
INTRODUCTION

It has been demonstrated that for many polymers,
the properties near a solid surface can be different

from those of the bulk polymer. The mobility of the
polymer in the interfacial region is strongly dependent
on the interaction between the polymer and the sub-
strate. For thermoplastic polymers, preferential seg-
regation of low molecular mass polymer fractions or
chain ends to the interface (1) and lower entanglement
density near the interface (2) will reduce the glass tran-
sition (Tg) in this region. Keddie et al. used ellipsome-
try to observe that the glass transition of thin poly-
styrene films on silicon oxide surfaces was lower than
the bulk Tg (3). Reiter observed, using X-ray reflectom-
etry, that thin polystyrene films could de-wet a silicon
wafer even below the Tg of the bulk polymer, suggest-
ing a lower effective Tg in the thinner films (4). The

interaction between the silicon oxide surface and poly-
styrene is weak. On the other hand, with hydrogen-
passivated silicon wafer surfaces, significant increases
in the Tg of thin polystyrene films have been observed
(5).

For thermosetting resins near a solid surface, the
problem is more complicated than with thermoplastic
polymers. In addition to the effects of the solid sur-
face, the thermosetting reaction occurs in the presence
of the substrate. The kinetics of the interfacial reaction
can be altered by the substrate surface functionality.
Thermosetting resins can contain impurities, and often
a mixture of many monomers, which can vary both in
composition and molecular mass (6, 7). Preferential
diffusion of different monomers or low molecular mass
plastizers to the surface can change the interfacial cure
behavior. The substrate surface is often coated with a
sizing layer (often a silane coupling agent) to promote
adhesion and durability at the interface (8). The pres-
ence of the sizing layer, interpenetration between the
sizing layer and the curing thermoset, and potential
reactivity between the sizing and resin can further alter
the interfacial structure. The cure difference near the
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interface causes a composition gradient that extends
from the substrate into the resin. This compositional
gradient and resultant morphological differences will
affect the adhesive quality and durability of the resin/
substrate bond. In addition, processing can influence
the interfacial structure because of the competition
between inter-diffusion of the sizing layer and the resin
monomers, and the reaction (which slows diffusion).

In this work, we developed an in-situ technique to
study the buried polymer/substrate interfacial region
by using a fluorescence probe localized in a model
sizing layer on a glass surface. Our model interfacial
region consists of silane-coupling agent multi-layers
grafted to a glass microscope cover slip and immersed
in epoxy resin. A fluorescent tag has been placed on
some of the coupling agent molecules, immobilizing the
dye in the interfacial region. When the silane-coated
glass surface was immersed in epoxy resin, a shift in
the peak wavelength of the fluorescence emission
could be used to study inter-penetration and reaction
between the silane multi-layers and the epoxy resin
during cure. The observed shift in the wavelength maxi-
mum for the fluorescence is towards smaller wave-
lengths, termed a “blue” shift. Because the dye probe is
bound in the silane layer, the fluorescence response is
indicative of the buried substrate/coupling agent/resin
interfacial structure.

TECHNIQUE

To obtain true interfacial sensitivity, the dye probe was
grafted to the substrate surface by using a dimethyl-

amino-nitrostilbene (DMANS) fluorophore tethered to a
triethoxy silane coupling agent, generating the fluores-
cently labeled silane coupling agent molecule (FLSCA)
shown in Fig. 1. The chemistry of this tethering reac-
tion is detailed elsewhere (9–12). The FLSCA coupling
agent can then be grafted to the glass surface using
typical silane coupling agent chemistry (13). For appli-
cation to process monitoring of fiber-reinforced com-
posites, FLSCA can be grafted to a glass fiber-optic
and inserted into a composite mold to perform in-situ
measurements (14).

In the present study a pure FLSCA layer was not
grafted to the glass surface. Instead, the FLSCA dye
was diluted in the deposition solution to small levels
with another coupling agent. This FLSCA/diluting cou-
pling agent mixture was then grafted to the glass, gen-
erating a model interfacial region. An epoxy/coupling
agent/glass interfacial region is a useful model because
coupling agents are commonly used to coat fiber rein-
forcements in glass reinforced composite parts. Cou-
pling agents can also be useful for preventing water
adsorption at metal/polymer interfaces (15). The dilut-
ing silane coupling agent used in this study was glycid-
oxypropyltrimethoxysilane (GPS) (see Fig. 1).

After the silane layer was deposited, the FLSCA/
GPS–coated glass surface was immersed in epoxy res-
in. The fluorescence response from the grafted FLSCA
was measured both before and after the resin cure.
Differences in fluorescence shift during resin cure were
used to study the interfacial chemistry and the extent
of interpenetration between the silane layer and resin.
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Fig. 1.  FLSCA is diluted on the
glass surface with glycidoxypropy-
trimethoxysilane (GPS), shown on
top. Tethering a dimethylaminoni-
trostilbene (DMANS) fluorescent
dye to a triethoxy silane-coupling
agent, shown on bottom makes
the FLSCA coupling agent.



EXPERIMENTAL

The measurement uncertainty given in the experi-
mental procedure description or shown in the experi-
mental results represents a range of values. For some
of the experimental results, the uncertainty is shown
as an estimated standard deviation based on meas-
urements taken on at least five samples and multiple
measurements per sample.

Unless otherwise stated, all chemicals were used as
obtained from Aldrich Chemical Company (Milwaukee,
WI). FLSCA was synthesized by a method described
previously (9–12). Glycidoxypropyltrimethoxysilane
(GPS) was used as received from Gelest (Tulleytown,
PA) (16).

The resin system used in this study was an amine-
hardened epoxy system (see Fig. 2). The resin system
was composed of a stoichiometric mixture of diglycidyl
ether of bisphenol A (DGEBA) (Tactix 123, Dow Chem-
ical Company) and poly(propylene glycol) bis(2-amino
propyl ether), (Jeffamine D230 or D400, Aldrich Chem-
ical Company). For the amine hardener, the number
average molecular mass was either (230 or 400) g/mol
(D230 or D400 respectively). The two components were
mixed together with a mechanical stirrer and then de-
gassed under vacuum for 10 min prior to use. At room
temperature, this resin system reacts slowly, so a neg-
ligible amount of reaction occurs during mixing and
degassing. Neither the epoxy resin nor hardeners were
purified.

For some experiments, either DMANS or FLSCA were
dissolved into the bulk resin. For these experiments
the dye concentration was adjusted so the absorption
was in the linear range (17). This helped avoid inner-
filter effects, which can skew the fluorescence emission
at high dye concentrations.

Coupling agent layers were grafted to glass micro-
scope cover slips (Fisher Scientific, Pittsburgh, PA)

using an ethanol-based deposition procedure as de-
scribed previously (9, 17). GPS and FLSCA were added
to an ethanol/water mixture with the volume fraction
of ethanol equal to 95%, under slightly acidic condi-
tions. To adjust the thickness of the silane layers, the
total silane concentration in the ethanol/water mix-
ture was varied from 0 to 0.2 mmol/mL or volume
fraction of 0% to 5%. The molar ratio of FLSCA to GPS
in the deposition solution ranged from 0.004 to 0.006.
After hydrolysis of the coupling agents, clean glass
microscope cover slips were added to the deposition
solution. The coupling agents adsorb to the glass sur-
face for 10 min. The coated cover slips were then cured
at 100 � 2°C for 1.5 � 0.2 h. After curing, the cover
slips were washed by two successive dips in clean
ethanol for 30 � 5 s. During the ethanol dip, the coated
cover slips were vigorously shaken. The purpose of
this wash was to remove excess dye and weakly ad-
sorbed coupling agent that had deposited on the sur-
face during solvent evaporation. The washed cover
slips were dried for 1 � 0.1 h at 100°C � 2°C. After
drying, the samples were sealed in a glass vial and
stored in the dark at room temperature until fluores-
cence measurements were made the following day.

After the FLSCA/GPS layers were grafted to the glass
cover slips, each coated cover slip was sandwiched
with uncured epoxy resin between two uncoated glass
cover slips (see Fig. 3). The range of the thickness of
the epoxy resin in the sandwich was 25 to 100 �m.
This thickness is large enough that the epoxy in the
sandwich is similar to bulk resin. Excitation light was
sent through the uncoated cover slip and the epoxy
resin. The fluorescence was collected from the FLSCA/
GPS layer, buried under the thick epoxy sandwich. The
fluorescence from grafted FLSCA was measured in un-
cured resin and cured resin. The resin sandwich sam-
ple was cured for 4 � 0.1 h at 100°C � 2°C, followed
by a 1 � 0.1 h postcure at 130°C � 5°C. For samples of
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Fig. 2.  The amine hardened epoxy resin system is shown above. The top structure is the DGEBA monomer. The bottom structure is
the diamine hardener. The “n” can be adjusted so that the number average molecular mass of the hardener is either 230 g/mole or
400 g/mole.



DMANS or FLSCA in bulk epoxy, the center cover slip
in the sandwich was not coated with a FLSCA/GPS
coupling agent layer, but the dye was dissolved into
the epoxy resin used in the sandwich structure.

Scanning electron microscopy (SEM) was used to
measure the thickness of the silane coupling agent lay-
ers. After the coupling agents were deposited onto the
glass surface, the glass surface was scored with a dia-
mond-tip razor. The sample was snapped and mounted
vertically onto the SEM mount. Carbon paint was used
to mount the glass sample. After the carbon paint
dried, the sample was coated with gold. SEM measure-
ments were made on the un-scored side of the cross-
sectioned sample with a Hitachi S4500 Field Emission
SEM (Nissei Sangyo Co., Rolling Meadows, IL) using a
working distance of 7 mm, and an accelerating voltage
of 7 kV. The detector was the upper secondary elec-
tron detector.

External reflection FTIR experiments were conducted
on the silane coupling agent layers grafted to the glass
surface using a 60° angle of incidence on a Nicolet
Magna 550 FTIR (Madison, WI) using 1200 scans at a
resolution of 4 cm�1 and a mercury-cadmium-telluride
detector. The FTIR experiment is not an attenuated
total internal reflection (ATR) technique. The IR radia-
tion passes through the air and into the FLSCA/GPS
sample. The IR radiation passes twice through the
sample thickness. The purpose of the 60° angle of in-
cidence is to increase the path length through the
sample.

RESULTS AND DISCUSSION

In Fig. 4, typical fluorescence emission spectra from
the grafted FLSCA/GPS sandwich structures before
and after resin cure are shown. When the layer is im-
mersed in uncured DGEBA/D230, the emission maxi-
mum, �max, occurs at 637� 3 nm. In cured resin, �max
is blue shifted and occurs at 599 � 2 nm. The fluo-
rescence intensity also increases during resin cure.
The layer thickness for data shown in Fig. 4 was
0.52 � 0.27 �m, as measured by SEM. The large value
in the standard deviation indicates the non-uniformity
of the layer thickness (rather than instrumental un-
certainty). Further, while this standard deviation was
calculated from 10 scans on four different samples,
significant thickness variations also exist on a particu-
lar sample. The uncertainty in the emission maximum
is a standard deviation from multiple measurements on
at least 5 samples. The relative standard uncertainty
in the fluorescence intensity is 15%.

Both the intensity change and the emission shift
can potentially be correlated with the extent of the
epoxy cure. Because no internal standard is present
to normalize the intensity, we will only discuss the
shift in the emission maximum. Shifts in the emission
spectrum of fluorescent dyes can be correlated with
the extent of resin cure (18–25). The blue shift and in-
tensity increase from DMANS during resin cure is due
to the epoxy cure reaction. As the resin reacts, the di-
electric constant that is observed by the excited dye
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Fig. 3.  A FLSCA/GPS coated glass microscope cover slip was sandwiched between epoxy resin and two uncoated cover slips. The
fluorescence was measured before and after resin cure by sending light through the sandwich sample and collecting the emission at
an offset angle.



decreases. In addition, the refractive index increases
due to resin densification. Although these factors have
been discussed in detail elsewhere (9, 17), they will be
briefly discussed here to aid the data interpretation.
The Lippert Equation (Eq 1) describes how the solvent
influences the position of the fluorescence emission
(26).

(1)

Here � is the solvent dielectric constant, n is the re-
fractive index of the solvent, c is the speed of light, h
is Planck’s constant, a3 is the volume occupied by the
fluorophore, �� is the dipole moment change of the
fluorophore between the ground and excited state, and
�a and �f are the wave numbers (cm�1) of the absorp-
tion and emission intensity maximum, respectively.
The Stoke’s shift is defined as the difference between
the absorption and emission intensity maxima of the
fluorophore. It is a measure of the energy dissipated
from the excited state molecule before releasing a flu-
orescence photon. The refractive index contribution
accounts for the ability of the solvent electrons to re-
orient in order to stabilize the dipole moment of the
fluorophore. The dielectric constant term accounts for
the solvent relaxation process, which will decrease 
the energy difference between the ground and excited
states. The constant term in Eq 1 accounts for addi-
tional mechanisms of energy dissipation, such as vi-
brational relaxation.

In Eq 1, the important terms involving the polymer
environment (surrounding grafted FLSCA) are the di-
electric constant and the refractive index. The local

dielectric constant that is observed by the fluorescent
dye decreases during resin cure. This decrease can be
caused by a decrease in the dielectric mobility, and/or
a decrease in the dipole strength of the molecules. The
dielectric mobility slows owing to the increasing mo-
lecular mass and cross-link density of the epoxy dur-
ing cure. The dipole moments of the molecules can also
potentially change because of the epoxy/amine reac-
tion. From Eq 1, a decrease in the observed dielectric
constant will cause the fluorescence emission to occur
at shorter wavelengths. As the resin cures, the refrac-
tive index increases due to the increase in polymer den-
sity. Also from Eq 1, an increase in the refractive index
will also contribute to the blue shift in emission dur-
ing cure.

In Fig. 5 the total fluorescence shift (blue shift of the
peak maximum during resin cure) from grafted FLSCA/
GPS layers (of varying thickness) immersed in DGEBA/
D230 or DGEBA/D400 is shown. The initial starting
point for the FLSCA/GPS layers in uncured resin is
similar for each layer thickness. After resin cure, how-
ever, the magnitude of the fluorescence shift is de-
pendent on the layer thickness. Thicker layers showed
smaller blue shifts. As a control, the fluorescence of
FLSCA in bulk resin was recorded and is also shown
in Fig. 5. The shift for FLSCA dissolved in bulk resin
was larger than from FLSCA/GPS layers grafted to the
glass surface. The fluorescence maximum for FLSCA in
bulk uncured resin ranged from 627 to 632 nm. This
maximum is slightly different than the fluorescence of
the FLSCA/GPS layers in uncured resin which ranged
from 634 to 638 nm. This difference indicates that the
bulk uncured resin has slightly different dielectric and

�a � �f � 
2
hc

 a � � 1
2� � 1

�
n2 � 1

2n2 � 1
b  1�� 22

a3 � const
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Fig. 4.  A blue shift in the emission
maximum, and an increase in the
fluorescence intensity could be
followed from grafted FLSCA in
the sandwich sample during resin
cure. Since no internal standard
was present to normalize the in-
tensity it is more practical to moni-
tor the wavelength shift.



refractive index properties compared to the FLSCA/
GPS layer. However, the difference is small, suggest-
ing that the chemical reaction between the epoxy and
the amine is the primary cause of the fluorescence
shift during cure, rather than simply penetration of
the resin monomers into the FLSCA/GPS layers.

The fluorescence shift from FLSCA/GPS grafted lay-
ers during resin cure is an indication that the resin
molecules are able to penetrate the silane layer. If no
interpenetration occurs, then the local environment
surrounding the dye molecules would not change dur-
ing cure and no shift would be observed. A difference
in the fluorescence shift during resin cure suggests a
difference in chemical composition. The larger shift,
from thinner FLSCA/GPS layers, indicates increased
interpenetration between the silane layer and resin.
From the data in Fig. 5, the interfacial composition
appears to be determined in part by the competition
between monomer diffusion into the sizing layer and
the resin reaction kinetics. An interesting consequence
of this competition is that a smaller decrease in the
fluorescence shift occurs in the DGEBA/D400 com-
pared to the DGEBA/D230, as the layer thickness
increased. The DGEBA/D400 resin takes longer to gel
than the DGEBA/D230 (30 min vs. 15 min at 100°C),
allowing more time for resin penetration into the thick-
er layers. We propose that resin gelation occurs before
complete penetration into the thickest layers, especially
in the case of the DGEBA/D230.

The epoxy/amine polymerization process can be
modeled by a general condensation reaction scheme
with three steps: a) homopolymerization of the resin
monomers (Eq 2); b) graft polymerization where the

resin monomers attach to the grafted silane layer (Eq 3);
and c) condensation of grafted polymer chains (Eq 4).

(2)

where Mx and My are partially cured networks of amine
and epoxy polymers. Sections of the partially cured
network can also react with the silane layer on the
glass surface in the graft polymerization step:

(3)

where (Mz ) � S indicates a surface attached group on
the glass surface. Two grafted chains can also con-
dense with one another:

(4)

Where S � (Ma) is a grafted chain with an amine end
group and S � (Me ) is a grafted chain with an epoxy
end group.

While this model is complicated, it can be simpli-
fied by neglecting the etherification reaction. In addi-
tion, we can assume that reactions within the silane
layer primarily involve monomers or very low molecular
weight chains. This assumption is reasonable because
the GPS layer must swell to accommodate the react-
ing network chains. Because (	n ) is large for the large
molecular weight chains, it is thermodynamically un-
favorable for these larger network chains to penetrate
the GPS coating. This means that the subscripts (x, y,
and w) in the above equations are around 1 or 2 but
not 10 or 100. Given these assumptions we write a
simplified mass balance on the resin monomers in the
silane layer:

S � 1Ma 2 � 1Me 2 � S ¡ka � e 1Ma�e 2 � S

Mw � 1Mz 2 � S ¡
kw �z 1Mw �z 2 � S

Mx � My ¡
kx � y Mx �y
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Fig. 5.  The magnitude of the fluorescence shift during cure was dependent on the thickness of the silane layer. Thicker layers
showed smaller shifts, suggesting incomplete penetration of the resin monomers into the thickest layers. The uncertainty in the
fluorescence shift is a standard deviation from measurements on at least 5 samples and multiple measurements per sample. The
standard deviation of the silane thickness was approximately 50% of the average thickness value.



(5)

where Cm is the concentration of the monomer (either
amine or epoxy) in the silane layer, Dm is the diffusion
constant for the resin monomer in the silane layer, kh
and kg are the rate constants for the homopolymeri-
zation (Eq 2) and graft polymerization (Eq 3) respec-
tively, and fh (Cm ) and fg (Cm ) are the kinetic models for
the homopolymerization and graft polymerization re-
spectively. In this model we assume that the silane
layer does not diffuse away from the glass surface,
which is a reasonable assumption considering that
the layers were washed after deposition.

After gelation, the diffusion constant drops dramati-
cally and we replace Dm in Eq 5 with Dgel , representing
the slow diffusion of resin monomers after gelation.
This mass balance can be non-dimensionalized:

(7)

(8)


m is dimensionless concentration, � is dimensionless
time, Z is dimensionless position, L is the silane layer
thickness, tgel is the gel time of the resin. For t � tgel
we compare L2/Dm with 1/kh to determine if the inter-
facial development is limited by the reaction or diffu-
sion process. For t � tgel diffusion essentially stops and
the reaction proceeds slowly to completion. Since Dm
is much larger than Dgel , the interfacial composition
profile is essentially “frozen” in place once resin gela-
tion occurs.

Using the gel times for the two resin systems (15
min at 100°C for DGEBA/D230 and 30 min at 100°C
for DGEBA/D400) we can estimate the diffusion con-
stant for the resin monomers within the silane layer
by D  L 2/tgel . For the DGEBA/D230 system, the
transition from “complete” to “incomplete” penetration
occurs between the 500-nm-thick and 300-nm-thick
layers. A similar transition range was observed for 
the DGEBA/D400 system although much less dra-
matic than for the D230 system. Using this thickness
range, the estimated diffusion constant will range from
10�12 to 10�13 cm2/s. This agrees well for diffusion
measurements of small molecule probes in rubbery
polymer films (27).

Fluorescence can be correlated with the extent of
resin cure (18–25), but it is an indirect measure of the
cure reaction. Therefore, performing external meas-
urements on model samples is important for calibrat-
ing the fluorescence response. We propose that the
blue shift during resin cure is due to the reaction be-
tween the epoxy and amine functional groups in the

interfacial region. Infrared measurements on the buried
interfacial region are difficult, however, owing to the
similar functionality of the GPS coating and the DGEBA
monomer. In order to relate the fluorescence response
of grafted FLSCA to the interfacial cure reaction, con-
trol experiments were performed on a model system. In
the first of these control experiments, a 0.52 � 0.27-
�m-thick layer was immersed in the D230 hardener
only. The fluorescence was measured at time zero, and
after 20 h of immersion in the hardener at 100°C. After
20 h in the hardener a fluorescence shift of 49 � 2
nm was observed. A similar thickness layer was im-
mersed in the primary mono-amine, n-propylamine.
After 20 h at 100°C in n-propylamine, a fluorescence
shift of 51� 2 nm was observed. The range of the flu-
orescence shift for these control experiments is shown
in Fig. 5 by the horizontal dashed lines. The uncer-
tainty in the fluorescence shift is a standard deviation
from multiple measurements on at least 5 samples.

These control experiments were vital for two reasons.
First, the reaction between the epoxide on GPS and
the amine on the hardener was shown to be a major
factor contributing to the fluorescence shift. Although
when FLSCA/GPS layers are immersed in a mixture
of epoxy and hardener, the fluorescence response may
not distinguish a reaction between the hardener and
GPS from a reaction between hardener and epoxy mon-
omers that have diffused into the silane layer. Second,
they gave an indication of the maximum fluorescence
shift that is expected without the complications due to
resin gelation, which dramatically slows the diffusion.
An additional control experiment was to immerse a
FLSCA/GPS layer in just DGEBA. In that case the flu-
orescence shift was small, ranging from 5 to 7 nm to-
wards shorter wavelengths. DGEBA most likely pene-
trates into the FLSCA/GPS layer, but the large shift
does not occur unless amine hardener is present to
react with the epoxy groups on GPS or with DGEBA
monomers that have diffused into the silane layer. The
emission maximum for FLSCA in the DGEBA mono-
mer was 626 nm. Because the FLSCA/GPS layers had
a maximum near 638 nm when not immersed in resin,
the diffusion of DGEBA into the layer should cause
only a small blue shift in emission, due to the slightly
less polar nature of the DGEBA monomer. The emis-
sion of FLSCA in the bulk hardeners occurs at 629
and 639 nm, respectively, for the D400 and D230 Jef-
famines. Diffusion of the hardener into the layer with-
out chemical reaction between the hardener and GPS
would cause little or no fluorescence shift due to the
similar emission spectra of FLSCA in the GPS layer
and FLSCA in the pure hardener. So the fluorescence
shift can be used to study interpenetration of mono-
mers into the silane layer. However, the fluorescence
shift is actually caused by the chemical reaction be-
tween the amine and epoxy functional groups. In-
creased interpenetration leads to an increase in the
extent of this interfacial reaction, and a larger fluores-
cence shift.

for � 7 khtgel

�
m

��
�

Dgel

khL2 a �2
m

�Z 2 b � c fh 1
m 2 �
kg

kh
 fg 1
m 2 d

for � 6 khtgel

�
m

��
�

Dm

khL2 a �2
m

�Z 2 b � c fh 1
m 2 �
kg

kh
 fg 1
m 2 d

�Cm

�t
� Dm a �2Cm

�z2 b � 3kh fh 1Cm 2 � kg fg 1Cm 2 4
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To verify that the epoxy groups on the GPS layer have
reacted with the amine on the hardener, external reflec-
tion FTIR experiments were conducted on the FLSCA/
GPS layer before and after 20 h immersion in the
hardener. The FTIR spectra are shown in Fig. 6. The
bottom curve is for the FLSCA/GPS layer before immer-
sion in the hardener. The broad band near 3500 cm�1

is due to the Si-OH absorbance (28). The peaks at 3050
and 3000 cm�1 are due to the CH and CH2 stretching
modes, strained in the epoxide ring in GPS (28). The
top spectrum is for the layer after immersion in the
hardener. The two peaks at 3050 and 3000 cm�1 have
decreased dramatically, indicating that the epoxy rings
on the GPS have opened. A large broad absorbance
also occurs near 3450 cm�1. This band may be due to
the NH stretching of the amine (28) on incompletely
reacted hardener molecules that have penetrated into
the silane layer, or the peak may also be due to the hy-
droxyl groups that have formed from the epoxy ring on
GPS during the GPS/amine reaction. A clear shoulder
also appears in the amine peak near 3520 cm�1, fur-
ther indicating the presence of hydroxyls. The residual
hydroxyls could be a consequence of the epoxy/amine
reaction or incomplete condensation of the silanol
groups in the silane layer. The peak that appears near
2975 cm�1 is likely due to the stretching vibrations of
the CH groups that were on the epoxy ring. Once the
epoxy ring opens, these vibrations are not strained and
will occur at lower energies.

Figure 6 verifies that the hardener was able to pene-
trate into the silane layer. After the layer was im-
mersed in D230, the surface was rinsed with clean
acetone to remove the excess hardener before the FTIR
spectrum was collected. The amine absorption must
have been due to hardener molecules that have dif-
fused into the FLSCA/GPS layer. The disappearance
of the strained CH stretching modes suggests a reac-
tion between the amine on the hardener and the epox-
ide on GPS. The corresponding fluorescence shift after
immersion of the FLSCA/GPS layer in the hardener
indirectly relates the fluorescence shift to this reac-
tion.

The FTIR spectra relate the fluorescence shift to the
epoxy/amine chemical reaction in the silane layer.
However, because of the inaccurate baseline for the
FLSCA/GPS layer in the hardener, it is difficult to de-
termine if the strained CH stretching vibrations have
completely disappeared. For example, inaccessible
epoxy groups on GPS may exist in the layer even with
equilibrium hardener penetration into the layer. How-
ever, because diffusion of D230 into the layer was not
hindered as a result of resin gelation, we propose that
48 to 54 nm is the total fluorescence shift that is ex-
pected from a FLSCA/GPS layer that is completely
penetrated by the resin monomers. This range is shown
in Fig. 5 by the dotted lines. The fluorescence shift
during cure approaches this range in thinner layers.
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Fig. 6.  Penetration of the hardener into the FLSCA/GPS layers was verified with front reflection FTIR. The disappearance of the
strained CH stretching modes of the epoxide suggests reaction between the hardener and the GPS.



It is interesting to note that the total shift for FLSCA
in bulk epoxy resin ranged from 60 to 65 nm after
complete resin cure in a stochiometric mixture. The
maximum shift from the FLSCA/GPS layers was ap-
proximately 50 to 55 nm. Several possible scenarios
could explain this difference. First, unreacted epoxy
groups may remain within the FLSCA/GPS layer. In
order for the resin monomers to penetrate the GPS
coating, the layer must swell. Depending on the de-
gree of GPS condensation, some of the epoxy groups
may remain inaccessible. In addition, because the
layer must swell to accommodate the resin mono-
mers, complete equilibrium penetration of the layer by
the resin could still lead to off-stoichiometric cure in
the interfacial region, and a smaller fluorescence shift.
Owing to the inaccuracy in determining a baseline,
estimating the amount of inaccessible or unreacted
epoxy groups from the FTIR data in Fig. 6 is difficult.

The smaller fluorescence shift from the thin FLSCA/
GPS layers compared with the dye in bulk resin could
also be due to the extent of the amine reaction. When
the amine hardener penetrates the layer and reacts
with an epoxide on GPS, the monomer becomes im-
mobile. The surrounding GPS molecules are also im-
mobile, because of attachment within the silane struc-
ture. It is possible that the amine is left as a secondary
amine rather than being completely converted to a
tertiary amine by reaction with another epoxy. On the
other hand, in the bulk resin the secondary amines
can still find another epoxy (particularly before the
diffusion limited regime after gelation). A final possi-
bility is that the epoxy groups on GPS have opened
but did not react with hardener molecules. This would
lead to an excess of polar hydroxyl groups in the in-
terfacial region.

These scenarios all suggest that the interfacial re-
gion is more polar than the bulk resin, which could
have an important impact on the adhesive strength
and durability of the epoxy/glass bond. For example,
water adsorption might be expected to be more promi-
nent in the more polar interfacial region.

CONCLUSION

Epoxy functional silane coupling agent multi-layers
on glass surfaces were doped with small amounts of a
fluorescent-labeled silane coupling agent (FLSCA).
When the coupling agent layers were immersed in an
amine cured epoxy resin, a blue shift in the emission
maximum from grafted FLSCA could be followed dur-
ing resin cure. By immersing the silane layers in just
hardener or a mono-functional amine, the fluorescence
shift was shown to be a consequence of the chemical
reaction between the epoxy group in the silane layer
and the amine group in the hardener. This mechanism
was verified by external reflection FTIR on the same
sample. The magnitude of the fluorescence shift was de-
pendant on the thickness of the silane coupling agent
layer. Thicker layers showed smaller fluorescence shift,
suggesting a lower interfacial extent of reaction, and
an inability of the resin to completely penetrate thicker

silane coatings. These results show that the interfacial
region can be dictated by the competition between
resin diffusion into a sizing layer on the substrate
surface and the polymer reaction kinetics, which will
slow the diffusion process. The technique provides a
novel way to study the interfacial chemical composi-
tion and interpenetration between the resin mono-
mers and a sizing layer on the substrate surface.
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