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Free radical polymerization (FRP) is one of the most important tools for the production of polymer
materials. Many applications of such materials require a convenient polymerization process at room
temperature and ambient atmosphere, which is where two-component (2K) systems based on redox
initiated radical polymerization truly stand out. However, these radical polymerization systems (RPSs)
often require toxic amines and thermally labile (explosive) peroxides as redox pairs. In order to surpass
these hazardous limitations, a new RPS for 2K polymerization of industrially implemented methacrylic
monomers was developed. The use of diboranes as labile bonds and copper complexes that catalyze
their cleavage was found to be a very efficient radical initiation system. High reactivity towards radical
polymerization is presented by different combinations of these compounds, and the influence of steric
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and electrochemical effects is investigated in this context. Furthermore, thermomechanical and mechani-
cal testing of polymer materials was conducted. The obtained polymer networks were found to possess a
highly homogeneous structure and furthermore properties that are strongly influenced by the RPS,

rsc.li/polymers including the possibility of thermal post-curing reaching T4's > 150 °C.
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Introduction

Polymers have revolutionized multiple industries including
packaging, dental restoratives, coatings and adhesives.' The
curing process to obtain the polymer materials is often very
energy consuming (e.g. thermal curing) and advancements in
more energy efficient polymerization processes have been
made (e.g. photopolymerization, redox polymerization).!
Recently, photocuring of less hazardous monomers, such as
methacrylates, has introduced new possibilities regarding
curing speed and toxicity.! However, a significant drawback of
photopolymerization is a limitation in the depth of curing of
bulk materials.>® For applications in bulk curing, two-com-
ponent (2K) systems are growing steadily as a reliable method
for curing at room temperature and under atmospheric
conditions."”’® Furthermore, the necessary energy for such
systems to start polymerization is minor compared to other
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industrially used polymerization methods e.g. thermal curing.
These 2K systems are often based on a redox pair that initiates
the polymerization via a redox reaction upon mixing two for-
mulations. Herein, an oxidizing agent is stored in one part of
the monomer formulation and a reducing agent is stored in a
separate part of the monomer formulation. Currently, the use
of thermally labile peroxides as oxidizing agents and toxic
amines as reducing agents is highly prevalent in industry.”™*?
In this regard, the combination benzoylperoxide/tertiary aro-
matic amine is widely applied."""> In addition, amines yield
discolored oxidation products, making them unsuitable for
applications that require colorstable materials.”> Recently, new
hydroperoxide-based initiation systems are developed in combi-
nation with alternative reducing agents such as thioureas,
barbituric acid derivatives, ascorbic acid derivatives and
sulfonates.>'*™*° Despite efforts to forgo the use of such hazar-
dous compounds in the radical polymerization system (RPS),
only a limited number of alternatives have been reported.”
Silanes such as diphenyl silane in combination with iodonium
salts can be used for 2K polymerization of methacrylic resins
and have proven to yield tack-free polymers in combination
with phosphines.>* Furthermore, literature reports the use of
different metal acetylacetonates (Cu, Mn, V, ---) with bidentate
ligands to undergo a ligand exchange reaction leading to the
formation of radicals, however, high concentrations (>1 w%) of
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the metal salt are necessary.”>>* A very neglected class of mole-
cules in this context are diboranes (e.g. B,pin,). They are widely
used in organic synthesis for borylation reactions or as reducing
agents.”*® To this end, the boron-boron bond is efficiently
activated by different Cu compounds (e.g. CuCl, Cu(ac)) to yield
adducts with o,f-unsaturated carbonyl compounds.****>° In
many cases, it is reported that a radical mechanism is involved
during this activation step.*® However, to the best of our
knowledge, the use of diboranes in conjunction with Cu salts as
activation catalysts has not yet been reported as a radical
initiation system for polymerization reactions (Fig. 1).
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Herein, we present three diboranes bearing six-membered
rings (B6-1, B6-2, B6-3, Scheme 1) with increasing steric
demand in proximity to the boron-boron bond. Furthermore,
we also investigated diborane species with five-membered
rings including B,pin, (here B5-1), asymmetric diboranes
(B5-2) and a silyl borane (B5-3, Suginome’s reagent). Cu com-
pounds with acetate (Cu(r)ac, Cu(m)ac,), acetylacetonate (Cu(u)
acac,) and tri/hexa-fluorinated acetylacetonate (Cu(u)tfacac,,
Cu(u)hfacac), ligands were investigated as catalysts for the acti-
vation of the aforementioned diborane compounds. The
polymerization experiments were carried out in a mixture of
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Fig. 1 A newly developed 2K radical initiation system was developed using diboranes and copper catalysts for the polymerization of difunctional
methacrylates. In this work, details about the initiation mechanism are presented as well as an investigation of the reactivity towards polymerization
depending on the diborane and copper compound used. The yielded polymer networks were investigated regarding their thermomechanical- and

mechanical properties.
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Scheme 1 Chemical compounds studied in this work as initiators for free radical polymerization.
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Scheme 2 Chemical structure of the monomers BisGMA, UDMA and
D3MA. A mixture (4:4:2 (w%)) is referred to as Mix-3.

monomers composed of difunctional methacrylates with
urethane and hydroxy moieties, (Mix-3, Scheme 2) commonly
used in industrial applications, e.g. dental restoratives. This
monomer mixture was chosen to stretch the robustness and
effectivity of this new RPS and show the practicability that comes
with this innovative approach. A systematical study of reactivity,
chemical mechanism and polymer properties with respect to the
newly developed RPS is presented in this work (Fig. 1).

Results and discussion

2K polymerizations applying different diboranes followed by
rheology/IR and temperature measurements

The reactivity towards polymerization of a monomer is a
crucial parameter to investigate for a new radical polymeriz-
ation system (RPS). The following general study presents
polymerization reactions of the monomer mixture Mix-3
(Scheme 2) initiated by the different diborane compounds
(Scheme 1) after mixing with formulations containing the
respective Cu compounds (Scheme 1) with regard to their
polymerization reactivity.

The reactions were monitored via rheology/IR measure-
ments. This specialized method setup allows for real-time
characterization of mechanical properties (G') while simul-
taneously obtaining NIR data for the calculation of double
bond conversion (DBC). In a first step, two respective formu-
lations (Mix-3 + Diborane; Mix-3 + Cu compound) are hom-
ogenized for 45 s via rotational movement of the measuring
stamp. Thereafter, the measurement starts and the storage
modulus G’ as well as loss modulus G” of the mixed formu-
lations is recorded. The intersection of G' and G” is often seen
as an indicator for the gel point,** however, in this work the
time of steepest increase in storage modulus is referred to as
gel time ¢, (ESI Fig. 31). The redefinition of ¢, was necessatry,
because with long measurement times a long (>150 s) parallel
section of G’ and G" was observed in which the intersection
occurs, leading to no reproducible values for ¢, (ESI Fig. 47).

This journal is © The Royal Society of Chemistry 2024
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Following these changes, highly reproducible results were
obtained for rheology measurements in this work.
Simultaneously to the rheological measurement, NIR spectra
of the polymerizing formulation were recorded with focus on
the absorption band of the methacrylic double bond
(~1640 cm™"), leading to the calculation of the DBC (Fig. 2A).

In this work, the amount of diborane (shown in Scheme 1)
and Cu complex (selected from Scheme 1) is always given with
respect to the methacrylic double bond. For evaluation of the
diboranes, unless otherwise stated, 3.5 mol% diborane and
0.2 mol% Cu(u)(acac), were used.

Looking at the results, the six-membered ring diboranes
(B6-1, B6-2, B63; Fig. 2C) show the effect of the steric demand
in proximity to the boron-boron bond onto the reactivity
towards initiation and further polymerization of the mono-
mers. This steric effect is reflected in the g of the formu-
lations as more hindered B6-3 (and also sterically demanding
B5-1) with four methyl groups do not lead to polymerization
within 35 min. On the other hand, B6-1 and B6-2 were able to
initiate the polymerization and exhibited g < 17 min and
<34 min respectively (Table 1). Here, B6-2 with two methyl
groups in ortho position to the boron is more hindered in the
availability of the B-B bond cleavage than B6-1 with two
methyl groups in para position to the boron. Electronic effects
of the substituents were not considered to be substantial and
impactful for the radical reactivity, as it was assumed to be the
same for B6-1, B6-2 and B6-3.

The five-membered B5-2 and B5-3 are asymmetrical com-
pounds based on the pinacolatoboron moiety. In the case of
B5-2 the additional 8-membered ring bearing the amine group
leads to a donation of electrons into the B-B bond, weakening
it and therefore making it more reactive towards cleavage cata-
lyzed by the copper salt.>® Furthermore, the donating effect
may also lead to more reactive radicals, resulting in a faster
initiation process. B5-3 is a silyl borane compound, described
in literature to be more reactive than diboranes.***° Looking
at the results, this shows well in the observed reactivity
towards polymerization as B5-3 exhibits the highest DBC with
57%. B5-2 exhibits high DBC (54%) and a fast ty (13.4 min)
while showing even higher final G’ than B5-3 (540 kPa com-
pared to 500 kPa). These properties are attributed to a homoge-
neously formed network during the polymerization.

Furthermore, the polymerization of Mix-3 was monitored
via the measurement of temperature during the polymeriz-
ation reaction at room temperature and ambient atmosphere,
giving a detailed insight into the polymerization kinetics
(Fig. 2B). The sample size is much higher (>1 g) compared to
rheology/IR measurements (200 mg), which allows for a
greater influence of the Trommsdorff effect onto the polymer-
ization. This is clearly seen in lower ¢, (time of maximum
temperature; estimation for gel time in polymerization temp-
erature measurements) values compared to the respective tge
which is only true in rheology/IR measurements. The highest
peak temperature is reached using B5-2 as the diborane com-
pound (Tmax = 127.6 °C), highlighting the very reactive nature
of this diborane initiator. The reactivity towards the polymeriz-

Polym. Chem., 2024, 15, 3127-3138 | 3129
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Fig. 2 (A) Rheology/IR measurements plotting G' and DBC as a function of the reaction time. 100 mg of formulations of Mix-3 containing 0.2 mol%

Cu(n)(acac), were mixed with 100 mg formulation of Mix-3 containing 3.5 mol% diborane. (B) Temperature measurements plotting the formulations
temperature as a function of the reaction time. 0.9 g of formulations of Mix-3 containing 0.2 mol% Cu(i)(acac), were mixed with 0.9 g formulation
of Mix-3 containing 3.5 mol% diborane and the temperature was recorded. (C) Diborane compounds bearing a six-membered ring with increasing
steric demand in proximity to the B—B bond, hence, resulting in lower polymerization speed with increased steric hinderance.

Table 1 Summarized data derived from rheology/IR measurements and
temperature measurements of the polymerization of Mix-3 initiated by
0.2 mol% Cu(acac), and 3.5 mol% of the respective diborane compound.
Values for tge, G'end: DBCend, tmax and Trmax are given. Cells marked with
“~" could not be evaluated

Temperature

Rheology/IR measurements

tgel (mln) G/end (kPa) DBCend (0/0) tmax (mln) Tmax (OC)
B6-1  15.1 488 51.0 5.4 48.7
B6-2 29.6 414 39.3 9.7 61.3
B6-3 — — — 23.8 71.3
B5-1 — —_ — 19.3 65.4
B5-2 134 536 53.8 1.4 127.6
B5-3 6.3 498 57.4 0.9 98.4

ation of Mix-3 is in very good agreement to the rheology/IR
measurements. Here, we could show that also the very hin-
dered B5-1 and B6-3 lead to a polymerization in up to 15 min.
The effect of steric hinderance in proximity to the B-B bond is
well reflected in the observed data, since ¢, iS increasing
from B6-1 to B6-2 to B6-3. Applying these compounds, curing
times between <1 min and >15 min are achievable.

2K polymerizations applying different Cu compounds followed
by rheology/IR and temperature measurements

The influence of the nature of the copper catalyst on the
polymerization rate were subsequently investigated in detail.

3130 | Polym. Chem., 2024, 15, 3127-3138

Herein, differently substituted Cu compounds with acetate
(Cu()ac, Cu(m)ac,), acetylacetonate (Cu(u)acac,) and tri/hexa-
fluorinated acetylacetonate (Cu(u)tfacac,, Cu(u)hfacac), ligands
were investigated (Scheme 1). Based on the study in the pre-
vious chapter, B6-1 was chosen as ideal diborane compound to
allow the proper investigation of positive as well as negative
effects of the copper ligands on reactivity. Rheology/IR was
used to determine DBC and gel time and polymerization temp-
erature measurements were conducted, investigating the
polymerization kinetics in a larger scale.

The results clearly showed that the nature of the ligand has
a strong effect on the reactivity (Fig. 3A). Hence, the replace-
ment of Cu(u)(acac), with either Cu(i)acetate or Cu(u)(hfacac),
led to a significant acceleration of the polymerization reaction
from around 15 min to <10 min (Table 2). Also Cu(u)(ac),
decreases t,; making it more reactive than Cu(u)(acac), and
Cu(u)(tfacac),. It is argued that smaller ligands make the
central copper atom more accessible towards the reaction with
the respective diborane and therefore lead to an increase in
reactivity. However, since Cu(u)(hfacac), does not bear small
ligand by any means, the improved solubility through substi-
tution with six fluor atoms can increase the diffusion in the
bulk monomer, leading to a higher probability of reacting with
the diborane. Interestingly, Cu(u)(hfacac), does not lead to
high DBC throughout the reaction, ending with 36%, com-
pared to over 50% achieved by Cu(u)(tfacac),, Cu(u)(ac), and
Cu(u)(acac),. The (hfacac), ligated compound shows the
highest polymerization temperature Ty,.x as well as the fastest

This journal is © The Royal Society of Chemistry 2024
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Fig. 3

(A) Rheology/IR measurements plotting G' and DBC as a function of the reaction time. 100 mg of formulations of Mix-3 containing 0.2 mol%

copper salt were mixed with 100 mg formulation of Mix-3 containing 3.5 mol% B6-1. (B) Temperature measurements plotting the formulations
temperature as a function of the reaction time. 0.9 g of formulations of Mix-3 containing 0.2 mol% copper salt were mixed with 0.9 g formulation of

Mix-3 containing 3.5 mol% B6-1 and the temperature was recorded.

Table 2 Summarized data derived from rheology/IR measurements
and temperature measurements of the polymerization of Mix-3 initiated
by 0.2 mol% copper salt and 3.5 mol% B6-1. Values for tge, G'ena.
DBCend: tmax and Trax are given

Temperature

Rheology/IR measurements

tgel G’end DBCend tmax Tmax

(min) (kPa) (%) (min) (°C)
Cu(m)(acac), 15.1 488 51.0 5.4 48.7
Cu(u)(tfacac), 15.9 587 51.2 8.1 45.7
Cu(u)(hfacac), 9.8 575 36.3 2.1 77.3
Cu(u)(ac), 12.2 499 50.4 2.5 54.9
Cu(1)(ac) 9.2 516 42.6 2.9 65.1

polymerization, indicated by the lowest ¢, (Fig. 3B).
Remarkably, (acac), and (tfacac), lead to very high DBC over
50% and also very controllable curing times of around 15 min.
Based on these results, Cu(u)(acac), proved to be the ideal cata-
lyst for further studies.

Effect of radical polymerization system concentration on
initiating efficiency

To evaluate the limits and perspectives of this new initiating
system for radical polymerization, different concentrations of
diborane (B6-1) and Cu(u)(acac), were used in this study, evalu-
ating the polymerization reaction via rheology/IR measure-
ments. The diborane concentration was varied between
0.5 mol% and 3.5 mol% while the Cu(u)(acac), concentration
was varied between 0.05 mol% and 0.2 mol%.

For both parts of the initiation system (diborane and Cu
complex) it was shown that lower concentrations lead to a loss
in initiation reactivity (Fig. 4A and B). This is reflected in a
higher 4. as well as lower G'eng. The progression of the DBC
during the polymerization clearly corresponds to these results
as the polymerization starts later and ends with lower DBCenq
with lower concentrations. However, it is remarkable that even
catalytic amounts of Cu(u)(acac), (0.05 mol%) lead to a
polymerization reaction with a DBCpq of over 30%. The dibor-

This journal is © The Royal Society of Chemistry 2024

ane/Cu initiation system really shows its possibilities in
initiation efficiency in this study as the reactivity can be tuned
precisely via the concentration of the diborane or the Cu
compound.

Chemical mechanism

Based on our novel approach, we have followed the initiating
steps of the polymerization to establish mechanistic details.
Accordingly, we have carried out experiments using spin-trap
EPR, cyclovoltammetry (CV), and optical spectroscopy. The
initiator combination of B6-1 and Cu(acac), was chosen
because it showed convenient curing times. First, the influence
of the pH value and the addition of a radical scavenger should
be evaluated by adding acetic acid, pyridine or TEMPO equi-
molar to the diborane initiator respectively.

We found that basic and acidic conditions do not have a
highly significant influence on the polymerization of Mix-3
(Fig. 5A). On the other hand, in the presence of TEMPO as a
radical scavenger, no polymerization was observed (green
traces Fig. 5A). These results strongly support a radical propa-
gation mechanism.

Accordingly, we have performed EPR experiments using
5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as the spin-trapping
agent (the use of N-tert-butyl-a-phenylnitrone (PBN) did not
yield EPR spectra). The corresponding EPR spectra using B5-1
are shown in Fig. 5B (see the ESI{ for control experiments).
The simulation reveals a DMPO-derived radical with the hyper-
fine data, a(N) = 1.39 mT and a(H) = 1.22 mT. Highly related
EPR spectra were observed with other diborane/Cu(u)(ac), or
Cu(u)(acac), combinations. The lack of reference data does not
allow us to unambiguously identify the trapped radicals but
the hyperfine coupling constants point to B-type radical
(Fig. 6).

These observations point to the formation of boron radicals
via a redox reaction between the diborane and the copper salt.
Accordingly, CV measurements were performed with B5-1. The
corresponding cyclovoltammograms show no distinct oxi-
dation wave in the region between 0 V and 1.4 V vs. Fc/Fc'.
Following the findings of Aelterman et al.,*”*® we have per-

Polym. Chem., 2024, 15, 3127-3138 | 3131
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Fig. 4 (A) Rheology/IR measurements plotting G' and DBC as a function of the reaction time. 100 mg of formulations of Mix-3 containing 0.2 mol%
copper salt were mixed with 100 mg formulation of Mix-3 containing 3.5 mol% (light green), 2.0 mol% (green) or 0.5 mol% (dark green) B6-1. (B)
Rheology/IR measurements plotting G' and DBC as a function of the reaction time. 100 mg of formulations of Mix-3 containing 0.2 mol% (light
blue), 0.1 mol% (blue) or 0.05 mol% (dark blue) copper salt were mixed with 100 mg formulation of Mix-3 containing 3.5 mol% B6-1.

700 70
600 -
500 -
T 400 | g
= (8]
@ 300 1 nD:
200
100 1
radical
0 v v v r T r
0 10 20 30 40 0 10 20 30 40
time (min) time (min)
) ﬂ\ ‘ At i .
Mv,\ \\ /\\’ ‘\ s Exp. v/ vt B5-1/ Cufacac),
\f A N\ B
[ ‘\( “( | et \ ot T\ L\ en BE-1/Cufacac),
A st V u-}‘,» w4, B6-1/Cu(ac),
Sim y ' \
A I\ AN S| BS I Culac),
345 346 347 348 349 350 351 352 383 346 u7 348 A9 3% »1 £
B/mT B/mT

Fig. 5 (A) Rheology/IR measurements plotting G" and DBC as a function of the reaction time. 100 mg of formulations of Mix-3 containing 0.2 mol%
copper salt were mixed with 100 mg formulation of Mix-3 containing 3.5 mol% B6-1 and 3.5 mol% of either acetic acid, pyridine or TEMPO. (B) Left:
ESR-ST measurement of B5-1 and Cu(ac), showing the formation of boryl radicals and the simulated spectra. (@(N) = 1.39 mT; a(H) = 1.22 mT; g =
2.0069). Right: ESR-ST measurements of B5-1 and B6-1 with Cu(acac), and Cu(ac); that all show the formation of boryl radicals.
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Fig. 6 Proposed mechanism for the initiation reaction between copper salt and diborane that yields the starting boryl radicals.

formed CV scans of Na(i)(acac) in the presence B5-1. Here the
irreversible oxidation peak of Na(i)(acac) undergoes gradual
shifts depending on the time interval after the addition of
B5-1 until reaching a stationary state (ESI Fig. 6-8f). This
points to a gradual association between the diborane and the
acac anion and is consistent with the observation that the lag
times for the 2K polymerization depend on the counterion
(Fig. 3B). Moreover, an equimolar mixture of B5-1 with Cu(u)
(acac), leads to the emergence of a new oxidation wave at
0.53 V vs. Fc/Fc' (ESI Fig. 87) indicating a new (electroactive)
species. "'"B-NMR spectra of solutions containing B5-1 and
(low amounts) of Cu(u)(ac), show a resonance at 22.4 ppm in
addition to that at 30.5 ppm (parent B5-1) revealing a partial
decomposition of B5-1 and the formation of a B(OR)s-type
species (ESI Fig. 97).*°

Performing the reaction of the diborane/Cu(u) initiating
system in diluted acrylate solutions (ESI Fig. 10t) leads to the
emergence of a UV-Vis band at 560 nm after 20 minutes. Such
a band is attributable to a surface plasmon band of Cu(0) nano-
particles.’® This band can be (partially) quenched by bubbling
with O,. In bulk polymerization, this phenomenon does not
emerge pointing to the bi-functionality of boryl radicals, which
either add to double bonds or act as reducing agents (Fig. 6).

The combination of the EPR, UV-Vis, NMR, and cyclovol-
tammetric results together with published mechanistic
considerations*"*> led to the mechanism, which we suggest in
Fig. 6. It considers that anions or strong nucleophiles have
been reported to add to the boron centers of diboranes and
cause the cleavage of the B-B bond.**™*° This is in line with
the formation of B(OR); species, which were observed by NMR.
It has to be borne in mind that a rather subtle combination of
equilibrium reactions contributes to the controlled release of
(boron-based) radicals,”” which initiate the 2K polymerization.
In particular the dissociation of the parent Cu®" salt together
with the nucleophilicity of the anion very likely influence the
formation of the boryl radical anion and radical.

This journal is © The Royal Society of Chemistry 2024

Stability of formulations

The application of this new 2K FRP initiation system requires
a sufficient stability of the respective compounds in the bulk
monomer. As this work aims to focus on difunctional meth-
acrylate resins with several additional functional moieties
(hydroxy and urethane) the stability was investigated in Mix-3.
To this end, the reactivity of the initiation system was investi-
gated after weeks of storage in the monomers (ESI Fig. 1171). It
was shown in previous works that similar Cu salts are stable in
the monomers, therefore focus was lain on the stability of the
formulations containing diboranes.*® In this regard, B6-1 and
B5-2 were examined. The stability was determined via rheology
measurements, tracking the t,.; over the course of weeks, refer-
ring to as long-time reactivity. It was shown that high stability
for at least two weeks of storage is given in Mix-3, which
implies a sufficient storage time for applications (ESI
Fig. 11A7t). Even higher stabilities were achieved in monomer
mixtures without and with less functional moieties (ESI
Fig. 11B and Ct). In pure D3MA the stability of B6-1 proved to
be very good as no loss in reactivity was found for storage over
four weeks. The same conclusion can be drawn for B5-2 in a
D3MA/BisGMA mixture. It occurred to us that the urethane
moiety of UDMA leads to an interference with the RPS result-
ing in a loss of reactivity after 4 weeks, since we could observe
a higher stability of formulations in monomer mixtures where
UDMA was not present. This might be due to an unwanted pre-
mature cleavage of the diborane compound or due to an inter-
action of UDMA with the copper catalyst.

Polymer properties

The compounded polymers applying the new diborane/Cu
initiation system in difunctional methacrylate monomer
mixture Mix-3 were investigated regarding their mechanical
properties. To this end, tensile test evaluating the stress and
strain at break as well as Ao/Ae were performed. Investigation
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Fig. 7 (A) Stress/strain diagram derived from tensile tests of polymer samples using Mix-3 containing 0.2 mol% Cu(acac), and 3.5 mol% diborane.

(B) DMTA measurements depicting the storage modulus G’ and the loss factor tan(s) as a function of temperature (—100—-200 °C). Samples were pre-

pared from Mix-3 containing 0.2 mol% Cu(acac), and 3.5 mol% diborane.

of thermal properties of the polymers, carried out via dynamic
mechanical thermal analysis (DMTA) led to insights into T,'s
and temperature dependency of G'. Polymers resulting from
initiation via the investigated diboranes (Scheme 1) and Cu(u)
(acac), as well as B6-1 and the investigated Cu salts (Scheme 1)
were examined in this study.

It was found that depending on which diborane compound
is used, different properties can be achieved. Very flexible
materials with high elongation at break and low T, can be
obtained by using e.g. B5-3 (Fig. 7A). On the other hand,
highly robust materials with higher stress at break and high T,
are obtained when B6-3 is applied. Remarkably, the mechani-
cal properties do not reflect the observed DBC measured with
ATR-IR in the expected way (Table 3). B6-1, B6-2 and B6-3 lead
to a very similar DBC, but the polymers show completely
different mechanical behavior. Clearly, highly
initiation systems, such as B6-1 and B5-3, tend to form flexible
networks. Considering a fast polymerization reaction, the gel
point is reached with low number of crosslinks, leading to a
soft network. The materials with the highest stress at break are
formed by the least reactive diborane initiators B6-3 and B5-1.
They lead to a slow formation of radicals, causing a very dense
and more homogeneous network to form that has tougher
mechanical properties. A whole variety of properties are
achieved by using just different diboranes as the initiator for
the polymerization. Additionally, almost no discoloration of

reactive

Table 3 Summarized data of mechanical and thermomechanical tests
using polymer samples derived from Mix-3 containing 0.2 mol% Cu
(acac), and 3.5 mol% diborane

Stress at break Elongation at Ac/Ae DBCargrr
(MPa) break (%) (MPa) (%)

B6-1 27.6 £4.1 6.0+ 1.6 7.6 80

B6-2 49.8 + 3.2 5.7+0.5 13.7 72

B6-3 64.1 +2.1 7.2+0.9 15.2 79

B5-1 55.1+3.2 6.4+0.4 13.9 >80

B5-2 479 + 0.7 4.8 +0.3 13.5 58

B5-3 17.6 £+ 4.9 7.7 £3.1 5.1 46

3134 | Polym. Chem., 2024, 15, 3127-3138

the yielded polymer materials was observed since the diborane
compounds are exclusively white solids and the colored copper
salts are used in very low concentrations only. Furthermore,
the specimens were color stable under air and showed no dis-
coloration after weeks of storage (ESI Fig. 127).

The DMTA measurements reveal, that in the case of the
tougher materials, using B6-2, B6-3, B5-1 and B5-2, a post-
curing process occurs above 50 °C (Fig. 7B). The storage
modulus G’ is increasing with increasing temperature, until
the T, of the newly formed post-cured network is reached at
around 150 °C. In this regard, it was shown via differential
scanning calorimetry (DSC) that thermal polymerization of
Mix-3 is possible by using just the diborane initiator without
copper salt (ESI Fig. 13f). The respective temperatures at
which thermal polymerization starts for each diborane corres-
pond to the post-curing temperatures of the polymer networks
investigated in the DMTA measurements. This suggests a
thermal initiation of diborane that is trapped inside the cured
network, leading to the formation of new radicals in a network
that is already soft and above the T,. These radicals are readily
used to form more crosslinks and a very homogeneous and
densely crosslinked network is obtained.

Furthermore, DMTA measurements of a sample that was
previously post-cured at 110 °C for 12 h confirmed that the
network with T, at 50 °C is completely replaced by the post-
cured network with T, > 150 °C (ESI Fig. 14}). Furthermore,
these post-cured networks appear to be highly homogeneous.
Compared to commercial FRP polymerized Mix-3,>° the high
T, of the network is remarkable as well as the very narrow
glass transition that confirms highly ordered network struc-
tures that can lead to superior mechanical properties® (ESI
Fig. 157).

In addition, mechanical properties of polymers derived
from using various Cu(u) and Cu(i) ligands and B6-1 were
investigated. Interestingly, the choice of ligand for the Cu
complex leads to a severe difference in mechanical- as well as
thermomechanical properties.

To this end, the slowly reacting Cu salts bearing the (acac),
and (tfacac), ligand lead to the stiffest polymer networks

This journal is © The Royal Society of Chemistry 2024
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(A) Stress/strain diagram derived from tensile tests of polymer samples using Mix-3 containing 0.2 mol% copper salt and 3.5 mol% B6-1. (B)

DMTA measurements depicting the storage modulus G’ and the loss factor tan(s) as a function of temperature (—100—-200 °C). Samples were pre-

pared from Mix-3 containing 0.2 mol% copper salt and 3.5 mol% B6-1.

Table 4 Summarized data of mechanical and thermomechanical tests
using polymer samples derived from Mix-3 containing 0.2 mol% copper
salt and 3.5 mol% B6-1

Stress at Elongation at Ao/Ae DBCargr-1r

break (MPa)  break (%) (MPa) (%)
Cu(u)(acac), 27.6 +4.1 6+1.6 7.6 79
Cu(u)(tfacac),  27.1+7.1 5.3 +1.2 10.0 84
Cu(u)(hfacac), 22.4+3 4.8+1.1 7.0 70
Cu(u)(ac), 22.9 2.8 9+1.4 5.7 63
Cu(1)(ac) 19.3 +2.2 8.6 +2.2 4.4 44

(Fig. 8A). This is again attributed to a slow network formation
and therefore the development of a more homogeneous
network structure. The very reactive Cu complexes (Cu(u)
(hfacac),, Cu(u)(ac),, Cu(i)(ac)) lead to a very fast gelation and a
less crosslinked network, having more elastic properties with
high elongation at break (>10%) (Table 4). The faster gelation
and less crosslinks perfectly correspond to the lower DBC that
was obtained from ATR-IR measurements. The progression of
G' during the DMTA measurements also highlights these pro-
perties as for the softer networks there is really only one T,
and very little post-curing at higher temperatures over 100 °C
(Fig. 8B). The stiffer networks (especially (acac),) already lead
to post-curing at around 50 °C. The choice of the copper
ligand offers the possibility to tune the material properties by
introducing different solubilities and accessibilities for reac-
tion with the diborane. However, the acetylacetonate ligands
proved to lead to superior properties compared to the acetates,
also referring to the higher DBC.

Conclusion

A radical polymerization system (RPS) based on a diborane
compound and a copper complex was introduced as a powerful
and versatile tool for 2K polymerization of methacrylate mono-
mers without the use of amines and peroxides. We were able
to prove a radical initiation as well as a radical propagation
mechanism for this new RPS. Furthermore, we found that the

This journal is © The Royal Society of Chemistry 2024

reactivity towards initiation of free radical polymerization is
highly dependent on steric influences in proximity to the
boron-boron bond. To this end, sterically hindered diboranes
proved to lead to longer working times >20 min and less hin-
dered diboranes showed polymerization after 5 min. One
diborane compound (B5-2) was particularly promising, as
intramolecular activation of the boron-boron bond led to high
reactivity despite being sterically demanding. Additionally, we
could show that the reactivity can not only be tuned by the
choice of the diborane but also by the copper ligand. Since
high stability was given in diverse combinations of methacrylic
monomers, thermomechanical- and mechanical properties of
polymer networks obtained by employing the new diborane/Cu
RPS were characterized. We could show significant influence
of the RPS on the final properties of the polymers and were
able to obtain very promising mechanical strength of highly
homogeneous polymer networks. Furthermore, the polymeriz-
ation speed would influence the mechanical properties of the
polymer network due to differences in the network density
that may be caused by termination reactions of very fast react-
ing systems leading to a shorter kinetic chain length and
therefore more homogeneous and softer networks. To con-
clude, the use of the diborane/Cu RPS has proven to have very
high potential in introducing a new 2K initiation system that
comes without the use of toxic amines and thermally unstable
peroxides and shows high reactivity, good stability and can
lead to homogeneous polymer networks with excellent
mechanical strength.

Experimental part
Synthesis of bis(3-methylbutane-1,3-diol)diborane (B6-2)

A solution of B,(NMe,), (1 eq., 4.64 mmol) in dry Et,O (20 mL)
was prepared inside a glovebox. 3-Methylbutane-1,3-diol
(2.22 eq., 10.3 mmol) in 20 mL dry Et,0 were added under
argon atmosphere. The reaction mixture was stirred at room
temperature for 12 h. Thereafter, a 1 M solution of HCI in Et,O
(4 eq.) was added and the mixture was stirred for another 6 h
at room temperature. The reaction mixture was filtered and all

Polym. Chem., 2024, 15, 3127-3138 | 3135
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volatiles were removed in vacuo. The product was recrystallized
from n-hexane to yield white solid needles (m.p. 62.3 °C).** ''B
NMR (128 MHz, Chloroform-d) § 27.87. '"H NMR (200 MHz,
Chloroform-d) 6 4.06-3.93 (m, 1H), 1.85-1.72 (m, 1H), 1.31 (s,
3H) (ESI Fig. 1 and Fig. 27).

NMR

NMR spectra were recorded on a Bruker DPX-200 FT-NMR
spectrometer at 200 MHz for "H and 50 MHz for *C, as well as
on a Bruker Avance DRX-400 FT-NMR spectrometer at
400 MHz for 'H and 100 MHz for **C. The signals are recorded
according to their chemical shifts, which were reported in
ppm (s = singlet, d = doublet, t = triplet, q = quartet, qn =
quintet, sep = septet, m = multiplet, bs = brad singlet) in com-
parison to tetramethylsilane (d = 0 ppm). The spectra were
then referenced on the used NMR-solvent ['H: CDCl,
(7.26 ppm), **C: CDCl; (77.16 ppm)].

Rheology/IR measurements

Rheology measurements were performed with a real time-near
infrared rheometer consisting of an Anton Paar MCR 302
WESP with a P-PTD 200/GL Peltier glass plate and a
PP25 measuring system coupled with a Bruker Vertex 80 FTIR
spectrometer with an MCT detector. 100 mg of each respective
2K-formulation was placed at the center of the glass plate,
which was covered with a PE tape and the measurements were
conducted at 25 °C with an Anton Paar H-PTD 200 furnace and
a gap of 200 pm. The rheology stamp was rotated for 45 s to
ensure homogeneous mixture of the 2K formulations. The
polymerizing sample was sheered with a strain of 1% and a fre-
quency of 1 Hz. The NIR-spectra were evaluated using OPUS
7.0 software, integrating the signals at a wavelength of
~6140 cm™'. DBC was determined as the ratio of peak areas at
the start and each respective time during the measurement.

Polymerization temperature measurements

For temperature measurements, 0.9 g of each of the respective
2K formulations were weighed out and mixed in a silicon mold
(15 x 15 x 15 mm) under air at room temperature. During the
curing of the formulation the temperature was measured with
a RS thermocouple type “K” submerged into the formulation
and processed with a Picolog 6.2.6.

ESR-ST

Stock solutions of the copper salts and the boron compounds
in acetonitrile are prepared. The stock solutions were com-
bined with a spin trap (DMPO; 5,5-dimethyl-1-pyrrolin-N-
oxide). The final concentrations were: 0.57 mM Cu-salt, 10 mM
boron compound and 50 mM spin trap. The mixture is filled
into a capillary and EPR spectra are recorded on a Bruker EMX
spectrometer. For simulations the WinSIM software was used.

Cyclovoltammetry

Cyclovoltammetric measurements were conducted under
argon with a Pt disc working electrode, a Pt wire counter-elec-
trode and an Ag pseudo-reference electrode. Potentials were
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referenced onto the Fc/Fc' standard and are reported versus
the standard hydrogen electrode. For all measurements the
used solvent was a dry 0.1 M solution of ¢tBu,NClO, in di-
methylformamide. The scan rate was 300 mV s ' for all
measurements.

DMTA

For the DMTA measurements, polymer specimens were fabri-
cated in a silicone mold (sticks, 5 x 2 x 40 mm). Subsequently,
the specimens were post-cured for 24 h at 37 °C. Thereafter,
the specimens were sanded wuntil uniform dimensions
(<£0.1 mm) were reached. DMTA measurements were per-
formed with an Anton Paar MCR 301 with a CTD 450 oven and
an SRF 12 measuring system. Polymer specimens were tested
in torsion mode with a frequency of 1 Hz and strain of 0.1%.
The temperature was increased from —100 °C to 200 °C with a
heating rate of 2 °C min~". The storage modulus and the loss
factor of the polymer samples was recorded with the software
Rheoplus/32 V3.40 from Anton Paar.

Tensile tests

Tensile test specimens were prepared in accordance to DMTA
specimen. The dog chew bone-shaped samples met the
requirements for ISO 527 test specimen 5b (total length of
35 mm and a parallel region dimension of 2 x 2 x 12 mm).
Five specimens were tested per sample. The tests themselves
were performed on a Zwick Z050 with a maximum test force of
50 kN. The specimens were fixed between two clamps and
strained with a traverse speed of 5 mm min~". A stress/strain
plot was recorded simultaneously.

Data availability

The data that support the findings of this study are available
from the corresponding author, Patrick Knaack, upon reason-
able request.
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