water forms clusters composed of an
average of 6.4 water molecules. The P(BHET-EOP/TC) used
in this work is largely amorphous and the distribution of phos-
phate groups in the backbone is relatively random throughout
the polymer chain [6]. At low o, water is distributed through-
out the polymer matrix, probably in the form of primary bound
water. As o increases, clustering of water molecules (second-
ary bound water) gradually becomes the predominant form of
water.

3.4. Brown analysis

Brown [24] has proposed a method to analyze the water
sorption into certain polar polymers. In his model the conven-
tional Flory—Huggins theory and cluster theory are combined,
and the total water sorbed by a polymer is viewed as the sum
of the fractions of randomly distributed water molecules
(Flory—Huggins solution theory) and non-randomly mixing
water molecules, e.g., clusters. In Brown analysis, the recipro-
cal of volume fraction of the water is plotted against the recip-
rocal of the partial pressure of water, which can be described
by the following equation:

1 K,

- _r 6
o P K (6)

here P, is the partial pressure of water (i.e., water activity o).
K, and K, are constants. For K, = 0, this equation corresponds
to the sorption behavior described by Henry’s law. If K is
negative the isotherm is considered to be a Langmuir or of
an attenuated type. If K, is positive it is an enhanced cluster
isotherm. As Py approaches zero, the infinite dilution isotherm
is given by the inverse of Henry’s law:

1 K
—=2 ™)
bu P

This analysis also provides a unique calculation of the
Flory—Huggins interaction parameters, x. Through the use

of the limiting (Henry’s law) approximation of the Flory—
Huggins theory, x can be defined according to equations:

P=¢, exp(l +x) =Ko, (8)
and
X:thl -1 (9)

At any relative pressure, the experimental sorption data can
be compared to that predicted by Henry’s law to provide a ra-
tio, N., which is defined as the enhancement number and can
be calculated from Egs. (6) and (7):

ot K

[

1
K _KP 1+ K¢, (10)
The enhancement number is a measure of the extent to
which the sorption of water is increased by the abnormalities
of the process, which results from non-random mixing, e.g.,
clustered or associated water.

Using the partial pressure of water as an adequate approx-
imation to the activity, it can be seen from Eq. (6) that the
derivative within the brackets in Eq. (5) is equal to —K,.
Consequently, the cluster number can be calculated by
equation:

Ne =1+ K2, — K2y} =N — Kr¢p7 (11)

Brown model was applied to the experimental sorption data
of P(BHET-EOP/TC). Fig. 6 shows a plot of the reciprocal of
the volume fraction ¢, of water as a function of the reciprocal
partial pressure of water, which exhibits a near-linear behavior
for the data obtained at high pressures («; > 0.29). The results
of the Brown analysis are given in Table 2. The calculated
Flory—Huggins interaction parameter x is 2.9, which is con-
sistent with the estimated value ranging from 2.2 to 2.7 by
the Flory—Huggins analysis. Both analyses showed that
x > 1, suggesting that water is not a good solvent for
P(BHET-EOP/TC). Therefore, it is reasonable that water mol-
ecules tend to form clusters in the P(BHET-EOP/TC) at high

160

] Data
140

linear fit

120

Y = 49.7X-37.7
100 (R=0.97)

0 T T T T T T
1.0 1.5 2.0 25 3.0 3.5

1/P

Fig. 6. Brown cluster analysis of the moisture sorption in a P(BHET-EOP/TC)
film.
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Table 2
The results of Brown analysis
K, K> X Value at P =1
¢ Ne N
49.7 37.7 2.9 0.083 4.1 39

activity. The cluster number N, at 100% RH is 3.9, which is
lower than that obtained from Zimm and Lundberg analysis
(Table 1).

3.5. Sorption kinetics

The kinetics of moisture sorption and desorption in
P(BHET-EOP/TC) film can be monitored with OWS by mea-
suring the angular position of one waveguide mode as a func-
tion of time. Fig. 7 shows the change of the first order
waveguide mode (m =1, in p-polarized light OWS, data are
not shown here) as a function of time. The P(BHET-EOP/
TC) film was attached to a special cell in which KOH pellets
guaranteed 0% humidity in equilibrium. Upon changing KOH
with various saturated salt solutions (i.e., various relative hu-
midities), the waveguide mode shifts to higher angles very
quickly within the first several minutes and reaches equilib-
rium within about 10 min. The only exception is in the case
of 100% relative humidity, which shows that the process is ini-
tially very fast while after ca. 2 min a secondary much slower
process takes over, and equilibrium is reached only after about
5 h. Note that for «; < 0.43, the minimum mode shifts to
higher angle at first and then shifts back to equilibrium value.
The huge shift at the beginning was caused by an experimental
artifact. To change the vessel containing the salt solution, the
cell had to be opened and the film was briefly exposed to am-
bient humidity (approximately 55—70% in our lab). For this
reason, we analyzed the kinetic data for only «; > 0.58 in
the following part. The fast process may represent diffusion
of water molecules into PBBHET-EOP/TC) followed by clus-
tering of water molecules within the film. The sample had

43.5
43.0

o, =1

42.5

42.0

IS
=
4]

Minimum angle / deg
iy
o

IN
I
3

0 10 20 30 40 50 60 150 200 250
Time / min

Fig. 7. Kinetics of moisture sorption into a P(BHET-EOP/TC) film at various
water activities.

always been dried back to the starting thickness value in
a 0% relative humidity before the next sorption experiments
were started. It can be seen from Fig. 7 that the starting point
of every curve is almost at the same level. This indicates that
the moisture sorption and desorption of PBBHET-EOP/TC) are
fully reversible.

Two characteristics features [26—28] of Fickian diffusion
of a solvent in a polymer film are: (i) the plot of the fractional
penetrant uptake M,/M ., against the square root of the time is
linear up to at least M,/M ., = 60% for both adsorption and de-
sorption and (ii) above the linear region, the sorption curves
are concave to the abscissa. Here M, is the mass of penetrant
at time ¢, and M, is the equilibrium mass. In this study, M/
M, can be calculated by the following relationship:

Mr dt —do
L 12
Mo deg—do (12)

We already found that the change of the refractive index of
P(BHET-EOP/TC) is very small except for the value at 100%
humidity. The minimum angle change in Fig. 7 can be corre-
lated to the change in P(BHET-EOP/TC) thickness.

A plot of M/M ., versus *31d, for high water activities
ay > 0.58 is shown in Fig. 8. It can be found that the initial
part (except first data point) exhibits a linear correlation for
MJ/M . up to 60% at all water activities, indicating that the
sorption is described by a Fickian diffusion. The first data point
is lower, as expected for Fickian diffusion. This may be an
indication of a time lag, which was probably caused by the
lower surface concentration compared to the equilibrium value.
We collect the time data instantaneously after the saturated salt
solution was placed into the OWS cell. It takes some time for
the water activity in the OWS cell to reach equilibrium. As a
result, a sigmoidal shape of the sorption curve is expected at
the initial stage of the sorption [29].

From the initial slope of the curve in Fig. 8, it is also possi-
ble to obtain the average diffusion coefficient [28,29]. In the
present work the water molecules penetrate into the films
from one side of the films. Therefore, for a constant diffusion
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Fig. 8. A plot of M,/M,, versus 1*3/d at various water activities.
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coefficient D and a polymer film of thickness d, the diffusion
equation can be expressed as:

M, 2 (D™
M. w5 \& (13)

if the initial slope, R = 8(M,/M ) /d(t°3 /d), is observed in a
sorption experiment in which D is concentration dependent,
the average diffusion coefficient can be deduced from
Eq. (13) as:

T4

™ [G(M,/Mw)]z_z

aO3/d) | i (14)

The calculated diffusion coefficients are the averages for
a concentration range from zero to the equilibrium value at
a given activity. The diffusion coefficients calculated using
Eq. (14) are given in Table 3. It can be seen that there is a
decrease in the diffusion coefficient with increasing water activ-
ity, which suggests that clustering of water molecules dominates
at high activity. Water clustering is associated with a diffusion
coefficient that decreases with increasing water activity.
This trend is in contrast to a plasticizing effect by which the
diffusion coefficient normally increases with increasing solvent
concentration.

In order to understand the nature of the diffusion process in
P(BHET-EOP/TC), the initial portion of the sorption data was
also fitted to an empirical equation:

M,
Moo

= k" (15)

where the m value indicates the type of diffusion mechanism.
Fickian diffusion is indicated by m =0.5 [27]. If diffusion
is very fast, m is equal to 1. The third case is anomalous dif-
fusion with m values ranging between 0.5 and 1. For
ay > 0.58, In(M,/M..) was plotted against In(¢), as shown in
Fig. 9. Table 3 summarized the slope of all curves for the early
data points excluding the first data point. Note the time range
is identical to that in Fig. 8. At low humidity, they all are ap-
proximately m = 0.5, which confirms that the water diffusion
into P(BHET-EOP/TC) is controlled by a Fickian diffusion be-
havior. But at 100% humidity, high value of m = 1.18 indicates
that the water molecule diffuses much faster through the
P(BHET-EOP/TC) layer than normal Fickian diffusion. At
oy =1, the water molecules have strong tendency to cluster
in P(BHET-EOP/TC). This is consistent with the earlier
analysis.

Table 3

Diffusion coefficient and exponential m at various water activities

o D x 10" ecm¥s m
0.58 6.64 0.47
0.75 3.38 0.56
0.84 2.15 0.50
0.9 1.68 0.39
1 1.34 1.18
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Fig. 9. A plot of In(M/M ) versus In(7). The dotted lines are the linear fit of
experimental data.

3.6. Desorption kinetics

We also monitor the moisture desorption from P(BHET-
EOP/TC), as shown in Fig. 10. At o; =0.9 or lower, the min-
imum angle of the waveguide mode shifted back to the starting
position very fast, which can be explained by Fickian diffu-
sion. However, at «; = 1, a biphasic desorption curve was ob-
served showing a plateau between the two slopes. To the best
of our knowledge, this is the first observation of this kind of
desorption behavior. This is due to the high sensitivity of the
OWS method: it is sensitive to small changes in the thin
film thickness and has a high temporal resolution that can
reach 1.5s (10s in this study). This temporal resolution is
much higher than that of other traditional techniques, such
as electromicrobalance. This biphasic desorption curve sug-
gests that there are two types of water in a P(BHET-EOP/
TC, 80:20) film, i.e., primary bound and secondary bound
water. We hypothesized that the two step decrease in the de-
sorption curve for a; =1 likely corresponds to two types of
water in polymer film. The first decrease is the release of sec-
ondary bound water, and second slope corresponds to primary
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Fig. 10. Kinetics of moisture desorption from a P(BHET-EOP/TC) film at
various water activities.
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bound water. It is interesting to note that the second slope
nearly overlaps the curve obtained for 90% RH. This may in-
dicate that the same type of water exists at this phase (second
peak for 100% RH curve) as that in the film at 90% RH.
Nevertheless, a detailed analysis (such as near-IR [30], NMR)
on the exact water state is needed to confirm this hypothesis.

4. Conclusions

Optical waveguide spectroscopy proved to be a sensitive
technique for characterizing the kinetics of moisture sorp-
tion/desorption in polymer thin films. The moisture sorption
isotherm can be obtained from the thickness change of the
polymer film. Fickian diffusion is observed for the initial water
sorption into P(BHET-EOP/TC) films. At high water activities,
the majority of adsorbed water in P(BHET-EOP/TC) forms
clusters (secondary bound water). A biphasic water desorption
is observed for films equilibrated at 100% relative humidity.
Zimm and Lundberg analysis of the sorption isotherms also
suggests that water molecules form clusters in P(BHET-EOP/
TC) films at high water activity. The water diffusion coefficient
decreases with increasing activity, again, indicating water clus-
ter formation rather than plasticization. It is worth noting that
the optical technique used in the present study is widely appli-
cable for investigating water sorption in polymer thin films, as
the analysis does not require any predetermined parameters.
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