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ABSTRACT: The ability to probe water diffusion in polymer
composites is of significant importance for materials character-
ization and performance evaluation. Here, we investigate water
diffusion in polymer composites using coherent anti-Stokes
Raman scattering microscopy and impedance spectroscopy.
Coherent anti-Stokes Raman scattering microscopy provides
real-time information about evolution in the polymer composite
structure during water uptake, which supports a method for
evaluation of impedance data obtained in a water penetration
process. The method extracts the water diffusion kinetics from the relative change in the temporal capacitance, which includes
contributions from changing dielectric properties and thickness. Specifically, the method is used for investigating two model
composites relevant for medical adhesives consisting of a hydrophobic and rigid polymer matrix mixed with either poly(acrylic
acid) or cetyl hydroxyethyl cellulose particles. Based on our analysis, these two composites exhibit anomalous diffusion and case
II sorption, respectively, corresponding to faster relaxation processes in the poly(acrylic acid) containing composites compared
to the cetyl hydroxyethyl cellulose containing composites during the water uptake process. Furthermore, the cetyl hydroxyethyl
cellulose containing composites demonstrate characteristic penetration and saturation times almost an order of magnitude
higher than the poly(acrylic acid) containing composites. In agreement with known chemical properties of these materials, this
implies a lower water affinity for cetyl hydroxyethyl cellulose compared to poly(acrylic acid).

KEYWORDS: impedance spectroscopy, coherent anti-Stokes Raman scattering (CARS) microscopy, polymer composites,
water diffusion, case II sorption, anomalous diffusion

1. INTRODUCTION

Polymer composites are used for a wide range of applications
including paints, protective coatings, wind turbine blades, and
adhesives. Such composites consist of a polymer matrix and
fillers. One function of the matrix is to hold the geometrical
shape of the composite, while the fillers give the material
application-specific properties depending on the type of filler.
Filler types include pigments for coloring, fibers for directional
rigidity, and hydrophilic particles for enhanced water
permeability.1−5 Water diffusion in polymer composites is of
great interest for manufacturing anticorrosive paints, protective
coatings for microelectronics, hydrogels, and medical adhe-
sives.6−10 The ability to accurately probe water diffusion is
required for rational material formulation and screening of
material performance. Consequently, there exists a continuous
drive to develop and refine experimental techniques for
investigating water diffusion in polymer composites.
Diffusion studies are typically conducted using gravimetric

measurements, while spectroscopic techniques represent an
alternative approach.11−13 The choice of method depends on

sample geometry, functionality, and time scale of diffusion.
Obtaining accurate water uptake data presents a challenge
using gravimetric measurements for degrading systems where
significant sample mass is lost due to elution of species or
cohesive fracture.14,15 Fredj et al. demonstrated the occurrence
of leaching processes in marine coatings by comparing
gravimetric measurements with impedance spectroscopy.
Impedance spectroscopy proved not to be as sensitive to
eluting species as gravimetric measurements and yielded more
accurate uptake kinetics.16 Later, Grammatikos et al.
emphasized the benefits of impedance spectroscopy to detect
moisture uptake in fiber reinforced polymer composites
without the contribution of sample loss.17 Other advantages
of impedance spectroscopy include high time resolution,
noninvasive nature, and the ability to detect electrochemical
reactions. However, assumptions about the electrical behavior
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of the system are required for physical interpretation.
Complementary techniques should therefore be used in
combination with impedance spectroscopy to ensure correct
data interpretation. Reuvers et al. studied the water uptake in
nylon films using electrochemical impedance spectroscopy and
magnetic resonance imaging. The imaging was used to track
the bulk water front since it was found to only detect moisture
levels higher than 2%. Meanwhile, impedance spectroscopy
was found to be sensitive enough to detect low concentrations
of water ahead of the bulk water front, which also made it
suitable for studying the water penetration in the films.11

Experimentally obtained sorption curves are typically
interpreted by using diffusion models to obtain quantitative
information, such as the diffusion coefficient, which is useful
for intersample comparison. Diffusion models can also help
link together the material composition and performance, since
they hold molecular information about the system.18 The
nature of sorption kinetics strongly depends on the sample−
penetrant interactions.19 Polymer systems with a high degree
of chain mobility are typically above their glass transition
temperature and can accommodate diffusion of penetrants
with a high activity without the buildup of internal stress. Such
systems will exhibit Fickian diffusion behavior.20 On the other
hand, for polymeric systems where the time scales of the
polymer relaxation processes are comparable with the time
scales for penetrant diffusion, non-Fickian sorption kinetics are
expected. These sorption processes will typically exhibit a
sharp flow front propagating in the material.21−24

In the work presented here, we investigate polymer
composites relevant for medical-grade adhesives composed of
a hydrophobic matrix and hydrophilic particles. The water
transport is expected to occur in the hydrophilic particles due
to the low water permeability of the matrix. In this study, we
select two different fillers that are expected to exhibit different
water transporting properties due to differences in their
hydrophilicity. Poly(acrylic acid) (PAA) was selected as a
highly hydrophilic filler. PAA is typically categorized as a
superabsorbent polymer, which is attributed to sodium ion
dissociation upon wetting and its hydrophilic acid groups.
Cetyl hydroxyethyl cellulose (CHEC) was chosen as a
moderately hydrophilic particle due to its hydrophobic cetyl
side chains and nonionic nature.25,26 We seek to understand
how water interacts with the fillers by probing the diffusion
kinetics using impedance spectroscopy and by imaging
structural changes using coherent anti-Stokes Raman scattering
(CARS) microscopy. CARS microscopy provides label-free
chemical contrast by imaging specific molecular vibrations
associated with particular chemical species.27 The technique is
typically used for imaging dynamic processes in biological
systems, since besides the chemical contrast, it also intrinsically
yields high 3D spatial resolution and video-rate time
resolution.28−30 We take advantage of CARS microscopy to
obtain chemical contrast between fillers and matrix and probe
real-time structural changes in the composite during water
absorption. This allows us to probe the bulk water absorption
indirectly by following the swelling of the hydrophilic particles,
which will aid in the physical interpretation of the obtained
impedance results.31

2. MATERIALS AND METHODS
2.1. Materials. Polyisobutylene (PIB) was obtained from BASF

(Germany), styrene−isoprene−styrene (SIS) was obtained from
Kraton (Houston, TX), the poly(acrylic acid sodium salt) (PAA)

particles were obtained from Steweart Superabsorbents (Hickory,
NC), and the cetyl hydroxyethyl cellulose (CHEC) particles were
obtained from Ashland (Lexington, KY). The volume-weighted
average diameter of each particle type was determined by laser
diffraction (Malvern Mastersizer 2000, United Kingdom) to dPAA =
68.4 μm and dCHEC = 93.1 μm. Details on the laser diffraction
measurements and the particle size distributions are provided in the
Supporting Information (see Figure S1). PIB and SIS were mixed for
45 min at 30 rpm and 90 °C under vacuum in a Brabender mixer
(Brabender GmbH & Co KG, Germany). The ratio between PIB and
SIS was kept at 4:1 by weight, and the total mass of each mix was 60 g.
Particles were then mixed with the matrix to yield composites
containing 40.0 wt % PAA particles corresponding to 27.1 vol %.
CHEC containing composites with the same volume fraction
corresponding to 35.8 wt % were also mixed. Particle volume
fractions were calculated from particle densities ρPAA = 1.6491 ±
0.0003 g cm−3 and ρCHEC = 1.3792 ± 0.0003 g cm−3 obtained with an
AccuPyc 1340 He pycnometer from Micrometrics (Norcross, GA).
After the particles were added to the matrix, vacuum was applied to
minimize air entrapment in the composites. The mix was
subsequently processed for 45 min at 30 rpm and 90 °C. After
mixing, 20 g of material was pressed between two horizontal steel
plates for 30 s under a load of 10 tons at 90 °C. The sample mixes
were pressed to thicknesses of 1050 ± 25 and 550 ± 25 μm. The
thickness was subsequently measured by using a thickness gauge
(Mitutoyo Europe GmbH, Germany). After pressing, the desired
sample geometry was obtained by punching. A saline solution for the
impedance measurements was prepared from ultrapure water (arium
pro, Satorius, Germany) and sodium chloride (Sigma-Aldrich,
Denmark).

2.2. Impedance Spectroscopy. Impedance spectroscopy was
performed by using a two-electrode system connected to an Autolab
potentiostat (PGSTAT128N) with a frequency response analyzer
module (FRA32M) both obtained from Metrohm Nordic (Den-
mark). The sample was adhered directly to a type 316L stainless-steel
plate (working electrode) and clamped to a glass cell (Figure 1a). A

graphite rod was used as both the counter and the reference electrode.
The sample was exposed to 154 mM NaCl solution. The sample area
was chosen to be 9.6 cm2, which is much larger than the particle sizes,
to average out sample inhomogeneities. An oscillating potential with
an amplitude of 10 mV was applied between the two electrodes, and
frequencies from 10 mHz to 1 MHz with one frequency per decade
were scanned. A small potential was chosen to minimize perturbations
of the water diffusion process. The measurements were done at room
temperature, which was 23 ± 2 °C. We note that impedance results
obtained after the electrolyte solution has penetrated through the
entire polymer composite and reached the working electrode may
have a significant contribution from the resistive and capacitive
properties of an oxide layer at the surface of the working electrode.

Figure 1. (a) Experimental setup for the impedance measurements
consisting of a glass cell clamped to the polymer composite and
working electrode. The counter electrode is fixed above the
composite, which is immersed in a 154 mM NaCl solution. (b)
Schematic illustration of CARS imaging of a polymer composite
exposed to water. The CARS imaging is obtained through a pump and
a Stokes beam, and the CARS signal is detected through the epi-
CARS detector.
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However, the detailed diffusion analysis is performed for times much
shorter than the time of penetration, and this contribution can
therefore be considered insignificant since a thick layer (at least 250
μm) of polymer composite remains on the working electrode and will
dominate the impedance signal over the oxide layer.
The capacitance was obtained from the impedance by using an

equivalent circuit model. Here, we model the polymer composite as a
(RC) circuit, i.e., a resistor and a capacitor in parallel. The resistor and
capacitor represent bulk conductivity and the dielectric properties of
the sample, respectively. The resistance of the hardware and
electrolyte solution is neglected. Additionally, the resistive and
capacitive properties of the oxide at the working electrode surface
can be neglected until the electrolyte solution is close to the working
electrode. The capacitance, C, of a (RC) circuit is readily obtained as

C
Z

Z Z( )2 2ω
= − ″

′ + ″ (1)

where ω is the angular frequency of the potential, Z′ is the real part of
the impedance, and Z″ is the imaginary part of the impedance.
2.3. CARS Imaging. CARS imaging was performed on a Leica

TCS SP8 CARS microscope (Germany). A thick sample (25 × 25 × 1
mm3) was adhered to a coverslip and placed on the sample stage
(Figure 1b). For the water absorption experiments, 50 μL of water
was placed at the edge of the sample, and the water was absorbed into
the sample. All images were acquired with a field of view of 718 × 718

μm2 at room temperature (23 ± 2 °C). The highest chemical contrast
was determined with a fixed Stokes laser at 1064 nm, while varying
the pump laser (PicoEmerald pump laser, APE, Germany). The pump
laser was varied from 780 to 820 nm with 1 nm increments, resulting
in wavenumbers ranging from 3400 to 2800 cm−1. The sample was
exposed to water to investigate changes during water sorption. Here,
image sequences were acquired at wavenumber 2997 cm−1 (pump
laser: 807 nm) with time intervals of 13.2 s and pixel size of 1.405 ×
1.405 μm2. Image segmentation was done in MATLAB (The
Mathworks, Inc.) by using the Image Processing toolbox. The images
were binarized by using the im2bw function where the optimum
threshold was determined from gray scale histograms, which were
obtained using the imhist function.

3. RESULTS AND DISCUSSION

The goal of the present work is to develop a new method for
probing water diffusion in polymer composites. This is done by
first determining the temporal impedance of composites
exposed to saline solution. Then, structural changes during
the diffusion process are imaged by using CARS microscopy.
From these findings, we finally describe a new model for
impedance interpretation, which we use for comparing
composites containing PAA and CHEC particles.

Figure 2. Bode (a, b) and impedance−time (c, d) plots of 565 and 1053 μm PAA containing composites, respectively. The Bode plots are plotted
at different times representing the entire duration of the experiments, while the impedance−time plots continuously show the impedance and phase
angle as a function time at fixed frequency, f = 100 kHz.

ACS Applied Polymer Materials Article

DOI: 10.1021/acsapm.9b01107
ACS Appl. Polym. Mater. 2020, 2, 837−845

839

http://dx.doi.org/10.1021/acsapm.9b01107


3.1. Impedance Spectroscopy of PAA Containing
Composites. PAA containing composites, with thicknesses of
550 ± 25 μm and 1050 ± 50 μm, were investigated by using
impedance spectroscopy, while exposed to a 154 mM sodium
chloride solution. The results are displayed in Figure 2 as Bode
plots (Figure 2a,b) and impedance−time plots at fixed
frequency, f = 100 kHz (Figure 2c,d). At short times (20
min) after the sample was exposed to salt solution, the Bode
plots show that the impedance is inversely proportional to the
frequency, which indicates purely capacitive behavior. For
capacitive behavior, Z

i C
1| | =

ω
, the proportionality constant

theoretically is −1 in a log−log plot of impedance vs
frequency.32 The slope of the linear frequency sweeps was
determined to be −0.954 ± 0.010, which is in agreement with
the theoretical value of −1. The reported value represents an
average and standard deviation of five independent frequency
sweeps. The capacitive behavior is also observed in the
impedance−time plots where the phase angle, −ϕ, is close to
90°.33 Over time, the saline solution penetrates into the
composites through the hydrophilic particles, resulting in a
steady decrease in impedance. After some time, sudden drops
are observed in both the impedance and the phase angle for all
composites. This means the composites no longer behave
purely capacitive and implies that saline solution has fully
penetrated the composites, i.e., reached the working electrode.
The phase angle is less sensitive to small variations in the
capacitance compared to the magnitude of the impedance. The
time of full penetration, tp, is therefore arbitrarily but
consistently defined as the time at which the phase angle has
decreased by 5% from its original value, ϕp = 0.95ϕ0. After full
penetration of the saline solution corrosion may occur at the
surface the working electrode. This increases the complexity of
the obtained data, and we will therefore limit our diffusion
analysis to times much shorter than the penetration time. The
impedance and phase angle continue to change after full
penetration in all cases. This indicates the composites are not
saturated at that point and continue to absorb saline solution.
The impedance eventually reaches constant values, |Z | ∼ 20 Ω,

which is comparable to the impedance of the electrolyte
solution. This means the composites have absorbed enough
saline solution to exhibit impedance values similar to the free
saline solution.
Quantitative information about the diffusion kinetics can be

extracted from impedance data by making appropriate
assumptions about the sample capacitance. One approach
represented in the literature is the Brasher−Kingsbury model
where the capacitive changes are attributed to changes in the
system’s dielectric properties, while the dielectric thickness is
assumed to remain constant.34 The water uptake can
subsequently be estimated by calculating the dielectric
properties relative to the dielectric constant of water. The
Brasher−Kingsbury model assumptions work well for systems
absorbing low quantities of water, typically <10 vol %, and
have been successfully applied to evaluate water diffusion
kinetics in protective coatings.35−38 Because the impedance
values of our systems reach values comparable to the
electrolyte solution for long immersion times, the water
content is expected to be high why the Brasher−Kingsbury
model is not expected to be suitable. However, to find the
most appropriate model conditions for water diffusion in our
materials, complementary techniques are needed. Here, we use
CARS microscopy to evaluate the composite during water
exposure to identify appropriate modeling assumptions.

3.2. Imaging Water Diffusion Using CARS Micros-
copy. PAA containing composites were imaged by using
CARS microscopy. To identify energies resulting in high
particle−matrix contrast, composites were imaged at wave-
numbers, ν ̃, ranging from 3400 to 2800 cm−1, which cover the
O−H and some of the C−H stretching regions. Figures 3a−d
show resulting images collected at different wavenumbers
indicated by letters (a−d) in the spectra (Figure 3e). The
dashed lines in the spectra indicate the intensity difference
between PAA and the matrix. Similar intensity differences were
obtained at several different wavenumbers; however, the
highest relative contrast between PAA and matrix was found
at ν ̃ = 2997 cm−1. Here, the aromatic groups of the styrene in
SIS give a high intensity signal from the matrix, while the PAA

Figure 3. PAA containing composite imaged at wavenumbers ranging from 3400 to 2800 cm−1. Selected images at wavenumbers 3184, 2997, 2905,
and 2830 cm−1 are presented in (a)−(d), respectively. The spectra (e) illustrate the signal from the PAA particles and the matrix.
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particles do not exhibit molecular vibrations corresponding to
this energy due to the lack of aromatic double bonds and thus
remain dark in the images.
Image sequences were acquired at ν ̃ = 2997 cm−1 during

water exposure (Figure 4). The water was supplied as

illustrated in Figure 1b. Here, the evolution of the water
transport is observed as swelling of the dark regions
corresponding to the hydrophilic PAA particles, which shows
that the particles indeed are responsible for the water
transport. The matrix (red region) is displaced due to particle
swelling as the water front is propagating through the sample.
Water does not contribute significantly to the signal at the
measured wavenumber. To help visualize the particle swelling,
the images were divided into segments perpendicular to the
flow front direction. The segment width is 100 μm (Figure 5),
which is comparable to the particle size. The particle area of
each segment was subsequently determined relative to the total
segment area. The changes in relative particle area in each
image segment were plotted as a function of time and are
displayed in Figure 5. The plots show that the relative particle
area in each segment is approximately 25−35% in the dry state,
which is in agreement with the particle fraction of the mix at
27.1 vol %. The relative particle area at saturation is around
90%, implying each segment contains at least 60% water at
saturation. This is in agreement with the low impedance at
saturation, indicating that saturated sample segments are
electrically conducting. The time between the start of swelling
and saturation, indicated by arrows in Figure 5, is 18 min for
the first segment (0−100 μm) and 30 min for the third
segment (200−300 μm). This indicates that the concentration
profile of the flow front broadens over time. The initial
swelling time of the third segment happens after ∼18−20 min,
which seems to agree with the impedance measurements where
full penetration of a 565 μm PAA containing composite

happens after 28.9 min. In the following section this
information will be used to model the impedance data for
two different particle containing composites.

3.3. Diffusion Modeling and Material Variation. From
the CARS imaging we found that PAA containing composites
exposed to water consist of a dry part, a semiwetted part, and a
saturated part. Furthermore, the fraction of each part changes
as a function of time. The impedance data and CARS images
indicate that saturated sample segments can be assumed to be
perfectly conducting, which results in an overall decrease of the
effective dielectric thickness. The Brasher−Kingsbury model is
not found suitable for data interpretation of these composites
since it assumes constant dielectric thickness. Instead, we
define an effective water penetration front that includes
contributions from saturated, semiwetted, and dry sample
segments. The effective water penetration front is here defined

as l 1 C
Ct

0̂ = − , where C0 is the initial capacitance and Ct is the

capacitance at time, t. From the definition of parallel plate

capacitance, C A
l

0 r= ε ε
, we obtain

l
l

l
1 t

t

r,0

0 r,

ε
ε

̂ = −
(2)

Here, εr,0 and εr,t are dielectric constants and l0 and lt are
thicknesses of the sample at time t = 0 and t, respectively. This
model is valid for times shorter than the time of full
penetration, t < tp, after which the electrical properties of the
substrate are expected to have a significant contribution. The
diffusion kinetics are therefore extracted for times much
shorter than the time of full penetration, t ≪ tp. The simplest
description of capacitive changes for a highly water absorbing
system is to consider a binary water concentration profile,
where a given sample segment is either dry or fully saturated.
The dielectric constant of the sample can then effectively be
considered constant εr,t = εr,0, while only the dielectric
thickness changes over time. Equation 2 is readily reduced to

l l l
l

t0

0

̂ = −
describing the temporal water penetration. However,

CARS observations showed that the water concentration
profile is a gradient rather than binary. The dielectric constant
must therefore vary spatially with the water concentration, εr,t
= εr,t(x) (1D diffusion). The effective water penetration front
(eq 2) was determined from the temporal capacitance at 100
kHz for increased sensitivity to changes in dielectric properties.
The temporal capacitance was calculated via eq 1. The effective
water penetration front for PAA containing composites is
plotted as a function of time in Figure 6. The curves hold
information about the water diffusion kinetics, which can be
extracted by fitting a power law (eq 3) previously found useful
to classify the water diffusion mechanism in polymeric
systems.21,39

l kt n̂ = (3)

where k is a proportionality constant related to the diffusion
rate and sample geometry and n is the diffusional exponent
indicating the diffusion mechanism. The diffusion model is
fitted to data up to half of the full penetration of the thinnest
sample for each sample type since the diffusion mechanism
ideally is independent of sample thickness.40 This also ensures
that there is no capacitive contributions from the working
electrode, since there is a dry polymer layer with a thickness of
at least ∼250 μm covering the stainless steel electrode. The

Figure 4. CARS image montage of a sample exposed to water. The
composite in the montage contains 40 wt % PAA particles, which
appear to swell as water propagates in the sample. The scale bar is 100
μm.
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point of full penetration (∗) and the point of saturation (○)
are marked in Figure 6. Saturation is arbitrarily but consistently
defined as the point where the effective water penetration front
is 2% from its maximum value. The time of saturation is
denoted ts. The difference between the saturation and full
penetration time, Δt = ts − tp, reflects the width of the
concentration profile. Δt increases with increasing thickness,
from Δt(565 μm) = 16.6 ± 1.6 min to Δt(1053 μm) = 35.9 ±
3.6 min. This implies that the width of the concentration

profile is increasing over time, which is in agreement with the
CARS observations.
Next, CHEC containing composites with the same PIB−SIS

matrix and particle loading were examined. The impedance
data, provided as Supporting Information (Figure S2), reached
low values similar to the PAA containing composites. This
means that these composites also absorb amounts of water,
which makes the composites electrically conducting. The data
are therefore analyzed following the same approach as for the

Figure 5. Particle area relative to the total segment area plotted as a function of time for each segment. The vertical white lines illustrate the
boundaries of the segments having widths of 100 μm. The arrows indicate swelling initiation and saturation of each segment. The scale bar is 100
μm.

Figure 6. Effective water penetration front plotted as a function of time for each sample type: 565 μm PAA (a) and 1053 μm PAA (b). The fits
represent a power law fitted to the data up to half-penetration of the thinnest sample. The points of full penetration (∗) and saturation (○) are also
indicated.
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PAA containing composites. The effective water penetration
front for the CHEC containing composites is plotted as a
function of time in Figure 7 for composites with thicknesses of
565 μm (Figure 7a) and 1049 μm (Figure 7b). All impedance-
derived results are summarized in Table 1 where the reported
values are averages of triplicates with their respective standard
deviations. The CHEC containing composites also indicate
flow front broadening since Δt increases with increasing
sample thickness, i.e., from Δt(565 μm) = 254.0 ± 28.0 min to
Δt(1053 μm) = 385.0 ± 47.5 min. The CHEC containing
composites have longer penetration and saturation times
compared to the PAA containing composites. This means the
CHEC particles transport water less effectively than the PAA
particles assuming similar particle dispersion. This implies that
the water affinity of the PAA particles is higher compared to
the CHEC particles, which is in agreement with the chemical
structure of PAA and CHEC. Diffusional exponents of the
PAA containing composites are n = 0.77 ± 0.001 and n = 0.68
± 0.03 for the 565 and 1049 μm composites, respectively. The
CHEC containing composites have diffusional exponents of n
= 1.04 ± 0.11 and n = 0.97 ± 0.03 for the 565 and 1049 μm
composites, respectively. The diffusional exponents should
ideally be independent of sample thickness; however, minor
variations are observed for the PAA containing composites. We
speculate that it is due to the thickness of the thin composites
approaching the particle size, potentially leading to increased
influence of variations in filler dispersion along the composite
thickness. The largest variations in diffusional exponents are,
however, found between the PAA and the CHEC containing
composites. The PAA containing composites exhibit anom-

alous diffusion (0.5 < n < 1), while the CHEC containing
composites demonstrate case II sorption (n ≈ 1). The
anomalous mechanism is characteristic for systems where
both Fickian and relaxation-restricted diffusion processes occur
simultaneously. Similar diffusional exponents, obtained
through gravimetric measurements, have previously been
reported for PAA in the literature.41 Case II sorption is
characteristic for systems where the penetrant diffusion is
highly restricted by polymer relaxation processes.39 This
implies the polymer relaxation processes are slower for
CHEC compared to PAA. The proportionality constant, k, is
only of physical significance for limiting cases, i.e., Fickian
diffusion (n = 0.5) and case II sorption (n = 1).42,43 For case II
sorption the proportionality constant holds information about
the polymer relaxation and the equilibrium water concen-
tration, and it is inversely proportional to the thickness. Since
we do not have knowledge about the equilibrium water
concentration, meaningful information cannot be extracted
from the proportionality constant. However, one can still
compare the constants for each thickness of the CHEC
containing composites to evaluate their consistency. This is
readily done by multiplying the proportionality constants with
their respective thicknesses: k·l0(565 μm) = 4.7 × 10−5 m s−1

and k·l0(1049 μm) = 4.3 × 10−5 m s−1. The two
proportionality constants for the CHEC containing composites
are in good agreement, which demonstrates that the
impedance measurements in combination with the developed
model is a consistent tool for probing water diffusion in the
polymer composites.

Figure 7. Effective water penetration front plotted for each sample type: 565 μm CHEC (a) and 1049 μm CHEC (b). The fits represent a power
law fitted to the data up to half-penetration of the thinnest sample. The points of full penetration and saturation are marked (∗) and (○),
respectively.

Table 1. Penetration Times, Saturation Times, Diffusional Exponents, and Proportionality Constants Summarized for the Four
Different Compositesa

type l0 (μm) tp (min) ts (min) Δt (min) n k (s−n)

PAA 565 28.9 ± 1.0 45.6 ± 2.6 16.6 ± 1.6 0.77 ± 0.01 0.93 ± 0.08
PAA 1053 141.0 ± 10.3 176.9 ± 8.0 35.9 ± 3.6 0.68 ± 0.03 0.32 ± 0.02
CHEC 565 253 ± 28 507 ± 36 254 ± 28 1.04 ± 0.11 0.08 ± 0.01
CHEC 1049 766 ± 119 1151 ± 72 385.0 ± 48 0.97 ± 0.03 0.04 ± 0.01

aEach value represents an average of three results with their respective standard deviation.
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4. CONCLUSION

Impedance spectroscopy was used to evaluate water diffusion
in PAA and CHEC containing polymer composites. To aid
data interpretation, the diffusion process was imaged for
selected PAA containing composites. This was done by
monitoring the structural changes of the material during
water absorption using CARS imaging. The CARS images
showed that the water concentration in the composite was a
gradient with the two extremes being dry polymer and highly
water saturated polymer containing 60−90% water. An
effective water penetration front was subsequently defined as
the relative change in the temporal capacitance. Diffusion
kinetics were successfully extracted from the effective water
penetration front by fitting a semiempirical power law to the
results. The diffusion was in all cases limited by polymer
relaxation processes. However, the PAA containing composites
showed anomalous diffusion, while the CHEC containing
composites exhibited case II sorption. This means that the
relaxation processes were faster for the PAA containing
composites compared to the CHEC containing composites.
Characteristic penetration and saturation times were deter-
mined and revealed that the concentration profile of the flow
front broadens over time. Finally, aqueous solution was found
to penetrate and saturate the PAA containing composites
approximately an order of magnitude faster compared to the
CHEC containing composites. This implies that PAA has
higher water affinity than CHEC, as expected from water
uptake data for the pure components. Apart from these simple
model composites, the developed method can readily be used
for examining more complex material formulations such as
layered materials or composites containing multiple different
filler types and plasticizers.
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