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ABSTRACT

Metallocene-induced photopolymerization of cyanoacrylates based on electron transfer processes
has been proposed as an alternative to more conventional light-curing strategies relying on
photobase generators. However, successful application of this methodology has so far only been

achieved for very reactive cyanoacrylates under UV illumination and long irradiation times,



which eventually hampers its practical use. To overcome these limitations, we describe in this
work the use of electron-rich polymethylferrocenes as photoinitiators, with which fast light-
induced polymerization of commercial formulations of less reactive, but more relevant long alkyl
chain cyanoacrylates has been accomplished by illumination with visible and even near-infrared
light. In addition, generalization of this technology to other electron-deficient, non-cyanoacrylate
monomers has been demonstrated. The low oxidation potential of polymethylferrocenes accounts
for these excellent results, which strongly favors the formation of radical anions by electron
transfer that initiate the polymerization reaction. Because of the high molecular weight and
superior adhesive behavior of the resulting polymer materials as well as the facile access to
polymethylferrocenes, they emerge as very attractive photoinitiators for the light-curing of

cyanoacrylate (and other) glues in real applications.

INTRODUCTION

Photopolymerization has become a very popular strategy in macromolecular synthesis! that is
currently exploited in a number of practical applications (e.g. dental fillings,’ 3D printing®’ and
adhesives®). Among the different types of photochemical reactions employed in this area,
photoinduced electron transfer (PET) processes are gaining increasing importance due to their
capacity to not only initiate polymerization processes, but also to accurately control the
molecular weight, monomer sequence and structure of the final macromolecules.” As a result,
PET has been profusely explored to conduct radical, cationic and even step-growth
polymerizations; however, their use in anionic polymerization reactions has been so far very

scarce.9



One of the few examples described of PET-induced anionic polymerization is the light-curing
of cyanoacrylates (CA), well-known adhesives for the industrial and consumer markets'®!? that
are finding application in other emerging areas (e.g. in the medical, veterinary and cosmetic
fields'3!5). When irradiating cyanoacrylate solutions of ferrocene or ruthenocene, electrons are
transferred from the metallocenes to the surrounding monomers, which generates CA*" radical

anions that are capable of initiating the polymerization process,'®!’

as supported by
computational calculations.!® Because of the simplicity of this mechanism and the low thermal
reactivity, cost and toxicity of ferrocene,'” this methodology would be an excellent alternative to
more traditional cyanoacrylate photopolymerization strategies relying on photobase

20-28

generators, which require the use of organometallic complexes of low biocompatibility

metals (e.g. chromium, platinum or tungsten),?’??> poorly stable photoinitiator-monomer

7 and/or the previous synthesis of photoinitiators.??>?® Unfortunately, ferrocene-

mixtures,’
induced photopolymerization of cyanoacrylates has only shown to work for short alkyl chain,
very reactive monomers under UV illumination and relatively long irradiation times,'¢ thus
severely compromising its practical use. For this methodology to have a true impact on light-
controlled CA-based adhesives curing (e.g. for biomedical applications'>-%), it should allow for
short adhesion setting times under visible light irradiation when applied to long alkyl chain, less
reactive monomers with superior properties. This is the case of butyl 2-cyanoacrylate and 2-octyl
2-cyanoacrylate, which possess lower toxicity, higher viscosity, and larger stability and
flexibility upon curing.!0-11:13

To reach these objectives we investigated herein the use of polymethylferrocenes, electron-

rich ferrocene derivatives that should be more prone to undergo PET processes with cyanoacrylates

under irradiation and, as such, favor CA*” formation and subsequent polymerization. In particular,



we considered the use of three different ferrocene-based photoinitiators (1,1’-dimethylferrocene,
Me:-Fc; octamethylferrocene, Mes-Fe¢; decamethylferrocene, Mejo-Fc), which together with
pristine ferrocene (Fe¢) were applied to the light-induced curing of a diversity of CAs: highly
reactive ethyl 2-cyanoacrylate (ECA) and less reactive butyl 2-cyanoacrylate (BCA), hexyl 2-
cyanoacrylate (HCA) and 2-octyl 2-cyanoacrylate (OCA, Scheme 1). Detailed mechanistic
studies were conducted to rationalize the light-induced reactivity observed for the resulting
photoinitiator-monomer mixtures and, in an attempt to broaden the scope of this methodology,

its application to other, non-cyanoacrylate systems was also explored.
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Scheme 1. Metallocenes and reactive monomers investigated in this work to accomplish PET-

induced polymerization of cyanoacrylates.

EXPERIMENTAL SECTION

Materials and general methods. Reagents and solvents for the synthesis of Mes-Fc¢ and

photoinitiators Fc, Me;-F¢ and Mejo-Fe¢ were purchased and used without further purification.



When required, solvents were dried using standard procedures. Reactions requiring an inert
atmosphere were conducted under nitrogen or argon using standard Schlenk techniques. Reactive
monomers ECA, BCA, HCA, OCA and diethyl methylenemalonate were provided by Cuantum
Medical Cosmetics S.L. and employed as received, whereas tetrahydrofurfuryl acrylate was
acquired commercially and passed through a short silica pad to remove the excess of radical
stabilizer before use. NMR spectra were recorded using a Bruker spectrometer DXP360 (360
MHz ('H); 90 MHz ('3C), respectively). 'H and *C chemical shifts are reported in ppm relative
to tetramethylsilane, using residual proton and '*C resonances from solvent as internal standards.
Infrared spectra were recorded using a Bruker Tensor 27 instrument equipped with an ATR

Golden Gate cell and a diamond window.

Synthesis of Meg-Fe. This compound was prepared from commercially available products
according to a reported procedure®® (90% yield). '"H NMR (360 MHz, CDCl3): J 3.41 (s, 2H),

1.81 (s, 12H), 1.76 (s, 12H). 3C NMR (90 MHz, CDCls): 6 80.4, 80.3, 70.8, 11.8, 9.8.

Electro-optical characterization. Steady-state UV-vis absorption measurements were recorded
on a HP 8453 spectrophotometer using 1 cm-thick quartz cuvettes in acetonitrile (HPLC quality).
Cyclic voltammograms were registered using a CHI600E potentiostat and a conical
electrochemical cell equipped with an argon bubbling source for degassing, a glassy carbon
working electrode (WE, d = 1.02 mm), a glassy carbon auxiliary electrode (CE, d =3 mm) and a
saturated calomel reference electrode (SCE). All the potentials are reported versus a SCE
isolated from the working electrode by a salt bridge. Spectroelectrochemical experiments were
performed in a 0.33 mm thin layer quartz glass cell using platinum gauze and platinum wire as
working and counter electrodes, respectively, whereas a SCE was used as a reference electrode.

A PC-controlled VSP-Potentiostat synchronized with an MMS-UV-vis high speed diode array



spectrometer with a bandwidth of 300—1100 nm and a deuterium/tungsten light source coupled to
an optical fiber was employed to register the spectroelectrochemical measurements. Each
spectrum was recorded after 0.05 s. BioKine32 software was used for data acquisition and
treatment. Electrolysis experiments at controlled potentials were undertaken with an EG&G
Princeton Applied Research (PAR) 273 A potentiostat and an electrochemical cell equipped with
an argon bubbling source. The cell consisted in a 25 mL cylindrical vessel made of vitreous
carbon (working electrode), to which an auxiliary platinum electrode and a SCE reference
electrode were added. All these electrochemical measurements were performed in dry
acetonitrile solution containing 0.1 M of n-BusNPFs as a supporting electrolyte. To prevent
undesired thermal cyanoacrylate polymerization, all glass material used in these experiments was

previously passivated with acid.

Stabilization of monomers. The batches of CA monomers and diethyl methylenemalonate
received were already loaded with certain amounts of acid and radical stabilizers. To estimate the
quantity of acid stabilizers in these samples that could interfere with their anionic
photopolymerization reaction, a viscosity acid value determination (AVD) technique previously
described®® was employed. In this technique, a solution of a tertiary amine is mixed quickly with
0.5 mL of a chosen reactive monomer. The resulting mixture is manually stirred with a wooden
stick until it cannot be separated from the mixture anymore, as it gets stuck in it. The time
elapsed between the mixing and the sticking is defined as t4vp. tavp is used to quantify the
amount of acid stabilizers, which were found to be different for each type of reactive monomer

(Table S1).

Photopolymerization experiments. To study the light-induced polymerization of the reactive

monomers, calorimetric experiments were performed. In each of these experiments, a closed



polypropylene well (diameter: 9 mm) was filled with 100 pL of a liquid monomer where the
photoinitiator of choice had been previously dissolved (typically, 0.5 10 M). The sample was
then irradiated with a hand-held LED (A = 420 nm, power = 46 mW cm, photon flux = 1.1 10”7
Einstein s™) or a cw diode laser (Aexe = 780 nm, power = 320 mW cm™, photon flux = 5.2 10~
Einstein s ) and its temperature was monitored with an infrared probe and recorded every second
until minimal thermal changes were observed. In all the cases, an increase of temperature
(typically, AT = 8-18 °C) was observed as a consequence of CA polymerization, which is a
strongly exothermic process. To estimate the time period needed for photopolymerization to
occur, we determined the time at which the sample temperature rise was half of the overall
increase observed during the calorimetric experiment (i.e. when T = To + 0.5 AT, #photo). Because
of the sigmoidal shape mostly observed for temperature variation in these experiments, fphoto can
be assigned to the time at which the thermal change is higher and, assuming fast heat diffusion
for the small sample volume, at which polymerization reaction rate reaches its maximum.
Several replicates (n = 3) were conducted for each monomer-photoinitiator pair and reproducible
fphoto Values were retrieved. Additional calorimetric experiments were undertaken where a small
Teflon stirring bar was added to the polypropylene well (~ 50 rpm), which was found to stop
spinning when the sample became viscous enough as a result of photopolymerization. In all the
cases, this phenomenon was observed to occur slightly before #noto (~ 3-8 s), since a relatively
small increase in viscosity is enough to prevent it>! Finally, we also monitored the
photopolymerization of BCA with Mejo-Fe¢ by means of IR spectroscopy. To this end, the ATR-
IR spectra of BCA monomer, a fully cured BCA+Mejo-F¢ mixture and a BCA+Mejo-Fc
mixture at fphoto Were acquired in the same conditions. The integrals (/) of the peaks at 3128 cm’!

(=C-H stretching band) and 2985 cm™ (-C-H stretching band) were compared. For BCA,



D128/Iess = 0.167; for the fully cured BCA+Meqo-Fe¢ mixture, l3128/12985 = 0 as the peak at 3128
cm’! is not present; for a BCA+Mejo-Fc mixture at fphoto, /3128/12085 = 0.035. From this data we

estimated that in the latter case the mixture is composed by 79% polymer and 21% monomer.

Thermal polymerization experiments. For sake of comparison with the results of the
photopolymerization experiments, thermal polymerization of monomers was also conducted by
simply adding 0.5 mL of each monomer between two non-passivated glass plates and storing the

sample at room temperature and in the dark for the appropriate time (typically, overnight).

Characterization of polymers. The molecular weight distribution of thermally- and light-cured
polymers was determined by gel permeation chromatography (GPC) using an Agilent
Technologies 1260 Infinity chromatograph and THF as a solvent. The instrument is equipped
with three gel columns: PLgel 5 um Guard/50x7.5 mm, PLgel 5 um 10000 A MW 4K—400K,
and PL Mixed gel C 5 um MW 200—3M. Calibration was made by using PMMA standards. In
each experiment, the freshly-prepared polymer sample of interest was dissolved (5 mg/mL) in
THF containing 0.05% methanesulfonic acid and immediately analyzed by GPC (1 mL/min
flow; 30 °C column temperature). Methanesulfonic acid was added to slow down
depolymerization, a well-known process that affects polycyanoacrylates even in the solid state

and leads to the formation of low molecular weight "daughter" polymer chains over time.>

Adhesion tests. The adhesion tests were carried out following the specifications of the “ISO
4587 Adhesives Tensile Lap Shear Strength Rigid to Rigid” standard method, using an Instron
3366 instrument. They were performed on poly(methyl methacrylate) rectangular cuboid (100 x
20 x 2 mm) specimens bound with 25 pL of different adhesives: neat ECA, BCA and OCA and

0.5 10" M solutions of Mejo-Fc in ECA, BCA and OCA. The lap joint area was approximately



100 mm?. In the case of the monomer-Mejo-Fc mixtures, the specimens were clamped together
and the lap joint area was irradiated at 420 nm (power = 46 mW cm) during 2 minutes, and then
they were left standing during 30 min or 24 h. In the case of neat cyanoacrylates, the specimens
were clamped together after the application of the adhesive, and left standing during 30 min or

24 h.

RESULTS AND DISCUSSION

Electro-optical properties of ferrocene-based photoinitiators for cyanoacrylate
polymerization. Although free radical initiation of cyanoacrylate polymerization has also been
described,*? it normally proceeds via an anionic (or zwitterionic) mechanism due to the presence
of strong electron-withdrawing substituents in CA monomers, which make their carbon-carbon
double bond very reactive with nucleophiles.!®!' As a result, these monomers are electron-
deficient and must actuate as good electron acceptors in PET processes. To corroborate this
behavior, the reduction potentials of ECA, BCA, HCA and OCA were determined from cyclic
voltammetry measurements (Table 1 and Figure S1). In all the cases, a one-electron irreversible
reduction wave was registered at rather low potentials, the value of which showed little variation
with the length of the monomer side alkyl chain (Ered ~ -1.6 V vs SCE in acetonitrile). In view of
these results, all the cyanoacrylates considered in this work could undergo photoinduced electron
transfer reactions when placed in contact with good electron donors. This is the case of

161734 which presents a low oxidation potential (Eox ~ +0.50 vs SCE in acetonitrile).

ferrocene,
This behavior is further enhanced in electron-rich ferrocene derivatives such as

polyalkylferrocenes, the reason for which we explored the use of these compounds as electron

donors for PET-induced polymerization of cyanoacrylates.



Table 1. Electro-optical properties of CA monomers and ferrocene-based photoinitiators®

Compound Ered (Vvs SCE)Y”  Eox (V vs SCE)° Aabs,max (nm)? Singnsax (M em™)
ECA - 1.54 ; e ;

BCA - 1.65 - e -

HCA -1.55 - =€ -

OCA -1.62 - -e -

Fe i +0.50 441 99
Me:-Fc - +0.24 438 107
Mes-Fc - -0.06 426 116
Mejo-Fc - -0.15 424 112

“ In acetonitrile at room temperature. 0.1 M of n-BusNPFs was added in the electrochemical
measurements as a supporting electrolyte. ® Ered corresponds to the cathodic peak potential at 0.5
V sl ¢ Eox corresponds to the half-wave anodic potential at 0.5 V s, ¢ Spectral maxima of the
absorption band in the visible spectrum. ¢ CA monomers show no absorption in the visible
spectrum (Figure S2)./ Because of solubility issues, a 1:1 acetonitrile:toluene mixture was used
as a solvent in this case.

In particular, we focused our attention on Mez-Fe¢, Mes-Fc and Mejo-Fc since they (a) are
commercially available (Mez-F¢ and Mejo-Fc) or can be easily prepared (Mes-Fc),> and (b)
present different oxidation potentials, which allowed us to analyze the effect of their electron
donor properties on the PET-driven curing of cyanoacrylates. Indeed, our cyclic voltammetry
measurements showed that these compounds exhibit a one-electron reversible oxidation wave
whose half-wave potential decreases with the number of electron-donating methyl substituents
(Table 1 and Figure 1a). By contrast, smaller differences were found in their optical properties

and a weak absorption band in the visible region (Aabsmax ~ 430 nm) was registered for all the

10



metallocenes investigated in organic solution (Table 1 and Figure 1b and S3). Importantly, this
could allow CA photopolymerization using these compounds to be triggered with visible light,

an essential condition for potential applications in the medical and cosmetic fields.
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Figure 1. (a) Cyclic voltammograms of Fe, Mez-Fe, Mes-Fe and Mepo-Fe (¢ ~ 3 10 M) in

acetonitrile (+ 0.1 M n-BusNPF; scan rate = 0.5 V s!). To ensure good solubility for Mejo-Fe, a

11



1:1 mixture of acetonitrile and toluene was employed as a solvent in this case. (b) Absorption

spectra of Fc, Me;-Fc, Mes-Fe and Mejo-Fe in acetonitrile (¢ = 1-107 M).

On the basis of the electro-optical properties determined for cyanoacrylates and metallocenes,
the thermodynamics of the photoinduced electron transfer processes between them to generate
the corresponding CA* and ferrocinium ions (AGrer) was evaluated using Rehm-Weller
equation.9 In all the cases considered, negative AGrer values were estimated in acetonitrile
solution (AGreT < -0.3 eV, Table S2-S3), which were about 0.1, 0.3 and 0.4 eV larger for Me;-
Fc, Mes-Fc and Mejo-Fc with respect to Fe. Although slightly less negative figures are expected
in the absence of solvent when metallocenes are dissolved in less polar neat cyanoacrylates, our
results corroborate the feasibility of light-promoted charge transfer between monomers and
photoinitiators, especially for electron-rich ferrocenes. However, it must be noted that the
occurrence of PET does not warrant by itself efficient photopolymerization; it is also required
that nucleophilic addition of the CA*" species generated on nearby monomers takes place before

charge recombination occurs to recover the initial cyanoacrylate and ferrocene compounds.

Cyanoacrylate polymerization with ferrocene-based photoinitiators. As mentioned above, a
wide range of cyanoacrylate monomers were explored to evaluate the scope of the ferrocene-
based, PET-driven photopolymerization process investigated in this work. Aiming to develop
light-curing methodologies that could be used in real applications, we tested the commercial
monomer samples as received and no prior purification step was undertaken to remove the
radical scavengers (e.g. butylated hydroxytoluene) and acids (e.g. sulfur dioxide) that are
required in CA formulations to prevent premature radical and anionic polymerization,

respectively. Although we estimated the amount of acid stabilizers for each monomer by viscosity

12



acid value determination measurements (favp, Table S1),’° it must be noted that the results
obtained were biased by the differential reactivity of these compounds. Actually, this explains
why the largest zavp values were found for low-reactivity cyanoacrylates HCA and OCA.

To assess the efficacy of cyanoacrylate photopolymerization with ferrocene derivatives,
calorimetric measurements were performed to enable simple, fast and repetitive in situ analysis
for multiple monomer-photoinitiator combinations.?® In these experiments very small volumes
(100 pL) of rather diluted metallocene solutions in liquid cyanoacrylate (typically, 0.5 10 M)
were irradiated with blue light (Aexe = 420 nm), and the changes in temperature arising from
exothermic CA polymerization were monitored. The time at which each sample reached half of
the overall thermal increase associated with polymer curing (fphoto) Was then taken to quantify
photopolymerization efficiency, which gives comparable results to other analysis methods (e.g.
viscosity or IR measurements (Figure S4)).28

Figures 2 and S5 show the photopolymerization exotherms measured for different CA-
metallocene pairs, whereas the corresponding fphoto values determined are given in Table 2. When
using ferrocene as a photoinitiator, no polymerization was observed for any of the monomers
tested even after prolonged irradiation with blue light (30 min), in agreement with previous
works that had only reported UV-induced curing of ECA-Fe¢ mixtures.'®!” However, after a 5-
fold increase in Fe concentration (2.5 10~ M), slow photopolymerization could be achieved for
highly reactive ECA, thus suggesting the viability of metallocene-based CA curing with visible
light. This was further proven when employing methylated ferrocene derivatives with lower
oxidation potentials. On one hand, polymerization of not only ECA but also BCA could be
accomplished under continuous blue light illumination with 0.5 10~ M Me;-Fe, though at rather

long time scales (~ 11-30 min). More interestingly, the use of electron-richer ferrocene

13



derivatives Mes-Fc and, especially, Mejo-Fe led to fast CA curing at ¢ = 0.5 10> M and Aexe =
420 nm even for low-reactivity monomers HCA and OCA. Actually, solid, tack-free polymeric
materials were obtained with these photoinitiators after 2-3 min of blue light illumination in all
the cases (Figure 2), which showed no presence of residual, unreacted monomer signals when
analyzed by 'H NMR (Figure S6). By contrast, no polymerization was observed under the same
conditions in the dark (or in the absence of the metallocene). In fact, to thermally polymerize
small volumes (~ 1 mL) of the cyanoacrylates under study inside non-treated glass vials, they
had to be exposed to ambient conditions for several hours (ECA) or days (BCA, HCA and
OCA), while their mixtures with Mes-Fc¢ and Mejo-Fc¢ were stable for times that varied from 6
hours (Mejo-Fc in ECA) to 5 days (Mes-Fc in OCA) when stored in closed, opaque
polypropylene bottles. Therefore, our results demonstrate the capacity of polymethylferrocenes
to trigger the photopolymerization of technologically-relevant cyanoacrylates at very mild
conditions (i.e. low concentrations, visible light irradiation and fast curing times), thus paving

the way to their application for the development of light-curable CA formulations.
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Figure 2. Photopolymerization exotherms of cyanoacrylate monomers containing 0.5 107 M
Meio-Fe (hexc = 420 nm, power = 46 mW cm?). The inset shows photographs of the polymers

obtained for ECA and OCA.

Table 2. Photopolymerization times (fhoto) for different monomer-photoinitiator pairs®®<

Monomer Fc Me:-Fe Mes-Fe Meio-Fe
ECA n.o. (719 £ 8 s9) 791£5s 59+1s 50£3s
BCA n.o. 1760 £ 13 s 93+3s 85+2s
HCA n.o n.o. 153+6s 118 £3s
0OCA n.o. n.o. 164+5s 140+ 5s

n.o. = not observed after 30 min irradiation. * Determined as the time at which half of
the overall thermal increase is reached for the exotherms registered for each sample
while being subjected to continuous irradiation (Aexe = 420 nm, power = 46 mW cm™);
average of 3 independent measurements. ° cphoroinitiaior = 0.5 10 M. ¢ In the absence of
irradiation, polymerization of the light-reactive monomer-photoinitiator mixtures was
not observed for at least 3 hours. ¢ cphotomitiator = 2.5 107> M.

To evaluate the influence of ferrocene-based photopolymerization on the properties of the
cyanoacrylate materials generated, we determined their molecular weight distribution by gel
permeation chromatography. In particular, we focused on the case of Mejo-Fc¢, with which all the
monomers tested could be light-cured, and treated the polymers obtained with acid prior to GPC
analysis to prevent depolymerization processes that could affect the molecular weight
distributions measured.*> As shown in Table 3 and Figure S7, similar results were found for
light- and thermally-cured cyanoacrylates, both in terms of number average molecular weights

(Mhn) and polydispersities (D). Actually, for the more relevant monomers BCA, HCA and OCA,
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photopolymerization afforded materials with slightly higher Mn and, even better, much lower P
values, an indicator of polymer quality that typically requires faster initiation than propagation
processes during polymerization.® In addition, this demonstrates that no detrimental effects in
polymer chain length arise from the much faster polymerization times achieved upon irradiation
of the organometallic photoinitiators. Consequently, the excellent adhesive properties of

cyanoacrylates must be preserved when applying this photopolymerization technology.

Table 3. Number average molecular weight (Mn, g mol™!) and dispersity (D) of CA polymers®

Monomer Mejo-Fc photoinitiation Thermal’

ECA 4.00-10* (1.97) 5.79-10* (2.00)
BCA 5.82-10° (1.50) 3.40-10° (2.21)
HCA 1.00-108(1.15) 3.08:10°(2.63)
0OCA 9.67-10° (1.15) 3.15-10° (2.46)

“ As determined by GPC for freshly prepared polymers, which were photogenerated as
described in Table 2; calibration made by using PMMA standards. P values shown in
parentheses. ” Glass-initiated thermal polymerization under ambient conditions (24 hours).

To corroborate this conclusion, we carried out adhesion tests on poly(methyl methacrylate)
(PMMA) substrates, for which we also selected the most active photoinitiator investigated
(Mejo-Fc). In these experiments we determined the maximum tensile strength (omax) needed to
detach two strips of PMMA previously glued with ECA, BCA or OCA either thermally or
photochemically. As shown in Table 4, photoinduced adhesion efficiently took place after just 2
min irradiation for more reactive monomers ECA and BCA and, in fact, 6max values measured in

this case corresponded to substrate failure instead of adhesive debonding. By contrast, only partial

16



thermal curing was observed after 30 min with ECA, whereas no gluing occurred for BCA.
Effective thermal adhesion required a much longer period for these two monomers (24 h), only
after which mechanical substrate failure was registered in our measurements. As for less-reactive
OCA, thermal gluing was not achieved even after 24 hours, while photopolymerization with
Meio-Fc afforded a good adhesion strength after only 2 minutes of blue light illumination, thus

again demonstrating the superior curing performance of irradiated CA-metallocene mixtures.

Table 4. Mechanical performance of thermally- and photochemically-cured CA adhesives.

Adhesive Omax at 30 min (MPa) ¢ Omax at 24 h (MPa)“
ECA 1.42+0.48 554+0.51°¢
ECA+Mejo-Fe® 9.38+0.43°¢ 829+0.82°¢
BCA n.d.? 5.02+1.18¢
BCA+Mejo-Fe® 5.66+0.39 ¢ 5.61 £0.60 ¢
OCA n.d.? n.d.?
OCA+Mej-Fe® 3.33+0.17 2.84+0.28

¢ Maximum tensile strength registered 30 min and 24 h after gluing two PMMA
plates; average of three replicates. * cwmeto-re = 0.5 10 M; irradiation conditions: 420
nm, 46 mW cm?, 2 min. ¢ omax corresponding to substrate failure instead of
detachment. ¢ not determined because the mix was not cured.

Mechanism of cyanoacrylate polymerization with ferrocene-based photoinitiators. Previous
works on the light-induced curing of ECA using Fe attributed this process to the formation of
UV-absorbing charge-transfer (CT) complexes between these two species, the irradiation of
which resulted in electron transfer, CA®" generation and posterior anionic polymerization.'®!” To
unravel whether this mechanism also operates when using polymethylferrocenes as

photoinitiators, herein we investigated two main aspects: (a) the formation of CT complexes by

17



interaction between cyanoacrylates and electron-rich ferrocene derivatives; (b) the capacity of
CA® radical anions to initiate cyanoacrylate anionic polymerization, which had only been
proposed theoretically.!® These studies were mainly conducted on ECA-Mejo-Fe mixtures, the
most reactive monomer-photoinitiator pair identified in this work.

As discussed above, photoinduced electron transfer between ECA and Mejo-Fc (as well as for
the rest of CA monomers and metallocenes tested) must be thermodynamically allowed under
blue light irradiation based on the electro-optical properties of these compounds. This implies
that, after photoexcitation of Mejo-Fc, an electron can be transferred from its excited state
towards ECA molecules provided that they lie in the close vicinity, a very plausible hypothesis
for metallocene solutions in neat cyanoacrylate. Alternatively, if nearby ECA and Mejo-Fec
molecules are strongly electronically coupled, CT complexes can also be formed, the excitation
of which directly leads to electron transfer and formation of ECA®" and Mejo-Fc* ions. Because
these complexes present characteristic absorption bands that differ from those of their separate
constituting units,** we investigated the spectral changes occurring when dissolving Meo-Fc in
ECA (Figure 3). Two main differences were observed with respect to metallocene solutions in
standard organic solvents, which can be ascribed to the formation of CT complexes between
ferrocenes and electron acceptors™ (e.g. 1,4-quinone derivatives*® or tetracyanoethylene®’): (a)
broadening and increase in the intensity of the absorption band at Aabs,max ~ 420 nm arising from
Meio-Fe, and (b) appearance of a new absorption peak at Aabsmax ~ 790 nm. Interestingly, the
latter resembles the absorption of Mejo-Fc¢* in the near-infrared region of the spectrum (Figure
S8), a behavior that is typically attributed to ferrocene-electron acceptor complexes where

radical-ion pair formation is favored after electron transfer.?’
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Figure 3. Absorption spectra of Mejo-Fe in neat acetonitrile (c = 1-10* M) and after adding an

excess of ECA (¢ =0.6 M).

Similar spectral features were registered for most of the polymethylferrocene-cyanoacrylate
pairs that underwent photopolymerization in this work (Figure S9). Based on this absorption data
and assuming a 1:1 stoichiometry, the formation constants (Ka.) for the complexes formed
between these electron-donating and electron-accepting species were determined by means of the
Benesi-Hildebrand method (Table S4).37 As previously reported for other ferrocene-electron
acceptor mixtures,’’ rather small values were found in all the cases (Ka < 0.5 M), which
however fairly correlated with the photopolymerization results: the larger Ka, the shorter #photo.
Actually, it must be noted that, at the high concentrations employed in the photopolymerization
experiments (i.e. neat cyanoacrylate), a significant fraction of the photoinitiating ferrocene
molecules are expected to be involved in the formation of charge-transfer complexes with

cyanoacrylate monomers despite the low Ka values estimated (up to 57% for ECA-Mejo-Fc,
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Table S4). As such, they should play a crucial role in the light-induced polymerization processes

observed.

To further confirm this conclusion, photopolymerization of ECA-Mejo-F¢ mixtures was
attempted at Aexe = 780 nm, a near-infrared wavelength that is not absorbed by the metallocene
but only by the species derived from CT complex formation. Remarkably, light-induced
cyanoacrylate curing also took place under these illumination conditions, although with a longer
time with respect to blue light irradiation that we mainly ascribed to the lower absorption at 780
nm (fphoto = 281 s, Figure S10). This result does not only support the assignment of ferrocene-
induced photopolymerization of cyanoacrylates to photoinduced electron transfer, but also opens
new avenues to the application of this technology, since excitation with IR light is highly
preferred for many uses due to the its larger penetration depth into materials with lower
photodamage.®® Actually, to our knowledge, this work constitutes the first report of CA light-

curing accomplished with near-infrared radiation.

Once proven the occurrence of PET between ECA and Mejo-Fe, we also investigated whether
the CA®" radical anions generated through this process could trigger cyanoacrylate anionic
polymerization, as suggested by theoretical calculations.'® In a first step, we conducted
electrolytic experiments to demonstrate the capacity to induce ECA curing under reductive
conditions (i.e. upon electrochemical generation of ECA®"). Interestingly, when a controlled
potential electrolysis at -2.1 V (vs SCE) was performed, the formation of a thin layer of an off-
white material onto the working electrode was observed after the passage of 1 F, which we found
to consist of a mixture of low-molecular weight ECA polymers and the supporting electrolyte
used (Figure S11). Therefore, this uncovered the feasibility of initiating cyanoacrylate

polymerization by means of ECA®" ions.
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Next, we focused on the analysis of the polymerization mechanism for this process. For this,
we carried out new light-induced curing experiments with increasing amounts of a strong acid
(methanesulfonic acid, MSA), which can inhibit both the anionic initiating species and the
reactive anionic sites on polymers by protonation. As shown in Figure 4, very small additions of
MSA (~ few ppm) drastically slowed down the photopolymerization reaction, thus
demonstrating that it proceeded through an anionic mechanism (Scheme S1). Actually, when
analogous measurements were performed using a radical scavenger (butylated hydroxyanisole,
BHA), much larger quantities were required to observe a detrimental effect on light-curing
efficiency (~ thousands of ppm, Figure S12), which allowed us corroborating: (a) the very minor
contribution of the radical mechanism to the polymerization process, as expected from the
experiments performed with MSA; (b) the radical nature of the actual initiating species of
cyanoacrylate curing (i.e. ECA®*), which may be eventually quenched by addition of high
concentrations of radical stabilizers. It must be noted that, however, such species cannot prevent
propagation reactions on the anionic sites of polymer chains, since they become increasingly
separated from the radical sites as the system grows (Scheme S1). Therefore, interaction between
the radical sites in growing polymers and radical scavengers should not inhibit polymerization by

anion addition on new monometrs.
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Figure 4. (a) Photopolymerization exotherms of ECA containing 0.5 10 M Mejo-Fc (Lexc = 420
nm, power = 46 mW cm) and increasing amounts of an acid stabilizer (methanesulfonic acid,
added from a 50 ppm stock solution in neat ECA). (b) Variation of fphoto in these experiments

with the concentration of MSA added.

Generalization of ferrocene-based photoinitiaton to other monomers. In view of the capacity
of polymethylferrocenes to provide fast photoinduced curing of cyanoacrylates with visible (and
even infrared) light, we explored the use of this technology to other monomers. Because of the

double radical and anionic nature of the initiating species produced in this case (e.g. ECA*®),
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both radical and anionic polymerizations could in principle be realized. However, an important
requirement must be met by the reactive monomers: they should present electron-deficient
olefins capable to undergo photoinduced electron transfer with electron-rich ferrocenes. For this
reason we focus our attention on acrylate monomers, where the presence of one (or more)
electron-withdrawing ester groups may decrease their reduction potential enough as to favor PET
with the best of the photoinitiators established in this work (Meio-Fe¢). In particular, we tested
two different monomers: (a) tetrahydrofurfuryl acrylate (THFA), a regular acrylate monomer
that is known to polymerize via a radical mechanism;* (b) diethyl methylenemalonate
(diEtMM) bearing two ester groups connected to its carbon-carbon double bond, which favors
nucleophilic conjugated addition and, as such, anionic polymerization*’ (Scheme 2). In addition,
the bisoxycarbonyl substitution pattern of diEtMM significantly reduces its reduction potential
with respect to THFA (Ered =-1.74 and -2.19 V vs SCE in acetonitrile, respectively; Figure S13),
thus making its electrochemical behavior more similar to that of CA monomers (Ered ~ -1.6 Vs
SCE). Nonetheless, photoinduced electron transfer from Mejp-Fe to diEtMM and THFA is
expected to be thermodynamically favored in both cases (AGper = -0.74 and -0.29 eV in

acetonitrile, respectively).

0] O O
Cﬁoﬂ? Ao
0]
THFA diEtMM

Scheme 2 Acrylate monomers tested to accomplish PET-induced polymerization using

polymethylferrocenes.
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Calorimetric studies were conducted to test the photopolymerization of THFA and diEtMM
using Mejo-Fc under blue light irradiation (Aexe = 420 nm). In the case of THFA no light-
induced curing was observed, not even under very long irradiation times (up to 3000 s), large
photoinitiator concentrations (up to 30 103 M) or after purifying the commercially received
monomer to minimize the amount of radical stabilizers in the reaction mixture. Two main factors
could account for this result: (a) the less favorable reduction potential of THFA, which must
reduce its capacity to undergo electron transfer with Mejo-Fe¢ under irradiation and favor the
reverse charge recombination process, thus decreasing the concentration and lifetime of THFA®*-
ions; (b) the poor (or no) reactivity of these ions with THFA monomers via a radical addition

mechanism, which should initiate the polymerization process.

By contrast, ferrocene-induced photopolymerization was achieved for diEtMM, which
resulted in tack-free polymer materials with similar molecular weight distributions to those
obtained thermally (Figures 5 and S14-15). In this case, however, larger photoinitiator
concentrations (cmeto-re = 30-10 M) and illumination times (fphoto = 431 £ 29 s) were required
with respect to cyanoacrylates. We mainly attributed this behavior to: (a) the lower reactivity of
diEtMM in nucleophilic conjugated addition processes, as already reported*’ and illustrated by
the very high favp value determined for the particular monomer sample used in our work (zavp >
3600 h, Table S1); (b) the lower electronic interaction with ferrocene molecules, as revealed by
the absence of spectral features in the absorption spectrum of diEtMM-Mejo-Fc mixtures that
were indicative of charge-transfer complex formation. In addition, because of the slightly larger
reduction potential of diEtMM with respect to cyanoacrylates, charge recombination to recover
the initial diEtMM and Meyo-Fc species after PET must be more favored in this case, thus

strongly competing with the slow addition of diEtMM?*" to monomers to start the polymerization
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reaction. In spite of this, our results demonstrate that electron-rich polymethylferrocenes can be
applied to light-cure electron-deficient olefins other than cyanoacrylates with visible radiation,

thus broadening the scope of the photopolymerization technology introduced in this work.
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Figure 5. Photopolymerization exotherm of diEtMM containing 30 mM Meio-Fc (Aexe = 420

nm, power = 46 mW cm). The inset shows a photograph of the polymer material obtained.

CONCLUSIONS

In this work we described a new strategy to accomplish cyanoacrylate photopolymerization
based on the use of electron-rich polymethylferrocenes. Upon irradiation of these compounds,
radical anions of the cyanoacrylate monomers are formed by electron transfer that are capable to
initiate the polymerization reaction. In this way, very fast, on demand polymer curing was
achieved even for poorly reactive, but biologically-relevant long alkyl chain cyanoacrylates

using low intensity visible light and photoinitiator loadings (< 1 10> M). This is in contrast to the
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photoinitiator behavior so far reported for other metallocenes, which only allowed
polymerization of highly reactive cyanoacrylates by means of UV radiation and rather long
illumination times. Actually, for the most active photoinitiator identified herein, cyanoacrylate
photopolymerization could be accomplished for the first time with near-infrared light, while it
could also be successfully applied to photocure other electron-deficient, non-cyanoacrylate
monomers. No detrimental effects on the molecular weight of the resulting polymer materials
obtained were observed, which preserved their superior adhesive properties. These excellent
features, in combination with the low cost or ease of preparation of the initiators, make the
photopolymerization strategy developed in this work very promising for the development of
high-performance, light-curable formulations of cyanoacrylate (and other) adhesives for practical

applications (e.g. in the biomedical field).
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1. '"H NMR AND 3C NMR SPECTRA OF PHOTOINITIATOR Mes-Fc

'"H NMR and *C NMR spectra are shown for Mes-Fe, which perfectly agree with

previously reported data.!
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2. TOTAL ACID DETERMINATION OF CYANOACRYLATE MONOMERS

Table S1. Viscosity acid value determination? of CA monomers

Monomer tavp (S)
ECA 88
BCA 130
HCA 670
OCA 505

diEtMM > 3600
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3. ELECTRO-OPTICAL PROPERTIES OF CYANOACRYLATES
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Figure S1. Cyclic voltammograms of ECA, BCA, HCA and OCA (c ~ 6 10 M) in
acetonitrile (+ 0.1 M n-BusNPFg; scan rate 0.5 V s1).
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Figure S2. Absorption spectra of neat ECA, BCA, HCA and OCA.
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4. OPTICAL PROPERTIES OF PHOTOINITIATORS

1.2
FG
1.0 _— Mech
0.8 Mech
— Me._ Fc

8 06 10
<C

0.4

0.2

0.0

200 300 400 500 600

A (nm)

Figure S3.Absorption spectra of Fe, Mez-Fc, Mes-Fc and Mejo-Fc (¢ = 4:10° M) in

acetonitrile.
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S. PHOTOINDUCED

ELECTRON
CYANOACRYLATE MONOMERS AND PHOTOINITIATORS

TRANSFER

BETWEEN

Table S2. Excitation energies (Eoo) and excited state oxidation potentials (E*ox) in
acetonitrile of the different ferrocene photoinitiators investigated

Eoo (eV)? E*ox (V vs SCE)P
Fc 221 -1.71
Me;-Fc 221 -1.97
Mes-Fc 2.25 231
Mey-Fe 2.25 -2.40

@ Since neither ferrocene nor polymethylferrocenes are
fluorescent, Eoo values were estimated from the low-energy
onset of their absorption band in the visible region. °
Determined as Eox — Eoo.

Table S3. AGrer (in eV) in acetonitrile for the different CA monomer-photoinitiator
pairs investigated”

Fe Me;-Fe Mes-Fe Meyo-Fc
ECA -0.37 -0.51 -0.85 -0.94
BCA -0.26 -0.40 -0.74 -0.83
HCA -0.36 -0.50 -0.84 -0.93
OCA -0.29 -0.43 -0.77 -0.86

 Values determined using equation S1,> where: Eox(D) is the oxidation potential of the
metallocene for the metallocinium/metallocene couple, which we took as the half-wave
value experimentally determined in acetonitrile; Ered(A) is the reduction potential of the
cyanoacrylate monomers, which we took as the cathodic peak potential value
experimentally determined in acetonitrile; Eoo is the excitation energy of the
metallocene in acetonitrile (see Table S2); s is the relative permittivity of acetonitrile;
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Rcc 1s the center-to-center distance between the metallocene and the cyanoacrylate
monomer, which we assumed to be 0.5 nm as an approximation.

2

e
A = e(Eox(D) = Ered(A)) = Eo0 — 7———— >
Gret = e(Eox(D) d(A)) 00 dmegegR ¢ &Y
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6. PHOTOPOLYMERIZATION OF CYANOACRYLATE MONOMERS
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Figure S4. IR spectra of ECA monomer, a fully cured ECA+Mejo-Fe mixture and an

ECA-+Mejo-Fc mixture at fphoto= 50 s. The arrow shows the peak at 3128 cm™!, which

decreases as polymerization takes place. By integrating the area of this peak, we could

estimate that about 80% of the initial monomer had polymerized by fphoto.
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Figure S5. Photopolymerization exotherms measured for: Fe and monomer ECA (cre =
2.5 107 M; Aexc = 405 nm; power = 46 mW cm™); Mez-Fc and monomers ECA and
BCA (cme2-Fe = 0.5 107 M; Aexe = 405 nm; power = 46 mW cm?); and Mes-Fc¢ and
monomers ECA, BCA, HCA and OCA (cmes-Fe = 0.5 107 M; hexe = 405 nm; power =

46 mW cm™).
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Figure S6. 'H-NMR spectra (360 MHz, acetone-ds) of ECA in its monomeric form and

after photopolymerization with Fe, Mez-Fc, Mes-Fe¢ and Mejo-Fe.
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Figure S7. GPC molecular weight distributions for polycyanoacrylates obtained upon
either (a) thermal polymerization or (b) photopolymerization with Mejo-Fc (cmet10-re =

0.5 107 M; Aexe = 405 nm; power = 46 mW cm™).
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7. MECHANISM OF PHOTOPOLYMERIZATION
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Figure S8. (a) 3D plot representation of the variation of the absorption spectrum of
Mejo-Fe in a 1:1 acetonitrile:toluene mixture (+ 0.1 M n-BusNPFs; cmeto-re = 3 107 M)
upon application of an oxidative potential at Eappt = +0.35 V (vs SCE) for 100 s, which
should induce the formation of Mejo-Fc*. (b) Absorption spectra registered at t = 0 (i.e.
for Mej-Fc) and 100 s (i.e. for Meio-Fc¢*) during this spectroelectrochemical

measurement.

S13



Abs

0.15 - 0.15 -
Fc L
=
0.10 - e 010
_— _OCA
0.05 - 0.05 -
000 e 000
500 600 700 800 900
0.20 0.20 -
Mech ——ECA 1
0.15 - —__BCA 015-
- —_ _fieA -
0.10 4 ____OCA 010-
0.05 - 0.05 -
000} = e 000
500 600 700 800 900

500

600 700 800 900
Mech ——ECA
— BCA
——HCA
— OCA

500

600 700 3800 300

Wavelength (nm)

Figure S9. Absorption spectra of concentrated solutions of ECA, BCA, HCA or OCA

in neat acetonitrile (¢ = 1 M) after addition of different polymethylferrocene derivatives

(c=17.5103M).
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Table S4. Absorption maxima, association constants” (Ka.) and percentages at
photopolymerization conditions” (%CT) of charge-transfer complexes formed between
cyanoacrylate monomers and polymethylferrocenes.

Me:-Fc Mes-Fc Mejo-Fe
M max () 615 745 780
ECA K. (M) 0.02+0.01 0.12+0.02 0.16+0.03
%CT 14 50 57
Aabs,max (M) - 760 777
BCA K. (M) - 0.06% 0.01 0.07+ 0.02
%CT ; 28 31
Mabs.max () - 744 778
HCA K. (M) - 0.05+ 0.02 0.074 0.01
%CT ; 21 27
Aabs,max (NM) - - 778
OCA K M) ] - 0.04 £ 0.01
%CT ; . 18

? Values determined in acetonitrile solution using the Benesi-Hildebrand method and
UV-vis absorption measurements.* » Estimated at the photopolymerization conditions
reported in Table 2 using the Ka values determined.
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Figure S10. Photopolymerization exotherm measured for Mejo-Fe¢ and ECA (cmet0-Fe =

1.0 103 M; Aexe = 780 nm; power = 320 mW cm™).
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Figure S11. Electropolymerization of ECA in acetonitrile upon application of a

reductive potential at Eappi = -2.1 V (vs SCE) for 60 min (ceca = 0.04 M; + 0.1 M n-
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BusNPFe). (a) Photographs of the working electrode before (left) and after (right) of the
bulk electrolysis process. The formation of an off-white, thin layer of material onto the
surface of the electrode is observed. (b) 'H NMR spectrum (360 MHz, acetone-ds) of
this material (polymer (electrolysis)) which is compared to those registered for ECA,
photopolymerized ECA using Mejo-Fe, and the supporting electrolyte employed in the
electrolysis process. Clearly, signals for both polymerized ECA and n-BusNPFs are
found, which indicates that a layer of polycyanoacrylate was created on the electrode
trapping some supporting electrolyte molecules. (c) GPC molecular weight distribution

of the polymer material generated by electrolysis.
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Figure S12. Photopolymerization exotherms of ECA containing 0.5 10° M Mejo-Fe
(kexe = 420 nm, power = 46 mW cm™) and increasing amounts of a radical stabilizer
(butylated hydroxyanisole, which was added from a 20000 ppm stock solution in neat
ECA).
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Scheme S1. Mechanism proposed for the photopolymerization of cyanoacrylates with

polymethylated ferrocenes, which initiates through a photoinduced electron transfer

process.
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8. PHOTOPOLYMERIZATION OF OTHER MONOMERS
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Figure S13. Cyclic voltammograms of THFA and diEtMM (c ~ 6 10 M) in
acetonitrile (+ 0.1 M n-BusNPFs; scan rate 0.5 V s™).
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Figure S14. '"H-NMR spectra (360 MHz, acetone-ds) of diEtMM in its monomeric

form and after photopolymerization with Mejo-Fc.
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Figure S15. GPC molecular weight distributions for the polymers obtained upon either
thermal (M = 3.04-10* g mol!; D = 2.21) or photoinduced polymerization of diEtMM
with Mejo-Fe (cmeto-re = 30 107 M; dexe = 405 nm; power = 46 mW cm?; My =
2.76:10* g mol™'; P =1.96).
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