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a b s t r a c t

A meaningful characterization of the photo-induced curing process of materials based on styrene mono-
mers functionalized with thymine and charged ionic groups was accomplished using FT-IR spectroscopy
in combination with second-order multivariate calibration algorithms. The polymer composition as
well as the irradiation dose effects on the photo-crosslinking of copolymer films was experimentally
determined. Each FT-IR absorption spectra was decomposed into the contribution of individual species
by means of chemometric algorithms. A second-order strategy involving a three-way array for each
sample and analyzing all arrays simultaneously was used. Temperature and solvent frequently have a
strong influence on the FT-IR peak producing shifts and trilinearity lost. A new methodology to properly
pre-align the spectroscopic matrix data is used based on the decomposition of a three-way array via
a suitably initialized and constrained PARAFAC model. The chemical reaction mechanism describing
the underlying process in terms of identifiable steps was determined. Associated key parameters and
equilibrium rate constants that characterize the interconversion and stability of diverse species were
predicted. Additionally, it was possible to quantify all the species even in the presence of a non-
calibrated compound.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, extensive research has been done to design and
construct environmentally benign alternatives for currently used
toxic synthetic polymers, such as micro and nanostructures that
possess functional external stimuli (pH, temperature, light, etc.).
Many chemical and physical structures are complicated, and the
relationship between the essential properties of the materials
and the available experimental data cannot be described by exist-
ing theories. Presently, a great deal of attention is focused on the
development of models that can be used to predict the attri-
butes of the final materials based on measured properties of the
chemical system such as pressure, temperature, infrared, Raman or
NMR spectra. In addition, multivariate statistical data analysis has
proven to be a powerful tool for the analysis of large chemistry and
biochemistry data sets [1].

One of the biggest problems with commercial polymers is the
lack of biodegradability and the need of toxic solvents for their

preparation and processing. Water soluble copolymers with pen-
dant thymine groups, such as those including 1-(vinylbenzyl)
thymine (VBT), have many demonstrated and as yet realized
applications as a greener more benign material [2]. The thymine
group imparts the ability to immobilize the oligomer or polymer
onto surfaces through a 2þ2 photodimerization between neigh-
boring thymine units both intra and intermolecularly, resulting in
countless applications of this polymer [3–5]. Furthermore, the
polymers can be recycled as the photodimerization process can
be reversed photolytically or enzymatically [6]. The preliminary
kinetic studies of the gellation point of copolymers of VBT and
1-vinylbenzyl triethylammonium chloride (VBA) of varied mono-
mer ratios were achieved through the measurement of the time
dependence of the FT-IR spectrum of thin-films of water-soluble
VBT copolymers and analysis by a first-order multivariate curve
resolution process [7].

Multivariate calibration techniques such as partial-least squares
regression or principal component regression are used to build a
mathematical model that relates the multivariate response (spec-
trum) to the property of interest, which can be used to efficiently and
effectively predict the property of interest in new samples. The main
advantages of using multivariate calibration techniques are that fast,
cheap, and non-destructive analytical measurements (such as optical
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spectroscopy) can be used to estimate sample properties that other-
wise would be time-consuming, expensive and destructive. Multi-
variate calibration allows for accurate quantitative analysis, even in
the presence of heavy interference from other analytes, which is
particularly important when monitoring chemical processes produ-
cing byproducts as yet unidentified.

It is evident that evolving towards the integration of multiple
data sets from previously disparate methods into one coherent
computational model offers theoretical and practical advantages
from an analytical point of view [8–12]. For example, while the
zeroth-order univariate calibration cannot detect sample compo-
nents producing an interfering signal, the first-order calibration
that makes use of a data vector per sample can compensate for
potential interferents, provided they are included in the calibration
set [13]. Furthermore, second order data lead to three-dimensional
structures (three-way arrays), which can be decomposed allowing
relative concentrations and profiles of the individual components
in the different domains to be directly extracted. In this way,
analytes can be quantified even in the presence of unknown
interferents not included in the calibration set [14]. Second-order
data for a given sample can be produced in different ways, either
in a single instrument or by resorting to instrument hyphenation.
Numerous second-order calibration and analytical applications
have been reported in recent years where the data for a group of
samples is recorded and processed using available second-order
algorithms [12,15–17].

Recently, the photo-induced curing reaction kinetics of VBT–
VBA copolymer was determined combining FT-IR spectroscopy
and a multivariate curve resolution assisted by alternate least
squares (MCR-ALS) [7]. Following the changes on the carbonyl IR
peak associated to the thymine moiety, the photo-dimerization
reaction was monitored. Both simulated and experimental systems
were analyzed to show the capability of the method in determin-
ing the species and kinetic profiles present in the photo-induced
crosslinking reaction. However, only qualitative information was
obtained and the relative concentrations of the reaction compo-
nents were not established. The applied first order data processing
was likely the limiting factor, because this method detected the
presence of an interferent and as a result excluded the possibility
of quantification.

A second-order strategy involves generating a three-way array
for each sample (in our case, irradiation time, wavenumber
and absorbance) and analyzing all arrays simultaneously. How-
ever, determining the inner structure of a three-way array is the
essential step before choosing a suitable resolution method. Some
models such Parallel Factor Analysis (PARAFAC) [18] or Direct
Trilinear Decomposition (DTD) [19] require uniform presentation
of data, i.e. that each chemical component should present a unique
profile in all samples, both in spectral and irradiation time
dimensions. Signals obtained by FT-IR or NIR spectroscopy tech-
niques often do not fulfill this requirement since the temperature
or the solvent have a strong influence on the peak maximum, pro-
ducing shifts, and consequentially trilinearity is lost [20]. Con-
versely, Multivariate Curve Resolution-Alternating Least-Squares
(MCR-ALS) [21] or Generalized Rank Annihilation Method (GRAM)
[22] are more flexible algorithms, allowing a given component to
have different spectral profiles in different samples [23]. However,
for systems with large overlap or linear dependence between the
components, these algorithms do not solve the problem satisfac-
torily [24,25]. A potential solution to overcome this drawback is to
properly pre-align each matrix data to restore trilinearity in order
to apply the above methods [25]. In this work, a new methodology
to align the spectroscopic matrix data is used based on the
decomposition of a three-way array via a suitably initialized and
constrained PARAFAC model. The proposed method is able to
properly align the different data matrix, restoring the trilinearity

required to process the calibration and test data with second-order
multivariate calibration algorithms [25].

In summary, this work presents an experimental study of poly-
mer composition as well as irradiation dose effect on the cross-
linking of VBT copolymer films coated on reflective substrates
using FT-IR spectroscopy. To this effect, copolymer mixtures of
different VBT–VBA compositions were irradiated at 254 nm for
different times, and the IR spectra in the region of 400–4000 cm�1

was recorded. The total signal of each FT-IR absorption spectra was
decomposed into the contribution of individual species via the
chemometric algorithm (MCR-ALS). Contrasting with previously
published work [7], it was possible to determine the chemical
reaction mechanism describing the underlying process in terms of
identifiable steps, together with the associated key parameters as
well as the rates and/or equilibrium constants that characterize
the interconversion and stability of diverse species. Furthermore, it
was possible to quantify all the species even in the presence of a
non-calibrated compound.

Our method is a competitive alternative to traditional techni-
ques currently used to determine the concentration of the species
involved in a curing reaction, with added advantages including
reduced analysis time, and the elimination of need for sample
pretreatment, sophisticated equipment requirements, and use of
toxic solvents, among others [26–29]. In addition, the procedure
described herein allows the control of the copolymer composition
since the method was found to accurately measure the copolymer
ratio in the mixture with a performance comparable to the
elemental analysis technique.

2. Experimental section

2.1. Monomers and copolymers synthesis and characterization

All reagents were purchased in the purest available form and were
used as received. Sodium hydroxide, isopropanol and hexanes were
purchased from Fisher Scientific; 4-vinylbenzyl chloride, hydrochloric
acid, azobisisobutyronitrile, acetone, triethylamine, 2,6-di-tert-butyl-
4-methylphenol, ethanol and dichloromethane were purchased from
Sigma Aldrich; thymine (99%) was purchased from Acros Organics.
VBT was synthesized from vinylbenzyl chloride and thymine, while
VBA was synthesized from vinylbenzyl chloride and triethylamine as
described previously [30]. Based on 1H NMR, IR and TLC analysis, the
monomeric products were deemed pure enough for the synthesis of
the polymers.

To produce water-soluble polymers, VBT was copolymerized in
a free radical process with the cationic monomer, VBA. The ratio of
the VBT to VBA monomers influences the behavior of the VBT
polymeric system and varies depending on the application. There-
fore, typical VBTn:VBAm with ratios n¼1 and m¼ranging from
0.5 through 4 have been synthesized.

2.1.1. VBT1:VBA1 copolymer
To a 150 mL beaker, 40.0 mL degassed 2-propanol and finely

ground VBT (2.51 g, 1.0�10�2 mol) were combined and hand-
stirred with a glass rod for 2 min until a white, opaque liquid
of milky consistency was observed. In a separate 150 mL beaker,
35 mL degassed 2-propanol and VBA (2.54 g, 10 mmol) were
combined and hand-stirred with a glass rod for 30 s until a
colorless, clear liquid was observed. To a 1.5 mL Eppendorf tube,
azobisisobutyronitrile (AIBN, 0.0240 g, 1.66�10�4 mol) was added
and subsequently filled with 2-propanol. The resulting solution
was vortexed for 2 min and allowed to sit for 1 h. A 500 mL three-
neck, round-bottom flask covered in aluminum foil was purged
with N2 gas, and a Teflon-coated magnetic stir bar was added. The
VBT and VBA solutions in 2-propanol were added. The solution
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was heated to 85 1C and stirred at 450 RPM under N2 gas until a
clear, colorless liquid was observed (about an hour). The heat was
lowered to 65 1C, the system allowed to cool to that temperature
and the AIBN solution was then added to the flask. The flask was
stoppered, and the reaction was run for 20 h under N2 gas. The
three-neck, round-bottom flask was removed from heat and
allowed to cool to room temperature. A clear, colorless liquid with
a highly viscous consistency was observed. To a 1000 mL beaker,
600 mL of acetone was added and stirred at 960 RPM such that a
vortex was created. To the flask, 3.0 mL 2-propanol was added and
stirred until an even consistency was achieved. Using a Pasteur
pipet, the compound from the three-neck round-bottom flask was
added to the stirring acetone, drop-wise, until no more of the
compound could be removed. The flask was then suspended above
the stirring acetone and allowed to drip into the beaker for 2 h.
The stirring was ceased, and the beaker covered with parafilm and
allowed to rest. A white cloud of very fine particles was observed
settling to the bottom. After 2 h, a thick, white, gum-like substance
formed in the bottom of the flask. Approximately 350 mL acetone
was decanted off, and the remaining acetone mixture was vacuum
filtered using a Buchner funnel and subsequently triturated with
additional acetone. The collected solid was dried overnight in a
vacuum oven.

Similarly, VBT1:VBAm (m¼0.5, 0.75, 1.5, 2 and 4) copolymers
were synthesized with identical procedures only varying the
corresponding ratios of starting monomers. The copolymerization
yields of the obtained samples were: VBT1:VBA0.5 (49%), VBT1:
VBA0.75 (52%), VBT1:VBA1 (67%), VBT1:VBA1.5 (51%), VBT1:VBA2

(66%) and VBT1:VBA4 (74%). The absence of unreacted monomers
was confirmed by Thin-Layer Chromatography and 1H NMR
(90 MHz EFT-NMR, Anasazi Instruments).

The average copolymer compositions were determined by
elemental analysis on an Exeter Analytical CE 440 analyzer, with
the classical modified Pregl/Dumas technique. The measured mass
ratios C/N/Hwere used to calculate the weight ratios of VBT to VBA
in each copolymer.

2.2. Copolymer curing: coating preparation, film irradiation and
development

Following green chemistry principles, the main goal was to dis-
solve the samples in pure water whenever possible while avoiding
sonication, which reportedly breaks polystyrene backbones [31].
The VBT–VBA polymers with high ratios of VBT are not soluble in
pure water, therefore different water/methanol mixtures were
used, minimizing the use of methanol. VBT1:VBAm copolymers
solutions (m/m) were prepared with concentrations that varied for
each sample (all saturated): VBT1:VBA0.5 (3.7%), VBT1:VBA0.75

(5.7%), VBT1:VBA1 (5%), VBT1:VBA1.5 (5.7%), VBT1:VBA2 (5.9%) and
VBT1:VBA4 (10%).

The monomer ratios and solvent mixtures used in the experi-
ments are outlined in Table 1. To analyze the solvent effect on
the infrared spectra the VBT1:VBA1 polymer was also dissolved in
pure water and pure DMSO. To create the thin films, a 40 μl aliquot
of each VBT–VBA copolymer solution was distributed homoge-
neously on a gold coated glass slide [(1″�3″�0.040″) with a 50 Å
titanium and 1000 Å gold – Evaporated Metal Films Corporation,
Ithaca, NY] using a #3 wire-round milled coating rod (R.D. Special-
ties Inc., Webster NY). The films were dried at room temperature
for 1 h and in a vacuum oven (at 80 1C �20 Torr) for another
hour to give a uniform wet thickness of 6.8 mm according to the
coating rod specifications [32]. Films were protected from the light
throughout the process.

All polymer coated slides were irradiated at room temperature
with a UV hand lamp (Spectroline UL, Model ENF 260c, Spectronics
Corporation Westbury, NY) at 254 nm from a distance of 1.27 cm

for times ranging from 0 s to 180 min, measuring an IR spectrum
every 150 s. This process leads to the immobilization of the
polymer in response to the irradiation (photo-resist).

Since the photo-immobilized copolymer VBT films are very thin,
specular reflectance sampling at high grazing angles in FTIR was used
for the measurements due to the enhancement of infrared signal
[7,33]. FTIR spectra were collected with a Varian Schimitar FTS-800
Spectrometer outfitted with a Pike 80 Degree Specular Reflectance
Accessory (80Spec) purchased from Pike Technologies (Madison, WI).
Each spectrum was recorded from 400 cm�1 to 4000 cm�1 with a
resolution of 2 cm�1. Triplicates of copolymer thin films of VBT–VBA
were prepared and irradiated every 150 s from 0 s to 180min (74 time
points). The IR chamber was purged with N2 before sampling to
eliminate interference from CO2 and H2O. The background signal was
taken before every sample.

2.3. Chemometric analysis

The complete spectral region was reduced to the 1647–1900 cm�1

region (132 points) for chemometric analysis. The experimental data
run in triplicate for each composition (VBT1:VBA0.5, VBT1:VBA0.75,
VBT1:VBA1.5, VBT1:VBA2 and VBT1:VBA4) were arranged in one matrix
(namely Dcal) of size 132�370 (74 times�5 samples). The sample of
composition VBT1:VBA1 was used as “test sample” and was rearranged
with Dcal to generate the matrix D. The spectra recorded in the FTIR
spectrometer were saved in ASCII format, and transferred to a PC
microprocessor based on AMD Athlon X2 Dual-Core QL-60 (1.90 GHz)
for subsequent manipulation.

All calculations were made using in-house MATLAB 7.0 routines
[34], which are available from the authors upon request. The
routines used for MCR-ALS were also executed in MATLAB 7.0, and
are freely available on the Internet [35]. Chemometric analysis
processing took less than 5 min each data matrix.

3. Theory

MCR-ALS model has been discussed in detail elsewhere
[12,21,27,36] and therefore only a brief description is presented
here. The main and important difference with other published
works is that we introduce a pre-process of spectra alignment in
order to properly restore trilinearity.

Briefly, the total signal of matrix D obtained from FT-IR spectra
is mathematically decomposed into the contribution of individual
species, to quantify the content of each component in these three-
way arrays [21]. Despite the advantages associated with the
multivariate treatment of the spectral data with MCR-ALS, there
are some typical problems of the recorded data structure, as it is
the case of rank deficiency [21,37]. When the spectroscopic data

Table 1
Vibrational stretching frequencies of the carbonyl IR absorption band (in cm�1) for
different VBT1:VBAm copolymer ratios in different solvent mixtures at 20 1C.

Dielectric
constanta

VBA0.5 VBA0.75 VBA1 VBA1.5 VBA2 VBA4

DMSO ε¼46.70 1701

MeOH:H2O
(90:10)

ε¼36.80 1707

MeOH:H2O
(65:35)

ε¼48.50 1703

MeOH:H2O
(60:40)

ε¼51.53 1698

MeOH:H2O
(50:50)

ε¼56.53 1697

H2O ε¼80.40 1691 1695 1693

a From Ref. [41].
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derived from chemical systems in evolution it is common to find
this rank deficiency, which occurs when the number of sources of
variability observed is less than the number of species that absorb
in the spectral region analyzed [38,39]. This phenomenon defines
how the algorithm should be used, since the first step of its
implementation involves the generation of an augmented matrix
with the experimental spectra. This augmentation should be done
avoiding the rank deficiency. In the studied case, the augmentation
was implemented along the irradiation time, where the rank
deficiency exists. Thus, the bilinear decomposition for the aug-
mented matrix in the time-augmented mode is performed using
the following equation:

D¼ GSTþE ð1Þ
where the columns of D contain the spectra measured for different
samples at each irradiation time. The rows of S contain the
temporal profiles of the N responsive species involved in all the
experiments and the rows of G represent the spectra related to
these species. Finally, E is the matrix of the residuals not adjusted
by the bilinear decomposition. In the analyzed case, the sizes of
these matrices are D, J (132 wave numbers)�K (444¼74 irradia-
tion times� (5 calibration samplesþ1 test sample)); G, J�N; S,
K�N; E, J�K. As can be seen, D contains data for the five
calibration samples and for a given test sample.

As discussed above, before processing the matrix D, all three-
way data were aligned against the VBT1:VBA2 sample using the
model described in reference [25] to achieve a better resolution
via MCR-ALS. Upon completion, the decomposition of D is done
through an iterative minimization procedure by alternating least
squares of the Frobenius norm of E. The minimization is initiated
by providing estimated spectra for the different spectral compo-
nents that are used to estimate G as follows:

Ĝ¼DðSTÞþ ð2Þ
where the symbol “4” indicates that it is a matrix estimated from
Eq. (1), “T” means the transposed matrix, and the superscript “þ”

the generalized inverse. From Ĝ, and the original data matrix D,
the spectral matrix S is recalculated by the least squares:

Ŝ ¼DTðĜþ ÞT ð3Þ
E is obtained from Eq. (1) using D and the estimated matrices Ĝ

and Ŝ. These steps are repeated until the convergence is reached.
The algorithm is fitted with initial restrictions to achieve greater
convergence throughout the process. The system must be non-
negative in two dimensions, both in the irradiation time direction
and in the wavelength direction.

The MCR-ALS algorithm requires the exact number of factors
responsible for the analytical signal, and it is preferable to
initialize the system with the profiles of the components as close
as possible to the final results. The number of factors is estimated
using principal component analysis based on singular value
decomposition of the matrix D [12].

Finally, the spectra of the species can be obtained from the
analysis of the so-called “pure” spectra, following the method SIMPLe
Interactive Self-modeling Mixture Analysis (SIMPLISMA), an algo-
rithm of multivariate resolution that extracts pure spectra from
mixtures of variable composition [12,40]. After MCR-ALS decomposi-
tion of D, concentration information contained in S can be used for
quantitative predictions, by first defining the analyte concentration
score as the area under the profile for the ith sample:

aði;nÞ ¼ ∑
iK

k ¼ 1þði�1ÞK
sðk;nÞ ð4Þ

where a(i,n) is the score for the component n in the sample i.
The scores represent the normalized contribution of each species in

each sample to the absolute signal, and are used to build a pseudo-
univariate calibration graph against the analyte concentrations. The
graph allows predicting the concentration of a test sample by the
interpolation of the obtained test sample score.

4. Results and discussion

The VBT–VBA copolymers were synthesized by varying the feed
ratios of both monomers as described in the experimental section.
The weight ratios of VBT to VBA in the copolymer were calculated
from C/N weight percent ratio determined by elemental analysis
(see Table 2).

In a recent work, a deconvolution of the IR spectra (700–
1900 cm�1) of VBT–VBA copolymer for different monomer ratios
and different irradiation times was carried out using MCR-ALS. The
characterization of the crosslinking process of the VBT–VBA
copolymer was found to involve four species and the contribution
of each species to the total signal at each irradiation time was
estimated [7]. However, only qualitative information was obtained
and the relative concentrations of the components in the reaction
medium were not determined. The method was not sensitive
to the existence of species having VBT monomer independent
kinetics while being part of the measured signal. The fact that the
data processing was performed according to a first order strategy
gave rise to the information sparse results. Using a second order
strategy, it is possible to determine the chemical reaction mechan-
ism that describes the underlying process in terms of identifiable
steps together with the associated key parameters as well as the
rates and/or equilibrium constants that define the interconversion
and stability of the various species.

The overlaid IR spectra of the carbonyl (CQO) stretching
frequency for different VBT–VBA copolymer thin films on a gold
coated slide are presented in Fig. 1. The thymine moiety contains
two non-equivalent CQO groups, one attached to C2 and
the other attached to C4; each contributing a unique carbonyl
stretching frequency (1684 cm�1 and 1700 cm�1) to the spectra.
The appearance of only one broad carbonyl peak is explained due
to “an average” of all the carbonyl stretching peaks within the
copolymer system.

The electronic and vibrational properties of a substance are
affected by several microscopic and macroscopic properties of the
medium. Consequently, the study of solvent-induced perturba-
tions on characteristic infrared absorption peaks and linear
and nonlinear optical properties was of considerable interest.
Vibrational frequencies for a molecule depend principally on
the dielectric nature of the medium (solvent polarity–dipolarity)
when specific local interactions are absent [41]. Specifically, the
CQO vibrational stretching frequency in the IR spectra, has been
reported to shift toward smaller wavenumbers as the polarity of
the solvent increases [42]. The experimental vibrational stretching
frequencies of the carbonyl absorption band (in cm�1) for diffe-
rent VBT1:VBAm copolymers in different solvents and/or solvent

Table 2
Elemental analysis C/H/N weight percent ratio of all VBT–VBA copolymers and
calculated VBTn:VBAm ratios.

Copolymer Elemental analysis
C/H/N

C/N weight ratio Calculated
VBTn:VBAm ratio

VBT1:VBA0.5 60.57/4.23/8.95 6.77 1:0.25
VBT1:VBA0.75 67.84/8.04/8.28 8.19 1:0.95
VBT1:VBA1.5 66.78/8.57/7.56 8.83 1:1.4
VBT1:VBA2 61.19/8.77/7.05 8.68 1:1.3
VBT1:VBA4 66.87/9.14/6.81 9.82 1:2.5
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mixtures at 20 1C are presented in Table 1, together with the
dielectric constant of each solvent.

The shift on the CQO vibrational stretching frequency as
function of solvent polarity for VBT1:VBA1 copolymer (fifth column
of Table 1) is clearly visible, Fig. 2. As the solvent dielectric
constant increases, the vibrational frequency shifts toward lower
wavenumbers. As discussed in the introduction, before carrying
out the data analysis using MCR-ALS method the alignment of the
data by means of PARAFAC must be completed.

As the UV curing reaction proceeds in the copolymers, the
thymine moieties dimerize, resulting in the disappearance of the
5–6 carbon-carbon double bond of the pendant α,β-unsaturated
amide of thymine, and the transformation into an α,β-saturated
amide. The shift towards higher wavenumbers in the CQO
vibrational stretching frequency in the IR spectra, therefore,
provides information on the extent of the crosslinking reaction.
The predicted MCR-ALS spectra and crosslinking kinetics profiles
are shown in Fig. 3 for six different copolymer ratio concentra-
tions. The algorithm was able to suitably resolve the samples, as
evidenced by the correct prediction of the number of components
present in the mixture and the reasonable determination of the
kinetics for each component. The resolved kinetic profiles for all
species found by MCR-ALS suggest that the VBT signal decreases as
the intermediary is formed, which then disappears to yield the
final product, in agreement with previous results [7]. The signal of

the species considered as an interferent (VBA) remains constant
throughout the crosslinking reaction. As the concentration of the
interferent species increases the chemometric resolution worsens,
since the relative contribution becomes much more prevalent.
However, the results are adequate and the quantitative resolution
does not deteriorate (see Fig. 3).

The results obtained with the chemometric algorithm used in
this study, not only support the hypotheses concerning the
proposed kinetic mechanism in Bortolato et al. [7], but also allow
the quantification of the species involved in the reaction even in
the presence of an interferent. Additionally, once the decomposi-
tion of the total signal in the contribution of individual species
is achieved, the time evolution of pure thymine concentration
as a function of irradiation time can be used to characterize the
kinetics of the curing process.

The predicted MCR-ALS spectra and kinetics profiles for five
VBT–VBA copolymer ratios presented in Fig. 3 were used to build
the calibration model: VBT1:VBA0.5 (0.66% w/w VBT); VBT1:VBA0.75

(0.56% w/w VBT); VBT1:VBA1.5 (0.39% w/w VBT); VBT1:VBA2 (0.32%
w/w VBT) and VBT1:VBA4, (0.19% w/w VBT). The copolymer ratio
VBT1:VBA1 of Fig. 3c was used as unknown sample. Results of the
calibration model are presented in Fig. 4 for the three meaningful
species: VBT, the intermediary species named PHOTO and the final
species called PHOTO OX. The concentration of the VBT species in
the unknown sample was calculated using the regression curve for
VBT in Fig. 4A. In particular, in the test sample VBT1:VBA1 the
estimated % w/w of VBT was 0.5070.01

The elemental analysis technique allows the determination
of the mass fractions of elements from within the sample: carbon,
hydrogen, nitrogen, and heteroatoms (halogens, sulfur). This infor-
mation is important as it helps determine the structure of an
unknown compound, in addition to confirm the purity of a syn-
thesized compound. As shown in Table 2, the elemental analysis
results possess some degree of error. The intrinsic experimental
error of the elemental analysis technique generally produces atom
ratios that are not correct. The accepted deviation of elemental
analysis results from calculated values is 0.4%, therefore, in our
case an average error of 4% is considered high. An explanation
of this observation could be water impurity, given that the VBT–
VBA copolymers contain polar groups which can produce strong
hydrogen bonding with the solvent of crystallization, being very
difficult to remove all the solvent even with the high temperature
required by elemental analysis. In addition, the presence of
inorganic contaminants or volatile compounds that looses mass
after weighing, may explain some of the discrepancies. Even
though, the elemental analysis results allow the calculation of
the VBT concentration in the test sample VBT1:VBA1, obtaining an
estimated % w/w of VBT equals to 0.4970.03 and a showing
remarkable agreement with our method.

In a recent work, a characterization of the evolution of the
crosslinking process was accomplished using a chemometric
algorithm, and a kinetic mechanism was proposed as follows [7]:

2VBT⟷
k1

k2
PHOTO⟹

k3
PHOTO OX;

being the reaction speeds:

dyVBT=dt ¼ �k1y2VBT þk2yPH
dyPH=dt ¼ k1y2VBT–k2yPH–k3yPHO
dyPHO=dt ¼ k3yPH ð5Þ
Numerically solving the system of ordinary differential equations
[Eq. (5)] using the experimental concentration values and the
different rate constants as inputs, the kinetic evolutions were
obtained [43]. Those evolutions were compared with the experi-
mental data for all VBT–VBA copolymers, and the rate constants
were found to be: k1¼1333 M�1 s�1, k2¼3 M�1 s�1 and

Fig. 1. Grazing angle specular reflectance FT-IR overlaid spectra of the CQO
stretching frequency range for unirradiated VBT1:VBAm, copolymer thin films on
a gold coated slide.

Fig. 2. Solvent effect on the position of the carbonyl vibrational stretching of VBT1:
VBA1 copolymer in different solvent mixtures.
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k3¼5 M�1 s�1. The small value for k2 seems reasonable. These
results are in remarkable agreement with previously reported
kinetic rate values, where a rate of 1030 M�1 s�1 was found using
UV–vis as experimental technique [44].

5. Conclusions

A characterization of the evolution of the curing process
of VBT–VBA copolymer was studied using FT-IR spectroscopy
in combination with second-order chemometric algorithms. The
curing process was found to involve three species, which absorb
in the spectral region analyzed, and the contribution of each
species to the total signal at each irradiation time was estimated.

The determination of the number of species involved in the
reaction process was relevant to establish the curing conditions
necessary to produce a crosslinked polymer.

Our method is a competitive alternative to traditional techniques
currently used to determine the concentration of the species involved
in a curing reaction, having the added advantages of reduced analysis
time, no sample pretreatment, no sophisticated equipment require-
ment, and no use of toxic solvents, among others. In addition, this
procedure gives accurate information on the copolymer composition
together with the kinetics of all the species involved. Therefore, it is
possible to check if the reactionmixture is contaminated, and even if it
is, the reaction mixture can still be quantified. The final goal will be to
optimize the synthesis and curing processes to obtain materials with
pre-specified properties and quality.

Fig. 3. MCR-ALS spectra and kinetics profiles for six different VBT–VBA copolymer ratios.
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