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This paper presents a comparison of moisture permeation in liquid crystalline and
non-liquid crystalline epoxy systems. The permeability is obtained using a dynamic
method. It is found that diffusion in both epoxy systems is Fickian. The liquid crystalline
epoxy network exhibits higher barrier properties to moisture transport than the
conventional epoxy network. The efficient chain packing of the smectic mesophase of the
liquid crystalline epoxy is the main factor for this difference. The stoichiometry has a large
effect on the moisture permeation. The diffusion coefficient decreases monotonically with
increasing amine/epoxide functional ratio. The permeability (P) and solubility coefficient
(S) reach a minimum for a functional ratio of one. The results are described on the basis of
hydrogen bonding of water to the epoxy network and the two phase morphology of cured
epoxies. C© 2004 Kluwer Academic Publishers

1. Introduction
Liquid crystalline thermosets (LCT’s) are a class of
material that combines the advantages of both liquid
crystalline polymers and conventional thermosets. For
structural applications, an important consideration is
the impact of the service environment on the mechani-
cal properties. Moisture affects the properties of epox-
ies by plasticization, creation of internal stresses, and/or
induction of crack growth in the resin [1–5].

A number of structural features clearly can influ-
ence the sorption and transport of moisture in epoxies.
Water may form hydrogen bonds with the amine and
hydroxyl groups present in amine-cured epoxies, ef-
fectively slowing the diffusion process. In general, the
diffusion coefficient can be expressed as:

D = 1

6
f × d2 (1)

where f is the jump frequency and d is the jump dis-
tance. Hydrogen bonding reduces the jump frequency,
while the concentration of hydrogen bonding sites af-
fects the jump distance. Another important factor is the
presence of free volume, which provides the pathway
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for diffusion. Finally, one must consider the heteroge-
neous nature of cured epoxies. It is well-known that
amorphous epoxies exhibit two phases after curing.
Most of the evidence comes from electron microscopy
conducted on replicas of free and fracture surfaces [6–
9], but the two phase structure has also been observed by
small angle X-ray scattering [10], dark field transmis-
sion electron microscopy [11], and more recently AFM
[12]. This two phase structure consists of a hard phase of
high crosslink density in a matrix of low crosslink den-
sity. This structure has been proposed to occur via initial
formation of microgels, which deplete their immediate
neighborhood of reactants. At the later stages of cure
the regions between the microgel particles crosslink to
form the soft phase [12, 13]. It is expected that this two
phase structure will have a significant influence on the
properties, and qualitative correlations have been de-
scribed between the mechanical properties or diffusion
coefficient and the amount of hard phase present [12,
14, 15].

Studies on the sorption and transport of water in
epoxies generally follow two approaches. On the one
hand, some researchers emphasize the role of hydrogen-
bonding between water and the epoxy network [16–21].
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For others, the structure of the epoxy is considered to be
the primary factor governing sorption and transport [15,
22, 23]. In only a few cases are the two effects consid-
ered together. Adamson identified three distinct stages
of water sorption, and postulated that those stages corre-
spond to water first entering the free volume, then water
becoming bound to hydrogen-bonding sites, and finally
water entering the more densely crosslinked phase [24].
In a series of papers, Soles et al. carefully examined
the role of free volume or “nanopores,” concluding that
transport is primarily governed by the hydrogen bond-
ing of water to the epoxy [25–27]. However, they did
not consider the two phase structure of epoxies in their
analysis.

The dual-sorption model has been shown to be ef-
fective in describing the diffusion of gases in a vari-
ety of polymers [28–38]. This model was developed to
explain the apparent concentration dependence of the
diffusion coefficient. It postulates that gases diffusing
in polymers are present in two distinct populations. The
first population is that of molecules which are dissolved
in the polymer, and is described by Henry’s Law. The
second population is termed Langmuir sorption, and
corresponds to those molecules that are sorbed within
voids or holes. The molecules that exhibit Langmuir
sorption are assumed to be partially or fully immobi-
lized at these sites, which lowers the effective diffu-
sion coefficient. The concentration dependence of the
measured diffusion coefficient arises due to changes in
the relative amounts of molecules that occupy each of
these two populations. The dual sorption concept has
been used to describe the sorption of moisture in epox-
ies. Barrie et al. used the original concept of Langmuir
sorption as being caused by voids [39], while Apicella et
al. explicitly described the Langmuir sorption as being
caused by the hydrogen bonding of water molecules to
the epoxy [40]. Barrie et al. have pointed out that these
two concepts are not mutually exclusive, as the acces-
sible hydrogen bonding sites are likely to exist at the
surface of these voids [39]. This point is further empha-
sized in the discussion of moisture transport by Soles
et al. [25–27].

For heterogeneous polymer systems, the role of two
phases with differing permeabilities or diffusion coef-
ficients must also be considered. Various approaches
have been taken for systems ranging from semicrys-
talline polyethylene to liquid crystalline polymers [41–
45]. The common feature among all these approaches
is that one phase is considered impermeable, and thus
diffusion only occurs through the second phase. The
reduction in the observed permeability as a result of
the impermeable phase is caused by a reduced volume
of material available to the permeant and an increased
tortuosity for the path the permeant must take through
the material. The formalism for describing permeability
in these cases ranges from simply reducing the diffu-
sion coefficient and permeability by the fraction of im-
permeable phase [41], to reducing the diffusion coeffi-
cient by a “geometric impedance factor,” [42] to a more
complex resistance model [44]. In one case an analyt-
ical model for moisture diffusion in epoxies explicitly
accounts for the heterogeneous morphology, although

in that case the hard phase was arbitrarily identified
as being hydrophilic and the soft phase as being hy-
drophobic [23]. Vanlandingham et al. have discussed
qualitatively how changes in the heterogeneous mor-
phology with amine/epoxide stoichiometry affect the
transport process [15].

While there has been extensive work describing
moisture sorption for conventional epoxies, there is
only limited information available regarding diffusion
in liquid crystalline epoxies [46, 47]. Many questions
remain to be answered, such as the difference in mois-
ture permeability between liquid crystalline and con-
ventional epoxy thermosets, the mechanism of water
sorption and transport, and how the diffusion coeffi-
cient, permeability and solubility coefficient change
with processing parameters. The aim of this study is to
answer the above questions by comparing liquid crys-
talline and non-liquid crystalline epoxies, and relating
the measured diffusion properties to both the hydro-
gen bonding between water and the epoxy, and the mi-
crostructure of the materials.

2. Experimental
2.1. Materials
The isotropic epoxy DER383 was supplied by The Dow
Chemical Company. Diglycidyloxy-α-methylstilbene
(DOMS) was synthesized as described in the literature
[47]. Sulfanilamide (SAA) was purchased from Aldrich
Chemical Company and used as received. The epoxide
equivalent weight (EEW) of DOMS was determined
using standard techniques [48]. The EEW of DER383
was reported by Dow to be 176-183; an average value
of 180 was used in all calculations. The chemical struc-
tures of the materials are shown in Fig. 1.

Molds for casting samples consisted of a pair of alu-
minum plates which were sanded with silicon carbide
sandpaper, polished, cleaned with water and acetone,
sprayed with nonstick release agent (Crown©R 6075)
purchased from Fisher Scientific, baked at 200◦C for
2 h, then cleaned to sweep out the extra Teflon pow-
der. In order to prepare samples for testing, DOMS or
DER383 was first melted at 150◦C in a convection oven.
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Figure 1 Chemical structures of DER383, DOMS and SAA.
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SAA was then added to the resin. This mixture was pe-
riodically stirred over the next 15 min to dissolve all the
SAA into the resin. Once all the SAA had dissolved, the
mixture was degassed and then poured onto a preheated
aluminum plate (dimension = 300 mm × 300 mm ×
15 mm) with a Teflon spacer (thickness = 0.1 mm).
After about 10 min, a second aluminum plate was put
on the top of the first one. Samples were cured for 4
h at 150◦C, then the temperature raised at 2◦C/min to
175◦C, held for 1 h, then raised at 2◦C/min to 200◦C,
and held for 4 h.

After curing, an opaque, cream colored film was ob-
tained for DOMS-SAA samples. The DER-SAA sam-
ples were transparent. Specimens were removed from
the mold. Tested film samples were cut into the shape
of a circle. The radius was about 30 mm, and the thick-
ness 100 µm. To ensure measurement precision, only
samples with a thickness variation of less than ±5 µm
were used. The samples were masked with aluminum
foil around the edges on both sides and temporarily
placed in a vacuum desiccator until further measure-
ment.

Samples are designated as either DOMS-SAA-X
or DER-SAA-X to indicate which monomer is used,
where X is the ratio of amine reactive sites to epoxy
reactive sites.

2.2. Atomic force microscopy
Atomic force microscopy (AFM) was performed us-
ing a Digital Instruments Nanoscope III. Measurements
were done in Tapping Mode©R using a silicon tip with a
125 µm cantilever. Scans were performed over a 1 µm
× 1 µm area at a scan rate of 1–2 Hz. The setpoint was
adjusted for each sample to obtain the highest quality
image, and ranged from 47 to 93% of the free oscillation
amplitude, but was typically approximately 50%. This
range of setpoints corresponds to hard tapping, which
emphasizes the phase image. Both amplitude and phase
were recorded in order to obtain topographic and phase
images, respectively.

2.3. Density
In order to minimize the effect of sorption on the den-
sity measurement, samples were thicker, approximately
25 × 20 × 1.5 mm. Measurement of density is based
on the Archimedes principle. An electric analytic digi-
tal balance Mettler Toledo AT201 and Density Kit was
used. The dry weight of the sample was measured first.
The sample was then suspended from the balance and
immersed in distilled water to measure the weight of the
sample in water. This allowed the density of the sample
to be calculated. The moisture uptake during the experi-
ment was negligible, which was confirmed by weighing
the dry sample before and after immersing in water.

2.4. Infrared spectroscopy
FTIR analysis was done on a Magna-IR E.S.P. Sys-
tem 760 spectrometer with Nicolet’s OMNIC software.
DTGS KBr was selected as the detector. The cured

epoxy film was mounted in the sample holder. Ab-
sorbance spectra at 4 cm−1 resolution were obtained
using 256 sample and reference scans. In order to en-
sure that Beer’s law applies for quantitative analysis,
the sample thicknesses were such that the maximum
absorbance of any spectral feature was less than 1.0.

After collecting the spectra of the dry samples, the
samples were soaked in deionized water and allowed to
equilibrate. The soaking time was estimated according
to the diffusion coefficient and the samples were given
extra time to ensure equilibrium had been reached. At
room temperature, more than 120 min was allowed for
the epoxy film to equilibrate in the liquid water envi-
ronment. Then the samples were placed into the FTIR
to collect the spectra of the wet samples. No base-line
correction was performed on the spectra. To isolate the
effects of moisture on the spectra, spectra of dry sam-
ples were subtracted from spectra of wet samples to
obtain hydration spectra. For all hydration spectra, the
same sample was used for obtaining both the dry spec-
trum and the wet spectrum. It was assumed that there
are no changes in the sample thickness upon moisture
absorption, and thus no normalization of the spectra
was performed. Quantitative analysis was performed
by deconvoluting the spectra over the range of 3700 to
3100 cm−1 with three Lorentzian peaks; details of the
peak assignments are given in the Results and Discus-
sion section.

2.5. Permeability
A MOCON Permatran-W3/31 Water Vapor Permeation
Measurement System with an IR detector was used to
measure and analyze the water vapor transmission rate.
The test film was first placed into the test cell, and then
flushed with dry nitrogen gas on both sides to degas
moisture absorbed during sample installation. HPLC-
grade water was then introduced into sponges, located
in the outer cover of the test cell, by injection through
the hole on the outside of the cell. As the water vapor
diffused through the test film, it was carried by nitrogen
carrier gas to the detector, and the water vapor trans-
mission rate (WVTR) was continuously recorded. The
nitrogen gas flow was set at 10 sccm (standard cubic
centimeters per minute). To ensure system accuracy in
determining water vapor transmission rates and to com-
pensate for environmental variations that affect the sys-
tem, such as room temperature, a calibration procedure
was performed to compensate for these variables. A cer-
tified reference film (WVTR = 0.00120 g/package/day,
40.38 cm2, 10 sccm, 37.8◦C, 100%RH) was used for
the calibration. This film was obtained from Modern
Controls Inc. The reference film was individually tested
with test equipment traceable to NIST.

3. Results and discussion
3.1. Atomic force microscopy
In this study, AFM was performed in Tapping Mode©R

in order to image the two phase structure. A typical im-
age is shown in Fig. 2, in which the hard domains are
the light regions. In this image, the contrast is due to
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Figure 2 Phase (upper) and topographic (lower) AFM images of DER-
SAA-0.9. In the phase image, light regions represent the hard phase and
dark regions represent the soft phase. Scale bar represents 0.25 µm.

the phase lag induced by interaction of the oscillating
tip with the sample. Many factors, such as viscoelastic-
ity of the sample and adhesion between the tip and the
sample may affect the phase image, and in fact contrast
may be reversed in a single sample by simply adjusting
the acquisition parameters [49]. Our assignment of the
light regions in the image to the hard phase is based on
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Figure 3 Percentage of hard-phase for DER-SAA and DOMS-SAA. (•): DER-SAA; (◦): DOMS-SAA.

density measurements, described below. Another fac-
tor that may affect the phase image is topography. In
order to check this, the topographic images were also
examined, and an example is also shown in Fig. 2 for
the same region as the phase image. Although there is
some topographic variation, it is on a larger scale than
the structures seen in the phase image, and there is no
correlation between the topographic and phase images.
Thus we can conclude that the phase images reflect the
properties of the material.

In order to calculate the volume fractions of the hard
and soft phase present and to determine which regions
of the images correspond to the hard and soft phases,
images such as Fig. 2 were analyzed as to the rela-
tive amounts of bright (phase angles of 70◦–90◦) re-
gions and dark (phase angles of 0◦–45◦) regions present
and compared to the density measurements. For each
sample, AFM images were obtained from three differ-
ent regions and the results averaged. The results are
shown in Figs 3 and 4. We note that the shapes of
the curves in each of these figures is the same. This
is expected, since the higher crosslink density phase is
expected to have a higher density, resulting in an over-
all higher density for samples with a higher fraction
of that hard phase. Therefore, we can conclude that the
light regions on the image correspond to the hard phase.
Overall, the stoichiometric ratio has a higher percentage
of hard phase than nonstoichiometric ratios, although
the difference is barely significant given the error bars
of Fig. 3. We would expect that non-stoichiometric
ratios would have a lower fraction of hard phase, be-
cause those compositions will have unreacted end-
groups (either amine or epoxy) that can not contribute to
crosslinking.

Overall, our results similar to those obtained by
Vanlandingham et al. on a different epoxy system
[12], indicating that the phase structure in epoxies
as observed by AFM is a general phenomenon. Our
main aim here is to provide a partial explanation for
the observed permeability behavior, to be described
later.
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Figure 4 Density of DER-SAA and DOMS-SAA. (•): DER-SAA; (◦): DOMS-SAA.

3.2. Infrared spectroscopy
A large number of studies have examined the bonding of
water in epoxies, aiming to identify the precise nature
of the bonding as well as the property changes that
result [16–21]. It is clear that there are a number of sites
available in the cured epoxy at which water may form
hydrogen bonds. In addition, some water is considered
to be “free water,” that is water molecules that are not
hydrogen-bonded. As with the AFM, our primary aim
here is to provide some experimental data to explain
the observed permeability.

Fig. 5 shows the full FTIR spectrum of a dry epoxy
sample, the same sample fully hydrated, and the dif-
ference spectrum. This difference spectrum reflects the
spectrum of water in the epoxy. The region from 3700
to 3100 cm−1 was deconvoluted into three peaks, and
the results are shown in Fig. 6. The band at high
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Figure 5 Spectra of cured DOMS-SAA-0.8 samples.

wavenumbers is assigned to free water, the middle
band is assigned to water hydrogen-bonded to hydroxyl
groups, and the band at low wavenumbers is assigned
to water hydrogen-bonded to amine groups. We should
note that we also attempted to fit this region of the spec-
trum with two, four, or five bands, but these attempts
yielded poor fits and the positions of these bands have
no physical meaning. These assignments are consistent
with previous assignments [50, 51]. In particular we
note that previous work has found that the water sorp-
tion process is reversible, indicating that the water does
not react with free epoxy groups [50, 52], and that the
hydrogen bond network present in dry samples is not
disrupted by the sorbed water [51].

Quantitative analysis of hydrogen bonding with
FTIR spectra is based upon Beer’s law. Often it is as-
sumed that the absorption coefficient is the same for the
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Figure 6 Curve fitting for DOMS-SAA-0.8 sample. Solid line: experimental data; dashed lines: fitted peaks; dotted line: sum of the fitted peaks.

hydrogen-bonded and non-hydrogen-bonded species,
allowing the relative peak areas to be used for quanti-
tative analysis. However, it has been pointed out that
for the O H stretch region under consideration here,
the absorption coefficient can exhibit a strong depen-
dence on wavenumber [51]. Since we do not know the
absorption coefficients for the different species under
consideration, the quantitative analysis below is based
on the relative peak areas only. Even though the absolute
concentrations or fractions of the different species can
not be calculated, we can still discuss relative trends,
since the relative peak areas differ from the concentra-
tions by a constant factor. Thus, although we discuss the
FTIR data in terms of the fractions of species present,
it should be kept in mind that these data are actually
the ratios of peak areas, which differ from the fraction
present by an unknown constant.

Fig. 7 shows the change in the relative fractions of
hydrogen-bonded and free water as a function of the sto-
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Figure 7 Fractional area of peaks corresponding to hydrogen-bonded water compared to total area of peaks associated with water in saturated samples.
(•): DER-SAA; (◦): DOMS-SAA.

ichiometry. For both DER-SAA and DOMS-SAA, the
percentage of hydrogen-bonded water increases with
increasing stoichiometric ratio. This is not unexpected.
As the amount of SAA increases in the cured resin,
the amount of polar groups increases because the con-
centration of hydroxyl groups and/or amine groups in-
creases. These polar groups tend to interact with wa-
ter molecules to form hydrogen bonds. We also note
that there is more hydrogen-bonded water in the liquid
crystalline material. Although this may seem counter-
intuitive, it can be explained by considering that the
band for water hydrogen-bonded to hydroxyl groups
includes the contributions from water bonded to hy-
droxyl groups in the epoxy network and water bound
to itself. In the case of DER-SAA, it is relatively eas-
ier for water to diffuse into the high density regions,
where it exists as either free water or water bound to
the polar groups. For DOMS-SAA, however, there is
less water present in these high density regions due to
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Figure 8 Typical water vapor permeation rate curves measured at 37.8◦C. (•): DER-SAA-1.0; (◦): DOMS-SAA-1.0. Solid lines are fits to the data
for Fickian diffusion.
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Figure 9 Relationship between permeability and amine/epoxide functional ratio at 30◦C. (•): DER-SAA; (◦): DOMS-SAA.

the additional barrier of the smectic mesophase, and
thus more water is in the low density regions where it
is hydrogen bonded to itself in clusters. Thus, the over-
all percentage of hydrogen-bonded water is greater for
DOMS-SAA than for DER-SAA.

3.3. Permeability
Permeability was obtained by measuring the total trans-
port through the epoxies as a function of time. Fig. 8
shows typical data for this measurement. The line in this
figure is a fit of the data based on Fickian diffusion. In
all cases the diffusion is Fickian. Non-Fickian diffusion
in polymers is generally described as being caused by
relaxation of the chains induced by the penetrant [15,
53, 54]. Both DOMS and DER are highly crosslinked
materials, and the rigid nature of the network would
thus not be expected to undergo the types of changes
leading to non-Fickian diffusion.

Permeability was determined from the steady-state
water vapor transmission rate through the film accord-
ing to:

P = W V T R × L

V P × (R1 − R2)
(2)

where L is the film thickness, VP is the vapor pressure
of water at the test temperature, R1 is the relative hu-
midity at the source, expressed as a fraction, and R2
is the relative humidity on the far side of the film. For
our measurements, R1 = 1 and R2 = 0. The diffusion
coefficient was determined from the half-time:

D = ln 4

π2

L2

t1/2
(3)
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Figure 11 Relationship between solubility coefficient and amine/epoxide functional ratio at 30◦C. (•): DER-SAA; (◦): DOMS-SAA.

where t1/2 is half the time required to reach steady-state.
Once the diffusion coefficient and the permeability are
known, the solubility can be determined from:

S = P

D
(4)

Figs 9–11 show the effects of stoichiometry and liq-
uid crystallinity on permeability, diffusion coefficient
and solubility. It is obvious that the diffusion coefficient
and permeability of DOMS-SAA are much lower than
that of DER-SAA. This difference can be attributed
to the liquid crystalline structure of DOMS-SAA [55–
57]. It has previously been shown that liquid crystalline
polymers exhibit higher barriers to diffusion [43–45,
58], and thus it is perhaps not surprising that the same
behavior is observed in liquid crystalline thermosets.
Our results are similar to Earls et al. who found a differ-
ence in sorption between DOMS-SAA and DER-SAA

for various solvents [47]. However, Carfagna et al.
found that there is no difference in moisture sorption for
DOMS when it is cured in the nematic or isotropic state
[46]. The difference between our results and those of
Carfagna is that in our case the liquid crystalline phase
present is smectic, leading to a higher barrier compared
to the nematic or isotropic phase.

For the diffusion coefficient, D, a monotonic de-
crease with increasing amine/epoxide functional ratio
at different test temperatures is seen for all samples.
This is the same behavior observed previously [15].
Both the solubility coefficient and the permeability
reach a minimum at stoichiometric ratio for all temper-
atures studied. The effect of stoichiometry on moisture
diffusion can be explained by the above two factors
of morphological heterogeneity and hydrogen bonding
site concentration.

The trend of D with stoichiometric ratio can be
attributed to the presence of two phases and to the
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Figure 13 Van’t Hoff plot of solubility coefficients. (•): DER-SAA-1.0; (◦): DOMS-SAA-1.0.

hydrogen bonding interaction between water and polar
groups in the cured resin. For epoxy-rich samples, the
fraction of hard phase increases slightly with increas-
ing functional ratio. The hard phase acts as a blockade
against the diffusing water molecules, effectively slow-
ing their advance. Therefore, the diffusion coefficient
decreases with increasing percentage of hard phase.
For amine-rich samples, however, the fraction of hard
phase decreases with increasing functional ratio. Sur-
prisingly, the diffusion coefficient decreases with the
amine/epoxide functional ratio. This is an unexpected
result. If the two-phase morphology played a major role
in determining D, it would be expected that D would
increase with SAA concentration. The experimental re-
sult can be attributed to the increasing number of po-
lar groups as the amine/epoxide ratio increases. Water
molecules are fixed to polar sites in the network through
hydrogen bonding. As the amine/epoxide functional ra-
tio increases, more of these polar groups exist, and a
greater amount of the absorbed water is bonded at these

sites. The water molecules are effectively bound at these
sites. The result is that the diffusion process is slowed
down, and the diffusion coefficient will, therefore, de-
crease with increasing amine/epoxide functional ratio.
This description is consistent with that of Soles et al.,
which emphasizes the role of hydrogen bonding in con-
trolling transport behavior [26].

In a similar fashion, the trend of S with stoichio-
metric ratio can also be attributed to the presence of
two phases and to the hydrogen bonding interaction
between water and polar groups in the cured resin. For
epoxy-rich samples, the primary factor in determining
the solubility is the two-phase morphology. It is rea-
sonable to assume that the absorbed water prefers to
occupy the low crosslink density phase because the
free volume is higher in that region. Again, the fraction
of this phase decreases with the amine/epoxide func-
tional ratio, and therefore the amount of sorbed water
should decrease with increasing stoichiometric ratio.
Since for epoxy-rich samples the amine concentration
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is low, hydrogen bonding to these groups plays only
a minor role in determining the overall solubility. For
amine-rich samples, both the two-phase morphology
and the change in polar group concentration contribute
to the change in solubility with stoichiometry. First, in-
creasing the amine/epoxide functional ratio increases
the percentage of soft phase and free volume. Thus,
there is more space for water molecules to occupy in
the cured resin and the solubility increases with stoi-
chiometric ratio. Simultaneously, the concentration of
polar groups increases. Therefore, not only can pene-
trating water molecules occupy the greater amount of
free volume present, they can also bind at the additional
polar sites. This allows more water molecules to absorb
into the resin, and S increases with functional ratio for
the amine rich networks. Soles et al. also showed that
the isothermal equilibrium weight gains are a function
of the free volume fraction and polarity for rigid, semi-
rigid and flexible epoxy networks [25].

The effect of temperature on diffusion coefficient and
solubility are shown in Figs 12 and 13. The diffusion
coefficient follows the Arrhenius relation. Table I pro-
vides the activation energies. At first glance it is some-
what surprising that DOMS-SAA has a lower activa-
tion energy than DER-SAA. However, we can explain
this phenomenon using the same argument used by
Vanlandingham et al. to explain the varying activation
energies for isotropic epoxies of different stoichiome-
tries. The activation energy describes the temperature
dependence of the diffusion coefficient. DOMS is a
more rigid molecule than DER, and thus we would
expect that temperature would have a smaller effect
on molecular mobility for DOMS than for DER. The
weaker dependence of mobility on temperature would
thus translate into a lower activation energy for diffu-
sion, since temperature will have a weaker effect on
the diffusion coefficient for the less mobile material.
The solubility is found to follow a van’t Hoff relation,
and the heats of solution are shown in Table I. The
heats of solution become more negative with increas-
ing amine content. Since the formation of hydrogen
bonds is an exothermic process, the results suggest that
there is more hydrogen bonding with increasing amine
content, consistent with the FTIR results.

Finally, we note that the trends in diffusion coef-
ficient, solubility, and permeability are identical for
DOMS-SAA and DER-SAA. This suggests that the
same mechanism is operating in both materials, and
the discussion above is independent of the presence or

T ABL E I Activity energy of diffusion and heat of solution

Amine/epoxide Activity energy of Heat of solution
System functional ratio diffusion (kJ/mol) (kJ/mol)

DER-SAA 0.8 21.7 −36.2
0.9 22.5 −38.4
1.0 25.7 −39.5
1.1 21.0 −40.0
1.2 20.0 −42.8

DOMS-SAA 0.8 10.9 −31.8
0.9 11.5 −35.7
1.0 14.2 −40.6
1.1 14.1 −41.0
1.2 13.2 −41.7

absence of the liquid crystalline phase. Thus, the role of
the liquid crystalline phase is simply to provide a bar-
rier to slow the diffusion process, but does not affect
the fundamental nature of how that diffusion occurs.

4. Conclusions
The moisture permeation process for both the conven-
tional epoxy system and the liquid crystalline epoxy
system follows Fick’s law. The high cross-linking den-
sity is responsible for this behavior. The liquid crys-
talline epoxy network exhibits higher barrier properties
to moisture permeation than the conventional epoxy
network. The efficient chain packing of the smectic
mesophase of the liquid crystalline thermoset (LCT)
is the main factor for this difference. The close packing
of molecules in the liquid crystalline phase causes a re-
duction in free volume compared to the isotropic epoxy.
Thus, the liquid crystalline domains act as barriers for
the diffusion of the permeant through the matrix.

The curing conditions, such as the stoichiometry,
have a strong effect on the moisture permeation prop-
erties. The diffusion coefficient decreases monotoni-
cally with increasing amine/epoxide functional ratio.
The permeability (P) and solubility coefficients (S)
reach a minimum when the functional ratio equals one.
The influence of the stoichiometry on D, P , and S can
be explained on the basis of the two-phase morphology
of epoxies and hydrogen bonding interaction between
absorbed water and the network. These factors are the
same for both the liquid crystalline and isotropic sys-
tems, and thus the mechanism of diffusion is the same
in these two materials.
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