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ABSTRACT: Absorbed moisture can degrade the physical properties of an epoxy resin,
jeopardizing the performance of an epoxy-based component. Although specific water—
epoxy interactions are known to be very important in determining transport behavior,
the role of network topology is not clear. In this article, a series of epoxies in which the
topology is systematically varied (and the polarity held constant) is used to explore how
topology influences the kinetics of moisture transport. The topology is quantified via the
positron annihilation lifetime spectroscopy technique in terms of the size and volume
fraction of electron density heterogeneities 5-6 A in diameter, a dimension comparable
to the 3-A kinetic diameter of a water molecule. Surprisingly, the volume fraction of
such nanopores does not affect the diffusion coefficient (D) of water in any of the resins
studied. For temperatures at and below 35 °C, there is a mild exponential dependence
of D on the average nanopore size observed. Otherwise, the kinetics of moisture
transport do not appear to depend on the nanopores. However, the initial flux of
moisture into the epoxy does appear to correlate with the intrinsic hole volume fraction.
That this correlation persists only in the initial stages of absorption is partially
understood in terms of the ability of the water to alter the nanopore structure; only in
the initial stages of uptake are the nanopores, as quantified in the dry state, relevant
to transport. The role of specific epoxy—water interactions are also discussed in terms of
transport kinetics. The lack of a correlation between the topology and transport sug-
gests that polar interactions, and not topology, provide the rate-limiting step of trans-
port. © 2000 John Wiley & Sons, Inc. J Polym Sci B: Polym Phys 38: 776791, 2000
Keywords: moisture; absorption; transport; diffusion; positron annihilation lifetime
spectroscopy; polymer; epoxy; topology

INTRODUCTION

The problem of moisture absorption in epoxy res-
ins is one of significant technical importance. Ep-
oxies can exhibit several attractive characteris-
tics, including a high strength-to-weight ratio, ex-
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cellent adhesion to many surfaces, superior
thermal resistance, a relatively low dielectric con-
stant, and ease of processing. This list of at-
tributes has led to the widespread use of epoxies
in a range of applications, including aerospace
structural composites, adhesives, encapsulants
for the microelectronics industry, lightweight
composite infrastructures, and high-performance
sporting goods. In each of these applications, ex-
posure to a humid or moist environment is antic-
ipated, and the typical epoxy will absorb from 1-7
percent water by weight. This absorbed moisture
has deleterious effects on the physical properties



of the epoxy and can greatly compromise the per-
formance of the epoxy-based component. Some of
the effects of absorbed moisture include a sup-
pression of the glass-transition temperature (7Y),
that is, a decreased thermal stability;! a decrease
in yield strength, a change of the yield/deforma-
tion mechanisms, or both;>”® moisture-induced
swelling"1°~12 and swelling stresses; a degrada-
tion of fiber-matrix interfaces;*®>*® the creation of
microcracks or crazes;’'722 and chain scission
through hydrolysis reactions.???? Clearly, one
would like to control or inhibit moisture absorp-
tion to prevent these undesirable events from tak-
ing place.

To control moisture absorption in epoxy resins,
the transport mechanisms must be understood.
To this end, the topic of moisture absorption in
epoxies has been studied for several decades, re-
sulting in significant advances in our understand-
ing. Most notably, resin polarity has been identi-
fied as being extremely important in determining
transport properties. Water is a highly polar mol-
ecule, and specific water—epoxy interactions both
increase uptake®?® and retard transport kinet-
ics.?” A vast majority of epoxies are cured with
amine-based curing agents that result in hy-
droxyls and tertiary or secondary amines at the
crosslink junctions. These species are also polar
and demonstrate an affinity for water. This effect
is understood, and group contribution theories
provide a reasonable estimation of the equilib-
rium uptake based on the concentration of polar
species.?5~27

What remains to be shown is how topology
influences moisture transport. By topology, we
refer to the spatial or geometric characteristics of
the covalent crosslink network. Different topolo-
gies can lead to a more open network that would
seemingly be more amenable to the transport of
small molecules such as water. The analogy is
made between a crystalline polymer and amor-
phous polymer. In the crystalline phase, the pack-
ing is tight and efficient, rendering the material
impermeable to most small molecules. However,
the molecular packing of the amorphous phase is
far less efficient, and small molecules can easily
diffuse through the open spaces. The question
here is how do different levels of openness in an
amorphous epoxy influence transport behavior?

In part, the role of topology in the transport
process is not clear because of a lack of experi-
mental methods to accurately quantify this pa-
rameter. Generally, theoretical quantities must
be invoked to describe the characteristics of topol-
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ogy, and, unfortunately, these parameters often
elude verification by direct measurement. For ex-
ample, the free-volume concept attempts to de-
scribe the openness of the topology in terms of the
delocalized, unoccupied volume, and several the-
ories attempt to relate the transport behavior to
the free-volume content. However, one cannot di-
rectly measure the free volume, so these theories
are difficult to critically test and refine.

In this study, we employed a relatively new
experimental technique known as positron anni-
hilation lifetime spectroscopy (PALS) to quantify
both the size and number of nanometer-sized elec-
tron-deficient regions, or nanovoids, ranging from
2 to 20 A in diameter. As these dimensions are
consistent with the unoccupied spaces in a typical
polymeric material, this technique provides a
method to quantify the topology or openness of
the matrix on a local scale. These dimensions are
also commensurate with the approximately 3-A
kinetic diameter of a water molecule®®?° and
should, therefore, be relevant to transport.

In a previous article,>® we introduced a series
of epoxies in which the topology is systematically
altered while the polarity is maintained constant
by carefully adjusting both the flexibility of the
amine-based curing agent and the crosslink den-
sity. The topology of these resins was studied at
great length with the PALS technique, and corre-
lations were made between the nanopore contents
and the equilibrium moisture uptake. In this ar-
ticle, we extend this knowledge by examining how
the kinetics of moisture transport depend on to-
pology. This should deepen our understanding of
the role of the nanopores in determining how
much and how fast moisture is absorbed by the
typical amine-cured epoxy.

EXPERIMENTAL

Materials

A detailed description of the material chemistry
and preparation techniques is given in the previ-
ous article®® and is not repeated here. The inter-
ested reader is referred to this article for the
details. The basic chemical structures and sample
nomenclature are reproduced here in Figure 1.
All the resins are mixed at stoichiometric ratios
between the active hydrogen on the amines and
the glycidal rings of the epoxy. The crosslink den-
sity is reduced by substitution of a fraction of the
diamine curing agent with the analogous mono-
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Figure 1. Molecular structures of the various epoxies and curing agents. The group-
ings indicate the diamine/monoamine pairs used with each epoxy as well as the
nomenclature, underlined in block letters, to which each series is referred.



MOISTURE TRANSPORT IN EPOXY RESINS 779

Table I. Summary of the Glass-Transition Temperatures (Determined by Differential Scanning Calorimetry),
Room Temperature Densities, and Typical PALS Hole Volume Fractions for the Resins Presented in Figure 1

T, p Vo V, V,
Sample (°C)* (23 °C; g/cm?)® (vol %)° (5 °C; vol %)° (90 °C; vol %)°

Rigid 100% 185 1.1927 2.57 1.73 3.03
Rigid 80% 165 1.1936 2.36 2.61 4.21
Rigid 60% 146 1.1932 1.75 1.65 2.63
Rigid 40% 141 1.1915 1.67 1.92 3.07
Semirigid 100% 170 1.1439 3.40 2.37 3.75
Semirigid 80% 146 1.1213 2.97 2.43 3.95
Semirigid 60% 136 1.1241 2.38 1.82 3.05
Semirigid 40% 118 1.1145 2.30 241 3.75
Flexible 100% 113 1.1653 2.33 2.36 3.97
Flexible 80% 93 1.1530 1.52 2.04 3.56
Flexible 60% 75 1.1423 1.48 2.77 4.91
Flexible 40% 63 1.1321 1.23 3.61 6.68
Extended 100% 130 1.2047 1.70 2.50 4.10
Extended 60% 107 1.2090 1.67 2.27 3.69
Non-Amine 100% 140 1.2081 1.47 1.99 2.90
Non-Amine 60% 70 1.2216 1.21 1.93 4.15
Extrarigid 100% — 1.2310 — — —

Extrarigid 60% 110 1.2066 2.07 2.60 4.36

The percentages indicate that the fraction of stoichiometry matched with the diamine with the diamine/monoamine substitu-

tions.
2 Typical error = *=1.
 Typical error = +0.0005.
¢ Typical error = +10%.

amine chain extender. This ensures that the polar
group (hydroxyl and amine) concentration re-
mains essentially constant.

PALS Experiments

A detailed description of the fundamental physics
underlying the PALS technique is not the purpose
of this article. Several competent reviews on this
topic have been written,?'33 and the interested
reader is referred to one of these for more details.
All that needs to be known here is that in the
PALS technique, a positron enters the sample
and forms a bound state with a free electron from
the sample. This quasiparticle then localizes in
the low electron density regions of the polymer,
referred to as nanopores, and lives for a few nano-
seconds before annihilating. The lifetime (13) is
proportional to the radius (R) of the nanopore (see
refs. 34 and 35 for details), thus conveying infor-
mation about the volume of each nanopore (v,).
Additionally, the relative number of annihilation
events (I;) conveys information about the number
of nanopores. Together, these quantities define
the volume fraction of the nanopores (V},; assum-

ing spherical nanopores) through the following
relationships:

v, =5 TR (2)

where C is a normalization constant.

The details of the PALS experiments and the
normalization procedure are provided in the pre-
vious article®® and are not repeated here. The
PALS experiments are performed as a function of
temperature, and the hole volume [V,(T)] is ex-
trapolated to absolute zero. The absolute zero
hole volume fraction (V) is defined as the intrin-
sic hole volume fraction, and at any temperature,
the total hole volume fraction [V,(T)] is simply
the sum of V, and V(7). V (T) is the dynamic hole
volume fraction above and beyond V|, resulting
from thermal vibrations and molecular motions.
Table I, reproduced from the previous article,
shows how V,, and V(T) [and, thus, V,(T)] vary
between 5 and 90 °C for the resins presented in
Figure 1. This table also indicates the various
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levels of crosslinking achieved in each resin series
through monoamine/diamine substitutions.

Diffusion Measurements

A low-speed diamond wafering saw is used to cut
the rigid, semirigid, and flexible resins of Figure 1
into 10 X 10 X 0.5 mm? sections. Prior to the ab-
sorption experiments, samples are washed with
soap and warm water, rinsed clean with water, and
then dried for several days in a vacuum oven at
80 °C. The absorption experiments are for complete
immersion in distilled water at 5, 35, 50, 70, and
90 °C. Before the sample is placed in water, the dry
weight is recorded on a Perkin—Elmer AD-4 auto-
balance. The moisture uptake as a function of im-
mersion time is monitored by the periodic removal
of the sample, blotting of the excess moisture, and
recording of the weight. Eventually, the weight gain
reaches a plateau value that is taken as the equi-
librium moisture uptake.

The procedures for the rigid-extended, non-
amine, and extrarigid resin absorption experi-
ments are analogous, with the exception of the
sample dimensions, thermal history, and temper-
atures tested. For these resins, larger 20 X 20
% 0.3 mm? samples are employed. Prior to absorp-
tion, the samples are heated to T, + 20 °C for 24 h
in a vacuum and then quenched to room temper-
ature to establish a well-defined thermal history.
The absorption experiments are performed only
at 5, 50, and 90 °C under the conditions of com-
plete immersion in distilled water.

The diffusion coefficients are easily calculated
from the moisture-uptake profiles with a Fickian
diffusion equation:®

12
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where M, is the moisture uptake at time ¢, M, is
the equilibrium moisture uptake, A is the sample
thickness, and D is the diffusion coefficient. This
solution of Fick’s second law holds true for the
conditions of an infinite sheet with constant pen-
etrant activity on both sides of the sheet and a
concentration independent of D. At very short
times, where M,/M., is less than 0.5, eq 3 can be
approximated by the following:3®

M, 4 Dt .
MR\ 7w @)

Equation 4 is easily rearranged to reveal that the
initial slope in a plot of M,/M., versus \/t/h is
related to the diffusion coefficient D through the
following:

7w (MJ/M. 2
S 16\ \t/n ®

As with the equilibrium-uptake data, the diffu-
sion coefficients are calculated at 5, 35, 50, 70,
and 90 °C for the rigid, semirigid, and flexible
resins. For each resin and temperature combina-
tion, the diffusion coefficient is an average of five
independent samples. The rigid-extended, ex-
trarigid, and non-amine resins are measured at 5,
50, and 90 °C only, with the diffusion coefficient
being an average of three samples, not five.

In a select group of materials, the diffusion
coefficients are also determined in both the ab-
sorption and desorption modes. These materials
include the 80% rigid, 40% semirigid, 60% flexi-
ble, 100% non-amine, and 100% crosslinked ex-
trarigid resins. These experiments are performed
at 35, 50, and 70 °C with the absorption phase
conducted at 100% relative humidity. For desorp-
tion, the equilibrium weight loss is assumed to be
equal to the equilibrium-uptake value for the ab-
sorption phase. M, in eq 5 is taken as the mass of
the water lost (not gained) as a function of time.
The assumption of equal M., values implies that
all of the water taken on during absorption is
released on desorption. The desorption phase is
performed in a Blue M convection oven that con-
tinually circulates heated air over the sample. No
attempts are made to control the relative humid-
ity of this air. As with the absorption measure-
ments, samples are periodically removed from the
oven and weighed on a Perkin—Elmer AD4 auto-
balance until the weight loss stabilizes. The sta-
bilized value is generally very close to the initial
dry weight, with any variations attributed to fluc-
tuations in the relative humidity of the building.

RESULTS

Figure 2 demonstrates the use of eq 5 to deter-
mine the diffusion coefficient. The mass of ab-
sorbed moisture in the 60% crosslinked rigid resin
is plotted as a function of the square root of the
absorption time divided by the sample thickness.
By recording the initial slope and the equilibrium
uptake, one can determine D as follows:
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Figure 2. An example of the parameters needed to
calculate the diffusion coefficient according to eq 5. The
initial slope and equilibrium uptake are easily deter-
mined, in this case for a 60% crosslinked rigid resin at
35 °C.
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D =2.16 X 107 cm?¥sec

With this method, the diffusion coefficient as a
function of temperature is determined for all of
the resins in Figure 1, and the average values are
reported in Table II.

A typical set of moisture-uptake curves is pre-
sented in Figure 3(a) for the 60% crosslinked rigid
resin at 70 °C. Five independent samples are in-
cluded in this curve, with the solid line indicating
theoretical Fickian behavior. The Fickian profile
is generated through a relationship developed by
Shen and Springer?” that simplifies the infinite
series of eq 1 to the following:

AMt . Dt 0.75
m— — exp _73 P (6)

Although there is little variation between the five
separate samples, the profiles do not entirely con-
form to Fickian behavior. Other examples of de-
viations from Fickian behavior are illustrated
next.

In the discussion of the thermal jump experi-
ments in the previous publication,?® the weight

Table II. A Complete Listing of the Diffusion Coefficients as a Function of Temperature for All of the Resins

Presented in Figure

1

Diffusion Coefficients (cm?/sec)?

Sample 5 °C 35 °C 50 °C 70 °C 90 °C

Rigid 100% 3.29 x 107 1° 2.77 X 107° 7.40 X 107° 1.74 x 10~ 3.07 x 1078
Rigid 80% 3.46 X 10710 2.72 X 107° 7.17 X 107° 1.66 x 108 3.03x10°8
Rigid 60% 3.05 X 1071 2.49 x 107° 6.54 X 107° 1.52 X 1078 2.71 X 1078
Rigid 40% 3.49 x 1071 2.49 x 10~° 6.15 x 107° 1.43 X 10~8 2.52 X 10~8
Semirigid 100% 4.08 x 1071 3.74 X 107° 8.07 X 107° 1.27 x 108 3.15 X 1078
Semirigid 80% 4.36 X 1071° 3.41 X 107° 8.20 X 107° 1.35 x 1078 3.26 X 10°8
Semirigid 60% 5.47 x 1071° 3.30 X 107° 5.32 x 107° 1.30 x 10~8 4.06 x 1078
Semirigid 40% 5.66 X 10710 321 x10°° 5.27 X 107° 1.37 x 1078 3.97 X 1078
Flexible 100% 2.46 X 10710 1.61 x 107° 4.70 X 107° 1.44 x 1078 5.27 X 1078
Flexible 80% 3.17 x 107 1© 1.62 X 10~° 5.57 x 10~° 1.55 X 108 6.05 X 10°8
Flexible 60% 3.96 X 10710 2.05 X 10° 7.50 X 10~° 3.31x 1078 9.38 X 108
Flexible 40% 4.58 x 1071 3.21 X 10°° 1.21 x 1078 5.09 X 1078 1.37 x 1077
Rigid-Extended 100% 45 x10°1° — 82 x107° — 6.6 x10°8
Rigid-Extended 60% 2.9 x10°1° — 64 x10°° — 6.3 x10°8
Extrarigid 100% 3.0 x 1071 — 59 x107° — 32 x10°8
Extrarigid 60% 2.5 X 10710 — 54 x107° — 3.0 X108
Non-Amine 100% 2.1 x 107° — 2.0 x 1078 — 9.2 x 1078
Non-Amine 60% 9.2 x 1071 — 1.6 x10°8 — —

For the rigid, semirigid, and flexible resins, each diffusion coefficient is the average of five independent samples; for the
remaining resins, each diffusion coefficient is the average of three samples.

2 Typical error = =20%.
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Figure 3. Various examples of moisture-uptake pro-
files that deviate from true Fickian behavior. (a) Data
from five independent samples show that although the
measurements are very reproducible, deviations from
true Fickian behavior are encountered in the interme-
diate stages of uptake. (b) Long-term degradation can
also occur in some of the lower T, networks and lead to
deviations from Fickian behavior. (¢c) A misjudgment in
equilibrium weight gain may lead to as much as a 20%
difference in the Fickian diffusion coefficient.

gain of the flexible resin reached a maximum
followed by a gentle decrease at long absorption
times. The profile in Figure 3(b) depicts the 100%
crosslinked flexible resin at 90 °C where the up-
take goes through a similar maximum. This
clearly leads to deviations from Fickian behavior
at long times. Degradation of the network could
explain such deviations at long times. In most
epoxies, a 100% theoretical conversion of the ep-

oxy—amine reaction is rarely achieved. Solid-state
NMR work by Merritt et al.®® on a similar flexible
resin indicated that the crosslink index is approx-
imately 0.90. In such low-T}, resins, it is plausible
that water can leach unreacted, low molecular
weight species from the sample. It is also feasible
that such low molecular weight species can be
created through a hydrolysis reactions of the fol-

lowing type:23-24

~~~A—B~~~ + H,0 >
~~~A—H + HO—B~~~ (7)

where A and B are substituents of the epoxy net-
work. In the presence of such a maximum in the
uptake, the peak value is taken as the equilib-
rium moisture uptake because the long-term deg-
radation properties are not of interest.

Sometimes, it is difficult to absolutely deter-
mine the equilibrium-uptake plateau. Rather
than showing a true plateau, the long-term up-
take can exhibit either a gentle decrease (dis-
cussed previously) or increase. This leads to er-
rors in determining the diffusion coefficient. To
asses the possible errors in underestimating the
equilibrium uptake, Figure 3(c) demonstrates
how a premature choice of AM_, can lead to as
much as a 20% difference in D. Clearly, through-
out Figure 3(a,c), the diffusion profiles do not
rigorously adhere to Fickian behavior. Further
evidence of this is observed in the initial linear
portion of the uptake curves. Although eq 5 dic-
tates linearity for M,/M, = 0.5, most resins ex-
hibit linearity to higher M,/M., values. This is a
signature of D being an increasing function of
concentration®® (if D were a decreasing function
of concentration, M,/M_, would deviate from lin-
earity at a value lower than 0.5). As true Fickian
behavior is not observed, the liberal error esti-
mate of 20% determined in Figure 3(c) will be
assigned to all of the diffusion coefficient calcula-
tions. This prevents overinterpretation of the
“Fickian” diffusion coefficients and also accounts
for possible errors in choosing AM_.. However, the
error in judgment depicted in Figure 3(c) repre-
sents a worst case scenario, and AM,, is typically
determined with greater accuracy.

To correlate the kinetics of transport to topol-
ogy, the diffusion coefficients in Table II are an-
alyzed in terms of the nanopore characteristics.
Figure 4(a) presents D as a function of 75, propor-
tional to the average nanopore radius, for the
rigid, semirigid, and flexible resins. The dashed
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Figure 4. (a) The moisture diffusion coefficients are
plotted as a function of 75 for the rigid (circles), semi-
rigid (squares), and flexible (X’s) resins. As the size of
the data marker decreases, the degree of crosslinking
increases in the following order: 40, 60, 80, and 100%.
The dashed lines denote isothermal groupings. (b) The
variable 75 is converted into an average nanopore vol-
ume, and the distinction between the different resins is
dropped. The only distinctions made are between iso-
thermal measurements, with an exponential curve fit
applied at each temperature.

lines nominally divide the graph into three re-
gions for isothermal measurements at 5, 35, and
70 °C. Within each isothermal grouping, three
types of data markers are present. The circles,
squares, and X’s correspond to the rigid, semi-
rigid, and flexible resins, respectively. For each
family of resins (e.g., rigid resins), the size of the
marker is indicative of the crosslink density.
Marker sizes of 6, 9, 12, and 15 points represent
100, 80, 60, and 40% crosslinking, respectively
(the smallest markers indicate the highest
crosslink densities). Unfortunately, this is an ex-
tremely complicated representation of the data.
However, it is important to realize there are two
ways to increase 75. For a single resin (e.g., follow
the 40% semirigid resin, the biggest squares), 74
increases with temperature. Of course, this is also
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accompanied by a significant increase in the dif-
fusion coefficient as diffusion is a thermally acti-
vated process. However, one can isothermally
change the topology, that is, 75, by varying the
crosslink density and curing-agent architecture.
For evaluating the role of topology, this latter
method is advantageous because the effects are
not convoluted with the thermal activation of dif-
fusion process.

As 75 is increased thermally, the diffusion co-
efficient increases dramatically. For such
changes, 75 primarily reflects the changes in tem-
perature as the nanopores expand more or less
linearly with temperature below the T,. Although
it is not shown here, a plot of In(D) versus 1/T
yields a straight line, consistent with an Arrhe-
nius-activated process. In this respect, the iso-
thermal influences of 75 on D are more interest-
ing. At 5 °C, a slight linear dependence of In(D) on
73 is observed. However, as the temperature in-
creases, this dependence is lost, and a horizontal
line can be scribed through all the isothermal
data points. At 70 °C, two anomalous data points
appear, lying above the horizontal line drawn
through the other data points. These straggling
points correspond to the two lowest crosslink den-
sity (40 and 60%) flexible resins. Table I indicates
the dry T,’s of these networks are 63 and 75 °C,
respectively. Water is an efficient plasticizer of
epoxy, and at 70 °C, both of these wet resins are in
the rubbery state. As the material passes into the
rubbery state, transport is significantly enhanced
by the large-scale dynamics of the network. Oth-
erwise, the isothermal kinetics of all the glassy
materials appear to be similar.

Figure 4(b) reiterates the dependence of the
diffusion coefficient on the nanopore size for the
same rigid, semirigid, and flexible networks
(glassy-state data only). However, D is now plot-
ted as a function of the average nanopore volume
(v;, as defined in eq 2; 75 is proportional to the
nanopore radius) at 5, 35, 50, 70, and 90 °C.
Although the distinctions between the different
resins and crosslink densities are dropped in this
representation, the trends are consistent with
Figure 4(a). At a low temperature, the diffusion
coefficient is slightly dependent on the average
nanopore volume, and this diminishes with tem-
perature. Despite the significant error bars, an
exponential curve fit is applied to each isotherm.
At low temperatures, a mild exponential depen-
dence appears appropriate (linear on the logarith-
mic scale). However, at and above 50 °C, the error
bars and experimental scatter suggest a horizon-
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Figure 5. The diffusion coefficient is plotted as a
function of the total nanopore volume fraction. (a) The
same resins are included that are in Figure 4(a), with
the data markers conveying the same significance. (b)
The flexible resins have been omitted, and the rigid-
extended (triangles), extrarigid (diamonds), and non-
amine (crossed squares) resins are included. These last
three resin series are present only in the 100 and 60%
crosslink densities, with the smallest data markers
denoting the highest crosslink density.

tal line (exponent of zero) is just as appropriate.
The message from these two figures is that at low
temperatures, the diffusion coefficient is slightly
dependent on the average nanopore volume, with
this dependence diminishing with temperature.
Unlike the average nanopore size, the volume
fraction of the nanopores does not correlate with
the diffusion coefficient at any temperature. Fig-
ure 5(a) displays D as a function of the total
nanopore volume fraction, V,(T), for the rigid,
semirigid, and flexible resins at 5, 35, and 70 °C.
The data markers carry the same significance as
in Figure 4(a), with the circles, squares, and Xs
corresponding to the rigid, semirigid, and flexible
resins, respectively. As the size of the data points
increases, the extent of crosslinking decreases
from 100 to 40%. The slight dependence of D on 74

at 5 and 35 °C is not mirrored with V,(7) in
Figure 5(a). The absolute values of the diffusion
coefficients do not change between Figures 4(a)
and 5(a), although their ordering along the ab-
scissa is rearranged, giving the data a random-
ized appearance. D appears to be independent of
the nanopore volume fraction at all temperatures
within the glassy state. As with 73, a significant
increase in D is observed at 70 °C for the materi-
als above their T,’s. Otherwise, the diffusion co-
efficient appears to be dictated by the tempera-
ture of the glassy state, regardless of the volume
fraction of water-molecule-sized holes.

Similar behavior is observed when the diffu-
sion coefficients are compared to the dynamic hole
volume fractions. D as a function of V (T) (not
shown here) shows the same independence for
measurements in the glassy state. Switching the
comparison to the intrinsic hole volume fraction
(V,; also not shown here) does not change the
interpretation. By and large, the diffusion coeffi-
cients in the rigid, semirigid, and flexible resins
are dictated by the temperature of the glassy
state, regardless of the volume fraction of the
nanopores.

However, to conclude that the temperature of
the glassy state uniquely establishes the diffusion
coefficient is premature. Thus far, the rigid-ex-
tended, extrarigid, and non-amine resins have
been ignored. Figure 5(b) repeats the comparison
of Figure 5(a) for the rigid (circles) and semirigid
(squares) resins (the flexible resins are now omit-
ted) with the addition of the rigid-extended (tri-
angles), extrarigid (diamonds), and non-amine
(crossed squares) resins. The last three resins are
only present at 100 and 60% crosslinking, again
with the larger symbols corresponding to lower
crosslink densities. These isothermal measure-
ments reiterate the independence of D on V,,(T). A
horizontal line can be drawn through all of the
points, with the exception of the non-amine res-
ins. At 5 °C, the diffusion coefficients of the non-
amine resins are nearly one order of magnitude
greater than any of the amine-containing resins.
At 50°C, the differences between the non-amine
and amine resins are diminished but still signif-
icant. By 90 °C, the Ds of the non-amine resins
are within the experimental scatter of the other
resins; the differences are eliminated with tem-
perature.

The results of the absorption and desorption
experiments at 35, 50, and 70 °C are presented in
Table III. The desorption diffusion coefficient is
significantly enhanced over the absorption value
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Table III. The Equilibrium Moisture Uptake and Diffusion Coefficients from the Absorption and Desorption
Experiments and the Percentage Increase of the Desorption Diffusion Coefficient over the Absorption Value

Temperature Resin AM , (wt %) D, (cm%/sec)® D, (cm?*/sec)® % Increase
35 °C Rigid 80% 2.19 1.70 X 107° 3.62 X 107° 113%
Semirigid 40% 1.59 2.02 X 10~° 3.85x10°° 91%
Flexible 60% 2.23 1.46 X 107° 3.13x10°° 114%
Non-Amine 100% 1.06 1.08 x 1078 1.72 X 1078 60%
Extrarigid 100% 4.18 1.81 X 107° 3.97 x 107° 119%
50 °C Rigid 80% 2.50 2.63 X 107° 6.61 x 107° 151%
Semirigid 40% 1.88 3.12x 107° 8.14 X 10~° 161%
Flexible 60% 2.45 2.64 X 10°° 6.49 X 10°° 146%
Non-Amine 100% 1.22 1.29 X 1078 2.87 x 1078 122%
Extrarigid 100% 4.70 2.70 X 10~° 6.78 X 107° 151%
70 °C Rigid 80% 2.54 6.85 x 10~° 2.23 X 1078 225%
Semirigid 40% 2.07 5.54 x 10~° 1.91 X 1078 245%
Flexible 60% 2.70 5.71 x 10~° 2.74 X 1078 380%
Non-Amine 100% 1.33 3.40 X 108 7.834 X 108 116%
Extrarigid 100% 4.66 6.06 x 10 ° 1.95 X 1078 222%

Each coefficient is the average of three independent samples.

a Typical error = =0.07 wt %.
P Typical error = +20%.

in each of the resins. Depending on the resin and
temperature, the enhancement ranges from 60 to
380%. As with the absorption measurements, the
desorption kinetics do not correlate with either
the size or volume fraction of the nanopores. We
sought potential topology—transport correlations
after using the absorption diffusion coefficient
(D,), the desorption diffusion coefficient (D), the
ratio of D /Dy, and the percentage increase in Dy,
over D,.

DISCUSSION

In general, very few correlations are observed
between the nanopore characteristics of the epoxy
and the kinetics of moisture transport. The diffu-
sion coefficient is essentially independent of the
volume fraction of the nanopores, and only at low
temperatures is a slight dependence of D on the
average nanopore radius observed. This is some-
what unsatisfying for several reasons. First, our
previous publication®® demonstrates how the
nanopores are integral to transport. The equilib-
rium uptake increases with the intrinsic hole vol-
ume fraction, implying that water resides in the
nanopores. This is further suggested by other re-
searchers in the field who use dilatometry to mon-
itor the moisture absorption process and report
the volume of mixing to be less than ideal.'® Thus,

filling in the unoccupied volume regions is antic-
ipated.

Furthermore, free-volume theories of transport
clearly predict that the diffusion -coefficient
should increase exponentially with the free-vol-
ume content. Although the original free-volume
concept with respect to diffusion was intended to
describe small-molecule diffusion in liquids,®® ex-
tensions of the model to transport in the glassy
state have been proposed, as described in three
comprehensive reviews.**~*2 In this respect, one
might anticipate a more definitive correlation be-
tween the unoccupied volume measured by the
PALS technique and D.

However, the PALS technique is not a direct
measurement of free volume, as is commonly as-
sumed in the literature. An example of this is
offered by PALS measurements on semicrystal-
line polyethylene terephthalate (PET)*3** that
show that the PALS technique actually samples
some of the unoccupied volume in the crystalline
phase of PET, and thus not free for redistribution.
However, a portion of the unoccupied volume de-
tected by the PALS technique in a glassy polymer
will certainly be free volume [especially with re-
gards to the dynamic component V (T) measure
here], and a better correlation is, therefore, antic-
ipated.

Other researchers used the PALS technique
and claimed a correlation between the free vol-
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ume and moisture transport in epoxy. For exam-
ple, Granata and coworkers**~*” reported a cor-
relation between the free-volume fraction, as
measured by PALS, and the equilibrium moisture
uptake. However, in their work a series of four
epoxies were used with variations in both the
curing agent and the epoxy. Such a scenario also
leads to possible variations in the polarity of the
resin, which has a significant influence on uptake.
It is not clear whether their trend of an increased
uptake should be attributed to polarity or free
volume.

Ito and coworkers*®—° also used PALS to study
the problem of moisture absorption in epoxies and
claimed the diffusion coefficient has an Arrhenius
activation with the free-volume fraction. How-
ever, as with Granata and coworkers, their work
is based on a series of four epoxies (a different
series) in which it is unclear how the concentra-
tion of polar species varies. Furthermore, they did
not measure a true diffusion coefficient. They
claimed that the initial increase of weight per
unit time, AM/At, is a measure of the diffusion
coefficient. However, this parameter will change
with extrinsic parameters such as the sample di-
mensions and is not a material property like a
diffusion coefficient. The experimental detail to
properly convert their values to an actual diffu-
sion coefficient is lacking in their work. Further-
more, as is demonstrated shortly, a very different
interpretation can be obtained when one focuses
on the initial stages of moisture uptake. In this
respect, the lack of agreement between our re-
sults presented here and these preceding efforts
is not great cause for concern. The study pre-
sented herein is on a larger number of resins with
a better systematic control of the polarity.

As mentioned previously, it is somewhat dis-
turbing that a better correlation between the
nanopore characteristics and the kinetics of
transport is not observed. Intuitively, the volume
fraction of water-molecule-sized pores should in-
fluence the kinetics of transport. An explanation
for this lack of dependence can be postulated by
careful consideration of the few instances where a
correlation between transport and topology are
observed. In this work, a slight correlation be-
tween the average nanopore size and D is ob-
served, but only at low temperatures. In the pre-
vious article,° there was also a dependence of the
equilibrium uptake on V,, which, in a similar
fashion, was strongest at low temperatures. The
topology is always quantified in the dry state,
before water is introduced into the matrix. The

actual diffusion coefficient measurement can take
anywhere from a few days (at 90 °C) to several
months (at 5°). In the previous publication,®
physical aging experiments clearly demonstrated
the ability of water to reorganize the structure of
the epoxy. In this light, one should question the
relevance of the topology, or the nanopores, of the
dry epoxy to transport, especially at long times.
The introduction of water can modify the topol-
ogy. The fact that the strongest correlations are
observed at low temperatures, where water has
less propensity to change the matrix, further sug-
gests that modifications of the nanopores are an
issue. This would be consistent with the strongest
correlations between the equilibrium uptake and
topology occurring with the V,; component of the
nanopores. In the previous publication,?’ we em-
phasized that a large source of the V|, unoccupied
volume comes from the steric hindrances induced
by the covalent crosslinks. Absorbed water cannot
alter these restrictions, and V,, may be the one
portion of the nanopores that water cannot
change.

Initial Kinetics of Absorption

As discussed previously, measuring the diffusion
coefficient from an absorption experiment re-
quires a knowledge of both the initial slope of the
weight-gain profiles in Figure 2 and the equilib-
rium uptake, a process that takes a long time to
complete. Obviously, this calculation is made un-
der the assumption that D does not change during
the absorption process. Given the notion that wa-
ter may be able to alter the nanopores, it is desir-
able to have an estimation of the transport kinet-
ics in the initial stages of uptake when water may
not have had the time to alter the topology and
the dry nanopore structure may be of more rele-
vance.

The initial slope of an M, versus t"%/h plot (the
same plot used to determine the diffusion coeffi-
cient) is used to determine the initial absorption
rate. The units of this slope are mg H,0 - cm/
min2. However, if the sample thickness is dou-
bled, this slope is doubled, which does not imply
the initial kinetics is twice as fast. For this rea-
son, the slope must be normalized by the sample
thickness. By the same token, a sample with a
surface area of 1 cm? will pick up less moisture
than a 2-cm? sample. The aforementioned slope
should be further normalized by the diffusion
area. Dividing the initial slope by both the sample
thickness and diffusion area yields the initial
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Figure 6. The initial absorption rate as a function of
the intrinsic hole volume fraction for various tempera-
tures (V, increases when the crosslink density increases).
(a) The results for the rigid resins are presented where
all the resins remain in the glassy state, and a clear
correlation can be observed. (b) The results for the
non-amine resins are presented, showing a similar de-
pendence of the initial absorption rate on V,,, except at
90 °C. At this temperature, the lowest crosslink density
sample enters the rubbery state, and the correlation is
lost.

sorption rate, the units of which are mg H,0/cm?
min'2, This initial sorption rate is analogous to a
flux, the units of which are mg H,0/cm? min. Both
measure the number of solvent molecules passing
through an area per unit of time.

As with the diffusion coefficient data, the ini-
tial absorption rate data is analyzed in terms of
the nanopore volume fractions. Just as with D, a
correlation is not observed between the initial
absorption rate and either the total or dynamic
hole volume fractions; the initial absorption rate
appears independent of both V,(T) and V(7).
However, a clear dependence is observed between
the initial absorption rate and V,, as demon-
strated in Figure 6 [this suggests V(T) dominates
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V(D] as V,(T) = V, + V,T)). Figure 6(a) plots
the initial absorption rate as a function of V|, for
the rigid resin series at several temperatures.
The initial absorption rate increases with V,,, and
the magnitude of this dependence increases with
temperature. Although they are not shown here,
similar behavior is observed with the other res-
ins, as long as the wet material remains in the
glassy state. Figure 6(b) shows a similar plot for
the non-amine resin, where this effect of the glass
transition is visible. The two data points at each
isotherm correspond to the 60 and 100%
crosslinked samples with the higher crosslink
density possessing the larger V,, and anhydrous
T,’s of 70 and 140 °C, respectively. At 5 and 50 °C,
all of the samples are in the glassy state, and the
initial absorption rate appears to increases with
V, (albeit this statement is based on just two data
points). However, at 90 °C, the low crosslink den-
sity sample enters the rubbery state, and the
correlation is lost.

Excluding the measurements from the rubbery
state, there appears to be a correlation between
the initial absorption rate and the intrinsic hole
volume fraction. This is reassuring as intuition
suggests that the water-molecule-sized holes
should influence the kinetics of transport. How-
ever, the correlation must be made before the
water has a chance to alter the topology. Condi-
tions favoring such a correlation might include
the initial stages of uptake and highly rigid resins
where the nanopores are not easily reconstructed
by the water. Although it was not examined here,
it is surmised that a low moisture activity (low
relative humidity) might produce a similar depen-
dence of the kinetics on topology.

Polarity and the Kinetics of Transport

Thus far, the lack of a stronger correlation be-
tween the equilibrium kinetics and the topology
has been rationalized in terms of the changes in
the topology that can occur when water enters the
epoxy. Although it is true that a better correlation
is observed when the comparisons are restricted
to the initial stages of absorption, one must also
consider the influence of polarity on the equilib-
rium kinetics. After all, the previous article®® on
the equilibrium uptake describes how the nano-
pores open the matrix and facilitate access of the
water molecules to the polar sites. In other words,
the polarity and topology must be considered in
tandem.
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In Figure 5(b), the role of polarity is empha-
sized. The majority of the resins in this figure are
cured with amine-based curing agents and, there-
fore, contain the polar hydroxyls and amines,
with the exception of the non-amine resins, which
are cured with an anhydride-based curing agent.
These anhydride-cured resins contain less polar
ether and ester linkages that do not have as
strong an affinity for water as the amine-cured
resins. Correspondingly, the diffusion coefficients
at low temperatures are nearly one order of mag-
nitude greater in the non-amine resins. This is
because the polar sites in the amine-cured resin
provide trapping sites that cause the water to
stop and interact, thus hindering diffusion. If the
trapping sites are removed, diffusion is enhanced
as seen with the non-amine resins. Another way
to overcome the trapping sites is to increase the
kinetic energy of the water molecules. As the tem-
perature is raised, thermal energy (kT) increases,
and the more energetic water molecules are less
likely to reside in a potential energy well or trap-
ping site provided by the polar groups; corre-
spondingly, the difference in D between the
amine-based and non-amine resins is diminished.

The diffusion process is known to be influenced
by many factors (polarity, topology, molecular mo-
tions, etc.). Generally speaking, one factor has the
dominant or rate-limiting influence. We must
consider the possibility that the lack of a correla-
tion between the nanopore content and the trans-
port kinetics is due to the polar trapping sites
being the rate-limiting factor. Perhaps if a large
series of nonpolar epoxies are studied, a better
correlation between the transport kinetics and
topology will be observed. It is also possible that
the transport of a nonpolar penetrant molecule of
similar dimensions to water, such as methane or
diatomic hydrogen, would exhibit a stronger de-
pendence on topology. Such experiments would
provide additional insight into the mechanisms of
moisture transport in epoxy.

It is interesting to compare the magnitudes of
the initial absorption rate between the amine-
containing resin in Figure 6(a) and the non-amine
resins in Figure 6(b). These two values are quite
comparable, whereas the diffusion coefficients of
the non-amine resin were nearly one order of
magnitude greater at low temperatures [see Fig.
5(b)]. This emphasizes that the increase in the
initial absorption rate with V,, is truly a volumic
effect; specific water—epoxy interactions have
very little significance in establishing the initial
absorption rate. The initial flux of water into the

epoxy depends on how open the matrix is, which
makes intuitive sense. A more porous structure
should provide more locations for water to enter.

Absorption and Desorption Behavior

The intent of the absorption and desorption ex-
periments was to further disclose the role of the
polar groups in establishing the kinetics of trans-
port. The hydroxyls and amines provide water
trapping sites, thus influencing transport. Hay-
ward et al.?! monitored the absorption process in
situ using dielectric spectroscopy and reported
that the initial water molecules are bound to the
hydroxyls. By bound, they meant that the relax-
ation frequency of absorbed water is hindered, as
dictated by the hydroxyl-water interactions. Only
in the final stages of absorption are free or more
mobile water molecules observed. This has impli-
cations for the kinetics of sorption because in the
initial stages of absorption, the kinetics are re-
tarded as the polar sites become saturated. In the
later stages of sorption, free water molecules are
present, and the steady-state transport is en-
hanced. When measuring the diffusion coefficient
on absorption, the initial slope of a AM, versus
tY2/h curve emphasizes the kinetics during the
polar-site saturation stage. However, by measur-
ing the diffusion coefficient on desorption, the
initial slope emphasizes the equilibrium state
where the steady-state transport is dominated by
free water.

Table IIT demonstrates the difference between
kinetics during the saturation (on absorption: D ,)
and steady-state (on desorption: Dj) stages. The
diffusion coefficient is significantly enhanced on
desorption. Although it is tempting to interpret
these results solely in terms of the free and bound
water, other factors must be considered. Through-
out this and the previous article, the ability of
water to reshape the topology is underscored. In
comparing the initial and steady-state diffusion
coefficients, one must consider this reorganiza-
tion. Figure 7 shows the percentage increase of
the diffusion coefficient on desorption (over ab-
sorption) as a function of temperature. A discus-
sion of this figure is useful for isolating the effects
mentioned previously.

To begin this discussion, focus on the low-tem-
perature portion of Figure 7. At 35 °C, the per-
centage increase values mirror the resin polarity.
The smallest increase is observed in the non-
amine resin, which has the lowest polarity,
whereas the greatest increase occurs in the ex-
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Figure 7. The percentage increase in the moisture
diffusion coefficient as a function of temperature when
the measurements are made on desorption as opposed
to absorption.

trarigid resin, the resin with the highest polarity.
This is consistent with the previous discussion on
the bound and free water. In the non-amine resin,
the mildly polar ether and esters do not provide
strong trapping sites. The first water molecules to
be absorbed are much closer to being free, so the
increase in mobility in the later stages of absorp-
tion is not as significant. However, in the initial
uptake of the extrarigid resin, the molecules are
tightly bound to the polar hydroxyls, leading to
large differences in the desorption kinetics once
the polar sites are saturated.

The effectiveness of the trapping sites depends
on the kinetic energy of the water molecule. If the
kinetic energy increases, the water will spend less
time in each potential energy well and more time
in a nearly free state. This kinetic energy (kT)
increases linearly with temperature. As long as
the shape of the potential well does not change
significantly with temperature, the escape ten-
dency will also increase linearly with tempera-
ture. In Figure 7, the percentage increase on de-
sorption mimics this linear increase with temper-
ature in the extrarigid, rigid, and semirigid
resins. Such behavior suggests the fraction of
bound water at equilibrium uptake decreases lin-
early with temperature as evidenced by the en-
hanced desorption coefficient (the similar isother-
mal absorption diffusion coefficients presented in
Table II imply the changes are primarily in the
desorption values). However, solid-state NMR, di-
electric spectroscopy, or inelastic neutron scatter-
ing measurements should be performed to con-
firm this notion.

These arguments are contingent on the resin
remaining in the glassy state. For the flexible

MOISTURE TRANSPORT IN EPOXY RESINS 789

resin (60% crosslinked: a dry T, of 75 °C), the 35
and 50 °C measurements are in the glassy state,
and in Figure 7, the increase is similar to the
other amine-containing resins. However, at 70 °C,
the wet flexible resin enters the rubbery state,
and a massive increase in the desorption coeffi-
cient is observed. This increase is misleading be-
cause the initial slope of the absorption curve
comes from the glassy state. It would be interest-
ing to extend this comparison to 90 °C to observe
how much the desorption coefficient increases
when both the absorption and desorption mea-
surements are performed in the rubbery state.
One might anticipate a less significant increase
for comparisons in the rubbery state.

The negative deviation from linearity at high
temperatures in the non-amine resin in Figure 7
has yet to be explained. The phenomenon of clus-
tering*!52-5* appears to capture this negative de-
viation. Water is a highly polar molecule, and
clustering can reduce energy significantly. In
highly polar epoxies, these interactions are af-
forded by the matrix. In the mildly polar non-
amine resin, it is plausible that the water—water
interactions are more attractive than epoxy—wa-
ter, inducing water clusters at the higher uptake
levels. This notion is supported by the reports
that clustering is favored in less polar epoxies.®®
On clustering, the effective diameter of the water
molecule increases, and the diffusion coefficient
decreases. It is more difficult for a cluster of sev-
eral molecules to diffuse through the nanopores
than for a lone, free water molecule. This is con-
sistent with the negative deviation from linearity
at high temperatures for the non-amine resins in
Figure 7. This might suggest that on absorption,
the water is initially absorbed as lone molecules.
However, on desorption, they tend to move as
clusters and, thus, at a somewhat reduced rate.
However, this description is purely based on phe-
nomenology and remains to be verified by an ex-
perimental technique, such as inelastic neutron
scattering, that probes the local diffusive motions
of water. These measurements are currently in
progress.

CONCLUSIONS

By creating a series of epoxies in which the mo-
lecular topology is systematically altered without
introducing significant changes in the overall
resin polarity, we have been able to evaluate the
role of topology in determining the kinetics of
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moisture transport. The topology of the dry epoxy
is quantified in terms of both the size and volume
fraction of nanopores 5-6 A in diameter, as evi-
denced by the PALS technique. As these nano-
pores are commensurate with the 3-A kinetic di-
ameter of a water molecule, one would anticipate
their presence to have a strong influence on the
kinetics of transport. However, contrary behavior
is observed. Isothermally, the diffusion coefficient
appears independent of the volume fraction of the
nanopores. There is a slight exponential depen-
dence of the diffusion coefficient on the average
nanopore size, but this persists only for tempera-
tures below 50 °C. As the nanopores are mea-
sured in the dry epoxy resins, it is surmised that
part of the reason for a lack of correlation between
the kinetics of transport and the nanopore con-
tent is the result of moisture absorption altering
the nanopores, rendering the dry nanopore char-
acteristics irrelevant to transport. This is consis-
tent with previous physical aging experiments
that suggest water can alter the epoxy structure
sufficiently to erase physical aging. To further
support this notion, a better correlation is ob-
served between the initial absorption rate (anal-
ogous to initial flux) and the intrinsic, or absolute
zero, hole volume fraction. In the initial stages of
absorption, moisture does not have the time to
alter the topology, and the dry nanopore charac-
teristics are more germane to transport. This is
also consistent with the weak exponential depen-
dence of D on the average nanopore size only at
low temperatures; low temperatures also make it
more difficult to reorganize the nanopore net-
works. Although it is tempting to accept this ex-
planation based on the ability of water to reorga-
nize the epoxy topology, one must also be aware of
the influence of specific polar interactions be-
tween the water and the epoxy. It has been dem-
onstrated that the nanopores are most likely co-
incident with the polar groups and that these
polar groups provide trapping sites for diffusing
water molecules. The possibility that these trap-
ping sites are the rate-limiting factor in the dif-
fusion process cannot be ignored. This could also
describe why the diffusion coefficient is more or
less independent of the nanopore content.
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