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ABSTRACT

The photo-induced immobilization of 4-vinylbenzyl thymine (VBT) and 4-vinylbenzyl triethyl
ammonium chloride (VBA) copolymers has been investigated with the aid of grazing-angle
specular-reflectance FT-IR spectroscopy. As irradiation time increases, changes in the structure
of pendant thymine groups in the copolymer due to the crosslinking process result in shifts of the
copolymer network's vibrational frequencies, as well as changes in numerous IR band intensities.
In this work, chemometric methods have been applied to the FTIR data obtained while
monitoring the time evolution of curing of VBT-VBA copolymers of varying composition. The
spectral data obtained with FT-IR normally provide information only about the degree of
conversion of the reactants in the final product but there is no knowledge about how many
compounds are involved or how they evolve over time. The use of the so-called Multivariate
Curve Resolution-Alternating Least Squares allows the sequential estimation of the contribution

to the signal due to the different species in the matrix data.
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1. INTRODUCTION

Nature has synthesized abundant, well-designed and inspirational materials in terms of green
chemistry, especially in respect to atom economy and energy utilization. Through the
identification of these naturally occurring green mechanisms novel materials have been
developed. The study of bio-inspired functional polymers containing reactive moieties had grown
enormously in last few years as a consequence of the environmental and toxicological problems
linked to the synthesis and non-degradability of traditional plastics. During the last decade,
extensive research has particularly focused on the design of synthetic polymers containing
nucleic acid bases, which are appealing due to their capacity to combine the advantages of
synthetic functional polymers, while simultaneously exhibiting interesting supramolecular
properties found in nature [1].

Scientists have exploited the chemistry of the 221 photo-dimerization of thymine base
units of DNA in the presence of UV light ¢ 280 nm) via the incorporation of pendant thymine
groups onto synthetic polymer backbones [2]. A novel highly multifunctional green monomer, 4-
vinylbenzyl thymine (VBT) has been developed [3-6]. The synthesis of polymers containing
VBT acquired particular significance and had opened the possibility of producing a wide variety
of polymers. These environmentally benign polymers are based on a polystyrene (PS) backbone,
and since the VBT homopolymer is watesoluble due to strong intermolecular interactidhs,
introduction of charged functional groups such as 4-vinylbenzyl triethylammonium chloride
(VBA) allows for the processing of the polymer in water, eliminating the need of toxic solvents
(Scheme 1).



Scheme 1

Exposure to low levels of UV light.(~ 280 nm) induces a dimerization reaction between
adjacent thymine moieties and generates covalent cyclobutane dimers resulting in the
crosslinking of polymer chains, and therefore, a decrease in the solubility of thymine containing
polymers (Scheme 1). In the initial presence of UV light, the photo-crosslinking of VBT
copolymers and consequent increase in the average molecular weight does not affect solubility.
As the irradiation dose increases, the degree of crosslinking increases and the copolymer
undergoes a transition from individual polymer chains to a crosslinked network. After reaching a
certain threshold, the ‘gel point’, the polymer becomes insoluble due to the high molecular
weight and the complex structure of the resulting network. The selection of the correct irradiation
dose would allow for the fine-tuning of polymer solubility for a specific target application.
Moreover, the dimerization of thymine can be reversed, either enzymatically or by irradiation
with UV light (at A ~ 240 nm) [7]. Whitfieldet al. demonstrated that the enzyme DNA
photolyase is able to reverse the photocrosslinking in thymine containing styrene derivatives [8],



after which the polymer becomes soluble again and can be reused for subsequent applications,
providing exciting opportunities to create fully recyclable materials.

The adaptability of VBT-VBA copolymers makes these materials very attractive due to the
tuneability of the photo-reactivity, solubility and noncovalent interactions. The copolymer’s
ability to transition from individual polymeric chains to a crosslinked network allows for the
modification of the polymer’s physical properties, such as elasticity, tensile strength, and
solubility. These properties provide an exciting wide variety of practical applications for the
copolymer including antibacterial-coated surfaces [9], hair care products [10], printed circuit
boards and photo-imaging systems [11-14], as well as controlled release systems for
pharmaceutical and agricultural use [15-17].

Several studies related to the synthesis and the curing processes of thymine-based VBT-VBA
polymers have been published. In Cagisl. the synthesis of VBT-VBA polymers in solution at
low temperatures (65°C) was theoretically and experimentally studied [18]. A mathematical
model for the free radical copolymerization of VBT-VBA was developed, that allows the
prediction of global variables (conversion, composition) and the molecular structure (molecular
weight distribution and chemical composition) of the copolymers along the reaction. Bagbarini
al. [19] investigated the photo-induced UV curing kinetics of VBT-VBA copolymers from the
UV absorption spectra measured along the process. The inmobilization point (related to the gel
point) was determined following the evolution of the absorbance peaks of the copolymer solution
after UV irradiation. The kinetics of the crosslinking reaction was estimated from the evolution
of the thymine concentration before the immobilization point considering additive contributions
of repetitive unit absorbances of VBT and VBA. Differences in the kinetic constants were found
for mixtures with different VBT-VBA ratios, due to the variations in the film characteristics.
However, the presence of other compounds that might be generated in the reaction medium while
irradiating was not considered. Bortolabal. [20] studied the curing process of the copolymer
VBT-VBA using UV-vis spectroscopy in combination with a Multivariate Curve Resolution
Algorithm assisted by alternating least squares (MCR-ALS) chemometric model, obtaining a
more accurate characterization of the evolution of the cross-linking process. The curing process
of the copolymer VBT-VBA was determined to involve three species, which absorb in the

spectral region analyzed. Additionally, the study allowed the evaluation of the consistency of the



chemometric decomposition obtaining a reasonable correlation between the frequency spectra
and the time evolutions obtained with the algorithm.

Fourier transform infrared spectroscopy (FT-IR) provides a unique opportunity to study
chemical changes based on the complexity and specificity of the infrared spectrum [21,22].
Major functional groups, that have changes associated to the reaction process, have well defined
wavenumber positions and shapes in the IR spectral range. Along the reaction, the system’s
properties change, and the disappearance and formation of the species can be directly monitored.
These characteristics can be used to provide detailed and relevant information on reaction
kinetics and mechanisms in real time, which is crucial to control the quality of the final products.
The study of crosslinking has been successfully carried out on polymers including
poly(cinamoylphenyl acrylate), poly(meth)acrylates as welB&sbromo-trans-cinnamic acid
crystals [23]. However, samples of complex composition might present several difficulties to
discriminate signals of interest, either due to spectral overlap or due to unknown interactions.
The spectral data obtained with FT-IR normally provides information only about the degree of
conversion of the reactants in the final product but there is no knowledge about how many
compounds are involved or how they evolve over time [24,25]

In spite of the diverse nature of the complex systems analyzed, in many cases variations in their
related experimental outputs can be expressed as a simple composition-weighted linear additive
model of pure responses, with a single term per component contribution. This goal can be
achieved by using chemometric methods [26]. In general, the information related to individual
contributions involved in the processes cannot be drawn in a straightforward way from the raw
measurements. The general idea of all chemometric methods is to fill out such areas and to
provide the model of individual component contributions using exclusively the raw experimental
measurements. Chemometric methods are effective tactics with little requirements; none of the
pure components in a system need to be known in advance, and any information available about
the system can be used [26]. In the last two decades, these tools have been widely used to solve
problems of broad physical-chemical nature [27]. Specifically, in the polymer research field
Hamertonet al. used NIR spectroscopy together with chemometric analysis to investigate
different properties of cured cyanate ester/bismaleimide blends [28]. Alternatively, Saerzer
al. combine NIR and FTIR with chemometric methods to monitor the conversion of double

bonds in acrylate coatings after irradiation whit UV light [29]. In addition, Harris and Alam



applied chemometric analysis to tH€ NMR spectra to obtain information about both dynamics
and morphology in of crosslinked polyolefin materials [30].

In particular, a very convenient method applied to spectroscopic data monitoring curing
reactions is the Multivariate Curve Resolution Algorithm assisted by alternating least squares
(MCR-ALS) [31]. The minor necessities required to apply MCR-ALS have promoted the use of
resolution methods to address many chemical problems that could not be solved otherwise [32].
Similar to the kind of experiments carried out in this work, Larrethal used MCR-ALS to
analyze FTIR data and obtained representative spectra of the compounds that participate in the
curing reaction between diglycidyl ether of bisphenol A gvélerolactone [24]. On the other
hand, Larrechi and Rius showed the use of MCR-ALS to study the curing reactions of epoxy
resins obtaining the concentration profiles as a function of time for the chemical species involved
in the reaction and the corresponding spectra [33]. Interestingly, Garrido et al. developed a model
of the curing reaction between phenyl glycidyl ether (PGE) and aniline as the curing agent, the
process was studied isothermally and monitored in situ by near-infrared spectroscopy (NIR) [34].
Furthermore, these authors validated the concentration profiles obtained by combining
NIR/MCR-ALS for the reaction between PGE and aniline, using high performance liquid
chromatography (HPLC) as a reference method [35]. In addition, Gatidb performed a
comprehensive review of the multiple posibilities of the MCR-ALS algorithm to resolve different
chemical reactions using data generated by different analytical techniques such as UV-vis, NIR,
FT-IR, Fluorescence, Fluorescence Resonance Energy Transfer (FRET), Nuclear Magnetic
Resonance (NMR), Circular Dichroism (CD) and Raman [36].

The only essential requirement necessary to use MCR-ALS is that the experimental data matrix
(matrix of intensities of response), usually call2zdneeds to be expressed as the product of a
concentration matrix by another matrix containing the raw signal of the existing seams$S
respectively [37]. Most spectroscopic techniques fulfilled this condition if the Beer-Lambert law
is satisfied. Consequently, the evolution of each species that occurs in the process and the
corresponding pure spectra can be determined by decomposing a data matrix generated during
the monitoring of a crosslinking reaction.

Herein, the photo-induced crosslinking kinetics of VBT-VBA copolymer is determined
combining FT-IR spectroscopy and a MCR-ALS chemometric model. Following the changes on

the carbonyl IR peak associated to the thymine moiety, the crosslinking reaction can be



monitored. Both, simulated and experimental, systems are analyzed to show the capability of the
method to determine the species and kinetics profiles present in the photo-induced crosslinking
reaction. From the best of our knowledge, the use of MCR-ALS applied to IR spectroscopical
data to studyhoto-induced curing reactions has not being reported. Furthermore, the method
proposed here could be a competitive alternative compared to traditional techniques to determine
the concentrations of the species involved in the curing reaction, having the added advantages of
reduced analysis times, no sample pretreatment, no necessity of sophisticated equipment, no use
of toxic solvents, among others [35] A simulated kinetic system was first analyzed to test the
reliability of the implemented model. Subsequently, an experimental study of the effect of
polymer composition as well as irradiation dose on the crosslinking of VBT copolymer films on
reflective substrates using FT-IR spectroscopy is presented. To this effect, copolymer mixtures of
different VBT-VBA composition were irradiated at 254 nm for different times and the IR spectra

in the region of 400 - 4000 ¢hwas recorded at each interval. Finally, the total signal of each
FT-IR absorption spectra was decomposed into the contribution of individual species via the
chemometric algorithm, which might allow characterizing the kinetics of the curing process in

particular to obtain the kinetic constant.

2. THEORY
2.1. Chemometric Analysis

MCR-ALS has been discussed in detail in previous works [26,31,37], therefore only a brief
description is presented here. In this study, MCR-ALS was used to mathematically decompose
the total signal of each FT-IR absorption spectra into the contribution of individual species, to
guantify the content of each component in these spectra.

In the MCR-ALS multivariate method, a data matdixs created from the experimental data.
The first step of the algorithm is to expr&ss the product of a concentration matrix by another
matrix containing the raw signal of the existing species. The bilinear decomposition for the data
matrix is performed using the following equation:

Dixi = Gaxn Sk + Eaxk (1)
where the J rows dD contain the spectra measured for different samples at each time K. The
columns ofG contain the temporal profiles of the N species involved in all the experiments and

the columns ofS represent the spectra related to these species. Amhadlythe matrix of the



residuals not adjusted by the bilinear decomposition. In the analyzed cases, th®rhattithe
following dimensions 623 [frequency from 700 ¢t 1900 crit] x 39 [irradiation times].

The decomposition oD is accomplished through an iterative minimization procedure by
alternating least squares of the Frobenius norB. dthe minimization is initiated by providing
estimated spectra for the different spectral components that are used to estimate G as follows:

G=p(s)" 2)
where the symbol "" indicates that it is a matrix estimated from Eq. (1), the superscript T means
matrix transposition and the superscript "+" the generalized inverse.F@md the original

data matrix D the spectral matrix 8 recalculated by the least squares

. N

S= D(G*j (3)

E is obtained from Eq. (1) usirig and the estimated matrideandl. 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 is required to 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 to be known, and that the system is preferably initialized with the profiles of the
components as close as possible to the final result. The number of factors is estimated using
principal component analysis based on singular value decomposition of the In&&}, the
spectra of the species can be obtained from the analysis of the so called "pure” spectra, based on
the method SIMPLISMA%IMPLe Interactive Self-modeling Mixture Analysan algorithm of
multivariate resolution that extracts pure spectra from mixtures of variable composition [39].
After the MCR-ALS decomposition of tHe matrix is obtained, the information containedan
can be used to estimate the individual contributions of each species to the absorbance measured

at each timeS contains the spectra of the different components, which are of great interest to

understand how the curing process evolves.
2.2. Simulated data

To analyze the feasibility of the implemented MCR-ALS model, a set of simulated samples
emulating the curing process of copolymers (A:N) was prepared. The simulated data mimic the

photo-dimerization reaction as experimentally recorded when running absorbance measurements



with FTIR detection. The data simulation was performed for two main reasons. First, to
understand the underlying principles that control the experimental kinetics of the analyzed
systems, and second, to test the performance of the MCR-ALS algorithm in systems with a large
number of relevant analytical difficulties, such as large spectral overlap and linear dependence
between the compounds. These problems generate a decrease in the performance of the chosen
algorithm and consequently, through the simulation the best conditions for the algoritm’s
applicability can be defined [26].

Four components A, B, C and N were proposed, and the data for each one were simulated
assuming a kinetic system as follows:

k1 k3

2A - B - C;
k2
N — non reactive

Noiseless simulated frequency spectra and kinetics profiles for the four proposed components

are shown in Fig. 1a and 1b, respectively, leading to data matrices df%Ddata points.
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Fig. 1. Noiseless profiles for components A, B, C and N: a) Frequency mode, 50 points; b) Time
mode, 195 points.

Using the analyte profiles shown in Fig. 1, three samples of different copolymer ratios were
prepared: samplg, (A:N) (1:1); sample, (A:N) (1:4); sample3, (A:N) (1:8). For each sample,
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the signal-concentration relationship for analytes A, B, C and N is governed by the following
equation:

Xi=y S (4)
where X is the matrix signal at a particular concentratyprand S is a pure-analyte bilinear
matrix given by the product of the corresponding profiles in each dimension:

S=bic' (5)
whereb; andc; are the (Jx1) and (Kx1) profiles shown in Fig. 1a and 1b, respectively, (J and K
are the number of channels in each dimension) and are both normalized to the unit length. The
subscript icorresponds to analytes A, B, C and N, respectively.

The concentrationg; of each component are adjusted to the kinetic equations given by the
proposed mechanism. Therefore, the following reaction speeds are used:

dya/dt = - ki YA+ ko. Vi

dys/dt= ki ya'— ko. Yo — Ka.

dyc/dt = ka. y8 (6)

dyn/dt=0
where kis the rate constant for analyfeand the ratios used in the model are as follow&; k
1x10® and k/ks = 10. Solving numerically the system of ordinary differential equations [Eq. (6)],
the concentration valueg for each analyte were found, and then used in Eq. (4) to generate
different matrices X

To construct the simulated data, the signal for a typical sample is given by the sum of the
contributions of four species:

M = Xa + Xg + Xc+ X (7)

Once the noiseless matrices were obtained, gaussian noise was added to all signals. The
standard deviation was 0.0015 units, representing 1% with respect to the maximum signal of
each analyte at unit concentration. The data matrices were then subjected to the MCR-ALS data

processing technique.

3. EXPERIMENTAL SECTION
3.1. Copolymer 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
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chloride, hydrochloric acid, azobisisobutyronitrile, acetone, triethylamine, 2,6-di-tert-butyl-4-
methylphenol and dichloromethane were purchased from Sigma Aldrich; thymine (99%) was
purchased from Acros Organics, 190 proof ethanol was purchased from PHARMCOAPER. A
3,600 Mw polystyrene standard was purchased from American Polymer Standards Corp. VBT
was synthesized from thymine and VBA was synthesized from vinylbenzyl chloride and
triethylamine as described previously [6]. Based4drNMR spectra and melting point results,

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 VBT:VBA comonomers influences the behavior of the
VBT polymeric system and varies depending on the application. Therefore, typicaMBRT,
ratios ranging from 1:1 through 1:8 have been synthesized.

VBT:VBA 1:1 copolymer. To a 300 mL, 3-neck, round-bottomed flask containing 200 mL
isopropanol was added VBT (2.51 g, 0.0103 mol) and VBA (2.62 g, 0.0103 mol). The round-
bottomed flask containing the reaction solution was sonicated at 60°C until both VBT and VBA
were dissolved and the solution was clear (about an hour). Once dissolved, a stirring bar was
added to the round-bottomed flask and the reaction mixture was stirred and heated to 65°C under
inert N, atmospheric conditions. At 65°C a solution of Azobisisobutyronitrile (AIBN) (0.0477 g,
2.9x10* mol) dissolved in 25 mL isopropanol was added to the reaction mixture, and the reaction
was kept at 65°C for 16-20 hours. Subsequently, the reaction mixture was removed from heat,
cooled to room temperature and placed in an ice bath. The reaction mixture was transferred to a
500 mL single necked roundbottomed flask and was concentrated to about 50% by rotary
evaporation. The resulting solution was slowly poured into a beaker containing 300 mL of
acetone and stirred until a white powder precipitate crashed out of the acetone/ispropanol
mixture. The resulting white solid powder was filtered twice with a coarse, glass fritted filter,
washed with cold acetone and allowed to dry in the vacuum oven. To verify the absence of
unreacted monomers, the precipitated polymer was analyz&d MVR spectroscopy (Bruker
300 MHz) and the typical vinyl group signal at chemical shifts between 5 and 6 ppm was not
observed in the spectra.

VBT:VBA 1:4 and 1:8 copolymers were synthesized via identical procedures only varying the

corresponding ratios of starting monomers.

3.2. Copolymer Curing: Coating Preparation, Film Irradiation and Development
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Water solutions of VBT:VBA (m = 1, 4, 8) copolymers were distributed homogeneously on
the gold coated glass slides [(1” x 3” x 0.040”) with a 50 A titanium and 1,000 A gold -
Evaporated Metal Films Corporation, Ithaca, NY] using a #3 wire-round milled coating rod (R.D.
Specialties Inc., Webster NY). The films were dried at room temperature for one hour and in a
vacuum oven (at 80°C ~20 torr) for another hour to give a uniform wet thickness of 6.8 pm
according to the coating rod specifications [40]. Films were protected from the light throughout
the process. For the polystyrene sample, an acetone solution was distributed in similar way as
described for the VBT:VBA polymers.

All polymer coated slides were irradiated 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 O seconds to 270 min. This process leads to the immobilization of the polymer in
response to the irradiation (photo-resist). The curing reaction due to radiation was performed at
room temperature, thus these coatings can be prepared on heat sensitive materials.

The analysis of thin films and monomolecular layers has traditionally been an exceptionally
challenging spectroscopic measurement due to the relatively low signals obtained from the
sample. Since the photo-immobilized copolymer films of VBT are very thin, the spectroscopic
characterization becomes difficult. Specular reflectance sampling at high grazing angles in FTIR
is currently one of the best spectroscopic techniques for measurement of thin films and
monolayers on reflective surfaces due to the enhancement of infrared signal [41]. The
crosslinking was monitored by FTIR spectroscopy as a function of irradiation time (equivalent to
the amount of energy delivered). FTIR spectra were collected with a DigiLab Excalibur Series
FTS 3000 Spectrometer outfitted with a Pike 80 Degree Specular Reflectance Accessory
(80Spec) purchased from Pike Technologies (Madison, WI). Each spectrum was recorded from
400 cm to 4000 crit with a resolution of 2 cth Triplicates of copolymer thin films of VBT-

VBA were prepared and irradiated at various time intervals: 15 s, 30 s, 45 s, 60 s, 5 min, 15 min,
30 min, 45 min, 60 min, 90 min, 180 min, and 270 min (13 time points). The IR chamber was
purged with N before sampling to eliminate interference from,@ad HO.

For the chemometric analysis, the complete spectral region was reduced to the 700 -1900 cm
region (623 points). Therefore, the experimental data for each copolymer composition
(VBT1:VBA1, VBT1:VBA, and VBT;:VBAg) run in triplicates were arranged in three matrices of
size 623x39. The spectra recorded in the FTIR spectrometer were saved in ASCII format, and

13



transferred to a PC microprocessor based on AMD Athlon X2 Dual-Core QL-60 (1.90 GHz) for

subsequent manipulation.
3.3. Software

All simulated calculations (sefection 2.2) were made using in-house MATLAB 7.0 routines
[42], which are available from the authors upon request. The routines used for MCR-ALS were
executed also in MATLAB 7.0, and are freely available on the Internet [43]. Chemometric
analysis processing took less than five minutes each data matrix.

The theoretical IR spectra for all the species involved in the curing process were calculated by
means of SPARTAN software [44], using Hartree-Fock 32-1G method and were corrected by a
factor of 0.89.

4. RESULTS AND DISCUSSION

4.1. Simulated data

The creation of the simulated data has been described in detail in the r&kstemt 2.2. To
process the data, the first step is to create the augn@raeadys for samples, 2 and3, which
are subsequently processed by MCR-ALS [Eqgs. (1)-(3)].

14
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Fig. 2. a) Predicted frequency profile and b) predicted time evolution resolved by MCR-ALS for
simulated samples 2and 3

The MCR-ALS predicted spectral information, shown in Fig. 2a, is very similar to the
simulated data, Fig. 1a. However, the MCR-ALS predicted kinetic profiles (Fig. 2b) are less
satisfactory, judging from the poor signal-to-noise ratio in the temporal evolutions; especially for
the components B and C. The high-level of noise is most likely due to a strong spectral overlap
of these two analytes (Fig. 1a), which results from some ambiguity in the solution found by the
algorithm. In addition, this effect becomes more noticeable as the concentration of the
component A decreases respect to the component N, which leads to a concomitant decrease of
the net signal of species B and C, making them more susceptible to the ambiguity discussed
above. Despite the aforementioned problems, the algorithm was able to suitably resolve the

samples, as evidenced by the correct prediction of the number of components present in the
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mixture, the similarity of the MCR-ALS predicted spectra to the simulated spectra and the
reasonable determination of the kinetics for each component.

In summary, the algorithm has some limitations but however the MCR-ALS analysis method is
able to successfully predict the number of components, the associated kinetics and each

component spectra.
4.2. Experimental data

Fig. 3 shows an overlaid spectra of a VBT:VBA (1:1) unirradiated copolymer (solid line) and a
highly irradiated film (dashed line). The only IR peaks which should change during the curing
reaction of thymine based copolymers are associated with the VBT units, due to changes in both
structure and chemical environment linked to the formation of thymine photo-dimers.

Upon comparison of the IR experimental data of the uncrosslinked and higly crosslinked
copolymer (Fig. 3) with the theoretical IR spectra calculated by Spartan (Fig. 4), there are peaks
corresponding to the vibrational modes of symetrical and antisymmetrical CH stretching (~2920-
2560 cn) (not shown) and aromatic CH out of plane (oop) wagging (~790-84Y). cthese
peaks can be associated solely to the polystyrene backbone, and therefore should remain
unchanged after irradiation. In addition, during the crosslinking process the chemical
environment of the VBA'’s cationic moieties remain unaltered and the IR characteristics peaks
associated with N-(CHCHs); wagging (~1490 cif) and N-CH- wagging (~1250-1280 cf
should also remain unchanged within the spectra.
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Fig. 3. Grazing angle specular reflectance FT-IR overlaid spectra of copolymer VBT:VBA 1:1
thin film on a gold coated slide: (solid line) zero irradiation time and (dashed line) 270 min

irradiation time.

The thymine moeity contains two non-equivalent C=0 groups, one attachearnd €e other
attached to ¢ each contributing a unique carbonyl stretching frequency to the spectra. At zero
irradiation time there are two peaks at 1684*cand 1700 cil. The appearance of only one
broad carbonyl peak is explained due to “an average” of all the carbonyl stretching peaks within
the copolymer system at that particular irradiation time. As the curing reaction proceeds, the
copolymer becomes crosslinked and the thymine moieties become dimerized resulting in the
disappearance of the 5-6 carbon-carbon double bond of the penflamsaturated amide of
thymine, and the transformation into ar3-saturated amide. FT-IR spectroscopy can detect
structural changes produced when pendant thymine groups photo-crosslink and a cyclobutane
ring is formed, via a shift in the C=0 vibrational frequency towards higher wavenumbers, from

1680-1700 cnt (a,B-unsaturated amide) to 1720 ¢rfo,B-saturated amide). The change in the
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carbonyl stretching frequency in the IR spectra, therefore, provides information on the extent of
the crosslinking reaction.

It has been reported that the major photo-products between adjacent pyrimidines upon UV
excitation arise from three types of photo-reactions of the pyrimidine bases [45,46]: (1) a
cyclobutane-type dimers produced by @&2r] photo-cycloaddition between twosCg double
bonds; (2) a pyrimidine (6-4) pyrimidone photo-adduct involving B{21] addition of the G-

Cs double bond of the 5'-end base to thgOg carbonyl for thymine, and (3) a nucleophilic
addition of water on the $Cs double bond to give photo-hydrates. In addition, some secondary
reactions of the photo-products also occur including photo-conversion of the (6-4) adducts into
their Dewar valence isomers [47,48]. Besides the dimer specie, the simulated IR spectra of these
species (supplementary data) do not match the experimental results, and therefore it can be
conclude that the only main photo-product observed in the VBT:VBA system is the thymine
photo-dimer.

On the other side, it is well known that UV light and oxygen induce reactions in polymers that
cause photo-oxidative degradation and it has been extensively described in the scientific
literature [49,50,51,52]. After long UV irradiation of PS, which is absorbed by the styrene
chromophoric groups, various oxidation photo-products are generated and a wide variety of
mechanisms can be proposed. The formation of hydroperoxides as primary photoproducts is well
established. Numerous types of secondary reactions are reported that involve direct photolysis,
decomposition by energy transfer, and intramolecular decomposition and lead to the formation of
carbonyl and hydroxyl compound [53,54]. Aromatic and aliphatic ketones have been observed
[54], and the oxidation of the aromatic ring has also been postulated. However, the main
evidence for the formation of these products are the positions of the IR absorption maxima in the
C=0 domain.

Fig. 4a and 4b show the frequency spectra and the time profiles of each proposed species
contribution for a PS sample. It can be observed the presence of the typical PS peaks around
1500 cm' due to the stretching of polystyrene aromatics at zero irradiation time, and a broad
peak around 1700 chdue to a C=0 stretching in the long irradiated sample as a result of a clear
photo-oxidation. The calculated IR spectra and the proposed structures are shown in Fig. 4c and

4d, respectively, and are in clear agreement with the experimental results.
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Fig. 4. a) IR signals and b) time profiles resolved by MCR-ALS for each component contribution
in function of the irradiation time for PS film; c) Theoretical IR spectra and (d) proposed
structures.

As a result of UV excitation of VBT:VBA polymers, besides the expected species (VBA, VBT
and photo-dimer) at least one or two more photo-oxidized species may also be present. In our
particular case, the photo-oxidation could occur either on theo€tie VBT polymer backbone,
or on the CH of the VBT photo-dimer backbone. From the experimental results and the
theoretical spectra (Fig. 5 and 6), the photo-product generated can be identified as the oxidized
photo-dimer, since the IR peaks in the C=0 domain appear at the same frequency and the main
difference is a new peak at higher wavenumbers, which perfectly matches with the broadening of
the experimental IR signal (Fig. 6). Another possibility is the oxidation on the c€khe
benzylic methylene carbon attached to thymine. The signal around 1370dwento CN
stretching (C* marked in Fig. 5a) would be modified, in particular enlarged and shifted towards
1360 cnt, if the CH, of carbon C* is replaced by the presence of C=0 after photo-oxidation.
However, as it will be discussed below, this possibility does not occur.
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To track the crosslinking kinetics, a deconvolution of the IR spectra (700-190p afm
VBT:VBA coplymer for different monomer ratios and different irradiation times was carried out
using MCR-ALS. Following the algorithm explained Saction 2.1, four species were found to
participate in the curing kinetics, namely: VBT, Photo-dimer (PD), Oxidized Photo-dimer (OP)
and VBA. The calculated IR spectra and the proposed structures are presented in Fig. 5. The

frequency spectra and the time profiles of each proposed species contribution for three different
VBT:VBA ratios are shown in Fig. 6.
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Since the 5-6 carbon-carbon double bond disappears upon crosslinking, the wagging of the
CH5-C=C-H group of the thymine at 900 &r(Fig. 5a) clearly disappears as expected in Fig.5b
and 5c. Also, the theoretical spectra (Fig. 4b and 5c) demonstrate the shift of the carbonyl peaks
towards higher frequencies after crosslinking, as was observed in the experimental spectra.
Additionally, in the OP theoretical spectrum (Fig. 5c) the presence of a third line at higher
frequencies confirms the photo-oxidation in the backbone. Finally, Fig. 5b and 5c show the
presence of an intense and broad signal at ~1360-143@aento the C-N stretching of the full

crosslinked thymine moieties as a result of a more rigid structure upon the curing reaction.
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In general, the resolved IR spectra found by MCR-ALS (Fig. 6) are quite similar to the
experimental data and the theoretical output for all cases. In particular, the resolved IR signal
found for VBT clearly shows the presence of the C=0 vibrational frequency (1680-1790acm
signal at 1490 cihdue to N-(CH-CHs); wagging, another one at ~ 1100 toorresponding to
C=C-H wagging, and the aromatic CH out of plane (oop) wagging (~ 790-84)) wich fit
quite well, both the experimental data (Fig. 3, solid line) and the theoretical spartan calculation
(Fig. 5a). For all three copolymer ratios, the shift towards higher wavenumbers of the carbonyl
peak of the oxidized photo-dimer OP generated after high irradiation times, is in very good
agreement with the calculated theoretical spectrum (Fig. 5c), and is quite similar to the
experimental spectrum shown in Fig. 3 (dashed line). Upon comparison with calculated
spectrum, it is now safe to identify the oxidized species as the proposed oxidized photo-dimer
OP, Fig. 5chased on the absence of a strong signal corresponding to CN stretching (~1360 cm
not seen in the experimental spectra.

Less straightforward is the interpretation of the other two species found by MCR-ALS. The
resolved VBA spectrum presents the expected peaks due to CH oop wagging (¥350-cm
CH,- wagging (~1250-1280 ch) and N-(CH-CHs)s wagging (~1490 cif), while it also shows
a significant difference in the region 1600-1750'cmith respect to the theoretical spartan
calculation (Fig. 5d). In addition, the resolved spectrum for the photo-dimer PD (Fig. 5b) has a
structure very similar to the OP species, leading to some ambiguity in the interpretation of
results. This behavior can be justified with the results presented in the previous simulated data
section, where the efficiency of the algorithm was shown to decrease for systems with high
spectral overlap. Nevertheless, this behavior should not preclude a satisfactory deconvolution of
the experimental data.

In contrast, the resolved kinetic profiles for all species found by MCR-ALS (Fig. 6) have a
good quality, and fit very well the proposed reaction mechangsttion 2.2). The kinetics
suggests that the VBT signal decreases as the intermediary photo-dimer PD is formed, which
then disappears to yield the final oxidized photo-dimer OP. The VBA signal remains constant
throughout the reaction, since the chemical environment of the VBA’s cationic moieties remain
unaltered after irradiation.

The results obtained with the chemometric algorithm used in this study, not only support the

hypotheses concerning the proposed kinetic mechanism, but also allow the elucidation of the
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oxidative photo-product formed. Additionally, once the decomposition 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.
Upcoming efforts can use these kinetic results in statistical mathematical models to simulate the
crosslinking process as a function of the prepolymer molecular structure and the curing

conditions.

5. CONCLUSIONS

The curing process of new materials based on styrene monomers functionalized with thymine
and charged ionic groups, was studied using FT-IR spectroscopy in combination with a MCR-
ALS chemometric model. A characterization of the evolution of the crosslinking process was
accomplished. The curing process of the VBT-VBA copolymer was found to involve four
species, which absorb in the spectral region analyzed. Furthermore, 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 is relevant to establish the curing conditions
necessary to produce a crosslinked polymer.

Additionally, the consistency of the chemometric decomposition achieved a reasonable
correlation between the frequency spectra and the time evolutions obtained with the algorithm.
The developed chemometric tool provided complementary information on photo-induced curing
of VBT-VBA films that is crucial for developing new environmentally benign materials and new
energy-saving methods. Kinetic results can be used in statistical mathematical models that
simulate the crosslinking process as a function of the prepolymer molecular structure and the
curing conditions. The final goal is to optimize the synthesis and curing processes to obtain

materials with pre-specified properties and quality.
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