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Abstract: The development of 3D printing fuels the need for new
photoinitiating systems working under mild conditions and/or leading
to polymers with new and/or enhanced properties. In this context, we
introduce herein N-Heterocyclic Carbene-borane complexes as
reagents for a new type of photo-click reaction, the borane-
(meth)acrylate click reaction. Remarkably, the higher bond number of
boranes relative to thiols induced an increase of the network density
associated with faster polymerization kinetics. Solid-state NMR
evidenced the strong participation of the boron centers on the network
properties, while DMA and AFM showed that the materials exhibit
improved mechanical properties, as well as reduced solvent swelling.

Click reactions are reactions that can assemble fragments quickly,
quantitatively and chemoselectively, without generating any by-
product.l' They are most useful when they run in the absence of
solvents as well as in the presence of water and/or oxygen. Click
reactions have been widely used in biology, where bio-orthogonal
click reactions are a way to for example tag organelles in vivo.?3!
They have also found important applications in polymer science.!
In particular, thiol-ene®®" and thiol-yne® reactions have been
employed in photopolymerizations. They proceed by a step-
growth mechanism involving the radical propagation by addition
of photogenerated thiyl radicals —using a type | or type Il
photoinitiator — onto a vinyl monomer, followed by a chain-transfer
reaction (Figure 1). Thiol-ene reactions have for example recently
been used for the synthesis of hydrogels,®'2 bioorganic-
functionalized materials,!'®'* polymer-dispersed liquid-crystalline
phases,!'>61 3D-printing,!'’-'%! telechelic polyethylenes,?” etc.
However, if thiol-ene and -yne reactions have been adopted by
many academics, thiols often smell bad, and are generally too
unstable for industrial applications, in particular in (meth)acrylate
formulations because of the competitive Michael addition. More
generally, more click-reactions usable in polymer science would
certainly be of benefit.

We considered the radical thiol-(meth)acrylate process.[621-2 |n
contrast to thiol-ene reactions, where network formation derives

from single hydrothiolation steps from polyfunctional thiols, the
high propagation rate constants of (meth)acrylates lead to
network formation via tandem (meth)acrylate
homopolymerizations-hydrothiolations (still only if the thiols are
polyfunctional).
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Figure 1. (a) Principle of the thiol-acrylate reaction; (b) Advantage of the NHC-
Boranes.

In our previous studies we showed that N-Heterocyclic Carbene-
Borane complexes (NHC-Boranes) of both the imidazolydinene
(Imd) and triazolydinene (Triaz) carbene families (see structures
in Figure 2) are excellent co-initiators for photopolymerizations in
bulk or solvent and can be used interchangeably.34 They
reduce oxygen inhibition®:3%l and — in the case of the water-
soluble DiMeTriaz—BHs — allow polymerization in water.[52:34.36]
Moreover, NHC-Borane-based type |l co-initiators for radical
photopolymerization have a labile B-H bond, and the resulting



radicals have high rate constant for addition onto double bonds.
Therefore, photopolymerizations of (meth)acrylate resins with a
NHC-Borane-based photoinitiating system (PIS) are fast,
quantitative (high final C=C conversion), solventless and they can
be performed under air or in water. That is, they meet many
features of click-reactions. That is why we thought that NHC-
Boranes not only could replace smelly thiols but, because they
offer the possibility of linking more than one chain to the Boron
atom, could lead to cross-linking via the heteroatom (as opposed
to thiols which have only one site open for that, and necessitate
multifunctional molecules for polyadditions). This would give birth
to a new kind of click reaction, the borane-(meth)acrylate reaction,
which we report herein.
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Figure 2. Structures of the NHC—Boranes used in this work

The ideal thiol-ene reaction has a characteristic polymerization
kinetic profile, as one thiol function is consumed for each reactive
vinyl function, in the absence of any homopolymerization of the
monomer. The consumption of the ene and thiol functions is
simultaneous. In the thiol-(meth)acrylate version, the olefin is able
to undergo radical polymerization (Figure 1a). Because of the fast
polymerization rate of the (meth)acrylates, several monomer units
are inserted before the H-transfer step from the thiol. We thus first
aimed to prove that the NHC-boranes were compatible with these
two steps, namely i) consecutive radical additions of the NHC-
Boryl radicals onto double bonds, i.e. that might involve more than
one addition on the same Boron atom and ii) consecutive chain-
transfer reactions with the NHC-Borane, i.e. where the NHC-
Borane would contribute more than one H.

» Addition step. As stated, the NHC-Boryl radicals add rather
quickly to unsaturated partners, a feature we used to initiate
radical homopolymerizations of (meth)acrylates and styrenel®*-
3234361 and others to achieve organic cyclizations.7-!
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To show the possibility of polyadditions, we first calculated the
enthalpy associated to the addition of the NHC—-Boryl radical, as
well as that of a model for a NHC—Boryl radical substituted by one
and two polymer chain(s) to one molecule of methyl methacrylate
(MMA, eq. 1-3).

The first addition was found highly exothermic (—12.5 kcal.mol™",
uB3LYP/6-31+G* level, eq. 1), not surprisingly as this step is at
the center of the NHC-Boranes efficiency to initiate radical
polymerization. The second was found slightly less — albeit still
very — favorable (-11.0 kcal.mol”!, eq. 2). Finally, the third
addition is also slightly exothermic (—0.41 kcal.mol™, eq. 3)
suggesting that it also can occur.

For the experimental proof, we selected a methacrylic resin
composed of 33.3 wt.% of 1,4-butanediol-dimethacrylate (1,4-
BDMA), 33.3wt.% of hydroxypropyl methacrylate (HPMA),
33.3 wt.% of urethane-dimethacrylate oligomer (resin 1), that was
mixed with Acridine Orange (AO), diphenyldisulfide, and
dimethyltriazolylidene-borane (DiMeTriaz—BHs, 0.05/2/2
wt./wt./wt.%) and irradiated. No precaution was taken to prevent
the presence of air. The solid NHC-borane has only a limited
solubility in the resin. Therefore, the relative concentrations of the
reagents used to start from a homogeneous medium imply that
the methacrylate functions are in excess (B—H/C=C 0.03:1).

We measured the disappearance of the B—H bond (2130-2450
cm™') and methacrylate functions (6160 or 1630 cm™, depending
on the sample thickness) by real time FT-IR spectroscopy (Figure
3). Gratifyingly, the borane signals disappear with the same
kinetics as the methacrylate function. The final conversions are
similar, despite the stoichiometry imbalance. These observations
suggest that the excess methacrylate monomers also undergo
radical homopolymerization (see next item), and that the
polymerization is initiated by the addition of the NHC-Boryl
radicals generated by H-atom translocation to the initially formed
thiyl radicals, and not by the latter (see also below). But more
interestingly, since the B—H consumption reaches 70%, this
means that more than one chain is attached to the Boron atom.
This is consistent with a very high rate constant for the addition of
the NHC-boryl radicals onto electron-poor double bonds, at least
one-hundred times higher than for thiyl radicals.*%
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Figure 3. Photopolymerization profiles of resin 1 under air, 1.4 mm thick
samples, upon LED@405 nm irradiation (start at t=10 s, 115 mW/cm?). Straight
line: conversion of the methacrylate function as function of time. Dotted line:
conversion of the B-H function as a function of time. Photoinitiating system:
AO/PhSSPh/DiMeTriaz—BHs (0.05/2/2 wt./wt./wt.%).



» Chain-transfer step. The key feature of the thiol-ene reaction is
that after addition, the adduct radical should abstract a hydrogen
atom from the thiol (see Figure 1). Under stoichiometric conditions,
this transfer severely limits (but does not completely block) the
homopolymerization of polymerizable olefins in the thiol-
(meth)acrylate process. In our case that role would be played by
the NHC-Borane, which should therefore undergo several H-atom
translocations to cross-link in a new way.

NHC-Boranes can be used as radical mediators —thus
transferring at least one H atom — “2% and several H atoms of
the same NHC-Borane can be transferred to thiyl radicals.** But
there was not clear evidence that thermodynamics or steric
hindrance would not limit the second (and third) transfers to C-
centered radicals. We therefore started by calculating the
enthalpy of the transfer reactions, first for the H-abstraction from
the initial NHC—borane by a model adduct radical (eq. 4) and then
for the H-abstraction of a hypothetical NHC—Borane with one (eq.
5) or two (eq. 6) polymer chains model already present on the
Boron atom by the previous model adduct radical.
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Again, in all cases the reactions were calculated to be
enthalpically favorable (5.9 kcal.mol™' for eq. 4, —7.3 kcal.mol™
for eq. 5, and —3.7 kcal.mol" for eq. 6).

We had in fact already shown that DiMelmd-BHs is a chain
transfer agent for the photopolymerization of MMA.* We
therefore focused on DiMeTriaz-BHs and sought to ascertain
whether the latter could act as a chain-transfer agent too. We
chose lauryl acrylate as the monomer so as to cover both
acrylates and methacrylates. Lauryl acrylate was therefore
photopolymerized using a LED@405 nm with two different ratios
of DiMeTriaz—BHjs in the PIS. The conversions of the acrylate C=C
function was determined by FT-IR spectroscopy (see Figure S1).
The molecular weights of the polymers formed were determined
by SEC after three different irradiation times (see Figures 4 and
S2). The data are gathered in Table 1.

The first observation is that the dispersity (D; Table 1) of the
polymer is lower for higher NHC-borane contents (compare
Entries 3-4, 5-6, 7-8) suggesting a better control of the polymer
architecture. Also, the polymer molecular weight strongly
decreased when the NHC—Borane concentration increased.

2 wt.% of DiMeTriaz—BHs were already enough to severely limit
the Mn (Entries 2, 5, 7 and Figure 4). At 10 wt.% of DiMeTriaz—
BHs, only oligomers were obtained. This establishes that NHC-
Boranes are very efficient chain transfer agents and further
confirms what we already observed in regular Type |l
photopolymerization.? Although here this was achieved in the
presence of air.

Table 1. Number average molecular weight (M») and dispersity () during lauryl acrylate polymerizations performed with different amounts of DiMeTriaz—BHjs, after

different LED@405 nm irradiation times

Entry Irradiation time (s) ~ DiMeTriaz—BHs (wt.%) B-H / C=C (molar) Conversion (%) Mh (g.mol-") b

1 40 0 0:1 4 47 200 1.80
2 40 2 0.12:1 21 2000 1.48
3 40 10 0.63:1 25 1500 1.30
4 130 0 0:1 57 54 800 2.36
5 130 2 0.12:1 58 2500 1.71
6 130 10 0.63:1 58 1800 1.28
7 300 2 0.12:1 80 4400 4.68
8 300 10 0.63:1 70 1900 1.33
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Figure 4. M, as a function of NHC-Borane wt. ratio for the photopolymerization
of lauryl acrylate initiated by AO/DiMeTriaz—BHs/PhSSPh (0.05/x/2
wt./wt./wt. %) under LED@405 nm, after 130 s of irradiation, at 60 % conversion.

* Solid-state NMR analysis. In order to prove that the Boron
participates to the cross-linking of the materials, we performed a
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MAS '""B-NMR analysis in solid state. The spectrum of the
material obtained with 2 wt.% of the NHC-Borane DiMelmd-BHz3
and trimethylolpropane triacrylate (TMPTA) as the monomer is
displayed in Figure 5. TMPTA was chosen for practical reasons,
because it was more amenable to being conditioned in a rotor.
The spectrum exhibits two series of signals, in the —30 to —10 ppm
region and in the 0 to 30 ppm. In the former, two main peaks are
observed, that correspond to a NHC-Borane environment,
substituted at Boron by respectively 2 alkyl (—21.9 ppm) and 3
alkyl chains (-16.4 ppm), with a small shoulder near —30 ppm,
corresponding to a monosubstituted Boron environment, as
supported by calculation using the Orca software.®! Conversely,
peaks in the positive region correspond to Boron atoms where the
NHC has de-coordinated from the Boron, following the interaction
of the Boron empty p orbital with the carbonyl group of esters
present in the network. Notably, signals at 2.1, 8.0 ppm (shoulder),
17.6 ppm and 29.0 ppm can be assigned to Boron atoms of
boranes substituted with respectively zero, one, two, or three
polymer chains, and a weak pyramidalization induced by
coordination to a carbonyl.
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Figure 5. Solid-state "B MAS NMR spectrum of a polymer obtained from (0.05/2/2 wt./wt./wt.%) PIS. The spectrum was acquired at 31.25 kHz MAS using a spin
echo experiment (32 s echo delay and 25 kHz RF power). The blue lines indicate the position of calculated ''B chemical shifts of the model structures sketched

above the spectrum.

The presence of di- and trisubstituted NHC—Boranes indicates
that the Boron atoms participate in the cross-linking (see also
below). Because the polymerization was carried out with 2%
NHC—-Borane, the spectrum indicates almost no remaining
monosubstituted NHC—Borane, proving that the cross-linking via
the Borons is very efficient.

With a view to increase the amount of NHC-Borane in the
formulations, we examined a liquid NHC—Borane, n-BuMelmd—
BHs. The latter could be engaged in a polymerization at
stoichiometric ratio (compared to the olefin). The solid-state ''B
MAS NMR spectrum of the resulting material is shown in Figure 6
(black trace) and compared with that of pure solid NHC-Borane
(DiMeTriaz-BHs, red trace). Peaks are very similar to those of
Figure 5, except for the two most upfield signals. Notably, (i) a

sharp and symmetric signal has appeared at —36.6 ppm which is
readily attributed to residual n-BuMelmd-BHs trapped in the
material; (i) the shoulder at —27.1 ppm, assigned to mono-
substituted n-BuMelmd—-BH2Pn, is more pronounced than its
equivalent in Figure 5, a consequence of the increased amount of
NHC—-Borane in the polymerization formulation. With more NHC—
borane, the ratio of mono-substitution at Boron increases as the
cross-linking due to the monomer happens too fast for the chain
transfers to Boron to fully develop. In addition, some of the co-
initiator becomes trapped in the rapidly cross-linking material.
Nonetheless, even in this case it is clear that Boron strongly
participates in the cross-linking, as expected for a Borane-
(meth)acrylate reaction.
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Figure 6. Solid-state '"B MAS NMR spectra of a polymer obtained from AO/n-BuMelmd-BHs/PhSSPh (0.05/50.2/2 wt./wt./wt.%) PIS (black trace) and of pure
DiMeTriaz-BHs (red trace). The spectra were acquired at 31.25 kHz MAS using a spin echo experiment (32 us echo delay and 25 kHz RF power). The blue lines
indicate the positions of calculated "B chemical shifts of the model structures sketched above the spectra.

» Consequences for the materials properties.

a) Mechanical properties. One of the main advantages of the
thiol-ene reaction is the possibility to create highly structured
networks. The control of the polymerization (without
homopolymerization) allows the formation of polymers with high
cross-link densities and therefore materials with higher Young
moduli. In the case of the Borane-(meth)acrylate reaction,
because the Boron can also participate to the cross-linking, we
expected the mechanical properties — especially the rigidity — to
improve, relative to a resin cured with a standard PIS.

Three cured polymers from resin 1, containing growing B-H/C=C
molar ratios (0:1, 0.03:1, 0.15:1 — the latter borane content
corresponds to the limit of solubility of DiMeTriaz—BHs in the
methacrylate resin) were synthesized and their Young modulus

determined by AFM (Figure 7). The Derjaguin-Muller-Toparov
(DMT) fit model was used to calculate the elastic moduli (E) of the
samples, following a previously published experimental
procedure.® The samples surfaces are homogeneous (rugosity
around 1 or2 nm) on a 2 ym * 2 ym area according to the height
maps (Figure 7A). The Young modulus average was determined
using the maps and histograms presented in Figure 7B. The
results show that higher concentrations of NHC-Borane resulted
in increased Young moduli of the final polymers (Table 2), also
associated with an increase of the T, from 26.6°C without borane
to 57.7°C for 10 wt.% of NHC-borane (see DMA results below).
These data are clearly indicative of a higher cross-link density in
the presence of NHC—Borane, itself a consequence of the borane-
acrylate reaction.
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Figure 7. A) Representative maps of topography (2 um x 2 um) and DMT modulus (2 pm x 2 ym) obtained with Peak Force QNM of cured resin 1 upon LED @405
nm under air. The PISs are: AO/PhSSPh (0.05/2 wt./wt.%, (a) and (b)), AO/PhSSPh/DiMeTriaz—BH3 (0.05/2/2 wt./wt./wt.%, (c) and (d)), AO/PhSSPh/ DiMeTriaz—
BHs (0.05/2/10 wt./wt./wt.%, (e) and (f)). The “Height” color scale (left column) represents the height from 0 to 17.9 nm, from 0 to 10.3 nm, from 0 to 24.3 nm for a,
¢ and e respectively. The DMT modulus color scale (right column) represents the modulus from 0 to 331.9 MPa, from 0 to 2.2 GPa, from 0 to 3.3 Gpa for b, d and f
respectively; B) Histograms of the Young’s modulus measurements for each sample

Table 2. Mean values of the Young’s modulus (determined by AFM), T, and
tan 3 (determined by DMA) for cured resin 1 with different PIS upon LED
@ 405 nm, under air, 1.4 mm thickness (measured at T = 20°C)

AO/PhSSPh AQ/PhSSPh/ AQ/PhSSPh/
PIS (0.05/2 DiMeTriaz—BH3 DiMeTriaz—BH3
wt./wt %) (0.05/2/2 (0.05/2/10
S wt./wt./wt.%) wt./wt./wt.%)
Young Mod.
(GPa) 0.7+0.1 1.7+0.2 3.0+£0.1
T (°C) 26.6 55.9 57.7
tan d 0.48 0.61 1.01

The storage moduli G’ of the polymerized resin 1 with the different
PISs were determined by DMA (typical curves are presented in
Figure S3). The materials obtained from the boron-containing
PISs exhibit higher G’ and tan & than when resin 1 was cured
without NHC-borane, and the more boron, the higher these values
(Table 2 and Figure 9). According to the theory of rubber
elasticity,®#7] the storage modulus is proportional to the cross-link
density. Thus, DiMeTriaz—BHs clearly augments the latter and
therefore the polymer rigidity.

The improvement of the polymer mechanical properties was also
highlighted by the polymer segmental a-relaxation temperatures

(T,) — corresponding to the maximum value of tan 8, which is the
ratio of the loss to the storage modulus of the polymer — (Table
2).148 The polymer with the highest amount of NHC-Borane has
the highest T,. Indeed, the T, doubled with only 2 wt. % NHC-
Borane included in the formulation, which shows how efficient the
NHC-Borane is to create a more structured network. The tan &
peak as a function of temperature is also sharper in the presence
of NHC-Borane (compare curves 2 and 3, Figure 8B). And the
tan 8 values is higher with a higher amount of NHC-Borane.
Above 150°C, the plateau ends and both G’ and G” slightly
increase again, suggesting new reticulation nodes gradually
appear.

The sharpening of the peak width indicative of a better structured
network is one of the main features of the thiol-ene reaction.“?
That it is operant here also further validates the Borane-
(meth)acrylate reaction as a new kind of polymer click-chemistry.
The NHC-Borane likely lowers the amount of dangling chain ends
and reduces the occurrence of the radical polymerization of resin
1 monomers. The enhanced tan$ indicates that the cured
polymer is more dissipative than the one synthesized without
NHC-Borane. Thus, thanks to NHC-Borane it is possible to control
the mechanical (rigidity, T,) properties of the final materials.
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Figure 8. Storage modulus (A) and tan 3 (B) as a function of temperature for resin 1 polymerization upon LED@405 nm under air with the following P1Ss: AO/PhSSPh
(0.05/2 wt./wt.%, curves A1 & B1), AO/PhSSPh/DiMeTriaz—BHs (0.05/2/2 wt./wt./wt.%, curv. A2 & B2), and AO/PhSSPh/DiMeTriaz—BH3 (0.05/2/10 wt./wt./wt.%,

curve B3)

b) Solvent resistance. To examine the influence of the NHC-
Borane on the solvent resistance of the polymers, we submitted
the materials obtained by photopolymerization of a Bisphenol A
glycerolate dimethacrylate / Triethylene glycol dimethacrylate
(BisGMA/TEGDMA, 70%/30%) resin (resin 2) under LED@405
nm to acetonitrile.*® Resin 2 leads to networks already quite
resistant to solvents, so it provided a good benchmark for
evaluating the influence of the NHC-Borane. Thus, the materials
obtained by polymerization of resin 2 with AO/PhSSPh (0.05/2
wt./wt.%) and with AO/PhSSPh/DiMe-Triaz-BHs (0.05/2/2
wt./wt./wt.%) were immersed in acetonitrile for 17 h, without
previous cleaning of the surface. In both cases, the polymer did
not swell significantly (< 7%) and it remained tough. In contrast,
after 17 h the solvent which contained the polymer obtained
without NHC-Borane appeared more yellowish. This suggests
that the material has a lower cross-link density, and therefore
allows more traces of AO and other unbound (small) material
trapped in the network to migrate to the solvent phase. In contrast,
the resin cured with the three-component PIS releases less
unbound compounds.

After immersion into the solvent, the samples were placed into an
oven and heated at 50 °C for several hours to evaporate any trace
of solvent. With this experiment it is possible to determine if the
polymer has been damaged by the solvent. The more the polymer
is sensitive to the solvent (because of a lack of cross-linking for
example), the more it will release extractible organics, and
therefore lose weight. Here, the weight loss of the oven-heated
polymer is clearly lower in the Boron-containing material (Figure
8). Thus, the NHC-Borane strongly improves the resistance of the
final material to acetonitrile. This is consistent with the higher
cross-link density attained in the presence of NHC-Borane, as is
the observation that the polymer upper surface was a bit tacky
and less smooth in the material obtained without NHC-Borane.

Weight loss (%)
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Figure 9. Weight loss percentage vs. heating time (oven at 50 °C) for resin 2
after two types of curing. For curve 1 the PIS did not contain DiMeTriaz-BHs,
whereas for curve 2 it contained 2 wt.% of DiMeTriaz-BHs. Irradiation was
achieved by LEDs @ 405 nm, under air. The polymer was immersed in
acetonitrile for 17 h prior to heating.

Conclusion. In the present work we introduced a new type of
polymer click reaction, the Borane-(meth)acrylate process.
Besides being an excellent class of co-initiators for free radical
photopolymerization of (meth)acrylates, NHC-Boranes can be
chain-transfer agents that allow the creation of polymers with a
highly structured network where the Boron atoms participate to
the cross-linking. With this new click reaction, it is possible to
create polymers with particular properties simply by adjusting the
ratio between the “Borane” and “ene” functions. For example,
materials with a higher T, and generally improved mechanical
properties were synthesized using the NHC-Boranes. Further
work will aim at developing materials with higher cross-linking
densities. These might be obtained with multifunctional NHC-
boranes. The resulting expected high-performance mechanical
properties would be of great interest for several applications such
as 3D printing and composite syntheses.
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