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Revised: 27 July 2025 photopolymerization, based on perylenebisimide (PBI) derivatives having twisted
Accepted: 29 July 2025 molecular structure and efficient intersystem crossing (ISC). These novel
Published: 4 August 2025 photoinitiators show strong absorption of green light (¢ = 6.2 x 10* M lcm ! at 654

nm), efficient ISC (singlet oxygen quantum yield @x is up to 77%), and long-lived
triplet excited states (zr is up to 334 ps). Fluorescence and triplet state quenching
studies show that the triplet excited states of these photoinitiators play a major role
for the intermolecular electron transfer with the co-initiator tetrabutylammonium
tris(3-chloro-4-methylphenyl)hexylborate (NB) to produce the free radicals,
supported by the Stern—Volmer quenching constants for the singlet excited state and
triplet excited state, which are 72 M! and 1.0 x 10* M!, respectively. Using an
alternative  co-initiator, diphenyliodonium (DPI), gives much poorer
photopolymerization. Interestingly, using two co-initiators of NB and DPI
simultaneously in the blends, makes the photopolymerization more efficient and
faster, because for the three-component blend, the recombination of electron donor
co-initiator NB and electron acceptor co-initiator DPI makes the photoinitiators a
photocatalyst, i.e., absorption of one photon will produce two radicals. These results
are useful for development of new visible light-absorbing photoinitiators for radical
photopolymerization.
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1. Introduction

Photopolymerization is important for applications in photo-curable resin, photo-curable adhesive,
microstructure fabrication and 3D printing, etc. [1-9]. Development of novel photoinitiators is critical for
photopolymerization [6—10], as well as for fundamental photochemistry studies [11—13]. Among the various
photopolymerization methods, the radical photopolymerization is in particular of interest. Different type of
photoinitiators have been developed for radical photopolymerization, such as the Norrish type I initiators [14—16],
oxime esters (e.g., OXE-01® or OXE-02,° etc. and new derivatives) [17-19], or the diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide (TPO) [20,21]. Some photoinitiators are used with co-initiator, and the
intermolecular electron transfer between the photo excited state of the photoinitiators and the co-initiator will
produce reactive free radical to initiate the polymerization of the monomers contain C=C double bonds, such as
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acrylates [6—8,22]. Although a great amount of photoinitiators have been developed for this purpose, the road
blocking challenge for the development of photopolymerization is the lack of visible light-absorbing
photoinitiators, and the in-depth study of the photo-initiating mechanism. Previously most of the photoinitiator
absorb in the UV or blue spectral range (this is partially due to the well developed UV or blue LED light source
or the mercury lamp light source). Visible light-harvesting photo-initiators are rarely reported.

On the other hand, the photo-initiating mechanisms were rarely studied with transient spectroscopy. For
instance, either the singlet excited state or the triplet excited state of the photoinitiators can drive the intermolecular
electron transfer with the co-initiators, however, it is rarely clarified whether the singlet or the triplet state plays a
major role for the intermolecular electron transfer. From a point of view of photochemistry, the triplet state may
be more efficient for driving the intermolecular electron transfer than the singlet excited state because of its much
longer lifetime (~ps) than the singlet excited sate (~ns). However, this advantage can be compromised by the lower
triplet stale energy than the singlet excited state, which makes the excited state redox potentials less potent to drive
the intermolecular electron transfer. Therefore, it is still an open question, i.e., which state plays a major role to
drive the intermolecular electron transfer with the co-initiators.

Herein, we used two visible light-absorbing triplet photosensitizer as efficient photoinitiators for radical
photopolymerization, and the photoinitiation mechanisms is presented in Scheme 1. Triplet excited state of organic
molecules is produced by intersystem crossing (ISC), which is a spin-forbidden process. Various molecular
structural motifs have been developed to enhance the ISC in organic molecules, such as by incorporation of heavy
atoms in the molecular structure, or using spin converter, or using exciton coupling effect, charge recombination,
or using radical enhanced ISC. Recently we and others found that for some chromophores, twisted molecular
structure may induce efficient ISC in heavy atom-free compounds. Concerning this strategy, the chromophore of
perylenebisimide (PBI) chromophore is in particular of interest because of its strong of electron deficient character.
Thus, it is ideal to use these electron deficient photoinitiators with electron donor co-initiators, such as
tetrabutylammonium tris(3-chloro-4-methylphenyl)hexylborate (NB), to initiate efficient, visible light radical
photopolymerization [22,23].
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Scheme 1. Photochemical mechanisms for the PBIs/NB/DPI system upon photoexcitation. The three-component

system makes the photosensitizer regenerated after producing two reactive radicals, thus it acts as photocatalyst.
The asterisks indicate the species are at electronic excited state.

We selected two PBI derivatives which have twisted molecular structures, and show efficient ISC, as well as
long-lived triplet excited states (Figure 1) [24,25]. Two typical co-initiators, NB and diphenyliodonium
hexafluorophosphate (DPI), were used for photopolymerization studies [24]. The photo initiating mechanism was
studied with steady state and transient fluorescence intensity and lifetime quenching, steady state photobleaching,
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nanosecond transient absorption spectroscopic methods, as well as time-dependent operando infra-red (IR) spectral
monitoring of the double band conversion kinetics and yield of the monomers during the continuous
photoirradiation-induced radical photopolymerization processes. The results indicate that the PBI derivatives
having twisted molecular structures are efficient visible light-absorbing photoinitiators for radial
photopolymerization and simultaneous use of electron donor co-initiator NB and electron acceptor co-initiator DPI
may transform the PBI photoinitiators into a photocatalytic species, i.e., two reactive free radicals are produced
with one photon, which makes the photopolymerization more efficient [6—8,26—31].
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Figure 1. The molecular structures of the photoinitiators (PIs) PBI, PBI-Cz and DiPBI. The molecular structures
of the co-initiators (NB and DPI) and the monomer trimethylolpropane triacrylate (TMPTA) are also presented.

2. Experimental Section

2.1. Experimental Methods

The chemicals used in synthesis are analytical pure and were used as received without purification. UV-vis
absorption spectra were recorded on a UV-2550 spectrophotometer (Shimadzu Ltd., Kyoto, Japan). Fluorescence
emission spectra were recorded with FS5 spectrofluorometer (Edinburgh Instruments Ltd., Livingston, UK).

2.2. Electrochemical Studies

Cyclic voltammetry curves were recorded on a CHI610D electrochemical workstation (Shanghai Chenhua
Instruments, China) in N2 purged DCM solution containing 0.10 M BusNPFs as the supporting electrolyte,
platinum as the counter electrode; glassy carbon electrode was used as the working electrode; and Ag/AgNO; (0.1
M in ACN) couple was used as the reference electrode. Ferrocene was used as an internal reference.

2.3. Nanosecond Transient Absorption Spectroscopy

Nanosecond transient absorption spectra were measured with a LP980 laser flash photolysis spectrometer
(Edinburgh Instruments Ltd., Livingston, UK), with a Surelite OPO Plus SL I-10 nanosecond laser (Continuum
Ltd., Santa Clara, CA, USA). The typical laser pulse energy was 10 mJ per pulse. The transient signals were
digitized on a Tektronix TDS 3012B oscilloscope. All samples were purged with N> for 15 min before
measurements if needed to be measured in a Nz saturated solution. The data were analyzed with the L900 software.

2.4. Photopolymerization Kinetic Investigations

The photopolymerization kinetic curves were continuously followed by real time FT-IR spectroscopy
(Thermo Scientific Nicolet iS20, Waltham, MA, USA), the IR spectra were acquired with 16 scans at 0.25 cm !
resolution. The monomer, co-initiator and PSs were mixed and the mixture was casted evenly on the diamond
plate, which was covered with a slide to isolate oxygen. The real-time near-IR spectrum of samples were recorded
under irradiation of a 532 nm LED with light intensity of 20 mW/cm?. The double bonds conversion (DBC) of the
blends was calculated by the change of C=C stretching vibrational absorption peak centered at 1640 cm™! and
taking C=0O peak at 1720-1730 cm ! as internal standard [32,33]. The following Equation (1) was used [33]:

DBC(%) = {e=eiace0lo-fac=Clic=0le i 1900y (1)
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where, Ao is the area before illumination, and A4: is the area after illumination time (f) determined by baseline
method.

3. Results and Discussion

3.1. Molecular Structure Design

The electron transfer between the photoexcited photosensitizer and the co-initiators is a diffusion-controlled
process, for which the efficiency is dependent on the excited state lifetimes of the photosensitizer, among the other
factors. Concerning this aspect, triplet excited state is superior compared to the singlet excited state of the
photoinitiators, because of the longer lifetime of the former. Therefore, we selected triplet photosensitizers as
photoinitiators (PBI-Cz and DiPBI in Scheme 1. For the synthesis of PBI-Cz and the molecular structure
characterization, refer to Supporting Information and Figures S1 and S2). Among the others, heavy-atom-free
triplet photosensitizers are in particular of interest, because no heavy atoms are required to incorporated in the
molecular structure (such as halogen atoms, Br, I, or precious metal atoms, such as Ir, Ru, Pt, etc.), thus the cost
of preparation of such triplet photosensitizers is efficient, and the toxicity is reduced [34,35]. Previously it was
reported that the compound DiPBI has twisted molecular structure, and efficient ISC was observed (@a = 59%)
[30]. Notably, the triplet state lifetime was reported as 35 ps [24]. This lifetime is much longer than the lifetimes
of singlet excited state (a few ns). Moreover, we also selected another heavy-atom-free triplet photosensitizer
(PBI-Cz), for which the molecular structure is twisted, and efficient ISC was observed [25]. Previously it was
found the triplet state lifetime of PBI-Cz is longer (zr = 382 us). Thus, we envision that these heavy-atom-free
triplet photosensitizer should be able to be used as efficient photoinitiator for radical photopolymerization.

We selected NB as one co-initiator. NB is a strong electron donor (Eox = +0.43 V, vs. Fc¢/Fc*) [36], after
transfer an electron to the photoexcited photoinitiator (i.e., DiPBI or PBI-Cz, which are electron acceptors), the
NB molecules will undergo ultrafast decomposition via cleavage of the B—N bond [11], and a highly reactive hexyl
free radical is produced, which is able to initiate radical polymerization of the acrylate monomers. We selected a
typical monomer trimethylolpropane triacrylate (TMPTA) to demonstrate the photopolymerization (Scheme 1).

Moreover, we also selected another popular co-initiator, diphenyliodonium hexafluorophosphate (DPI), an
electron acceptor, for comparison. DPI is a strong electron acceptor, after receiving an electron, a fast
decomposition will occur, and a reactive phenyl free radical is produced, which is able to initiate the
polymerization of TMPTA. Another rationale to combine the use of NB and DPI simultaneously is that, after
electron transfer from NB to PBI photoinitiators, the PBI molecules transform into a radical anion form, which is
unable to initiate further radical polymerization. In the presence of DPI (electron acceptor), however, the PBI
radical anions is oxidized to the neutral form by DPI, thus it will become active for further photoinitiating.
Furthermore, the DPI molecules will produce a phenyl radical to initiate polymerization. Thus, two free radicals
are formed with absorption of one photon. All these characters will make the radical photopolymerization more
efficient.

3.2. UV-vis Absorption Spectra and Photobleaching

The UV-vis absorption of the compounds was studied previously [24,25]. The major absorption band of PBI-
Cz is in the range of 400-550 nm, and the molar absorption coefficients is 1.7 x 10* M 'cm™! at the absorption
maxima (Figure 2). Notably, this absorption band is much weaker than the unsubstituted PBI. For the DiPBI,
however, the absorption band is much red-shifted, with an absorption a maximum at 654 nm, with molar absorption
coefficients of 6.2 x 10* M 'ecm™!. The absorption of DiPBI is independent on solvent polarity, but PBI and PBI-
Cz are solvent-dependent, probably due to aggregation (Figure S3). The fluorescence of the compounds was
studied (Figure S6), it was found the fluorescence intensity and emission maxima are solvent polarity dependent,
especially for PBI-Cz, indicating the charge transfer character of the emissive S state.

The photophysical property of the compounds is summarized in Table 1. [Generally the photoinitiators are
well soluble in ordinary organic solvents]. The data show that PBI is highly fluorescent, but the derivatives of
PBI-Cz and DiPBI are weakly fluorescent. The singlet oxygen photosensitizing experiments show that the triplet
state yields of PBI-Cz and DiPBI are high, whereas it is negligible for compound PBI [37].
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Figure 2. UV-vis absorption spectra of PBI, PBI-Cz and DiPBI in toluene (TOL), ¢ = 1.0 x 107> M, and the
emission spectrum of green LED used in photopolymerization is presented, the emission band is centred at 532 nm,

25°C.
Table 1. Photophysical parameters of the compounds “.
Compounds Jabs/nM ? g dem/mm ¢ 7g/ns® rr/ps Dré Dyt
PBI 526 7.3 537 4.6 126 95.1 i
PBI-Cz 485 1.7 611 13.8 334 4.8~ 39
DiPBI 654 6.2 668 0.8 35 6.9 77

“c=1.0 x 107° M, in TOL, 20 °C.® UV-vis absorption wavelength at the maxima, ¢ = 1.0 x 107> M. ¢ Molar absorption
coefficient, &: 10* M™! cm™!. ¢ Fluorescence emission wavelength, Zex = 410 nm. ¢ Fluorescence lifetime, dex = 405 nm./ Triplet
lifetime, Jex = 480 nm. € Fluorescence quantum yields determined, in percent. " Singlet oxygen ('02) quantum yield with 2,6-
didiiodoBodipy as standard (@a = 87% in DCM), in percent, Aex = 500 nm. ' Not observed.

In order to check the possibility of the photo-driven electron transfer between the photoexcited photoinitiators
and the co-initiators. The photobleaching of the compounds in TOL with co-initiator added were studied (Figure
3). The UV—vis absorption changes of the PBI upon photoirradiation in the presence of electron donor NB was
monitored (Figure 3a). With addition of ca. 6 eq of NB, and then 532 nm light exposure, the initial absorption
bands of PBI at 457 nm, 487 nm and 525 nm decreased slightly, concomitantly, new weak absorption bands
centered at 407 nm developed, which are attributed to the photoproduct. However, the absorption peak of the PBI'™
was not observed at 650-950 nm [38]. Similar studies were performed for PBI-Cz (Figure 3b), the initial
absorption bands of PBI-Cz at 426 nm, 455 nm and 485 nm decreased upon photoirradiation in the presence of
NB, concomitantly, new absorption bands at 399 nm, 425 nm and 451 nm developed, which are more significantly
than that of PBI. For DiPBI (Figure 3c), moreover, the new absorption bands also appeared in the near-infrared
band at 720 nm and 870 nm. In the absence of NB, however, photo-irradiations of the photoinitiators does not lead
to any change of the UV-vis absorption of the photo-initiators (Figure S4). When both NB and DPI are present in
the solution electron donors, the initial absorption bands of DiPBI decreased and new absorption bands were
generated (Figure S5b), whereas PBI-Cz remains unchanged (Figure S5a). The photography of the solutions upon
photoirradiation are presented (Figure 3d—f). These results infer that photo-driven intermolecular electron transfer
between the photoexcited initiator and the co-initiator NB occurs, and these systems may be used for radical
photopolymerization. Moreover, the results also show that PBI-Cz and DiPBI should be more efficient
photoinitiators than PBI. These anticipations are confirmed by the photopolymerization studies (see later section).
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Figure 3. UV-vis absorption spectra of (a) PBI (1.0 x 107° M), (b) PBI-Cz (5.0 x 107> M) and (c) DiPBI (1.5 x
1075 M) upon exposure to 532 nm LED in the presence of 6 eq. NB in deaerated dichloromethane (DCM).
Photographs showing the reversible color change of the (d) PBI/NB, (e) PBI-Cz/NB and (f) DiPBI/NB mixed
solution upon sequential photoirradiation, c[NB] = 1.0 x 1073 M, the light power density is 5 mW/cm?, 25 °C.
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3.3. Electrochemical Studies

In order to study the thermodynamics of the intermolecular electron transfer between the photoexcited
photoinitiator and the co-initiators. The electrochemical properties of compounds were studied by cyclic
voltammograms (Figure 4). For PBI, two reversible reduction waves at —1.08 V and —1.28 V (vs. Fc/Fc") were
observed. For PBI-Cz, two reversible reduction potential of —1.13 V and —1.39 V can be observed. One irreversible
oxidation potential wave at +1.04 V was observed. For DiPBI, the reduction waves were observed at —0.52 V and
—0.81 V, respectively. And two reduction waves at —1.50 V and —1.63 V were observed. These results indicate
that DiPBI is a stronger electron acceptor than unsubstituted PBI. This is beneficial for use of these photoinitiators

with the electron donor co-initiators of NB.
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Figure 4. Cyclic voltammograms of PBI, PBI-Cz and DiPBI in deaerated DCM containing 0.10 M BusNPF¢ as
supporting electrode and with Ag/AgNOs reference electrode. Scan rate: 100 mV/s. ¢ = 1.0 x 1073 M. Ferrocene

(Fc) was used as internal reference, 20 °C.

The free energy changes for the intermolecular electron transfer process were calculated with the (eq 2). The

data are collected in Table 2.

AGgr = e[Eox —

ERED] - EOO -

C

@)
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AGer is the Gibbs free energy change of the electron transfer, Eox, Erep, Eoo and C are the oxidation potentials of
the electron donor, the reduction potential of the electron acceptor, the excited state energy and the Coulomb term
for the initially formed ion pair, respectively. C is neglected as usually done in polar solvents for intermolecular
electron transfer.

The data are summarized in Table 2. The data show that the electron transfer between the singlet excited state
of the photo-initiators and the co-initiator is highly exothermic, i.e., the electron transfer is thermodynamically
allowed. However, this advantage will be decremented by the short singlet excited state lifetimes. On the other
hand, the electron transfer for the triplet excited state is slightly endothermic, i.e., the electron transfer between
the triplet excited state and the co-initiator NB is slightly thermodynamically forbidden. However, our later studies
show that the triplet state plays a major role for initiating the radical polymerization. Thus, the determination errors
for the photophysical parameters may contribute to this contradictory prediction.

Table 2. Redox Potential, Gibbs Free Energy Changes between the photosensitizer and co-initiator for compounds “

Compounds  Eren/V® Eox/'V? Ew/V¢ Et/V?  AGer (NB)eV AGer (DPD)/eV
PBI ~1.08 h 2.25 1.24 —0.74 +0.277 h
PBI-Cz ~1.13 +1.04 221 1.32 —0.65 ¢/+0.24/ —0.10%/+0.797
DiPBI —0.52 h .92 1.11¢ —0.97¢/-0.16/ g

“ Reduction potential of —1.07 V is used for DPI; ? Oxidation potential of +0.43 V is used for NB; ¢ Ego = 1240/, Eqp is the
singlet excited state energy, A is the wavelength of the on-set of the luminescence of the compound; ¢ Et for the first triplet
excited state energy, calculated by DFT; ¢ AGgr for the singlet excited state, calculated by Equation (2); / AGer for the first
triplet excited state, calculated by Equation (2); € literature value; " Not observed.

3.4. Quenching of the Fluorescence and Triplet States of the Photosensitizers by Co-Initiator: Study of the
Photoinitiating Mechanism

In order to study the photo-initiating mechanism, the variation of the fluorescence spectra of PBI, PBI-Cz
and DiPBI in the presence of NB were investigated (Figure 5). With incremental addition of NB in the TOL
solution, the fluorescence of PBI-Cz is quenched (Figure 5a) and a weak band was observed at 520 nm. Similar
quenching effect was observed in DCM solution (Figure S8). In contrast, the fluorescence intensity of PBI and
DiPBI has no change upon incremental addition of NB (Figures S7 and S9. Supporting Information). The lack of
fluorescence variation of DiPBI may be attributed to the short fluorescence lifetimes (0.8 ns, Table 1).

Base on the fluorescence quenching with NB as quencher, and Stern—Volmer equation (Equation (3)), the
quenching was quantitatively characterized (Table 3). The quenching of the fluorescence lifetime of PBI-Cz was
studied by the Stern—Volmer equation (Equation (3), Figure 6), and a Stern—Volmer quenching constant of 72 M
was obtained. For PBI and DiPBI, however, the quenching constants are negligible.

TO/‘L} = 1+ Kgy[NB] 3)
10 . . .
a — Oeq
8_
=
T 64
§2)
S 44
3
2_
O- T T T T T T T T T T
500 600 700 800 0 1 2 3 4 5
Wavelength / nm c[NB]/10* M

Figure 5. Fluorescence quenching spectra of (a) PBI-Cz under air atmospheres in TOL upon increamental of NB,
Jex =410 nm, ¢ = 5.0 x 1075 M. (b) The corresponding Stern—Volmer plot for compounds.
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Table 3. Ksv and kg of the Compounds “.

Compounds Fluorescence K%, © K%, ¢ Kkl c kI “
PBI 0.1 x10* 1.2 ¢ 2.6 x 108 ¢
PBI-Cz 1.8 x 10* 72 1.0 x 10* 52 x 108 0.3 x 10*
DiPBI N ¢ 3.4 x10% N 9.7 x 10*

“ Stern—-Volmer quenching constants, Ksy: M, bimolecular rate constant for collisional quenching, k: M™! - s/, NB as a
quencher. ? Obtained by fluorescence intensity quenching under air atmosphere. ¢ Fitted by fluorescence lifetime quenching
under air atmosphere. ¢ Obtained by triplet state lifetime quenching under N,. ¢ Not observed.
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Figure 6. (a) Fluorescence decay traces of PBI-Cz at 405 nm, in the presence of NB; (b) the corresponding Stern—
Volmer plot for compounds, ¢ = 1.0 x 107> M in DCM, Zex = 405 nm.

We also used the variation of the fluorescence lifetimes of the compounds in the presence of NB to study the
quenching. With addition of the co-initiator NB, significant quenching of fluorescence lifetime of PBI-Cz was
observed (Figure 6), but the addition of DPI did not lead to a significant shorting of the fluorescence lifetime.
However, for the fluorescence lifetime of PBI and DiPBI, with either NB or DPI is added, it is virtually not
quenched (Figures S7, S9 and S10). Note this trend is in agreement with the fluorescence intensity quenching
studies.

In order to study the quenching of the triplet excited states of the photo-initiators by the co-initiator NB, the
nanosecond transient absorption (ns-TA) spectra of the compounds were studied. Firstly, the ns-TA spectra of the
photo-initiators alone were recorded (Figure 7). An excited state absorption (ESA) band at 536 nm was observed,
as well as a weak ground state bleaching (GSB) band centered at 470 nm. Note the ESA band and the GSB band
may overlap with each other, and both bands are distorted. The triplet state lifetime of PBI-Cz was determined as
334 us (Inset of Figure 7a), which is close to the previous report of the triplet state lifetimes (zr = 382 ps) [25].
Note the triplet state lifetime is highly dependent on the experimental conditions, such as concentration of the
compounds, the energy of the laser pulse, and the trace oxygen in the solution. The ns-TA spectra of DiPBI were
also studied (Figure 7b), as compared to PBI-Cz, red-shifted GSB bond centered at 650 nm was observed. The
triplet state lifetime of DiPBI was determined as 35 ps, the same to the previous report [25].

0.03
a 0.101
0.021
oS 0.051
D: 0.011 24 pe © 260 60 abo st | Q
© G 0.00
< <
0.00-#A¢ ' os.

1L . : : -0.10 : : :
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Wavelength / nm Wavelength / nm

Figure 7. Nanosecond transient absorption spectra of (a) PBI-Cz and (b) DiPBI in deaerated DCM. Insets are the
corresponding decay traces monitored for PBI-Cz at 550 nm and DiPBI at 455 nm in deaerated DCM. ¢ = 1.0 X
1075 M, Jex = 480 nm, 25 °C.
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The quenching of the triplet state of PBI-Cz and DiPBI by NB as electron donor was studied by the
construction of Stern—Volmer plot (Figure 8). In the presence of higher concentration of NB, the triplet state
lifetime of PBI-Cz is shortened (Figure 8a). For instance, the triplet state lifetime of 334 ps in the absence NB,
was shortened to 177 ps in the presence of 12 equivalent of NB, and further shortened to 103 ps in the presence of
24 equivalent of NB. Similar quenching effect was observed for DiPBI. Stern—Volmer quenching constants of 1.0
x 10* M ! and 3.4 x 10* M were determined for PBI-Cz and DiPBI, respectively. These values indicate the
intermolecular electron transfer between the triplet excited states of the photo-initiators and the co-initiators.

a 0.012 3 T T
0.012
d  0.008 4ea
g 0008 o T =280 ps
= 0.004 b 0.004
0.000 0.000 /'
0 200 400 600 800 0 200 400 600 800 21 e
Time / us Time / us ‘_l yd
0.012 P
0,008 6eq | 0012 12eq] -
a- T =250 s S 0.008 T =177 s = )
O 0.004 L o | 2 14 ,,/ ]
g < 0.004 - m
0.000 0.000
200 400 600 800 0 200 400 600 800
Time / ps Time / us - = PBI'CZ
0.012 0.012 A H |
& 0.008 18eal < 0.008] 24eq 01¢ DiPBl
O 0.004 T =132 ps O 0.0044 T =103 ps
a a T T T T
0000 o000 5 10 15 20 25
0 200 400 600 800 0 200 400 600 800 5
Time / us Time / us C [N B]/1 0 M

Figure 8. (a) The decay traces of PBI-Cz (1.0 x 107> M) at 550 nm in deaerated DCM upon incremental addition
of NB, (b) the corresponding Stern—Volmer plot for compounds, ¢ = 1.0 x 1075 M, Jex = 480 nm, 25 °C.

3.4. Photopolymerization Investigations

Next, we carried out radical photopolymerization with the photoinitiators in different blends compositions
(Figure 9). First, the mixture of photoinitiators and the monomer TMPTA were photoirradiated in the absence of
co-initiators (top row in Figure 9. 532 nm LED was used). Note we select TMPTA not for low toxicity, it is for
the reason that three C=C double bonds are present and the cross linking will make the solidification of the blend
feasible. For application in dental clinics, acrylates monomers with low toxicity should be used. The blends did
not solidify even upon 15 min exposure to green LED light. Interestingly, with addition of NB into the blends,
solidification of the blends was observed upon photoirradiation. For PBI, 4 min. of photoirradiation is required
for the radical polymerization. For PBI-Cz and DiPBI, however, much shorter photoirradiation time is required,
for PBI-Cz, 15 s of photoirradiation is required, for DiPBI, 7 s photoirradiation is sufficient. Each
photopolymerization experiment was repeated for three times. These results indicates that PBI-Cz and DiPBI are
promising efficient photoinitiators for radical photopolymerization. Note the photopolymerization experiments
were carried out under N> atmosphere because it is known the O» molecules will retard the radical
photopolymerization. Producing of radicals in the photoinitiating system was confirmed by EPR spectral study in
the presence of radical scavenger N-fert-butyl-a-phenylnitrone (PBN. Figure S11).

We also studied the radical photopolymerization with DPI as co-initiator (DPI is an electron acceptor, the
third row from the top). For PBI, no solidification of the blend was observed even for 15 min. of photoirradiation.
For PBI-Cz and DiPBI, 10 min of photoirradiation was required for solidification of the blend. These results
indicate DPI is a poor co-initiator to be used with the current photoinitiators. The possible reason is that the
photoinitiators studied herein are electron acceptors, therefore the photoinitiator/DPI is not good combination to
initiate radical photopolymerization. In all these photopolymerizations, the color of the blend is persistent, unless
a photobleaching experiment is carried out. Photobleaching is important for applications such as in dental clinics
[39,40].

Considering the reaction mechanism of photoinitiator/NB, after photo-induced electron transfer between the
photoexcited photoinitiators and the co-initiator NB, the photoinitiators were reduced to the radical anions, these
species are inactive for further initiation of radical photopolymerization, and photoexcitation of these radical
anions will not drive electron transfer with NB (electron donor), because the photoexcited radical anions of the
photo-initiators are strong electron donor. Therefore, we envision that these ‘dead’ radical anions can be re-
activated if they are oxidized to its neutral form, by an electron acceptor type of co-initiator. In this case, one
photon can produce at least two reactive radicals to initiate radical photopolymerization. Following thess rationales,
we added DPI to the blends, and we found the solidification of the blends photoinitiator/NB/TMPTA is achieved
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with much shorter photoirradiation time. For instance, only 76 s is required for solidification of the blend with
both NB and DPI were used (PBI as the photoinitiator), in comparison, 4 min is required for the solidification with
only NB as the co-initiator. Similarly, the solidification for the blends with PBI-Cz and DiPBI become much
shorter with both NB and DPI added, only 5 s and 3 s of photoirradiation are required, respectively. These results
indicate that the three components photopolymerization blends are efficient, and a catalytic cycle is realized with
use of two co-initiators, one is electron donor (NB), and another is an electron acceptor (to oxidize the radical)
anion of the photo-initiators to regenerate it to initiate radical photopolymerizations [6—8,27—-31,41].

before hv after hv before hv after hv before hv after hv

PSs + TMPTA ~ ! /

PSs + NB + TMPTA

PSs + DPI + TMPTA

PSs + NB + DPI + TMPTA

PBI PBI-Cz DiPBI

Figure 9. The photopolymerization of TMPTA under N, before and after irradiation using 20 mW/cm? upon 532
nm LED in the presence of PBL, PBI-Cz, DiPBI and co-initiator. For the vials from top row to the bottom row, the
components of the blends are photosensitizer (0.2%), photosensitizer/NB (0.2 w%/1.0 w%), photosensitizer/DPI
(0.2 w%/1.0 w%) and photosensitizer/NB/DPI (0.2 w%/1.0 w%/1.0 w%), respectively. The percentage of each
component is relative to the TMPTA monomer and each sample contains 0.1 mL DCM.

In order to more precisely study the radical photopolymerization of the different blends, we monitored the
photopolymerization kinetics by following the conversion of the double bonds in the monomers, by using the
Infra-red (IR) spectrometer to collect series. The IR spectral study show that PBI alone (without any co-initiators)
did not induce any radical photopolymerization (Figure 10). No photopolymerization was observed for blend with
DPI added as co-initiator. Photopolymerization was observed with NB added as co-initiator, however, an induction
period is required, which is possibly due to the consumption of the O: in the blend. This effect is typical for radical
photopolymerizations, which can be quenched by O: molecules [29,42—45]. The conversion rate of the double
bonds is not high, ca. 30% in 75 s. With both NB and DPI added as co-initiator, the blend gives a much faster
polymerization, the induction period is becomes shorter, and the conversion ratio of the double bonds of the blend
is up to 60%.

O\O 60_. O\O T - l O\O T
z |a 601 b 1 2601
Re) # PBI il i)
[ E o PBI+NB &2 o
Q40{ 4 PBI+DPI 40l 240
5 ¥ « PBI+NB=+DPI S S
o & Tt o o
© © . ie)
5 201 5201 o PBI-Cz+NB S 20. = DiPBI+NB
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80 8 0= Maa200080 000 ] 01&—
0 25 50 75 0 5 10 15 20 0 20 40 60
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Figure 10. Photopolymerization profiles in the presence of (a) PBI, (b) PBI-Cz and (c¢) DiPBI. Photoinitiator
(0.2%), photoinitiator/NB (0.2 w%/1.0 w%), photoinitiator /DPI (0.2 w%/1.0 w%) and photoinitiator /NB/DPI (0.2
w%/1.0 w%/1.0 w%). The percentage of each component is relative to the monomer and each sample contains 0.1
mL DCM, TMPTA as the monomer. The light source at 532 nm with 20 mW/cm? irradiation intensity. The
irradiation starts at =2 s.
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Similar trend was observed with PBI-Cz as photoinitiator (Figure 9b). As compared to PBI as photo-initiator,
PBI-Cz/NB shows much shorter induction period, and the photopolymerization is much faster. Higher conversion
yield of the double bond of the monomer was observed for PBI-Cz/NB/DPI blend. Even better performance was
observed for DiPBI as photoinitiator, in this case, photopolymerization was observed for the blend of DiPBI/DPI.
Overall, these results indicate that the PBI derivatives are promising photoinitiators, expecially PBI-Cz and DiPBI,
and using paired co-initiators of NB and DPI makes the system more efficient for radical photopolymerization.

The radical photopolymerization mechanism is summarized in Scheme 1. Upon photoexcitation of the
photoinitiators, firstly the singlet excited state is populated, then for PBI-Cz and DiPBI, triplet excited state was
produced via efficient ISC. Note the lifetime of the tripled exited state is much longer than that of singlet excited
stale, although the excited stale reduction potential of the triplet excited state is compromised as compared to that
of the singlet excited state. After abstract one electron from NB, the photoinitiators are reduced to radical anion,
this is a ‘dead’ species which is unable to initiate further photopolymerization. Upon lose an electron, NB gives a
highly reactive hexyl radical to initiate radical polymerization the monomer.

Upon addition of extra co-initiator DPI in the blend, however the otherwise ‘dead’ species of the photo-
initiators radical anion is oxidized to the neutral form, which can photoexcited and initiate further electron transfer
with NB. At the same time, the reduced DPI will give phenyl radical, which also initiate the polymerization of the
monomers. Thus, the regeneration of the neutral PBI photoinitiators by using the secondary DPI co-initiator
transform the photo initiaton to photocatalytic initiators, make the radical polymerization blends more efficient
[6-8,26,28].

4. Conclusions

In summary, we developed perylenebisimide (PBI) derivatives with twisted molecular structure and efficient
intersystem crossing (ISC), as novel photoinitiators for free radical photopolymerization. These novel
photoinitiators show strong absorption of green light (for PBI-Cz, ¢ = 1.7 x 10* M 'cm™! at 485 nm) or red light
(for DiPBI, £ = 6.2 x 10* M 'cm™! at 654 nm), efficient ISC (singlet oxygen quantum yield ®a = 39% for PBI-Cz
and @a = 77% for DiPBI), and long-lived triplet excited states (zr = 334 us for PBI-Cz, and 7r = 35 ps for DiPBI).
Fluorescence and triplet state quenching studies show that the triplet excited states of these photoinitiators play a
major role for the intermolecular electron transfer with the co-initiator of tetrabutylammonium tris(3-chloro-4-
methylphenyl)hexylborate (NB). For instance, the Stern—Volmer quenching constants of PBI-Cz singlet excited
state and triplet excited state are 72 M ! and 1.0 x 10* M, respectively, with NB as quencher (electron donor).
Upon electron transfer, the oxidized NB decompose rapidly, to give a highly reactive hexyl radicals, which initiate
the radical polymerization of the monomer trimethylolpropane triacrylate (TMPTA). This envisions are confirmed
by the photoirradiation induced solidification of different blends. Using an alternative co-initiator,
diphenyliodonium (DPI), gives much poorer photopolymerization. Interestingly, using two co-initiators of NB and
DPI simultaneously in the blend, makes the photopolymerization more efficient and faster, because the otherwise
unreactive radical anion of the photoinitiator (formed by the intermolecular electron transfer) is oxidized to the
neutral form, which is able to be photoexcited again and initial the subsequent electron transfer with NB. At the
same time, the reduced DPI will produce phenyl radical, which is known to be able to initiate polymerization of
the monomer. Thus, the three-component blend, the recombination of electron donor co-initiator NB and electron
acceptor co-initiator DPI makes the photo-initiators a photocatalyst, i.e., absorption of one photon will produce
two radicals, which makes the radical photopolymerization more efficient, than using only one co-initiator of either
NB or DPI. All these results are corroborated by the continuously monitoring the double bond conversion ration
of the monomers by using the IR spectrometer. These results are useful for development of new visible light-
absorbing photoinitiators for radical photopolymerization.
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NMR and HR-MS spectra, steady state UV-vis absorption and luminescence spectra and nanosecond transient
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