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Frontal polymerization is an extremely efficient and rapid method for producing bulk polymers, character-
ized by a self-sustaining curing front that propagates throughout the resin. To start this reaction, all that is
needed is one initial stimulus in the form of UV radiation or heat. With radical induced cationic frontal
polymerization (RICFP) a way has been found to polymerize the industrially important monomer bisphe-
nol A diglycidyl ether (BADGE) using this curing technique. So far, this has only been achieved in combi-
nation with the exceptional radical thermal initiator (RTI) tetraphenyl-1,2-ethanediol (TPED), but not with
conventional peroxide based RTls. In this work new initiator systems based on peroxide initiators were
developed to polymerize BADGE using RICFP. Different silanes and various oxygen containing hydro-
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found with which a stable frontal polymerization was achieved. Especially in combination with the silane
based coinitiator tris(trimethylsilyl)silane (TTMSS), it was shown that several peroxide-based RTls are suit-

rsc.li/polymers able for polymerizing BADGE with exceptionally high frontal velocity.
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Introduction

In the 1970s Crivello discovered photoinduced -cationic
polymerization by using onium salts as photoinitiators."™ One
major limitation of these photoinitiators, which are also
known as photoacid generators (PAGs), is that they absorb
light at rather short wavelengths. One way to circumvent this
problem is to use the PAGs to oxidize free radicals to start a
cationic  polymerization.*> Both thermal and photo-
polymerization can be triggered by this so-called radical
induced cationic polymerization (RICP). In 2004 Mariani et al.
combined the concepts of RICP and frontal polymerization
(FP) to report the radical induced cationic frontal polymeriz-
ation (RICFP) for the first time.® Their system consists of an
iodonium based PAG, dibenzoyl peroxide (BPO) as a radical
thermal initiator (RTI) and a cycloaliphatic epoxy monomer.
The propagation mechanism of the RICFP is shown schemati-
cally in Fig. 1. In a first initial step, the PAG is excited by a
light stimulus, whereupon it decays to generate a super acid in
the second step. Third, the acid initiates the exothermic
polymerization reaction. The released heat decomposes a
radical thermal initiator in step number 4, which is oxidized
by the PAG to form a cationic species, which again starts the
polymerization.
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In order to obtain this self-sustaining frontal polymeriz-
ation, it is crucial that the PAG used undergoes a redox reac-
tion with the emerging radicals of the RTI. A PAG that exhi-
bits a high reduction potential is therefore preferable in
order to oxidize the free radicals as efficiently as possible.
Yagci and Reetz have shown in their review that the reduction
potential of the cations of different onium salts increases in
the following order: triphenylsulfonium < N-alkoxy pyridi-
nium < diphenyliodonium < aryldiazonium.” Despite the fact
that aryldiazonium salts have the highest reduction potential,
they are not well suited for application due to their low
thermal stability and nitrogen gas formation. Sulfonium
salts, on the other hand, have a very low reduction potential
and only oxidize highly nucleophilic radicals.® Therefore,
mainly iodonium salts are used for the RICP, since these have
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Fig. 1 Schematic diagram of the basic mechanism of the radical
induced cationic frontal polymerization (RICFP).
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a relatively high reduction potential and sufficient thermal
stability.® !

Besides the PAG, the source of the radicals is also a key
element for RICFP. As mentioned before, Mariani et al. used
the RTI BPO in combination with a PAG for their experiments.®
The work of Bomze et al. had the goal to polymerize the
monomer bisphenol-A-diglycidylether (BADGE) (Fig. 2) using
RICFP." They attempted to accomplish this using a compar-
able initiation system to that employed in Mariani’s research
involving a PAG and BPO. However, an undesirable gas for-
mation was observed, making this initiator system unsuitable
for them.'> They have also tried a variety of other peroxide-
based RTIs without obtaining satisfying frontal polymeriz-
ation. Finally, with tetraphenyl-1,2-ethanediol (TPED) they
found a suitable RTI (Fig. 2) to perform RICFP with BADGE. In
contrast to peroxide-based RTIs, TPED is characterized by the
fact that carbon radicals are produced instead of oxygen rad-
icals during decomposition.

When examining the literature on peroxide-based RTIs for
RICFP, it is evident that almost exclusively BPO is employed
for this purpose.*'*™ Although ways have been found to
suppress the decarboxylation of BPO and thus the formation
of gas, a greater variety of RTIs would be desirable.*"® In the
work of Groce et al. the peroxide-based RTI 1,1-bis(tert-butyl-
peroxy)-3,3,5-trimethylcyclohexane (Luperox® 231) was used
to perform stable RICFP.'® Here it seems to be important to
use the right monomers to obtain a stable frontal polymeriz-
ation. In Bomze’s work, no frontal polymerization could be
induced with the same initiator system with the monomer
BADGE."”

The focus of this work is to find new initiator systems for
the RICFP which are also applicable for the monomer BADGE.
In the work of Abdul-Rasoul et al. RICP was used to polymerize
THF and n-butyl vinyl ether.* They showed that initiating free
radicals can add to the double bonds of vinyl ethers or abstract
hydrogen atoms from cyclic ethers. The emerging radicals are
then suitable to be oxidized by the PAG to initiate the cationic
polymerization reaction. This gave rise to the idea of develop-
ing an initiator system for frontal polymerization based on a
peroxide RTI which, together with a coinitiator, generates a
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Fig. 2 Components of the RICFP system invented by Bomze et al.'?
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radical that can be oxidized by the PAG. Besides THF and vinyl
ethers, also other oxygen-containing hydrocarbons could be
suitable coinitiators for this purpose. Furthermore, Yagci et al.
showed that free silyl radicals can be oxidized by iodonium
based PAGs."” Crivello studied the redox reaction of silane
with iodonium-based PAGs in the presence of a catalyst and
Lalevée et al. investigated how radical photoinitiators can
abstract hydrogen atoms from silanes to form silyl radicals
which can be oxidized by iodonium-based PAGs."®'® This indi-
cates that silanes may also be suitable coinitiators for the
purpose of frontal polymerization.

Experimental

Materials

The monomer bisphenol A diglycidyl ether (BADGE, Araldite
MY 790-1) was received from Huntsman and bis[4-(tert-butyl)
phenyl]iodonium tetra(nonafluoro-tert-butoxy)aluminate (PAG)
was synthesized by Synthon.

Dibenzoyl peroxide (BPO), diallylphthalate (DAP) and
N-vinyl-2-pyrrolidone (VP) were purchased from Merck,
dicumyl peroxide (DCP), diphenylsilane (DPS) and triphenylsi-
lane (TPS) from ABCR and di-tert-butyl peroxide (DTBP), tri-
ethylsilane (TES), tris(trimethylsilyl)silane (TTMSS), 1,4-cyclo-
hexanedimethanol divinyl ether (CHDVE), glycerol formal
(GF), N-vinylcarbazole (VC), poly(tetrahydrofuran) 1000
(PolyTHF) and triethyleneglycol divinyl ether (TEGDVE) from
Sigma Aldrich. 1,3-Benzodioxole (BDO), 1,4-cyclohexanedi-
methanol (CHDM) and 4-phenyl-1,3-dioxane (PDO) were
obtained from TCI, dibenzyl ether (DBE) from Acros, furfuryl
alcohol (FFA) from Loba, 1,1,2,2-tetraphenyl-1,2-ethanediol
(TPED) from Hutong Global CO., Ltd, tetrahydrofuran (THF)
from Donau Chemie, 3-ethyloxetane-3-methanol (EOM,
Doublemer 401) from Double Bond Chemical and 3,3'-[oxybis
(methylene)]bis(3-ethyloxetane) (BEOM) from Perstorp. All
chemicals were used as received.

Setup for frontal polymerization experiments

The frontal polymerization experiments were performed in two
different setups that differ in terms of the data recording. Both
setups consist of the same polytetrafluoroethylene (PTFE)
mold (Fig. S1f) with a cavity into which the prepared formu-
lation is poured.

In setup A the mold is equipped with three thermocouples
with a diameter of 1.5 mm in positions 1, 4 and 6 and a light
guide holder with an irradiation shield. A ruler was placed on
the PTFE mold before the experiments were recorded with a
conventional camera. Fig. 3 shows a schematic illustration of
this setup. Setup A was used for all experiments containing
silane coinitiators.

As it was discovered that the thick thermocouples dissipate
heat and therefore measure too low temperatures, setup B was
developed (Fig. S21). An infrared camera was used in setup B
to record the data, whereby higher front temperatures were
measured compared to setup A and these are therefore not

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Schematic illustration of the frontal polymerization setup A.

comparable with each other. Setup B was used to evaluate the
systems containing carbon-based coinitiators.

In all cases the polymerization was initiated using a
320-500 nm S2000 Omnicure light source calibrated to give an
intensity of approximately 320 mW cm™? at the surface of the
sample. As soon as a movement of the frontal polymerization
was observed, the light source was switched off.

Sample preparation

Formulations containing the RTI DCP or DTBP were homogen-
ized with a SpeedMixer® DAC 600.2 VAC-P from Hauschild.
Formulations including the RTI BPO were mixed additionally
with an Ultra-turrax® IKA T 18 and degassed in an ultrasonic
bath. After the formulations were completely homogenized,
3.75 g of each were filled into the cavity of the PTFE mold,
ensuring the absence of any trapped bubbles.

Formulations

The formulations for frontal polymerization experiments con-
sisted of the BADGE (Fig. 4: left), a photoacid generator (PAG),
a radical thermal initiator (RTI) and a coinitiator. The PAG
(Fig. 4: right) used was invented by Klikovits et al., it is iodo-
nium-based and is characterized by an excellent reactivity.>
For the silane-based coinitiator systems, 0.1 mol% PAG,
0.5 mol% of the different RTIs and 1 mol% of the respective
silane were used. In the case of the less reactive systems using
carbon-based coinitiators (ESI:} Carbon based coinitiators for
RICFP), the initiator system consisted of 0.1 mol% PAG,
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Fig. 4 Structures of the used monomer BADGE (left) and the photoacid
generator (PAG) (right).
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1 mol% of the RTI DCP and 2 mol% of the respective
coinitiator.

Frontal polymerization parameters

The frontal polymerization experiments are characterized by
three key parameters:

Front starting time (Zs) [s]. Represents the duration from the
start of irradiation until the onset of movement in the
polymerization front.

Front velocity (v5) [em min™"]. Describes the speed at which
the polymerization front advances through the resin.

Front temperature (Tg) [°C]. Indicates the maximum temp-
erature within the reaction zone of the polymerization front.

The methods for determining these parameters are
described in the ESIf in the section “Determination of the
frontal parameters”.

Results and discussion

The aim of this work was to develop peroxide-based initiator
systems for RICFP by using different coinitiators. Two distinct
types of coinitiator were selected for this purpose. Firstly,
silane coinitiators were chosen, based on the works of Yagci,
Lalevée and Crivello.””™ The other type were oxygen-contain-
ing hydrocarbon compounds, as the work of Abdul-Rasoul
et al. has shown that THF and n-butyl vinyl ether could be suit-
able candiates.*

The conventional RICFP cycle is shown schematically in
Fig. 1. By using coinitiators, this cycle could be extended by
the step of hydrogen transfer from the coinitiator to the RTI
radical (Fig. 5: Step 2). Consequently, a silyl- or carbon-radical
could be generated and subsequently oxidized by the PAG to
produce an initiating silylium- or carbenium-ion (Fig. 5: Step
3). It is important to note that this mechanism has not been
experimentally validated and is considered solely on the basis
of the research conducted by Abdul-Rasoul et al. and Lalevée
et al. ™’

The primary emphasis in this work is on silane-based coini-
tiators due to the diverse results they have provided. A detailed
description of the experiments with carbon-based coinitiators
can be found in the ESI} in the section “Carbon-based coini-
tiators for RICFP”.

1 R-0-0-R 2> R-0- +
RTI

-0-R

R3Si-H . R3Si -
2. R-O0- + or Hydrogen abstraction r-oH + or
d —_—

RsC-H RsC -

Coinitiator

+

! <
RsSi - ! Redox RsSi
3. or + —_—> or + +
RsC - RsC*
PAG

Fig. 5 Initiation mechanism of RICFP using a peroxide RTI in combi-
nation with a silane- or carbon-based coinitiator and the PAG.
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Peroxide-based radical thermal initiators (RTIs)

The choice of thermal initiator is crucial, since the decompo-
sition temperature must be low enough that the released heat
of the frontal polymerization decomposes it. Therefore, RTIs
with low decomposition temperature seem to be advantageous,
but such initiators often cause gas evolution leading to bubble
formation as they often contain peroxyacids or peroxycarbo-
nates. Another problem with initiators that cleave at low temp-
eratures is that they are usually associated with low storage
stability. Therefore, the following three RTIs, which differ in
their decomposition temperature, were selected to study the
influence on front parameters (Table 1).

Dibenzoyl peroxide (BPO) is the RTI that decomposes at the
lowest temperature and should therefore be the most reactive
one, but it is also known that, depending on the temperature,
decarboxylation can occur, which in turn would result in unde-
sirable gas formation.””> In comparison, dicumyl peroxide
(DCP) and especially di-tert-butyl peroxide (DTBP) cleave at
higher temperatures and should not suffer from the problem
of decarboxylation, but are expected to be less reactive.

Silane-based coinitiators for RICFP

The literature has already shown that cationic photo-
polymerization induced by silyl radicals generated by hydrogen
abstraction is possible."®™® The aim is now to investigate
whether this concept is also suitable for RICFP using peroxide-
based RTIs as thermal initiators. Four different silanes, shown
in Fig. 6, were chosen to perform the frontal polymerization
experiments.

All combinations of the shown peroxide RTIs and silanes
were tested in formulations consisting of 0.5 mol% RTI,
1 mol% silane coinitiator, 0.1 mol% PAG and BADGE.
Whether a frontal polymerization could be achieved is shown
in Table 2, where v labels a stable self-sustaining front, ~

Table 1 Structures and homolytic decomposition rates (ky) of the used
RTIs at certain temperatures Tp. The literature-derived ky values were
determined in benzene?

(0]
o,O 0,0
[¢]
BPO DCP

>0

DTBP
Tp (°C)  ka(s™) Tp (°C)  ka(s™) Tp (°C)  ka(s™)
100 496x107* 115 2.05%x107° 130 3.00x 107°

J
Jo T

Fig. 6 Structures of the silane coinitiators used in this study.

| H
Nai” 2
2! Si
NairPha:”
/Sll H Sll\ ©/

TTMSS DPS S

2232 | Polym. Chem., 2024, 15, 2229-2234

View Article Online

Polymer Chemistry

Table 2 Frontal polymerization experiments of different combinations
of RTIs and silane coinitiators. The formulations used consist of
0.5 mol% RTI, 1 mol% silane coinitiator, 0.1 mol% PAG and BADGE. v:
Stable frontal polymerization; ~: non-stable frontal polymerization; X:
no frontal polymerization

TTMSS DPS TPS TES
BPO v v v ~
DCP v v ~ ~
DTBP v ~ X X

denotes a frontal polymerization, which stopped after a short
time and was not stable, and X indicates that no frontal
polymerization could be observed.

Table 2 shows that tris(trimethylsilyl)silane (TTMSS) is an
excellent coinitiator, and stable frontal polymerization was
achieved with all three RTIs. Diphenylsilane (DPS) and triphe-
nylsilane (TPS) also act as suitable coinitiators and make
frontal polymerization possible, but this depends on the RTI
used. By using DPS as a coinitiator, both BPO and DCP can be
used for stable frontal polymerization, whereas only BPO can
be used with TPS. All polymers produced in these experiments
were bubble-free, which is why it is assumed that no de-
carboxylation occurs during the decomposition of BPO. A
picture of such a cured sample can be found in the ESI
(Fig. S4f). If the RTI and coinitiator concentrations were
increased, some experiments marked with ~ could also result
in stable frontal polymerization. However, since the solubility
of BPO is limited and gas formation was observed in certain
experiments with higher BPO content, all silane coinitiator
experiments were carried out uniformly with the indicated
concentration.

In the case of triethylsilane (TES), no self-sustaining frontal
polymerization was observed. Here it should be noted that the
front temperature is typically significantly higher than the
boiling point of TES, so the circumstance that TES could evap-
orate during the polymerization process may be the reason
why no stable frontal polymerization was achieved with it. In
formulations without a coinitiator, no stable frontal polymeriz-
ation could be observed for any of the RTIs.

Formulations which resulted in a stable frontal polymeriz-
ation were characterized in more detail. The values of vg, Ty
and ¢, were determined in order to compare these formu-
lations with each other and with a TPED-based reference. The
results are shown in Table 3.

Table 3 shows that the possibility of frontal polymerization
and its parameters depend strongly on the silane coinitiator
and the RTI used. Considering the RTI BPO, which exhibits
the lowest decomposition temperature, it can be seen that
although stable frontal polymerization was achieved with
TTMSS, DPS and TPS, they differ significantly in terms of
frontal velocity (vg). TTMSS outperforms not only DPS and TPS
by far, but even exhibits twice the speed of the TPED reference.
The front temperatures (7¢) on the other hand hardly differ for
the different silanes in combination with BPO.

This journal is © The Royal Society of Chemistry 2024
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Table 3 Frontal polymerization parameters of combinations of different silanes and peroxide RTls. Each formulation consists of 1.0 mol% silane,
0.5 mol% RTI, 0.1 mol% PAG and BADGE. The TPED reference does not contain any coinitiator

o U0 gy
TTMSS DPS TPS —
o) 6.4 2.2 1.8 vp [em min™']
g0 153 148 156 Ty [°C]
: 7 9 18 ts [s]
BPO
4.0 2.8 vy [em min™"]
e 171 171 Ty [°C]
8 7 ts [s]
DCP
o 3.0 v [em min~"]
>r 0 175 Te [°C]
13 ts [s]
DTBP
3.2 vp [em min™']
175 Ty [°C]
13 ts [s]

In contrast to BPO, DCP has a higher decomposition temp-
erature. At the initiator concentration used, stable frontal
polymerization could not be achieved in combination with
TPS, but was obtained with TTMSS and DPS. The frontal vel-
ocity of TTMSS in combination with DCP was lower than in
combination with BPO. In the case of DPS the combination
with DCP yielded surprisingly a slightly higher vg than with
BPO. Considering the front temperature, the samples contain-
ing DCP exhibit equal values, which are notably higher than
for those containing BPO.

Looking at DTBP, stable frontal polymerization is only
obtained with TTMSS and again the front speed is reduced
compared to the DCP based sample. All in all, the reactivity
does indeed seem to decrease with higher decomposition
temperature of the RTI. Regarding Ty the value for DTBP is
again slightly higher than for DCP. Therefore, it seems poss-
ible that also the front temperature is related to the decompo-
sition temperature of the RTI and increases with higher
values. Regarding the starting times, further tests would have
to be carried out to be able to identify clear trends, but this
may increase as a system becomes less reactive.

A comparison of the silane coinitiators reveals that TTMSS
gives excellent results: stable frontal polymerization was
obtained with all RTIs used and even the experiment with
DTBP delivered comparable performance to the TPED refer-
ence. DPS could not produce stable frontal polymerization
with DTBP, but delivered decent results with BPO and DCP.
With TPS, on the other hand, frontal polymerization was only
achieved with BPO, which progressed slowly but stably, which
still makes this peroxide suitable for RICFP. The high starting

This journal is © The Royal Society of Chemistry 2024

time and the low v of this system could indicate that it is just
reactive enough to achieve stable frontal polymerization.

Carbon based coinitiators for RICFP

In addition to the silane coinitiators, different carbon species
containing abstractable hydrogen atoms were investigated for
their ability to act as coinitiators. DCP was chosen as the RTI
for this purpose, as its solubility in the monomer is much
better than that of BPO, but due to the lower reactivity,
doubled initiator and coinitiator concentrations were used.

The substances tested as coinitiators and the results of the
individual experiments are summarized in Table S2.7 The for-
mulations used consist of 1 mol% DCP, 2 mol% coinitiator,
0.1 mol% PAG and the monomer BADGE. Indeed, a number of
substances have been found to be suitable as coinitiators for
stable frontal polymerizations, and the corresponding struc-
tures are shown in Fig. 7.

Despite the higher initiator concentration in the tests with
carbon-based coinitiators, it was not possible to achieve as

OH
HO, O, OH

1.4-Cyclohexanedimethanol  3-Ethyl-3-oxetanemethanol
CHDM EOM

ce O RS

1,3-Benzodioxole ~ Tetrahydrofuran 3 3ioxybis(methylene)bis-(3-ethyloxethane)
BDO THF BEOM

H{ O/\/\/EH

Poly(tetrahydrofuran) [1000]
PolyTHF

Fig. 7 Carbon-based coinitiators which are suitable to achieve stable
frontal polymerization.
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high reactivities as when using silane coinitiators. It is also
noticeable that the front parameters are only slightly varied
when using different carbon-based coinitiators compared with
silane-based ones. Furthermore, in the tests with the carbon-
based coinitiators, it was not a whole class of substances that
proved to be suitable for frontal polymerization, but only indi-
vidual substances.

Conclusion

This work has demonstrated the feasibility of employing per-
oxide-based radical thermal initiators for RICFP to produce
bubble-free polymers. To make this possible, different coinitia-
tors were applied: on the one hand, highly efficient silane-
based coinitiators, whereby the front parameters could also be
modified through the use of different compounds; on the
other hand, carbon-based -coinitiators, offering a broader
range of compounds at often cheaper prices, although the
efficiency might be lower compared to silane-based ones. The
research revealed that the choice of the radical thermal
initiator (RTI) can be crucial in determining whether a coini-
tiator facilitates stable frontal polymerization or not.
Furthermore, the front parameters appear to be influenced by
the decomposition temperature of the RTI used. The decisive
influence of the activation energy associated with initiator
decomposition on the frontal polymerization has also been
elucidated in the literature by mathematical models.>*>*
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