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Department
Analytical Chemistry and Organic Chemistry

Tarragona
2010

UNIVERSITAT ROVIRA I VIRGILI 
TWO-DIMENSIONAL INFRARED CORRELATION SPECTROSCOPY AND MULTIVARIATE CURVE RESOLUTION 
METHODS: APPLICATION TO QUANTITATIVE MONITORING OF CURING PROCESS 
Nicolas Spegazzini 
ISBN:978-84-693-4049-3/DL:T.998-2010 



 

UNIVERSITAT ROVIRA I VIRGILI 
TWO-DIMENSIONAL INFRARED CORRELATION SPECTROSCOPY AND MULTIVARIATE CURVE RESOLUTION 
METHODS: APPLICATION TO QUANTITATIVE MONITORING OF CURING PROCESS 
Nicolas Spegazzini 
ISBN:978-84-693-4049-3/DL:T.998-2010 



DEPARTAMENT DE QÚIMICA
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La intelectualidad
es un pañuelo al aire,

tan ilógica como el Ático
frente a los xilófagos.

El roble habla un idioma
que no rehúye el viento,

pero la biblioteca
śı.

(El Hombre es simplemente
un estornudo.)

J. Ramón Couchet

“The Ancient Japanese
considered the Go board to be a

microcosm of the universe.
Although when it is empty it

appears to be simple and
ordered, in fact, the possibilities

of gameplay are endless. They
say that no two Go games have

ever been alike. Just like
snowflakes. So, the Go board

actually represents an extremely
complex and chaotic universe. . . ”

- Max Cohen’s mentor Sol
Robeson, in π
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seaŕıa poder tener mi redención, pero no es el momento, ni la ocasión.
Porque carezco aún de esa contundencia, exactitud, sofisticación y el
minimalismo de la madurez trabajada desde la experiencia.

Puedo decir que he formado parte de un grupo, de mis amistades
y fundamentalmente de una familia. Y no puedo dejar de pensar como
estos últimos años me han cambiado la cosmovisión del mundo. Doy
gracias a todos.

No quedo exceptuado de culpa y cargo. . .

UNIVERSITAT ROVIRA I VIRGILI 
TWO-DIMENSIONAL INFRARED CORRELATION SPECTROSCOPY AND MULTIVARIATE CURVE RESOLUTION 
METHODS: APPLICATION TO QUANTITATIVE MONITORING OF CURING PROCESS 
Nicolas Spegazzini 
ISBN:978-84-693-4049-3/DL:T.998-2010 



Scope

vii

UNIVERSITAT ROVIRA I VIRGILI 
TWO-DIMENSIONAL INFRARED CORRELATION SPECTROSCOPY AND MULTIVARIATE CURVE RESOLUTION 
METHODS: APPLICATION TO QUANTITATIVE MONITORING OF CURING PROCESS 
Nicolas Spegazzini 
ISBN:978-84-693-4049-3/DL:T.998-2010 



 

UNIVERSITAT ROVIRA I VIRGILI 
TWO-DIMENSIONAL INFRARED CORRELATION SPECTROSCOPY AND MULTIVARIATE CURVE RESOLUTION 
METHODS: APPLICATION TO QUANTITATIVE MONITORING OF CURING PROCESS 
Nicolas Spegazzini 
ISBN:978-84-693-4049-3/DL:T.998-2010 



ix

The curing process of epoxy resin directly affects the properties of
the final polymer [2-3], so it is of great interest to develop analytical
methods that make it possible to determine the pathway of the curing
processes. Numerous studies have examined the evolution of the curing
process and the quantification of the corresponding kinetic parame-
ters using various techniques, such as differential scanning calorimetry
(DSC) [4], differential scanning calorimetry with temperature modula-
tion (MTDSC) [5], thermogravimetric analysis (TGA) [6], fluorescence
[7], Raman spectroscopy [8], nuclear magnetic resonance (NMR) [9],
high-resolution liquid chromatography (HPLC) [5,10], Fourier trans-
form infrared spectroscopy (FTIR) [11,12] and near-infrared spec-
troscopy (NIR) [13-18]. Most studies use model reactions because it is
very difficult, and sometimes even impossible, to isolate the intermedi-
ate products that are involved in the curing process. This thesis aims
to explore the possibilities of two-dimensional correlation spectroscopy
for the quantitative monitorization of curing processes by means of in-
frared spectroscopy and curve resolution methods. The thesis focuses
on a complex reaction in which several side reactions might take place,
most or all of them almost simultaneously.

This main goal is pursued as follows:

1. Analysis of generalized two-dimensional correlation spectroscopy
and perturbation-correlation moving-windows two-dimensional
correlation spectroscopy as a tool for obtaining information
about the reaction pathway.

2. Analysis of sample-sample two-dimensional correlation spec-
troscopy as a tool for obtaining concentration profiles of the
chemical species involved in the curing process.

3. Use of global phase angle generalized two-dimensional corre-
lation spectroscopy to determine the optimal number of itera-
tions in the optimization-step for the quantitative resolution by
means of multivariate curve resolution - alternating least squares
(MCR-ALS).
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xiii

The thesis is structured in several chapters, as set out below.

Chapter 1 presents the background to this thesis, highlighting
the current interest in studying epoxy resins. The theory of two-
dimensional spectroscopy analysis is briefly reviewed and the rele-
vant chemometric tools (multivariate curve resolution methods) are
presented. This chapter also discusses the novelties introduced in the
thesis and provides references for the underlying basic concepts.

Chapter 2 concerns the experimental work. The instrumental
analytical techniques used to monitor the curing process are briefly
described. The experimental conditions and setup of two main cur-
ing reactions are described: a reaction between phenyl glycidyl ether
(PGE) and γ-butyrolactone monitored by NIR, and copolymerization
between diglycidyl ether of bisphenol A (DGEBA) and γ-valerolactone
by FTIR/ATR. The conditions of the DGEBA homopolymerization
are also presented. Finally, the 1H and 13C NMR experimental con-
ditions for obtaining the spectrum of the final product in the first
reaction between PGE and γ-butyrolactone are described.

Chapter 3 presents the results of the experimental work that has
been carried out. This chapter cites five published works, each intro-
duced with a brief description of the study’s main goal and content.
The five articles are presented in sequential order according the main
goal of the thesis.

Chapter 4 contains the conclusions and describes the goals
achieved.
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Chapter 1

BACKGROUND

1
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1.1. CATIONIC CURING OF EPOXY RESINS 3

1.1 Cationic curing of epoxy resins

Epoxy resins have many applications in coatings, adhesives and com-
posites. The chemistry of epoxides and the wide range of resin materi-
als commercially available for use as pre-polymers allows for a variety
of properties in the final product (i.e. co-polymer). The first commer-
cial epoxy resin to be developed was DGEBA[18], and it remains one
of the most widely used resins in the industry. Diglycidylic resins are
usually cross-linked with primary diamines but they can also be cured
by cationic or anionic initiators by the ring-opening polymerization
mechanism.

When epoxy resins are cured by initiators, a three-dimensional
polyether structure is formed and the thermosets obtained have cer-
tain drawbacks, such as: fragility, contraction during the curing pro-
cess, and a lack of recyclability or degradability. In the materials field,
several methods have been developed to solve some of these problems.
One such method is based on curing epoxy resin/lactone mixtures,
which can copolymerize in the presence of a Lewis acid as a cationic ini-
tiator. In this copolymerization process, the density of cross-linking is
reduced by the introduction of linear structures from the lactone unit,
which increases the flexibility of the network, thus reducing fragility.

The introduction of ester groups makes the material more degrad-
able, which allows materials coated in this material to be recovered
or recycled. The complex mechanism of this copolymerization also re-
duces shrinkage in the last stages of curing, in which the material has
a low mobility. This sharply reduces stress and leads to a material
with better characteristics.

The Polymer Group of the Analytical and Organic Chemistry De-
partment of Rovira i Virgili University, has extensive experience work-
ing with epoxy resins. In recent years, this group [19-23] has developed
new curing agents such as rare-earth metal triflates. These compounds
are Lewis acids, stable in aqueous media, frequently used in organic re-
actions [24-28] and considered environmentally favorable. Three differ-
ent rare-earth triflates are used in this thesis: scandium, ytterbium and
lanthanum. The Lewis acidity and Pearson hardness of these triflates
decrease in the following order: Sc(OTf)3 > Yb(OTf)3 > La(OTf)3
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4 CHAPTER 1. BACKGROUND

[28]. The thermosets are three-dimensional polymers that cannot be
dissolved in organic solvents.

The reaction mechanisms therefore cannot be studied by means
of nuclear magnetic spectroscopy, so FTIR is usually the best tool for
this purpose. Due to the complex mechanism adopted in copolymeriza-
tions of this type, two-dimensional correlation spectroscopy together
with multivariate curve resolution - alternating least squares could be
powerful chemometric tools for analyzing these curing processes.
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1.2. TWO-DIMENSIONAL SPECTROSCOPY ANALYSIS 5

1.2 Two-dimensional spectroscopy

analysis

An intriguing idea was put forward in the field of NMR spectroscopy
about 35 years ago: spreading the spectral peak over the second dimen-
sion. Following this conceptual breakthrough, an impressive amount of
progress has been made in the branch of the science now known as two-
dimensional (2D) spectroscopy. In the last decade or so, perturbation-
based generalized two-dimensional correlation spectroscopy has be-
come a surprisingly powerful and versatile tool for the detailed analysis
of various spectroscopic data. This seemingly straightforward idea of
spreading the spectral information onto the second dimension by ap-
plying the well-established classical correlation analysis methodology,
primarily attaining clarity and simplicity by sorting out the convoluted
information content of a highly complex chemical system, has turned
out to be very fertile ground for the development of a new generation
of modern spectral analysis techniques.

1.2.1 Generalized two-dimensional correlation
spectroscopy (variable-variable 2DCOS)

Two-dimensional correlation spectroscopy (2DCOS) was first devel-
oped in the late 1980s and early 1990s by Isao Noda in a series of
papers in which he described the basic principles of this technique
and its application to polymer systems using infrared spectroscopy
[29-32]. In a 2D infrared experiment, the sample is subjected to an ar-
bitrary environmental perturbation, such as a change in concentration,
temperature, pH, pressure, etc., which causes a physical or chemical
modification in the sample, which in turn leads to a measurable change
of some sort in the resulting spectrum. The system’s response to the
perturbation often manifests itself as a set of characteristic variations
in the spectrum, known as a dynamic spectrum. In a typical 2D exper-
iment, a series of perturbation-induced dynamic spectra are collected
in some sequential order. Such a set of spectra may be readily ma-
nipulated mathematically, using simple scheme correlation analysis,
to yield the desired 2D correlation spectra [31,32]. Figure 1 shows the
basic scheme for a 2DCOS experiment based on external perturbation
[31,32]. In traditional spectroscopy measurement, the interaction be-
tween electromagnetic radiation and the constituents of the sample are
analyzed in order to elucidate detailed information about the sample.
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6 CHAPTER 1. BACKGROUND

In 2DCOS, an additional external perturbation is applied during the
spectroscopic measurement to stimulate the system of interest.

Figure 1: General scheme for obtaining perturbation-based 2D
correlation spectra.

The spectral variations induced by the applied perturbation are
referred to as dynamic spectra in 2D correlation. The variations in
intensity of individual spectral frequencies are then mathematically
cross-correlated to produce contour plots called two-dimensional cor-
relation maps, in which several peaks appear. The positions and signs
of those peaks can be related to the effect of the applied perturbation.

In this thesis, the system under study is the chemical reaction and
the perturbation is the curing process over time.

The dynamic spectrum
∼
y(ν, t) of a system induced by the appli-

cation of an external perturbation is formally defined as follows:

∼
y(ν, t) =

{
y(ν, t)− y(ν) for Tmin ≤ t ≤ Tmax
0 otherwise

(1)

where y(ν) is the reference spectrum of the system that is com-
monly the average spectrum, calculated as follows:

y(ν) =
1

Tmax − Tmin

∫ Tmax

Tmin

y (ν, t) dt (2)

In some applications, however, the reference spectrum could be a
spectrum at the beginning of the experiment, or at the end, or in some
cases it could even be set to zero. The choice of the reference depends
on the specific 2D correlation analysis being applied.
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1.2. TWO-DIMENSIONAL SPECTROSCOPY ANALYSIS 7

The fundamental concept governing 2DCOS is a quantitative com-
parison of the spectral intensity variations along the perturbation (t)
observed at two different spectral variables, ν1 and ν2, over some fi-
nite observation interval between Tmin and Tmax. The similarity or
dissimilarity of spectral X(ν1, ν2) measured at two different spectral
variables, ν1 and ν2, during a fixed interval can be evaluated by means
of Equation (3):

X(ν1, ν2) = 〈
∼
y(ν1, t) ·

∼
y(ν2, t

′)〉 (3)

where the symbol 〈 〉 denotes the cross-correlation function.
Mathematical X(ν1, ν2) can be expressed as a complex number

function [31,32].

X(ν1, ν2) = Φ(ν1, ν2) + iΨ(ν1, ν2) (4)

comprising two orthogonal (real and imaginary) components
known as the synchronous Φ(ν1, ν2) and asynchronous Ψ(ν1, ν2) 2D
correlation intensities, respectively. The correlation intensity in the
2D synchronous and asynchronous maps reflects the relative degree of
in-phase or out-of-phase response, respectively.

Synchronous and asynchronous 2D correlation intensities are cal-
culated using Equation 5:

Φ(ν1, ν2) + iΨ(ν1, ν2) =
1

π (Tmax − Tmin)

∫ ∞
0

∼
Y1(ω)

∼
Y
∗

2 (ω) dω (5)

The term
∼
Y1(ω) is the forward Fourier transform of the spectral

intensity variations
∼
y(ν1, t) observed at a given spectral variable ν1,

with respect to the external variable t. It is given by:

∼
Y1(ω) =

∫ ∞
−∞

∼
y (ν1, t) e

−iωt dt =
∼
Y
Re

1 (ω) + i
∼
Y
Im

1 (ω) (6)

where
∼
Y Re

1 (ω) and
∼
Y Im

1 (ω) are, respectively, the real and imagi-

nary components of the Fourier transform (the real component
∼
Y Re

1 (ω)

is an even function of ω , while
∼
Y Im

1 (ω) is an odd function). The
Fourier frequency ω represents the individual frequency component of

the variation of
∼
y(ν1, t) traced along the external variable t. According

to Equation (1), the above Fourier integration of the dynamic spec-
trum is actually bound by the finite interval between Tmin and Tmax.
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8 CHAPTER 1. BACKGROUND

The conjugate of the Fourier transform
∼
Y ∗2 (ω) of the spectral intensity

variation
∼
y(ν2, t) observed at another spectral variable ν2, is given by:

∼
Y
∗

2 (ω) =
∫ ∞
−∞

∼
y (ν2, t) e

+iωt dt =
∼
Y
Re

2 (ω)− i
∼
Y
Im

2 (ω) (7)

Once the appropriate Fourier transform of the dynamic spectrum
∼
y(ν, t) defined in the form of Equation (1) is carried out with respect
to the variable t, Equation (5) will directly yield the synchronous and
asynchronous correlation spectra, Φ(ν1, ν2) and Ψ(ν1, ν2).

A modification of the generalized method was introduced by Noda
to simplify the calculations using the discrete Hilbert-Noda transform
in place of the complex Fourier transform [33-35]:

Φ =
1

n− 1

∼
D

T ∼
D (8)

Ψ =
1

n− 1

∼
D

T
N
∼
D (9)

Equations (8) and (9) are used to directly compute the synchronous
and asynchronous correlation intensities, respectively, for a discrete
data set D (of dimensions n x m corresponding to the n spectra
recorded in each experiment at the wavelength or wavenumber m),

where
∼
D denotes the mean-centered matrix of D, n represents the

number of the spectrum and N is the discrete Hilbert-Noda transfor-
mation matrix defined as follows:

N =
1

π



0 1 1/2 1/3 . . .

−1 0 1 1/2 . . .

−1/2 −1 0 1 . . .

−1/3−1/2 −1 0 . . .
...

...
...

... . . .


(10)

Two-dimensional synchronous spectra are symmetric with respect
to the diagonal line in the correlation map. Intensity maxima appear-
ing along the diagonal are called autopeaks and are always positive. In-
tensity maxima located at off-diagonal positions are called cross peaks.
The cross peaks may be positive or negative.

Two-dimensional asynchronous spectra are antisymmetric with re-
spect to the diagonal line in the correlation map. Only cross peaks
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1.2. TWO-DIMENSIONAL SPECTROSCOPY ANALYSIS 9

located at off-diagonal positions appear in asynchronous spectra; a
pair of cross peaks consists of two intensity maxima/minima, one of
which is necessarily positive and the other necessarily negative.

The synchronous and asynchronous maps provide complementary
information about the spectral bands. In the synchronous spectra cor-
relation Φ(ν1, ν2), the cross peaks indicate the correlation between
spectroscopic variables. Under the same perturbation, the increase or
decrease is simultaneous. More information can be obtained from the
corresponding asynchronous correlation spectra Ψ(ν1, ν2), where the
cross peaks develop only if the intensities of two dynamic bands change
asynchronously. Also, the sign of an asynchronous correlation peak,
Ψ(ν1, ν2), provides information about the sequential order of intensity
variations between bands ν1 and ν2. According to Noda and Ozaki,
when Φ(ν1, ν2) > 0, if Ψ(ν1, ν2) is positive, band ν1 varies before band
ν2, and, if Ψ(ν1, ν2) is negative, band ν1 varies after ν2. If Φ(ν1, ν2) <
0, the inverse rules apply [31,36,37].

1.2.2 Global phase angle

The global phase angle (Equation 11) represents the ratio between the
asynchronous and synchronous correlation intensities at given spectral
coordinates [38]. The coherence of signals [39,40] is used in this thesis
to find a reference value, which in turn is used to determine the optimal
number of iterations in the optimization step in MCR-ALS.

Θ = arctan

(
Ψ

Φ

)
(11)

1.2.3 Sample-sample two-dimensional correlation
spectroscopy (SS-2DCOS)

Over the past decade, two-dimensional correlation analysis has been
extended to analysis among sample variations. The basic concept of
the sample-sample correlation was originally proposed by Zimba [41].
The idea is based on a simple exchange of the rows and columns of
a data matrix when 2D spectra are calculated by means of matrix
algebra.

The interesting idea of sample-sample correlation was later re-
fined and utilized extensively by Šašić et al. [42]. A conventional
wavenumber–wavenumber synchronous spectrum can be related to a
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10 CHAPTER 1. BACKGROUND

covariance matrix. The synchronous sample-sample correlation enables
the pairwise comparison of spectral similarity of two samples by tak-
ing inner products of spectral vectors. Šašić et al. pointed out that,
although equivalent forms of matrices are found in chemometrics cor-
responding to synchronous spectra, no such equivalent form exists for
asynchronous spectra [42].

The sample-sample 2D covariance matrix of the experimental data

D centered along rows
∼
D is calculated using Equation 12:

Φ =
1

m− 1

∼
D
∼
D

T (12)

Each point in the sample-sample covariance matrix represents the
covariance between a given pair of samples measured at different reac-
tion times. Each vector or slice spectrum in this matrix gives informa-
tion about the evolution of each sample in the matrix D. Thus, if we
correlate these slices, we can detect the point of maximum dissimilarity
or maximum variability.

1.2.4 Perturbation-correlation moving-windows
two-dimensional correlation spectroscopy
(PCMW2D)

The concept of autocorrelation-based moving-windows 2D correlation
analysis was originally introduced by Thomas and Richardson [43]. In
this case, correlation analysis is applied to a window of spectra from
data matrix D. The autopeaks are detected on the correlation map.
Successive correlation maps are found by incrementing the position of
the window along the perturbation axis. A waterfall plot of autopeaks
is generated as a function of the wavenumber and perturbation vari-
able. Moving-windows 2D analysis is especially useful for the rapid
identification of the characteristic zone of spectral intensity changes
along the perturbation axis. PCMW2D correlation spectroscopy [44] is
a powerful variant form of the moving- windows analysis derived from
the generalized 2DCOS [31,32] and moving-windows 2D correlation
analysis [44]. This method is characterized by a synchronous ΠΦ and
asynchronous ΠΨ correlation spectra spread on a 2D plane defined
by the spectral variable axis (wavenumber) and the perturbation vari-
able axis (reaction time). Because the correlation intensities are cal-
culated in a sub-divided matrix named ”moving-windows” along the
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1.2. TWO-DIMENSIONAL SPECTROSCOPY ANALYSIS 11

perturbation directions, it is necessary to define the size of the window
(2m + 1 = size). The correlation between the spectral variation and
perturbation variation of the windows is calculated. According to the
study of Morita et al. [44], the synchronous ΠΦ and asynchronous ΠΨ

PCMW2D correlation spectra are proportional to the first derivative
and the opposite sign of the perturbation second derivative, as shown
in Equations (13) and (14), respectively.

ΠΦ(ν, pj) =
1

2m

j+m∑
J=j−m

∼
A(ν, pJ) ·

∼
pJ ∼

[
∂A(ν, t)

∂t

]
ν

(13)

ΠΨ(ν, pj) =
1

2m

j+m∑
J=j−m

∼
A(ν, pJ)

j+m∑
K=j−m

NJK ·
∼
pK ∼ −

[
∂2A(ν, t)

∂t2

]
ν

(14)

where A is absorbance (spectral intensity) as a function of
wavenumber ν and perturbation p and NJK is the discrete Hilbert-
Noda transformation. This method makes it possible to extract infor-
mation about the variation of the spectral gradient along the reaction
[44,45,46].
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12 CHAPTER 1. BACKGROUND

1.3 Multivariate curve resolution

method

Self-modeling curve resolution was first introduced by Lawton and
Sylvester [47]. The method, as first reported, resolved two-component
mixture spectra into non-negative concentration profiles and non-
negative absorption spectra of the pure constituents without any prior
knowledge. Of the various different approaches that have been used,
this thesis focuses on the MCR-ALS algorithm that was first intro-
duced by Karjlainen [48] and later expanded by Tauler [49-52].

1.3.1 Multivariate curve resolution - alternating
least squares (MCR-ALS)

This section, first presents the general scheme for obtaining the con-
centration and spectroscopic profiles of the chemical species involved
in a reaction by means of alternating least squares. Afterwards, the
methodology developed in this thesis, which considers 2DCOS infor-
mation before or during the application of MCR-ALS, is presented.
Following the methodology depicted in Figure 2, various multivari-
ate analysis techniques (EFA, SIMPLISMA, etc.) can be used for the
MCR-ALS decomposition indicated in Equation 15. Because they are
widely known and covered extensively in the literature, these tech-
niques not described in this thesis.

Multivariate curve resolution-alternating least squares (MCR-
ALS) [49-52] aims to decompose the raw data matrix D into two sub-
matrices according to Equation (15).

D = CST+E (15)

where D is the data matrix (in our case containing the raw spectra
monitored during the process), C contains the concentration profiles

of the chemical species and ST contains the pure spectra. E is the
residual matrix after decomposition.
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1.3. MULTIVARIATE CURVE RESOLUTION METHOD 13

Figure 1

The MCR-ALS operating procedure can be summarized in five
steps:

1) Determination of the number of components (i.e. rank determi-
nation).

2) Generation of an initial estimate of C or ST.

3) Constrained least-squares calculation of ST using the C esti-
mate.

ST = C+D

4) Constrained least-squares calculation of C using the calculated

ST.

C = D(ST)+

5) Reproduction of D from CST. Then, takes place an iterative
process starting from step 3 is implemented. In this process, ALS es-
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14 CHAPTER 1. BACKGROUND

timates the pure variables C and ST until convergence is achieved by
minimizing the error criterion of the sum of squared residuals (SSR).

SSR = ‖D-CST‖.
The procedure requires an initial estimate of either concentration

profiles (C) or spectra (ST), which, as mentioned above, can be esti-
mated by means of several multivariate analysis techniques. The solu-
tions of MCR-ALS (C and ST) are subject to ambiguities [50]. Con-
straints are therefore used to limit the number of possible solutions,
e.g. by forbidding negative concentrations. Non-negativity is applied
to concentration values, but other constraints can also be used, such
as unimodality, closure or local rank information [51,52].

Non-negativity: can be applied to all profiles of concentration
and some types of instrumental responses (i.e. UV spectra, infrared,
etc.). This restriction imposes that all values of a profile (of concen-
tration or response) must be greater than or equal to zero [51,52].

Closed system: This restriction imposes that the sum of the con-
centrations of species present in a system (or systems) must be con-
stant at all times [51,52].

Unimodal: This restriction imposes the presence of a single max-
imum (absolute maximum) in the profiles [51,52,53]

The goodness of the MCR-ALS model can be evaluated by testing
for lack of fit:

lof =

√√√√√∑i
∑

j(dij − d̂ij)∑
i
∑

j di2j
(16)

where dij represents each element of the experimental matrix D

and d̂ij represents the elements calculated by the CST product.

Another parameter that provides similar information, is the per-

centage of explained variance given by the CST product:

R2 =

∑
i
∑

j d̂i
2
j∑

i
∑

j di2j
(17)

Moreover, to evaluate the quality of the estimated profiles (con-
centration and spectra), their correlation with the real profiles can be
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1.3. MULTIVARIATE CURVE RESOLUTION METHOD 15

calculated using Equation (18). To do this, obviously, it is necessary
to know the real profiles, and this is not always possible.

r = cos γ =
sTi ŝi
‖si‖·‖ŝi‖

(18)

where γ is the angle defined by the vectors associated with the
recovered MCR-ALS (̂si) profile and the real profile (si), for a given
studied species i.

1.3.2 Two-dimensional spectroscopy analysis and
multivariate curve resolution - alternating
least squares

The following flowchart presents the strategy employed in this thesis.
The key point is the consideration of 2DCOS information before or
during the application of MCR-ALS

This correlation information is used for different purposes:

a) To determine the number of components, variable-variable
2DCOS is employed as explained in Section 1.2.1.

b) To find concentration profiles, sample-sample two-dimensional
correlation spectroscopy analysis (SS-2DCOS) is employed as ex-
plained in Section 1.2.2. To find the most representative profiles, to
be used later as initial estimates in the application of MCR-ALS, the
value of the correlation coefficient is employed. This procedure is
described in detail below.

The correlation coefficient ρ between two vectors or slices (i and
j) calculated from SS-2DCOS is defined in Equation 19. With values
ranging from +1 to -1, it is a measure of the similarity of the two
vectors or slices.

ρij =
cov(i, j)

SDi · SDj
(19)

The concentration profiles of a reaction R (reactive)→P (prod-
uct) can be represented by two symmetric profiles, corresponding to
each of the species involved. For reactions of this sort, the value of
the correlation coefficient between the two profiles is -1. When in-
termediate compounds take part in the reaction, i.e. R (reactive)→I
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Figure 2

(intermediate)→P (product), several different concentration profiles
can be found to represent the dynamic evolution of the system de-
pending on the reaction kinetic. In reactions of this sort, when the
correlation coefficients are calculated between all profiles, an interval
between +1 and -1 is found, with the zero value corresponding to the
point of maximum dissimilarity between the profiles.

c) To determine the optimal number of iterations during the op-
timization step according to ALS, the global phase angle is employed
as explained below.

The global phase angle convergence criterion is a good strategy for
balancing the purely mathematical model with the physical model un-
derlying the system. The criterion is defined as the sum of the squared
residuals between the global phase angle of the original spectra D and
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1.3. MULTIVARIATE CURVE RESOLUTION METHOD 17

the reconstructed spectra D̂= CST.

SSRΘ = ‖Θ− Θ̂‖ (20)

where Θ̂ is the global phase of the reconstructed spectra D̂.
If this criterion is to be used, the optimal value of SSRΘ must be

identified during the ALS iteration process. ALS minimizes SSR by a
sequential matrix rotation process, and SSR gradually decrease with
the increase in the number of iterations. The error criterion based on
global phase angle, is a reflection of the underlying physical model
[58].
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Chapter 2

EXPERIMENTAL

19
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2.1. INSTRUMENTAL TECHNIQUES 21

This chapter describes the experimental work that has been done:
the main curing reactions, the experimental conditions and the reac-
tion schemes.

2.1 Instrumental techniques

This section describes theoretical concepts related to the practical ap-
plication of the instrumental techniques used in the aforementioned
research.

Near-infrared (NIR) spectroscopy

Near- infrared (NIR) spectroscopy measurements were carried out
in the transflectance mode. In the transflectance mode, radiation
passes through the sample to a reflective surface (which may be ce-
ramic, gold or stainless steel), is reflected, and returns back through
the sample to reach the detector (Figure 3 and Figure 4). The ab-
sorbed radiation is proportional to the concentration and follows the
Beer-Lambert law if there are no particles in the sample that cause
turbidity or scattering of radiation [59]. The measurements were taken
using a NIR spectrophotometer (Bran+Luebbe InfraAlyzer 500).

Figure 3: Schematic optical path of a NIR instrument.
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22 CHAPTER 2. EXPERIMENTAL

Figure 4: Schematic liquid cell in the NIR measurement.

Fourier transform infrared spectroscopy-attenuated total
reflection (FTIR/ATR)

Attenuated total reflection (ATR), also known as internal reflec-
tion spectroscopy (IRS), is a versatile, nondestructive technique for
obtaining the infrared spectrum of the surface of a material. In this
technique, the sample is placed in contact with the internal reflection
element (Figure 5) where the light is totally reflected, several times,
and the sample interacts with an evanescent wave [60]. The internal
reflection element was made from diamond, in the ATR cell (Specac
Golden Gate) . The curing reactions were done under control tem-
perature. The FTIR/ATR spectra recorded during the monitoring of
the curing reaction were obtained with an FT-IR 680 PLUS JASCO
spectrometer (Figure 6).

Figure 5: Schematic ATR cell in the FTIR measurement.
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2.1. INSTRUMENTAL TECHNIQUES 23

Figure 6: Schematic diagram of a FTIR instrument.

Nuclear magnetic resonance (NMR)

This technique was employed to confirm the presence of a final
product. NMR spectra (1H, 400 MHz; 13C 100.6 MHz) were recorded
using a Varian Gemini 400 spectrometer with Fourier transform, with
deuterated chloroform (CDCl3) used as the solvent and tetramethyl-
silane (TMS) used as the internal standard.
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2.2 Cases studied

2.2.1 Monitoring reaction between phenyl gly-
cidyl ether and γ-butyrolactone by NIR

Scheme 1 shows the possible reactions between PGE (1) and γ-
butyrolactone (2). The first reaction (a) corresponds to the formation
of spiro-orthoester (SOE) (3), the second reaction (b) corresponds to
the homopolymerization of PGE (4), and the third reaction (c) is the
copolymerization of PGE and SOE to obtain the copolymer (5).

Scheme 1: reaction between phenyl glycidyl ether and γ-butyrolactone
(1:1) at 95◦C.
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2.2.2 Curing reaction of diglycidyl ether of
bisphenol A with γ-valerolactone by FTIR/
ATR

The curing reaction of DGEBA with the γ-valerolactone (γ-VL) mix-
ture involves several reactions (Scheme 2). The first reaction corre-
sponds to the formation of an intermediate SOE. The second reaction
corresponds to the DGEBA homopolymerization. The third reaction
corresponds to the copolymerization of the SOE with epoxide. Finally,
the fourth reaction corresponds to the homopolymerization of SOE.

Scheme 2: reaction of diglycidyl ether of bisphenol A with γ-
valerolactone (2:1) at 160◦C.
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2.2.3 Curing reaction of diglycidyl ether of
bisphenol A homopolymerization by FTIR/
ATR

In this process, the only reaction that takes place is the second re-
action of Scheme 3. The curing reaction of the homopolymerization
of DGEBA is a cationic ring opening of epoxides, and it can proceed
through two different mechanisms: activated monomer (AM) and ac-
tive chain end (ACE). Both mechanisms, which can coexist, are shown
in Scheme 3.

Scheme 3: cationic ring opening of epoxides, and it can proceed
through two different mechanisms: activated monomer (AM) and ac-
tive chain end (ACE).
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2.3 Other measurements

2.3.1 1H and 13C NMR spectra of the final prod-
uct in the reaction between phenyl glycidyl
ether and γ-butyrolactone

NMR spectra (1H, 400 MHz; 13C, 100.6 MHz) of the product were
obtained after 100 minutes of reaction, with Fourier transform, CDCl3
as the solvent, and tetramethylsilane (TMS) as the internal standard.
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CHAPTER 3. RESULTS 31

3.1 Quantitative resolution of a model epoxy
reaction using wavelength-wavelength two-
dimensional NIR correlation spectroscopy
and MCR-ALS

In order to validate the methodology proposed in this thesis, the first
study was done with a model reaction representing a cationic curing
reaction.

The model reaction was the epoxy reaction between PGE and γ-
butyrolactone. On the basis of an analysis of the spectra set recorded
during the reaction by two-dimensional NIR correlation spectroscopy,
only one reaction is postulated. The chemical species involved in this
reaction are the reactant and the final product (SOE). The concentra-
tion and spectra profiles of this species were obtained by MCR-ALS.

In a previous study by the Rovira i Virgili University Polymer
Group, the SOE was isolated and the NIR spectrum of this product
was recorded. This spectrum was compared to the estimated spectral
profiles found by MCR-ALS.
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Abstract

The spiroorthoester synthesis include several and compet-
itives reactions. A way of determining the reactions that are
taking place and their sequential order, is presented. The re-
action between the phenylglycidylether and γ-butyrolactone to
obtain a spiroorthoester has been monitored by near-infrared
spectroscopy (NIR). In addition to the formation of the cor-
responding spiroorthoester, some parallel processes can occur.
By means of Two-Dimensional Correlation Analysis, only one
reaction is postulated, the one corresponding to the spiroortho-
ester formation. This was confirmed by recording the NMR
spectra of the final product. Applying Multivariate Curve
Resolution - Alternating Least Squares (MCR-ALS) to the
NIR spectra obtained during the reaction, has been possible
to obtain the concentration values of the species involved in
the reaction. The recovered spectra were compared with the
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experimentally recorded spectra for the reagents (phenylgly-
cidylether, γ-butyrolactone) and the final product (spiroortho-
ester) and the correlation coefficients were, in all cases, higher
than 0.990. The maximum and minimum limits associated
with the ALS solutions were calculated making possible to limit
to a considerable extent the ambiguity that is characteristic of
these curve resolution methods.

1 Introduction

Epoxy resins have a good combination of attractive properties such as
moisture, solvent and chemical resistance, toughness, superior electri-
cal and mechanical properties, and good adhesion to many substractes
[1]. However, the curing of epoxy resins is generally accompanied by
shrinkages of 4-5% because the covalent bonds, which form between
chains, increase the density of the materials. This shrinkage is a major
problem in industrial applications because it leads to the formation of
microvoids and microcracks, which reduce the durability of material
and worsen the properties.

One way of solving this problem is to copolymerise the epoxy resins
with the so-called “expanding monomers” [2], which are monomers
that lead to zero shrinkage or even positive expansion during poly-
merisation [2-5]. The most useful cyclic monomers are spiroorthoesters
which lead by cationic homopolymerisation to poly(ester-ether) chains
and it is reported to maintain their volume or actually expand dur-
ing the double ring-polymerization. Spiroorthoester can be readily
synthesized from epoxides and lactones [6,7] and undergo cationic
ring-opening polymerisation by Lewis acid catalysts. In addition to
the formation of the corresponding spiroorthoester, some parallel pro-
cesses can be expected: the homopolymerisation of the epoxide and
the copolymerisation of the spiroorthoester with epoxide.

This work focused in the study of the different reactions which can
take place and the quantitative contribution of the chemical species
involved using two chemometrics methods, the 2D correlation and mul-
tivariate curve resolution of the spectra recorded during the reaction.
This methology has been used to obtain the pure spectra and profiles
concentration of the polystyrene, methyl ethyl ketone and deuterated
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toluene obtained in the solvent evaporation process of their mixture us-
ing the FTIR spectra [8] and to analyze the Raman spectra recorded
from the reaction of malonitrile with KOH carried out in the ionic
liquids [9] In this work the reaction studied is an advance owing to
the possibility of competing side reactions. It has been demonstrated
that near infrared spectroscopy (NIR) with multivariate curve resolu-
tion methods, such as multivariate curve resolution-alternating least
squares (MCR-ALS), is a useful tool to obtain the spectra and con-
centration profiles of the chemical species involved in a reaction [10].

A previous and very important step, in the optimization process of
MCR-ALS applied to the NIR spectra obtained in reaction monitor-
ing, is to find the chemical rank of the spectra data matrix. Ideally,
this rank is the same of the number of chemical species involved in
the reaction. Several algorithms based on factor analysis [11] are used
to calculate this number. The chemical interpretation of this step
requires an accurate analysis of the spectral changes observed in the
recorded spectra. This stage becomes more difficult when the differ-
ent chemical specie involved in the reaction have the same functional
groups and the observed changes in the spectra can be assigned to more
than one specie and in addition, several reactions simultaneously can
coexist.

In this work the reaction between the phenylglycidylether and
γ-butyrolactone in presence of ytterbium triflate, as cationic initia-
tor, has been monitorized by NIR. Two-dimensional correlation spec-
troscopy (2D correlation) analysis and MCR-ALS have been applied
to elucidate the mechanism of this reaction. The analysis of the corre-
lation map (synchronous and asynchronous) allows the establishment
of unambiguous assignments of bands. Thus, only one reaction, the
spiroorthoester formation, is postulated when phenylglycidylether and
γ-butyrolactone react. This was confirmed by recording the NMR
spectra. This is also in accordance with the significant number of val-
ues calculated by singular value decomposition (SVD) of the chemical
rank of the spectra data matrix.

In these conditions, the problem of rank deficiency usually found in
the application of MCR-ALS to the data matrix of chemical reactions
monitoring, was detected. This problem of rank deficiency is overcome
by using the chemical information of the reagents. The MCR-ALS re-
sults are evaluated by the residuals and parameters such as lack of fit,
the percentage of explained variance and the coefficient of similarity
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between the recovered spectra and the spectra of the pure species.
The maximum and minimum limits of the solutions found by ALS, in
accordance with the method established by Tauler et al. [12], are in-
cluded. To our knowledge, this work is the first attempt of describing,
in a comprehensive way, the involved reactions in the spiroorthoester
formation.

2 Experimental

2.1 Reaction conditions and procedure

Scheme 1 shows the possible reactions between phenylglycidylether
(1) and γ-butyrolactone (2). The first reaction (a) corresponds to
the formation of spiroorthoester (3), the second reaction (b) to the
homopolymerisation of phenylglycidylether to obtain the phenylgly-
cidylether homopolymer (4), and the third reaction (c) is the copoly-
merisation of phenylglycidylether and spiroorthoester to obtain the
copolymer (5). Note that, as γ-butyrolactone does not homopoly-
merise for thermodynamic reasons, therefore this reaction does not
appear in Scheme 1.

The reaction between phenylglycidylether and γ-butyrolactone (1:1
mol/mol), in the presence of 1 phr (parts of initiator per 100 part of
mixture, w/w) of ytterbium triflate was carried out in isothermal con-
ditions at 95◦C. The experimental procedure involves mixing 1051.2
mg of phenylglycidylether and 601.5 mg of γ-butyrolactone at room
temperature to obtain the molar ratio (1:1). Immediately after, 1 ml of
this mixture is injected into the liquid cell of the NIR spectrophotome-
ter which is kept under controlled temperature of 95◦C by recycling
hot water-glycerin.

2.2 Data acquisition and pre-treatment of NIR
spectra

The data correspond to the NIR spectra recorded every 4 nm between
1600 nm and 2400 nm in an InfraAlyzer 500 Bran+Luebbe spectropho-
tometer. The instrument is design to measure the reflectance of the
samples using as reference, when the radiation is reflected over a stain-
less steal disk. For each experiment, data at intervals of 2 minutes
until the end of the reaction were acquired. The band at 2208 nm,
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Scheme 1: Chemical reaction of phenylglycidylether with γ-
butyrolactone (1:1) at 95◦C. (1) phenylglycidylether, (2) γ-
butyrolactone, (3) spiroorthoester, (4) phenylglycidylether homo-
polymer and (5) copolymer.

which is characteristic of the oxirane group [1], was chosen as a ref-
erence. Thus, the reaction was considered to be completed when this
band disappeared (see Figure 1). In this way, we considered that the
reaction ended after 100 minutes. In this time, 50 spectra were ob-
tained. NIR spectra of the pure reactants were also recorded in the
same experimental conditions. Also, the NIR spectrum of the syn-
thesized spiroorthoester [13] was recorded to compare it to the results
discussed below.

Spectra were exported and converted into MATLAB binary files
[14]. Experimental data corresponding to the reaction were arranged
in a matrix D of (50 x 201), whose rows were the number of recorded
spectra and whose columns were the log (1/R) (R = reflectance) values
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Figure 1: NIR spectra, N0 1 (solid line) and N0 50 (dotted line).

at different wavelengths. All the original spectra were pre-treated
with offset correction [15] to eliminate any vertical shift in the spectra
caused by using a NIR spectrophotometer with only one light beam.

2.3 NMR spectra

NMR spectra (1H, 400 MHz; 13C, 100.6 MHz) of the product obtained
after 100 minutes of the reaction, were recorded using a Varian Gemini
400 spectrometer with Fourier transform CDCl3 as the solvent, and
tetramethylsilane (TMS) as internal standard.

1H NMR δppm) of the synthesized spiroorthoester[13]: 2.02 (2H,m),
2.19 (2H,m), 3.95 (4H,m), 4.06 (1H,m), 4.24 (1H,t), 4.63 (1H,m), 6.91
(2H,m), 7.28 (1H,m), 7.28 (2H,m).

13C NMR δppm) of the synthesized spiroorthoester[13]: 24.17 (t),
32.65 (t), 66.36 (t), 67.27 (t), 67.86 (t), 73.60 (d), 114.43 (d), 121.09
(d), 129.30 (d), 129.59 (s), 158.35 (s).
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2.4 Data analysis

2.4.1 Two-dimensional correlation analysis

To minimize the noise effect [16-18], two-dimensional correlation maps
were calculated using the data reconstructed from the two first prin-
cipal components of the original data matrix D [19]. The percentage
of the recovered variance was 99.98%.

Synchronous and asynchronous 2D NIR correlation spectra were
calculated using an algorithm based on a numerical method developed
by Noda and Ozaki [20-23]. The 2D correlation calculations, using the
data reconstructed, were preceded by substracting from the normal-
ized data the average spectrum considered as reference spectrum of the
system, obtaining of this way the dynamic spectrum. For sake of clar-
ity, the maps were constructed in two wavelength intervals: 2250-1600
nm and 2400-1850 nm, using in both only six spectra (the number 1,
10, 20, 30, 40 and 50, in the reconstructed matrix, that are evenly
spaced in time and corresponding to the time reaction of 0, 20, 40, 60,
80 and 100 min, respectively). Synchronous and asynchronous maps
provide complementary information about the spectral bands. In the
synchronous spectra correlation Φ(ν1, ν2)the cross peaks indicate the
correlation between spectral variables (wavelength). Under the same
perturbation, the increase or decrease is simultaneous. More informa-
tion can be obtained from the corresponding asynchronous correlation
spectra Ψ(ν1, ν2), where the cross peaks develop only if the intensities
of two dynamic bands change asynchronously. Also, the sign of an
asynchronous correlation peak, Ψ(ν1, ν2), provides information about
the sequential order of intensity variations between band ν1 and ν2 Ac-
cording to the Noda and Ozaki [21] publications, if the synchronous
cross peak is positive, Φ(ν1, ν2) > 0, and the asynchronous peak is
positive,Ψ(ν1, ν2) > 0, ν1 varies before ν2. If the asynchronous peak is
negative,Ψ(ν1, ν2) < 0, the band ν2 varies before ν1. When the syn-
chronous cross peak is negative Φ(ν1, ν2) < 0, and the asynchronous
peak is positive,Ψ(ν1, ν2) > 0, ν2 varies before ν1. If the asynchronous
peak is negative, Ψ(ν1, ν2) < 0, the band ν1 varies before ν2. Two-
dimensional correlation analysis was performed using “2D shige” of
Shigeaki Morita [24].
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2.4.2 Multivariate curve resolution-alternating least squares
(MCR-ALS)

of the MCR-ALS method is to transform the theoretical solution ob-
tained by factor analysis of the experimental data matrix D, in order
to obtain matrices C and ST which have a real chemical significance,
according to eqn (1):

D = CST+E (1)

in which matrix C (n x c) has column vectors corresponding to
the concentration values of the c pure components for each sample (n
= number of recorded spectra), that are present in matrix D. The

row vectors of matrix ST (c x m) correspond to the spectra between
the wavelength λ1 and λm, of the c pure components, and E is the
matrix of the residuals. First, the number of compounds present in D
that have chemical information, is estimated from the “chemical rank”
associated with the data matrix D. This determination is performed
by Singular Value Decomposition (SVD)[25], knowing that singular
values associated with chemical compounds are larger than singular
values associated with noise and experimental error.

The detected problem of the rank deficiency was overcome ap-
pended the NIR spectra of reagents to the data matrix D as a new
row vectors. A new augmented matrix M is obtained. In the opti-
mization process, in which ALS is applied to the matrix M, several
constraints were imposed: non-negativity for the concentrations pro-
files to be resolved in matrix C and to the spectral profiles in matrix
ST, and closure for the concentrations profiles. Likewise, a local rank
constraint of selectivity and equality was imposed at the starting point
of the reaction.

The percentage of variance explained by the product of CST and
the lack of fit were used as parameters to evaluate the performance of
the model. The initial estimates found by MCR-ALS were used in the
optimization process indicated in eqn (2), to define the bands in which
the real profiles are found. Initial matrix T is the identity matrix, of
the same dimensions as C. The restrictions mentioned above were used

D = CinicS
T
inic= CinicTminT

-1
minS

T
inic = Cmin,kS

T
min,k =

= CinicTmax,kT
-1
max,kS

T
inic = Cmax,kS

T
max,k (2)

Theory and application of MCR-ALS have been described in detail
[26,27] and freely available subroutines of MATLAB by R. Tauler was
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used for MCR-ALS analysis [28].

3 Results and discussion

3.1 Infrared analysis

Fig. 1 shows the first and the last spectra recorded in the experiment.
As can be seen all spectra are also inserted in the figure, to show that
along the reaction the changes in the absorption bands always go in
the same direction, either the bands decrease or increase. To facilitate
the analysis of the observed changes, we will only refer to the first and
later spectra.

The principal changes correspond to the following vibrations: de-
crease of the absorption bands intensities at 2208 nm and 1644 nm
characteristics of oxirane group present in phenylglycidylether (1, Sche-
me 1). The same happens with the absorption bands at 1906 nm and
2100 nm characteristics of the C=O group present in γ- butyrolac-
tone (2, Scheme 1) and in the copolymer (5, Scheme 1). As the
intensity of these bands always decreases, it can be an indication that
in the mentioned experimental conditions, the copolymerisation reac-
tion between phenylglycidylether and spiroorthoester has not taken
place, or if this copolymerisation reaction took place the production
of copolymer would be at a much slower rate than consumption of
γ-butyrolactone. Also, an increase of the absorption bands intensities
at 1734 nm, 2275 nm and 2310 nm is observed. These bands are char-
acteristics of the stretching vibrations of the C-H bond of the CH2

groups, presents in all chemical species of the Scheme 1. So, it could
be due to the 3, 4 and 5 in Scheme 1.

3.2 Two-dimensional correlation analysis

The two dimensional correlation spectroscopy analyses can help in
the interpretation of the chemical reactions. Fig. 2A and 2B show
the synchronous correlations maps between 2250 nm and 1600 nm
and between 2400 nm and 1850 nm, respectively. As it was ex-
pected, negative cross peaks are observed between the characteris-
tics bands of product and reagents (1 and 2): in (Fig. 2A), (1734,
2208) nm of (spiroorthoester, phenylglycidylether), (1734, 1644) nm of
(spiroorthoester, phenylglycidylether), (1734, 1906) nm of (spiroortho-
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ester, γ-butyrolactone); and in (Fig. 2B), (2275, 2208) nm of (spiroor-
thoester, phenylglycidylether), (2310, 2208) nm of (spiroorthoester,
phenylglycidylether), (2310, 2100) nm of (spiroorthoester, γ-butyrolac-
tone), (2275, 1906) nm of (spiroorthoester, γ-butyrolactone).

These maps provide information about the simultaneous changes
which occur in the NIR spectra of the reaction. If phenylglycidylether
homopolymerisation reaction should take place, the changes at 1734
nm, 2275 nm and 2310 nm will not be simultaneous to the changes at
2100 nm and 1906 nm which are characteristic of γ-butyrolactone, and
synchronous peaks will not be observed in the synchronous map (Fig.
2A and 2B). Moreover, if the production of copolymer (5, Scheme
1) took place the positive synchronous peaks would not be observed
between the bands of both reagents, phenylglycidylether (2208 nm)
and γ-butyrolactone (1906 nm). Because there is a positive peak this
reaction must not take place or only in a non significant extension.

Cross peaks are also observed between the characteristics bands of
reagents (phenylglycidylether and γ-butyrolactone) and products in
the asynchronous map (Fig. 2C and 2D) where changes out phase are
detected. Applying the Noda rules (Table 1), additional information
about the sequential order of the changes observed can be obtained.
Relative to the above mentioned peaks, the sequencial order is the one
expected. The characteristics bands from the reagents change before
the characteristics bands from products. It must be noted that the
band at 1906 nm, band characteristic of γ-butyrolactone, changes be-
fore than the one at 2208 nm, band characteristic of oxirane group of
phenylglycidylether. So, it can be attributed to the fact that the reac-
tion is iniciated by the formation of a coordination compound, between
of γ-butyrolactone and the catalyst, which further facilitates the oxi-
rane ring opening. This behaviour is the usual in presence of a Lewis
acid catalyst [29]. This fact indicates that the phenylglycidylether ho-
mopolymerisation, which must produce intensity decrease at 2208 nm,
is less favoured than the reaction between phenylglycidylether and γ-
butyrolactone. As conclusion of the above spectral analysis, we can
postulate that in these experimental conditions, the only significant
reaction that takes place is the one of spiroorthoester formation.
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Figure 2: Synchronous spectra 2D NIR correlation map, (A and B)
and asynchronous spectra map 2D NIR correlation map (C and D).
Positive cross peaks in white contour, negative cross peaks in grey
contour. Between 2250 and 1600 nm (A and C) and between 2400
and 1850 nm (B and D).

3.3 NMR analysis

Fig. 3A and 3B shows the 1H and 13C NMR spectra, respectively,
of the products obtained after 100 minutes of reaction, with all the
assignments. As can be seen all signals correspond unequivocally to
spiroorthoester. These results confirm the postulated above that the
only product obtained in the studied reaction is the spiroorthoester.
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3.4 Multivariate curve resolution-alternating least
squares
(MCR-ALS)

Table 2 shows the information from the rank analysis of experimental
matrix D (50 x 201). Only the five first values of the singular values
calculated by SVD are shown. A visual analysis of them shows that
only two factors can be considered significantly different from the oth-
ers. This is in agreement with Amrheim et al. [30] who report that the
number of significant factors corresponds to the number of indepen-
dent reactions plus one. This agrees with the postulation that only
the reaction of spiroorthoester formation takes place.

The strategy followed to overcome the rank deficiency is to ap-
pend, as new row vectors (column-wise augmented data matrix), the
pure spectra of phenylglycidylether and γ-butyrolactone. So, the new
matrix M contains 52 spectra. The results of the rank analysis of this
M matrix are also shown in Table 2. Now, there was a considerable
increase in the third singular value, whose magnitude was similar to
the second singular value of the D matrix. The rank deficiency, there-
fore, is broken and an attempt can be made to resolve the system
satisfactorily. In accordance with the previous discussion, the initial
estimates of the profiles required to apply MCR-ALS were: the spec-
tra of pure of phenylglycidylether and γ-butyrolactone and for the
product (spiroorthoester) the later spectra recorder in matrix D. In
the optimization process, in which ALS is applied to the M matrix,
two constraints were imposed; non-negativity for the concentrations
profiles to be resolved in matrix C and for the spectral profiles in ma-
trix ST, and closure for the concentrations profiles. Likewise, a local
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rank constraint of selectivity zone was imposed at the starting point of
the reaction so that the concentration of the product associated with
spiroorthoester was zero. This constraint is an approximation of real-
ity because the first spectrum was recorded immediately after the two
reagents were mixed. Also, constraint of equality was imposed at the
stating point of the concentration values associated whit the reagents
phenylglycidylether and γ-butyrolactone. The percentage value of to-
tal mass mixture corresponding to each reactive was imposed at the
stating point of the concentration profile.

Figure 3: Shows the 1H and 13C (A and B) NMR spectra of the
spiroorthoester obtained by cationic polymerisation. This result con-
firms the previous analysis, where only reaction that takes place is the
one of spiroorthoester formation.
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Figure 4: Spectra of the species recovered by MCR-ALS.
phenylglycidylether (solid line), γ-butyrolactone (dotted line) and
spiroorthoester (dash-dot line).

The found results during the optimization process gave rise to ma-
trix C (52 x 3), which contained the concentration profiles for the three

compounds and ST matrix (3 x 201) which contained the correspond-
ing spectra profiles. The product of both matrices, in accordance with
eqn (1), accounts for 99.99 % of the variance associated with the aug-
mented experimental M matrix. The percentage of lack of fit was 0.96
%, which in quantitative terms means that it explains practically all
the variability of the experimental data as a product of the found spec-
tral and concentration profiles. However, this fit parameter provides
an overall measure of the residual.

Fig. 4, shows the recovered spectral profiles for the species that
are involved in the chemical reaction. The goodness of the spectral
profiles was determined, in quantitative terms, using the similarity co-
efficient (r) between the recovered spectra and the experimental spec-
tra. To calculate the r value for spiroorthoester, the recovered spec-
trum of spiroorthoester was compared to the spectrum corresponding
to a sample of pure spiroorthoester synthesized by us [11]. The r
values calculated were: 0.9973 for phenylglycidylether, 0.9985 for γ-
butyrolactone and 0.9951 for spiroorthoester, indicating that all the
recovered profiles have a high degree of concordance with the original
ones.
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Fig. 5, shows the concentration evolution of the chemical species.
ALS results are expressed in mass units, so the corresponding values
in moles were obtained by dividing each concentration profile by the
corresponding molecular weight, assuming that each species and their
molecular weight are known. In overall terms, this is a good reflection
of the one expected, because independently of the catalyst effect on
γ-butyrolactone, the result is a stoichiometric reaction. In the same
way, as the reagent concentrations decrease the product concentration
increase.

A more detailed analysis shows that, at the beginning of the reac-
tion, the mol number for the reagents is the same and its value corre-
spond to the mol number of the mixture. This situation was expected
as equality constraints were applied in the optimization process. But,
while the reaction is taking place, the evolution of the concentration
profiles of γ-butyrolactone and phenylglycidylether are different being
at the end of the reaction, the phenylglycidylether concentration zero
while there is still some γ-butyrolactone. This can be explained if we
take into account that the found solution is only one of the many that
are possible. These solutions are to be found within the bands that
include the possible values that minimize the E matrix eqn (1). Fig.
6 shows the limits associated with these possible solutions for the con-
centration profiles. These bands explains the discrepancies observed
in the case of the unique solution shown in Fig. 5. To calculate these
bands, the same constraint of selectivity and equality above indicated
were imposed at the starting point of the reaction. For this reason,
the ambiguity of the solution is more evident as the reaction goes on.
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Figure 5: Concentration profiles of the species recovered by MCR-
ALS. phenylglycidylether (solid line), γ-butyrolactone (dotted line)
and spiroorthoester (dash-dot line).

Figure 6: Maximum and minimum limits associated with the val-
ues of the concentration profiles by MCR-ALS. phenylglycidylether
(solid line), γ-butyrolactone (dotted line) and spiroorthoester (dash-
dot line).
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4 Conclusions

In this study we have shown that generalized 2D NIR correlation is
a powerful technique for identifying the sequential order in a cationic
reaction, where different and competitive processes can occur, from
phenylglycidylether and γ-butyrolactone. In the experimental condi-
tions only one reaction is postulated, the one corresponding to the
spiroorthoester formation. This was confirmed by recording the NMR
spectra. This is also consistent with the values found in the rank
analysis of the data matrix.

Applying MCR-ALS to the NIR spectra recorded during the reac-
tion, allows to obtain the concentration values of the species that are
involved. Also, the recovered spectrum for the final product (spiro-
orthoester) is in good agreement with the one obtained when spiro-
orthoester is isolated in more complex experimental conditions. As ro-
tational and intensity ambiguities exist, the MCR-ALS solution found
is one of a number of possible solutions, despite the restrictions im-
posed on the system. Finding the unique solution may involve other
strategies such the combination of hard-modeling and soft-modeling.

These methodologies break new ground in the quantitative study
of the reactions involved in the formation of the spiroorthoester, where
successive steps and competitive reactions are involved.
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CHAPTER 3. RESULTS 53

3.2 Study of a curing reaction using wavenumber
-wavenumber two-dimensional FTIR corre-
lation spectroscopy and evolving factor anal-
ysis (EFA)

A curing epoxy monitored by FTIR-ATR was considered. The re-
action corresponds to the polymerization between DGEBA and γ-
valerolactone. The possible reactions involved in this process have al-
ready been reported in the literature, but their sequential order has
not been reported. The reaction pathway was corroborated by 2DCOS
and the sequential order in which the reaction takes place is proposed
by combining evolving factor analysis and 2DCOS.
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Abstract

Generalized two dimensional (2D) correlation spectroscopy
and evolving factor analysis (EFA) have been applied to the
study of cationic curing reaction of mixtures of diglycidyl ether
of bisphenol A (DGEBA) and γ-valerolactone ( γ-VL). The
reaction has been monitored by Fourier Transform Infrared
(FTIR) Spectroscopy. The reaction periods in which a chem-
ical change takes place are identified using EFA and then the
sequence of changes are established by means of the interpre-
tation of the synchronous and asynchronous spectra obtained
with 2D correlation spectroscopy. By combining this infor-
mation, in the curing process, four reactions have been de-
tected: 1) DGEBA and γ-valerolactone reaction to obtain a
spiroorthoester intermediate; 2) homopolymerization of DGEBA;
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3) copolymerization of DGEBA with the spiroorthoester inter-
mediate (SOE) 4) homopolymerization of the spiroorthoester.

Keywords: two-dimensional correlation spectroscopy; evolv-
ing factor analysis; curing reaction; fourier transform infrared;
epoxy resin

1 Introduction

Glycidyl type epoxy resins, prepared mainly from bisphenol A and
other phenolic compounds have long been used as starting products
to prepare epoxy thermosets. Several curing agents, such as aromatic
amines, have been used to achieve good results in reinforced materials,
molding powders, coatings, adhesives, insulation materials, and foams
[1]. However, diglycidyl ether of bisphenol A (DGEBA) epoxy resins
present some drawbacks as a consequence of the shrinkage produced
during the curing process, which worsens the mechanical properties
due to the formation of microvoids and microcracks and the adhesion is
reduced [2]. Of the different methods of polymerization, ring-opening
mechanism leads to the lowest shrinkage, because when a Van der
Vaals distance is converted to a covalent bond, another covalent bond
is converted to a Van der Waals distance. Bailey [3,4] introduced
the term expanding monomers, which refers to monomers that lead
to zero shrinkage or even positive expansion during polymerization.
These monomers are generally bicyclic that open with the conversion
of covalent bonds to van der Waals distances. Of these bicyclic com-
pounds, spiroorthoesters (SOEs) are some of the most commonly used
[2]. SOEs can readily be synthesized from lactones and epoxides in
the presence of a Lewis acid as a catalyst [5,6]. The high cost of syn-
thesizing these SOEs means that their technological applications are
limited. Thus, we proposed that three-dimensional networks prepared
by copolymerization of epoxy resins and lactones can form an inter-
mediate SOE, reducing the volume shrinkage during curing. In the
firsts stages of curing SOE is formed with shrinkage, when the cur-
ing mixture is still liquid, and then polymerize or copolymerize with
epoxides with expansion until the end of the curing process. In this
way, the shrinkage after gelation is strongly reduced [7,8]. In addition
to the aforementioned reactions, the homopolymerization of epoxide
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can also occur (Scheme 1). It should be mentioned that -VL does not
homopolymerize in these conditions by thermodynamical reasons [9].
To get low shrinkage during curing and materials with good properties
the knowledge of the individual reactive processes that occur during
curing is of great importance. Fourier Transform infrared spectroscopy
(FTIR) has been widely used to study the structural changes that take
place during polymerization such as the curing of epoxy resins [9-12].
The spectral analysis is usually based on changes observed in the char-
acteristics of the spectroscopic frequencies of each functional group; it
is therefore a univariate analysis. Applying chemometric methods to
data obtained during spectral monitoring of a reaction provides in-
formation about correlated and uncorrelated spectral changes and de-
scribes the overall changes between different spectra of the data sets.
The best chemometric methods for this purpose are based on factor
analysis techniques or two-dimensional (2D) correlation spectroscopy.
Since they rely on different mathematical approaches, they differ fun-
damentally both in usability and in how the results of the data analysis
are obtained. One method for analyzing evolving data sets is based
on evolving factor analysis (EFA) [13]. This method determines the
significant number of chemical/physical components that contribute
to the experimental data measured during the reaction. The number
of significant EFA factors is an indication of the sources of variability
in the data and can be correlated with the number of species that
take part in the reaction. Further information can be obtained about
the time at which the significant changes take place. This informa-
tion is useful for determining the number of stages (subreactions) and
their sequential order [14]. A second chemometric method is gener-
alized 2D correlation spectroscopy. This method, proposed by Noda
[15-18], has become a powerful and versatile tool for elucidating spec-
tral changes (e.g., reaction time) induced by external perturbation. It
has several advantages. First, it has powerful deconvolution ability
for highly overlapped bands. Second, it provides information about
the interintramolecular interaction by correlating absorption band in-
tensities of different functional groups. And third, the changes in
intensity of a specific sequence that occurs during the measurement
can be derived. Several research groups have reported applications of
generalized 2D correlation spectroscopy. Some applications have fo-
cused on temperature-dependent spectral variations of self-associated
molecules [19] and composition-dependent spectral variations in ethy-
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lene/vinyl acetate copolymers [20] revealing the system dynamics de-
composition of the perturbation domain [21]. No studies combining
these techniques have been found in the literature for curing reactions.
In this study, we present the use of EFA analysis in conjunction with
2D FTIR correlation spectroscopy for studying the cationic curing re-
action of a mixture of DGEBA and γ-valerolactone ( γ-VL) in the
presence of a Lewis acid, ytterbium triflate. In a previous work, this
curing process was reported using several rare earth triflates as initia-
tors [22]. However, the investigation of the mechanism can be done
in a more accurate way by the use of chemometrics methods. Since
there is a competitive reaction of the epoxy homopolymerization in
the curing reaction, we also used these techniques to study DGEBA
homopolymerization. We focus on the use of EFA analysis to identify
the reaction periods in which a chemical change takes place. These
chemical changes can be related to several chemical reactions that take
place during the curing process. Once we have identified these peri-
ods, we focus on the cross correlation peaks in the synchronous and
asynchronous 2D spectra to establish the sequence of these changes.
Finally, we combine all of this information first to identify the chemical
reactions that cause the chemical or spectral variations and second to
identify the sequential order of these reactions. This study shows the
great potential of combining these techniques to accurately interpret
the spectral changes that take place during curing reactions monitored
by FTIR.

2 Experimental

2.1 Studied reaction

The curing reaction of the DGEBA/ γ-VL mixture involves several
reactions (Scheme 1). The first indicated is the DGEBA homopoly-
merization, which should be considered because we work in an equiv-
alent excess of epoxide/lactone (four epoxide groups for each lactone).
The second corresponds to the formation of an intermediate SOE. The
third reaction is the copolymerization of the SOE with epoxide. Fi-
nally, the fourth reaction corresponds to the homopolymerization of
SOE, which is the least favored process and is only important when
there is no epoxide in the reaction medium [11]. Note that, as γ-VL
does not homopolymerize for thermodynamic reasons, this reaction
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Scheme 1: Chemical reaction of DGEBA with γ-VL (2:1) at T =
160◦C. (A) DGEBA; (HA) homopolymer of DGEBA; (B) γ-VL; (C)
spiroorthoester (SOE); (D) Copolymer, and (HC) homopolymer of
SOE.

does not appear in Scheme 1. To facilitate the study, we also carried
out the curing of DGEBA with 1 phr of ytterbium triflate. In this
process, the only reaction that takes place is reaction 1 in Scheme 1.

2.2 Materials

DGEBA Epikote 827 was supplied by Shell (EEW 182.08 g/mol), γ-
VL and ytterbium (III) triflate were supplied by Aldrich. They were
used without previous purification.

59

UNIVERSITAT ROVIRA I VIRGILI 
TWO-DIMENSIONAL INFRARED CORRELATION SPECTROSCOPY AND MULTIVARIATE CURVE RESOLUTION 
METHODS: APPLICATION TO QUANTITATIVE MONITORING OF CURING PROCESS 
Nicolas Spegazzini 
ISBN:978-84-693-4049-3/DL:T.998-2010 



2.3 Sample preparation procedures and FTIR spec-
troscopy

Two experimental curing processes were carried out. One of these was
the curing of DGEBA/ γ-VL (2:1 mol/mol) mixture in the presence
of 1 phr (parts of initiator per 100 part of mixture, w/w) of ytter-
bium triflate. The reaction was carried out at 160◦C. The second
process was the homopolymerization of DGEBA with 1 phr of initia-
tor in the same experimental conditions as the first reaction. In both
processes, the sample was placed on a small diamond crystal in the
spectrophotometer ATR cell (FTIR-680PLUS JASCO), which has a
3000 SeriesTM High Stability Temperature Controller with a RS232
Control to take the measurements. For each experiment we automat-
ically acquired data at intervals of 30 s at 4 cm−1 resolution between
700 and 1850 cm−1 until no changes over time were observed in the
spectra. The curing reaction ended after 23 min. For each experiment,
47 spectra were obtained. The spectra were exported and converted
into MATLAB binary files [23]. The experimental data were arranged
in matrices of (47 x 1247) whose rows were the recorded spectra and
whose columns were the absorbance values at different wavenumbers.
All spectra were pretreated with a multiplicative scattering correction
for eliminating the additive scatter factor (offset deviation) and de
multiplicative scatter factor [24].

2.4 Evolving Factor Analysis

The core of algorithms based on EFA is the determination of the chem-
ical rank of submatrices of the total matrix of measurements. In EFA,
windows of linearly increasing size are subjected to rank analysis. In
our study we started with the first two spectra and then calculated
the rank by adding one spectrum at a time until we reached the total
matrix (47 x 1247). The matrix rank was evaluated using the sin-
gular value decomposition algorithm [25]. The singular values were
calculated in both directions (forwards and backwards) [23].

2.5 Two-Dimensional Correlation Analysis

Several spectra, at equal time intervals over a certain wavenumber
range, were selected for 2D correlation analysis using “2D shige” of
Shigeaki Morita (Kwansei-Gakuin University) [26]. For the purposes
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of comparison, a time-averaged 1D reference spectrum is shown at
the side and top of the 2D correlation maps. In these maps, the red
regions indicate positive correlation intensities and the blue regions
indicate negative correlation intensities. In the contours maps (am-
pliation of specific regions), the white regions indicate positive cor-
relation intensities and the gray regions indicate negative correlation
intensities. In 2D correlation analysis, two types of correlation spectra
are obtained and depicted in two different maps: these synchronous
and asynchronous maps provide complementary information about the
spectral bands. In the synchronous spectra correlation Φ(ν1, ν2), the
cross peaks indicate the correlation between spectroscopic variables
(wavenumber). Under the same perturbation, the increase or decrease
is simultaneous. More information can be obtained from the corre-
sponding asynchronous correlation spectra Ψ(ν1, ν2), where the cross
peaks develop only if the intensities of two dynamic bands change
asynchronously. Also, the sign of an asynchronous correlation peak,
Ψ(ν1, ν2), provides information about the sequential order of intensity
variations between band ν1 and ν2. According to the Noda and Ozaki
[18] publications, when Φ(ν1, ν2) > 0, if Ψ(ν1, ν2) is positive, band ν1
varies before to band ν2, and, if Ψ(ν1, ν2) is negative, band ν1 varies
after ν2. If Φ(ν1, ν2) < 0, the rules are the other way round [16].

3 Results and discussion

3.1 One-Dimensional Analysis

Figures 1 and 2 show the most relevant spectra of the spectroscopic
changes that take place during the curing of DGEBA and γ-VL mix-
ture and those that take place during the DGEBA homopolymeriza-
tion, respectively. The spectroscopic band assignments of the two pro-
cesses are shown in Table 1. Spectral analysis of the curing process
(Fig. 1) shows that the 1776 cm−1 stretching band characteristic of
the carbonyl group of the γ-VL, decreases during the first 23 spectra
and then increases until the end of the crosslinking. The 1736 cm−1

band, characteristic of an aliphatic lineal ester, increases during the
curing process. This band can be assigned (Table 1) to the copolymer
(D) and to the SOE homopolymer (HC) (Scheme 1). The 910 cm−1

band characteristic of the oxirane ring decreases until it disappears.

If we make the difference between the last (47) and the first spec-
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Figure 1: Spectra N◦ 1, 47 and the spectrum N◦ 23 (where the band
increases again of 1776 cm−1) in the polymerization process.

Figure 2: Spectra N◦ 1 and 47 of the homopolymerization of DGEBA.

62

UNIVERSITAT ROVIRA I VIRGILI 
TWO-DIMENSIONAL INFRARED CORRELATION SPECTROSCOPY AND MULTIVARIATE CURVE RESOLUTION 
METHODS: APPLICATION TO QUANTITATIVE MONITORING OF CURING PROCESS 
Nicolas Spegazzini 
ISBN:978-84-693-4049-3/DL:T.998-2010 



63

UNIVERSITAT ROVIRA I VIRGILI 
TWO-DIMENSIONAL INFRARED CORRELATION SPECTROSCOPY AND MULTIVARIATE CURVE RESOLUTION 
METHODS: APPLICATION TO QUANTITATIVE MONITORING OF CURING PROCESS 
Nicolas Spegazzini 
ISBN:978-84-693-4049-3/DL:T.998-2010 



Figure 3: Difference spectrum obtained by the subtraction of the ini-
tial spectrum N◦1 in the spectrum N◦ 47 of copolymerization and
homopolymerization process.

trum (1) for both processes and we compare them (Fig. 3), without
looking at the bands at 1736 and 1776 cm−1, we can observe a differ-
ent behavior in the 950-1200 cm−1 spectral range, which corresponds
mainly to C-O-C stretching [27-33]. In addition, we can see a dif-
ference at 1473 cm−1 associated with the asymmetric stretching of
CH3 groups [33-35]. Both moieties are present in practically all the
structures involved in the studied processes, although they are in a
different chemical environment. This leads to the conclusion that in
this spectral range, 950-1200 cm−1, they are some C-O-C characteris-
tic bands associated to SOE structures, different from those attributed
to the ether stretching bonds, present in the final material. In his con-
text, the studies by Wellingholf et al. [34] on mixtures of aromatic
polystyrene and polyether show that phenyl ring interaction may af-
fect chain mobility and some changes therefore occur in the tension
band of the C-O-C group.
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For the curing reaction of the mixture of DGEBA and γ-VL, the
EFA results (Fig. 4) show that, in both directions (forwards and back-
wards), four factors are significantly different from noise. Note that,
in the forward direction, there are two significant factors at the begin-
ning of the reaction, one after spectrum 5 and one after spectrum 20.
However, if the analysis is made in the opposite direction, one factor
is significant between spectrum 47 and spectrum 40, two are signifi-
cant between spectrum 40 and spectrum 25 and the fourth significant
factor is observed at spectrum 10. Figure 5 shows the most relevant
spectra for the above time reaction intervals (spectra 1, 5, 20, 37, and
47). A detailed analysis of these spectra shows that, between spectra
1 and 5, there are decreases in intensity of 910 and 1776 cm−1 band,
which are characteristic of the oxirane group and γ-VL, respectively.
These changes indicate that the intermediate SOE is formed. There
are also significant changes around 955, 1030, 1180, and 1226 cm−1

and between 1030 and 1180 cm−1. According to the spectroscopic
assignation of Table 1, intensities at 955 and 1180 cm−1 can be as-
signed to aliphatic C-O-C stretching, whereas the band at 1226 cm−1

corresponds to the tension vibrations of Aryl-O-CH2. All of the above
changes can also, therefore, be explained by epoxy homopolymeriza-
tion.

At spectrum 20 the band at 1736 cm−1 clearly appears. As this
band is characteristic of an aliphatic ester, it indicates that copolymer
D (reaction 3, Scheme 1) is present. The increase in intensity may also
be related to SOE homopolymerization (reaction 4, Scheme 1), though
this reaction is not favored in the presence of oxirane groups [7], since
although the intensity of the band at 910 cm−1 decreases. These reac-
tions may be responsible for a new chemical situation and, therefore,
for the new significant factor (Fig. 4). At spectrum 37, the intensity
of the band at 1776 cm−1, characteristic of the carbonyl group present
of the γ-VL and which disappeared at spectrum 20, newly increases.
This increase may indicate the reversibility of reaction 2 (Scheme 1).
Booth [2] demonstrated the breakdown of SOE on addition of boron
trifluoride etherate catalyst to the compounds from which it was pre-
pared (epoxide and lactone). Spectral variations may be the cause of
the fourth and last significant factor (Fig. 4). From here until the end
of the reaction (spectrum 47), there are no more significant spectral
variations so all the chemical variation due to the copolymerization
reactions is explained in these four factors.
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Figure 4: EFA of the obtained results of the experimental matrix D1

for chemical reaction of DGEBA with γ-VL.

Figure 5: Spectra N◦ 1, 5, 20, 37 and 47 the copolymerization of
DGEBA with γ-VL.
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We should stress that, when the EFA study is done in the back-
ward direction, between spectrum 47 and spectrum 40, the chemical
variation is explained by only one factor. During this reaction pe-
riod, there are no changes in the band intensity characteristics of the
oxirane group (910 cm−1) and we can therefore conclude that no reac-
tions in which DGEBA is involved take place. If this is true, chemical
process other than reversibility must take place to explain the increase
in intensity of the 1776 cm−1 band.

Similarly, when the EFA is applied to the DGEBA homopolymer-
ization process (Fig. 6), there are also four significant factors dur-
ing the reaction time. As in the copolymerization process, forward
analysis shows two significant factors at the beginning of the reac-
tion. These two factors may be related to the fact that we were
working with DGEBA, which has several hydroxyl groups. The hy-
droxyl groups could be responsible for the competition between the
activated monomer (AM) mechanism and the active chain end mech-
anism (ACE) [36]. These two mechanisms are illustrated in Scheme
2. We should stress that the mechanism competition is not as great
in the presence of lactone since the coordination of the lactone takes
place with the initiator [7,11]. Also, in our case, the proportion of
hydroxyl groups in the mixture is much lower.

Figure 6: EFA of the obtained results of the experimental matrix D2

for chemical reaction (1) of the homopolymerization of DGEBA.
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Scheme 2: Mechanism of despolymerization of the copolymer begun
for Yb(OTf)3. (D) Copolymer and (B) γ-VL.

The other two significant factors in the EFA plot (Fig. 6) can
be explained by the formation of different polyether structures such
as 1,4-dioxanes, whose presence has been described in the cationic
polymerization of epoxides with Lewis acids [37-39]. Another possible
explanation is the formation of big cycles or chain transference due to
a “back-biting” processes [3]. As well as these explanations, we must
also consider variations in the mobility chain due to the gelification
process.
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3.2 Two-dimensional analysis

(a)

(b)

Figure 7: Set (1-4). Spectra a)
synchronous and b) asynchronous of
the chemical reaction of the DGEBA
with γ-VL

We take into account the in-
formation from the EFA study
of the DGEBA/ γ-VL curing,
to study the 2D spectra corre-
lation for the most important
reaction time intervals. Syn-
chronous correlation of the first
four spectra, [Fig. 7(a), 1]
shows, that the 1776 cm−1 band
characteristic of the γ-VL has
a negative correlation with the
910 cm−1 band characteristic
of the oxirane group. Because
both bands are characteristic of
the reagents, and that their in-
tensities diminish, Figure 5, it is
expected a positive correlation
between both bands. The neg-
ative sign of the synchronous
peak can be understand taking
into account that the reaction
of the DGEBA homopolymer-
ization, which leads to inten-
sity variations at 910 cm-1, oc-
curs no simultaneously with the
process in which DGEBA re-
acts with the γ-VL. [Fig. 7(a),
2] Moreover, such as expected,
both bands have a negative
correlation with bands at 955,
1040, 1045, 1070, 1084, 1102,
and 1130 cm−1, some of which,
according to Table 1, are char-
acteristic of the C-O-C stretch-
ing vibrations present in the
chemical structures formed in
both processes: the epoxy ho-
mopolymerization (reaction 1,

69

UNIVERSITAT ROVIRA I VIRGILI 
TWO-DIMENSIONAL INFRARED CORRELATION SPECTROSCOPY AND MULTIVARIATE CURVE RESOLUTION 
METHODS: APPLICATION TO QUANTITATIVE MONITORING OF CURING PROCESS 
Nicolas Spegazzini 
ISBN:978-84-693-4049-3/DL:T.998-2010 



Scheme 1) and in the intermediate SOE formation (reaction 2, Scheme
1).

More information can be obtained from the asynchronous spectra
[Fig. 7(b)] in which cross peaks appear only if the band intensity
changes asynchronously. Asynchronous peaks can be observed be-
tween the same bands mentioned in the synchronous spectra. If we
consider the correlation sign and apply the Noda rules (Table 2), we
can draw the following conclusions. The sign of asynchronous peak be-
tween 910 and 1776 cm−1 [Fig. 7(b), 1] is positive and for this reason,
the variation in the intensity of the band at 910 cm−1 is retarded in
reference to that at 1776 cm−1. This means that the reaction of γ-VL
with DGEBA is more favored than the DGEBA homopolymerization.
The variations in intensity (Table 2) of the 955, 1070, 1084, 1102,
and 1130 cm−1 bands occur before the variations in the 1776 cm−1

band that are characteristic of γ-VL and after the variation in the 910
cm−1 band that is characteristic of DGEBA. This sequence means that
they may be considered as characteristic of the C-O-C stretching of
the molecular structures produced in the epoxy homopolymerization.
Moreover, the variations in the intensity of the 1045 and 1040 cm−1

bands occur after the variations in 1776 cm−1 band [Fig. 7(b), 1], so
they may be associated with SOE stretching. This is in agreement
with the Nishida assignation [40,41], which describes these bands as
characteristic of the SOEs.
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(a)

(b)

Figure 8: Set (5-15). Spectra
a) synchronous and b) asyn-
chronous of the chemical reac-
tion of the DGEBA with γ-VL

We can therefore conclude that
during this reaction time (120 s),
which corresponds to the first four
spectra, the two mentioned reac-
tions take place but in the follow-
ing order: firstly SOE formation and
then epoxy homopolymerization. Fig-
ures 8(a,b) show the synchronous and
asynchronous spectra obtained be-
tween spectra 5 and 15, where ap-
plying EFA to this time, we observe
three significant factors (Fig. 4). This
extra information refers to the 1736
cm−1 band, which is characteristic of
the ester of the copolymer. Again,
applying Noda rules allows us to es-
timate the sequential intensity band
variations shown in Table 3. The 1736
cm−1 band can be related to the SOE
homopolymerization (scheme 1, reac-
tion 4) and to the epoxy and SOE
copolymerization (Scheme 1, reaction
3). If SOE homopolymerization takes
place, the synchronous spectra must
have negative cross peaks of the 1736
cm−1 band with the 1040 and 1045
cm−1 band. This does not happen
[Fig. 8(a), 2]. We therefore conclude
that, up to this reaction time, there
is no SOE homopolymerization. On
the other hand, if the increase in in-
tensity in the 1736 cm−1 band is due
to the formation of the copolymer,
we should have a synchronous cross
negative peak between that band and
the 910 cm−1 band, which does hap-
pen [Fig. 8(a), 2]. Moreover, if we
consider the sign of the asynchronous
peaks for these two bands, we can con-
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clude that the intensity of the 1736 cm−1 band varies after the inten-
sity of the 910 cm−1 band. We can therefore assign the variation in
intensity of the 1736 cm−1 band to the formation of the copolymer.
This conclusion agrees with the work of Mas et al. [11] who showed
that SOE homopolymerization is not favored when there is an excess
of epoxy in the curing of mixtures of DGEBA and γ-lactone. Until
spectrum 15, that is, in the first 420 s of the reaction, three reactions
took place in the following order: (1) intermediate SOE formation, (2)
epoxy homopolymerization, and (3) epoxy and SOE copolymerization.
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Figure 9: Set (15-20). Spectra syn-
chronous of the chemical reaction of
the DGEBA with γ-VL

As we stated for the one-
dimensional analysis, the inten-
sity of the 1776 cm−1 band,
which is characteristic of γ-
VL, decreased until spectrum
22 was reached and then in-
creased. Although only one new
factor is significant from spec-
trum 15 until the end of the re-
action, we therefore split this
time period into three. First
we studied the 2D correlation
from spectrum 15 to 20. The
synchronous spectra (Fig. 9, 1)
show no cross peaks related to
the 1776 cm−1 band which is
characteristic of the γ-VL. We
can therefore conclude, since
there is no more γ-VL, that no
more SOE is generated during
this reaction period (at 570 s)
(Scheme 1, reaction 2). In Fig-
ure 9 (2) we do have cross negative peaks between the 1736 band and
the 910 cm−1 band, which indicates that there is still some copolymer
(Scheme 1, reaction 3). The asynchronous spectra (not shown) do not
provide further information. The second reaction period corresponds
to spectrum 20 to 40. We end at spectrum 40 because the EFA anal-
ysis in the backward direction (Fig. 3) shows that from this point a
new factor is significant.

Figure 10(a) shows the synchronous and Figure 10(b) shows the
asynchronous correlation spectra and Table 4 shows the Noda signs.
The 1070, 1084, 1102, and 1130 cm−1 bands, characteristic of the C-
O-C groups related to the structures generated during the epoxy ho-
mopolymerization process (Table 1), have positive synchronous cross
peaks with the 1776 cm−1 band, characteristic of γ-VL, and with the
1736 cm−1 band, characteristic of a linear ester [Fig. 10(a),1]. The
1045 and 1040 cm−1 bands, characteristic of the SOE, and the 910
cm−1 band, from the oxirane group, have negative synchronous cross
peaks with the 1736 and 1776 cm−1 bands.
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(a)

(b)

Figure 10: Set (20-40). Spectra a)
synchronous and b) Asynchronous of
the chemical reaction of the DGEBA
with γ-VL

This analysis is similar to
that for the one-dimensional
study (Fig. 5). Therefore,
the intensity bands of carbonyl
(1776 and 1736 cm−1), [Fig.
10(a), 1] and those associated
with the epoxy homopolymer-
ization (1070, 1084, 1102, and
1130 cm−1) increase, whereas
the intensity bands of the SOE
(1040 and 1045 cm−1) decrease
and that of the oxirane group
(910 cm−1) disappears [Fig.
10(a), 2].

At this point, a chemical in-
terpretation is not simple. The
increase in intensity of the 1776
cm−1 band may suggest the re-
versibility of the SOE formation
reaction (Scheme 1, reaction 2),
[Fig.10(a), 1 and (b)].2 How-
ever, if that is the case, the SOE
characteristic bands (1045 and
1040 cm−1) should decrease,
which indeed happens, and the
band characteristic of oxirane
(the one at 910 cm−1) should
also increase, but this does not
happen. The fact that the 910
cm−1 band does not increase
may be explained by the SOE copolymerization reaction, since the
1736 cm−1 band also increases. Another reaction that may be present
during this period is SOE homopolymerization, since it would explain
the increase in intensity of the 1736 cm−1 band even without the pres-
ence of oxirane groups and the negative synchronous peak with the
SOE bands (1045 and 1040 cm−1). To sum up, the possible reactions
during this period are: copolymer formation, SOE reversibility, and
SOE homopolymerization. All of these hypotheses are supported by
the synchronous and asynchronous peaks shown in Table 4. Finally,
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although the 2D correlation spectra for the reaction time between
spectrum 40 (1170 s) and the last spectrum are not shown, we can
conclude from them that, as no cross peaks are observed with the 910
cm−1 band, no epoxy group is present. At that moment, therefore, the
only possible reaction is SOE homopolymerization. This could be the
reason why there is only one significant factor in the backward EFA
analysis (Fig. 3) in the last reaction period.
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4 Conclusions

In this study, we have shown that generalized 2D IR correlation spec-
troscopy with EFA is a powerful strategy for identifying the sequential
order to chemical reactions. By EFA analysis, we could detect the
concurrence between AM and ACE polymerization mechanisms in the
cationic curing of pure DGEBA, which cannot be detected directly
from the direct observation of FTIR spectra. The AM mechanism
could not be detected in the curing of DGEBA/ γ-VL mixtures. Dur-
ing the curing, four reactions were detected: (1) epoxide and γ-VL re-
action to obtain an intermediate SOEs; (2) homopolymerization of the
epoxide; (3) epoxide and SOE copolymerization; and (4) homopoly-
merization of SOEs. We also observed a phenomenon that suggests
the reversibility of the SOE formation reaction.
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3.3 QUANTITATIVE RESOLUTION... 81

3.3 Quantitative resolution of a curing reaction
using global phase angle spectroscopy and
MCR-ALS

Once the pathway of the curing process between DGEBA and γ-
valerolactone had been established, the spectral and concentration pro-
files of the chemical species involved in the reaction were obtained by
MCR-ALS. We propose using the information from the 2DCOS as the
convergence criterion in the optimization step of the solutions found
by MCR-ALS. Following this strategy, the final estimated solution is
the optimal solution that reproduces the original information.
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MCR-ALS for Sequential Estimation of
FTIR-ATR Spectra to Resolve a Curing

Process Using Global Phase Angle
Convergence Criterion

Analytica Chimica Acta 642, (2009), 155

Nicolás Spegazzini, Itziar Ruisánchez, M. Soledad Larrechi

Chemometrics, Qualimetrics and Nanosensors Group, Department of
Analytical and Organic Chemistry, Rovira i Virgili University.

Marcel·ĺı Domingo s/n, 43007, Tarragona, Spain

Abstract

Curing reactions include side and consecutive reactions while
the polymer is growing. In this paper, we used multivariate
curve resolution - alternating least squares (MCR-ALS) to ob-
tain quantitative information about the concentration of the
chemical species involved in these reactions. The cationic cur-
ing reaction between diglycidyl ether of bisphenol A (DGEBA)
and γ-valerolactone (γ-VL) was monitored by infrared spec-
troscopy (FTIR-ATR). If the MCR-ALS method is to be used
with recorded spectral data, the rank deficiency usually present
in the data matrix needs to be overcome and the goodness
of the results depends on the initial estimates of the chemi-
cal species involved in the reaction. Our strategy was to se-
quentially apply MCR-ALS in the time intervals where there
is selectivity for some reactions and to use the error criterion
based on the global phase angle to identify the optimal number
of iterations in ALS. The estimated spectra were sequentially
incorporated into the data matrix to overcome the rank defi-
ciency.
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The MCR-ALS results are evaluated by the residuals and
parameters such as lack of fit, the percentage of explained vari-
ance and the coefficient of dissimilarity between the recovered
spectra and the spectra of the pure species, when it is possible.
For intermediate species, the correspondence between the ALS
spectra solution and the chemical knowledge of this species was
also qualitatively evaluated. The goodness of the estimated
concentration profile of the two reagents γ-VL and DGEBA,
was evaluated by the correlation coefficient value between the
estimated profile and the profile obtained when the specific ab-
sorption bands were monitored at 1776 cm−1 and 910 cm−1,
respectively for each reagent. The correlation coefficient values
were: 0.9954 and 0.9885, respectively.

Keywords: FTIR-ATR; MCR-ALS; Global phase angle;
Curing reaction

1 Introduction

The final properties of the crosslinked resins significantly depend on
the extent of the curing, the curing conditions and the mechanism
involved in the reaction [1,2]. Therefore, the study of curing kinet-
ics contributes not only to a better knowledge of process development
but also to an improvement in the quality of final products. The avail-
ability of reliable methods for monitoring curing also plays a crucial
role in process control and the optimization of polymer network pro-
cessing [3-5]. This paper deals with the cationic curing of DGEBA
and γ-valerolactone, a very complex process because many reactive
processes occur simultaneously [6]. Several techniques can be used to
examine the kinetics of curing reactions [7-9]. The most common is
non-isothermal differential scanning calorimetry (DSC), which is used
at different rates to determine kinetic parameters and kinetic mod-
els. This technique gives information about the overall kinetic con-
stant but not about the evolution of each species involved in the reac-
tion. Fourier transform infrared spectroscopy (FTIR) and multivari-
ate curve resolution-alternating-least squares (MCR-ALS) are power-
ful tools for obtaining information about how the concentration of the
species involved in the reactions evolve [10,11]. In conjunction with
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hard modelling methods, they also provide kinetic information about
the reaction [12-15]. These methods assume a linear relation between
the spectral changes observed during the reaction and the chemical
concentration of the species involved in the reaction [16,17]. In the
papers referenced, the reactions are relatively simple, and some of the
polymerization reactions are mono-functional compound model reac-
tions [11]. These attractive methodologies will be challenged when
physical changes produce spectral changes in the absorption bands
that are unrelated to concentration, as is the case of copolymerization
reactions in which polymers are growing. The MCR-ALS method is
based on factor analysis. Ideally, the number of significant factors
should be the same as the number of chemical species involved in the
reaction. The physical changes associated with the polymer growth
might also be reflected in the number of factors, thus increasing the
number of significant factors. If this is the case, as happens in the
studied reaction, confusion arises. On the basis of our experience, this
can be overcome by determining the number of chemical species and
the number of reactions involved by spectroscopic analysis of the data
recorded during the reaction. So MCR-ALS is a powerful tool for
approximating how the concentration of the chemical species evolves
when rank deficiency is overcome. In addition, to have a good ini-
tial estimate when working with MCR-ALS is a challenge. These are
the main objects of the strategy presented in this paper, which stud-
ies the copolymerization reaction between diglycidyl ether bisphenol
A (DGEBA) and γ-valerolactone (γ-VL). Strategies based on ma-
trix augmentation can be used [18,19] to overcome rank deficiency.
This information can be obtained by simultaneously analyzing differ-
ent mixtures of the same compound in different chemical or physical
conditions or appending a matrix of standards to the unknown rank-
deficient data set that describes the chemical system being studied.
Initial estimates of the intermediate species can be made by using
such algorithms as SIMPLISMA [20], OPA [21], HELP [22] and IT-
TFA [23]. These algorithms present some difficulties in the case of
curing reactions in which side reactions occur [6] and polymers are
growing. In this reaction, pure variables are difficult to find because
of the severe overlapping between bands and it is difficult to know what
the final product is. This paper proposes a strategy based on the se-
quential application of MCR-ALS to FTIR spectra recorded during
the reaction to obtain representative spectra of the compounds that
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participate in the different reactions involved in the curing reaction:
competing side reactions and consecutive reactions. The number of
reactions involved in the curing process and their time intervals with
regions of selectivity for some species were determined by evolving
factor analysis (EFA) and two-dimensional correlation spectroscopy
(2D-COS) analysis of the FTIR/ATR spectra recorded in a previous
study [6]. In the present study, this information is considered so that
MCR-ALS can be sequentially applied to sub data sets of the FTIR
spectra in which the spectrum of only one chemical species was un-
known. In the sequential process, two approaches have been consid-
ered to determine the number of iterations for the ALS optimization
step. One approach is based on minimizing the global phase angle
calculated between the original spectra and the recovered MCR-ALS
spectra [24,25]. The other is based in minimizing the residual between
the original spectra and the recovered MCR-ALS spectra [17]. The
goodness of the estimate spectrum corresponding to the intermediate
compounds was evaluated by analyzing the typical absorption bands
of similar compounds referenced in the literature. The rank deficiency
was overcome by appending the estimate spectrum to the previous
matrix. The spectra estimated as the representatives of each species
during this sequential process were used as the initial estimates in the
final step of optimization using ALS with the whole data set. The
results were evaluated by studying the residuals and such parameters
as lack of fit, the percentage of explained variance and the coefficient
of dissimilarity between the recovered spectra and the spectra of the
reagent species. The goodness of the estimated concentration profile
of the two reagents γ-VL and DGEBA, was evaluated by the corre-
lation coefficient values between the estimated profile and the profile
obtained when the specific absorption bands were monitored at 1776
cm−1 and 910 cm−1, respectively for each reagent.

2 Experimental and data treatment

2.1 Reaction conditions and procedure

Scheme 1 is a diagram of the reactions involved in the cationic curing
process between the diglycidyl ether of bisphenol A (DGEBA) and
γ-valerolactone (γ-VL) to obtain the copolymer (COPO). In this pro-
cess, it takes place through the intermediate compound spiroorthoester
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Scheme 1: Reaction of DGEBA with γ-Valerolactone (2:1) at T=160
◦C. (DGEBA) Diglycidyl ether of bisphenol A; (HDGEBA) homopoly-
mer of diglycidyl ether of bisphenol A; (γ-VL) γ-Valerolactone; (SOE)
spiroorthoester; (COPO) copolymer, and (HSOE) homopolymer of
spiroorthoester.

(SOE), which is a reversible reaction. In addition, there are side reac-
tions corresponding to the homopolymerization of DGEBA and SOE
obtaining HDGEBA and HSOE, respectively. Details of this curing
process can be found in reference [6].

The curing of the DGEBA/ γ-VL (2:1 mol/mol) mixture in the
presence of 1 phr (parts of initiator per 100 parts of mixture, w/w) of
ytterbium triflate was carried out at 160◦C. The sample was placed on
a small diamond crystal in the spectrophotometer ATR cell (FTIR-
680PLUS JASCO), which was equipped with a 3000 SeriesTM High
Stability Temperature Controller and a RS232 Control to take the
measurements.

2.2 Data acquisition and pre-treatment of FTIR
spectra

The data correspond to the FTIR spectra recorded every 30 second
between 700 and 1850 cm−1 until no changes over time were observed
in the spectra. The curing reaction ended after 23 minutes so 47
spectra were recorded. Then, the spectra were exported and converted
into MATLAB binary files [26]. The experimental data were arranged
in matrices of (47 x 1247). The rows were the recorded spectra and
the columns were the absorbance values at different wavenumbers.
Second derivatives of the spectra are used to clarify some figures and
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have been calculated according the Savitztky-Golay [27].

2.3 Strategy to estimate representative spectra of
the chemical species involved in the curing
reaction. Sequential application of multivari-
ate curve resolution - alternating least squares
(MCR-ALS)

The aim of the MCR-ALS method is to transform the theoretical so-
lution obtained by factor analysis of the experimental data matrix
D into matrices C and ST which have a real chemical significance,
according to eqn (1):

D = CST+E (1)

in which matrix C (n x c) has column vectors corresponding to the
profiles of the c pure components that are present in matrix D. The
row vectors of matrix ST (c xm) correspond to the spectra of the c pure
components and E is the matrix of the residuals. First, the number of
compounds present in D that have chemical information is estimated
from the “chemical rank” associated with the data matrix D. This
determination is performed by Singular Value Decomposition (SVD)
[28] because singular values associated with chemical compounds are
known to be larger than singular values associated with noise and
experimental error. Ideally the number of singular values is the same
as the number of compounds involved in the reaction, but in chemical
reactions rank deficiency usually appears in matrix D [29, 30].

Fig. 1 shows the strategy used to overcome the rank deficiency and
to estimate the representative spectra of the intermediates involved in
the curing reaction. New FTIR/ATR spectra are appended as new
row vectors to sub-matrices D1 and D2 of experimental data matrix
D and, in the final step, to D to provide new augmented matrices M1,
M2 and M, respectively. The new sequentially appended row vectors
correspond to the spectra of the reagents (diglycidyl ether bisphe-
nol A (DGEBA) and γ-valerolactone (γ-VL)), the spectra of the ho-
mopolymer of DGEBA (HDGEBA) that was obtained experimentally
[6] and the spectra of the products (sprioorthoester (SOE), copolymer
(COPO) and spiroorthoester homopolymer (HSOE)). The spectra of
the products are appended to the experimental sub-matrices D1, D2

and matrix D while they are estimated by MCR-ALS. The spectrum
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Figure 1: Strategy to overcome rank-deficient: sequential estimation
of intermediate compounds by appending the estimated spectra to the
submatrices.

of the intermediate SOE is estimated by applying MCR-ALS to the
augmented matrix M1, obtained with the first five FTIR spectra (ma-
trix D1) monitored in matrix D plus the experimental spectrum of
HDGEBA. In this time interval, spectral information was attributed
to the presence of compounds involved in reactions 1 and 2 (Scheme
1) [6]. Likewise, the spectrum of the copolymer COPO is estimated
from the augmented matrix M2 with the twenty first spectra of matrix
D (matrix D2) plus the experimental spectrum of HDGEBA and the
previously estimated spectra of SOE. In this time interval Spectral
information was attributed to the presence of compounds involved in
the reactions 1, 2 and 3 of Scheme 1 were postulated [6]. Finally,
the HSOE spectrum (reaction 4, Scheme 1) is estimated by apply-
ing MCR-ALS to the complete augmented matrix M that includes all
previous information. In all the steps, the number of iterations used
in ALS was determined by the global phase angle criterion. [24,25].
In the optimization process, in which ALS is applied to the matrices
M1, M2 and M, several constraints were imposed: non-negativity for
the concentration profiles to be resolved in matrix C and for the spec-
tral profiles in matrix ST, and closure for the concentration profiles.
Likewise, a local rank constraint of selectivity was imposed at the
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starting point of the reaction so that the concentration of the product
associated with spiroorthoester (SOE) was zero. This constraint is
an approximation of reality because the first spectrum was recorded
immediately after the two reagents had been mixed. Also, the arbi-
trary units were constrained to being equal at the starting point of the
concentration values associated with the reagents DGEBA and γ-VL.
The theory and application of MCR-ALS have been described in de-
tail [19,31] and freely available subroutines for MATLAB by R. Tauler
were used for MCR-ALS analysis [32].

2.4 Error criterion based on global phase angle

The global phase angle represent information related to the coherence
of signals and can be served as a kind of index to estimate similarity
between two signal [33,34]. It is derived from synchronous and asyn-
chronous correlation intensities. The synchronous give information
about the in-phase variation caused by the perturbation considered,
in our case the reaction. The variation that occur out-of-phase are in
the asynchronous correlation [24,25].

The global phase angle is described as

Φ =
1

n− 1

∼
D

T ∼
D (2)

Ψ =
1

n− 1

∼
D

T
N
∼
D (3)

where
∼
D denotes the mean-centered matrix of D and N is the Hilbert-

Noda transformation matrix defined as

N =
1

π



0 1 1/2 1/3 . . .

−1 0 1 1/2 . . .

−1/2 −1 0 1 . . .

−1/3−1/2 −1 0 . . .
...

...
...

... . . .


(4)

Global phase angle [33,34] can be directly obtained from syn-
chronous and asynchronous correlation intensities as
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Θ = arctan

(
Ψ

Φ

)
(5)

The global phase angle error criterion is defined as the sum of the
squared residuals between the global phase angle with original spectra
D and the global phase angle with reconstructed spectra D̂ = CST

SSRΘ = ‖Θ− Θ̂‖ (6)

where Θ̂ is the global phase of the reconstructed spectra D̂.
If this criterion is to be used, the global optima of must be identi-

fied during the iteration process in ALS. ALS minimizes SSR (SSR =

D-CST) by a sequential matrix rotation process while the global phase
angle error criterion is a reflection of the underlying physical model
[25]. Fig. 2 shows the procedure for determining the optimal number
of iterations in ALS. The information associated to the synchronous
and asynchronous experimental matrices D1, D2 and D has been dis-
cussed in a previous study [6]. All calculations of error criterion based
on global phase angle, were performed by in-house programs coded in
MATLAB [26].

Figure 2: Procedure to determine the optimal number of iterations in
ALS
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3 Results and discussion

3.1 Data

Fig. 3 shows the 47 FTIR spectra recorded throughout the 1380 sec-
onds of reaction. According to a previous study [6] using evolving
factor analysis (EFA) three time intervals were identified. By two-
dimensional correlation spectroscopy (2D-COS) analysis, in each in-
terval the recorded spectra were attributed to the presence of differ-
ent chemical compounds involved in the curing process, Scheme 1,
a) from the beginning until 120 seconds: to DGEBA, γ-VL, SOE
and HDGEBA, b) from the beginning until 570 seconds: the previ-
ous mentioned compounds and COPO and c) when all spectra where
considered: HSOE was additionally identify.

Figure 3: FT-IR spectra recorded along the reaction and the time
intervals where the different species involved in the curing of DGEBA
and γ-VL takes place.

3.2 Rank estimation using SVD

Table 1 shows the singular values of the data set corresponding to
the experimental matrices D1 (spectra recorder during 120 seconds),
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D2 (spectra recorder during 570 seconds and D (all spectra recorder
during 1380 seconds). The singular values associated with noise are
marked in bold, and has been calculated using the value from 70 spec-
tral channels between 1780 and 1850 cm−1 where no signal contribu-
tion is observed and which can be considered as a threshold. Rank
deficiency is detected in all matrices since the number of significant
eigenvalues is lower than the number of species postulated by 2D-COS
[6] in the corresponding data matrix. Rank deficiency can be caused

Table 1. Singular values of the matrices D1 , D2 and D and the column-wise augmented matrices M1 ,

M2 and M and factor indicator function (IND) for augmented matrices.

Number of factors Singular value of
the D matrix

Singular value of
the M matrix

IND (x10
-3

)

D1 M1 M1

1 10.8797 12.7365 5.25

2 0.8482 2.5437 2.72
3 0.0399 1.6410 2.23

4 0.0313 0.5897 2.12

5 0.0250 0.2971 2.29

6 0.0383 2.32

D2 M2 M2

1 20.8773 22.4031 7.124
2 2.3659 2.7198 6.547

3 0.3868 2.5973 6.034
4 0.0490 0.8159 5.852

5 0.0472 0.4558 5.235

6 0.0339 0.3111 5.456

7 0.0485 5.335

D M M

1 29.4560 32.9337 8.070
2 2.9426 3.5204 7.325

3 1.4771 1.8717 6.734
4 0.1583 1.0850 6.035

5 0.0529 0.4800 5.843

6 0.0411 0.3009 5.449

7 0.1992 5.608

8 0.0585 6.012

for several situations [18] like closure and linear dependencies between
the concentrations of the chemical compounds, both present in the case
study. Therefore, the expected rank of the data matrix is the num-
ber of the species whose concentrations are linearly independent. The
rank estimated for D1 matrix is two and corresponds with the num-
ber of independent concentrations. D1 contains spectral information
that was associated with the initial reagents DGEBA, γ-VL and their
product (SOE), and HDGEBA obtained from the DGEBA homopoly-
merization. The concentration of the products SOE and HDGEBA
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are linearly dependent with DGEBA concentration and so only two
significant values has been found. These results confirm the hypoth-
esis postulated [6] that in this period of time, both the formation of
SOE and of HDGEBA takes place and are side reactions.

The rank estimation for D2 matrix indicates three significant con-
tributions. Newly in this case two sources of rank-deficiency are
present in the data matrix, one associated with the closed system
and other related with the side reactions. The additional eigenvalue,
indicates that a new chemical situation is done. Regarding the scheme
1, this new chemical situation could be attributed only to the COPO
formation (reaction 3, Scheme 1) or in addition to the COPO forma-
tion also to the presence of the SOE homopolymerization (reaction 4,
Scheme 1) and so to the HSOE formation. In both cases, only one
additional factor is expected, as is the case. So, based in the previous
wok [6], in the strategy followed (Fig. 1) only the first option has been
considered. Finally, the chemical rank estimated for D matrix is four
which again can be associated to a new chemical situation. At the end
of the reaction, important spectroscopic changes appear at 1085, 1110,
1130 and 1144 cm−1 related to HSOE, and also an increase of the 1776
cm−1 band characteristic of the γ-VL is observed, this situation is due
to the reversibility of the reaction 1, postulated in scheme 1. In our
opinion, this explains the new contribution in the rank analysis of the
matrix D. Therefore, in the followed strategy (Fig. 1) the spectrum
of HSOE was estimate in the last step indicated.

3.3 Rank estimation in augmented matrices

Rank deficiency problem is overcome when the singular values are
calculated for the augmented matrices, M1, M2 and M (Table 1).
There are several criteria to determine the number of significant values.
Considering the noise as a criterion, in the three matrices the number
of significant values is higher than the number of chemical compounds
postulated. But it is possible to observe that the last singular values
considered have similar magnitude. To define it more accurately, the
Malinowski criterion is introduced (Table 1) [35]. Considering the
IND value, in the three matrices M1, M2 and M the significant values,
marked in bold, are the same than the chemical compound postulated.
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3.4 Sequential resolution using MCR-ALS and the
global phase angle convergence criterion

Fig. 4 shows the spectra obtained by sequentially applying MCR-ALS
to the augmented matrices. These spectra were obtained in the opti-
mization step of MCR-ALS using the number of iteration determined
according to the criterion based on global phase angle. For the sake
of clarity, this decision will be argument in detail later in Table 2 and
Fig. 5 and 6. As a consequence of the complexity of these copolymer-

ization reactions and the considerable overlapping of the FTIR absorp-
tion bands, it is not easy to obtain a pure spectrum of the compounds
that can be used to fit the estimate. For this reason, goodness is eval-
uated by considering the characteristic IR absorption band of each
compound referenced in the literature. The first estimate corresponds
to the SOE spectrum (Fig. 4a), which has referenced absorption bands
at 1040, 1065, 1110 and 1120 cm−1 associated to stretching vibrations
of the bicyclic (C-O-C) [36-40]. These bands are not present at the
beginning of the reaction, as can be concluded from the comparison of
the second derivative of the estimated SOE spectrum and of the first
spectrum in matrix D1 (see also Fig. 4a).

Fig. 4b shows the COPO spectrum estimated by MCR-ALS. The
C=O functional group is associated to the linear ester (Scheme 1)
and the literature [39,40] has shown that absorption bands are asso-
ciated to stretching molecular vibrations of this group at 1736 cm−1.
Also referenced bands of the C-O-C stretching of the molecular struc-
tures produced in the epoxy copolymerisation have been reported at
1070, 1080, 1105 and 1135 cm−1. As expected for a representative
spectrum of a COPO product, comparing the second derivative of the
estimated COPO spectrum and of the first spectrum in matrix D2

shows an increase in the intensity of the absorption bands of the es-
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timated spectrum at the wavenumber indicated. Fig. 4c shows the

Figure 4: Spectra obtained in the sequential application of ALS to
the augmented matrices (left side) and its second derivative joint with
of the second derivative of the reference spectrum (right side). (a)
SOE spectrum and the second derivative of the SOE spectrum and of
the first spectrum in the matrix D1, (b) the COPO spectrum and the
second derivative of the COPO spectrum and of the first spectrum in
the matrix D2 and (c) the HSOE spectrum and the second derivative
of HSOE spectrum and the spectrum number 25 of the matrix D.

HSOE spectrum estimated by MCR-ALS, the second derivate of this
spectrum and spectrum number 25 of matrix D. This spectrum corre-
sponds to the time at which the beginning of reaction 4 was detected
[6]. HSOE corresponds to the product of SOE homopolymerization
(Scheme 1). In its structure, the C=O functional group characteris-
tic of a linear ester is also present so an absorption band is expected
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at 1736 cm−1. In a previous study of the spiroorthoester homopoly-
merization reaction, in which the opening of the bicyclic structure is
made, bands were reported at 1085, 1115, 1130 and 1144 cm−1 associ-
ated with the stretching vibration of the structure (-C-O-C-) [39,40].
All of these bands can be observed in the estimated spectrum of HSOE
when MCR-ALS is applied to the M matrix, which contains all of the
recorded spectra and the five appended spectra. A comparison of the
second-derivative spectra clearly shows that they have increased. It
should be pointed out that that the reaction studied is complex since
all chemical species have similar functional groups and are strongly
overlapped.

Fig. 5 plots the sum of squared residuals (SSR) vs the number
of iterations for the D1, D2, and D matrices according to: Fig. 5a,
the criterion based on global phase angle which represent information
related to the coherence of signals [24] and Fig. 5b, the criterion
included in ALS method which satisfies the mathematical constraints
of minimizing the error criterion of the sum of squared residuals (SSR).
The arrow indicates the optimal number of iterations. In all cases, the
number of iterations necessary to obtain a minimum is higher for ALS.
The results of MCR-ALS previously discussed in Fig. 4 were obtained
with 3, 8 and 11 iterations, for M1, M2 and M matrices, respectively.

Figure 5: Plots of the number of iterations in ALS for D1, D2 and D
matrices according to the criterion based on global phase angle SSRΘ

(a), and according the error criterion based of the sum of squared
residuals SSR (b).
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Figure 6: Spectra recovered by MCR-
ALS according to the SSRΘ criterion (-
), and the SSR criterion (. . . ) for: (a)
SOE, (b) COPO, and (c) HSOE.

To compare the two ap-
proaches, the results ob-
tained for matrix M are
shown. Table 2 contains the
dissimilarity coefficients cal-
culated between the spec-
tra recovered by MCR-ALS
and the pure spectra of
the reagents (DGEBA and
γ-VL) and the experimen-
tal spectra obtained for
HDGEBA [6]. It is possi-
ble to observe that although
the values are not very dif-
ferent, the dissimilarity co-
efficient is always lower us-
ing the iteration number ob-
tained by SSRΘ criterion.
Also, Fig. 6 plots the spec-
tra recovered by MCR-ALS
using the two approaches,
for: SOE (Fig. 6a), COPO
(Fig. 6b) and HSOE (Fig.
6c). Only, the more char-
acteristic bands, previously
discussed in Fig. 4, are in-
dicated. Both solutions are
quite similar but the refer-
enced spectroscopic absorp-
tion bands associated with
the compounds SOE, HSOE
and COPO, are better de-
fined when the SSRΘ crite-
rion is consider. This is im-
portant in such kind of re-
actions, as the case studied,
where is not easy to isolate
the intermediate compounds
and the final copolymer, so
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no pure spectra can be ob-
tain.

3.5 Concentration profiles obtained by MCR-ALS

The results found during the optimization process gave rise to matrix
C (47 x 6), which contains the concentration profiles for the three

compounds, and to matrix ST (6 x 1247), which contains the corre-
sponding spectra profiles. The product of both matrices, in accordance
with eqn (1), accounts for 99.99% of the variance associated with the
augmented experimental M matrix. The percentage of lack of fit was
0.97%, which in quantitative terms means that it explains practically
all the variability of the experimental data as a product of the found
spectra and concentration profiles. However, this fit parameter pro-
vides an overall measure of the residual.

Figure 7: Concentration profiles of the chemical species recovered by
MCR-ALS. DGEBA (-), γ-valerolactone (- - -), SOE (- · -), HDGEBA
(- -), and HSOE (· · -).

Fig. 7 shows the concentration profiles of the chemical species in ar-
bitrary units. It can be stated that the profiles of the reagents DGEBA
and γ-VL are according to the reaction 1 postulated in Scheme 1,
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which is known their reversibility at some point of the reaction but
not from the beginning of it [6]. Therefore, the concentration profile
of γ-VL increases from 420 seconds and this effect is not so strong
for DGEBA since other reactions, in which it is involved, are taking
place. In addition, these compounds have specific absorption bands
(1776 cm−1 for γ-VL and 910 cm−1(. for DGEBA that can be moni-
tored to obtain a representative profile of their evolution which can be
used to calculate the correlation coefficient. Those values are 0.9954
and 0.9885, respectively for γ-VL and DGEBA. Again, it is not pos-
sible to calculate this value for compounds that do not have specific
absorptions bands as the intermediate and final compounds.

4 Conclusions

Sequential application of MCR-ALS makes possible to estimate the
spectra of the compounds involved in a curing process, in which there
are several side and consecutive reactions, while polymers are grow-
ing. The strategy applied overcomes the rank deficiency of the data
matrix by appending these estimates to the original data matrix. The
global phase angle convergence criterion is a good strategy for cal-
culating the optimal number of iterations in ALS and for balancing
the purely mathematical and physical model underlying the system.
It has to be emphasized that the MCR-ALS solutions are always af-
fected by ambiguity and in our opinion the SSR solution is included
in the possible solutions of MCR-ALS. A deep study of the point will
be analyzed in other work. The overall results of applying MCR-ALS
to the augmented data matrix give a first solution to the evolution
of the concentration profile of the compounds that participate in the
reaction studied. This solution can be a first approach that might be
used for interacting with hard-modeling methods and obtain kinetic
constants.
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3.4 METHODOLOGY TO ESTIMATE... 105

3.4 Methodology to estimate concentration pro-
files from sample-sample two-dimensional
covariance spectroscopy

We propose using sample-sample 2DCOS to find the concentration
profiles of the reactive species involved in the reaction. A new an-
alytical methodology for detecting the most representatives species,
based on the correlation coefficient value, was applied for this pur-
pose. This methodology was applied in the curing reaction described
above (DGEBA with γ-valerolactone) and the estimated concentration
profile was used in MCR-ALS
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A Methodology to Estimate Concentration
Profiles from 2D Covariance Spectroscopy

Applied to Kinetic Data

Applied Spectroscopy 64, (2010), 177

Nicolás Spegazzini, Itziar Ruisánchez, Angels Serra,
Ana Mantecón, M. Soledad Larrechi

Department of Analytical and Organic Chemistry, Rovira i Virgili
University. Marcel·ĺı Domingo s/n, 43007, Tarragona, Spain

Abstract

Two dimensional (2D) covariance analyses applied to spec-
troscopy data obtained monitoring chemical process allow ex-
ploring the chemical reactions involved. Some slices of the
sample-sample covariance map are an approach to the concen-
tration profiles of the reactive species and we present a novel
methodology to identify them. The method overcome prob-
lems habitually referenced in the application of this technique
and it is based in the selection of spectral zones with similar
standard deviation of the variables and row centering the spec-
tra data in each zone. The slices are identified according to the
correlation coefficient value. The method is illustrated using
simulated spectra data set representatives of two model reac-
tions A→B and A→I→B. It has been applied to analyze the
effect of rare earth metal triflate initiators in the cationic curing
process of diglycidyl ether of bisphenol A with γ-valerolactone.
The number of significant slices found is equal to the number
of reactive species. This is interesting information that can be
used as initial estimation to find profiles concentration using
other methods as Multivariate Curve Resolution- Alternating
Least Squares (MCR-ALS).
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Index Headings: Sample-Sample correlation analysis; Two-
dimensional correlation spectroscopy; FT-IR spectroscopy; Cur-
ing reaction.

1 Introduction

Two dimensional (2D) correlation techniques, based on monitoring co-
variance’s among variations at the variables [1,2] has been employed
in the last years as a useful analytical tool to explore chemical reac-
tions. The first work was reported by Nakano et al. [3] to analyze IR
spectra monitored in a photochemical reaction. The use of other spec-
troscopic techniques as near infrared (NIR) [4] and Raman [5], has also
been referenced. Some examples of different chemical reactions that
have been studied are: Mo(CO)6 photochemical reaction [6], study of
transients radicals of cyanooxomethyl radical [7], identification of the
nature of sulfur species formed on an industrial SOx sorbent material
[8,9], synthesis of the spiroorthoester [4], polycondensation reactions
during self-assembly of mesostructured films [10], curing process of bis-
maleimide and dicyanate ester [11], reaction of malonitrile with KOH
carried out in ionic liquids [5]. Recently, the 2D correlation analysis
has been extended to the covariance analysis among the sample vari-
ations (SS). This approach was introduced by Zimba [12] and later
refined by Šašić and Ozaki [13-15]. In successive works Isaksson [16]
and Šašić [17,18] revised the terminology and considered the term 2D
covariance spectroscopy as the most adequate. Although in essence
SS correlation is very simple and intuitively understandable, there are
few reports applied to study chemical reactions with SS correlation in
comparison with variable-variable correlation analysis [19]. 2D covari-
ance map or synchronous spectrum is obtained from this technique.
The slice of the SS correlation values for each sample in the map [20,21]
is a useful representation to evaluate the concentration profiles of the
reactive species involved in the reaction.

In the referenced applications of SS technique, two topics are usu-
ally considered. One is related to the data pretreatment and the other
to the selection of the most representative slice of the reactive species
involved in the reaction [20,22]. The data pretreatment was considered
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by Šašić et al. [13,15] where mean normalization and mean centering
along the concentration profiles or sample axis was introduced. How-
ever, the efficacy of this pretreatment was questioned by the same au-
thor in their applications to IR data of polycondensation reactions [20]
as a consequence of the strong amplification of noise and distortions
introduced in the experimental data. In subsequent works [22,23] the
pre-treatment usually employed is the mean centering of the spectra
or columns centering.

Regarding the more representative slice, usually the first and the
last one among all the slices calculated [20,22,23] are considered be-
cause there are the most representative of the reagents and of the
final products. This simple rule it is not very useful when in the pro-
cess several reactions and intermediate compounds are involved. Some
information about the possible intermediates is obtained by the ref-
erenced authors [20,22,23] analyzing the disvariance or asynchronous
spectra, which chemical interpretation it is not easy.

In this work a new methodology is proposed to estimate the con-
centration profiles from 2D covariance spectroscopy applied to kinetic
data in such a way to overcome some of the problems above men-
tioned. It is based in: a) a previous fragmentation of the data in
order to select a zone where the standard deviation between samples
is similar for each variable considered in the zone. This avoids the
need for mean-normalization and avoids amplification of noise in the
experimental data, b) in each selected zone, 2D covariance analysis is
done with the pre-treated data using mean-centering along the sample
axis and c) the value of the coefficient correlation calculated between
the slice derivate of the 2D covariance analysis is used to select the
more representative slice of the evolution of the reactive species.

This methodology has been studied using two simulated data set
of spectra, one correspond to a first order kinetic reaction A→B and
the other correspond to a consecutive reaction A→I→B. Afterwards,
it has been applied to analyze the effect of rare earth metal triflate
initiators in the cationic curing process of diglycidyl ether of bisphenol
A (DGEBA) with γ-valerolactone (γ-VL). This process, used to pre-
pare modified epoxy thermosets, is a complex system in which parallel
and successive reactions are involved [4,24]. An optimal quantitative
resolution of this system, when the process is carried out in presence
of ytterbium triflate, was obtained by multivariate curve resolution-
alternating-least squares (MCR-ALS) using global phase angle con-
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verge criterion [25]. As it was shown, the application of this method-
ology gives valuable information but it needs to overcome the rank
deficiency problem present in the data matrix by sequential estima-
tion [25]. In the present work, the strategy proposed can be used to
estimate concentration profiles of the reactive species involved in the
reaction, which are very useful to comparatively analyze the effect of
the different rare earth metal triflates used as initiators in the cur-
ing process. In our opinion, this technique is an easy way that can
be employed to found good initial estimation to find the quantitative
resolution of complex systems using MCR-ALS, if it is necessary.

2 Background and applied strategy

In this section the basis of the data analysis and the strategy proposed
are introduced. In all expressions the data matrix D of dimensions (n
x m) correspond to the n spectra recorded in each experiment at the
wavenumber m.

Sample-Sample 2D Covariance Analysis. The SS-2D covari-
ance (cov) matrix of the experimental data D that has been previously

centered along the rows
∼
D is calculated according to equation 1:

Φ =
1

m− 1

∼
D
∼
D

T (1)

Each point in the sample-sample covariance matrix represents the co-
variance between a given pair of sample traces, such as those measured
at different reaction times. Each vector or slice spectrum in this ma-
trix gives information about the evolution of each sample in the matrix
D, thus if we correlated these slices we can detect point of the maxima
dissimilarity or maxima variability.

Correlation-coefficient analysis. criteria to estimate the more
representative slice spectra. The correlation coefficient ρ between two
vectors or slices (i and j) from matrix is defined as it is expressed in
equation 2. It is a measure of their similarity and range between +1
and -1.

ρij =
cov(i, j)

SDi · SDj
(2)

The evolution of the reactive species of a reaction as A→B can be
represented by a conjunct of symmetric profiles, ones corresponding
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to the evolution of A and the other to the evolution of B. The values
of correlation coefficient between two profiles are always +1 or -1 de-
pending on whether the shape of the two profiles (slices) considered
will be representative of the evolution of the specie A or the specie
B. However, if intermediate compounds take part in the reaction, as
an example A→I→B, several and different concentration profiles can
be found to represent the dynamic evolution of the system depending
on the reaction kinetics involved in the system and values different
from +1 or -1 can be found. The correlation coefficient is zero when
the angle between the two slice spectrums (vectors) correlated is 90◦.
Obviously, this point is related to a point of maxima dissimilarity be-
tween the vectors. Figure A-1 (see Appendix) shows the geometrical
representation of the angle formed among vectors.

Selecting spectral zone with similar standard deviation.
Why selecting variables zone with similar standard deviation? When
2D covariance analysis is applied to a data set that has been row cen-
tered, only if the magnitude of each variable in the vector of each
sample in the data set is similar, it is possible to obtain good informa-
tion of the variations between the samples. This is the usual situation
when working with spectroscopic data. An easy way to select variables
zone is to determine the zones that have similar standard deviation
values. In addition, this procedure allows detecting zones which vari-
ability can be associated with noise.

The methodology developed to apply SS covariance spectroscopy
to a data set is:

1. Define wavenumber zones where the intensity variations could
be observed in the application of the methodology. The information
is hidden when the methodology is applied when there are intensity
bands with different standard deviation. This step has to be opti-
mized. An easy strategy could be: a) use the spectral bands character-
istics of the functional groups representatives of the chemical species
involved in the reaction; b) calculate the maximum and minimum
standard deviation values of them; c) calculate the increment and use
it as criteria in the optimization process.

2. Calculate the SS covariance map in each zone. Previously the
spectral data are mean centering along the concentration profiles or
sample axis in each zone. From this map the slice spectra for each
sample is obtained.

3. Calculate the correlation coefficient value between all slices to
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determine the most representative, through the points of maxima sim-
ilarity (1), dissimilarity (0) or inverse similarity (-1).

3 Experimental

Simulated data set spectra. Two data sets of spectra were simu-
lated in order to assess the performance of the methodology presented
in this work. Each trace of the spectra, as a function of spectral
variable (ν), consists of two or three peaks (Figure 1A and 1B). The
spectral intensity of each peak changes as a function of the perturba-
tion variable t. The simulated spectra are given as a sum of two or
three Lorentzian peaks.

I(ν, t) =
I0(t)

1 + 4(ν − ν0)2/Γ2
(3)

Where I0, ν0, and Γ are: the peak intensity, peak position and band
width measured at the half height of the peak, respectively. The pa-
rameters for the simulated spectra were, I0= 0.1563, ν0=65 and 125
in Figure 1A and I0= 0.1563 or 0.086, ν0=65, 90 and 125 in Figure
1B, in both figures Γ=40. In both cases 100 spectra with 191 variables
were simulated. The two data sets can be fit to a first order kinetic
as it is indicated in the Figures 1A and 1B, where the profiles of the
reactive species A, B or I are shown.

Curing process. Just a brief description of the experiments is
given here because the details can be found in ref [24]. The three inde-
pendent experimental curing processes were carried out with DGEBA/
γ-VL (2:1 mol/mol) mixture in the presence of 1 phr (parts of initiator
per 100 part of mixture, w/w) of scandium, ytterbium or lanthanum
triflate. The reaction was carried out at 160◦C. In the processes, the
sample was placed on a small diamond crystal in the spectrophotome-
ter ATR cell (FTIR-680PLUS JASCO), which has a 3000 SeriesTM

High Stability Temperature Controller with a RS232 Control to take
the measurements. For each experiment we automatically acquired
data at intervals of 30 seconds between 700 and 1850 cm−1 until no
changes over time were observed in the spectra. The spectra recorded
were exported and converted into Matlab binary files, in each experi-
ment were aligned in three independently matrices which dimensions
were (40 x 1247) for scandium, (47 x 1247) for ytterbium and (150 x
1247) for lanthanum triflates.

112

UNIVERSITAT ROVIRA I VIRGILI 
TWO-DIMENSIONAL INFRARED CORRELATION SPECTROSCOPY AND MULTIVARIATE CURVE RESOLUTION 
METHODS: APPLICATION TO QUANTITATIVE MONITORING OF CURING PROCESS 
Nicolas Spegazzini 
ISBN:978-84-693-4049-3/DL:T.998-2010 



Figure 1: Simulated data set of spectra and their corresponding con-
centration profiles in a model reaction A→B (A), and a model reaction
A→I→B (B).

4 Computer programs

All calculations of ordinary differential equations are solved by ODE45,
Runge-Kutta integrated numerically and sample-sample 2D covari-
ance. Coefficient-correlation and all plots were performed with Matlab
subroutines, (version 6.5 The mathWorks, INC., Nattick. MA).
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5 Results and discussion

Figure 2 (A and B) contains the slice spectra obtained when 2D covari-
ance analysis is carried out with the simulated data shown in Figure 1
(A and B), respectively, after centering the data by rows. Regarding
the Figure 2 (A and B) it is easy to conclude that the first and the last
slices are the most representative of the concentration profiles of the
reagent A and the final product B, since the coefficient correlation be-
tween them and the known concentration of the reagents are 0.998 and
0.995, respectively. However, determine which slices are the most rep-
resentative of the concentration profile of the intermediate I is not so
simple. Figure 2 (C and D) shows the correlation coefficient between
the first slice and the following of Figure 2 (A and B). The values are
always +1 or -1, in Figure 2C, because the slice spectra data, Figure
2A, are representative of a reaction in which there is no intermediates,
whereas when intermediates are present, the coefficients can take any
value between +1 and -1 as can be observed in Figure 2D.

The zero value corresponds to the sample 14, which has the highest
peak of the intermediate (Figure 1B) and therefore it is the optimal
to represent the intermediate. It should be said, that this informa-
tion could not be obtained if during the pretreatment of the data they
were not centered by columns. The corresponding figures can be seen
in Figures A-2 (Appendix). For the case A→I→B, it is not possi-
ble to found the zero value and the best approach is the 0.19 which
corresponds to the correlation coefficient between the slice 1 and the
slice 32. Obviously, the slice 32 is not the optimum to represent the
profile of the intermediate compounds (Figure 1B). Considering that
the proposed methodology is an easy way to select the most repre-
sentative slices obtained by 2D covariance analysis of a data set, it
has been employed to found the slices spectrum representatives of the
curing process of DGEBA/ γ-VL mixtures in order to evaluate the ef-
fect of the initiator selected. As an example of the experimental data,
Figure 3 shows the 150 FTIR spectra measured in situ during the cur-
ing reaction in presence of lanthanum triflate. Its profile is similar to
that obtained when the reaction was carried out in the presence of
ytterbium triflate [24]. In this work, all reactive species involved in
the different reactions shown in the general Scheme 1, were postulated
and discussed using two-dimensional correlation analyses.

In the experimental data, the standard deviation at each wavenum-
ber between the samples was evaluated before performing the analysis.
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Figure 2: Slices spectra taken from SS covariance map using simulated
data set of spectra (A and B) and correlation coefficient values between
the slices (C and D ) respectively. (◦) values when the data were row
centering and (•) when the data were column centering.

Scheme 1: Cationic curing process of diglycidyl ether of bisphenol
A (DGEBA) with γ-valerolactone (γ-VL) (2:1) at T=160◦C. Time
(ti) is an indicator of the period of time in which each reaction of
the process can occur depending of the lanthanide triflate used as
initiator.
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Figure 4 shows the results obtained. Three zones can be distinguished:
the first between 800 and 1020 cm−1, the second between 1020 and
1200 cm−1 and the third between 1650 and 1800 cm−1 and 2D covari-
ance analysis was carried after a previous fragmentation of the spectra
in the three zones. Each zone of the spectra was rows centered.

Figure 3: FTIR-ATR spectra recorder along the reaction between
DGEBA and γ-VL, using La(OTf)3 as initiator.

In Figure 5(A-I) the spectra slices obtained in each spectral zone
for the three experiments (scandium (A-C), ytterbium (D-F) and lan-
thanum (G-I) triflates) are shown. Always, in the first zone, Fig 5 (A,
D and G between 800 and 1020cm−1), the profile of the first slice is
characteristic of the evolution of a reagent, as might be expected if
we consider that in this spectral zone the variations between the sam-
ples can be attributed to the intensity changes associated with the
characteristic band (910 cm−1) of oxirane group of DGEBA.

These first slices are the unique of all figures that have a profile
characteristic of a reagent that is consumed along the reaction (similar
to Figure 1, evolution of reactive specie A) and has been considered
as a reference to calculate the correlation coefficients shown in Figure
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Figure 4: Spectral standard deviation along of wavenumber for the
three curing process.
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Figure 5: Slices spectra taken from a SS covariance map in the se-
lected spectral zone with similar standard deviation for each initiator:
Sc(OTf)3 (A-C), Yb(OTf)3 (D-F) and La(OTf)3 (G-I).

6. According to the background, the values nearly to (0 or -1) will be
found when the most different slices are correlated and this occurs at
different reaction times, depending on the initiator. When the reaction
takes place in presence of scandium triflate, r values of -0.015 and -0.98
are obtained for thesamples 10 and 21, respectively (Figure 6 A), r=
-0.92 for sample 62 (Figure 6 B) and r = 0.5 and -0.75, for samples 81
and 95 respectively (Figure 6C). The spectrum slices of these samples
and the sample 1 are shown in Figure 7A. The same procedure has
been applied to detect the most representative slices when the reaction
is taking place in presence of the ytterbium triflate (Figure 6, D-F)
or the lanthanum triflate (Figure 6, G-I) and the corresponding slices
spectrum are shown in Fig 7(B and C), respectively.

From the results shown until now an interesting point is that the
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Figure 6: Correlation coefficient and angle between the first slice ob-
tained in spectral zone of 800-1020 cm−1 and the slices obtained in
each spectral zone, for each initiator: Sc(OTf)3 (A-C), Yb(OTf)3 (D-
F) and La(OTf)3 (G-I).
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number of slices considered as more representative is equal to the num-
ber of reactive species considered in the process. Also, it has to be
said that the same number of slices and equally representative, will
be found considering other band as a reference. Taking into account
that in the FTIR there are no specific bands for each reactive species,
to find a representative profile of their evolution is not a trivial task.
To comparatively discuss the results, the covariance’s values shown in
Figure 7, have been normalized and if we focus the attention in this
figure, it is possible to observe that the shape of the consecutive slices
have similar trend in each one of the three experiments. More pre-
cisely, the first slices (sample 1) in figures 7A, B and C have similar
shape; the second slice found, which correspond to a different sample
(10 in Figure 7A, 9 in Figure 7D and 23 in Figure 7G) has also similar
shape and so for all the slices (third until six). That is an indication
that the reactions involved in the curing process, Scheme 1, are the
same, independently of the initiator used. Therefore, considering the
information obtained from the previous work, where WW 2D correla-
tion spectroscopy was applied [24], a chemical discussion can be done
associating each slice spectrum with the evolution of each reactive
specie involved in the reaction. At this point, it is necessary to say
that the profiles shown in Figure 7, are only one possible estimation
of the real concentration profiles and, in order to check their goodness
to analyze comparatively the effect of the three initiators in the cur-
ing reaction, the slice attributed to DGEBA and γ-VL are compared
with the profiles experimentally obtained monitoring the absorbance
values at 910 cm−1 and 1776 cm−1, respectively, since these are char-
acteristics bands of each compound. Table 1 shows the correlation
coefficient between them, being in all cases higher than 0.97. So it
can be conclude that the slides associated with DGEBA and γ-VL in
Figure 7 can be considered as a useful concentration profiles to analyze
the effect of the initiator in their evolution. This assumption has been
extended to the other reactive species involved in the reaction.
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Figure 7: Estimate concentration profiles for the reactive species in
the curing process for each initiator: Sc(OTf)3 (A) Yb(OTf)3 (B)and
La(OTf)3 (C).
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If we compare the curves of the different initiators (Figure 7), some
differences arise. First refers to the time needed to complete the reac-
tive process. With scandium triflate the reactive process is finished at
about 600 seconds, with ytterbium salt it finishes at 800 seconds and
with lanthanum reaction times longer than 4000 seconds are necessary
to reach the complete disappearance of epoxide groups. This order of
reactivity agrees with the Lewis acidity of the rare earth metal triflates,
Sc > Yb > La. If we take into consideration the evolution of each re-
active species for the three initiators, what it calls the attention is the
evolution of the SOE and γ-VL groups. Scandium salt is the most
active to produce SOEs from epoxide (DGEBA) and γ-VL whereas
the lanthanum salt is the less active. However, after formation, some
SOE disappears again. This disappearance is more pronounced for
the scandium triflate initiated system, whereas for the lanthanum salt
this disappearance is more smooth and slower and continue until 4400
seconds. Because SOE is an intermediate compound, produced dur-
ing the cationic polymerization, it is expected that it polymerizes after
formation. However, if we look at the γ-VL evolution an unexpected
behavior can be observed. For all initiators, the lactone disappears
from the very beginning of the curing, faster for the scandium salt
and more slowly for the lanthanum, showing the ytterbium salt an
intermediate behavior. However, a pronounced formation of the lac-
tone, after exhaustion, can be observed in the scandium and ytterbium
initiated systems, and only a smooth and slow appearance occurs for
the lanthanum triflate. Thus, the disappearance of the SOE group
can be explained not only by the expected polymerization but also for
the reversion of SOE groups to the initial epoxide and lactone. Both
processes, polymerization and reversion of SOE, seem to be faster and
more pronounced in the following order: Sc > Yb > La. In the fig-
ure the curves corresponding to the homopolymerization of SOE and
epoxide and to the copolymerization of SOE with epoxide are also rep-
resented. From these curves we can see that homopolymerization of
epoxide and copolymerization of SOE and epoxide occurs from the be-
ginning of the process, but epoxide homopolymerization seems to be
more favorable than copolymerization. However, the homopolymer-
ization of SOE takes only place when the proportion of epoxide is low
and it does not begin until a considerable extent of polyetherification
and copolymerization has occurred.
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6 Conclusions

The proposed methodology allows estimating the concentration pro-
files of reactive species in a curing process from 2D covariance spec-
troscopy analysis applied to kinetic data. The developed strategy
based in the selection of a spectral zone with similar standard de-
viation of the variables and the row centering of the data in each
zone overcome problems habitually referenced in the literature in the
application of SS 2D covariance as the amplification of noise of the
experimental data. The value of the correlation coefficient calculated
between the slices derivates of the SS 2D covariance analysis is a use-
ful tool to select the more representative of them. It is proved that
when chemical information is available, correlation between the slices
derivates by 2D covariance analysis and the evolution of the reactive
species involved in the process can be done. This information can
be obtained using several methodologies as WW 2D correlation spec-
troscopy or MCR-ALS. In this latter case, the selected slices probably
can be a useful initial estimation in the optimization step. In the ap-
plication considered, the methodology allows to detect a number of
significant slices equal to the number of species involved in the curing
process. Considering that in the experimental spectra there are no
specific bands for each reactive species, which is important informa-
tion that is not easily obtained by other chemometrics methods. The
results obtained in the considered case, allows concluding that in the
present experimental conditions the involved reactions of the curing
process are the same, independently of the initiator used. The initia-
tor only affects the kinetic rate of the different reactions involved and
their extension.
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Appendix

Theoretical figures

Figure A-1: Geometrical representation of the angle formed among
vectors representatives of the species involved, for the first kinetic
order A→B and consecutive reaction A→I→B respectively.

Figure A-2: Slice spectra taken from SS covariance map by column
centering. (A) For the reaction A→B and (B) from the consecutive
reaction A→I→B.
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CHAPTER 3. RESULTS 127

3.5 Study of mechanisms involved in the cationic
curing process by perturbation-correlation
analysis and a curve resolution method

This section describes a variation on 2D correlation analysis called
PCMW2D that allows the analysis of complex spectral variations
along a reaction. PCMW2D) was used to study the two mechanisms
(ACE and AM) involved in the homopolymerization of DGEBA reac-
tion in the presence of rare-earth metal triflates as initiators.

An individual spectrum of the transient species involved in the
ACE mechanism was extracted by MCR-ALS using SS-2DCOS to find
an initial estimate of the concentration profiles of the reactive species.
The spectral profiles found suggest that the DGEBA polymerization
mechanism has a living character.
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Spectroscopic Evidence of the Mechanism
Involved in the Cationic DGEBA Curing

with Rare Earth Metal Triflates
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Abstract
The crosslinking of DGEBA using three rare earth triflates

as initiators (lanthanum, ytterbium and scandium) was stud-
ied by in situ FTIR spectroscopy. Cationic ring opening of
epoxides can proceed through two different mechanisms: acti-
vated monomer (AM) and active chain end (ACE). Using ad-
vanced chemometric methods such as perturbation-correlation
moving-windows two dimensional correlation spectroscopy (P-
CMW2D) and multivariate curve resolution - alternating least
squares (MCR-ALS) it has been possible to obtain spectro-
scopic evidence of the two mechanisms. Traditionally, to ev-
idence different mechanism pathways specific experiments re-
quires being design. The novelty of the present study is to find,
without a specific experimental design, spectroscopy evidence
of the pathway of the polymerization process and analyze the
effect of these initiators, and the evolution of the species that
takes part in the curing process by structural techniques as
FTIR/ATR.

Index Headings: Two dimensional correlation spectroscopy,
PCMW2D correlation spectroscopy, ATR-FTIR spectroscopy,
sample-sample correlation spectroscopy, multivariate curve res-
olution - alternating least squares method, crosslinking, cationic
initiators, Lewis acids.
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1 Introduction

The processability and the applicability of an epoxy resin critically
depend on the pathway of the curing process. The used curing agents,
which define the curing mechanism, have a large influence on the char-
acteristics of the final thermoset. Curing agents can be stoichiometric,
such as primary diamines or anhydrides, or catalytic, such as tertiary
amines or Lewis acids. Rare earth triflates are Lewis acids stable in
humid environments, commercially available, and their efficiency in
the curing process of diglycidyl ether of bisphenol A (DGEBA) has
been demonstrated [1]. These compounds are cationic initiators and
are more active than boron trifluoride complexes in the crosslinking
of epoxy resins and their copolymerization with lactones [2]. Cationic
ring opening of epoxides has been extensively studied and it can pro-
ceed through two different mechanisms: activated monomer (AM) and
active chain end (ACE) [3]. Both mechanisms, which can coexist, are
represented in Scheme 1. It has been suggested that the AM mech-
anism is preferred in the presence of relatively high content of the
initiator and hydroxylic groups [4,5]. In the cationic polymerization
of heterocycles proceeding by ACE mechanism, propagation involves
nucleophylic attack of the heteroatom of the monomer to the growing
chain end, which is a cationic species. In the polymerization that pro-
ceeds by an AM mechanism there are no active species at the growing
chain end, and the monomer is in this case activated by the initia-
tor and undergoes the nucleophylic attack on the uncharged growing
chain end. The ACE mechanism is characterized by back-biting pro-
cesses that lead to oligomeric species. However, when ring-opening
polymerization is applied to the formation of thermosetting materi-
als, this mechanism produces inter- or intramolecular chain transfers,
which do not lead to relevant changes in the network structure. On
the contrary, AM mechanism produces chain transfer reactions, which
shortens the chain length affecting the network morphology and the
glass transition temperature of the thermoset. The present study is
focused in the cationic curing of DGEBA, using three rare earth tri-
flates as initiators: lanthanum, ytterbium and scandium. Since these
metal triflates differ in their Lewis acidity and Pearson hardness, they
can affect differently both mechanism and their kinetics. Traditionally
[4-7], to evidence different mechanism pathways specific experiments
requires being design. The novelty of the present study is to find,
without a specific experimental design, spectroscopy evidence of the
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pathway of the polymerization process and analyze the effect of these
initiators, and the evolution of the species that takes part in the curing
process by structural techniques as FTIR/ATR. Infrared spectroscopy
is sensitive to the conformation and local molecular environment and
can provide structural information and therefore it can be used to
monitor the curing process at real time.

In a first step, we use a powerful tool as perturbation-correlation
moving-windows two dimensional correlation spectroscopy PCMW2D)
[8-10] for unraveling the reaction pathway. In a second step, multi-
variate curve resolution-alternating least squares (MCR-ALS) [11-13]
has been employed to quantitative resolution of the reactive species
involved in the curing process [14]. The initial estimates of the profile
concentration of the chemical species required for MCR-ALS has been
found by sample-sample covariance spectroscopy [15]. The study re-
veals that two mechanisms activate chain (ACE) and activate monomer
(AM), are involved in the DGEBA homopolimerization being the later
one more favorable with the scandium triflate. Also, a representative
spectrum of the transient specie involved in the cross linking process
of DGEBA according to the activated chain mechanism (ACE) has
been found. These results are the first spectroscopic evidence of the
mechanism involved in the cationic DGEBA curing.

Schema 1: Cationic ring opening of epoxides by two different mecha-
nisms: activated monomer (AM) and active chain end (ACE).
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2 Background and procedure

Perturbation-correlation moving-windows two-dimensional
correlation spectroscopy. The PCMW2D correlation spectroscopy
[16] is derived from the generalized two-dimensional correlation spec-
troscopy [17,18] and moving-windows two dimensional correlation spec-
troscopy [19]. This method is characterized by a synchronous ΠΦ and
asynchronous ΠΨ correlation spectra spread on a 2D plane defined by
the spectral variable ν axis (here, wavenumber) and the perturbation
variable t axis (here, reaction time). The correlation intensities are
calculated in a sud-divided matrix named “moving-windows” along
the perturbation directions. To do it, it is necessary to define the size
window (2m + 1 = size). Correlation between the spectral variation
and perturbation variation between the windows are calculated. Ac-
cording to the study of Morita et al. [16] the synchronous ΠΦ and
asynchronous ΠΨ PCMW2D correlation spectra are proportional to
the first derivative and the opposite sing of the perturbation second
derivative, respectively eq 1:

ΠΦ(ν, t) ∼
∂A(ν, t)

∂t


ν

; ΠΦ(ν, t) ∼ −
∂2A(ν, t)

∂t2


ν

(1)

WhereA is the absorbance (spectral intensity) as function of wavenum-
ber ν and time t. This method make possible to extract information
about the variation of the spectral gradient along the reaction [8,9,16].

Sample-sample 2D covariance and correlation-coefficient

analysis.The sample-sample covariance matrix Φ of a data matrix
∼
D

that contain the spectra recorded in a reaction is obtained according to
eq. 2. Each point in the sample-sample covariance matrix represents
the covariance between a given pair of sample traces, such as those
measured at different reaction times. Each vector or slice spectrum in
this matrix Φ gives information about the evolution of each sample in
the matrix D:

Φ =
1

m− 1

∼
D
∼
D

T (2)

In this work, previously to calculate the covariance matrix Φ, the
experimental data D has been previously centered along the rows to

obtain matrix
∼
D.

The more representative slices of the reactive species involved in
the DGEBA homopolimerization process has been determined accord-
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ing to the recently established methodology by our research group that
use the value of the correlation coefficient ρij between all slices:

ρij =
cov(i, j)

SDi · SDj
(3)

where i and j two vectors or slices from matrix Φ.
For the sake of clarity, some details of the mentioned methodology

are expalined. The concentration profiles of a reaction R (reactive)→P
(product) can be represented by two symetric profiles, corresponding
to each of the species involved and the value of correlation coeficient
between those two profiles is -1. When the in the reaction take part an
intermediate compounds, i.e. R(reactive)→I (intermediate)→P (prod-
uct), several and different concentratrion profiles can be found to rep-
resent the dynamic evolution of the system depending on the reaction
kinetic. When the correlation coeficients are calculated between all the
profiles, an interval between +1 and -1 is found. Corresponding the
zero value to the point of maxima dissimalarity between the profiles
[20].

Multivariate curve resolution-alternating least squares
method (MCR-ALS). The aim of MCR-ALS [21] method is the
bilinear decomposition of the experimental data set D in order to
obtain matrices C and ST, which have a real chemical significance,
according to eq. 4:

D = CST+E (4)

Where the dimensions of the matrices are: D (n x m), C (n x c), ST

(c x m), E (n x m); and c is the number of components considered
(chemical species contributing to the signal), n is the number of spec-
tra and m is the number of wavelengths in data matrix D. C is the
matrix that describes the changes in the concentration of the species
in the system under study. ST is the matrix that contains the response
profile of these species (spectra profiles) and E is the residual matrix

with the data variance unexplained by the product C·ST.
In this work the MCR-ALS analysis has been done with the first

derivative of matrix D called D′= der[D], to cancel the baseline line
fluctuations in the spectra [22]. The procedure has been carried out
according to the following steps:

(1) First, the number of factors present in D′ that have chemi-
cal information is estimated from the chemical rank associated with
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the data matrix D′. This determination is performed according to in-
formation found by singular values decomposition (SVD) of the data
matrix D′.

(2) The initial estimate were the concentration profiles of the chem-
ical species involved in the DGEBA homopolimerization process ob-
tained by sample-sample 2D covariance and correlation-coefficient anal-
ysis of the data of the matrix D′.

(3) In the optimization process, in which ALS is applied to the
matrix D′, constraint of non-negativity for the concentrations.

The percentage of variance explained by the product of C·int[ST′],
the lack of fit and the coefficient of similarity between the recovered
spectra and the spectra of the pure species were used as parameters
to evaluate the goodness of the model.

3 Experimental

Materials. Diglycidylether of bisphenol A (DGEBA) (Epikote 827
resin from Shell Chemicals, epoxy equiv. = 182.08 g/eq), was used as
received. Ytterbium (III), lanthanum (III) and scandium (III) triflates
(Aldrich) were used without previous purification.

Preparation of the Curing Mixtures. The samples were pre-
pared by the mixing the selected initiator in the corresponding amount
of DGEBA with manual stirring. All the mixtures contained 1 phr of
metal triflate (1 part per 100 parts of resin mixture, w/w). The pre-
pared mixtures were kept at -18◦C before use.

Experimental conditions and FTIR-ATR data recorded.
Three independent experimental curing processes were carried out
with DGEBA in the presence of 1 phr (parts of initiator per 100 part of
mixture, w/w) of scandium, ytterbium or lanthanum triflate. The cur-
ing was carried out at 160◦C. In each process, the sample was placed
on a small diamond crystal in the spectrophotometer ATR cell (Specac
Golden Gate) (FTIR-680PLUS JASCO), which has a 3000 SeriesTM

High Stability Temperature Controller with a RS232 Control to take
the measurements. For each experiment we automatically acquired
data at intervals of 30 seconds between 700 and 3800 cm−1 until no
changes over time were observed in the spectra. The spectra recorded
were exported and converted into Matlab binary files, and aligned in
three independently matrices D which dimensions were (50 x 3528) for
scandium, (80 x 3528) for ytterbium and (180 x 3528) for lanthanum
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triflates respectively.
Two dimensional correlation spectroscopy and Multivari-

ate Curve Resolution methods. All calculations PCMW2D corre-
lation, sample-sample 2D covariance-coefficient correlation were per-
formed by in-house program coded in Matlab. The first derivate spec-
tra were calculated by Savitzky-Golay method [23] and MCR-ALS was
performed using the Matlab subroutines developed by R. Tauler [24]
(Matlab version 6.5 The MathWorks, INC., Nattick. MA).

Figure 1: FTIR-ATR spectra recorder along the homopolimerization
reaction of DGEBA at T=160◦C, using La(OTf)3 as cationic initiator.

4 Results and discussion

Spectral analysis. Spectroscopic analysis of spectra recorded for
each experiment was done. Figure 1 displays the FTIR/ATR spectra
obtained when the curing was carried out using La(OTf)3 as cationic
initiator. We monitor the decrease of the intensities of the absorp-
tion band at 910 cm−1 along curing time. This band is assigned to
the stretching modes of oxirane group present in DGEBA. Absorption
bands in the region of 1000-1200 cm−1, which increase during the cur-
ing are attributable to the stretching of C-O-C of ether group present
in the DGEBA or originated during curing. The weak and bad defined
absorption bands in the region of 3200- 3500 cm−1 are associated with
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the stretching mode of OH group, present in the DGEBA. The spec-
tral changes observed between 1600 and 1500 cm−1, characteristic of
the aromatic group, can be attributable to the variations produced as
consequence of the increase of the viscosity during the curing process.
Similar changes were observed when the curing was carried out using
ytterbium or scandium triflates as initiators. With only this spectral
analysis is not possible to extract information about the mechanism
and to comparatively evaluate the effect of the initiators used. There-
fore, PCMW2D correlation spectroscopy was utilized to analyze the
changes produced in the IR spectra along the DGEBA homopolymer-
ization reaction. The absorption in the hydroxylic zone (3500-3200
cm−1) should not vary during the curing process even if AM mech-
anism participates. Therefore, the PCMW2D analysis was restricted
to the 900 to 1150 cm−1 spectral region.

PCMW2D Correlation Analysis. Figure 2 shows the syn-
chronous and asynchronous (PCMW2D) correlation spectrum obtained
with a windows size equal to (2m + 1 = 11) using lanthanum triflate
as initiator. Positive and negative correlation areas are represented
by red and blue hue colors, respectively. When a band shows a neg-
ative correlation value in a synchronous PCMW2D correlation spec-
trum, the intensity of the band decreases with the reaction time. An
asynchronous PCMW2D correlation spectrum is proportional to the
opposite sign of the second derivative of an intensity change with re-
spect to the reaction time and their values can be correlated with
the corresponding value in the synchronous spectrum using the rules
of PCMW2D correlation analysis, shown in Table 1. This analy-
sis allows to evaluate if the intensity variations for each absorption
band, along of the reaction time, are constant or not and to compare
their behavior with the other absorption bands, which allow studying
the mechanism reaction. In Figure 2, thehigher variations are cen-
tered around to 910 cm−1 characteristic of the oxirane group present
in DGEBA and around of 1070 cm−1 and 1130 cm−1 characteristics
of ether groups. Therefore, the information contained in the evolu-
tion of 910 cm-1 is the same but the opposite sign to the information
contain in the evolution of band at 1070 or 1130 cm−1 and for this
reasons to simplify the analysis, the slice spectrum extracted from
the synchronous and asynchronous PCMW2D correlation spectrum
at 910 cm−1, was considered for all experiments. They will appear
later in Figure 3. The information of synchronous and asynchronous
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Figure 2: Synchronous and asynchronous PCMW2D correlation spec-
tra in the 900-1150 cm−1 region calculated from the time-resolved IR
spectra of the homopolimerization reaction of DGEBA, in presence of
La(OTf)3 as initiator, measured over a time range 0-3000 s.

PCMW2D spectra for 1070 and 1130 cm−1, characteristic of ether
group in transient species and product, is available in Figures A-1 and
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A-2 of Appendix. Before detailing the results of the analysis, it is nec-

Figure 3: Slice spectra taken from the synchronous and asynchronous
PCMW2D correlation spectra, for the epoxy band at 910 cm−1, for
each initiator: Sc(OTf)3, Yb(OTf)3, and La(OTf)3.

essary to indicate that the synchronous and asynchronous PCMW2D
correlation spectrum obtained using ytterbium and scandium triflate
as initiators were obtained using a windows size of (2m + 1 = 11)
respectively. Figure 3 shows the slices for the three initiators. It can
be seen, that the values of the synchronous spectra (ΠΦ), are always
negative, as was expected for a characteristic band of a reagent. How-
ever, their profile is different for each initiator. The similarity is higher
between the profiles obtained when the initiator was ytterbium and
lanthanum triflates. In the case of the scandium triflate, the more
negative correlation is observed between sample 1 and 3. This is an
indication that the variations of the absorption band at 910 cm−1

are more important between these samples. When using ytterbium
triflate, the more negative correlation corresponds to sample 10 and
when the initiator was the lanthanum, to sample 20. That is an in-
dication that the opening of the oxirane group is quicker in presence
of scandium versus ytterbium and this versus lanthanum which is in
accordance with their Lewis acid trend. The different profiles obtained
in each experiment can be an initial indication that the reaction mech-
anism is different for each initiator. This information can be obtained
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combining, according to the rules of Table 1, the sign of the corre-
lation values shown in the synchronous and the asynchronous slices
spectrum (ΠΨ) for each interval of samples. Numerical results of the
sign combination can be obtained from equation 5 and the values cor-
responding to the diagonal slice ξ(t, t), are show in Figure 4 for the
epoxy band at 910 cm−1:

Ξ(t1, t2) = πΨπ
T
Φ (5)

Now, it can clearly be seen that at the beginning of the reaction the
variations of the band at 910 cm−1, representative of the reagent, show
a convex profile decrement (start at large negative value and goes to
lower negative values), in the case of ytterbium and lanthanum. While
the profile decrement is concave, (start at large positive value and goes
to a lower positive value), for the scandium. The convex profile at 910
cm−1 at the beginning of the reaction is in agreement with the ACE
mechanism postulated in Scheme 1, where the oxirane group is present
in the transient species (HA*) whereas in AM mechanism, the tran-
sient specie do not show the activated oxirane group at the end of the
chain, as it is reflected in a concave decrement for scandium initiator.
So, a possible interpretation is that at the beginning of the reaction
the ACE mechanism is more favorable than the AM mechanism when
the initiators used are ytterbium or lanthanum triflates. From this
analysis it is clear that the curing process of DGEBA varies with the
metal in the initiator. The AM mechanism requires the presence of
OH in the medium, which is low accordingly to the weak spectral
signal referenced between 3200 and 3500 cm−1. In our opinion both
mechanisms, shown in scheme 1, take place in the curing reaction
independently of the initiators but the mechanism AM is more im-
portant in the case of scandium than for ytterbium and lanthanum.
In order to evaluate the possibility to find the characteristic spectrum
of the transient species involved in the curing process according to
the ACE mechanism, multivariate curve resolution-alternating least
squares (MCR-ALS) has been applied to the data matrix obtained
with the lanthanum triflate as initiator as a consequence that it is in
this experiment were the ACE mechanism is more evident during a
longer period of time reaction, until sample 20.
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Figure 4: Graphics rules from PCMW2D Correlation analysis in time-
dependent IR spectra, for the epoxy band at 910 cm−1, for scandium,
ytterbium and lanthanum triflates as initiators.

Multivariate Curve Resolution - Alternating Least Squares
Analysis. First, the chemical rank of data matrix D′ that contains
the first derivative of the spectra has been calculated by SVD [25].
According to Amrheim et al. [26], the chemical rank in a data matrix
that contain the spectra recorded in a reaction is the minimum of (r+1
or c) being r the number of independent reactions and c the number of
the species involved in the process. In the spectral region considered
in the data matrix it is possible to think that the present chemical
species are the corresponding to the ACE mechanism in Scheme 1,
therefore three. In this analysis three singular values (λ1 = 70.021,
λ2 = 5.700, and λ3 = 0.545) were considered significant, which is in
agreement with the above mentioned. Initial estimation of concen-
tration profiles of the chemical species associated with these factors,
required by MCR-ALS, was obtained from sample-sample covariance
spectroscopy.

Sample-sample covariance-correlation coefficient analyses.
Figure 5 shows the 180 spectrum slice representatives of the evolution
of the samples recorded in the DGEBA curing process in presence of
lantanum triflate. The more representative of them correspond to the
samples 1, 29 and 180, which have a correlation coefficient of 1, 0.05
and -1 between the first spectrum slice.

Optimization step by alternating least-squares. Figure 6
shows the concentration profiles and the spectra profiles (figure A-3
Appendix) obtained in the optimization ALS step. In this process
non-negativity constraints were imposed to matrix . The recovered
variance according to Eq. (1) was 99.96%. The percentage of lack
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Figure 5: Estimate concentration profiles for the reactive species in
the curing process for lanthanum as initiator from slices spectra taken
of sample-sample covariance-correlation coefficient analyses.

of fit was 0.97%, which in quantitative terms means that it explains
practically all the variability of the experimental data. Even more
important than the concentration profiles is the fact that the recov-
ered spectra associated to the transient species (HA*) and product
(PHA*) are very similar. It is in agreement with two chemical species
with the same chain end which could indicate that the polymerization
mechanism has a living character. However, it should be said that
the crosslinking of comonomers to form a thermoset implies that the
reaction rate is reduced when the material gels and it loss its mobility.
From this point the kinetics is diffusion controlled and some chain ends
can not further react. The living character of rare earth metal triflates
in the cationic polymerization of -caprolactone was demonstrated by
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Nomura and co-workers [27].

Figure 6: Concentration profiles and spectra recovered by MCR-ALS,
for the reactive chemical species: A, HA* and PHA*.
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5 Conclusions

The existence of the two mechanism ACE and AM in the homopoly-
merization process of DGEBA in presence of rare earth metal triflates,
scandium, ytterbium and lanthanum, as initiators has been confirmed
by PCMW2D correlation spectroscopy. AM mechanism is more fa-
vorable for scandium than for ytterbium or lanthanum triflates. The
individual spectrum of the transient specie involved in the ACE mech-
anism has been extracted by MCR-ALS. Their spectra profile seems
to suggest that the polymerization mechanism has a living character.
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Lendl, J. Phys. Chem. B, 110, (2006), 10896.

[12] H. Dathe, P. Haider, A. Jentys, and J. A. Lercher, J. Phys.
Chem. B, 110, (2006), 10729.

[13] H. Dathe, P. Haider, A. Jentys, and J. A. Lercher, J. Phys.
Chem. B, 110, (2006), 26024.
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[22] V. A. Lorenz-Fonfŕıa, and H. J. Kandori, J. Am. Chem. Soc.,
131, (2009), 5891.

[23] A. Savitzky, and M. J. E. Golay, Anal. Chem., 36, (1964),
1627.

144

UNIVERSITAT ROVIRA I VIRGILI 
TWO-DIMENSIONAL INFRARED CORRELATION SPECTROSCOPY AND MULTIVARIATE CURVE RESOLUTION 
METHODS: APPLICATION TO QUANTITATIVE MONITORING OF CURING PROCESS 
Nicolas Spegazzini 
ISBN:978-84-693-4049-3/DL:T.998-2010 



[24] http://www.ub.edu./mcr/ntheory.htm, Group of Solution
Equilibria and Chemometrics, Analytical Chemistry Depart-
ment, University of Barcelona.

[25] Golub, G. H.; Van Loan, Ch. F. Matrix Computations, The
John Hopkins university Press, Baltimore, 1989; p50.

[26] M. Amrhein, B. Srinavasan, D. Bonvin, and M. M. Schu-
macher, Chemom. Intell. Lab. Syst., 33, (1996), 17.

[27] N. Nomura, A. Taira, T. Tomioka, and M. Okada, Macro-
molecules, 33, (2000), 1497.

145

UNIVERSITAT ROVIRA I VIRGILI 
TWO-DIMENSIONAL INFRARED CORRELATION SPECTROSCOPY AND MULTIVARIATE CURVE RESOLUTION 
METHODS: APPLICATION TO QUANTITATIVE MONITORING OF CURING PROCESS 
Nicolas Spegazzini 
ISBN:978-84-693-4049-3/DL:T.998-2010 



Appendix

Additional information: Synchronous and asynchronous PCMW2D
spectra for 1070 and 1130 cm−1 characteristic of ether group present
in transient specie and product, see Figures A-1 and A-2. Spectra re-
trieved ST′ from D′= der[D], for different species (reagent, transient
specie and product) in Figure A-3.

Figure A-1: Slices spectra taken from the synchronous and asyn-
chronous PCMW2D correlation spectra, for the epoxy band 1070
cm−1, for each initiator: Sc(OTf)3, Yb(OTf)3 and La(OTf)3.

146

UNIVERSITAT ROVIRA I VIRGILI 
TWO-DIMENSIONAL INFRARED CORRELATION SPECTROSCOPY AND MULTIVARIATE CURVE RESOLUTION 
METHODS: APPLICATION TO QUANTITATIVE MONITORING OF CURING PROCESS 
Nicolas Spegazzini 
ISBN:978-84-693-4049-3/DL:T.998-2010 



Figure A-2: Slices spectra taken from the synchronous and asyn-
chronous PCMW2D correlation spectra, for the epoxy band 1130
cm−1, for each initiator: Sc(OTf)3, Yb(OTf)3 and La(OTf)3.

Figure A-3: First derivate spectra recovered by MCR-ALS, for the
reactive chemical species: A, HA* and PHA*.

147

UNIVERSITAT ROVIRA I VIRGILI 
TWO-DIMENSIONAL INFRARED CORRELATION SPECTROSCOPY AND MULTIVARIATE CURVE RESOLUTION 
METHODS: APPLICATION TO QUANTITATIVE MONITORING OF CURING PROCESS 
Nicolas Spegazzini 
ISBN:978-84-693-4049-3/DL:T.998-2010 



 

UNIVERSITAT ROVIRA I VIRGILI 
TWO-DIMENSIONAL INFRARED CORRELATION SPECTROSCOPY AND MULTIVARIATE CURVE RESOLUTION 
METHODS: APPLICATION TO QUANTITATIVE MONITORING OF CURING PROCESS 
Nicolas Spegazzini 
ISBN:978-84-693-4049-3/DL:T.998-2010 



Chapter 4

CONCLUSIONS
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Because each paper presented in Chapter 3 contains its own con-
clusion section, this chapter emphasizes the thesis conclusions ac-
cording to the goals set out in the Scope section. The first and most
general conclusion is that multidimensional correlation spectroscopy
and the multivariate curve resolution method are useful chemometric
methods for quantitatively monitoring a curing process using infrared
spectroscopy.

Specifically, we can also state that:

- Generalized and perturbation-correlation moving-windows two-
dimensional correlation spectroscopy, are valuable methods for obtain-
ing information about the reaction pathway in the case studied, which
was representative of a curing process.

- Sample-sample two-dimensional correlation spectroscopy is a very
useful method for obtaining concentration profiles of the chemical
species involved in the curing process.

- And finally, MCR-ALS is a very useful method for the quantita-
tive resolution of the curing process.
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[19] P. Castell, M. Galià, A. Serra, J. M. Salla, X. Ramis, Polymer,
41, (2000), 8565.

[20] C. Mas, X. Ramis, J. M. Salla, A. Mantecón, A. Serra, J. Polym.
Sci. Part A: Polym. Chem., 41, (2003), 2794.
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