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Abstract: NIR-sensitized cationic polymerization proceeded
with good efficiency, as was demonstrated with epoxides, vinyl
ether, and oxetane. A heptacyanine functioned as sensitizer
while iodonium salt served as coinitiator. The anion adopts
a special function in a series selected from fluorinated
phosphates (a : [PF6]

@ , b : [PF3(C2F5)3]
@ , c : [PF3(n-C4F9)3]

@),
aluminates (d : [Al(O-t-C4F9)4]

@ , e : [Al(O(C3F6)CH3)4]
@), and

methide [C(O-SO2CF3)3]
@ (f). Vinyl ether showed the best

cationic polymerization efficiency followed by oxetanes and
oxiranes. DFT calculations provided a rough pattern regarding
the electrostatic potential of each anion where d showed a better
reactivity than e and b. Formation of interpenetrating polymer
networks (IPNs) using trimethylpropane triacrylate and epox-
ides proceeded in the case of NIR-sensitized polymerization
where anion d served as counter ion in the initiator system. No
IPN was formed by UV-LED initiation using the same
monomers but thioxanthone/iodonium salt as photoinitiator.
Exposure was carried out with new NIR-LED devices emitting
at either 805 or 870 nm.

Introduction

New methods on photopolymerization with focus on
either radical[1–10] or cationic mechanism[9, 10] have received
great interest within the last years.[11,12] The biggest growth on
publications has been noticed focusing on radical polymeri-
zation where numerous reports appeared considering new
approaches related to living radical polymerization[3, 4,13–21]

applying UV,[16] visible[17] or near-infrared (NIR)[13,18] radia-
tion following either a RAFT[3, 4,19–21] or ATRP[13–15, 22,23]

reaction protocol. Remarkable are those studies reporting
polymerization under oxygen.[6, 8,19, 21, 24] On the other hand,
studies with focus on living cationic mechanisms can be seen
more or less as rare although efforts were reported in this
field.[25]

Big progress has been noticed regarding the use of new
ecologic light sources where high-intensity LED devices and
semiconductor lasers with emission in the NIR fit into this
frame.[9, 11, 26,27] Demands of the society to work with more
resource saving equipment and new regularities with focus to
replace older resource-wasting techniques based on mercury
lamps have enforced the development in this direction.[28]

NIR-sensitized photopolymerization was brought into this
field by cw-NIR-lasers twenty years ago.[29, 30] In addition, new
directions to employ more efficient drying techniques have
also led to the development of lasers with line-shaped focus
whose emission centered at 808 nm and/or 980 nm.[31] This
brought a new technique into the field; that is, laser drying
using a heat-sensitive substrate.[31]

Furthermore, up-conversion nanoparticles with the capa-
bility to generate UV-light showed acceptable performance to
initiate free radical polymerization of systems comprising UV
initiators applying a 980 nm laser.[32–35] Remarkable results
achieve deep curing lengths applying free radical polymeri-
zation,[34, 36] while the first report of an ATRP mechanism
based on a metal-free system appeared in 2017.[33]
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There has been increased interest in the use of high-
intensity LEDs for the initiation of photopolymeriza-
tion.[9, 11,26] The medical sector, in particular dentistry, has
established visible-light-based systems for the restauration of
teeth many years ago.[37, 38] The aforementioned issues regard-
ing the substitution of older excitation techniques based on
Hg lamps have driven more activities to develop alternatives
such as UV-LEDs.[11] This has been successful, but issues have
arisen for systems which comprise additives with absorption
in the UVand visible part. From this point of view, NIR-LEDs
depict an alternative applying an initiator system based on
a sensitizer in combination with iodonium salt carrying an
anion exhibiting weakly coordinating properties.[10, 39–43] In
particular, the bis(trifluoromethyl sulphonyl) imide (NTf2

@)
exhibited outstanding performance regarding the compati-
bility in different acrylate coatings.[43] Regarding the perfor-
mance, it competed well with the FAP anion (b)[44, 45] the
applicability of which was protected for a broad range of
uses.[46] Later, an iodonium salt comprising an aluminate
anion (d) was introduced[39, 42] with a special perfluoroalkyl
pattern which shielded the coordinating spheres well, which
explains the exceptional performance of this anion.[39] These
developments were driven by the issue to substitute the
widely used PF6

@ anion (a). It can release HF under certain
circumstances.[47, 48]

NIR-sensitized polymerization worked first only with
a neutral NIR absorber carrying a barbiturate group at the
meso-position.[43,45, 49] Only aziridines polymerized using this
sensitizer forming nucleophilic products upon exposure.[50]

The first report about successful cationic crosslinking of
epoxides appeared in 2019 where a new high-power NIR-
LED device brought progress in this field.[9] This device
helped to overcome the internal activation barrier of cationic
NIR sensitizers in combination with iodonium salts.[26, 27] A
special substitution pattern in the central moiety prevented
formation of nucleophilic photoproducts that typically inhibit
cationic polymerization of epoxides.[9,50] This brought big
progress in this field while comparative investigations with
UV-LED systems using d as anion support these findings.[10]

Until today, only aziridines[50] and epoxides[9,10] have served as
monomers for cationic photopolymerization. Monomers
comprising vinyl ether[51] or oxetane[52–56] moieties comple-
ment the pattern of cationic crosslinking. Such cationic
polymerization studies may be extended to explore the
formation of (semi-)interpenetrating polymer networks ap-
plying UV exposure the formation of which can sometimes
fail.[52,53] NIR-sensitized polymerization of hybrid systems
based on a radical and cationic mechanism may bring new
light in this field because they additionally provide heat
generated by internal conversion.[11, 26] This might help such
systems to step over internal diffusion barriers.

Finally, the search for the “best” anion for the use in
photoinduced cationic crosslinking has not reached its final
state yet. The exceptional behavior of the anion d[39] as shown
in Scheme 3, vide infra, turns out to be a good alternative
although its high molecular weight requires higher weight
amounts to obtain comparable molar ratios. For this reason,
the anion e was developed possessing less fluorine to decrease
the molecular weight. Comparison of the results with respect

to b, which was believed to be a well-functioning anion for
these purposes, would bring deeper light into this field.[44–46]

Thus, alternative anions such as e and f[44] were applied for
additional considerations to drive the reactivity in the desired
direction by selection of the appropriate anion.

Oxetanes have moved in the focus of photoinduced
cationic crosslinking.[52,53] Their material properties have
attracted the interest of applications comprising electronic
components.[57, 58] Further fields in material sciences addition-
ally put the focus on the manufacturing of interpenetrating
polymer networks where both radical and cationic cross-
linking contribute to build up crosslinked material exhibiting
no phase separation between both individually formed cross-
linked materials. This typically results in one glass transition
temperature and unique material properties complementing
each other. Oxetanes also bring the benefit to polymerize via
the oxonium ion,[56] which makes them more tolerant against
the attack of alcohols or COOH groups. This might bring
them to lithographic applications in electronic industry.

Results and Discussion

Previous studies showed the successful application
of 1 and 1’’ for NIR-sensitized cationic crosslinking,
Scheme 1.[9, 11] The five-membered ring pattern in the central
point of the polymethine pattern prevents bond cleavage of
the polymethine chain,[9, 11, 26] which resulted in the formation
of nucleophilic products in the case of six-membered moieties
that typically inhibit cationic polymerization.[49] The pattern
of either 1 or 1’’ differs with respect to substitution at the
(benz)indolium ring and at the meso-position affecting the
compatibility with the surrounding matrix and localization of
absorption maximum, respectively. The extension of the
conjugated pattern at the indolium moiety from 1 to 1’’
resulted in the expected red shift of absorption resulting in
easier enabling of 870 nm NIR-emitters, Table 1, vide infra.

The NIR-sensitizer transfers an electron from its excited
state to an iodonium cation; that is, the diaryl iodonium cation
2, Scheme 2,[43, 49] as introduced earlier by a mechanism based
on an internal activation barrier.[26, 27]

Selection of the anion requests more attention. 1/1’’ and 2
carry the anion X@ , which can exchange within the different

Scheme 1. Structure of the NIR sensitizers applied for the investigation
of reactivity in cationic photopolymerization (Scheme 3 shows the
structure of the anion X@).
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cations (1/1’’ and 2) resulting under certain circumstances in
precipitation of the ion-exchanged material.[11] Scheme 3
depicts the anions chosen, which were, except of g, selected
from the group of weakly coordinating anions.[40] The latter
was included to explore its influence on the overall polymer-
ization efficiency because the sensitizer remained at a low
concentration.

Starting point for all investigations was the replacement
by alternatives having no environmental and hazardous issues
as the HF-release in the case of a.[47, 48] For this reason, the
following combinations were chosen to keep such events at
a low level: a pair of 1a/2a, 1’’b/2b, 1’’b/2c, 1d/2d, and 1d/2e.
These variations enable us to draw the respective conclusions
because both 1/1’’ and 2 carry either the same anion or an
anion of a similar structure.

Table 1 gives an overview about the NIR sensitizers
chosen. The motivation to extend the variation by the
introduction of c was based on the expectation to improve
the performance of b by replacement by c possessing an

extended fluorinated alkyl group helping to minimize the
interactions between the nucleophilic center of the anion with
growing cationic species in cationic polymerization. In
addition, the replacement of some CF3 groups in d by CH3

groups resulted in e with the assumption that these small
changes should not have a deep impact on cationic polymer-
ization performance. Moreover, the anion f was introduced to
extend the grown knowledge in this field (combination 1a/2 f)
while a combination between 1g and 2d made it possible to
draw conclusions whether this affordable anion g, which exists
only in small concentrations in the system, can be seen as an
alternative candidate to obtain acceptable reactivities.

Scheme 4 shows the monomers studied. M1 takes the part
of radical polymerization in a hybrid radical/cationic poly-
merization system. The monomers M2, and M4a result in
cationic crosslinked materials. They may form interpenetrat-
ing polymer networks with crosslinked M1 if both form one
phase. This can become a problem since some systems may
undergo phase separation.[59, 60] Radical polymerization pro-
ceeds faster than cationic polymerization.[61] This complicates
polymer formation according to a cationic mechanism
because diffusion of the growing chains through the already
formed network by radical polymerization might be signifi-
cantly slower. Therefore additional activation is required to
succeed. NIR sensitizers the deactivation of which mostly
proceeds radiationless may provide additional thermal energy
to avoid such circumstances. Thus, one may expect better
performance to build up in interpenetrating polymer net-
works using a NIR-photopolymer system generating conju-
gate acid[11] to initiate cationic polymerization.

Oxetanes were included in this study to compare their
polymerization behavior with epoxides. While oxiranes
indicate a pronounced influence of conjugate acid on chain
growth with less tolerance towards nucleophiles,[62] oxetanes
prefer to grow the polymer chain via the oxetanium ion[56]

exhibiting more tolerance in the presence of functional
groups such as alcohols or carboxylic acid. Some oxetanes
comprise these groups even in the monomer unit. It may also
explain the increased interest in the use of such monomers for
microelectronic applications because processing of materials
based on oxetanes appears to proceed with more tolerance
compared to epoxides.

Table 1: Summary of NIR sensitizers used and their respective absorp-
tion data in M4a taken at 23 88C, see Figure SI2 for more details.

Structure Anion R1 R2 lmax

(nm)

1 a n-C4H9 N(Ph)2 805
1 d n-C4H9 N(Ph)2 805
1 g n-C4H9 Ph 799
1’’ b CH3 N(Ph)2 849

Scheme 2. Structure of the iodonium cation carrying the respective
cation X@ (Scheme 3 shows the structure of the anion).

Scheme 3. Structure of the different anions X@ used as counterion for
1, 1’’, and 2.

Scheme 4. Structure of the different monomers used for radical (M1)
and cationic (M2–M4) polymerization initiated by NIR exposure
applying a photoinitiator system comprising 1/1’’ and 2.
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Previous investigations showed that the conductivity of
the coinitiator, the iodonium salt 2X@ , possesses a key
function to generate initiating species such as radicals in
NIR-photopolymers.[43] The better the dissociation into the
respective ions the higher the reactivity while non-conducting
ion pairs do not contribute to reactivity. Nevertheless, a model
quantitatively describing the relation between reactivity and
ion dissociation has not yet been developed for systems in
which photochemistry occurs in organic surroundings.[43] It
has been used as a compromise to explain structure–reactivity
relations in different aprotic surroundings. The data in Table 2
show that there exists a rough inverse relation between
viscosity and conductivity but a quantitative evaluation of
data by the Walden-Plot[63] failed, which shows the complexity
of such systems.

Furthermore, consideration of ion conductivity in the
oxetane M4a indicated discrepancies between ion size and
conductivity. Surprisingly, anion a shows the lowest conduc-
tivity while larger ions such as d exhibit higher conductivity
being related to dissociation degree. Only the dissociated and
well solvated ion contributes to conductivity while ion pairs
show no conductivity.[43] Higher-molecular assemblies can
exist[43] that may affect conductivity, which explains the
discrepancies mentioned above. A slight variation of the
anion structure has a deep impact on conductivity supporting
this discussion. For example, extension of the fluorinated
group in b by just two CF2-moieties resulting in c indicated
a drop of conductivity although the size only slightly changed.
A similar behavior was observed by comparison of the ions d
and e. Partial replacement of four CF3 groups by four methyl
groups showed significant decrease of the conductivity
indicating less tendency to form dissociated ions which
contribute to reactivity. More theoretical work will be
necessary in the future to develop fundamental relations
describing the reactivity of such NIR-photopolymers with
respect to their dissociation capability affecting the reaction
rate of polymerization.

Data obtained in the vinyl monomer M3 complement the
scenario as shown in Figure 1. Comparative experiments
using the UV photoinitiator TPO-L, Ethyl(2,4,6-trimethyl-
benzoyl) phenylphosphinate forming radicals[64] to initiate
radical polymerization showed no response in the case of M3.
Thus, one can expect that this monomer prefers to polymerize
according to a cationic mechanism as shown by the data in
Figure 1c. Comparison of the reactivity in M3 with that

obtained in case of the epoxide M2 a and oxetane M4 a
(Figures 1 a,b) indicates a much faster cationic polymerization
in the case of the vinyl ether M3, Figure 1c. Turning off the
light source indicated a reaction of the vinyl group. A chain
reaction mechanism occurring in the dark may explain the
scenario shown in Figure SI9. This can be based on the
formation of nucleophilic radicals originating from M3
resulting in a reaction with the iodonium salt as shown with
previously investigated similar systems.[65, 66] It may explain
the higher reactivity of M3 as well.

The system comprising the aluminate anion d showed
overall the best performance in M4 a while the reactivity was
slightly lower compared to a in both M2a and M3. Surpris-
ingly, systems comprising the FAP anion b exhibited less
reactivity compared to those carrying d as anion in the salts.
This is surprising since this anion was believed to function as

Table 2: Viscosity data of the monomers used (M2 a, M3, M4a, M4b)
and selected conductivity data for the respective iodonium salts (2X@)
([2X@] =3.8 W 10@2 mmolg@1).

Iodonium salt M2a M3 M4a M4b

Viscosity (mPas) 739 4.4 12.2 3.7

conductivity
(S cm2 mol@1)

2a 0.003 0.7 0.05 0.03
2b 0.28
2c 0.08
2d 0.61
2e 0.11
2 f 0.29

Figure 1. Real-time FTIR conversion degree–time profiles of NIR-sensi-
tized photopolymerization at 805 nm investigated for different combi-
nations of sensitzer 1/1’’X@ and iodonium salt 2X@ in different cationic
polymerizing monomers. a) M4a, b) M2a, c) M3. Intensity of the
805 nm LED device was 1.2 Wcm@2 ([Sens] =6 W 10@3 mmolg@1,
[2X@] =3.8 W 10@2 mmolg@1).

Angewandte
ChemieResearch Articles

1468 www.angewandte.org T 2020 The Authors. Published by Wiley-VCH GmbH Angew. Chem. Int. Ed. 2021, 60, 1465 – 1473

http://www.angewandte.org


an outstanding candidate for many purposes.[46] However, our
results demonstrate an opposite behavior. Even a small
change of b resulting in c had a big impact on the reactivity as
concluded by comparison of the curves in Figure 1a although
the general pattern of this phosphate does not depict big
changes. These differences observed were not as large in
Figure 1b while Figures 1a and 1c exhibit similar trends.
Similar results were also obtained using iodonium salts
comprising either the anion d or e. The intention to make
a slightly modified anion with lower molecular weight to
decrease the loading with non-polymerizing components
resulted in a huge change of reactivity, compare curves
obtained in the case of 1d/2d and 1d/2e.

Furthermore, sensitizer 1g carrying the more nucleophilic
anion g also demonstrates acceptable performance, Figure 1c.
Due to the high extinction coefficient of the heptamethine
sensitizer,[11] the concentration of this anion is relatively low
and its inhibiting effect on cationic polymerization is rather
moderate. Thus, a small concentration of such nucleophilic
anions does not strongly interfere with the overall polymer-
ization efficiency as concluded from Figure 1c. However,
Figure 1b reports the opposite trend.

The electrostatic potentials calculated after geometry
optimization based on density functional theory (B3LYP
functional; 6-31G* + level) might give one possible explan-
ation to better understand the observed differences regarding
the polymerization efficiency, see Figure 2 depicting the
differences in partial charges of each anion. By definition,
red color corresponds to negative partial charges while blue
color indicates positively charged areas.[67] While all CF3

groups shield the partial negative charges of d well, there is
huge difference in comparison with a–c and e which may be
related to the reactivity found for the different anions. Thus,

the distribution of negative partial charges and therefore
nucleophilic points should be as low as possible on the
surface. From this point of view the shielding of the CF3-
groups fits well in this pattern as calculated in the case of the
anion d. Interestingly, a small change in the structure of d
resulting in e had an impact on reactivity as shown below.
Thus, shielding of the negative charge appears more efficient
in the case of d in comparison with e.

These results indicate huge reactivity changes upon
changes in small structural features. In general, 2 d turned
out to be the best coinitiator for all systems comparing rate of
polymerization at the beginning and the final conversion
degree. It shows surprisingly better performance than the
system based on 2 b, which was believed to be one of the most
well performing iodonium coinitiators.[44] 1d and 2d worked
well in epoxides (M2), vinyl ether (M3), and oxetanes (M4),
see the Supporting Information for complementary results.
On the other hand, quantification of conjugate acid formed
upon NIR exposure showed a concentration of 10@5 m after
5 min exposure in lauryl methacrylate as probed with Rhod-
amine B lactone[50] (SI discloses more details). Thus, the anion
of 1/1’’ and 2 causes the huge reactivity differences reported
above. A higher value of conjugate acid formation was
detected by changing the environment to make it capable of
a polymerization according to a radical polymerization
mechanism. Lauryl methacrylate (LMA) served as a matrix
favoring the formation of the blue photoproduct as previously
discussed for other systems.[26]

Therefore, the combination 1d/2 d was preferred for
further studies to evaluate hybrid radical/cationic polymeri-
zation systems. The conversion degree–time profiles in Fig-
ure 3 show a faster radical polymerization of M1 in the
presence of the cationic polymerizable monomers M2a and
M4a. Cationic polymerization proceeds slower than radical
polymerization.[61] Thus, the monomer, which is either the
epoxide or the oxetane, plasticizes the surrounding typically
resulting in a decrease of Tg and increase in mobility. It also
explains why the epoxide in Figure 3a polymerizes more
slowly in the mixture comprising M1 and M2 a while it reacts
fast in neat M2 a. The situation changes in Figure 3b where
the oxetane M4a polymerizes faster in the system where both
radical and cationic crosslinking occur; that is the mixture of
M4a and M1. The different mechanisms of cationic polymer-
ization may explain these findings. Conjugate acid formed
initiates polymer formation, whereby in the case of epoxides
the growth proceeds via the carbocation more efficiently
while an alkylated oxetanium ion serves as intermediate for
the chain growth of oxetanes.[55, 56, 62] The heat released by the
NIR sensitizer, which is higher than 85 % with respect to all
absorbed photons, can thus help to overcome internal
activation barriers of chain growth if that process possesses
a remarkable internal activation energy. It can lead to
a temperature increase above 100 88C (see Figure SI6 for
more details) as caused by contribution of non-radiative
deactivation.

The different surroundings used to pursue the experi-
ments shown in Figure 4 also explain the different reactivities
for cationic polymerization shown in Figure 3. The combina-
tion comprising 1 d and 2d generated with better efficiency

Figure 2. Electrostatic potential surface of the anions d and e showing
the efficient shielding of nucleophilic centers (red) in the anion by the
CF3 groups. Calculation results are based on the density functional
theory (B3LYP/6-31G* method). Results obtained regarding the vol-
ume and surface are as follows: a : 84 b3, b : 259 b3, c : 433 b3, d :
582 b3, e : 501 b3.
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conjugate acid in comparison with that consisting of 1’’b and
2b. Anion b was developed as an alternative to a and was
believed to be the best candidate for a long time.[44–46]

However, the aluminate anion d introduced in 2015[39] was
more efficient compared to b confirming previous results.

Change of the environment by a monomer carrying
a radical polymerizable vinyl group resulted in an increase
in the efficiency of conjugate acid formation although also in
this system the combination comprising d showed better
performance compared to those with b. Obviously, the vinyl
group possesses a key function here, see also Supporting
Information of ref. [9]. Photoexcited oxidation of the NIR
sensitizer Sens by the iodonium cation results in formation of
Sens+·. Sensitizers comprising a trimethylene bridge in the
center of the molecule typically cleave at the polymethine
chain while those with dimethylene moieties oxidize resulting
in formation of a connecting double bond with no bond
cleavage in the polymethine chain and therefore no formation
of nucleophilic products.[9, 26] This can explain the higher rate
of conjugate acid formation in the case of systems comprising
lauryl methacrylate as model monomer with no capability to
form crosslinked material during the experiment in Figure 4.
These findings also help to explain the higher polymerization
efficiency of the oxetane group in the mixture of M1 and
M4a. Experiments in epoxides cannot confirm these findings.
The reaction proceeds more slowly in such systems while
cationic polymerization is based on carbocations as inter-
mediates. On the other hand, conjugate acid favors a proto-
nation of the oxetane group resulting in formation of
oxetanium as intermediate in cationic polymerization.[56]

Obviously, the higher concentration of conjugate acid con-
sequently promotes a higher oxetanium concentration result-
ing in a significant increase in polymerization rate.

Figure 4. Profiles for formation of conjugated acid as a function of
exposure time at 805 nm (Intensity: 1.2 Wcm@2) according to a pre-
vious procedure[50] using Rhodamine B lactone to quantitatively probe
the amount of acidic species. Measurements were carried out in lauryl
methacrylate (LMA) and butyl acetate (BuAc) ([Sens] =4.1 W 10@5 M,
[2X@] =5.6 W 10@4 M).

Figure 3. Real-time FTIR conversion degree–time profiles considering
the radical polymerizable acrylate group of M1 with the conversion
degree of cationic polymerizable groups comprising the respective
epoxide and oxetane monomers M2a and M4 a, respectively. NIR-
sensitized photopolymerization was pursued at 805 nm investigated by
the initiator combination of 1d and 2d ([1d] = 6 W 10@3 mmolg@1,
[2d] = 3.8W 10@2 mmolg@1). For comparison, polymerization was pur-
sued in the neat monomers M1, M2a, and M4a and mixtures of M1/
M2a and M1/M4 a. Intensity of the 805 nm LED device was
1.2 Wcm@2.

Figure 5. DMA data (tand) of films (thickness: 120 mm) exposed at
395 nm (1.1 Wcm@2) and 805 nm (1.2 Wcm@2) in the case of the
monomers M1 and M2a after 2 min and 10 min exposure at 395 nm
(1.1 Wcm@2) and 805 nm (1.2 Wcm@2), respectively. ITX (0.1 wt%) and
2d (3.8 W 10@2 mmolg@1) and the combination of 1d
(6.0 W 10@3 mmolg@1) and 2d (3.8 W 10@2 mmolg@1) served as initiator
combination for experiments at 395 nm and 805 nm, respectively.
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Dynamic mechanical analysis (DMA) of the networks
made by both UV- and NIR-sensitized polymerization
showed different properties (see Figure 5 and Table 3). A
previously applied photoinitiator system comprising isopro-
pyl thioxanthone (ITX) and the respective iodonium salt
generated conjugate acid upon exposure with a UV-LED
emitting at 395 nm.[10] The maximum of the tand curve
signalizes the glass transition temperature of the film
obtained. It depicts one glass transition temperature appear-
ing at 113 88C for the NIR-system comprising 1d/2 d while two
maxima where obtained in the case of UV-initiated radical
polymerization applying the same monomer mixture. The
peak at 86 88C corresponds to the radical polymerizable
monomer M1 while the second peak appearing at 134 88C is
related to the epoxide M2 a. The neat crosslinked materials
M1 and M2a exhibit peak maxima at 67 88C and 119 88C,
respectively, demonstrating the formation of two phases in
the mixture after being exposed to UV radiation. This
indicates a phase separation during polymerization taking
a typical UV initiation system and no interpenetrating
polymer network (IPN) formation while NIR-sensitized
radical and cationic polymerization promotes the formation
of IPNs as firstly shown in this experiment. In addition, M1
itself formed a polymer, which broke during the experiment
at 140–150 88C.

One can still assume that the heat generated by the NIR
sensitizer possesses a key function to explain why IPN
formation succeeded while it failed in the case of UV
excitation. The much faster polymerization in the case of
the cationic polymerizable monomer in the NIR system
supports these findings. This might also help to overcome
internal activation energies in the polymerization process,
because the temperature generated can exceed 100 88C (see
Figure SI6 in SI).

Table 3 shows the data obtained for systems comprising
different monomers and mixtures applied for polymerization.
It also includes the storage modulus for systems relaxed at

least 40 K above the detected glass transition. This quantity is
roughly related to the network density. This was applicable to
some systems comprising epoxides. However, oxetanes failed
in such considerations because they exhibited a second
transition (see Figure SI7 and SI8 in SI). It presumably
relates also to a glass transition of a domain with less mobility
caused in a partially phase separated system as previously also
reported for an oxetane/acrylate system cured by UV
exposure.[52, 53] It does not relate to melting as concluded by
the shape of the storage modulus in this temperature region
(See Figure SI8). Thus, the system still responded upon
heating up to 250 88C. Since this temperature appeared quite
high, it was dispensed to continue the experiment at temper-
atures > 250 88C because data obtained would not reliably
describe mechanical relaxation of this system due to possible
thermal damage. Nevertheless, our experiments confirm
findings obtained by UV exposure that curing of oxetanes
results in tand curves showing more than one peak.[52, 53, 68]

Conclusion

NIR-sensitized photopolymerization comprising a sensi-
tizer with bridged pattern to avoid bond cleavage of the
polymethine chain, and therefore formation of nucleophilic
products in combination with an iodonium salt, showed good
performance upon exposure to a high-intensity NIR LED
emitting at 805 nm; that is in general a structural pattern
comprising either an indolium or benzo[e]indolium pattern.
Furthermore, an anion with optimal shielding of nucleophilic
moieties of the anion and large anion radius showed the best
performance as observed by real-time FTIR spectroscopy.
This will give new impetus to design similar systems in the
future showing that the anion adopts a special function.
Moreover, the heat generated by the NIR sensitizer makes
such systems interesting for future developments in material

Table 3: Summary of DMA data (Tg : glass transition temperature determined from the maximum of tand, E’: storage modulus obtained 40 K above Tg

where the system can be seen as relaxed) obtained after exposure of 2 min at 395 nm and 10 min at 805 nm with a radiation source emitting either
395 nm (1.1 Wcm@2) or 805 nm (1.2 Wcm@2) while the conversion degree at this time x1 was determined for the monomer polymerizing according to
a cationic polymerization mechanism (cat) and/or radical polymerization mechanism. Thickness of the films was 120 mm.

Monomer (wt %) 805 nm exposure 395 nm exposure
M1 M2a M2b M4a x1 (cat) x1(rad) tandmax Tg (88C) E’ (MPa) x1 (cat) x1 (rad) tandmax Tg (88C) E’ (MPa)

100 0 0 0 – 0.51 0.099 67 [a]

0 100 0 0 0.96 – 0.55 119 7
0 0 100 0.75 – 0.32 139 57
0 0 0 100 0.91 – 0.067

0.030
77

194

[b] 0.96 – 0.084 96
175

50 50 0 0 0.81 0.75 0.20 113 63 0.89 0.90 0.13
0.14

86
134

60

50 0 50 0 0.78 0.47 0.23 103 178
50 0 0 50 0.60 0.69 0.048 91

177

[b] 0.95 0.86 0.059 91
154
183

[b]

40 30 0 30 0.67/0.75 0.75 0.079 131 [b]

40 0 30 30 0.81/0.52 0.67 0.093 131
220

[b]

[a] Film broke, no data available. [b] Curve was not fully relaxed.
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research since UV-LED based initiation failed to form
interpenetrating polymer network.

The heat generated by non-radiative processes has
a special function in such NIR systems since it enabled the
formation of interpenetrating polymer networks while UV
exposure led to the expected phase separation between the
crosslinked acrylate and epoxide. Nevertheless, a switch to
oxetanes showed no clear formation of IPN. Thus, phase
separation still controls the morphology and therefore the
mechanical properties of such systems as well.
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