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ARTICLE INFO ABSTRACT

Keywords: Replacing petrochemically-based monomers by bio-based building blocks is an important topic in polymer
Itaconic acid esters chemistry. Recently, itaconic acid and its derivatives are investigated as potential alternatives. Free-radical
Acrylates

polymerizations of these monomers are associated with a very low propagation rate. Moreover, the propaga-
tion reaction becomes reversible already at temperatures of 60 °C, which limits the accessible monomer con-
version. To overcome these issues, copolymerizations with acrylates are attractive due to not being prone to
depropagation at typical polymerization temperatures and fast propagation rates. Due to the presence of acrylate
units in the copolymer higher monomer conversions are accessible compared to homopolymerizations. Since
copolymer properties are strongly depending on the copolymer composition, their prediction via reactivity ratios
(r values) is important. Here, r values determined via Monte Carlo simulations with consideration of depro-
pagation are reported for several copolymerizations of three itaconates and four acrylates with non-functional
ester groups. Polymer characterization is based on SEC elution curves and 'H NMR spectra recorded with an
80 MHz benchtop NMR spectrometer. A common pair of reactivity ratios is obtained, with 1.50 and 0.54 for the
itaconate and acrylate comonomer, respectively. It is shown that these r values can be transferred to other non-
functional comonomer pairs.

Bio-based monomer
Free-radical copolymerization
Reactivity ratio

Benchtop NMR spectrometer

purities, FRP of itaconic acid and its derivatives are associated with low
propagation rate coefficients, kp, below 10 Lemol les ™! at 25°C.[9-12]

1. Introduction

The increasing demand for sustainable and environmentally friendly
polymeric materials has driven research towards the implementation of
bio-based monomers as a replacement for petrochemical building
blocks. In this respect, itaconic acid (IA) has emerged as a promising
candidate, as it is already produced on an industrial scale at competitive
cost via a biotechnological process.[1,2] In addition, IA was highlighted
as one of the most important platform chemicals for green chemistry by
the US Department of Energy in 2004. Due to its trifunctional nature, IA
is a versatile building block that can be utilized in different types of
polymerization reactions. The two carboxylic acid groups allow for its
application in polycondensation reactions to synthesize (unsaturated)
polyesters.[3] In addition, these carboxylic acid groups can be used to
prepare a range of mono and diesters.[4-7] Finally, the conjugated
double bond allows for the use of IA and its esters in radical polymeri-
zation reaction as an alternative to petrochemical (meth)acrylates.[8]

While free radical polymerizations (FRP) are particularly attractive
for industrial applications due to their robustness and tolerance to im-
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Moreover, the propagation reaction becomes reversible already at
temperatures as low as 60 °C.[9,11] The effective propagation rate co-
efficient kp, eff is given by Eq. (1).[13]

kp.eff = kp - kdep/CM (@)

kqep refers to the depropagation rate coefficient and cy to the monomer
concentration. The equilibrium of propagation and depropagation
depicted in Scheme 1 limits the accessible monomer conversion. At the
equilibrium monomer concentration cyj the effective propagation rate
coefficient is zero. According to Eq. (1) cj{ is given by the ratio of kgep
and k.

To overcome these challenges copolymerizations of itaconates with
significantly more reactive monomers such as (meth)acrylates are
interesting. k;, of these monomers are several orders of magnitude higher
than for the itaconates.[14,15] While depropagation of methacrylates
has to be accounted for at temperatures roughly above 120 °C,[13]
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acrylates depropagate at much higher temperatures.[15] Thus, the
presence of acrylates overcomes limited monomer conversion due to
depropagation and favors higher polymerization rates.[16,17] To date,
acrylates have not been produced entirely from renewable raw materials
on an industrial scale. Nevertheless, there are partially bio-based acry-
lates such as isobornyl acrylate (iBoA) and 2-octyl acrylate (20A), which
contain 77 and 73 % bio-content, respectively.[18] These monomers
contribute to a high bio-content in itaconate — acrylate copolymers.
Another approach for enhancement of the polymerization rate is to
apply emulsion polymerizations. Due to separation of macroradicals in
different latex particles the probability of termination events is lowered
compared to homogenous phase polymerizations.[19,20] It was already
shown that emulsion polymerizations yield polymer with significant
molar masses in acceptable reaction times.[21-23].

In order to tailor the copolymer composition and properties, the
knowledge of the reactivity ratios is required. Mostly, reactivity ratios
are determined based on the Lewis-Mayo equation with composition
data from copolymerizations carried out up to low conversion. If the
change of both monomer concentrations as a function of time is acces-
sible, copolymerizations may be carried out over an extended conver-
sion range. This approach is advantageous since a rather low number of
experiments provides copolymer composition data over an extended
range of monomer ratios.[24] This point is particularly attractive, e.g.,
for copolymerizations under unusual reaction conditions.[25] In
particular in-line and off-line NMR spectroscopy was applied to monitor
individual monomer conversions throughout copolymerizations.[26]
Further, the amount of chemicals required is lower compared to per-
forming a high number of low conversion reactions. Details on the
evaluation of reactivity ratios were reported in a recent publication by
an IUPAC Polymer Division working group.[24] The special case of
copolymerizations with one of two monomers undergoing depro-
pagation was addressed in a recent publication by Lundberg et al.[27].

Previously, it was shown that copolymerizations of butyl acrylate
with either dibutyl itaconate (DBI) or dicyclohexyl itaconate (DCHI)
yield copolymers with very similar compositions. Applying Monte Carlo
simulation methods reactivity ratios of rpg/pcar = 1.26 and rga = 0.50
were obtained, indicating that the itaconates are preferentially incor-
porated into the copolymer.[17] The finding is in agreement with a
recent study on DBI-BA copolymerizations.[16] In order to identify the
impact of the ester group on the copolymerization the study was
extended to cyclohexyl acrylate (CHA), iBoA, and 20A. Besides being
synthesized from bio-based alcohols, iBoA and 20A were selected,
because (1) the isobornyl group is sterically demanding and leads to a
high glass transition temperature Tg of 105 °C for poly(isobornyl acry-
late),[28] and (2) the ester group of 20A is very similar to 2-ethylhexyl
acrylate, which is of high technical importance. CHA was chosen
because the ester group is flexible and similar in size to BA. In addition,
dimethyl itaconate (DMI) was selected, which allows for addressing the
impact of a small itaconate ester group. All monomer structures are
given in Fig. 1. The impact of ester groups largely varying in size and
sterical demand were performed, since it was shown that the impact of
the size of ester group on itaconate k, is opposite to that generally
observed for acrylates and methacrylates: while itaconate k;, decreases
with increasing sterical demand of the ester group,[11] generally, k,
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Fig. 1. Structures of the itaconate and acrylic monomers used in this study.

values of acrylates and methacrylates are increasing with ester size.[29]
Moreover, for DMI, DBI, and DCHI the depropagation kinetics are
known, which is important for the determination of reactivity ratios at
80 °C, where itaconate depropagation is already operative.[11] While in
copolymerizations without depropagation the copolymer composition
depends only on the comonomer ratio, in the case of depropagation the
actual monomer concentration of the itaconate must also be taken into
account. Therefore, established methods for determining the r values
cannot be applied.

For ten comonomer systems with varying initial itaconate monomer
feed compositions the derivation of r values is reported based on indi-
vidual monomer concentrations determined as a function of reaction
time from SEC analyses and 'H NMR spectroscopy. The transferability of
the r values is studied for two test comonomer systems with non-
functional monomers.

2. Materials and methods
2.1. Materials

The monomers dibutyl itaconate (DBI, > 97.0 %, TCI), dimethyl
itaconate (DMI, > 98 %, TCI), butyl acrylate (BA, >99 %, Acros Or-
ganics), i-bornyl acrylate (iBoA, > 90 %, TCI), cyclohexyl acrylate (CHA,
> 98 %, TCI), 2-octyl acrylate (20A, > 98 %, BASF), and N-isopropyl
acrylamide (NIPAM, 98 %, TCI) were used without further purification.
Dicyclohexyl itaconate (DCHI) was synthesized as detailed elsewhere.
[4] 400 MHz NMR spectra were recorded in 1,4-dioxane-dg, (99 %,
Deutero GmbH), 600 MHz NMR spectra were recorded in chloroform-d;
(99.8 %, Deutero GmbH). Dioxane (99 %, Griissing GmbH), THF (99.5
%, Roth), methanol (98.5 %, Walter CMP), hydroquinone (Riedel-de
Haén, 99.5 %), 2,2-azobis(isobutyronitrile) (AIBN, > 98 %, Sigma-
Aldrich), tetrahydrofuryl alcohol (98 %, TCI), itaconic acid (99 %,
Merck), 4-methoxyphenol (99 %, Merck), and 3,5-di-tert-butyl-4-
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Scheme 1. Equilibrium of propagation and depropagation in itaconate polymerizations.
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hydroxytoluene (99 %, Merck) were used as received. FASCAT® 4101
was kindly provided by PMC Group Inc. Dioxane was stored over KOH
pellets.

2.2. Synthesis of ditetrahydrofurfuryl itaconate (DTHFI)

Itaconic acid (104.08 g, 0.8 mol) and tetrahydrofurfuryl alcohol
(179.75 g, 1.76 mol) were placed into a 500 mL 3-neck round bottom
flask equipped with a Dean-Stark apparatus and magnetic stirrer. Then
50 mg (0.02 wt%) 4-methoxyphenol, 70 mg (0.03 wt%) 3,5-di-tert-butyl-
4-hydroxytoluene and 480 mg (0.20 wt%) FASCAT4101 were added.
Subsequently 20 mL of toluene as an azeotropic solvent was added and
the reaction mixture was step-wise heated to 170 °C. The reaction
progress was monitored by the amount of water being collected in the
Dean-Stark apparatus and the disappearance of the O-H-vibration of the
carboxylic acid group in the infrared (IR). The toluene was then
removed under reduced pressure and the crude product was dissolved in
1 L of ethyl acetate and extracted two times with 400 mL 2 M aqueous
NayCOs solution. After removal of the ethyl acetate at reduced pressure,
222.1 g (93 % yield) of the DTHFI was obtained as yellow oil. NMR, IR
and GC/MS spectra can be found in Fig. S1 to Fig. S3 of the supporting
information.

2.3. Copolymerization procedure

The copolymerizations of an itaconate with an acrylate were carried
out in solution with 50 vol% dioxane. Reaction mixtures of 6 and 14 mL
were prepared for subsequent analysis by NMR and SEC, respectively.
The monomer feed compositions are listed in Table S1 of the Supporting
Information. Prior to polymerization the reaction mixture was purged
with nitrogen for ten minutes to remove oxygen. Then, AIBN (0.015
mol-L 1) was added. After mixing the solution was transferred into
threaded glasses (20 mL). The glasses were placed in a heating block
(Liebisch Labortechnik Labtherm Type 5138-6201) on a circular shaker
(IKA Labortechnik KS501 digital, 100 rounds per minute). The reactions
were performed at 80 °C and stopped after 15, 30, 45, 60, and 90 min by
adding a few drops of methanol containing traces of hydroquinone. A
sample without AIBN was prepared to serve as reference at time 0.

2.4. Size-Exclusion chromatography

Size-exclusion chromatography (SEC) analyses were performed
using two systems. SEC A consists of a Knauer Marathon autosampler, a
Waters 515 HPLC pump, a Knauer Smartline refractive index detector
2300 and a set of three chromatographic columns (100, 1000, 100,000 A
SDV, polymer standards service (PSS, Mainz Germany)). THF was used
as eluent at a flow rate of 1 mLemin . Calibration was established using
seven polystyrene standards with molar masses ranging from 162 to
2.57010° gemol ™! from PSS. The samples to be injected were prepared
by diluting 0.2 mL of each reaction mixture with 3.8 mL THF and were
filtered with a syringe filter (0.45 pm) prior to injection. A sample vol-
ume of 100 uL was used. SEC B consists of an Agilent Technologies 1200
SEC system including a variable UV detector and a refractive index de-
tector. THF was used as eluent at a flow rate of 1 mLemin'. Separation
was achieved using three SDV 1000A columns at 40° C and a sample
concentration of 10 mgemL ™. Calculation of the molar mass distribu-
tion was diverted from the calibration with polystyrene in the range of
162 gemol ! to 70,000 gemol L. The samples were filtered over a 0.2
pm PTEFE filter prior to injection. Data acquisition and evaluation were
conducted with WinGPC Unity software provided by PSS for both SEC
systems.

2.5. NMR spectroscopy

The variation in monomer concentrations was measured off-line via
'H NMR spectroscopy using a Magritek Spinsolve 80 MHz ULTRA
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Carbon instrument. Samples of 0.5 mL were taken straight from the
reaction mixture and measured at room temperature in the solvent
suppression mode “WET SUP” allowing for the use of non-deuterated
1,4-dioxane as solvent. Proton chemical shifts were reported in ppm
relative to the residual solvent protons of 1,4-dioxane at 3.53 ppm. For
measurement of high-field NMR spectra an “Avance Neo 400 MHz”
digital FT-NMR spectrometer with iProbe BBF/H/F and BBO sample
head (Bruker BioSpin GmbH & Co. KG, Ettlingen, Germany) was used.
The cryomagent has a magnetic flux density of 9.4 T and a proton fre-
quency of 400 MHz. Deuterated dioxane-dg was used as solvent. The 'H
NMR spectrum of DTHFI in deuterated chloroform-d; was recorded
using an “Avance III 600 MHz” spectrometer.

2.6. Monte Carlo simulations

The simulation approach was described in detail elsewhere.[17]
Input data are the individual concentrations of both monomers
throughout the copolymerization, two r values as well as the ratio of the
itaconate rate coefficients of propagation and depropagation. The
output of the Monte Carlo (MC) simulations consists of the individual
concentrations for each monomer as a function of overall monomer
conversion. To determine the r values based on the experimental data,
the MC simulation was embedded in an optimization environment for a
stochastic Metropolis-Hastings optimization environment implemented
in Python 3.12.[30] The simulations were executed on a compute server
with two AMD Epyc 7H12 processor and Ubuntu 24.04 LTS as the
operating system. The MC code and associated files are provided in the
Supporting Information.

3. Results and discussion
3.1. Data evaluation with SEC

In order to track the individual conversion of the monomers during
copolymerization, samples taken at specific reaction times were
analyzed by SEC. The SEC separation method is based on the depen-
dence of the elution time on the hydrodynamic radius of the molecules.
Thus, not only the polymers formed during the reaction can be separated
from the monomers, but also the two monomers can be distinguished
and analyzed individually. The prerequisite is that the hydrodynamic
radii of the monomers differ sufficiently. This criterion is met for systems
of the three itaconates under consideration with CHA as well as for
copolymerizations of DBI or DCHI with butyl acrylate (BA) reported
previously.[17] However, clear separation of the itaconates and 20A or
iBoA was not always feasible. As an example, Fig. 2 shows the elution
curves for the copolymerization of DBI with iBoA and CHA. As expected,
the polymer elutes first and an increase in intensity of the polymer signal
with reaction time is observed. At elution times higher than 24 min the
peaks assigned to the monomers and at times beyond 25 min to the
solvent are visible. The negative peak overlapping the solvent peak may
originate from minor amounts of water introduced due to quenching the
polymerization with methanol containing traces of hydrochinone. In
contrast to the DBI — CHA system with clearly resolved monomer peaks,
for DBI - iBoA the peak maxima are distinctly different while the peaks
are partially overlapping. For both systems a continuous decrease in
peak intensity of both monomers is clearly seen. For mathematical peak
separation of the two monomer peaks and calculation of peak areas the
program Origin was used. Data analysis was based on fitting Gaussian
curves to the elution curves in the range of the monomer elution times.
Since the initial concentration of the monomers is known, conversions
are accessible from the relative change in peak areas.

Fig. 3 presents the individual monomer conversions derived from
SEC elution curves of DBI - iBoA copolymerization mixtures. It is clearly
seen that the DBI conversion increases faster than iBoA conversion for
initial monomer feed compositions of f%BI = 0.3 and ngI 0.5, which in-
dicates preferential itaconate incorporation into the copolymer.
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Fig. 2. SEC elution curves for copolymerizations of DBI with CHA (top) and
iBoA (bottom) at 80 °C in 50 vol% dioxane. Initial monomer feed compositions
are 0.5 and 0.3 for copolymerizations with iBoA and CHA, respectively.

The opposite is observed with fdg; = 0.7 in Fig. 3, where the con-
version of iBoA is higher than for DBI at all times. It is suggested that the
lowering of DBI incorporation at high f3g; is caused by depropagation of
itaconate monomer units, which becomes all the more important with a
higher itaconate content. Generally, the presence of non-depropagating
acrylate moieties limits unzipping of itaconate units at the macroradical
chain end. With a lowering of the BA content the probability for removal
of itaconate units is enhanced. The observation is in excellent agreement
with studies into the copolymerization of styrene and methacrylates,
with the latter undergoing depropagation.[31] Conversion — time data
for the other copolymerization systems provided in Fig. S4 to S10 of the
Supporting Information show the same result.

Moreover, the temporal development of itaconate consumption at
different /35 shows that substantially higher conversion of both mono-
mers is reached with a lower initial itaconate content at the selected
reaction time of 90 min. As an example, DBI — iBoA copolymerization
with f3g; = 0.3 results in DBI conversion of 27 % at 15 min and 94 % at
90 min. The corresponding conversions for f5g; = 0.7 are 15 % and 32 %,
respectively. This observation illustrates a low overall reaction rate with
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Fig. 3. Conversion-time curves for copolymerizations of DBI and iBoA at 80 °C
with f3g; as indicated. Open markers refer to iBoA, filled markers to DBI.

high itaconate content, which is again suggested to be due to depro-
pagation and low itaconate k.

In addition to depicting the monomer concentration as a function of
time, the monomer concentrations are given relative to each other in
Fig. 4. It is clearly seen that the concentration changes are very similar
for all itaconate — iBoA systems over the course of the reaction, which
indicates minor influence of the itaconate ester groups under investi-
gation on copolymer composition in copolymerizations with iBoA. The
arrow indicates that the reaction proceeds towards low concentration.

Tracking the conversion of the copolymerization by means of SEC
provides molar mass distributions (MMDs) of the resulting copolymers
from the same analyses. Fig. 5 gives MMDs for the itaconate — iBoA
copolymers. For clarity of presentation the distributions for co-
polymerizations with DBI are not shown. For DCHI, it is clear that a
higher fraction of itaconate in the monomer feed results in lower molar
masses, which is suggested to be due to the significantly lower itaconate
propagation rate compared to the acrylate. In addition to the main peak,
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Fig. 4. Variation of iBoA concentration as a function of itaconate concentration
derived from SEC measurements for copolymerizations of DMI, DBI, and DCHI
with iBoA at 80 °C and the indicated initial itaconate feed ratios f°. Polymer-
ization proceeds towards low concentrations, as illustrated by the arrow.
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Fig. 5. Molar mass distributions of the copolymers from copolymerizations of
DMI and DCHI with iBoA at the indicated itaconate feed ratios. Molar masses
refer to SEC calibration with polystyrene standards.

a second peak between 100 and 1000 gemol ! is noticeable, which is
most pronounced for f3cy = 0.7, while the peak is only of minor in-
tensity for fScur = 0.3. The peak is suggested to originate from intra-
molecular chain transfer to polymer, so-called backbiting. While
itaconates were supposed to undergo some backbiting,[32] acrylates are
well-known to undergo significant backbiting converting most of the
secondary propagating radicals to so-called midchain radicals.[33,34]
On the contrary, for copolymerizations with DMI significantly higher
molar masses are observed, which is suggested to be due to an
enhancement of the itaconate propagation rate coefficient with
decreasing ester size[9,11,12] In addition, a lowering of the diffusion-
controlled termination rate coefficient is observed with increasing
ester group.[9].

Moreover, the position of the MMD for f%MI of 0.5 and 0.7 is very
similar. Slightly higher molar masses are observed for the lowest f3y; of
0.3. Further, the copolymer MMD obtained from polymerization with
the lowest DMI content in the monomer feed, f%MI of 0.3, is monomodal,
lacking the low molar mass peak. The MMDs originating from poly-
merization with f([))MI of 0.5 and 0.7 feature a low molar mass peak which
is substantially smaller than that of the DCHI copolymers. The differ-
ences observed in comparison to the DCHI — BA copolymerizations
indicate that investigations into the detailed polymerization mechanism
and kinetics are mandatory for simulation of the copolymerizations and
prediction of the polymer microstructure.

Fig. 2 indicates that the SEC elution peaks of the itaconate and the
acrylate monomer are not always as well-separated as for DBI — BA[17]
or DBI — CHA copolymerizations and peak deconvolution is required
prior to determination of individual monomer concentrations. In order
to validate the SEC-based results, in addition, 'H NMR spectroscopy was
applied.

3.2. Data evaluation based on 'H NMR spectra

Previously, in-line 'H NMR spectroscopy (400 or 600 MHz) was
applied to monitor DBI — BA polymerizations. The reactions were carried
out either directly inside the spectrometer or off-line using samples that
were quenched at different reaction times.[16,17] Detailed information
on the peak assignment was reported.

Rather than recording high-field NMR spectra, here spectra were
recorded mostly with an 80 MHz benchtop NMR instrument. The use of a
benchtop NMR spectrometer is advantageous since the spectra are
recorded directly in the laboratory without significant time delay.
Moreover, deuterated solvents are not required. However, the low res-
olution of the 80 MHz benchtop NMR and the large number of signals
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from the vinyl protons of two monomers render signal separation diffi-
cult. As an example, Fig. S11 of the supporting information provides the
spectra of iBoA and DBI. An assignment of the vinyl protons in the
spectrum of the mixture of DBI and iBoA is shown in Fig. 6 by color
coding. The signals that were integrated to calculate monomer conver-
sion are also marked in red (acrylate) and purple (itaconate). The
calculation of monomer concentrations and temporal changes of the
signals assigned to monomer and copolymer are contained in the Sup-
porting Information.

As above-mentioned, separation of the monomer peaks is limited by
the resolution of the low field benchtop NMR spectrometer. In order to
validate the conversion data obtained, they are compared to data from
other analytical methods for selected systems. For the DMI-20A system,
a comparison with SEC A is carried out. As DMI contains the short
methyl ester groups, the separation capability of the SEC columns is
sufficient to resolve the peaks assigned to the monomers. Results for the
DBI-20A system are compared to data derived with SEC B, which is
equipped with three SDV 1000A columns with higher resolution at low
molar masses intended for the separation of oligomers. Further, results
for the DBI-iBoA system are compared to data derived from SEC A and
from 'H NMR spectra recorded with a 400 MHz spectrometer. The
concentrations obtained from the various analytical methods depicted in
Fig. S13 of the Supporting Information show very good agreement. Thus,
the resolution of the 80 MHz NMR instrument is well-suited for the
determination of the individual monomer concentrations throughout
the copolymerizations.

While in Fig. 4 relative concentrations for a given acrylate with
different itaconates were addressed, Fig. 7 shows data for DBI copoly-
merized with all acrylates under consideration. Forf103BI =0.5and f%BI =
0.7 the concentration profiles at a given initial DBI feed are very similar,
regardless of the size and structure of the acrylate ester group. Only for
the lowest f35; of 0.3 some deviations are seen during the course of the
polymerization at residual concentrations below 0.5 moleL ™! for DBI
and 1 moleL™! for BA and CHA. On the contrary, for copolymerizations
with iBoA and 20A no distinct deviations are seen. The finding is sug-
gested to be due to backbiting of acrylate units in the macroradicals and
subsequent reactions of the MCRs formed. Previously, it was discussed
that the addition of an iBoA monomer molecule compared to a BA
molecule proceeds slower due to the sterically demanding i-bornyl
group.[35] As a consequence the branching level (BL) depends on the
type of acrylate ester group. Recently, for poly(iBoA) a minor BL was
found, whereas for poly(CHA) and poly(BA) substantially higher BL
were observed,[36] also indicating that the ester group may have an
influence on backbiting and the associated follow-up reactions.

3.3. Determination of reactivity ratios

Reactivity ratios were determined for all systems employing Monte
Carlo simulations, which were described in detail elsewhere.[17] Rather
than accounting for all elemental reactions of the full kinetic scheme, the
simulations are based on the probability of adding one of the two
monomers to the macroradical chain end. In the case of a propagating
radical with two itaconate monomers at the end of the chain, the
probability of depropagation was also considered, this requires the ratio
of the rate coefficients k; and kgep. The temperature dependence of both
rate coefficients was already reported for DMI, DBI, and DCHI.[11] The
Arrhenius parameters are listed in Table S3 and Table S4 of the Sup-
porting Information.

Since the concentration diagrams for most systems under investiga-
tion are very similar and because a strong family-type behavior was
observed for propagation within the families of acrylates, methacrylates,
and itaconates, the data set containing experimental data from all
monomer pairs was analyzed. MC simulations were performed consid-
ering the combined data set of 186 concentration tuples derived from
SEC and NMR analyses and parameter estimation using the Metropolis
Hastings algorithm. The final optimization run was performed in the
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Fig. 6. 'H NMR spectrum (80 MHz) of a DBI-iBoA mixture with an enlarged view of the olefinic region and assignment of the olefinic proton peaks.
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Fig. 7. Variation of acrylate concentration with DBI concentration during
copolymerization of various acrylates with DBI at 80 °C. Polymerization pro-
ceeds towards low concentrations, as illustrated by the arrow.

range 0.5 < r; < 2.5 and 0.1 < r, < 1.5. A total of more than 40,000
optimization steps were performed and terminated when no improved
result was obtained after 5000 steps. The combined data set is very well
represented by r; = 1.50 and r, = 0.54, which is indicated by the lines in
Fig. 8. Only the data obtained for the system DBI — CHA with f3g; = 0.3
(open grey circles in Fig. 8B) were excluded, because Fig. 7 indicates the
largest deviation from all other concentration curves for this data. The r
values determined also provide a decent representation of the data
excluded from the combined data set.

In the Monte Carlo simulation, the acrylate concentration is calcu-
lated as a function of the itaconate concentration. The output is based on
the experimentally determined itaconate concentrations. This results in
deviations between the experiment and simulation for the acrylate

concentrations, which are shown as a parity plot in Fig. 9. The itaconate
/ acrylate systems shown in black were used to determine the r values.
Substantial differences between the various systems are not seen.
Further, a similar evaluation of the data derived with different analytical
methods (SEC vs. 80 MHz/400 MHz NMR) is presented in Fig. S14,
indicating similar levels of precision in all cases. The common r values
determined for the ten copolymerization systems listed in Table S1 were
transferred to the copolymerization test systems of DTHFI/BA as well as
DMI/NIPAM and DBI/NIPAM. Again, good agreement of the simulated
and experimentally derived data is found.

The concentration diagrams in Fig. 8 indicate that full itaconate
conversion is not achieved for high initial itaconate feed ratios of /2 >
0.5 in any of the systems, which is assigned to significant contributions
from depropagation at 80 °C and high fractions of itaconate. However, it
should be noted that the residual itaconate concentrations are substan-
tially lower than the equilibrium monomer concentrations of 1.10, 1.34,
and 1.20 moleL ™! calculated from the ratio kgep/kp for homopolymeri-
zations of DMI, DBI, and DCHI, respectively. As an example, for co-
polymerizations with f = 0.7 residual DBI concentrations range from
0.4 to 0.5 moleL ™%, which are 37 % lower than the equilibrium monomer
concentration of 1.34 moleL ™ for DBI homopolymerization at the same
temperature. Thus, due to the presence of the acrylate comonomer
monomer conversion is less limited as for itaconate
homopolymerizations.

In addition, information on the impact of the actual itaconate
monomer concentration on the probability of depropagation to occur is
accessible from the Monte Carlo simulations. Propagation of iBoA, DBI,
or depropagation of DBI can occur on a polymer chain with a sequence
of at least two BDI monomers at the chain end. During the Monte Carlo
simulation, these reaction steps are counted and the ratio of depro-
pagation to propagation of DBI can be calculated, which is shown in
Fig. 10. Since the comonomer iBoA influences the sequence length of
DBI at the chain end, this ratio also depends on the comonomer
composition. Due to depropagation, complete conversion of DBI will not
be achieved for fODBI = 0.7 and fODBI =0.5.
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3.4. Transferability of reactivity ratios to other copolymerizations systems

Since all data is well represented by a single set of reactivity ratios it
appeared attractive to test whether this data is also applicable to other
copolymerization systems involving diesters of itaconic acid. The first
example comprises copolymerizations of DTHFI and BA, where both
monomers are not expected to undergo specific interactions. The con-
centration diagram obtained for copolymerizations at 80 °C with f of
0.3, 0.5 and 0.7 is presented in Fig. 11. Since the rate coefficients for k,
and kqep are not yet known for DTHF], firstly the average of kgep/kp of

o
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Fig. 10. Simulated ratio of DBI depropagation to DBI propagation steps for
copolymerizations of DBI with iBoA at 80 °C and the indicated initial DBI
monomer feed compositions.

DMI, DBI, and DCHI at 80 °C was calculated. The resulting value of 1.2
was used to simulate the variation of BA and DTHFI concentration
during the copolymerization. The black line in Fig. 11 refers to this data.
An excellent agreement with the experimental data obtained for /2 = 0.3
is seen. This demonstrates that the generalized r values can also be
applied to describe the copolymerization of DTHFI with BA. It should be
noted that depropagation has the lowest influence on the relative
incorporation of the monomers in this composition range. For higher
DTHEFI contents in the monomer feed a slight deviation is seen. Still, the
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Fig. 11. Variation of butyl acrylate concentrations with DTHFI concentration
determined for copolymerizations at 80 °C. The symbols refer to experimental
data, and the lines indicate the results from the MC simulations using r; = 1.50
and r, = 0.54 and the indicated ratios of kgep/kp.

agreement is remarkable.

Secondly, MC simulations with the reactivity ratios r; = 1.50 and r,
= 0.54 being fixed were carried out in order to estimate the ratio of kgep/
k, by systematic variation in the range from 0.1 to 2.0 moleL ™! with
increments of 0.01 moleL™!. The optimization yields a kgep/kp, of 0.78
moleL ™!, which is slightly lower than the corresponding values of 1.10,
1.20, and 1.34 moleL™! for DMI, DCHI, and DBI, respectively, and
higher than the value of 0.44 moleL ! for di(4-tert-butyl cyclohexyl)
itaconate with two sterically demanding ester groups.[11] The green
line in Fig. 11 represents the corresponding concentration data, which
are in excellent agreement with the experimental data. The transfer of
the data obtained for the DMI, DCHI, and DBI systems to DTHFI is in line
with a family-type behavior for non-functional esters observed for ac-
rylates and methacrylates.[37].

The second example addresses DMI and DBI copolymerizations with
N-isopropyl acrylamide (NIPAM). NIPAM was selected, because it is a
derivative of acrylic acid and a similar copolymerization behavior with
itaconate monomers was anticipated. Moreover, poly(NIPAM) and
several copolymers of NIPAM are well-known as temperature switchable
materials,[38] making NIPAM an attractive comonomer with respect to
temperature responsive materials. The concentration data for both
NIPAM systems given in Fig. 12 looks very similar to the other systems
discussed above. Therefore, the variation of NIPAM concentration cyi.
paMm With itaconate concentration was calculated for both comonomer
systems with reactivity ratios of r; = 1.50 and r, = 0.54. The above-
mentioned kqep/kp values of 1.10 and 1.34 moleL. ! for DMI and DBI,
respectively, were used. The agreement of the experimental and simu-
lated concentration data for the NIPAM systems is excellent.

Both transferability examples indicate that the reactivity ratios for
itaconates with acrylate-type monomers are dominated by the general
monomer structure and are almost independent of the ester groups
selected. The finding is in good agreement with findings for co-
polymerizations of acrylates with methacrylates with either methyl or
dodecyl ester groups.[37] Regardless whether both ester groups were
identical or different, all systems were described by a single set of
reactivity ratios. In contrast, the copolymerization propagation rate
coefficients, k;°P°, were strongly different for the comonomer systems.
[37] For the itaconate — acrylate systems under investigation it remains
to be tested to which extent ki’ is affected by the ester groups, because
k;, of both monomer families are much more different than in the case of
acrylates and metharylates. Further, the study needs to be extended to

European Polymer Journal 239 (2025) 114305

3.0

2.5

2.0

1
Cnipam (MOI-L™)
P

-
o

0.5

0.0 : : : : :
0.0 05 1.0 15 2.0 25 3.0

¢, (mol-L")

Fig. 12. Variation of NIPAM concentrations with DMI and DBI concentration
determined for copolymerizations at 80 °C. The symbols refer to experimental
data, and the lines indicate the results from the MC simulations using r; = 1.50
and r, = 0.54 and the kqcp/k;, values taken from literature.

monomers carrying functional groups. In particular monomers with OH
groups may lead to deviations, since it is well known that the propa-
gation reaction is strongly affected by H bonding with the carbonyl
group.[39-41].

4. Conclusions

Itaconate — acrylate copolymerizations were considered to overcome
challenges associated with itaconate radical homopolymerizations, such
as slow propagation rate and limited monomer conversion due to
depropagation. Ten comonomer systems consisting of itaconates and
acrylates with several ester groups were studied aiming for general in-
sights into the impact of the ester group on copolymer composition. r
values were determined from copolymerizations up to high conversions
with individual monomer conversions derived from 'H NMR spectra and
SEC elution curves. Excellent agreement of the data derived from the
different analytical methods is observed.

Determination of the reactivity ratios was achieved via Monte Carlo
simulations accounting for depropagation of itaconate monomers. The
large set of composition data from 186 individual analyses for co-
polymerizations of DML, DBI, and DCHI with iBoA, CHA, 20A, and BA is
described by a single set of r values of 1.50 and 0.54 for itaconates and
acrylates, respectively. Based on this remarkable finding it was tested
whether this pair of r values derived from 10 comonomer mixtures can
also be applied to additional comonomer pairs. Two test cases were
studied: the copolymerization of DTHFI with BA as well as DMI and DBI
with NIPAM as acrylic component. Very good description of both
monomer concentrations throughout the copolymerization was
observed for both test cases. The findings may be explained with a strong
family-type behavior: because k, values of itaconates and acrylates
differ by around three to four orders of magnitude, small variations in k;,
within the group of itaconates and within the group of acrylic monomers
are not reflected by the r values. Although the r values are not signifi-
cantly altered by the ester group selected, the copolymerization propa-
gation rate coefficient may be affected by the ester groups. In future
studies, these kinetic coefficients need to be determined in order to
simulate the copolymerization process.

The monomers used in this study do not contain functional groups
undergoing specific interactions, for example such as substantial
hydrogen bonding. As previously shown, in cases with strong H bonds
between the OH and the carbonyl groups of the monomer units, a strong
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impact on the propagation rate coefficients as well as on the copolymer
composition are suggested to occur. In these cases, deviations from the
general trend observed here are likely. Thus, copolymerizations of
monomers with functional ester groups are the topic of future studies.
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