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ABSTRACT
The effect of surface modiﬁed silica on the cure behavior at the interface of epoxy–silica nanocomposites has been analyzed
monitoring the ﬂuorescence of the dansyl probe located at different distances from the silica surface by means of molecular
tethers. FTIR analysis revealed the catalytic role of the surface hydroxyls, which is modulated by the surface modiﬁcation.
Fluorescence results show that network formation and associated phenomena as gelation and vitriﬁcation occurs ﬁrst at the
interface. The exchange of branched species throughout the permeable interface spreads its inﬂuence to the whole system
until vitriﬁcation is reached.
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1. Introduction
The knowledge of the network structure and topology are
fundamental aspects to understand the properties of thermoset
nanocomposites. Nanoﬁllers may induce network disruption [1],
and cause local off-stoichiometric compositions, which generate a
heterogeneous distribution of crosslinking densities [1–6] that
modify both the mechanical properties [2,3,5] and the Tg [3,4]. In
addition, surface hydroxyl groups may catalyze the curing in epoxies
although surface functionalization of the nanoﬁllers inhibit this
effect [7–10]. Differential segregation, network disrup-tion and
catalysis obviously depend on the surface chemistry of the nanoﬁller
and, as a consequence, the network formation must be different at
the interface respect to the bulk.
Conventional kinetic models have been extensively applied to
study the curing of these nanocomposites, despite the well-known
strong perturbation induced by the nanoﬁllers, which may modify
the ﬁnal conversion [6,11], the kinetics of the curing process [6–9,11],
and the occurrence of the vitriﬁcation phenomena [7,9–11]. New
models are therefore needed to evaluate the heterogeneous network
formation associated to the presence of nanoﬁllers.
This work analyzes the dynamics of network formation at the
interface in epoxy/silica nanocomposites by means of ﬂuores-cence.
A solvatochromic probe, dansyl chloride (DNS), has been attached to
the silica surface using tethers of different length, based on
organosiloxanes (short tethers) and Jeffamines (long

tethers), allowing thereby to locate the chromophore at a variable
distance from the silica surface. Fluorescence emission of DNS is
highly sensible to its local environment [12–14] making possible to
follow the cure reaction at a molecular scale. The local information
obtained by ﬂuorescence will be compared with the bulk information obtained by infrared spectroscopy, revealing a faster network
formation at the interface and allowing the determination of an
interface apparent epoxy conversion.

2. Experimental section
Colloidal suspension of silica nanoparticles (mean average size
by SEM of 13 75 nm), in N,N-dimethylacetamide, DMAC-ST, was
supplied by Nissan Chemical Industries Ltd. Short tether modiﬁers
used were (3-aminopropyl)dimethylethoxysilane (APDMES) and
(3-glycidoxypropyl)dimethylethoxysilane (GPDMES), both from
ABCR GmbH. Large tethers, O,O0-bis(2-aminopropyl)polypropylene
glycol (Jeffamine D-230 and D-400, Mw ca. 230 and 400 g/mol)
were supplied by Fluka. Two dansyl derivatives were used, 5dimethylaminonaphthalene-1-sulfonyl chloride (dansyl chloride)
for APDMES and Jeffamines labeling, and N-(dimethylaminonaphthalenesulfonyl)-1,5-pentanediamine for GPDMES labeling,
supplied by Invitrogen and Fluka respectively. Matrix precursors
were poly(bisphenol A-co-epichlorohydrin), glycidyl end-capped
(DGEBA, Mw ¼ 348 g/mol) and m-xylylenediamine (MXDA,
Mw ¼136.19 g/mol), supplied by Sigma Aldrich.
Surface modiﬁers were ﬁrst labeled by DNS. The structure and
length of the molecular tethers and the modiﬁer:DNS molar ratio
are given in Table 1. Silica was directly functionalized by the

1

Table 1
Structure and length of silica chemical modiﬁers.
Labeled tether structure

a
b

Tether:DNS molar ratio

Tether lengtha

Nanocomposite designation

40:1

5

N2AD

40:1

15

N2GDC

40:10:1b

21

N2J230 (n ¼2.5)

40:10:1b

35

N2J400 (n¼ 6.1)

Expressed as number of covalent bonds between silicon and DNS.
GPDMES:Jeffamine:DNS molar ratio.

labeled tethers except in the case of Jeffamines, which were
grafted onto silica previously silanized with GPDMES. Further
details can be found in the supplementary data.
Suspensions of modiﬁed silica were added to DGEBA in DMAC
solution under strong agitation, in order to achieve 2% by weight
of silica in the nanocomposite. After vacuum solvent removal, a
stoichiometric amount of MXDA was added and the mixture was
cured at 80 1C for 90 min. Nanocomposite designations are presented in Table 1. Two reference samples have been also prepared
labeling the hardener MXDA with dansyl to locate the chromophore in the bulk. Those were neat epoxy and the nanocomposite
prepared with untreated silica (designed N2D).
Fourier transform near infrared spectroscopy (FTniR, PerkinElmer GX2000) was used to determine the epoxy conversion
during the cure. Reaction mixtures were placed in a thermostatic
cell and the signal of epoxy groups at 4526 cm1 was followed to
calculate the conversion [15]. Cure monitoring by ﬂuorescence
steady-state spectroscopy was performed with a FS900CDT ﬂuorimeter (Edinburgh instruments) coupled to a Perkin-Elmer DSC7
calorimeter oven by a bifurcated optical light guide. The spectra
were obtained between 368 nm and 670 nm. Excitation was set at
350 nm.
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Fig. 1. Epoxy conversion by FTnIR, α, against curing time at 80 1C for the neat epoxy
and nanocomposites.
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3. Results and discussion
Fig. 1shows the conversion proﬁles for the neat epoxy and the
nanocomposites. In all cases, reaction becomes diffusion controlled above 20–25 min, reaching a common ﬁnal conversion
around 0.90 in the vitriﬁed systems. The acceleration of the cure
induced by the silanol groups [7,10] is clearly observed. Silica
surface treatment reduces both silanols concentration and activity
due to the steric hindrance introduced by the modiﬁers. Notwithstanding, their contribution to the network formation is difﬁcult to
evaluate as they are immobilized and concentrated on the silica
surface, contrary to DGEBA hydroxyls which are available throughout the reaction volume.
Fluorescence allows to study the network developing in the
vicinity of the silica surface. The change of the ﬁrst moment of the
ﬂuorescence emission in wavenumber units, ν , which is deﬁned as
R
R
ν ¼ IFðνÞνdν= IFðνÞdν, where IFðνÞ ¼ IFðλÞλ2 [16] was used for cure
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Fig. 2. First moment of dansyl emission ﬂuorescence, 〈v〉, against curing time at 80 1C
for the neat epoxy and nanocomposites.

monitoring. The ν parameter is related with the mean energy of
emitted photons, and is very sensitive to changes in the chromophore environment [17]. Fig. 2shows ν against the curing time.
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Fig. 3. Δ〈v〉 against epoxy conversion, α, for the neat epoxy and nanocomposites.

A spectral blue shift or, equivalently, an increase of ν , is observed in
all samples. The blue shift is caused by the increase of medium
rigidity as curing proceeds, which hampers the stabilization and
relaxation of the highly polar excited state by the surrounding
dipoles [18]. Above 20 min ν reaches a maximum constant value,
which coincides with the vitriﬁcation of the system.
The small variations observed in the initial value of ν are due to
the different local polarity. A lower value of ν(0) is related with the
presence of surface silanols, providing a more polar environment
which promotes excited-state relaxation. Therefore, neat epoxy and
N2D samples, with DNS located in the bulk, have a similar ν (0)
value, while N2AD and N2GDC samples, where DNS is located very
close to the silica, present a lower ν(0) value.
Surprisingly, when samples reach vitriﬁcation the absolute
increment of ν , deﬁned as Δν ¼ νð1Þ  ð0Þ,
ν is comparable for all the
samples, in the order of 900 cm1 (about 0.1 eV). This behavior
correlates well with the common ﬁnal macroscopic conversion.
Therefore, the observed Δν is associated to the rigidity increase with
curing. In order to explore the curing at different DNS locations, the
difference ΔνðtÞ ¼ ν ðt Þ  νð0Þ was plotted against epoxy conversion
determined by FTnIR, as shown in Fig. 3. Notable differences in Δν(t)
were observed depending on DNS location. When dansyl is close to
the silica surface (N2AD and N2GDC), Δν(t) begins to increase before
and grows faster than in neat epoxy. At epoxy conversions around
0.6, Δν(t) values begin to converge until a similar value at high
conversions is reached. For DNS attached to long tethers
(Jeffamines), the behavior is intermediate, as expected, because
dansyl must be more embedded in the bulk. Thus, the ﬂuorescence
response of dansyl permits to monitoring in real time the catalytic
role of surface silanols and shows clearly the earlier development of
the network at the interface.
It is possible to estimate an apparent conversion at the interface,
αap,I, comparing Δν(t) of the neat epoxy, where the chromophore is
homogeneously distributed, with Δν(t) of the nanocomposite. The
method is depicted in the inset of Fig. 3; similar Δν(t) implies a
similar rigidity of the local environment of the chromophore and,
thus, similar network structure. Conversion data obtained using this
method must be considered apparent because the chemical
composition at the interface may be slightly different from the bulk
but the compositional changes on the surroundings of DNS (Fig. 2)
are responsible of minor differences in energy emission compared
to those produced by the curing; in addition, these initial differences in ν are roughly maintained after the curing and therefore its
inﬂuence in Δν is very low. Fig. 4 presents the values of αap,I,
confronted with the global epoxy conversion. The conversion
obtained at the interface when dansyl is very close to the silica
surface (N2AD and N2GDC) is always higher than the global
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Fig. 4. Estimated conversion at the interphase, αap,I, against epoxy conversion, α, for
the nanocomposites. Gel conversion was calculated theoretically [19]. Vertical
arrows indicate the macroscopic conversion at the interphase gelation.

conversion showing the effect of the surface hydroxyls at the
earlier stages of the curing, responsible of the high differences
between the bulk and the interface. The maximum observed
difference is about 15% at the intermediate stage of the curing
suggesting that gelation, which is scarcely inﬂuenced by small
changes in the stoichiometry [19], is reached earlier at the interface.
At the beginning of the reaction, the interface is permeable and
the exchange of branched species with the bulk is allowed, with a
net transfer of high molecular weight species from the interface to
the bulk. This fact translates the acceleration effect of the silanol
catalysis to the whole sample. When the apparent conversion at
the interface is high, well above gel point, diffusion control
becomes important and progressively both conversions converge.
Therefore, at high conversions at the interface the inﬂuence of
silanols catalysis decays even though the whole system is far away
from vitriﬁcation.
For nanocomposites modiﬁed with Jeffamines, the variations of
αap,I with neat epoxy are much less pronounced and appear later.
When DNS is more embedded in the bulk, the interface network
formation is detected later and the inﬂuence of silica surface is
lower. This observation suggests that interface thickness is very
small, at most 3 nm according to tether lengths, since the
chromophore must be in a distribution of sites around the
nanoparticles depending on the molecular conformation of the
tether. It also evidences a gradient growth of the network from the
surface to the bulk.

4. Conclusions
Fluorescence monitoring of the curing reaction at the interface
revealed that conversion at the interface is always a step ahead of
the bulk conversion, from up to 15%. A permeable interface at the
beginning of the reaction allows an efﬁcient exchange of branched
species with the bulk thus accelerating the curing over a
broad epoxy conversion range. This study unambiguously shows
that network formation and associated phenomena as gelation
and vitriﬁcation occurs ﬁrst at the interface, with a probable
repercussion on the rheology during curing and on the resulting
network morphology and ﬁnal properties of the nanocomposite.
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These ﬁndings should be considered in any kinetic modelling of the
curing process of epoxy nanocomposites.
Supplementary data: Supplementary data about sample preparation can be found at http://www.sciencedirect.com.
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