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ABSTRACT: The reactivity ratios of various UV-copolymerizing systems were determined employing
RT-FTIR spectroscopy, combined with advanced and alternative multivariate-statistical data analysis
techniques. For complex mixtures peak identification as well as peak deconvolution has been increased
significantly by employment of 2-dimensional correlation spectroscopy, based on the Hilbert transform.
As an advantage, kinetic reaction profiles of homo- and copolymerization reactions have been extracted
and have been separated without any additional measurement. The following reactivity ratios were
obtained: fumarate/vinyl ether r; = 0, r, = 0; maleate/vinyl ether r; = 0, r, = 0; fumarate/allyl ether r;
=0, r, = 0; maleate/allyl ether r; = 0, r, = 0; fumarate/methacrylate r; = 0, r, = 1.3; fumarate/acrylate
ri. = 0, r, > 50; methacrylate/vinyl ether r; = 16, r, = 0; methacrylate/allyl ether r; > 100, r, = O;
methacrylate/acrylate r; = 1.6, r, = 0.15; methacrylate/N-vinylcaprolactam r; = 7.3, r, = 0.01; and acrylate/
N-vinylcaprolactam r; = 1.3, r, = 0.01. Kinetically, the fumarate—vinyl ether copolymerization can be
regarded as the homopolymerization of a CT complex while the fumarate allyl ether copolymerization
should be regarded as a perfect alternating copolymerization. The HEA—NVC copolymerization has to
be regarded as a terpolymerization between HEA, NVC, and the HEA—NVC charge-transfer complex.

2275

Introduction

The photoinitiated polymerization of methacrylates
and acrylates is one of the most efficient and facile
processes for the rapid production of polymeric cross-
linked materials, especially materials with well-defined
properties. Therefore, this technique is widely employed
in the coating industries in which a high demand is put
on the mechanical properties as well as on the optical
properties of the materials. Well-known examples are
for instance dental restorative fillers, fiber-optic coat-
ings, aspherical lenses for CD applications, the prepara-
tion of contact lenses, and stereolithography for rapid
prototyping.! The kinetics of these homopolymerizations
has been studied in detail? using photoinitiated dif-
ferential scanning calorimetry (photo-DSC) and real-
time Fourier transform infrared spectroscopy (RT-
FTIR). These investigations have led to several kinetic
models like bimolecular termination combined with
reaction diffusion-controlled kinetics,® monomolecular
termination in the glassy region,* primary radical
termination,® chain length dependent termination,®
random walk for heterogeneity,” primary cyclization,®
and the effect of monomer functionality.®

In principle, mid-infrared spectroscopy,’® especially
real-time infrared (RT-IR), is very suitable for studying
copolymerizations as well. An eminent advantage of the
use of RT-FTIR spectroscopy is that a single experiment
could in principle be sufficient for the determination of
the reactivity ratios. In theory, the only constraint is
that the theoretical feed composition should change
upon polymerization. So only in the case of azeotropic
copolymerizations multiple feed compositions have to
be prepared for the correct determination of the reactiv-
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ity ratios. To the best of our knowledge, the only
examples described in the literature of photoinitiated
copolymerizations are performed on formulations of
which the IR signals are baseline resolved as such. For
these copolymerizations,!! different maleate—vinyl ether
mixtures and different fumarate—vinyl ether mixtures
all the determined reactivity ratios were 0. Exploiting
the advantage of using a real-time analysis, i.e., being
able to obtain the full kinetic data simultaneously,
Decker was able to demonstrate that these copolymer-
izations were in fact homopolymerizations of a maleate—
vinyl ether or fumarate—vinyl ether charge-transfer
complex.!12 Later maleimide—vinyl ether copolymeriza-
tions were studied as well.

However, one should be aware of the fact that the
dynamic formation of the photoresin under UV radiation
leads to a continuous change in the chemical environ-
ment of the remaining uncured monomer. Examples for
such a dynamic changing chemical environment are
sample thickness shrinkage, sample density change, and
network formation. This again leads to a dynamic
change in chemical activity for the monomer having
finally an impact on the quality of the dynamic real-
time FT-IR spectra. Sample shrinkage reduces optical
path length, and therefore reduced absorption as well
changes in baseline position can occur. However, this
might be compensated by the increased concentration
upon shrinkage. Change in resin density and composi-
tion has impact on refractive index, which can change
peak shape and baseline position, too. Change in chemi-
cal activity can cause peak position shifts along the
wavenumber axis. Change in chemical activity can also
cause a change in absorption coefficient. On top of that,
and depending on the photochemical mixture under
study, sometimes spectral interferences can occur, caus-
ing undesired spectral peak overlap. As a result of this
spectral overlap, RT-FTIR has been seldom used for the
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determination of reactivity ratios due to the fact that
overlapping IR signals could make it difficult to ac-
curately determine the composition of a formulation at
a given time.12 Furthermore, in many of the interesting
mixtures for which real-time infrared analysis could be
used in order to determine the reactivity ratios, the
infrared absorptions of the double bonds involved are
indeed not well resolved or simply interfering. Facing
interfering double-bond signals in the IR spectra the
first option is to identify absorptions, which although
not originating from the polymerizing bonds can be
attributed unambiguously to one of the components and
are still well resolved. As an alternative, the overlapping
double bond absorptions can be resolved by using
deconvolution techniques like first- or second-derivative
peak model fitting. However, if the signals are close
together, it will be very difficult to establish which
component reacts first. Fortunately, a spectral data set
recorded during such a single RT-FTIR experiment is
inherently multivariate structured. Thus, new multi-
variate analytical algorithms, e.g., 2D correlation spec-
troscopy, could boost the usability dramatically. Em-
ployment of 2D correlation spectroscopy provides a good
indication which component reacts predominantly first
as well as the exact peak positions in a reacting mixture
(in principle required for a correct deconvolution pro-
cedure). Other analytical data evaluation techniques are
for instance the univariate method,'® peak fitted decon-
volution,'* and multivariant techniques like SIMPLIS-
MAZS (simple to use interactive self-modeling mixture
analysis) and multivariate curve resolution (MCR).16:17
An often unmentioned requirement is that all the
different analytical techniques should yield the same
result, as the reactivity ratios do not depend on the
method of data treatment. Taking into account the
sampling and specific sample problems, listed above, it
has been considered worthwhile to start a critical
evaluation of different advanced multivariate data
analysis techniques for determination of the reactivity
ratios of various photoinitiated copolymerizations. The
present paper then aims to advise a data analysis
strategy for dynamic real-time spectra, which are
obtained from UV-photo-copolymerization experiments.

Experimental Section

Materials. All the monomers studied, i.e., dibutyl fumarate,
dibutyl maleate, hydroxyethyl vinyl ether, hydroxyethyl allyl
ether, hydroxyethyl acrylate (HEA), hydroxyethyl methacry-
late (HEMA), ethyl-o-hydroxy methacrylate (EHMA), and
N-vinylcaprolactam (NVC), were obtained from Aldrich or
other sources and freshly distilled before use. The prime
purpose of this distillation is inhibitor removal. The hydroxy
esters, e.g. HEA, HEMA, and EHMA, can contain divinyl
compounds (formed via transesterfication reactions), which can
have a large impact on the cure Kkinetics since a cross-linked
network could be formed. To circumvent these possible prob-
lems, these monomers were, after the inhibitor removing
distillation, distilled twice using large spills and a cooled
collecting bulb (—18 °C), after which the samples are stored
cold (4 °C). In this way the setting of the transesterfication
equilibrium is postponed. Up to 1 week after distillation, based
on GC, still no divinyls could be observed while without the
two additional distillations sometimes up to 0.5% divinyl could
be detected (assuming the same response factors). Although
these minor impurities could have a large impact on the overall
kinetics (earlier onset of reaction diffusion-controlled Kinetics),
we did not detect an influence of these traces of divinyls on
the reactivity ratios.

The RT-FTIR setup employed is described in detail else-
where.*®* A 200 W D-bulb (Dr. Honle) was used as source or
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Table 1. Characteristic Frequencies of Reactive Groups

freq for vibrational modes (cm~1)

functional group C—H def C=Cstr C—Hstr
acrylate 810, 985, 1410 1635 3104
methacrylate 815, 939 1640 3080
alkoxy methacrylate 820 1638 3080
vinyl ether 840 1618 3120
allyl ether 910, 990 1645 3080
fumarate 775, 979 1646
maleate 850, 1406 1645
N-vinyl 1670

irradiation, resulting in an intensity of approximately 40 mW/
cm? at the sample position (average of three measurements),
as measured with a Solatell Sola-scope 1. It should be noted
that in contrast to most published RT-FTIR measurements the
samples were not measured as laminates but under an inert
atmosphere in a transmission reflection setup employing
approximately 7 um thick samples. Nitrogen was purged for
at least 5 min before any RT-IR measurement. All RT-IR
measurements were performed in triplicate, with a maximum
spectral sampling rate of 0.038 s per IR spectrum (at 4 cm™*
spectral resolution). In case slower polymerizations were
monitored higher spectral resolutions up to 0.2 cm~* were used.
All RT-IR measurements were performed employing 1 wt %
Irgacure 184 (2-hydroxycyclohexyl phenyl ketone, HCPK, Ciba)
as the photoinitiator. All photoinitiated polymerizations were
performed to an extent of >96%, curing of one of the compo-
nents (based on IR). Table 1 shows the IR frequencies that
were employed for the determination of the conversion levels.

1H and C NMR spectra were recorded on a Bruker AMX-
200 using CDCl; as solvent

Description of Univariate Method. This data analysis
technique is the most straightforward method used for ex-
tracting kinetic data out of real-time FTIR experiments. The
method was first described by Decker®® where the peak height
of a functional group specific vibrational band is monitored.
This method has been extended by applying a baseline
correction before determination of the peak height. The
conversion level, C, at every time point can be calculated using
the formula

_AO_Ax
C(%)=———"x100%

Ao

where A and A, are the net absorbencies in the first FTIR
spectrum and the FTIR spectrum at time point x, respectively.
The conversion plotted against the reaction time shows a
profile that visualizes how specific functional groups are
consumed and built into a polymer. For each type of functional
group a reaction profile can be obtained out of the same real-
time FTIR instrument, since full FTIR spectra are collected
and for each functional group specific bands can be assigned.
The maximum polymerization rate, Ry, in the straight-line
region of the sigmoid curve can be determined using the
steady-state equation

-1 C,—C
R, (%s ) =——— x 100%
L—-t

Description Peak Fitted Deconvolution.** The univari-
ate method is limited when different functional group specific
bands overlap each other. Peak fitted deconvolution is another
conventional data analysis technique which is very useful if
there are no isolated bands available in the FTIR spectrum
that can be used for the univariate method. Peak fitted
deconvolution can resolve overlapping bands in the FTIR
spectra. Vibrational bands have a Lorenz shape when the
molecule is not influenced by its surrounding. This is more or
less only the case in the gas phase. Since the formulations are
liquids, the vibrational bands will be Gaussian broadened.
Therefore, after a baseline correction the overlapping bands
are calculated by fitting Gaussian curves expressed as
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Y = ge [P

However, the selection of the number of bands, their exact
position, p, peak height, a, and width, w, are subjective, and
therefore prior knowledge, especially of the exact peak position,
is required. The band parameters are usually determined out
of the IR spectra of the pure components. These parameters
are fixed, and Gaussian curves are fitted in the baseline-
corrected FTIR. The optimized fit is based on an iterative
process in order to reduce the least-squares residuals between
the band contour and the sum of the individual peak profiles
to a minimum.

Description of SIMPLISMA.*®> The SIMPLISMA approach
(simple-to-use interactive self-modeling mixture analysis) is
a tool for self-modeling mixture analysis, which means that it
resolves mixture data into pure component spectra and
concentrations, without using prior information about the
mixtures. To show the principle of the SIMPLISMA method,
the pure variable concept needs to be introduced. A pure
variable is based on the variable with the maximum ratio of
the standard deviation to the mean. This ratio is called the
purity and is given by the following expression:

0j

#i o

Pir =

In this expression, pi1 represents the first purity values for
all the variables. Assuming that there are pure variables
present in the data set, the first pure variable of a data set
can be found by taking the variable which has the maximum
value pj;. ui and oj represent the mean and standard deviation
of variable i. The constant a is added to the denominator to
give variables with a low mean value (i.e., in the noise range)
a lower purity value pj. The effect of the first pure variable
needs to be eliminated in order to find the next pure variable.
A rationalization of the procedure is as follows. The correlation
coefficient r of each variable with the pure variable is
calculated. For variables around the pure variable the cor-
relation coefficient r will be high. For variables not related to
the pure variable the correlations will be lower. Next, all
variables are multiplied by the factor (1 — r). The values of
variables correlated with the pure variable will be low, and
the values for the variables not correlated with the pure
variable will be high. This effectively eliminates all the
variables that are correlated with the first pure variable. The
maximum in this corrected purity curve now is the second pure
variable, and the process can be started all over again. In
practice, a determinant-based function is used to correct for
pure variables, but the correlation coefficient as explained
above is a good analogue.

Now that the pure components have been determined, the
original data set can be resolved into pure components and
their contributions in the original spectra. The contributions
of the pure components in the original spectra can be resolved
by a least-squares method.

Description Multivariate Curve Resolution (MCR).16.17
The spectrum of a multicomponent system, D, can be consid-
ered as the sum of individual spectra of its components:

p
D= Zskck
K=

where p is number of components that contribute to the
observed spectral intensities in D. S and Cy are the spectrum
of component k and its concentration, respectively. The entire
spectroscopic data set of n spectra can be expressed in a
matrix, D, of dimension m by n, namely

p
Dy = Zsikcjk fori=1,2,..,mandj=1,2,..,n
=
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The objective of the analysis is to solve the above equation
for S and C. There are many different methods to generate
the matrices, S, of the spectra of chemical components, and
C, of the associated intensities or concentrations. There may
be other factors that represent the spectral baseline and other
fixed pattern errors from the measurement of the spectra.
Therefore, the observed data matrix, D, can be approximated
by the matrix product S and C with the first g components
and a residue matrix, E, representing experimental errors:

D SmxaCaxn T E

mxn mxq~gxn mxn

Alternating least-squares regression methods are used to
refine the C and S matrices to real spectra and concentration
profiles of pure chemical species. This is an iterative process
by minimizing the residue matrix, E, while applying some
physically meaningful constraints such as the nonnegativity
constraint for most spectroscopic data.

Comparison of SIMPLISMA and MCR. Both algorithms
SIMPLISMA and MCR are developed to resolve mixture data
into pure component spectra and concentrations. With respect
to ease of handling the SIMPLISMA method is preferred above
MCR. As already mentioned, SIMPLISMA does not need any
prior information or adding of constraints to resolve the
mixture data. This in contrast to MCR, where prior informa-
tion either estimates of the pure component spectra or of the
concentration profiles must be put into the model to obtain a
result at all. Furthermore, the results of MCR will improved
significantly if constraints are added to the model. For more
complex mixtures MCR is to be preferred above SIMPLISMA.
In recent studies of rather complex mixtures the output of
SIMPLISMA is used as initial estimates of the pure component
spectra for MCR. On the other hand, MCR needs some
advanced knowledge of data analysis techniques to use it in
an optimal way, but this is largely compensated by its more
powerful ability to solve complex time-resolved spectral data.

So with respect to spectral resolving power and reliability
the order is MCR > SIMPLISMA > peak fitted deconvolution
> univariate method. However, considering the ease of use
the reverse order is obtained.

Description of 2D Correlation Spectroscopy. The basic
algorithm for the determination of 2D correlation spectra has
been developed by Noda.'® The IR data evaluation is based on
the Hilbert transform (HT) of the dynamic intensity changes.
The HT algorithm is in matrix notation as follows:

Dy, = 9 I()

W) = —E90) NS(,)

in which § = dynamic spectrum at wavelength v, m = number
of objects (samples), and N = the Hilbert—Noda transformation
matrix:

Ny, =1 ° 1=k
ik Uak - j)j =k

in which the following matrix is operational

]
o 1 M, Y.
1ot Y, ..
N=>-%, -1 0 1
Yy =Y, -1 0
3 2
-

This analysis results is two 2D correlation spectra: ®(vy,v,)
is the synchronous spectrum and W(v1,v,) the asynchronous
spectrum. The synchronous 2D correlation spectrum repre-
sents coupled or related changes in the spectral intensity at
the two correlated wavenumbers v, and v,, while the asyn-
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Table 2. Reactivity Ratios As Determined with RT-IR Employing Various Methods?

Kelen—Tudos extended Kelen—Tudos NLLS final values

My M2 r r r r r r r r
Fum VE 0.002 0.003 0.00 -0.01 —0.09 -0.01 0 0
Mal VE 0.007 0.00 0.01 0.00 0.09 -0.01 0 0
Fum AE 0.07 —-0.1 0.00 0.02 —-0.1 0.1 0 0
Mal AE 0.05 —-0.01 0.01 0.01 —-0.01 0.00 0 0
Fum HEMA 0.01 1.3 0.02 1.3 0.07 1.4 0 1.3
Fum EHMA 0.02 1.3 0.02 1.4 0.1 1.3 0 1.3
Fum HEA X X X X X X 0 >50
HEMA VE na na 16 0 na na 16 0
HEMA AE X X X X X X >100 0
HEMA HEA 2 0.17 2.1 0.17 1.6 0.15 1.6 0.15
HEMA NVC 7.2 0.02 7.1 0.1 7.3 0.01 7.3 0.01
HEA NVC 1.4 0.2 1.5 0.2 1.3 0.1 1.3 0.01

aFum = dibutyl fumarate; Mal

= dibutyl maleate; HEMA = hydroxyethyl methacrylate; HEA = hydroxyethyl acrylate; VE =

hydroxyethyl vinyl ether; AE = hydroxyethyl allyl ether; EHMA = ethyl-a-hydroxy methacrylate; NVC = N-vinylcaprolactam; X = unable

to determine; NA = not applicable.

chronous correlation spectrum represents independent or
separate variations.

Determining Reactivity Ratios. The copolymerization
reactivity ratios were determined using Kelen—Tudos, ex-
tended Kelen—Tudos, and the more recently described non-
linear least-squares (NLLS) methodology?° employing multiple
feed ratios. The so-obtained reactivity ratios were used in a
feed—polymer composition plot in order to validate the deter-
mined reactivity ratios. Only the reactivity ratios best describ-
ing the copolymerization based on the feed—polymer compo-
sition plot are reported. In one case, i.e., hydroxyethyl acrylate—
N-vinylcaprolactam yielded the NLLS method, not the reactivity
ratios describing the feed—polymer composition. However, still
the result obtained with the NLLS method was closest to the
real value. As control, time—conversion profiles were converted
into a monomer feed—polymer composition profile and com-
pared with the profiles based on the determined reactivity
ratios. All copolymerizations were assumed to proceed accord-
ing to the ultimate model.?* Further kinetic analysis was
performed as initially described by Decker.12

Results and Discussion

Determination of Reactivity Ratios. a. Dibutyl
Fumarate—Hydroxyethyl Vinyl Ether and Dibutyl
Maleate—Hydroxyethyl Vinyl Ether Systems. The
fumarate—vinyl ether mixture and the maleate—vinyl
ether systems are the systems which have been studied
by Decker!!a pefore. We investigated these mixtures in
order to validate our methodology for determination of
the reactivity ratios. The maleate—vinyl ether system
behaved as described before, and similar to Decker we
found reactivity ratios for dibutyl maleate—hydroxy-
ethyl vinyl ether, r; = 0, r, = 0 (see Table 2). The
fumarate—vinyl ether system could not be analyzed in
the same way as Decker has previously reported. To our
initial surprise the fumarate isomerizes upon irradiation
partly into the corresponding maleate, as indicated by
the appearance of a maleate absorption at 1406 cm~?!
This process is photoinduced, not radical induced, and
we confirmed the formation of dibutyl maleate by
irradiation of dibutyl fumarate with a Fusion F600D
bulb (dose 2 J/cm?) and the analysis of this mixture with
1H and 3C NMR. Upon prolonged irradiation at room
temperature almost complete conversion into the male-
ate could be achieved (>10 J/cm?). Consequently, the
fumarate consumption in the IR spectra had to be
corrected for the maleate formation.?® A representative
graph of the time—conversion plot is shown in Figure
1, in which the maleate formation is represented by a
negative conversion. The fact that this isomerization
was unnoted previously can be explained by the fact

Fumarate

4
o
234 Vinyl ether
g 2 1 Fumarate corrected
s
24
&
[
>
50 T T T T J
© 2 4 10

-1 Maleate

2

Time (sec)

Figure 1. Time—conversion profile of a fumarate—vinyl ether
mixture as determined with RT-FTIR under nitrogen.

Scheme 1. Possible Mechanisms via Which a
Fumarate—Vinyl Ether (Fum—VE) Copolymerization
Yields Perfect Alternating Polymers

CT complex homo-polymerisation

VE]

[Fum- P-[Fum-VEle
VE o { _>—7Polymer

PFUM-—»PVEO

PI—»PI-

initiation
alternating co-polymerisation

that only a single absorption was monitored instead of
the full IR spectrum. On the basis of solely monitoring
the fumarate bond in a fumarate—vinyl ether system,
it was previously concluded that the fumarate was more
reactive compared to the maleate in a maleate—vinyl
ether system.l! However, using corrected fumarate
conversions, we observed comparable rates of copoly-
merizations for both systems.

Still we obtained a similar result, and the reactivity
ratios for dibutyl fumarate—hydroxyethyl vinyl ether
mixtures are r; = 0, r, = 0. Identical values were found
for the maleate—vinyl ether system.?*

These perfect alternating copolymerizations can pro-
ceed via two different mechanistic pathways, as depicted
in Scheme 1. It can be regarded as homopolymerization
of a charge-transfer complex or be regarded as alternat-
ing copolymerization. In both cases it is likely that the
radical which starts the polymerization is formed via
the addition of a photoinitiator radical to a vinyl ether
double bonds due to the steric effects which play a
pivotal role in radical additions.?®
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Following the kinetic analysis with respect to the rate
of polymerization, i.e.,, R, = K{[Mi][M;]}¥? for an
alternating copolymerization and R, = K[M1][M,] for the
homopolymerization of a charge-transfer complex, we
found identical results as previously determined by
Decker. Both polymerizations can best be described as
homopolymerizations of a charge-transfer complex.2%
The similar results indicate that the analyzing meth-
odology using RT-FTIR instead of RT-IR can be consid-
ered to be correct. As the double bond absorptions are
well resolved only this method has been used for the
data analysis.

b. Dibutyl Fumarate—Hydroxyethyl Allyl Ether
and Dibutyl Maleate—Hydroxyethyl Allyl Ether
Systems. Considering the reactivity ratios found, both
rp and ry are O; it is tempting to assume that these
mixtures will react in a similar fashion compared to the
blends with vinyl ethers. Comparing the observed
reactivity ratios with the values in the literature (r; =
1, r, = 0),2728 some homopolymerization of the fumarate
might be assumed under these conditions. However, in
these peroxide-initiated copolymerizations the excess of
fumarate was incorporated via a degradative chain
transfer reaction, and therefore a value of r; > 0 was
found.?® The kinetic analysis described above revealed
that these polymerizations are not homopolymerizations
of a charge-transfer complex under photoinitiated condi-
tions, but are alternating copolymerizations formed via
a cross-propagation mechanism. Again well-resolved
double bond signals were found.

c. Dibutyl Fumarate—Hydroxyethyl Methacry-
late and Dibutyl Fumarate—Ethyl a-Hydroxymeth-
acrylate Systems. Hydroxyethyl methacrylate (HEMA)
and ethyl-o-hydroxy methacrylate (EHMA) can be
considered structural isomers; only the position of the
hydroxy functionality differs. It has been well estab-
lished that a-hydroxy or alkoxy methacrylates can be
regarded as methacrylates with an increased reactivity
of the double bond, i.e., in homopolymerizations higher
rates are observed for ethyl-o-hydroxy methacrylate
derivatives compared to those of hydroxyethyl meth-
acrylate derivatives,3® although a direct comparison
between the two isomers (HEMA vs EHMA) is lacking.
In case this positional change of the hydroxy functional-
ity would have a large effect on the electronic nature
on the polymerizing double bond; then it is expected that
also the reactivity ratios would be different. However,
in case these effects are only minor, similar reactivity
ratios in their copolymerizations could be expected. As
expected, on the basis of the available literature of
EHMA derivatives, EHMA exhibited a higher maximum
rate of homopolymerization (0.25 mol/(L s)) compared
to HEMA (0.17 mol/(L s)). In copolymerizations also an
increased polymerization rate was found (maximum
rates of poymerization 1:1 molar mixture dibutyl fuma-
rate/EHMA: 0.12 mol/(L s); 1:1 molar mixture dibutyl
fumarate/HEMA 0.08 mol/(L s)).

Surprisingly, despite the differences in copolymeri-
zation rates, the same reactivity ratios (rr =0and r, =
1.3) were found for both types of methacrylates.3! This
suggest that this variation in hydroxy attachment has
only a minor effect on the electronic nature of the
reactive double bond although the effect is large enough
to have a pronounced effect on the rates of polymeriza-
tion, indicating that the origin of this reactivity differ-
ence is probably due to reduced termination. Again well-
resolved double bond IR absorptions are observed.
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d. Dibutyl Fumarate—Hydroxyethyl Acrylate
Systems. We were unable to determine the reactivity
ratios of these mixtures as we could not determine the
fumarate conversion in a reliable manner due to strong
overlapping peaks. Assuming no isomerization of fuma-
rate to maleate occurs, still the decrease in fumarate
double bond absorption was 5% at most. Besides, most
of this fumarate conversion took place when hydroxy-
ethyl acrylate (HEA) was already for approximately 95%
polymerized. During the homopolymerization of the bulk
of the acrylate, in the various mixtures, we could not
detect any fumarate consumption (within the error of
measurement). Kinetically, however, the amount of
fumarate had a severe impact on the rate of polymer-
ization as the hydroxyethyl acrylate polymerization is
strongly retarded by the addition of dibutyl fumarate.
Consequently, some copolymerization must occur under
these conditions, and we estimate the following reactiv-
ity ratios r1 = 0 and r, > 50, which can be considered
to be an educated guess.

e. Hydroxyethyl Methacrylate—Hydroxyethyl
Vinyl Ether Systems. The amount of methacrylate
conversion exceeded 15% before a reliable significant
amount of vinyl ether conversion could be observed.
Therefore, for the determination of the reactivity ratios
only the extended Kelen—Tudos methodology could be
used since this allows the determination of reactivity
ratios at higher conversion levels. A disadvantage is that
the reactivity ratios determined via this method are
considered less accurate compared to the other methods
like Kelen—Tudos or the NLLS method. The following
reactivity ratios were found: r; = 16 and r, = 0, which
are in line with the literature values.%?

f. Hydroxyethyl Methacrylate—Hydroxyethyl Al-
lyl Ether Systems. In these photoinitiated copolymer-
izations we were unable to detect any allyl ether
conversion. In fact, taking the dilution factor into
account, no influence of the allyl ether on the rates of
polymerization could be found as well. Kinetically only
a methacrylate homopolymerization was observed and
no copolymerization. Therefore, with respect to the
reactivity ratios we suggest r; > 100 and r, = 0, which
is in line with the values (r; = 99—-107, r, = 0) observed
in the literature.?’

g. Hydroxyethyl Methacrylate—Hydroxyethyl
Acrylate Systems. In all the above-mentioned copo-
lymerizations we were able to find well-resolved absorp-
tions from the polymerizing double bonds. Although
hydroxyethyl acrylate (HEA) is far more reactive in a
homopolymerization compared to hydroxyethyl meth-
acrylate (HEMA), the reported reactivity ratios of these
systems suggest that this is not the case for these
mixtures.33 Unfortunately, none of the IR absorptions
from the reactive double bond, being around 3100, 1640,
or 810 cm™1, are well resolved. In fact, generally a single
peak is observed around 810 cm™1, as is illustrated by
the 3D time—conversion plot shown in Figure 2.

Therefore, this copolymerization serves as an ideal
test case for the reliability of the different methods for
data treatments/analysis. It should be explicitly noted
that the same data set was used in all cases, which is
inherently multivariate (time x wavelength x absorp-
tion). Only the mathematical treatment of the raw data
differs.

Comparison of Analytical Methods. a. Other
Well-Resolved Absorptions. Taking the IR spectra of
the pure monomers into account, it is safe to assume
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Figure 3. Time—conversion profiles of a 1:1 HEMA—HEA
molar mixture as obtained by various data treatments: univari-
ate method (squares); deconvolution (diamonds); SIMPLISMA
(triangles); multivariate curve resolution (circles).

that the IR absorption at 940 cm™1 can be attributed to
HEMA while the IR absorption at 988 cm~! can be
attributed to HEA. A possible source of errors employing
this methodology is that underlying IR absorptions with
respect to the frequencies studied are not noticed.
Moreover, although generally true, an assumption is
that although the vibration does not originate from the
reacting double bond; still its decrease can be linearly
related to the reactive double bond. In Figure 3 the
results of this analysis, in terms of a polymerization
profile, of a 1 to 1 molar HEMA/HEA mixture are shown
together with the results from the other data analysis.

b. Peak Fitted Deconvolution. Deconvolution of
peaks is frequently used for the separation into the
individual components. In Figure 4 the IR absorptions
of both monomers as well as the 1:1 molar mixture are
shown.

Clearly the IR vibration at 812 cm™! of the mixture
could consist out of two bands. Assuming that the IR
vibrations are not changed in a different environment,
the monomer frequencies, i.e., for HEMA 815 cm~! and
for HEA 810 cm™1, can be used as positions of the peak
frequencies of the individual components. IR vibrations
possess in the gas phase a Lorentzian shape, but in the
liquid phase a Gaussian line broadening is observed.
As a consequence, it is assumed that Gaussian curve
fitting can be used in the deconvolution method. A
further disadvantage of this method is that it performs
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Figure 5. SIMPLISMA spectrum of the copolymerizing 1:1
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best if both IR vibrations possess almost the same
extinction coefficient. Unfortunately, the extinction coef-
ficient of HEMA is only a fifth of the extinction coef-
ficient of HEA, and this can be another source of errors.

c. SIMPLISMA Method. The results of the SIM-
PLISMA calculations are shown in Figure 5. The raw
data could be reconstructed by calculating three pure
variables. This results in three pure spectra and three
concentration profiles of the resolved components: two
decreasing concentration profiles of the monomers HEA
and HEMA and one increasing profile of the copolymer.
The calculated pure spectra of HEA and HEMA are in
good agreement with the measured pure spectra (see
Figure 6). Comparison of the measured pure spectra
with the calculated pure spectra of the components is
an objective method to examine the quality of the
calculations.

In the spectral region of 820—800 cm~?! of Figure 5
HEA and HEMA show two separated peaks. One should
be aware that the contributions of the pure components
are resolved by fitting the pure spectra with the original
spectra with a least-squares method and are thus not
based on just one peak in the spectrum, as is the case
with classical methods like peak deconvolution. The
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concentrations of monomer and polymer can be derived
from their relative concentrations (based on absorbance)
and their relative extinction coefficients. The calculated
concentrations of HEA and HEMA can then be trans-
ferred in polymerization profiles as is shown in Figure
3.

d. Multivariate Curve Resolution. Again, three
resolved pure spectra and three concentration profiles
could reconstruct the raw spectral data. Comparison of
the pure spectra (Figure 7) shows that they are in good
agreement with the measured pure spectra and the
calculated pure spectra by SIMPLISMA. The differences
between the results obtained by SIMPLISMA and MCR
are very small. For the present case at hand, that is, a
somewhat uncomplicated time evolving data set, it is
advised to use the SIMPLISMA software because it is
a simple to use interactive data analysis tool. It is not
a prerequisite to have any knowledge of complex data
analysis methods, and it is intended for users who are
familiar with spectra interpretation. On the other hand,
MCR needs some advanced knowledge of data analysis
techniques to use it in an optimal way, but this is largely
compensated by its more powerful ability to solve
complex time-resolved spectral data.
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Figure 8. (a) Synchronous Hilbert transform 2D correlation
spectrum and (b) asynchronous Hilbert transform 2D correla-
tion spectrum of the copolymerizing 1:1 molar HEMA—HEA
mixture.

e. Using 2D Correlation Spectroscopy. A peak
model based deconvolution method as previously de-
scribed can intrinsically give the wrong results. A small
shift in IR frequency from one of the components can
result in a wrong peak assignment. Moreover, IR
vibrations tend to shift due to environmental changes.
So the use of the IR frequencies of the monomers can
be questionable. It can even be that the peaks are
shifted as such that the 812 cm1 is the position of both
absorptions in the mixture and not a combined convo-
luted peak. Employing 2D correlation using the Hilbert
transform can solve these analytical problems. This
methodology of data processing results in a so-called
synchronous and an asynchronous spectrum as shown
in Figure 8a,b for the 750—1000 cm~1 spectral region.

The interpretation of these spectra starts with the
relative simple synchronous spectrum (Figure 8a). Three
autopeaks are visible and a few positive and negative
cross-peaks. Peaks that are in the same phase undergo
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Table 3. Sequence of Spectral Intensities According to
the Hilbert Transform Scheme Titels

V1 V2

(cm™) (cm™1) ®(v1,v2) W(vi,v2) sequence

988 940 + - v, after v, HEA after HEMA
816 + - v, after v, HEA after HEMA
760 - + vy after v HEA after polymer

940 811 + + v, before v, HEMA before HEA

845 811 - - v1 before v, polymer before HEA

816 811 + + v, before v; HEMA before HEA

811 760 - + v after v, HEA after polymer

the same change, for instance, considering a trace at
812 cm~! (the reactive double bonds of the monomers).
The peaks at 812, 950, and 980 cm~! have the same
phase, and they all reduce in time. The peaks at 760,
850, and 910 cm~! possess an opposite phase, and they
all increase in time, which means they originate from
the formed polymer. This information can be obtained
as well from the univariate IR analysis.

The real strength of this analysis tool lies in the
asynchronous spectrum (Figure 8b). All the cross-peaks
are now resolved into two separate peaks. The peak at
812 cm~1 is now separated into two distinct asynchro-
nous correlations. The peak at 816 cm™! is positively
correlated with the peak at 811 cm~!. Bearing in mind
that the autopeak at 812 cm™! was positive in the
synchronous spectrum, it can be shown by following the
analysis as described by Nodal® that the peak at 816
cm~1! decreases first followed by the absorption at 811
cm™1. This procedure is repeated for the full IR spectra
(see Table 3), in which the signs in both the synchronous
and the asynchronous spectra are taken into account;
it is clear that HEMA reacts predominantly first fol-
lowed by the HEA polymerization. Surprisingly it seems
that the polymer absorption at 760 cm~! appears to
originate from HEMA containing polymer only as it is
mainly formed during the methacrylate polymerization.

It should be explicitly noted that based on this
analysis there is a small shift in the spectral frequencies
observed for the mixture. For a correct deconvolution
procedure the absorption at 816 cm~! instead of 815
cm~! for HEMA has been used and 811 cm~! instead of
810 cm™! for HEA. Although at first glance this differ-
ence might seem small, it is large enough to yield
erroneous time—conversion profiles.

f. Comparing the Techniques. Using different feed
compositions, the following reactivity ratios were de-
termined, ry = 1.6 and r, = 0.15 (see below), which were
applied in the determination of the “theoretical” relation
between the feed composition and the polymer composi-
tion. Next the time—conversion profiles obtained via the
different methods of a 50:50 HEMA:HEA mixture were
converted into the corresponding feed—polymer compo-
sition profile. The results are shown in Figure 9. It can
clearly be seen from Figure 9 that the results based on
the simple univariate method fails as a large deviation
between the “theoretical” feed—polymer composition
(Figure 9, solid line) and the determined relation
according to the univariate method (Figure 9, squares).
Still, in principle, if the correct frequency has been
chosen, the univariate method should give a result
similar to the theoretical relation. The only HEMA
absorption which we could find, being convinced that it
was only HEMA absorption, was at 645 cm™1. A direct
consequence of the very low intensity of this signal is
that the time—conversion profile contains much noise.
In fact, because of this high noise level this absorption
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Figure 9. Comparison of the different analytical techniques
using the monomer feed—polymer composition relation: solid
line theoretical curve based on r; = 1.6, r, = 0.15; univariate
method at 939 and 985 cm™! (squares); deconvolution (dia-
monds); SIMPLISMA (triangles) multivariate curve resolution
(circles) and univariate method at 645 and 985 cm™* (crosses).
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Figure 10. Time—conversion profile of a 20:80 molar HEMA—
HEA mixture as determined with RT-FTIR under nitrogen.

is normally unusable. But after performing twice a noise
reduction procedure, we had smoothed the data suf-
ficiently to be able to calculate the feed—polymer
composition relation ship as is shown in Figure 9
(crosses). Indeed, it can be stated that the result is now
appears to be in agreement with the theoretical relation
taking a large error bar into account.

The relation as obtained from the deconvolution
method (Figure 9, diamonds) could be regarded as
following the theoretical relation if one considers a large
error bar as well. Both the SIMPLISMA (triangles) and
MCR (circles) methods yield a feed—polymer composi-
tion relation, which is identical to the “theoretical”
relationship. So regarding the reliability of the obtained
data, only the two multivariate methods, i.e., SIM-
PLISMA and MCR, give good results with respect to the
feed—polymer composition profile.

g. HEMA/HEA Reactivity Ratios. Combining all
the analytical data for these HEMA/HEA mixtures and
evaluating them, the following reactivity ratios were
found: r; = 1.6 and r, = 0.15.2732 In this copolymeri-
zation the initial rates are dominated by the methacry-
late and not by the acrylate and the composition of the
polymer will drift severely as is illustrated by the time—
conversion profile of a 20:80 HEMA:HEA mixture shown
in Figure 10. This figure clearly shows that the faster
acrylate homopolymerization only takes place after full
methacrylate conversion. Moreover, up to 90 mol % HEA
in the copolymerizing mixture, the maximum rate of the
HEMA consumption remains unaffected by changes in
the HEA concentration. This indicates nicely that the
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methacrylate dominates the copolymerization and that
a severe composition drift takes place.

Kinetically the maximum rates of copolymeriza-
tion, as determined with IR, can be linked to the
monomer feed compositions according to the following
formulas:3*

R,=
rMy? + 2[M1IM,] + 1,[M,]?

(r,20,2IM, 1 + 2®r,1r,[M,]IM,] + 1,20, [M,])*2

in which R is the rate of polymerization, ry and r, are
the copolymerization ratios, [Mi] and [M] are the
concentration of monomers 1 and 2, respectively, 6; and
02 are the termination constants for M; and My,
respectively, and @ is the cross-termination constant.
As the reactivity ratios are known, d; and 6, determined
from the homopolymerization of both monomers only ®
remains an unknown in this rate equation. Using
multiple feed compositions, a value for ® = 2 was
determined, and the copolymerization rate—monomer
feed composition relation ship is shown in Figure 11.

So the HEMA/HEA copolymerization as studied with
RT-FTIR is a textbook example of composition drift in
which all the copolymerization equations apply.

h. Hydroxyethyl Methacrylate Copolymeriza-
tion with N-Vinylcaprolactam. Vinyl amides like
N-vinylcaprolactam, N-vinylpyrrolidone, and N-vinyl-
formamide and its derivatives are more prone to copo-
lymerize than vinyl ethers. This is illustrated by the
reactivity ratios r; = 7.3 and r, = 0.01 as well as the
higher rates of polymerization compared to those of the
HEMA—vinyl ether mixtures. Although this system has
not been evaluated in the literature, the values are in
accordance with the ratios for a methyl methacrylate—
N-vinylpyrrolidone mixture.3®

i. Hydroxyethyl Acrylate Copolymerization with
N-Vinylcaprolactam. N-Vinylcaprolactam and N-vi-
nylpyrrolidone are frequently added to acrylates in order
to increase the rate of polymerization in acrylate-based
formulations and also to reduce the oxygen sensitivity
of the acrylate polymerizations.3® The reasons for these
increased rates of copolymerization are still unknown,
especially since the increased rates were observed with
photo-DSC, and consequently the reactivity ratios were
not determined previously. However, using IR spectros-
copy, the monomer absorptions involved appear to be
well resolved and the reactivity ratios can be determined
relatively easily. Employing all methods for the deter-
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mination of the reactivity ratios r1 = 1.3 and r, = 0.1
were found. These values were validated employing the
monomer feed—polymer composition relation. As can be
clearly observed in Figure 12, there is a deviation
employing these ratios especially in the region contain-
ing low amounts of acrylate. The reactivity ratios which
correctly described with experimental results of r; = 1.3
and r, = 0.01.

Regarding the reactivity ratios it can be concluded
that the copolymerization is governed by the acrylate.
Does this imply that the acrylate-based propagating
radical is more stable compared to the NVC-based
radical? Considering the rates for the homopolymeriza-
tions, one is tempted to conclude the opposite as the
HEA homopolymerization proceeds 60 times faster than
the NVC homopolymerization (rates 6.1 mol/(L s) vs 0.12
mol/(L s)). In the HEMA/HEA example it was the slower
homopolymerizing double bond which dictated the po-
lymerization. In Figure 13 the copolymerization rates
vs the feed composition are shown.

On the basis of the copolymerization equations, the
highest observed rate in case bothry > 0and r, > 0 is
one of the monomers. Consequently, the highest ob-
served copolymerization rate should, in this case, be the
acrylate homopolymerization rate. From Figure 8 it is
evident that this is not the case as the highest rates
are observed around the 1:1 molar mixture (10.6 mol/
(L s)), which means that the copolymerization equations
with respect to the rate do not apply in this case.
However, it should be noted that the copolymerization
proceeds not in a 1:1 fashion which is illustrated by the
fact that in the case of the 1:1 molar feed ratio still 30%
of the NVC has not reacted when all the acrylates have
been consumed.
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How can such a result be rationalized? A valid
explanation might be that besides the two monomers
another species is present in the copolymerization. This
species should be more reactive compared to both the
monomers and should be formed from both monomers.
We propose that a charge-transfer complex between the
monomers is in fact the third reactive “monomer” and
that this copolymerization is best described as a terpo-
lymerization of NVC, HEA, and the NVC—HEA charge-
transfer complex. This explanations account for several
observations. The fact that the highest rate is observed
around the 1:1 molar ratio has become obvious as the
highest CT complex concentration is expected around
the 1:1 molar ratio. Furthermore, the CT complex
copolymerizes with different ratios with the acrylate and
NVC; consequently, unequal reactivity ratios are found
for the “copolymerization” and NVC remains present at
the 1:1 molar mixture (which possess the highest rate).
Finally, radical CT polymerizations tend to be less
susceptible to oxygen inhibition, which gives an expla-
nation for the reduced oxygen inhibition effect.362 Be-
sides the contribution of the CT complex to the increased
reactivity, an effect on the rate caused by the polarity
on NVC might be expected as well.3”

As an alternative, it could be that this system should
be described as the copolymerization of the CT complex
with HEA, and all the above-mentioned observations
are in line with this explanation. However, at NVC
contents above 60 mol % slightly more NVC is incorpo-
rated in the formed polymer then could be expected on
the basis of the total available HEA amount. Employing
a feed ratio of HEA:NVC = 1:9, 1.3 times the amount
of NVC is incorporated than could be expected on the
basis of a copolymerization model.

Complete polymerization of both HEA and NVC can
be achieved with a monomer mixture containing up to
30% NVC.

Supplement: Homopolymerization of HEA. Most
analytical methods for data treatment of the HEMA—
HEA mixtures showed minor disturbances near the 812
cm~? frequencies. This was combined with the fact that
according to the Hilbert transform the polymer peak at
760 cm~1 originates dominantly from the methacrylate
and not from the acrylate. Therefore, we wondered
whether a polyacrylate absorption could be present
around the 812 cm~! frequency. This implies that the
standard acrylate peak at 810 cm™1, which is employed
in most analysis, is already a convoluted peak. To
answer this question, we applied the Hilbert transform
to the homopolymerization of HEA, of which the asyn-
chronous spectrum is shown in Figure 14,

We were stunned by the fact that this analysis
revealed that indeed the acrylate absorption at 810 cm™!
is a convoluted peak. At this position also a polyacrylate
absorption occurs, and since most acrylate polymeriza-
tions are monitored at this position, this would imply
that most of the literature data for acrylates would be
erroneous! Fortunately, comparing the time—conver-
sions profiles for the HEA polymerization based on the
absorptions at 810, 1410, and 1637 cm™1, they all gave
the same result (within the 2% error of measurement).
Moreover, the conversions based on the 810 cm™!
absorption were in good agreement with the conversions
as determined with *H and 13C NMR (within a 5% error
margin). Apparently the extinction coefficient of the
polyacrylate peak at this position is small compared to
the monomer, and therefore it does not influence the
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Figure 14. Asynchronous 2D correlation spectrum of the HEA
homopolymerization.

correct determination of acrylate conversion levels.
However, the polymer is formed whereas the acrylate
is consumed. As a consequence, the Hilbert transform,
being sensitive toward phase differences, can clearly
distinguish two peaks—one of which the intensity is
decreasing and one of which the intensity is increasing.
This experiment therefore nicely demonstrates the
sensitivity of the Hilbert transform for phase differences
in a reacting mixture.

Consequently, although the 810 cm~1 absorption is a
convoluted peak, the deviation in conversion due to the
formation of polyacrylate is negligible, and the 810 cm™?!
absorption can still be employed for the determination
of the conversion.

Conclusion

In conclusion, we have demonstrated that RT-FTIR
spectroscopy is a facile technique for the determination
of copolymerization reactivity ratios, in particular when
the dynamic data of this technique are interpreted by
advanced multivariate statistical techniques. Besides
correct reactivity ratios, also kinetic information regard-
ing the reaction rates of the individual components can
be obtained. It has been shown independently (Figure
3 vs Figure 10) for a monomer like HEA, in a HEMA—
HEA mixture with its selective IR peaks, that univariate
as well multivariate techniques perform in the same
way, which suggests to choose the more simple univari-
ate technique as always a first accurate guess. However,
in the case of a monomer like HEMA with its interfering
IR peaks in the same HEMA—HEA mixture, the mul-
tivariate techniques SIMPLISMA, multivariate curve
resolution, and 2D correlation spectroscopy clearly
outperform the classical univariate calculation methods.
The 2D correlation spectroscopy is obviously a powerful
tool for the identification of absorptions in complex
copolymerizing mixtures. Furthermore, in the case of
convoluted peaks only the 2D correlation spectroscopy
yields the essential information required for a correct
deconvolution of the separate absorptions. By this
technique, it was demonstrated that the standard
acrylate absorption at 810 cm™1, which is frequently
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used in RT-FTIR analysis, is in fact a convoluted peak
consisting of the acrylate absorptions and polymer
absorption with a small extinction coefficient.

On the basis of these more accurate multivariate
reaction profiles, the following chemical conclusions can
be drawn: The copolymerization of a fumarate—vinyl
ether system should be regarded as a homopolymeri-
zation of the charge-transfer complex while in the case
of a fumarate—allyl ether system it should be regarded
as a perfect alternating copolymerization based on this
kinetic evidence. Furthermore, the copolymerization of
HEMA with HEA can be considered a textbook example,
and all the copolymerization rules apply nicely. The
HEA—NVC copolymerization should be regarded as a
terpolymerization between HEA, NVC, and the HEA—
NVC charge-transfer complex, of which the charge-
transfer complex possesses the highest reactivity.
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