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ABSTRACT: In this study the curing degree and the shelf life of an epoxy resin were monitored by a
fluorescence method. Four extrinsic fluorescence probes, so-called TICT compounds, were used. An
intensity ratio method was applied, in which ratios of the lowest and highest intensity changes in the
emission bands are used to determine the degree of the isothermal curing. A smooth and in some cases
a linear correlation was found between the fluorescence intensity ratio and the degree of the cure. The
fluorescence technique and the ratio method enable the monitoring of the precuring and shelf life of the

studied epoxy polymer.

Introduction

The performance of advanced composites based on
epoxy resins depends sensitively on the cure cycle of the
matrix resin. In epoxy-based composites, the extent of
the epoxy cure may vary from part to part or among
different locations within the parts, due to the exother-
mic nature of the reaction coupled with the poor thermal
conductivity and a nonuniform geometry. Particularly,
parts with different shapes and thicknesses are often
cured in the same operation. A general approach is to
overcure most of the parts in order to increase the cost
due to slower manufacturing cycling times. Variations
in starting materials and changes in storage conditions
also contribute to the nonreproducible cure of epoxies.

Most of the monomers or polymer formulations have
a definite “shelf life”, which means the maximum time
that the formulation can be stored. Mixtures of epoxy
resins and pure anhydrides are very stable and have a
long shelf life, since carbonyl groups that act as catalysts
are only formed during the reaction at higher temper-
atures.

Because of variations in the amounts of the impurities
present in most of the monomers used for the polymer
formulations, different curing times are required for
each. One batch of resin can differ significantly from
another, depending on the monomer suppliers, the
storage times before application, or the reproducibility
of its composition. Thus, it would be advantageous to
have a method to immediately detect and adjust the
curing process as well as to provide reproducibility in
the product quality and to optimize the overall cure
cycle. Cure monitoring of epoxy resins has been inves-
tigated using a number of different on-line monitoring
techniques including microdielctrometry,! viscosity-
sensitive fluorimetry,2=4 acoustic,® optical,® and chemi-
luminescence techniques.” Others, mostly for off-line
measurements, such as infrared absorption,8=10 ther-
mal,'112 dynamic mechanical, 34 and Raman spectros-
copy,'® are also used. However, most methods are
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difficult to adapt for on-line monitoring (e.g., fiber-optic
IR has a serious limitation for an epoxy monitoring due
to absorption of the light by the optical fiber below 2300
cm~! where many important epoxy bands are present).
Recently, fluorescence techniques have been used to
examine the curing characteristics of epoxy resins using
intrinsic,1617 extrinsic,'81° and labeling2°~22 methods.

Fluorescence spectroscopy has gained considerable
interest as a tool for monitoring the curing of polymers
because of its high sensitivity, selectivity, and nonde-
structive characteristics.?® Interactions between the
fluorophore molecules and their surroundings are known
to affect the energy difference between the ground and
excited states.?* Fluorescence probes are widely used in
chemistry for monitoring the specific properties of a
medium in which they are incorporated.

Some fluorescent compounds exhibit a shift in fluores-
cence emission with changes in the microviscosity and
micropolarity of the medium in which they reside.25-27
When such a probe is incorporated in a polymerizing
medium, its fluorescence changes with the conversion
of monomers into a polymer. As polymerization pro-
ceeds, the fluorescence spectrum generally exhibits a
blue shift. As an epoxy resin cures, its refractive index
increases and its dipolar mobility decreases, and as a
result, the dye molecules fluoresce from progressively
less relaxed states.?® Therefore, one of the significant
features of some fluorescent dyes is that they display a
fluorescence wavelength shift as the resin cures. The
shift itself cannot be used as an indicator of the progress
of polymerization because the spectral shifts between
the monomer and the polymer states are in most cases
only a few nanometers. In some cases the intensity of
the fluorescence emission can be used directly as an
indicator of the polymerization progress.?®

Neckers et al.2”:30-33 have reported the use of fluo-
rescence probes for monitoring the curing process using
an intensity ratio method. In our previous report?® we
presented also the use of an intensity ratio method,
lowest and highest intensity change (LHIC), which can
be used to follow the curing of different types of
polymers with several probes. The present paper pre-
sents the results of a recent study in which the intensity
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I 4-dicyanovinyl-N,N-dimethylaniline, (DMABM)

II 4-dicyanovinyl-N,N-dimethylamino-1-naphthalene,
(DMANM)

III 4-dimethylamino-4 -nitrostilbene, (DMANS)

IV 4-dimethylamino-4 -nitrophenylbutadiene,
(DMANPB)

Figure 1. Structures and abbreviations of the four probesthat
were used for monitoring the curing of LAB 1509.

ratio method was applied to four fluorescent probes in
order to test its suitability for an evaluation of the
curing and shelf life of an epoxy polymer. Remote
sensing was achieved by using fiber-optic cables to
transmit optical signals to and from a polymerization
system in real time and in situ. The results indicate that
the technique is versatile and has a general applicability
in a variety of curing processes of the epoxy resins.

Experimental Section

The studied polymer adhesive was an epoxy resin, coded
LAB 1509, and its two components were obtained from
GAIRESA Co., Spain. The component configurations were
diglycidyl ether of Bisphenol A modified with a cycloaliphatic
epoxided alcohol (55.1 wt %) and acid anhydric (methyl nadic)
with a latent accelerator (44.9 wt %). The epoxy polymer has
an intrinsic fluorescence emission around 350—500 nm de-
pending on the excitation wavelengths. The emission itself was
not suitable for studying the curing process due to small
changes in its intensity during the curing process.

Four twisted intramolecular charge-transfer probes were
chosen and tested to determine their suitability for monitoring
the curing process of the epoxy polymer at different temper-
atures. The probes contain both an electron donor and an
electron acceptor, linked by an aromatic chromophore, which
often exhibits intramolecular charge-transfer properties with
a large Stokes shift or a dual fluorescence. Because both
twisting and charge separation are involved in the formation
of the intermolecular charge-transfer states, the fluorescence
emission of the probes is sensitive to both the solvent polarity
and medium microviscosity. To monitor the curing of polymers,
fluorescent probes with a high fluorescence quantum yield and
a large Stokes shift reduce possible interference between the
intrinsic fluorescence of the polymer and the fluorescence
signal of the probe. The structures of the chosen probes and
the abbreviations used in this report are shown in Figure 1.

4-Dicyanovinyl-N,N-dimethylaniline (DMABM) [I], 4-dicy-
anovinyl-N,N-dimethylamino-1-naphthalene (DMANM) [I1],
4-(dimethylamino)-4'-nitrostilbene (DMANS) [111], and 4-(dim-
ethylamino)-4'-nitrophenylbutadiene (DMANPB) [1VV] were all
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synthesized by ICTP. All the probes were spectroscopic grade
and used as received without further purification.

Polymer—probe mixtures were prepared and curing was
monitored as follows: the fluorescence probes were doped (c
= 0.25 x 1073 mol dm~3) into the first component, the epoxy
resin, and then mixed subsequently with the second compo-
nent, the anhydride. The mixtures were sandwiched (0.05 g)
between two glass plates, and the thickness of the mixtures
was controlled by a double-coated tape (92 um). The recom-
mended temperatures for the isothermal curing of the epoxy
were 90, 100, and 120 °C. The shelf life of the mixture of the
epoxy and the anhydride was studied by monitoring the
precuring of the mixture at the room temperature, 20 °C, and
at a low temperature, 6 °C.

Fluorescence was recorded using a Spex Fluorolog 3 spec-
trofluorometer. At 20 and 6 °C the fluorescence spectra were
measured using a front-phase method. For higher tempera-
tures, in-situ measurements were carried out inside an oven
using a fiber-optic cable attached to the excitation and emis-
sion monochromators. The sample was fixed at an angle in a
sample holder in order to avoid scattering of the emitted light
from the surface of the glass plate. The fluorescence emitted
by the sample upon irradiation with the excitation beam was
collected by another set of the optical fibers.

When an optical fiber is used in a measurement system, a
number of factors can affect the observed fluorescence inten-
sity. These include temperature, optical alignment, excitation
area, and the background fluorescence level of the optical fiber.
A fiber-optic fluorimeter has a background fluorescence level
resulting from an elastically scattered incident radiation as
well as luminescence from the fiber itself.?°

A differential scanning calorimeter (DSC), model 821, Metler
Instrument, was used to follow the overall curing process.
Conversions of LAB 1509 were determined at temperatures
of 6, 20, 90, 100, and 120 °C using the enthalpy and the glass
transition temperature, T4, changes of the curing processes.

Results and Discussion

The fluorescence spectrum of the probe—polymer
system can be represented as

Ipolymer—probe(]“'t) = Iprobe(j"t) + Ipolymer()'-t) +
Iinstrument(/,{) (1)

where 1 is the emission wavelength and t is the curing
time. Equation 1 shows that the monitoring precision
and the reproducibility of the curing depend strongly
on the magnitude and character of the intrinsic polymer
fluorescence intensity. The fluorescence intensity of
many polymers upon irradiation may be constant or
may vary during changes in the polymer matrix. The
fluorescence of LAB 1509 changes very little and is
assumed to be constant during the curing process. The
effect of the fluorescence of the polymer itself can be
minimized by choosing probes with large extinction
coefficients and long excitation wavelengths or by using
high concentrations of the probes in the polymer—probe
mixtures. It was found that, for monitoring to be
possible, the fluorescence intensity of the probe had to
exceed the intrinsic fluorescence of the polymer. If the
fluorescence of the polymer is time-independent, the
influence of the fluorescence intensity of the polymer is
small, and all changes taking place can be considered
as being due to the probe. In this situation, eq 1 can be
reexpressed as follows:

Ipolymer—probe(]“'t) = Iprobe(l’t) + Iconstant(l) (2)

The high-temperature curing of LAB 1509 was moni-
tored at constant temperatures of 90, 100, and 120 °C
by measuring the fluorescence emission of the selected
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Table 1. Wavelength Changes of Emission Maxima during the Curing of LAB 1509 at 90, 100, and 120 °C and the
Wavelengths That Were Chosen for LHIC Ratio Calculation

wavelength changes of the emission maxima

during the curing process (nm)

wavelengths chosen for the LHIC ratio (nm)

probe 90 °C 100 °C 120 °C 90 °C 100 °C 120 °C
| 3 (395—392) 8 (399—391) 3 (394—397) 580/420 620/415 620/415
] 6 (415—421) 1 (419—418) 4 (418—422) 600/390 590/400 630/410
i 47 (579—626) 55 (626—571) 31 (571—602) 740/570 750/575 750/575
v 33 (602—569) 65 (588—523) 28 (591—563) 815/620 800/627 830/650
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Figure 2. Fluorescence emission spectra of probe 1V during Time (min)

the curing of LAB 1509 at 120 °C. The arrow indicates the
order of the spectra during the curing.

probes as a function of the curing time. The probes
produced fluorescence emission at different wavelengths
and behaved differently depending on the temperature.
No pronounced changes in the shapes of the fluorescence
spectra were observed, indicating that there were no
significant specific interactions among the four fluores-
cent probes with the LAB 1509. The refractive index of
an epoxy resin usually increases with the extent of
cure,® while the dielectric constant decreases,® leading
to a decrease in the Stokes shift. The changes in the
wavelengths for each of the probes are listed in Table
1.

Figure 3. Relative fluorescence intensities of emission maxima
of the four probes as a function of the curing time of LAB 1509
at 120 °C.

The probes exhibit blue and red shifts upon the

polymerization at different temperatures. The largest
spectral shifts were observed for probes 111 and 1V. The
magnitude of the shift increases with a decrease in the
polarity of the environment. This causes the main
changes in the emission band positions. However, the
shifts observed in the probe—polymer systems under
investigation could not be used solely as reliable indica-
tors of the degree of cure.

When the cross-linking of the polymer matrix in-
creases, intramolecular charge-transfer probes are ex-
pected to increase their fluorescence intensity.3® Ac-
cordingly, all the four probes showed an increasing of
the intensity as the curing proceeded. As an example
the emission spectra of the probe IV during the curing
of LAB 1509 at 120 °C is shown in Figure 2 where the
arrow indicates the evolution of the spectra during the
curing process. The behavior of the probe IV was the
same at different temperatures due to the same envi-
ronmental changes in the LAB 1509.

To enable comparison of the various sets of measure-
ments, the fluorescence intensities were related at t =
0. The relative intensities of emission maxima of the
four probes at 120 °C are presented in Figure 3 as a
function of the curing time. The scaling is different
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Figure 4. Conversion and Ty of LAB 1509 as a function of
the curing time at 90, 100, and 120 °C.

because the relative intensity values of probes | and 11
were much lower than the values of probes 111 and 1V.

The conversion and the glass transition temperatures
of LAB 1509 were determined by DSC, and the results
at different curing temperatures are shown in Figure
4. Comparison of Figure 4 with Figure 3 shows that the
fluorescence intensity changes vary depending on the
probe—polymer system. Since the probes in the same
curing environment show different behavior, the fluo-
rescence intensity of the probes cannot necessarily be
correlated directly with the conversion percentage. The
same behavior was also observed in the other temper-
atures, 90 and 100 °C.

To determine the degree of the curing, an LHIC
ratio?® was used. This method is independent of the type
of the probe and also of the experimental conditions. In
the LHIC method the emission spectrum of the cured
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Figure 5. Normalized LHIC ratios of the probes during the
curing of LAB 1509 at 90 (a), 100 (b), and 120 °C (c) as a
function of the curing time.

polymer, measured at the end of the curing process, is
divided by the emission spectrum of the mixed mono-
mers at the outset of the curing process. Thus, the
intensity changes are obtained as a function of the
wavelengths, and the low-intensity changes (LIC) and
the high-intensity changes (HIC) can be found. The
chosen wavelengths for each of the probes when the
LHIC ratio method was applied are listed in Table 1. It
can be seen from Table 1 that the wavelengths, which
have the lowest and highest intensity changes, cover
certain areas of the wavelengths for each probe. Thus,
when the method is applied, two wavelength regions can
be chosen for each of the probes.
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Figure 6. Normalized LHIC ratios of the probes during the
curing of LAB 1509 at 90 (a), 100 (b), and 120 °C (c) as a
function of conversion.

LHIC curves are obtained by dividing the intensities
at a given wavelength in the longer wavelength region
by the intensities of a given wavelength in the shorter
wavelength region at all times during the curing
process. The ratios are normalized with eq 3 to their
initial values before the curing to enable comparison
between the various sets of measurements.

normalized LHIC ratio =1 — RE 3)
0

where R is the LHIC ratio at any degree of the cure
and Rg is LHIC ratio before the cure. The normalized
LHIC ratios of the selected probes are shown in Figure
5 as a function of the curing time. As can be seen, by
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Table 2. Wavelength Changes of Emission Maxima during the Curing of LAB 1509 at Room Temperature and at Low
Temperature and the Wavelengths That Were Chosen for LHIC Ratio Calculation

wavelength changes of the emission maxima

during the curing process (nm)

wavelengths chosen for the LHIC ratio (nm)

probe room low room low
1 0 (473—473) 0 (473—473) 575/455 534/451
11 8 (413—405) 3 (413—410) 600/385 575/384
11 48 (634—586) 42 (634—592) 680/500 680/500
v 2 (397—395) 0 (397—397) 600/380 600/530
2.E+06 25 -20
2.1.0.5.3 ® Conversion, room
,1,0,5,3, »
4,10,13,12,6, w04 o Conversion, low [} . 25
11,7,14,8,15, .
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Figure 7. Fluorescence emission spectra of IV during the
curing of LAB 1509 at room temperature (a) and at low
temperature (b). Numbers indicate the order of the spectra
(day) during the curing.

applying the LHIC ratio method, similar behavior can
be observed for all the probes.

The correlation between the normalized LHIC ratios
and the conversion percentages measured by DSC are
shown in Figure 6. Similar behavior can be obtained
for all the probes. There are some differences in the
slopes that reflect useful information such as the
sensitivity of the probes to the environmental changes.
In all cases there is a continuous smooth change of the
ratio with the degree of cure. The results show that the
LHIC ratio method provides a general method for
monitoring the curing of epoxy polymers.

The shelf life of the mixture of epoxy resin and
anhydride was monitored with four probes at room
temperature, 20 °C, and at low temperature, 6 °C. The
changes in the wavelengths of the emission maxima for
each of the probes are presented in Table 2. The
emission spectra of probe 1V during a precuring period
of 16 days of LAB 1509 at room temperature are shown
in Figure 7. The numbers show the evolution of the
spectra during the curing processes. The change in the
intensity of the spectra during the measurements is not
regular, and that is due to changes in the instrumental
factors and the excitation area of the sample. Thus,
original intensities cannot be used directly, and a
calibration is required. Same behavior was also observed
at low temperature. The conversion percentage and the
glass transition temperature of LAB 1509 were deter-
mined by DSC at room temperature and at low tem-
perature and are shown in Figure 8.

To determine the degree of precuring, the LHIC ratio
was applied. For each of the probe the wavelengths at
which the LHIC ratio method was applied are listed in
Table 2. The LHIC ratios of the selected probes as a
function of curing time are shown in Figure 9. A smooth
change of LHIC ratio and similar behavior can be
observed for all the probes when the LHIC method is

Figure 8. Conversion and Ty of LAB 1509 at room temper-
ature and at low temperature measured by DSC as a function
of the curing time.
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Figure 9. Normalized LHIC ratios of the probes during the
curing of LAB 1509 at room temperature (a) and at low
temperature (b).

applied. The suitability of all the probes for monitoring
the precuring or shelf life of LAB 1509 can be confirmed
by comparing the LHIC ratios in Figure 9 with the Ty
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curves from Figure 8. At room temperature the intensity
ratios of the probes were constant after 8 days and at
low temperature after 9 days for probes I and IV and
after 12 days for probes Il and Ill. However, the Ty
value of LAB 1509 was still changing at both temper-
atures 16 days after the mixing, indicating that these
probes are not sufficiently sensitive for monitoring
precuring during the whole process. Thus, results
indicate that in order to find suitable probes it is
necessary to confirm the results obtained with reference
to Tq4 curves.

The results show that the LHIC ratio method provides
a good method for monitoring the precuring and shelf
life of the epoxy polymers. It also provides a calibration
method for avoiding the influences of any other changes
e.g., in the measuring area of the sample, the sample
thickness, or the lamp intensities during the curing
process.

It should be noted that, for the purpose of quality and
curability control of different supplies of the same resin
formulation, all of the measurement parameters, in-
cluding the excitation wavelength, the ratio of the
monitoring wavelengths, the sample thickness, the
excitation beam intensity, and the temperature, should
always be held constant. Obviously, a set of measure-
ment parameters can be determined for the cure moni-
toring of every probe—polymer system whenever nec-
essary.

Conclusions

The results show that fluorescence spectroscopy is a
quick, effective, reliable, and nondestructive measure-
ment method for monitoring the curing or shelf life of
epoxy polymers. As the curing process proceeds, the
fluorescence emission spectra of some of the probes
exhibited blue shifts due to changes in the matrix
microviscosity and micropolarity. With appropriate
selection and concentration of the probe, and the
optimization of the monitoring parameters, the degree
of the cure can be monitored simultaneously. A correla-
tion between the intensity ratios of the fluorescence
intensities, selected from the wavelength ranges rep-
resenting the lowest and highest intensity changes, and
the degree of the polymerization was obtained. The
fluorescence intensity ratio method eliminates the effect
of intensity variations arising due to external factors,
such as lamp intensity, optical alignment, probe loca-
tion, excitation area, and temperature variation. The
advantage of the LHIC ratio method is that it enables
changes in composition to be monitored throughout the
curing process independent of the probe. Application of
cure monitoring using the LHIC ratio method offers the
possibility to precisely control the parameters of the
curing process, as well as providing quantitative control
of the quality and curability of the starting materials.
The fluorescence cure sensing technique based on the
LHIC ratio method can be applied in situ for monitoring
polymerization in a variety of commercially and indus-
trially used polymers.
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