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Abstract

Water transport in a densely crosslinked epoxy network, TGDDMeHHPA, was investigated by coupling time-resolved FTIR spectroscopy
and gravimetric measurements. Vibrational analysis yielded information on the different water species present in the system and allowed a quan-
titative estimation of their population at sorption equilibrium.

The transport of water molecules was found to follow a Fickian behaviour characterized by an effective diffusion coefficient which increases
with total water concentration. The dependence of the effective diffusion coefficient, Deff(C ), on concentration, as obtained from integral sorp-
tion curves, was interpreted by introducing a concentration dependent term, D(C ), and an ‘‘interaction factor’’, f, which accounts for the effect
of the molecular interactions which effectively slow down the diffusion process.

The results were compared with those obtained on another epoxy network, TGDDMeDDS, characterized by the presence of stronger inter-
acting sites. Differences and similarities of the spectroscopic and gravimetric results are critically discussed in the light of the structure of the
two networks.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Although the epoxy resins were first synthesized in the
early 1940s, they still represent one of the most actively inves-
tigated classes of thermosetting materials [1e3]. This is due to
their good mechanical and thermal properties, high resistance
to solvents and corrosive agents, excellent adhesion to various
substrates, low shrinkage upon curing and easy processing un-
der a wide range of conditions. The above characteristics make
epoxy resins very attractive in several demanding areas as, for
example, the encapsulation of microcircuitry in the electronic
industry, the development of specialized coatings for highly
aggressive environments, and in aerospace applications [1e4].
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In particular, the tetrafunctional monomer tetraglycidyl-
4,40-diaminodiphenylmethane (TGDDM) produces networks
with very high crosslink density, which is reflected in Tg

values exceeding 270 �C, and outstanding physico-mechanical
properties: for this reason TGDDM cured with aromatic
diamine hardeners such as 4,40-diamino diphenylsulphone
(DDS) are the preferred resin systems for use as matrices in
high performance fiber composites for aerospace applications.
One major deficiency of these formulations is the absorption
of relatively large amounts of water in high humidity environ-
ments (up to 7% by weight), which brings about a general
deterioration of properties [5e8]. The use of an anhydride
hardener such as hexahydrophtalic anhydride (HHPA) may re-
sult in a number of distinct advantages in comparison to DDS.
Of utmost importance are the reduced toxicity of the hardener
and the decrease in water sorption it imparts to the formula-
tions. Other relevant advantages are a smaller shrinkage, and
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a lower reaction exothermicity [1e3]. The difference in water
sorption between the two TGDDM based formulations has
been generally ascribed to a lower tendency of the HHPA
based resins to interact with penetrant molecules. No system-
atic investigations have been performed, however, to address
this issue on a quantitative basis, possibly because of the
lack of suitable experimental approaches.

In recent years, a number of investigators recognized the
potential of applying FTIR spectroscopy to diffusion studies
[9e14]. This technique provides several important advantages,
i.e. the high sampling rate, the sensitivity and accuracy of the
quantitative analysis and, above all, the wealth of information
at molecular level contained in the vibrational spectrum [9e12].

In the present contribution the sorption and desorption of
water in a thin film of TGDDMeHHPA are investigated by
means of in situ, time-resolved FTIR spectroscopic measure-
ments in the transmission mode. This technique provides not
only a means for monitoring accurately the penetrant sorption
kinetics but offers also the possibility of studying in detail the
concurrent development of molecular interactions, thus identi-
fying the type of molecular aggregates and the sites involved
in the interactions.

With respect to the penetrant molecule, the attention has
been focused onto the fundamental OeH stretching vibrations,
these being the most sensitive to H-bonding; the HeOeH
bending region has been analysed as well. For the polymer
network, the perturbation of the carbonyl region and of the
characteristic aromatic peaks as a function of the total water
content has been investigated. Sorption tests have been per-
formed also by gravimetric analysis at several water vapour
activities to gather a deeper understanding of the absorbancee
mass relationship. A close correspondence was obtained
between the gravimetric determination of the total water con-
tent and the spectroscopic estimation based on the knowledge
of the molar absorptivities of the various water species present
in the system.

The results obtained in the present contribution were even-
tually compared with those gathered on a TGDDMeDDS
epoxy network, characterized by the presence of stronger in-
teracting sites. The different behaviour of the two formulations
with respect to mass transport and the tendency to interact at
molecular level with water were critically discussed in the
light of the structure of the two networks.

2. Materials and methods

2.1. Materials

The epoxy resin was a commercial grade tetraglycidyl-4,40-
diaminodiphenylmethane (TGDDM) supplied by Ciba Geigy
(Basel, Switzerland), and the curing agent was hexahydroph-
talic anhydride (HHPA) from SigmaeAldrich, Italy (Milan,
Italy). HHPA (69 g) was dissolved in 100 g of TGDDM at
room temperature, degassed under vacuum, and poured be-
tween two stainless steel plates. A pressure of 100 bar was
applied in a compression moulding press to obtain thin films
[thickness (L)¼ 22� 0.5 mm]. The first step of the curing
schedule was conducted at 140 �C for 16 h, followed by a
post-curing step at 200 �C for 5 h. The Tg of the material,
taken as the tan d peak in the dynamicalemechanical spec-
trum, was 160 �C. The density of the fully cured network
was 1.225 g/cm3, as determined by helium picnometry. The
preparation procedure and the curing schedule for the
TGDDMeDDS resin are detailed in Ref. [8].

2.2. Techniques

2.2.1. Water sorption by in situ, time-resolved
FTIR spectroscopy

A vacuum tight FTIR cell was designed and constructed to
monitor the FTIR transmission spectra of the polymer films
exposed to a controlled humidity environment. The cell is
connected through service lines to a water reservoir and to
vacuum and pressure transducers. The details of the experi-
mental apparatus are reported elsewhere [12,15].

The FTIR spectrometer was a PerkineElmer System 2000
equipped with a Germanium/KBr beam splitter and a wide-
band DTGS detector. Instrumental parameters for time-
resolved data collection were as follows: resolution¼ 4 cm�1,
optical path difference (OPD) velocity¼ 0.2 cm s�1, spectral
range 4000e400 cm�1. A single data collection was per-
formed for each spectrum which, under the selected instru-
mental conditions, took 6 s to complete. The signal was
acquired as a single beam spectrum at specific time intervals
which increased as the sorption process approached equilib-
rium. A typical sorption run lasted for about 90 min and acqui-
sition time intervals were 6 s during the first 10 min of the
experiment and 60 s afterwards. The spectra at sorption
equilibrium to be used for the curve resolving analysis were
collected under different instrumental conditions, i.e. at a reso-
lution of 0.5 cm�1 and by signal-averaging of 256 consecutive
scans. This is in order to maximize the number of data points
in the frequency region of interest and for improving the
signal-to-noise ratio.

Sorptionedesorption tests were performed at 24 �C and at
relative pressures, p/p0, of 0.08, 0.2, 0.4 and 0.6 (where p is
the experimental pressure and p0 is the saturation pressure of
water vapour at 24 �C, corresponding to 22.38 Torr). Assum-
ing ideal behaviour for the water vapour phase, the relative
pressure can be assumed to be coincident with the water
vapour activity, aw.

Before each sorption test, the sample was dried in the FTIR
cell kept under vacuum (1.0� 10�3 Torr) at 24 �C, until com-
plete disappearance of the characteristic water bands. After-
wards, the cell was brought at the desired pressure level and
the data acquisition was started. Once an apparent sorption
equilibrium was attained, the cell was evacuated again and
the desorption process was monitored.

2.2.2. Gravimetric analysis
The equipment used to determine the weight gain of the

samples exposed to a controlled humidity environment was
essentially the same as that used for the on-line FTIR spectro-
scopic measurements, with the FTIR measuring cell being
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replaced by an electronic microbalance, model D200 (CAHN
Instruments, Madison, WI), with a sensitivity of 0.1 mg.

Water sorption kinetics are reported as normalized sorbed
mass versus time. Normalized sorbed mass is defined as the
ratio between the mass at time t, Mt, and the corresponding
value at sorption equilibrium, MN.

2.2.3. Data analysis
For the sorption tests, the absorbance spectra were obtained

by ratioing the single beam spectra against a background col-
lected on the cell with no sample inside, kept at the same water
vapour pressure as the sorption test to be performed. Examples
of absorbance spectra collected at the beginning of a sorption
test (dry sample) and after equilibration with water vapour at
aw¼ 0.4 (wet sample) are reported in Fig. 1. For the desorp-
tion tests the background was collected on the empty cell
evacuated to 1.0� 10�3 Torr. The spectra of sorbed water at
different times were isolated by eliminating the interference
of the polymer matrix in the regions of interest. To this end
subtraction spectroscopy was used [16,17], i.e.:

Ad ¼ As �KAr ð1Þ

where A is the absorbance, the subscripts d, s and r denote,
respectively, the difference spectrum, the sample spectrum
(wet sample) and the reference spectrum (dry sample) and
K is the subtraction factor, i.e. an adjustable parameter which
accounts for possible thickness changes between the sample
and reference spectra [8,16,17]. In our case, since the sample
thickness remains essentially constant upon water sorption,
K was consistently taken as equal to unity.

In order to separate the individual peaks in the case of un-
resolved, multicomponent bands, a curve resolving algorithm
was employed, based on the LevenbergeMarquardt method
[18,19]. In order to reduce the number of adjustable parame-
ters and to insure the uniqueness of the result, the baseline,
the band shape and the number of components were fixed.
The Voigt model was consistently employed to simulate the
experimental profiles of the band components [20]. Sorption
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Fig. 1. FTIR spectra in the 4000e400 cm�1 range for the TGDDMeHHPA

resin in the dry state (red trace) and after equilibration at aw¼ 0.4 (blue trace).

Sample thickness¼ 22� 0.5 mm. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)
kinetic data evaluated by FTIR spectroscopy are reported as
the absorbance ratio of the nOH or dHOH water band versus
the square root of time. The absorbance ratio is defined as the
ratio between the absorbance at time t (At), and the corre-
sponding value at sorption equilibrium (AN).

3. Results and discussion

3.1. Molecular interactions and equilibrium sorption

The spectrum of the TGDDMeHHPA resin after equilibra-
tion with water vapour at aw¼ 0.4 (Fig. 1) displays features
characteristic of sorbed water at around 3530, 1630, and
550 cm�1. These arise, respectively, from the stretching vibra-
tions (nOH), the bending modes (dHOH) and the vibration
modes (i.e. hindered rotations) of the H2O molecule.

Elimination of the interference from the matrix spectrum,
by means of subtraction analysis (see experimental) allows
us to isolate the spectrum of sorbed water in the regions of in-
terest. The bands relative to the stretching and bending modes
are reported, respectively, in Figs. 2 and 3. Fig. 2 also displays
the results of the curve-fitting analysis which will be discussed
in detail later.

The nOH band shows a sharp peak at 3636 cm�1 superim-
posed onto a broader profile at lower wavenumbers. Following
the vibrational analysis reported in Refs. [8,12,15], we assign
the 3636 cm�1 component to water molecules whose hydrogen
atoms are not involved in H-bonding interactions (referred to
as S0 species, according to the nomenclature in Ref. [8]). Con-
versely, the broad profile at lower frequencies is indicative of
H-bonded species and the fine structure evident in the band
shape is suggestive of a multiplicity of molecular aggregates.
These molecular interactions are reflected also in the shape of
the bending absorption, albeit with less details due to lower
sensitivity of this vibrational mode to H-bonding interactions.
In Fig. 3 only two rather symmetrical components are evident,
centred, respectively, at 1628 and 1614 cm�1. The sharper
component at lower frequency is assigned to non-interacting
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Fig. 2. Subtraction spectrum after equilibration with water vapour at aw¼ 0.4 in

the nOH region (3900e2800 cm�1). The figure also displays the curve-fitting
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ulated curve, and the residual (i.e. experimental spectrumesimulated spectrum).
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H2O molecules, while the broader band shifted at higher fre-
quency is attributed to the multiplicity of interacting water
species. This is because the formation of an H-bonding inter-
action, due to its highly directional character, causes a stiffen-
ing of the force constant relative to the in-plane deformation,
which is reflected in a blue-shift proportional to the interaction
strength [21,22]. The effect is exactly opposite to that ob-
served in the stretching region, whereby the interaction causes
a weakening of the force constant and a consequent red-shift.
A different behaviour is also reported in the two frequency
regions in terms of the enhancement of the integrated intensity
of the respective vibrational modes [21e23]. In fact, a conspic-
uous increase (up to an order of magnitude) of molar absorp-
tivity is found for the stretching modes as a consequence of the
directionality of the H-bonding, which enhances the derivative
of the transition moment with respect to the relative normal
coordinate. A much lower effect is observed for the bending
modes, which are reported to undergo a twofold absorptivity
enhancement, at the most [21e23]. We wish to emphasize the
occurrence, both in the nOH and in the dHOH regions, of par-
tially resolved components whose shape is much sharper than
that of the rest of the respective profiles and whose frequency
is considerably shifted with respect to the main absorption and
is consistent with the frequency expected for a non-interacting
H2O molecules. In our opinion this is to be taken as a firm
experimental evidence for the presence of water molecules not
involved in H-bonding as proton donors (which we refer to as
‘‘free’’ water or S0 species) in TGDDM based epoxy resins.

On the basis of the experimental observation that anhydride
cured epoxies absorb less water than their amine-cured coun-
terparts, it has been postulated that the former systems are less
interactive towards water [1e3]. The present spectroscopic
analysis provides the possibility to confirm this hypothesis
and to quantify the effect. In fact, a direct comparison between
the spectra (normalized for sample thickness) of water sorbed
in TGDDMeHHPA (Fig. 4, blue trace) and in TGDDMeDDS
(Fig. 4, red trace) clearly indicates that the amine-cured sys-
tem not only displays a larger amount of sorbed water, but also
that, in the latter system, the population of interacting water
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Fig. 3. Subtraction spectrum after equilibration with water vapour at aw¼ 0.4

in the dHOH region (1690e1550 cm�1). The figure displays the experimental

profile (blue trace) and the smoothed profile (SavitzkyeGolay method, 9 points,

black trace). The spectrum has been collected at a resolution of 0.5 cm�1.
molecules increases substantially. Moreover, the 50 cm�1

red-shift of the low-frequency band characteristic of the inter-
acting species points to the establishment, in the TGDDMe
DDS system, of stronger H-bonding interactions. This is not
surprising, in view of the presence, within the TGDDMeDDS
network, of strong proton acceptor groups (i.e. amino-alcohol,
sulphone) which are replaced by weaker proton acceptors
(i.e. ester carbonyls) in the case of TGDDMeHHPA [21,22].

The analysis of the difference spectra in the 2000e
500 cm�1 region provides further evidence for the unambigu-
ous identification of the interacting sites onto the TGDDMe
HHPA network. This analysis has been performed on a thinner
sample (14.0� 0.5 mm) in order to keep the intense carbonyl
band in the range of absorbanceeconcentration linearity (i.e.
within 1.6 absorbance units).

In Fig. 5, traces BeE, are reported the difference spectra
obtained by subtracting the spectrum of the dry resin (trace
A) from the spectra of the samples equilibrated at various
water vapour activities. A number of features are observed
which become increasingly pronounced as the water activity
raises. First-derivative type bands, displaying a minimum
and a maximum at close wavenumbers, are indicative of
peak shifts, i.e. a frequency displacement of the peak in the
sample spectrum (wet resin) with respect to the peak position
in the reference spectrum (dry resin). In particular, when the
negative lobe precedes the positive (i.e. occurs at higher wave-
numbers), displacement takes place towards lower frequencies.
A prominent first-derivative profile is observed at 1760 cm�1

(minimum) and 1710 cm�1 (maximum). It is associated with
the carbonyl peak centred at 1733 cm�1 in the dry resin and
demonstrates the involvement of this group as proton acceptor
in H-bond formation with water molecules. The positive band
at 1632 cm�1 is the bending mode of absorbed water. At lower
wavenumbers two fully resolved peaks are observed at 1515
and 1451 cm�1. These features are barely detectable compared
to the other effects observed in the difference spectra, but are
reproducible and fully reversible (see later discussion). The
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two peaks are related to the aromatic bands of the TGDDM unit
and reflect their slight intensity increase as a consequence of the
interaction with absorbed water. A thickness effect, i.e. an in-
crease of the path length related to sample swelling, can be ruled
out since it would produce an intensity decrease. This spectro-
scopic evidence could be tentatively ascribed to an interaction
between the protons of water molecules and the p-electron
cloud of the di-substituted aromatic rings [24e26]. Contrary
to what happens for stronger H-bonding interactions, which
produce a shift in the peak positions of the groups involved, in
this case only an intensity effect is detected. This indicates
that the interaction slightly alters the transition moment vector
of the normal mode (i.e. it affects the polarity) but is unable to
produce a detectable alteration of the force constants involved
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Fig. 5. Trace A: FTIR spectrum in the 2000e600 cm�1 range for the

TGDDMeHHPA resin in the dry state. Trace B: spectrum of the sample equil-

ibrated at aw¼ 0.6 minus the spectrum of the dry sample. Trace C: spectrum of

the sample equilibrated at aw¼ 0.4 minus the spectrum of the dry sample.

Trace D: spectrum of the sample equilibrated at aw¼ 0.2 minus the spectrum

of the dry sample. Trace E: spectrum of the sample equilibrated at aw¼ 0.08

minus the spectrum of the dry sample. Trace F: spectrum of the sample equil-

ibrated at aw¼ 0.6 and fully desorbed minus the spectrum of the dry sample.
in the vibration. Rather complex features are observed below
1400 cm�1, likely related to the complex, conformationally sen-
sitive nCeOeC multiplet. Although the difference spectrum in
this region is not ‘clean’, the above effect could be ascribed
either to the involvement of the CeOeC group in H-bonding
interactions with water molecules or to a perturbation of the
conformational equilibrium (i.e. a change in the relative popu-
lation of rotamers) around the CeOeC bonds.

It is worth noting that all the effects discussed so far are
fully reversible upon complete desorption of water, as demon-
strated in Fig. 5, trace F, which represents the subtraction
between the spectrum of a sample equilibrated at aw¼ 0.6
and subsequently desorbed, and the spectrum of the initial
dry sample. This further confirms that the features observed
in the subtraction spectra originate from molecular inter-
actions between the penetrant and the substrate and not from
chemical reactions (e.g. hydrolysis) or spectroscopic artefacts.

Towards a quantitative assessment of the population of the
different water species present in the system, we applied
a method already discussed in Ref. [8] based on the curve
fitting of the nOH region (4000e2770 cm�1, see Fig. 2). This
method relies on the relationship between the shift of the
nOeH peak (Dn) and the absorptivity change, D3, according
to Huggins and Pimentel [27] and Mirone and Fabbri [28].
The above Dn�D3 relationship, together with the value of
the molar absorptivity of unassociated water ð3S0

Þ taken
from Ref. [8], affords an estimation of the absorptivity values
of the different water species.

The results of these calculations are summarized in Table 1,
column 5. It is noted that the absorptivity ratio between
associated and free species is equal to 2.8, 5.8 and 8.1, respec-
tively, for the species absorbing at 3565, 3436 and 3270 cm�1.
The above ratios are consistent with those expected for
systems forming medium-to-high H-bonding interactions, for
which absorptivity enhancements up to an order of magnitude
have been reported [21,22].
Table 1

Curve-fitting results, molar absorptivities and concentration of water species as evaluated spectroscopically and gravimetrically

Activity Position

(cm�1)

FWHH

(cm�1)

Area

(cm�1)

3i� 10�6

(cm/mol)

Ci

(wt%)

CTOT FTIR

(wt%)

CTOT GRAV

(wt%)

CFTIR/CGRAV

0.08 3630 68 1.63 8.66 0.12 0.27 0.25 1.08

3565 140 2.63 24.67 0.07

3417 201 5.12 50.11 0.06

3239 229 2.11 70.33 0.019

0.2 3632 68 3.00 8.66 0.226 0.51 0.48 1.06

3568 140 5.23 24.67 0.138

3420 205 9.50 50.11 0.12

3237 218 3.57 70.33 0.03

0.4 3633 69 4.90 8.66 0.369 0.87 0.86 1.02

3568 140 9.13 24.67 0.241

3423 204 15.97 50.11 0.207

3236 220 6.48 70.33 0.058

0.6 3632 71 6.58 8.66 0.496 1.19 1.28 0.93

3567 140 12.19 24.67 0.323

3425 201 21.9 50.11 0.285

3237 224 9.00 70.33 0.081
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The knowledge of the absorptivities of the various water
species allows us to transform the absorbance values into con-
centration according to:

CTOT ¼ CS0
þ
Xn

i¼1

Ci ¼ C3632þC3565þC3436þC3270

¼ 1

L

�
A3632

33632

þA3565

33565

þA3436

33436

þA3270

33270

�
ð2Þ

Here CTOT is the total concentration of sorbed water, n is the
total number of different types of H-bonded water species and
L is the sample thickness.

On the basis of the procedure outlined above, a fully spec-
troscopic estimate (i.e. with no calibration against an absolute
technique) of the total concentration of absorbed water (Table
1, column 7) and of the concentration of each species (Table 1,
column 6) can be obtained. The values of the total concentra-
tion of water absorbed at equilibrium at the four investigated
activities, as evaluated gravimetrically and by FTIR spectros-
copy, are compared in Table 1, columns 7e9. As already
observed for the case of the TGDDMeDDS system [8], an
excellent agreement between the spectroscopic and the gravi-
metric determinations is obtained at all investigated activities,
which adds to the reliability of the assumptions upon which
the FTIR analysis is based.

The plot of the relative concentration of non-interacting
water species as a function of water vapour activity (Fig. 6)
demonstrates, in a quantitative fashion, the lower interacting
character of the TGDDMeHHPA resin with respect to the
TGDDMeDDS. In fact, for both systems the ratio CS0

=CTOT

is roughly constant in the investigated activity range, and is
larger by a factor of 1.25 for the TGDDMeHHPA resin.
The increased interactive character of the DDS containing net-
work is also reflected in a higher amount of water sorbed at
equilibrium, as is evident from the sorption isotherms reported
in Fig. 7. This result is relevant for technological applications,
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in view of the well known worsening of end-properties caused
by the plasticizing effect of sorbed water.

In Fig. 8 are reported the equilibrium concentrations of the
different water species as a function of total water concentra-
tion as measured spectroscopically for TGDDMeHHPA. A
linear dependence is evident for all the species, which points
to a linear equilibrium among them. An analogous behaviour
has been observed for the case of the TGDDMeDDS/water
system [8].

3.2. Dynamics of mass transport

Water sorption kinetics for TGDDMeHHPA at different
activities have been determined both spectroscopically and
gravimetrically. In particular, from the FTIR data, two inde-
pendent estimations of the water content can be achieved
using, respectively, the OH stretching band and the HeOeH
bending signal of sorbed water. Sorption kinetics at aw¼ 0.4
obtained from on-line FTIR experiments and from gravimetric
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measurements are compared in Fig. 9. The curves relative to
the bending and the stretching signals are coincident, and a
reasonably good superposition is also observed with the gravi-
metric data. The coincidence of bending and stretching curves
has been found at all the investigated activities. This is demon-
strated in Fig. 10 where the spectroscopic data are reported in
the form of an absorbanceeabsorbance diagram. As predicted
by the BeereLambert relationship, all data points can be accom-
modated on a single master line, passing through the origin.

In interpreting these results, it is to be considered that, while
the molar absorptivities of the various components are sig-
nificantly different in the nOH water band (see Table 1), the ab-
sorptivities in the bending region are nearly constant [27,28].
Therefore, if the concentration ratio among the water species
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changed with time during the dynamic sorption test, this
would produce a significant non-linearity in an absorbancee
absorbance plot. Therefore, the observed linear behaviour
points to the establishment of a local equilibrium among the
various water species, which is ‘instantaneous’ as compared
to the characteristic time of diffusion, which is of the order
of 103 s. This equilibrium is coincident with that attained at
the end of the sorption process.

In Fig. 11 are compared sorptionedesorption cycles, as
determined spectroscopically (nOH band) for TGDDMeDDS
and TGDDMeHHPA samples exposed to water vapour at
aw¼ 0.4. For both samples, sorption is faster than desorption,
indicating that water diffusivity is an increasing function of
concentration [29]. The sorptionedesorption lag is more pro-
nounced for the TGDDMeDDS resin, indicating a stronger
dependence of sorption kinetics on water concentration than
for TGDDMeHHPA. This concentration dependence is also
evident when considering the sorption experiments performed
at different activities (see Fig. 12A and B). In fact it is ob-
served that, for both resins, the sorption rate, and consequently
the effective diffusivity, increases with water activity. Again,
this effect is more pronounced in the case of the TGDDMe
DDS system.

In interpreting the sorption kinetic results, it should be con-
sidered that the molecular mechanisms involved in the trans-
port are: (1) diffusion of water molecules through the polymer
matrix, which is concentration dependent due to the free
volume increase associated with solubilization; (2) interac-
tions of water molecules with specific sites distributed on
the polymer network, that slow down the diffusion process.

As discussed in a previous paper on TGDDMeDDS [8],
this latter effect could be accounted for by a model which
assumes that diffusion is associated with the reversible forma-
tion of molecular aggregates between water molecules and
interaction sites. In view of the experimental results, which
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point, for both TGDDMeDDS and TGDDMeHHPA, to the
establishment of an instantaneous local equilibrium among
the various water species, it has been further assumed that
a ‘Langmuir-type’ absorption equilibrium relates the concen-
tration of ‘free’ water molecules ðCS0

Þ to the concentration
of ‘bound’ water molecules (Ci):

Ci ¼
KiCS0

C0
i

1þKiCS0

ð3Þ

where Ki’s are taken as constants and C0
i is the concentration

of sites of type i available on the backbone. It is worth noting
that we use here the term ‘Langmuir-type’ absorption in the
sense that, with regard to bound and free water molecules,
the equilibrium is similar to that described by the Langmuir
theory for adsorption isotherms, although here we are dealing
with a bulk absorption, with no involvement of free surfaces
(for a discussion on this point see Ref. [30]).

Furthermore, the model is based on the presumption that
water molecules involved in these interactions have a negli-
gible mobility as compared to ‘free’ water molecules. As
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a consequence the differential mass balance for ‘free’ water
species reads [8]:

f�1 vCS0

vt
¼ v

vx

�
DðCTOTÞ

vCS0

vx

�
ð4Þ

where:

f�1 ¼ 1þ
Xn

i¼1

C0
i Ki

ð1þKiCS0
Þ2

ð5Þ

Whenever the instantaneous local equilibrium established
among the various water species is linear, as it is experimentally
observed in both the TGDDMeDDS and TGDDMeHHPA sys-
tems, the ‘interaction factor’, f, assumes a particularly simple
form, which is independent of water concentration:

f¼
 

1þ
Xn

i¼1

KiC
0
i

!�1

¼
 

1þ
Xn

i¼1

Ci

CS0

!�1

ð6Þ

In these circumstances, the value of f can be easily evalu-
ated from the spectroscopic data reported in Table 1. Since the
adopted Langmuir-type absorption model is non-linear, the
experimentally observed establishment of a linear equilibrium
among the different water species should be concurrently
accompanied by the further condition that the interacting sites
(ester carbonyls, among others, in the case of TGDDMe
HHPA) are far from being saturated. In fact, at a sufficiently
low concentration of sorbant, Langmuir-type isotherms ap-
proach linearity. The fact that the system at hand is far from
saturation in the investigated activity range, can actually be
demonstrated: the system stoichiometry indicates that the con-
centration of carbonyl groups is 5.3 mol kg�1, while the max-
imum concentration of interacting water, attained at aw¼ 0.6, is
0.38 mol kg�1 (see Table 1), which corresponds to only 7.2% of
the available carbonyls. Analogous conclusions were drawn in
the case of TGDDMeDDS [8] with reference to the relevant
interacting sites (amino-alcohol and sulphonic groups).

As a consequence of the independence of f on concentra-
tion, we can write:

vCS0

vt
¼ v

vx

�
fDðCTOTÞ

vCS0

vx

�
ð7Þ

Moreover, in view of the linearity of the adsorption equilib-
rium, it follows that:

Ci ¼ C0
i KiCS0

and CTOT ¼ CS0

 
1þ

Xn

i¼1

KiC
0
i

!
;

and, consequently:

vCi

vt
¼ v

vx

�
fDðCTOTÞ

vCi

vx

�
ð8Þ

vCTOT

vt
¼ v

vx

�
fDðCTOTÞ

vCTOT

vx

�
¼ v

vx

�
DeffðCTOTÞ

vCTOT

vx

�
ð9Þ
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Hence, the effective mutual diffusivity coefficient,
Deff(CTOT), which characterizes the overall sorption kinetics,
can be factorized in the product of (i) a contribution consisting
of a concentration dependent mutual diffusivity, D(CTOT),
which takes into account free volume changes and would char-
acterize transport through the material in the absence of the
‘sticking’ effect due to the molecular interactions, and (ii) an
‘interaction’ factor, f, which accounts for the molecular inter-
actions with specific sites:

DeffðCTOTÞ¼DðCTOTÞf ð10Þ

It is worth noting that f accounts for the direct effect of inter-
actions on the diffusive movements of water molecules. Actu-
ally, establishment of water/epoxy interactions indirectly
affects D(CTOT) also, since it is reasonable that these interac-
tions do perturb the network structure as well.

From the spectroscopic data, f has been calculated to be
equal to 0.35 for the TGDDMeDDS resin and 0.45 for the
TGDDMeHHPA, and has been found to be independent of
concentration. The lower value of f for the TGDDMeDDS
resin, reflects the higher interaction energy of the specific sites
present on the network (i.e. amino-alcohol and sulphonic
groups) as compared to the case of TGDDMeHHPA (ester
carbonyls).

An estimate of Deff(CTOT) for both resins can be obtained
from the integral sorption curves (spectroscopic data from
the nOH band) determined at different water vapour activities,
by applying a well established procedure (see Ref. [29]). In
fact, by measuring the ‘half-time of sorption’, (t/L2)1/2, (i.e.
the value of t/L2 for which Mt/MN¼ 1/2 or At/AN¼ 1/2)
a value Deff can be determined for each sorption curve, which
is some mean value of the variable diffusion coefficient aver-
aged over the concentration range spanned in the sorption
experiment. This value can be determined from the following
equation [29]:

Deff ¼ 0:049=
�
t=L2

�
1=2

where L is the sample thickness. Deff supplies a reasonable
estimate of

�
1=C0

TOT

� ZC0
TOT

0

DeffdCTOT
where 0 to C0
TOT is the water concentration range in the net-

work of the sorption experiment. Once the values of Deff

have been determined, a graph of DeffC
0
TOT as a function of

C0
TOT can be obtained, which provides, by numerical differen-

tiation, a first approximation to the relationship between Deff

and CTOT.
The values of D(C ) can then been calculated, for each

sorption test, from Eq. (10) using the corresponding values
of Deff(CTOT), as determined by the previously outlined proce-
dure. In Table 2 and in Fig. 13 are summarized the results
obtained for both resins, which show that both Deff and D
are increasing functions of concentration.

The analysis of these results indicates that the TGDDMe
DDS resin displays lower values for D(CTOT) and its value
is also more sensitive to water concentration (see relative
changes in D(CTOT)). This points to a network structure which
is more tightly packed than in the case of TGDDMeHHPA
and, consequently, more sensitive to free volume changes
associated with water sorption which perturbs the molecular
structure of the polymer network. The presence of stronger
interactive sites, which determine a lower value of f, contrib-
utes to a further decrease of the effective diffusivity, related to
the ‘sticking’ of water molecules on these sites. The conse-
quences are lower values of Deff(CTOT) and a higher depen-
dence on water concentration. The finding that, in the case
of TGDDMeDDS, Deff , for sorption is about 2.3 times higher
than that for desorption at aw¼ 0.4 (see also Fig. 11) while,
in the case of TGDDMeHHPA resin, this factor is around
1.4, is to be related to the discussed higher dependence of
diffusivity on concentration as well as to the higher concentra-
tion range determined, at the same activity, by the higher water
solubility.

The presently adopted model (Eqs. (3)e(9)) is a modified
version of the approach originally developed by Carter and
Kibler [30] and subsequently employed by other investigators
[31]. In particular, these authors interpreted anomalous water
diffusion in composite resins assuming that the diffusion of
mobile molecules conforms to simple diffusion theory aug-
mented by sources and sinks. They did not speculate on the
nature of absorption sites at which water molecules became
bound to the epoxy network. In their development, they further
assumed that the absorption probability is remarkably small,
implying that the characteristic diffusion time is much smaller
than the time needed to reach final equilibrium of binding
sites. In their interpretation, the spatial distribution of mobile
Table 2

Equilibrium water content, diffusivities and interaction factors for the sorption tests performed at different activities on the TGDDMeDDS and TGDDMeHHPA

resins

TGDDMeDDS TGDDMeHHPA

C0
TOT %b:w:�½ Deff cm2=s�½ Deff(CTOT)

[cm2/s]

D(CTOT)

[cm2/s]

f C0
TOT %b:w:�½ Deff cm2=s�½ Deff(CTOT)

[cm2/s]

D(CTOT)

[cm2/s]

f

0.75 2.88� 10�10 3.65� 10�10 10.4� 10�10 0.35 0.26 1.20� 10�9 2.07� 10�9 4.6� 10�9 0.45

1.61 4.30� 10�10 5.48� 10�10 15.7� 10�10 0.35 0.49 1.62� 10�9 2.13� 10�9 4.73� 10�9 0.45

2.83 4.99� 10�10 8.06� 10�10 23.0� 10�10 0.35 0.87 1.87� 10�9 2.25� 10�9 5.00� 10�9 0.45

4.07 6.48� 10�10 10.7� 10�10 30.6� 10�10 0.35 1.28 2.01� 10�9 2.37� 10�9 5.27� 10�9 0.45
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molecules becomes rather uniform in the sample long before
the specimen is saturated with regard to bound molecules,
the ultimate saturation proceeding at the same rate everywhere
in the sample. The binding capacity of the polymer matrix is
actually promoted by long term relaxation phenomena which
expose originally inaccessible binding sites. In the work of the
above authors, the experimental time was of the order of
several years, while, in the present analysis, it is of the order
of tenths of minutes, i.e. much shorter than the time needed
for the aging processes to take place. The same arguments
justify the absence of long term hygrothermal degradation,
reported by other investigators [32,33]. The stability of our
samples in the present experimental conditions is unambigu-
ously demonstrated by the coincidence of the spectra of the
specimens prior and after a sorptionedesorption cycle (see
trace F in Fig. 5). On the basis of the spectroscopic evidence,
we have made the hypothesis that the characteristic time of
the binding process is much smaller than the characteristic time
of diffusion, leading us to assume an ‘instantaneous’ (in rela-
tive terms) establishment of the local binding equilibrium.
The contradiction between this hypothesis and that adopted
by Carter and Kibler is only apparent and is due to the dif-
ferent meaning attributed by these authors to the term ‘bound
water’.

4. Conclusions

Time-resolved FTIR and gravimetric analysis were em-
ployed to investigate the mass transport of water in a
TGDDMeHHPA epoxy network. The spectroscopic analysis
evidenced the presence of non-interacting water molecules
together with distinct H-bonded water species. The evaluation
of the molar absorptivities of the different species allowed us
to estimate equilibrium concentrations that are in excellent
agreement with the results of gravimetric measurements.

The occurrence of an instantaneous linear equilibrium
among the different water species was inferred from the
kinetic behaviour of the different components and from the
dependence of the equilibrium values on concentration.
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Fig. 13. Diffusivities as a function of total water concentration from sorption

measurements on the TGDDMeDDS and TGDDMeHHPA resins.
The transport of water was found to follow a Fickian
behaviour characterized by an effective mutual diffusion coef-
ficient, Deff(CTOT), which increases with total water concentra-
tion. The dependence of Deff on concentration, as obtained
from integral sorption curves, has been interpreted by intro-
ducing a concentration dependent term, D(CTOT), and an ‘in-
teraction factor’, f, accounting for the effect of H-bonding
with specific sites on the polymer network, which effectively
slow down the diffusion process. The analysis has been based
on a simple model, already adopted in a previous contribution,
which assumes immobilization of water molecules H-bonded
to specific sites on the polymer backbone and instantaneous
attainment of a local linear equilibrium among the different
species.

Comparison of these results with a similar analysis of water
transport on another epoxy network, TGDDMeDDS, charac-
terized by the presence of stronger interacting sites, evidenced
differences and similarities which can be justified on the basis
of the differences in the network structure, i.e. type of interact-
ing sites and network molecular structure.
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