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a b s t r a c t

Novel fluorescent materials were satisfactorily synthesized. With this aim, an epoxy resin based on
diglycidyl ether of bisphenol A (DGEBA) was reacted with a laser dye, rhodamine B (RB), to achieve an
epoxy-based prepolymer. Then, a diamine, m-xylylenediamine (MXDA), was used as hardener with the
purpose of obtaining a crosslinked polymer. The curing conditions strongly influence the intended final
eywords:
poxy
hodamine B
inetics
luorescent properties

properties and the optimization of the curing requires a reliable kinetic model. For that reason, this work
presents the kinetic study of the polymerization of the epoxy resin by differential scanning calorimetry
(DSC) in isothermal mode as well as by Fourier transform infrared spectroscopy (FTIR). DSC data were
fitted using a Kamal autocatalytic equation. Conversion as a function of reaction time curves obtained by
means of both techniques agreed well. In addition, the synthesized epoxy-based materials were charac-
terized by proton nuclear magnetic resonance spectroscopy (1H NMR) and their fluorescent properties

were also analysed.

. Introduction

The unique properties of organic laser dyes offer access to a vari-
ty of applications in spectroscopy, optics and lasers. Rhodamine B
RB) is an important laser dye with excellent photophysical prop-
rties, such as long wavelength absorption and emission, high
uorescence quantum yield, large extinction coefficient and high
tability against light [1–3]. These properties make this molecule
seful for a large variety of applications, such as biological stains,
ater tracing agents, electrochemical luminescence sensitizers,
olecular probes, chromoionophores in optical chemical sensors,

olar collectors and many others [4–6]. Furthermore, recently,
hodamine-based fluorescent chemosensors for metal cations have
eceived increasing interest [7–10].

Generally, this laser dye has three molecular forms (Fig. 1)
hen immersed in various media [11–13]. In a polar solvent,

uch as ethanol, the carboxyl groups participate in a typical
cid–base equilibrium RBH+ ↔ RB + H+. Compounds I (RBH+) and
I (RB) are strongly coloured and emissive molecules. How-

ver, the equilibrium compound of lactone-containing molecule
III) is colourless and exhibits no emission, because the conju-
ated �-electron system in the chromophore is interrupted. The
ncrease of temperature facilitates the transformation from RBH+

∗ Corresponding author.
E-mail address: inaki.mondragon@ehu.es (I. Mondragon).

040-6031/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2009.03.015
© 2009 Elsevier B.V. All rights reserved.

(I) and RB (II) to lactone-containing molecule (III) to some extent
[14].

On the other hand, epoxy resins have found extensive use in
many industrial applications. In most of these applications, the
desired product properties are obtained following a cure process
involving the reactions between the epoxy and a curing agent.
Indeed, it is possible to tailor and improve these properties for
specific applications, choosing between the wide variety of curing
agents and epoxy resins available. In this context, the preparation
of novel materials based on an epoxy resin could be interesting.

The incorporation of a laser dye into a polymer matrix attempts
to combine the photophysical properties of the dye and the physical
properties of polymers. In particular, thermosetting epoxy poly-
mers distinguish due to their advantageous mechanical, thermal
and electrical properties, as well as their excellent adherence to
different kinds of materials. There are examples in the literature,
like the one reported by Li et al. [15], which combined in a com-
posite the luminescent properties of a europium complex and the
mechanical properties of an epoxy matrix. It is important to select
adequately material hosts which disperse well the dye molecules,
and for which laser efficiency and operational photostability are
high [16]. Moreover, it is also of great interest the development

of novel temperature sensitive paints (TSP) containing RB. Con-
ventional TSP consists of a luminescent dye embedded in a film
of an oxygen permeable polymer. Several authors have reported
the synthesis of different TSP, such as Obata et al., which devel-
oped a temperature sensing polymer film based on RB dye bearing

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:inaki.mondragon@ehu.es
dx.doi.org/10.1016/j.tca.2009.03.015
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be obtained using Kenny’s iterative method [35] by means of DSC
isothermal data.

Based on this knowledge, this contribution arose to generate
novel materials based on an epoxy matrix modified with RB that
Fig. 1. Molecular

oly(isobutyl methacrylate-co-2,2,2-trifluoroethyl methacrylate)
1]. With regards to this application, in the case of epoxy systems,
hey are very good candidates to be used as coatings, but the oxygen
ermeability of such matrices depends on the curing agent and the
poxy resin used [17].

Kinetic mechanisms of epoxy resin curing have been intensively
tudied in the past applying different models, methods and exper-
mental techniques. Fourier transform infrared (FTIR) studies, in
ither middle (MIR) or near (NIR) regions, can generate both overall
eaction kinetics and also the reaction rates of each single reaction
hrough the monitoring of the intensity changes of the correspond-
ng peaks of different functional groups. However, the complex
ature of MIR spectra and the overlapping peaks make it a diffi-
ult technique to use in comparison with NIR spectroscopy. The NIR
egion encompasses bands that result from the harmonic overtones
f fundamental and combination peaks associated with hydrogen
toms, which is why compounds containing O–H, N–H and/or C–H
onds are favourable to the analysis by NIR [18–25].

Kinetic models developed from kinetic analysis of differential
canning calorimetry (DSC) data have been also widely applied to
he curing of epoxy resins [26–36]. With presumption that the heat
ow as measured by DSC, dH/dt, is proportional to the rate of reac-
ion, dx/dt, it is possible to determine the conversion at each time,
, directly from the experimental curve by partial integration:

= 1
�HT

∫ t

0

(
dH

dt

)
dt (1)

here �HT stands for the total heat of reaction as determined by
SC scans.

Modelling of the curing process can be approached both mech-
nistically and phenomenologically. Mechanistic models consider
he complete scheme of consecutive and competitive reactions
hich take place during curing, whereas phenomenological models

re based on empirical or semi-empirical rate laws which explain
he well-known autocatalytic behaviour of the epoxy/amine reac-
ion.
The phenomenological kinetics of cure can be generally
escribed as

dx

dt
= k(T) f (x) (2)
of rhodamine B.

where dx/dt is the reaction rate, k(T) is a constant depending only
on temperature and f(x) an unknown function of conversion.

k(T) is usually represented by Arrhenius relationship:

k = A exp
(−Ea

RT

)
(3)

where Ea is the activation energy of the reaction, T the absolute tem-
perature, R the universal gas constant, and A is the pre-exponential
or frequency factor, which gives an idea of the association tendency
of reacting molecules.

In Eq. (2), f(x) is chosen according to experimental data and
describes the reaction mechanism. There are many different pro-
posed functions for f(x). The simplest model corresponds to an
nth-order kinetic expression:

f (x) = (1 − x)n (4)

For an isothermal test, substitution of Eq. (4) into (2) yields Eq.
(5) that predicts a maximum of the reaction rate at time = 0:

dx

dt
= k(T) (1 − x)n (5)

Then, if an isothermal process is characterized by a thermogram
showing a maximum of the reaction rate at some point other than
the reaction start, the kinetic model given by Eq. (5) cannot be
applied and the so-called Kamal–Sourour autocatalytic model [34]
must be used:

dx

dt
= (k1 + k2xm) (1 − x)n (6)

where the reaction orders (n, m) and kinetic constants (k1, k2) can
exhibit fluorescence properties, and to study the curing kinetics of
the epoxy resin by FTIR and DSC at several isothermal tempera-
tures. Proton nuclear magnetic resonance spectroscopy (1H NMR)
was used to characterize reactants and reaction products, and flu-
orescence spectra of the synthesized materials were also analysed.
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Reactions taking place during the polymerization of RB and
the epoxy resin were analysed. The evolution in MIR spectra of a
RB/DGEBA mixture with r = 0.2, during reaction at 130 ◦C at various
times is shown in Fig. 2a and b. As can be seen, the peak at 1755 cm−1
R. Fernández et al. / Therm

. Experimental

.1. Materials

A bifunctional epoxy resin, diglycidyl ether of bisphenol
(DGEBA, DER 332, n = 0.03), with an epoxy equivalent of

74 g equiv.−1 was gently provided by Dow Chemical. Rhodamine
(RB) was purchased from Fluka and m-xylylenediamine (MXDA)
as supplied by Aldrich.

.2. Samples preparation

A laser dye (RB) with a melting temperature of 210–211 ◦C
as chosen as fluorescent molecule. A thermoplastic prepoly-
er containing RB (TRB) was synthesized by reaction between

B and DGEBA. It was prepared in a stoichiometric ratio
= RB equiv./DGEBA equiv. = 0.2, to achieve a reaction product with
poxy groups in the extreme of chains. The sample was prepared
ixing DGEBA and the required amount of RB at 90 ◦C in an oil

ath during 5 min, in order to obtain a homogeneous mixture. Then,
eaction was carried out at 130 ◦C during 60 min.

The resulting TRB was blended with DGEBA and a diamine
MXDA) was used as hardener with the aim of developing

crosslinked polymer (TRB10/DGEBA/MXDA). TRB, MXDA and
he amount of DGEBA necessary to have a stoichiometric ratio
′ = MXDA equiv./epoxy (TRB + DGEBA) equiv. = 1 were mixed at
oom temperature being TRB the 10 wt% of the whole of the reactive
lend. In addition, a mixture of solvents (tetrahydrofuran:ethanol,
.96:0.04) was added to homogenize the sample. After that, the
olvents were removed by evaporation at room temperature. Poly-
erization was performed at 100 ◦C during 60 min.

.3. Techniques

FTIR was performed using a Nicolet Nexus 670/870 Spectrome-
er. MIR spectra were taken using a potassium bromide (KBr) beam
plitter, an infrared light source and a DTGS KBr detector. All spectra
ere obtained at 2 cm−1 resolution using 20 scans. Sandwiches of
Br were prepared as sample containers and were introduced in a

emperature chamber from Specac. NIR data were obtained using
calcium fluoride beam splitter, a white light source and a MCT/A
etector cooled with liquid nitrogen. All spectra were generated at
cm−1 resolution using 36 scans. A large core (600/630 �m) low
–H fused silica-type multimode optical fiber (3M’s specialty opti-
al fiber) was used. The fiber was characterized by an attenuation
t 630 nm (15,000 cm−1) of less than 50 dB/km, and a numeri-
al aperture of 0.39 ± 0.02. Two fibers were used as received and
ransmitting legs SMA (SMART) connectors (supplied by Newark
lectronics) were used to attach fiber legs to the fiber link. A short
ength (less than 10 mm) of the protective buffer was removed from
he distal ends of fibers, which were then slipped into the capillary
o the desired path length. The space between fiber ends was filled
ith the reactive mixture and the whole assembly was inserted into

n oil bath at the required temperature.
High resolution 1H NMR spectra of the reaction reactants and

roducts were recorded using a Bruker 300 MHz spectrometer.
amples were dissolved to 10 wt% in deuterated dimethyl sulfox-
de (DMSO). 1H NMR chemical shifts were measured with respect
o tetramethylsilane (TMS) as internal standard.

DSC measurements were carried out on a Mettler Toledo DSC
22 differential scanning calorimeter equipped with a sample robot

SO 801 RO. Nitrogen was used as purge gas (10 mL min−1). Tem-
erature and enthalpy were calibrated by using an indium standard.
uring was performed in sealed aluminum pans containing a sam-
le weight of around 7 mg. Isothermal runs were performed at
emperatures ranging from 95 to 115 ◦C.
ica Acta 493 (2009) 6–13

Films were prepared by spin-coating onto clean glass slides
using a P6700 spin-coater from Cookson Electronics. The spin-
ner cycle program was as follows: 2000 rpm for 30 s, 4000 rpm
for 10 s, and 8000 rpm for 20 s. In the case of TRB samples,
spin-coated films were prepared from 5 wt% solutions in tetrahy-
drofuran:ethanol, 0.64:0.36. For TRB10/DGEBA/MXDA, spin-coated
films were prepared from 5 wt% reactive mixture solutions in
tetrahydrofuran:ethanol, 0.96:0.04. Then, reactive mixture films
were cured in an oven at 100 ◦C.

Fluorescence spectroscopy data were recorded on a FELIX32
spectrophotometer from Photon Technology International (PTI).
During the fluorescence measurements, the temperature effect
on the fluorescence of both materials was determined by pass-
ing a thermostated fluid through the sample housing to maintain
a defined temperature. The temperature range of the sample was
changed from 0 to 80 ◦C by a digital temperature controller.

3. Results and discussion
Fig. 2. MIR spectra of a RB/DGEBA mixture, r = 0.2, during reaction at 130 ◦C within
the range: (a) 3500–500 cm−1 and (b) 1850–1675 cm−1.
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What’s more, the activation energy values presented in this work
are slightly lower than those reported in the literature for this kind
of systems [30]. This could be due to the fact that the presence of
tertiary amine in RB chemical structure might catalyze the epoxy
Fig. 3. NIR spectra of a RB/DGEBA mixture, r = 0.2, during reaction at 130 ◦C.

rising from the stretching vibration of C O of the carboxyl group
f RB molecule diminished, while a new peak at 1722 cm−1, which
ight correspond to the stretching vibration of C O of an ester

roup, appeared. Furthermore, in Fig. 2a an increase of the peak cor-
esponding to the stretching vibration of OH groups (3300 cm−1)
an be observed. Probably, these results are consequence of the
ondensation reaction between carboxyl groups of RB and epoxy
roups of DGEBA. However, as the epoxy vibration peak at 915 cm−1

s overlapped with that corresponding to the asymmetric stretching
ibration of C–O–C of RB at 920 cm−1 (Fig. 2a), in order to follow the
volution of epoxy groups during reaction, NIR data were collected.
ig. 3 shows a series of NIR spectra recorded at various reaction
imes during polymerization of RB/DGEBA, r = 0.2, at 130 ◦C. A pro-
ressive decrease in epoxy absorption (4530 cm−1) during reaction
an be observed in Fig. 3, confirming that condensation really took
lace.

Epoxy group conversion (XEP) at any time t was calculated from
he initial area of the peak at 4530 cm−1, AEP,0, with respect to
he area of the reference peak at 4623 cm−1, Aref,0, and the corre-
ponding values at time t, AEP,t and Aref,t, according to the following
quation:

EP = 1 − (AEP,t)(Aref,0)
(AEP,0)(Aref,t)

(7)

Epoxy conversion vs. time curve obtained from NIR data is plot-
ed in Fig. 4. As can be seen, the epoxy conversion after 60 min of
eaction at 130 ◦C was around 0.2, which is the maximum theoret-
cal value considering the stoichiometric ratio used (r = 0.2).

1H NMR spectra were also taken for RB and DGEBA as well as for
he reactive mixture, RB/DGEBA, r = 0.2, and the product of reac-
ion at 130 ◦C during 60 min, TRB (Fig. 5a–c). In DGEBA spectra
Fig. 5a), H1 protons correspond to those protons that are modi-
ed as a result of the condensation reaction between DGEBA and
B, whereas H6 protons remain unchanged. Therefore, epoxy con-
ersion (X ′

EP) obtained from 1H NMR data was calculated relating
he areas of H1 protons of RB/DGEBA, r = 0.2 (AH1,RB/DGEBA) and TRB
AH1,TRB), with respect to the areas of H6 protons (AH6,RB/DGEBA and
H6,TRB) in each case, according to the following equation:
′
EP = (AH1,RB/DGEBA/AH6,RB/DGEBA) − (AH1,TRB/AH6,TRB)

AH1,RB/DGEBA/AH6,RB/DGEBA
(8)

Applying Eq. (8), it was determined that X ′
EP after 60 min of reac-

ion at 130 ◦C was around 0.2, which is in agreement with the result
ica Acta 493 (2009) 6–13 9

obtained by means of NIR. Besides, in Fig. 5c it is shown the appear-
ance of new peaks between 4 and 6 ppm, which may correspond to
new protons arising from RB/DGEBA, r = 0.2, reaction.

In consequence, 130 ◦C and 60 min were selected as reac-
tion conditions with the aim of synthesizing a prepolymer (TRB)
that subsequently could be dissolved in an epoxy/amine mix-
ture. Therefore, the resulting TRB was blended with MXDA and
the necessary amount of DGEBA to have a stoichiometric ratio
r′ = MXDA equiv./epoxy (TRB + DGEBA) equiv. = 1. Samples were pre-
pared with 10 wt% of TRB, TRB10/DGEBA/MXDA (i.e., 0.036 wt% of
RB).

Fig. 6 shows a set of NIR spectra recorded at various reaction
times during TRB10/DGEBA/MXDA polymerization at 100 ◦C. Epoxy
conversion vs. time curve was obtained in a similar manner than
for TRB and it is shown hereinafter.

With regard to the kinetic analysis by means of DSC, Fig. 7 shows
the isothermal DSC thermograms obtained at different curing tem-
peratures. As temperature increases, the thermogram peak shifts
toward shorter times being the whole process finished in less time.

To develop Kenny’s iterative method [35], any reaction order was
assumed. The main assumptions were that the cure mechanism is
the same over all the temperature range studied and that dx/dt = k1
when x = 0. Then, following this method, n = 1.80 and m = 0.40 values
were determined for the range of temperatures studied. Isothermal
DSC thermograms expressed in terms of reaction rate as a func-
tion of conversion are plotted in Fig. 8. As inferred from the figure,
DSC experimental data fitted well to Eq. (6). The non-zero initial
reaction rate characterized all the experiment curves, confirming
an autocatalytic kinetic behaviour. According to these results, the
global reaction rate of the system studied here is close to m + n = 2,
as achieved by other authors [27,35,36] for different systems.

Fig. 9 shows the Arrhenius plot for the obtained constants (k1,
k2) using this method. Assuming Arrhenius-type behaviour, Ea and
A parameters for both processes described by Eq. (6) were cal-
culated from the plot of ln k vs. 1/T. A summary of the obtained
kinetic parameters is shown in Table 1. As can be observed, k2 is
approximately seven times higher than k1 for all the temperatures
studied and Ea1 > Ea2, which is characteristic for epoxy-ring open-
ing catalyzed by hydroxyl groups generated by the reaction [36].
Fig. 4. Epoxy conversion (XEP) as a function of time for a RB/DGEBA mixture, r = 0.2,
during reaction at 130 ◦C.
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roup polymerization [37], contributing this way to a decrease in
he activation energy values.
The developed model and the obtained parameters were used
o predict the isothermal behaviour of the reacting system at the
ifferent temperatures used. With this aim, the model differential
quations were integrated numerically to give time values at dif-
erent conversions. Enough points were calculated in order to draw

Fig. 5. 1H NMR spectra of (a) DGEBA, (b) R
ica Acta 493 (2009) 6–13

a neat curve. To draw each temperature isotherms by this method,
the kinetic constants (k1, k2) obtained by Kenny’s iteration [35] were

used. The isothermal experimental curves and the obtained by this
model, with n = 1.80 and m = 0.40, expressed in terms of conver-
sion as a function of time are compared in Fig. 10. As can be seen,
experimental data fitted well to the model predicted data for all the
temperatures analysed, confirming the validity of the method used

B and (c) RB/DGEBA, r = 0.2, and TRB.
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Table 1
General kinetic parameters of the autocatalytic model.

T (◦C) n m k1 × 10−2 (min−1) k2 × 10−2 (min−1) Ea1 (kJ mol−1) Ea2 (kJ mol−1) A1 (min−1) A2 (min−1)

95 2.219 14.60
100 2.739 17.24
105 1.80 0.40 3.354 20.22 47.46 37.38 1.2 × 105 2.9 × 104

110 4.085 23.61
115 4.957 27.50
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shows a plot of the normalized fluorescence intensities at max-
imum wavelength, for each one, of the spin-coated films of TRB
ig. 6. NIR spectra of a TRB10/DGEBA/MXDA formulation during reaction at 100 ◦C.

o determine the kinetic parameters and to represent the behaviour
f the studied epoxy system.

Infrared conversion data obtained according to Eq. (7) for
RB10/DGEBA/MXDA polymerized at 100 ◦C, together with DSC
onversion data obtained experimentally and by Kenny’s method
35] at 100 ◦C are plotted in Fig. 11. As it is clear in the figure, good
orrelation was observed for both experimental techniques and the
inetic method used.

Finally, the fluorescence emission spectra for spin-coated
lms of the epoxy-based materials synthesized (TRB and

RB10/DGEBA/MXDA) are shown in Fig. 12. Also shown for com-
arison in the inner graph is the fluorescence emission spectrum
f a 2 × 10−5 M solution of RB in ethanol. The spectra were taken
sing excitation wavelengths of 519, 530 and 564 nm for RB, TRB and

ig. 7. DSC isothermal thermograms of TRB10/DGEBA/MXDA at different tempera-
ures.
Fig. 8. Comparison of experimental results (symbols) with the model obtained by
iteration, with n = 1.80 and m = 0.40 (solid line), at different temperatures.

TRB10/DGEBA/MXDA, respectively. The maximum emission wave-
length of RB was red shifted for TRB and TRB10/DGEBA/MXDA,
probably as a result of the formation of new chemical bonds, though
it also has to be taken into account that RB is in solution, and
TRB and TRB10/DGEBA/MXDA in solid state [38]. Nonetheless, it
is worth to note that after reactions the conjugated �-electron
system in RB was not interrupted, leading to the satisfactory gener-
ation of epoxy-based polymers with fluorescent properties. Fig. 13
and TRB10/DGEBA/MXDA as a function of temperature. The fluo-
rescence intensity decreased linearly with increase of temperature,
as it was also shown by other authors [1,14,38]. This temperature

Fig. 9. Arrhenius plot for the Kamal model constants, calculated using Kenny’s
method.
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Fig. 10. Comparison between model predictions (solid line) and experimental
results (symbols) obtained in isothermal DSC tests at different temperatures.

Fig. 11. Comparison between model predictions (solid line) and experimental
results (symbols) obtained by DSC and NIR at 100 ◦C.

Fig. 12. Fluorescence emission spectra of TRB and TRB10/DGEBA/MXDA. The inset
shows the fluorescence emission spectrum of RB.
Fig. 13. Normalized luminescence intensity at maximum wavelength of TRB and
TRB10/DGEBA/MXDA as a function of temperature.

sensitivity of the fluorescence can be advantageous for TRB and
TRB10/DGEBA/MXDA to become multifunctional materials to probe
temperature.

4. Conclusions

Curing kinetics of a novel epoxy-based system was studied by
means of DSC, FTIR and 1H NMR. Polycondensation of the epoxy
resin and RB was verified by FTIR and 1H NMR.

Cure kinetics of TRB10/DGEBA/MXDA formulation was suc-
cessfully fitted to Kamal–Sourour generalized autocatalytic equa-
tion. The method selected to calculate the parameters of the
autocatalytic-like kinetic model of cure was also used to predict
the reaction conversion as a function of time at different tempera-
tures. Furthermore, a good agreement between predictions of the
model and experimental data was achieved.

Catalytic influence of hydroxyl groups formed by epoxy/amine
addition on the reaction of cure was also determined. As the activa-
tion energy values obtained were slightly lower than those reported
by other authors for similar systems, it can be concluded that the
presence of tertiary amine from RB in the reaction media could
catalyze the epoxy group polymerization.

Fluorescence emission spectra were also taken for TRB and
TRB10/DGEBA/MXDA formulation, confirming that the conjugated
�-electron system in RB was not interrupted as consequence
of reactions. In addition, the dependence of the fluorescence
intensity with temperature for both epoxy-based polymers was
demonstrated, indicating that these materials could be used in
applications in the area of fluorescent temperature sensors.
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