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Ambiguity in Assignment of Near Infrared Vibrational
Bands for Polymerisation Monitoring of Epoxy System

Gilbert Lachenal,*" Isabelle Stevenson,' Alexandra Durand,' G. Seytre,1
D. Bertrand®

The curing process of epoxy affects the chemical structure of the final network so
mechanical and physical properties of the polymeric matrix for a composite may
be modified according to the polymerisation conditions. This paper describes the
ambiguity in assignment of reference bands to follow the cure of poly-epoxy reactive
systems using a laboratory-made system which allows the coupling of dielectric
analysis and Fourier Transform Near Infrared Spectroscopy (FTNIR). The dielectric
measurements were obtained using interdigitated electrode. In situ monitoring of
extent of reaction was carried out from room temperature up to 160 °C using
fibre-optic FTNIR spectroscopy. For the DGEBA/MCDEA system the epoxy band at
6060 cm ™' was chosen in preference to the band at 4530 cm ™' as representative of
the epoxy function evolution during polymerisation because a small unknown peak
probably due to the hardener appears in the 4530 cm ™' region. The bands at 4620 and
4680 cm™ ' assigned to aromatic combination bands and widely used as reference
bands are not unique for this formulation hence the band at 5980 cm™ is used as
reference. The Principal Components Analysis (PCA) shows clearly also that the bands
at 4620 and 4680 cm ™' vary during the polymerisation. Surprisingly, the band at
4530 cm™ ' is equivalent to the one at 6060 cm ™' to calculate the conversion rate. It is
probably due to the fact that the hardener band near 4530 cm™' follows the same

behaviour as the epoxy band at 4530 cm ™.

Keywords: dielectric spectroscopy; in-situ monitoring; near infrared spectroscopy;
poly-epoxy reactive system; polymer; PCA

Introduction

Epoxy resins are widely used as adhesive,
coating, casting and matrix for glass or carbon
composites. They represent an important
class of high-performance materials charac-
terized by properties such as good mechan-
ical and thermal behaviours, high resistance
to solvents and corrosive agents, outstand-
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ing adhesion to various substrate, low
shrinkage upon curing and easy processing
under a wide range of conditions. These
advantages make them attractive in high
technology applications such as encapsula-
tion of micro circuitry in the electronic
industry, the use as matrices for fibre
composites in aerospace applications.

The main reactions during epoxy —amine
polymerisation are primary amine epoxy
addition, secondary amine addition and
etherification (hydroxy-epoxy). These reac-
tions may be catalysed by impurities
present in the resin or by hydroxyl.l'! For
a stoechiometric molar ratio the etherifica-
tion is generally low. The homopolymerisa-
tion of epoxy groups is generally considered
as negligible without Lewis acid or base
catalysts.

L EHWILEY .
InterScience*

l249



2501

Macromol. Symp. 2008, 265, 249-259

It is important to monitor polymerisa-
tion reactions since the curing process of
thermosetting resins i.e. epoxy affects the
chemical structure of the final network so
mechanical and physical properties of the
polymer" or the polymeric matrix for a
composite may be modified according to
the polymerisation temperature.

The main ad-, and disadvantages of
alternative methods for reaction control
are given as follows:

- Chemical analysis for reaction are time
consuming, needs hazardous reagents and
leads to sample destruction.

- Differential scanning calorimetry is an
usual method for studying cure but is only
able to provide the overall extent of reac-
tion.[!]

- HPLC may be used for individual chemi-
cal component only before the gel point

- These methods cannot be used for in situ
real time monitoring.

- Due to large absorbance coefficient Mid
Infrared can be used only for thin sample
which often are not representative of
industrial samples.[z] In addition, several
authors®®*! warn against using the 915 cm ™
band to calculate extent of epoxy reaction
because this also originates from another

functional group. Alternative methods for
monitoring polymerisation reaction are
also widely discussed in Billaud et al. (5-61

Near infrared (NIR) spectroscopy allows
to have access to the degree of conversion
by following the epoxy band absorption.m
In situ real-time monitoring of reactive
systems by remote fibre optic NIR spectro-
scopy have been studied and reaction
kinetics by coupling NIR spectroscopy with
dielectric spectroscopy on model and multi-
functional epoxy/amine systems have been
compared previously.” ! Nevertheless, no-
body up to now, has discussed the vibra-
tional band assignment of the reference
bands. The extent of reaction calculated
using Beer-Lambert’s law when consider-
ing the peak at 4530 cm ™' as representative
of the epoxy function evolution (decrease
of epoxy functions with polymerisation
time) and the band at 4620 cm ™! as reference
has been successfully presented by several
authors.>®! This band was chosen instead
of the band at 6060 cm ™" since it was less
overlapped with other neighbouring bands.
Unfortunately, a small unknown peak
appears in the 4530 cm ™' region for the
hardener (see Fig. 1), this band was already
seen by Min et al.ll. On the other hand the
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Figure 1.

NIR spectra for the DGEBA/MCDEA system hardener blending before and after polymerisation.
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vibrational band at 4620 cm™' has been
widely used in the literature for numerous
types of epoxy systems but in our case it
varies independently of curing which has
led us to choose preferably the overlapped
vibrational band at 5980 cm™'. The main
drawback of the NIR spectroscopy is the
difficulty to make classical quantitative
analysis for strongly overlapped spectra.
Multivariate techniques enable the exploi-
tation of a complex and large set of spectra
by improving at the same time selectivity
and reliability. These techniques have
gained acceptance as routine methods for
process analysis. One goal of multivariate
techniques is a data reduction without loss
of information. The multivariate strategy
can lead to new synthetic variables data
with higher information content. Chemo-
metric methods are numerous. The Partial
Least Squares (PLS) techniques®™? are
widely used, but need calibrations using
primary quantitative analysis techniques.
Nevertheless, without reference methods
this multivariate analysis fails. On the other
hand, Dittmar and Siesler!'”) have studied
the synthesis of diphenylurethane from
phenol and phenyl-isocyanate in chloroform
solution, by NIR and multivariate techniques
(PLS) and suggested that the familiar
Principal Component Analysis!'"'?! (PCA)
can be appropriate for monitoring the extent
of reaction under certain conditions.

PCA can be used to reveal small varia-
tions of spectra for samples with differences
in chemical (or physical) composition. The
main advantage of identification using PCA
is that only a limited number of the scores
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of a spectrum are used. The vectors are
usually sorted in order of decreasing
eigenvalues, hence, the amount of variance
described by the first principal component
is greater than the second and so on. The
first few principal components (also called
factors, latent variables or eigenvectors)
depict the largest amount of variance and
the noise is contained in the remaining
ones. PCA estimates the correlation struc-
ture of the variables. Multivariate analysis
may provide a base for interpretation of
chemical species, identification, classifica-
tion, or prediction models. Nevertheless,
the conversion extent at the final stage must
be known for quantification with PCA
method.

In this paper, the use of FT-NIR spectro-
scopy in transmission mode to monitor
in situ the curing of epoxy formulation is
presented. The band selection is discussed.
The extent of reaction versus time obtained
from Beer-Lambert analysis and using the
PCA will be compared.

Experimental Part

Materials

The thermoset systems used for this study
consists of: the polyepoxy resin of DGEBA
(Diglycidyl Ether of Bisphenol A) type
from CIBA Switzerland-Basel (LY556)
with n=0.15 and a hardener such as
MCDEA (4,4'-methylenebis[3-chloro-2,6-
diethylaniline] (from LONZA-Levallois-
Perret-France) which formulae are given
below:

CHa
0,
| N
———CH,T-0O T O——CH,~—CH—CH,
CHy
n

CHs
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MCDEA hardener is less studied than
DDS or DDM hardeners but is less toxic to
use which explains mainly why it was
chosen for this study.

On PIR spectra, during the polymerisation
reaction epoxy/amine can be seen mainly:

e The opening, thus the disappearance of
oxirane (epoxy) rings corresponding to
the decrease of the bands around 4530,
6060, 8600 cm ™"

e Disappearance of primary amine at 5050
et 6670 cm ™!

e Appearance of hydroxyl functions at
47004800 cm ™" and 7000 cm ™'

These components were mixed in a
stoechiometric ratio r =1, r being the ratio
amine/epoxy functions. The T,., of these
systems are greater than 150 °C. Ty is the
glass transition temperature of the totally
crosslinked network.

FT-NIR Spectrometer

An ABB NetworkIR spectrometer (ABB
Bomem, Canada, Quebec) equipped with
GRAMS 5 NIR software (Version 5.2,
Galactic, Galactic Industries Corporation,
395 Main Street, Salem, NH 03079, USA)
was used for near infrared measurements.
All transmission spectra were measured at
8 cm ! resolution using 50 scans between
10000 and 4000 cm ™. The reactive mixture
was placed in a sampling quartz cell (from
Hellma-France-Paris) which is 1 mm thick,
1 cm wide and 4 cm high. Two optical fibres
plugged with SMA connectors and/or an
Axiom probe (Irvine-USA) were used.
The “in” optical fibre had a diameter of
300 microns and the “‘out” optical fibre a
diameter of 1000 microns, both optical
fibres have a length of 2 m. The baseline for
area calculations was defined manually
from one side to the other side of the
vibrational bands chosen.

Dielectric Analysis

Dielectric measurement were obtained
using Eumetric Microdielectrometer system
III (Micromet-Burlington-USA) equipped
with a CHIP interdigitated type electrode

Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

which is mounted on a flexible polyimide
support and which can be introduced in the
NIR quartz cell. This sensor is made of
interdigitated electrodes to prevent problems
of variation of thickness. This interdigitated
electrode consists of several interleaved
comb shaped metal strips deposited on a
non-conducting substrate and the electric
field is generated between the metal strips.
The available frequency range extends
from 5.10~% Hz to 10° Hz. The conductivity
measurements range was between o=
107" to 107> S/cm. More details on dielec-
tric analysis can be found in.[13-151

Simultaneous Experiments (Coupling
between NIR and Dielectric Spectroscopy)

An experimental system using NIR
spectroscopy was carried out simulta-
neously with dielectric analysis using a
quartz cell which could be heated from
room temperature to curing temperature
(£2°C) in order to polymerise the thermo-
set systems. Experimental details can be
found in.””! The isothermal curing tempera-
tures were chosen between 80 to 160°C
for the DGEBA/IPD system and between
105 to 160°C for the DGEBA/MCDEA
system.

Results and Discussion

The quantitative analysis may be per-
formed using either univariate or multi-
variate approaches. The classic assignment
of these bands can be found in Table 1.1164!
Nevertheless caution had to be taken
because many band assignments are not
unique (for example there are bands which
have not been assigned yet in the 5500-
6000 cm ' region), in addition OH and NH
bands shift according to the strength of
hydrogen bonds.[17]Firstly, the extent of
reaction («) for the DGEBA/MCDEA
system at any time t is calculated from
the initial areas of the epoxy (4530 cm™')
and reference (4623 cm™') peaks™®l A,
and A ,, respectively, and their corre-
sponding values at time t A.; and A,

www.ms-journal.de
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Table 1.

Tentative band assignments in the NIR region for epoxy/amine resins.

[16.4]

Kind of vibration

Conjugated epoxy CH, deformation
band (1460 cm™") with the aromatic
CH fundamental stretch (3050 cm ™)

Combination band of the aromatic

conjugated C=C stretch (1626 cm™')
with the aromatic CH fundamental

stretch (3050 cm ™)

Combination band of the aromatic

conjugated C=C stretch (1626 cm™')
with the aromatic CH fundamental

stretch (3050 cm™")

First overtones of —-CH, and -CH
stretching vibrations

First overtone of terminal -CH,, -CH
fundamental stretching vibration

Wavenumber Classic Assignments

(em™)

4060 Aromatic combination bands

4170 Combination bands of the terminal methylene group

4350 Combination bands of aliphatic methyl group

4525 Combination band of the oxyrane (ring C-H)

4550 NH combination band

4620 Aromatic combination band

4680 Aromatic combination band

4800-5000 Combination of bands of OH

5000-5070 NH2 stretching and bending combination
bands (aliphatic amine)

5200 NH2 stretching and bending combination
bands (aromatic amine) + water humidity

5700-5850 Overtones of CH, CH2

5980 Aromatic C-H stretching first overtone

6060 First overtone of the terminal C-H in
the epoxy ring

6500 NH2 overtone stretching

6650 NH2 + NH overtone

7000-7100 OH overtone (hydroxyl + H20)

8200 OH combination

8630 Second overtone of the terminal C-H in

the epoxy ring

according to the Beer-Lambert law.

@ =1—[(Act)(Aro)l/[(Aco)(Ary)] (1)

As usual to check this result of extent of
reaction, the reference band at 4680 cm ™!
was used!'®! since the reference band at
4060 cm ! cannot be used due to the too
high absorbance. The same kinetic is not
obtained when these two bands (4623,
4680 cm ') are used separately, thus
another functional group must be partici-
pating to these bands at 4623 and/or
4680 cm™'. After careful examination of
spectra it was observed that the intensity of
these classical reference bands change
during the polymerisation.

Secondly, as mentioned by Min et al.lol
for the DGEBA/DDS system, a band at
4530 cm~! is present for the amine hard-
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ener, this band is also present in MCDEA
(see Fig. 1) and can interact with the com-
bination band of the oxirane ring (C-H)
which is widely used to follow the kinetics.

Finally, for the DGEBA/MCDEA sys-
tem the epoxy band at 6060 cm ™' was chosen
because a small unknown peak appears
in the 4530 cm ' region. The band at
5980 cm ! is used as reference. The choice
of the baseline can affect the measured
areas so that the errors on calculated
conversions may be significant and is
operator-dependent. The Figure 2 shows
the NIR spectra of DGEBA/MCDEA
during kinetics of curing at 160 °C.

Band adjustment on the broad 5800-
6200 cm™! peak was done using GRAMS
software and is shown in Fig. 3 (50/50
Lorentzian/Gaussian contribution, more-
over another data treatment such as Voigt

www.ms-journal.de
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Figure 2.

NIR spectra for the DGEBA/MCDEA system during polymerisation at 140 °C.

functions gave nearly the same peak fitting
result). The Fig. 3 also shows that the epoxy
peak at 6060 cm™' is not unique, hence a
residual area is observed after complete
curing reaction. For the calculation of the
extent of reaction, this residual spectral
area has been removed with the hypothesis
that this peak does not change during the

polymerisation. It can be noticed that the
band at 4530 cm ™" has totally disappeared
(see Fig. 4) since the curing reaction is
completed but the one at 6060 cm ! is still
there.

The results given in Figure 4 for DGEBA/
MCDEA system show that each functional
group can be followed with reaction time.

Absorbance

6000

|
5800 5600

Wavenumber {cm-1)

Figure 3.

Band adjustment areas at 6200 and 5550 cm .

Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.ms-journal.de



Macromol. Symp. 2008, 265, 249-259

12

i
- ,/._’,-l‘“’_‘
f— i
2 1
=T, 061
X
1
< E\
04 5
e
I R e .
1
02 X
.
o TEOER . . : .
i ] i 00 i) 1000 1200 1400
Time (min}
== 007 (ref 5986) OH - 6607 (rel5986) NH2 = G067 (rel5986) Epoxy
—#— 5063 (ref3986) NH2 —*— 4528 (ref3986) Epoxy —e—GMNaT-60671 (ref 3986) Epoxy
Figure 4.

Normalized absorbance as a function of time for DGEBA/MCDEA during isothermal curing at 160 °C.

OH functions appear and NH, as well as
epoxy functions disappear.

Another type of quantitative analysis,
PCA, can be performed to compare with
the previous results. This PCA is first
performed on the 4250-9000 cm ' and
45006500 cm ! spectral ranges for kinetics
above 140 °C where the conversion is full
(or seems full). Standard Normal Deviate
(SNV) pre-treatment is performed on the
unsmoothed spectra. The Standard Normal
Deviate transformation normalises each
spectrum by dividing the difference between
transmittance and the average transmittance
by the standard deviation of transmittance.

The first principal component contains
about 98-99% of the spectral variance. It
was observed that the loading plot of the
first factor is linearly correlated to the
absorbance changes of the functional
groups during the reaction,”#19 hence
that it can be used to calculate the conver-
sion by normalising its values between 0
and 1 or the extent final conversion, the
conversion extent at the final stage must be
known for quantification with PCA
method. This kind of result had been
already discussed by Maeda and al.l2%!
They observed that if the spectral variations
are very regular, the signal to noise ratio is

Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

high and the changes in baseline are small,
the loading plot of factor 1 should become
very similar to the difference spectrum.
This suggests that the plot of this first
component as a function of time may
be representative of the evolution of the
conversion. Such PCA method was success-
fully applied to evaluate the EVA con-
tent, ™! the epoxy extend of cure?! and
more recently for a PU formulation with a
reaction induced phase separation.!*”!
These authors observed a linear correlation
between PCl scores and the extend of
reaction measured with a reference method.
On the contrary, the second and third
components do not seem directly corre-
lated to the conversion. It has to be pointed
out that this analysis was carried out
on spectra before and after SNV pre-
treatment, with no noticeable change.[zz]
Figure 5 shows that, at low temperatures
(105°C, 127°C), the full conversion rate is
not achieved. This is in agreement with
what is shown in Figure 6 where the
vitrification phenomenon can be evidenced
by dielectric spectroscopy and not by NIR.
When the glass transition temperature
of the reactive system reaches the curing
temperature, the reaction is limited by the
diffusion and the epoxy conversion did not

www.ms-journal.de
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Conversion rate comparison for different temperatures from 105°C to 160 °C calculated for the band at
6060 cm ™' for DGEBA/MCDEA system. hs = materials stored at —18°C for 3 months, s =freshly prepared

samples.

reach 100% even at long curing times. For
160 °C the two set of points ‘hs’ and ‘s’ are in
good agreement meaning that there is no
difference during storage of these samples
at low temperature.
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to correspond to the peak maximum. The
higher the frequency is the earlier appears
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Dielectric study of the polymerisation kinetics at 127 °C. The same phenomenon occurs at 105 °C.
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Band area due to OH vibration at 4800 cm ™' and 7009 cm ™" which show reversible evolution of hydroxyl bands
versus temperature. These measurements were made on a fully cured sample.

the vitrification phenomenon. Vitrification
times are respectively: 10 Hz: 530 min,
100Hz: 480 min, 1000 Hz: 425 min.

A strong dependence of OH harmonic
band area versus temperature is observed in
Fig. 7.

The information contained in the first
principal component of the PCA in the OH
overtone region may be perturbed by the
non-validity of the Beer-Lambert law due
to hydrogen bonding. It is well known that
hydrogen bonding has a strong influence on
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Figure 8.
Principal Component Analysis loading versus wavelength (PC1 98% variability).
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Comparison between the different data treatments for approximately 6 hours at 140°. It can be noticed that the
conversion rates obtained are in relatively good agreement. The epoxy bands at 4530 cm™" and 6060 cm ™" give

nearly the same extent of reaction using reference band at 5980 cm™ .

NIR spectra.[23] Theoretical and practical
studies of the influence of hydrogen bond-
ing on the near infrared spectra, and
information concerning the intensity and
the position of overtone and combination
bands have been presented by Sandorfy.**]
On the other hand the combination band
may be shifted according to the strength of
hydrogen bonding. However, the stretching
bands shift to lower wavenumber while the
bending bands shift to higher wavenum-
ber,?*®! so that this band is not very
suitable for quantitative studies of the
strength of hydrogen bond formation but
on the contrary may be useful for the
quantitative analysis.ml Nevertheless using
the 4250-9000 cm ! (including OH and NH
harmonic band) and 4500-6500 cm ™! spec-
tral ranges for PCA it had been observed
very little difference on the first loading of
the principal component. The loading of
the first PC is similar to difference spectra
before and after curing. The choice of
bands for the curing monitoring using Beer-
Lambert law may be improved by PCA
analysis Fig. 8.
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1

Finally, as can be seen in Figure 9,
whatever the method (Beer-Lambert law or
PCA), whatever the band chosen: nearly
equivalent results are obtained.

Conclusion

Everyone has to be very cautious about
how to choose the reference band since it
can be different for each various system of
the same polymer family. Hence, for the
DGEBA/MCDEA system the epoxy band
at 6060 cm ! was chosen and the band at
5980 cm ™! is used as reference. The epoxy
band at 6060 cm™' is not unique for this
epoxy system. The Principal Components
Analysis shows that the band at 4620 cm !
and 4680 cm ™' vary. Moreover the band at
4530 cm ™! which is at the same place as an
hardener band, does not seem to cause any
problems, or changes in the same way,
however the assignment of this band is not
completely elucidated yet and the band at
6060 cm ! can be used also to calculate the
conversion rate.

www.ms-journal.de
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The Principal Component Analysis can
give a precious help to choose the right
reference band since it allows us to spot
clearly the differences in the spectra when
reaction kinetics are studied.

The dielectric analysis can evidence the
vitrification phenomenon and when coupled
simultaneously to near infrared spectro-
scopy on the same sample and at the same
temperature has allowed us to measure
simultaneously the spectroscopic extent of
reaction and the variation of the electric
degree of transformation via the conduc-
tivity.
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