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NHC-Boranes: Air- and Water-tolerant Co-
initiators for Type Il Photopolymerizations

Emmanuel Lac6te*?, Dennis P. Curran®, and Jacques Lalevée*®

Abstract: N-Hetereocyclic carbene (NHC) complexes of boranes are stable compounds that can be used as co-
initiators for the type Il photopolymerization of acrylates. The present account summarizes this new development
for polymerization and boron chemistry. In particular, NHC-boranes are air- and water-tolerant, which enhances
the practicality of the photopolymerizations.
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1. Introduction

Radical photopolymerizations are es-
sential for some industrial applications.
They are used in laser imaging and radia-
tion curing in applications such as inks
and coatings. Radical photopolymeriza-
tions start from irradiation of a photoini-
tiating system (PI). The radicals that are
formed initiate crosslinking polymeriza-
tion.l! There are two distinct types of PIs
(Scheme 1). In type I systems, light irra-
diation directly generates radicals through
homolysis of a suitable bond. Type II sys-
tems first produce the excited triplet state
of the initiator (e.g. benzophenone). The
excited state abstracts a hydrogen atom
from another molecule (the co-initiator),
delivering radicals that can initiate the po-
lymerization.

NHC-boranes are formed from com-
plexation of boranes with N-heterocyclic
carbenes. They form a new family of re-
agents for organic synthesis.?l We have
discovered that NHC-boranes easily give
the corresponding NHC-boryl radicals
through hydrogen abstraction by alkoxyl
radicals.’] We surmised that this would
make them good co-initiators for type II
photopolymerization because the triplet
state of benzophenone obtained through
irradiation behaves similarly to alkoxyl
radicals. In the present account, we review
the reactivity of NHC-boranes as co-ini-
tiators for type II photopolymerization of
acrylates.
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-BuO’ + NHC-BH, — tBuOH + NHC-BH,;

‘BP + NHC-BH, ~ BPH" + NHC-BH,’

NHC-BH," + CH,=CH-CO,Me ~ NHC-BH,~CH,CH()CO,Me

2. Physical Organic Basis for NHC-
Boryl-initiated Polymerizations

The formation of the NHC-boryl radi-
cals can be easily established by ESR-spin
trapping experiments (Fig. 1). A nitroxide
radical is obtained by addition of radicals
onto phenyl-N-tert-butylnitrone (PBN),
whose ESR spectrum can be recorded. For
example, irradiation of 8 (see structures in
Table 1) in the presence of di-fert-butyl-
peroxide and PBN leads to the expected
spin adduct of the NHC-boryl radical,
characterized by a ~15.4; a, ~2.1 G and
a third hyperfine coupling (a, ~4.4 G) di-
rectly associated with the presence of a
boron nucleus.B!

Through the observation of NHC-
boryls in laser flash photolysis, the reac-
tion rate constants for the polymerization
elementary steps, reactions (1)—(3) (where
BP is benzophenone and BPH" is Ph,CH(")
OH), can be easily determined (Table 1).
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B (G)

Fig. 1. ESR spectrum observed for the adduct
of the NHC-boryl radical derived from 8 in tert-
butylbenzene/di-tert-butylperoxide with PBN.
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Comparison of rate constants for reactions
(1) and (2) (k, and k,) would confirm our
initial assumption that the triplet state of
benzophenone could lead to NHC-boryl
radicals through H atom abstraction, while
the rate constant for the addition of NHC-
boryl radicals to the monomer model
methyl acrylate (k_,) is a crucial data to
know, since this is the initiation of the po-
lymerization. A high k_,, value is required
for efficient radical polymerization.

High rate constants were found for the
formation of NHC-boryl radicals (kl, kz),
typically in the 10°~107 M s! range.4-5!
Furthermore, the high reactivity of NHC-
boryl radicals toward electron-poor olefins
means the NHC-boryls are very nucleo-
philic. The rate constants (k) are higher
than those derived from well known po-
lymerization initiating radicals, includ-
ing the aminoalkyl radicals derived from
ethyldimethylaminobenzoate (EDB) or the
benzoyl radicals, whose k ,, are 5.0 x 10°
and 2.7 X 10° M's™!, respectively.l!l NHC-
borane 4 is water-soluble.[®! Interestingly,
its rate constants were not affected by the
presence of water (see below).[”]

2. Photopolymerization of Acrylates
with NHC-Borane Co-initiators

The cross-linking polymerization ki-
netics of different acrylates (trimethylol-
propane triacrylate, TMPTA and ethoxylat-
ed pentaerythritol tetraacrylate, EPT) were
examined by measuring the consumption
of monomer in different type II photoiniti-
ating systems containing NHC-boranes.[!
Benzophenone was used as photoinitiator
to ensure good light absorption properties
in the 300-350 nm range (Scheme 2)

Two kinds of photopolymerization
conditions were examined. In open condi-
tions, films are deposited on a pellet and ir-
radiated. During the process, oxygen from
the air can diffuse into the formulation.
Alternatively, in laminated conditions the
photosensitive formulation is sandwiched
between two polypropylene films to ensure
that no oxygen can enter the medium be-
yond that initially dissolved.

In the absence of NHC-boranes, the
polymerization is negligible in open con-
ditions and a high inhibition time was
found in laminate. Oxygen can quench the
excited state of BP, and trap the various
radicals involved in the polymerizations,
from the initiating species to the radicals
on the growing polymer chains (Scheme
3). A stronger inhibition is expected for
polymerization under air since continu-
ous diffusion of oxygen can keep shutting
down polymerization, whereas in laminate
there is no oxygen once the amount initial-
ly present is consumed. In open conditions,
inhibition can be very persistent (Fig. 2,

Table 1. Rate constants (k., k,) for the formation of the NHC-boryl radicals and rate constants of

17 72

addition of the generated NHC-boryls onto methylacrylate (MA).

Entry NHC-borane k's (fBu-O¢) k* (°BP) k . (NHCB+/MA)
x 100 M's?! x 107 M's? x 106 M's™!
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adetermined in acetonitrile/di-tert-butylperoxide. "ketyl radical quantum yield (f, ) in acetonitrile.

bottom, curve a for a typical example with
NHC-borane 7), while in laminate condi-
tions inhibition periods are generally ob-
served before polymerization sets in (Fig.
2, top, curve a for an example with NHC-
borane 6).

In both conditions the polymeriza-
tions generally start immediately and give

higher conversions when NHC-boranes
are present.

Air-tolerant radical polymerizations
are important from a practical point of
view because they do not require oxygen
exclusion and the polymer could be grown
directly on the desired surfaces and ob-
jects. We thus investigated the mechanism
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Scheme 2. Use of NHC-boranes as type |l photopolymerization

co-initiators.
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Fig. 2. Radical photopolymerization ability of
BP/co-initiator couples (1%/1% w/w; in EPT;
A>300 nm). In laminate (top): (a) only BP; (b)
BP/6. Under air (bottom): (a) BP/ethyldimethyl-
aminobenzoate; (b) BP/7.

for overcoming the inhibition (Scheme
3).14l

Oxygen can react rapidly with NHC-
BH," to give bora-peroxyl radical BO".15!
Intermediate BO" reacts fast with NHC-
BH, to regenerate the initiating NHC-boryl
radical.l4l On the other hand, the electro-
philic peroxyl radicals created by trapping
of the radicals on the growing polymer
chains with oxygen react rapidly with
the polarity matched nucleophilic NHC-
boranes, again regenerating the initiating
NHC-boryl radicals. This turnover main-
tains efficient initiation.

The additional nitrogen atom in NHC-
borane 4 makes this compound very

NHC-boranes.

soluble in water.[®l As a consequence we
extended the NHC-borane-coinitiated type
IT photopolymerizations to water-soluble
monomers.I”l For example, irradiation of
an aqueous solution of hydroxyethyl ac-
rylate (HEA) in the presence of 4 and the
water-soluble initiator 1-chloro-4-hydroxy
thioxanthone led to the formation of PHEA
(M, = 3300 g.mol™", PDI = 3.3, Fig. 3). As
with the other monomers, HEA could not
be photopolymerized without the two-
component system.

wiagitt)

100 1000 10000 100000

Molar Magses (gimal)

Fig. 3. Size-exclusion chromatography (SEC)
analysis of the PHEA synthetized from HEA
with 4 (3% w/w) and 1-chloro-4-hydroxy thio-
xanthone (0.1%).

3. Acceleration of the
Photopolymerizations with
Diphenyliodonium

The addition of diphenyliodonium
hexafluorophosphate (Ph,I* PF,") to the PI
improves the polymerization of acrylates.
The iodonium salt oxidizes the radicals ob-
tained from the co-initiator, delivering the
extremely reactive phenyl radicals, whose
fast addition to acrylates leads to an im-
proved initiation (Scheme 4).

One sterically hindered NHC-boryl
radical was oxidized electrochemically
to the corresponding borenium.[8! We

Scheme 3. Proposed mechanism for overcoming oxygen inhibition by

showed that the NHC-boryl radicals were
chemically oxidized to the boreniums at
a rate close to diffusion control.[*3] As a
consequence, the polymerization rate was
strongly increased for all NHC-boranes
(Fig. 4). In contrast to BP/EDB/Ph,I* PF -
formulations, in which the amine compo-
nent can react with the iodonium salt, the
BP/NHC-borane/Ph,I* PF,~ formulations
are stable for more than one week at rt.

4. Conclusion

NHC-boranes are a class of excellent
co-initiators for free radical photopoly-
merization of acrylates. They are attractive
for practical applications because they are
compatible with both air and water thanks
to the properties of boron radicals. The
strength of the carbene—boron bond and
the stability of the NHC-boranes are the
keys to their use as reagents first in mo-
lecular chemistry, and now also in polymer
synthesis. We believe this can only further
develop in the near future.
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