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Many applications of polymer materials, such as adhesives, require a polymerization process at room tempera-
ture and ambient atmosphere. In those cases, two-component (2K) systems based on redox initiation truly
stand out due to their reliable performance. Herein, we present a deep insight into the polymerization kinetics
of a newly developed initiation system based on the copper catalyzed cleavage of diborane compounds, fol-
lowed by rheology coupled with NIR. The analysis of different diboranes led us to further investigate the dibor-
ane concentration dependency and the effects on gel time that can be observed. Furthermore, it is shown
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that the diborane/Cu system yields polymers with high molecular weight at high double bond conversions. In
addition, the perspectives of diborane/Cu initiation for radical polymerization are presented, as various
different monomer classes showed excellent reactivity towards polymerization, enabling the great potential of
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Introduction

Polymers have transformed numerous industries such as
packaging, dental restoration, and coatings, through their ver-
satile applications. However, the curing of polymers is often
an energy-intensive process when using e.g., thermal methods.
This has led to significant advancements in developing more
energy-efficient polymerization processes such as photo-
polymerization and redox polymerization." Recently, photo-
polymerization methods have utilized less hazardous mono-
mers, such as methacrylates, offering new possibilities for
curing speed and safety.* Despite these benefits, one limit-
ation of photopolymerization is its inability to deeply cure
bulk materials.>® To address this issue, the adoption of two-
component (2K) systems for curing at room temperature under
ambient conditions has gained traction for bulk curing
applications.””® These 2K systems require minimal energy to
initiate polymerization compared to conventional thermal
curing methods." Typically, they consist of a redox pair that
starts the polymerization via a redox reaction when the two dis-
tinct formulations are mixed. In these systems, one formu-
lation contains an oxidizing agent while the other contains a
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this initiation system for various applications in polymer chemistry.

reducing agent." Commonly, tertiary amines are used as reducing
agents and (hydro)peroxides used as oxidizing agents. Those
initiation systems bear several disadvantages such as high toxicity
and thermal lability.”** Therefore, alternatives are looked for and
are found in initiation systems containing e.g. silanes and metal
salts,” thiourea derivatives,"® ascorbic acid redox systems,* or
recently developed diboranes and copper salts.'® These systems,
however, also show disadvantages, such as discoloration, low
stability of formulations and often are prone to oxygen inhibition.
The reactivity towards polymerization of the bulk monomer using
such initiation systems is often characterized using polymeriz-
ation temperature measurements or pyrometric
measurements.””'® However, those methods only offer limited
perspective on the polymerization, leaving out rheological data
during the polymerization which is a highly important metric for
the investigation of e.g. gel time."”

Herein, we present the use of a rheology/IR method to
determine rheological as well as chemical (double bond con-
version (DBC)) data during the bulk polymerization of radically
polymerizable monomers, applying a new and promising
amine and peroxide free 2K initiation system.

Results and discussion
Rheology/IR characterization of 2K radical polymerization

Rheological evaluation of polymerizing substrates is an often-
used tool in polymer chemistry to understand the kinetics and
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the progression of the respective polymerization reaction.'®
The data acquired from rheology measurements is of immense
value to analyze the gel time, which is described in literature
as the cross section of the storage modulus G’ and the loss
modulus G". In very fast reacting systems (e.g. photo-
polymerization'”) this might seem convenient, however, in
slower polymerizations methods (e.g. 2K systems) this evalu-
ation causes errors, which is why in this work the steepest
increase of G’ was defined as the gel time (fg1)."”

The combination of rheology/IR is a method to measure
NIR of polymerizing resins, while simultaneously acquiring
rheological data. The NIR region from 4000-7000 cm™" is a
convenient range for the CH, band of double bond of radically
polymerizable double bonds including methacrylates, acry-
lates, acrylamides, vinyl esters and styrene.'® The decrease of
the area of the respective NIR band (e.g. acrylates ~6140 cm ™)
in relation to the band of the unreacted monomer resin can be
evaluated and the double bond conversion can be calculated
as a function of time. This simultaneous rheology/IR coupling
for polymerization monitoring of 2K systems is not reported in
literature to the best of our knowledge.

In this work, a 2K radical polymerization system which was
recently developed by our group'® was investigated, applying
the rheology/IR method to investigate the perspective that this
method can offer for the investigation of linear polymers.

The work-flow for rheology/IR measurements presented in
this study would include the preparation of the respective for-
mulations (F-Cu = monomer + copper compound; F-B =
monomer + diborane compound) and the application of those
to the rheometer. A subsequent mixing phase of 40 s in rotary
mode ensures the homogeneous mixing of the 2K systems,
which is extremely important for acquiring reproducible
results. Thereafter, the rheological measurement starts in
oscillatory mode recording G’ and G", while the NIR records
spectra leading to the evaluation of the DBC (Fig. 1).

preparation mixing

application of F-Cu and F-B

homogenizing for 40s
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Polymerization of BzMA using different diboranes

The polymerization of benzylmethacrylate (BzMA) (Scheme 1)
was investigated using a 2K system based on the copper cata-
lyzed cleavage of diborane compounds that initiate radical
polymerization without the use of peroxides or amines.'®> To
this end, four diborane compounds depicted in Scheme 1 were
evaluated. Formulations containing 3.5 mol% of each dibor-
ane were prepared and mixed with a BZMA mixture containing
0.2 mol% Cu(acac),. The polymerization was monitored via
rheology/IR following the general procedure described in
Fig. 1.

The DBC results clearly showed that the choice of diborane
initiator strongly influences the reactivity of the polymerization
reaction (Fig. 2). B1 and B2 seem structurally very similar.
However, B2, bearing the methyl groups in close proximity to
the boron-boron bond, is less reactive due to a higher steric
demand. Diborane B3, which proved to be a highly reactive
initiator in a previous work,'”> showed almost no conversion
due to very poor solubility in the monomer. However, silylbor-
ane B4 led to more than 50% DBC, owing this to the higher
reactive silyl radical.>>*" The highest DBC (96%) was achieved
using B1 as the diborane initiator, observing also a very promi-
nent increase of the slope of the DBC due to the Trommsdorff
effect."®

The rheology/IR method allows for further investigation of
the progression of G’ during the polymerization. Based on the
progression of the DBC one might have thought that G’ would
follow a similar trend. However, monitoring both characteristic
values simultaneously shows that only the polymer derived
from B1 shows a significant increase in G’ and a gel time (tge) =
108 min). This is explained by an overall lesser conversion of
the monomer using B2, B3 and B4. The molecular weight of
the obtained polymers is in the same molecular weight region
(M, ~ 650 kDa; ESI-Table 17) for all diboranes, however, due to

measurement

rheological and IR data during
polymerization

rotatory oscillatory
< 8 ">
Rheology (G)
4 \I gap size
/: 0.2mm

Fig. 1 The work-flow of rheology/IR measurements is depicted, starting

4 \ IR (DBC)

with preparation of the formulations containing the respective Cu and

diborane and their application to the rheometer. Thereafter a mixing phase of 40 s in rotary mode ensures a homogeneous mixture of the 2K
system. Subsequently, the rheological measurements records G and G” in oscillatory mode and the NIR measurement starts simultaneously.
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Scheme 1 All chemical compounds used in this study are depicted. Top left: the copper catalyst Cu(acac),. Top right: different diboranes B1, B2, B3
and a silylborane B4 are used in this work. Bottom: benzylmethacrylate (BzMA), methylmethacrylate (MMA), benzylacrylate (BzA), isobutylvinylether
(isoBVE), dimethylacrylamide (DMAA), acrylomorpholine (A-Morph), acrylonitrile (AN) and styrene (ST) are used as monomers in this work.
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Fig. 2 Left diagram: DBC resulting from rheology/IR measurements of the polymerization of BzMA using either 3.5 mol% B1, B2, B3 or B4 and
0.2 mol% Cu(acac),. Right diagram: G’ resulting from rheology/IR measurements of the polymerization of BzMA using either 3.5 mol% B1, B2, B3 or

B4 and 0.2 mol% Cu(acac),.

the less DBC of B2, B3 and B4, no entangling of these few high
molecular weight chains can be observed, which would result
in a gel point and an increase in G'. The logarithmic plot of
the progression of G’ reveals a minor increase of G’ during the
polymerization with B3 and B4 (ESI-Fig. 27).

Due to the high reactivity of B1 towards polymerization of
BzMA, this diborane initiator was used in further studies in
this work.

This journal is © The Royal Society of Chemistry 2025

Understanding the bulk kinetics of diborane/Cu in BzZMA

The bulk polymerization of benzylmethacrylate (BzMA) is
investigated in detail via rheology/IR in this chapter. The
radical polymerization system (RPS) consisting of the diborane
B1 and the copper catalyst Cu(acac), is used (0.2 mol%) (see
Scheme 1) and the concentration of B1 is varied between
1.8 mol%, 3.5 mol% and 7 mol% with respect to the

Polym. Chem., 2025, 16, 337-344 | 339
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Fig. 3 (A) left diagram: G’ resulting from rheology/IR measurements of the polymerization of BzMA using either 1.8 mol% B1, 3.5 mol% B1 or

7 mol% Bl and 0.2 mol% Cu(acac),. Right diagram: DBC resulting from rheology/IR measurements of the polymerization of BzMA using either
1.8 mol% B1, 3.5 mol% B1 or 7 mol% B1 and 0.2 mol% Cu(acac),. (B) Overlapping plot of G' and DBC to emphasize the possibilities of rheology/IR

and the conclusions that can be drawn using it.

methacrylic double bond. During the polymerization, the rheo-
logical data including G’ is monitored and the DBC is simul-
taneously calculated from the measured NIR spectra (Fig. 3A)

Looking at the progression of G’ (Fig. 3A left), the reactivity
towards polymerization is strongly depending on the concen-
tration of the diborane initiator. It is shown that 7 mol% dibor-
ane initiator leads to an earlier ¢, than 3.5 mol% and 1.8 mol%.
Interestingly, also the final storage modulus at the end of the
polymerization, after the formation of a plateau-like state
increases with the initiator concentration. The formulation con-
taining 7 mol% B1 exhibits a decrease of G’ after reaching a
maximum, which may be due to an arrangement of the polymer
chains caused by the oscillatory movement of the rheometer.>

In all measurements the G’ progression follows the same
pattern, consisting of an initial increase, followed by a relax-
ation, followed by the steepest increase (including t,.;) and the

340 | Polym. Chem., 2025, 16, 337-344

formation of a final G’ plateau. A logarithmic plot gives even
more insights, as the polymerization process includes even
more of these “increase-relaxation” steps (ESI-Fig. 21). These
losses in G’ are explained by arrangements of the polymer
chains in the formulation, caused by the oscillation of the
rheometer.

Looking at the double bond conversion (Fig. 3A right), it is
shown that it is in perfect alignment with existing literature
investigating similar bulk polymerizations."® A higher B1
diborane concentration facilitates the start of the polymeriz-
ation reaction and therefore leads to higher conversions in a
shorter amount of time. It is remarkable that the Trommsdorff
effect is visible very clearly resulting in a steeper increase of
the DBC curve of the respective measurement.

However, a separate analysis of the rheological (G') and
kinetic (DBC) data is limited in its possibilities. The method of

This journal is © The Royal Society of Chemistry 2025
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rheology/IR overcomes exactly these limitations by measuring
both simultaneously and therefore leading to a direct compari-
son of rheology and kinetic, allowing for a plotting in one
diagram (Fig. 3B). The left diagram shows the progression of
the DBC with a direct comparison to the respective G’ pro-
gression. The delayed gel times using less initiator are marked
(Aty, Aty; Fig. 3B left) and the DBC at the respective times is
analyzed (DBCg). Even though different concentrations of
initiator are used and the gel times are delayed (A¢,, At,), the
DBC at the gel point is almost the same for each measurement
(ADBC,, ADBC,; Fig. 3B right). This leads to the conclusion
that even though the gel point is delayed using less initiator, a
certain threshold in DBC is necessary to lead to a gelling be-
havior. This was also observed in the investigation of different
diboranes previously, as B4 did not cause the formulation to
gel even though a DBC of ~50% was reached (Table 1).

Investigating bulk influences on polymerization via rheology/IR

A deep insight into the polymerization of BzMA with B1/Cu
(acac), is presented using the coupling of rheology/IR with size
exclusion chromatography (SEC). The polymerization reaction
during rheology/IR measurements was interrupted and was
quenched at four different DBCs (27%, 59%, 91% and 97%).
The isolated polymers were subsequently analyzed by SEC.
This setup led to the diagram depicted in Fig. 4 showing a
direct comparison of DBC, G' and molecular weight.
Furthermore, the reproducibility of the method was empha-

Table 1 Summarized values for tge,, DBCgyei and DBCepg of the polymer-
ization of BzMA using either 1.8 mol% B1, 3.5 mol% B1 or 7 mol% B1 and
0.2 mol% Cu(acac),

toel (min) DBCyge (%) DBCeng (%)
7 mol% 77 94 99
3.5 mol% 108 93 96
1.8 mol% 133 93 95
100 T 600
80 A ‘ /(Q\G
| AR wom |
1 ALSA oec=s L 400
°\° 60 b “ DBC=91% n‘E
~ lid
o s % T solid! E
g 40 4 DBC = 27% -l ED
|,/ 7o - 200
S
20 DBC = 59%
0 - quuitli i i 0
0 50 100 150
time (min)
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sized as the progression of the DBC for all measurements
proved to be congruent (ESI-Fig. 31).

The results show an interconnection between the three
parameters DBC, G’ and molecular weight (Fig. 4). Going from
low conversions to high conversions in Fig. 4 (left), at 27%
DBC the bulk formulation is still a liquid; however, the SEC
shows the formation of polymer (M, = 300 kDa). High mole-
cular weight is reached very fast and at already low conver-
sions, leading to few polymer chains dissolved in a lot of bulk
monomer.

When looking at the data point at 59% DBC, the DBC starts
to increase steeper due to the Trommsdorff effect, however,
the formulation is still liquid (low G’) and the molecular
weight of the chains remained the same as with 27% DBC
(Fig. 4 right). This is interpreted as a higher quantity of
polymer chains dissolved in less monomer (due to higher
conversion).

At 91% DBC the measurement already surpassed the
Trommsdorff effect phase and has reached a plateau-like pro-
gression of the DBC. Additionally, the first increase in G,
which is a result of the Trommsdorff effect due to a high
polymerization rate is already surpassed. This leads to very
high molecular weight polymer chains with around 600 kDa,
which caused the assumption that many of the chains that are
present link together forming very high molecular weight
chains. This is supported by the SEC trace (Fig. 4 right; yellow)
showing a remarkable shoulder leaning to lower molecular
weights, which indicates a formation of 600 kDa polymer
chains from 300 kDa chains.

At the last data point at 97% DBC the formulation is solid,
having already surpassed its gel point (tye; = 108 min). The SEC
trace shows a less distinct shoulder, so it can be assumed that
higher quantities of the very high molecular weight (M, =
600 kDa) polymer chains are present in the gelled formulation.

It is remarkable, that using the rheology/IR and SEC coup-
ling allowed us to show that 6% difference in DBC from 91%
to 97% causes the formulation to gel. This is explained as the

DBC increase

600 kDa 300 kDa

I 97% DBC

91% DBC
I 59% DBC

27% DBC

r T T — T

12 14 16 18 20 22
ret. volume (mL)

Fig. 4 Rheology/IR measurement of the polymerization of BzMA using 3.5 mol% B1 and 0.2 mol% Cu(acac),. At 27% DBC, 59% DBC, 91% DBC and
97% DBC the measurement was interrupted and quenched to perform a SEC measurement. The information derived from the SEC in combination
with the rheology/IR led to new conclusions about the formation of the solid polymer and its structure.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (A) Rheology/IR measurement of the polymerization of BzA, isoBVE, AN, BzMA, MMA, DMAA, A-Morph and ST using 3.5 mol% B1 and

0.2 mol% Cu(acac), as initiators. A close-up view gives a more detailed insight into the kinetics at the start of the polymerization reaction. (B)
Reactivity of B1 radical towards polymerization of different monomer types based on the evaluation of the polymerization rate R, (ESI-Table 37).

high molecular weight chains completely entangle and very
little monomer is left in between them.

Polymerization of various monomer classes using diborane/Cu
initiation

Herein, the versatility of the presented initiation method using
B1/Cu(acac), as 2K initiation system shall be highlighted
(3.5 mol% B1; 0.2 mol% Cu(acac),). Rheology/IR was used to
investigate the initiation reactivity towards radical polymeriz-
ation of different monomer classes, including methacrylates,
acrylates, acrylamides, acrylonitrile, styrene and vinyl ethers.

The results show expectedly significant differences depend-
ing on the type of monomer used for bulk polymerization
(Fig. 5A). Interestingly, all the investigated monomers showed
polymerization in the rheology/IR measurements. Especially
high reactivity was observed for BzA, isoBVE and AN. The pro-
gression of the DBC does not develop any increase due to the
Trommsdorff effect, as the formulations reach conversions
over >99% in a comparatively short time. In the case of BzA,
the rate of polymerization R, is an order of magnitude higher
for the acrylate monomer, compared to the respective meth-
acrylate (ESI-Table 37).

Interestingly, the acrylamides, which would be expected to
be highly reactive, showed poor DBC with the B1/Cu initiation
system. In this regard, it was shown in previous work that
amides might interact with the diborane compound, leading

342 | Polym. Chem., 2025, 16, 337-344

to side reactions, which could explain such a loss in reactiv-
ity."> Also, styrene would be expected to show high conver-
sions, however, only up to 4% DBC were reached (Table 2).
When looking at the start of the polymerization reaction in
a close-up view (Fig. 5A, right), the different kinetics of
polymerization of the monomers can be understood very
clearly. The acrylate monomer showed very high conversion
rates immediately after the mixing phase, while isoBVE and
AN have a delay of about 10 min, after which high conversion
rates are reached. The methacrylic monomers BzMA and MMA
show low conversion rates right after mixing, however, increas-
ing throughout the polymerization reaction. Overall, the reac-

Table 2 Summarized data derived from rheology/IR measurements of
the polymerization of different monomers including BzMA, MMA, BzA,
DMAA, A-Morph, AN, ST and isoBVE and the evaluated tye, DBCye and
DBCend

tyet (min) DBCgel (%) DBCenq (%)

BzMA 107 92.6 96.1

MMA 66 49.1 96.9

BzA 4 83.7 99.9
DMAA 69 18.2 30.4
A-Morph 127 3.5 38

AN 34 99.8 99.6

ST >12 h — 4

isoBVE — — 99.7

This journal is © The Royal Society of Chemistry 2025
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tivity increases from methacrylates to acrylates, vinyl ethers
and acrylonitrile (Fig. 5B)

It was shown that the initiation with B1 and Cu(acac), is a
very feasible system for various different monomer classes.
However, it is strongly limited when applied in styrene and
DMAA monomers. Especially the very high reactivity towards
the polymerization of acrylates can enable many applications
in adhesives industry.

Conclusion

A recently developed 2K system for radical polymerization of
methacrylates based on the copper catalyzed cleaving of dibor-
ane compounds was investigated in monofunctional bulk for-
mulations using the specialized method of rheology/IR. It was
shown that the use of B1 as the diborane compound, in combi-
nation with Cu(acac), led to very high conversions (96%) and
surprisingly high molecular weights (>600 kDa).

The kinetics of the polymerization using this initiation
system in bulk benzylmethacrylate formulations were investi-
gated applying different concentrations of the diborane
initiator B1. A threshold double bond conversion (DBC) was
determined at around 90% that causes a very steep increase in
storage modulus due to a shift in molecular weight of the
polymer chains. This shift is likely interpreted as an addition
of the polymer chains to one another, as an increase was
observed from 300 kDa to 600 kDa.

Furthermore, a variety of radically polymerizable monomers
proved to be highly reactive towards polymerization using the
diborane/Cu 2K system. This includes acrylonitrile, vinyl
ethers, acrylates and methacrylates. Especially acrylates
showed a very fast polymerization right after mixing, poten-
tially enabling applications in adhesion industries.

To conclude, diborane/Cu 2K initiation was investigated in
detail regarding its kinetics and DBC as well as G' progression
during the polymerization reaction. Rheology/IR proved to be
the ideal tool for the determination of crucial correlations that
require such a specialized method in this context. In addition,
the spectrum of polymerizable monomers showcased the
potential of this initiation system and displays its potential
also in industrial applications.

Experimental part
Synthesis of bis(3-methylbutane-1,3-diol)diborane (B2)

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,O were added under argon
atmosphere. The reaction mixture was stirred at room tempera-
ture 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 volatiles
were removed in vacuo. The product was recrystallized from
n-hexane to yield white solid needles (m.p. 62.3 °C).>* B

This journal is © The Royal Society of Chemistry 2025
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NMR (128 MHz, chloroform-d) § 27.87 ppm. 'H NMR
(200 MHz, chloroform-d) & 4.06-3.93 ppm (m, 1H),
1.85-1.72 ppm (m, 1H), 1.31 ppm (s, 3H) (ESI-Fig. 5 and 67).

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 size of 200 pm. The rheology stamp was rotated for 40 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.

SEC

SEC measurements were carried out in THF on a Waters GPC
using 3 columns (Styragel HR 0.5, Styragel HR 3 and Styragel
HR 4) and a Waters 2410 RI detector, a UV Detector Module
2550 for TDA 305 and a VISCOTEK SEC-MALS 9 light scattering
detector. A calibration with polystyrene standards (375-177000
Da) was used to determine the molecular weight of the
polymers.
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