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(LED) photopolymerization. The -CF3 groups are incorporated into the 2,5-phenyl on the
pyrrolo[3,2-b]pyrrole core. PyBF rapidly initiates the photopolymerization of acrylate pre-
polymers and monomers under LED illumination at 365 and 405 nm. A possible photolysis
mechanism is provided. In the presence of amines, PyBF increases the gel fraction rate of
polyethylene glycol diacrylate (PEGDA) from 63.4% to 80.0%, indicating good potential as a
two-component photoinitiator. PyBF exhibits a thermal decomposition temperature in an ex-
cess of 300 °C, comparable to that of a commercial photoinitiator (diphenyl(2,4,6-trimethyl-
benzoyl)phosphine oxide, TPO), indicating its thermal stability. PyBF shows low migration
in light-curing materials. Scanning electron microscopy images indicate that the materials of
the PyBF/TPO/PEGDA mixture cured using the PyBF/TPO two-component photoinitia-
tor system exhibit a smooth surface, in contrast to those cured with PyBF/PEGDA and
TPO/PEGDA systems. The cured materials also display low curing shrinkage. Therefore, the
pyrrolo[3,2-b]pyrrole radical photoinitiator exhibits high photoactivity in visible-light pho-
topolymerization reactions.
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I. INTRODUCTION
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Photopolymerization is a light-induced reaction in

which liquid monomers and prepolymers are converted
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toinitiator [1—4]. Photopolymerization technology is
economical, efficient, energy saving, enabling, and envi-
ronment friendly [2, 5]. Owing to its unique technical
advantages, photopolymerization is widely employed in
coatings, inks, and adhesives. Furthermore, photopoly-
merization is crucial for advanced high-tech applica-
tions such as 3D printing [6], microelectronics [7], and
biological materials [8]. Photoinitiators significantly in-
fluence the photopolymerization rate and performance
of photopolymerized materials and are thus key compo-
nents of photopolymerization reactions; however, pho-
toinitiators with rapid initiation rates also require high
thermal stability [9—12]. Heat-assisted light-curing 3D
printing, which requires cured materials to achieve a
high degree of curing and thermal stability to ensure
strong mechanical properties, has recently surged in
popularity [13]. Thus, photoinitiators with rapid initia-
tion rates also require good thermal stability.

Radical photoinitiators absorb light in the ultravio-
let (250-420 nm) or visible (400-800 nm) regions, gener-
ating free radicals that initiate the polymerization of
monomers and form crosslinks between the resulting
polymers [14, 15]. One-, two-, and multicomponent visi-
ble-light photoinitiators have proven suitable for cur-
rent applications [16—22]. Radical photoinitiators based
on conjugated skeletons such as carbazole [3, 17, 23—26],
phenothiazine, and thioxanthone [5], exhibit broad ab-
sorption bands. The development of commercial pho-
toinitiators for multicomponent visible-light photoini-
tiators has extensively broadened the practical applica-
tions of photopolymerization owing to the rapid pho-
toinitiation rate and high photopolymerization conver-
sion [27]. Commercial phosphine oxide, diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide (TPO), is commonly
employed upon light-emitting diode (LED) irradiation
at 405 nm [28, 29].

Conjugated-skeleton photoinitiators have achieved
remarkable results in multicomponent systems that
typically comprise commercial cationic photoinitiators.
Commercial cationic photoinitiators commonly absorb
in the UV region, while the conjugated compounds ab-
sorb in the visible region; thus, these conjugated pho-
toinitiators broaden the absorption and prevent the
shrinkage of cured polymers owing to their rigid conju-
gated structure. Moreover, photoinitiator migration can
be greatly reduced significantly using appropriately de-
signed conjugated compounds. Amines are good co-pho-
toinitiators for commercial photoinitiators. Xu et al. de-
veloped six ketone compounds as visible-light-sensitive
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photoinitiators in combination with an amine and iodo-
nium salt for the free-radical polymerization of acry-
lates upon LED irradiation at 405 nm [30]. Deng et al.
synthesized a series of bis-chalcone-based visible-light
photoinitiators with redshifted maximum absorption
wavelengths. A three-component system containing
these photoinitiators with iodonium salt and an amine
coating achieved a low migration ratio [31]. Zhu et al.
developed homosubstituted thiazolothiazole-based pho-
toinitiators coupled with one or two additives that ex-
hibited outstanding photoinitiation abilities in both free-
radical and cationic photopolymerization under 410 nm
LED radiation with minor shrinkage [32]. Xue et al.
combined a pyrrole-based enone dye that reacts with
amines with a commercial iodonium salt [33]. Tang et
al. developed a high-performance LED photoinitiator
using conjugated 1,3-bis(1-methyl-1H-2-yl)prop-2-en-1-
one with two pyrrole rings [34]. This photoinitiator pos-
sessed a high molar extinction coefficient, ranging from
365 nm to 425 nm, and initiated both cationic and free-
radical photopolymerization in the presence of a com-
mercial diphenyliodonium salt. Li et al. designed three
novel Norrish II photoinitiators consisting of pyrrole
chalcones with D-n-A structures. In combination with a
common amine co-initiator, the excellent photochemi-
cal activity of these pyrrole chalcones effectively initiat-
ed the free-radical photopolymerization of acrylates un-
der blue LED illumination, as demonstrated by the ob-
served photopolymerization kinetics [35]. In a recent
study, symmetric trifluoromethyl (-CF3) groups were
introduced into the pyrrolo[3,2-b]pyrrole core to pro-
duce an A-D-A molecular structure for radical pho-
topolymerization. Amines improved the conversion rate
of an acrylate resin containing PyBF, while the combi-
nation of TPO and PyBF improved the shrinkage resis-
tance of the cured materials. Both the molar extinction
coefficient and thermal decomposition temperature
(Tq) of PyBF are higher than those of TPO, which en-
ables the pyrrolo[3,2-b]pyrrole photoinitiator to be used
under visible light conditions. Therefore, pyrrole and
other five-membered heterocyclic rings are promising
candidates for long-wavelength photopolymerization
and exhibit high photoreaction activity with co-initia-
tors and commercial photoinitiators.

Pyrrole is a five-membered heterocycle that has re-
cently attracted attention as a promising framework for
the design of photoinitiators owing to its facile chemi-
cal modification, low oxidation potential, and high ther-
mal and chemical stabilities [33, 36]. Xue et al. achieved
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high monomer conversions using symmetric bifunction-
al pyrrole-based dyes, which exhibited exceptional reac-
tivity owing to the strength of intermolecular interac-
tions and the generation of efficient initiating radicals
[37]. These results demonstrate the utility of pyrrole
groups as functional building blocks for radical pho-
toinitiators. Li et al. developed a novel one-step syn-
thetic route to a bifunctional pyrrole-carbazole-based
photoinitiator that exhibited excellent absorption at
405 nm and the ability to donate hydrogen to sensitize
commercial triarysulfonium salts, thereby extending the
absorption window of onium salts to the visible-light re-
gion [38]. Rather than the -NOg groups of our previous-
ly reported photoinitiator with energy gaps between 2.4
and 2.9 eV owing to strong push—pull characteristics
[39], the -CF3 groups at the 2,5-phenyl and -Br at the
1,4-phenyl on the pyrrolo[3,2-b]pyrrole core of A-D-A
in this work were identified as the substituents responsi-
ble for improving the photoinitiation ability of the
pyrrolo[3,2-b|pyrrole photoinitiators upon LED irradia-
tion at 405 nm.

In this study, we further investigated the 1,4-dihy-
dropyrrolopyrroles developed by Gryko et al. [40, 41]. A
photoinitiator, 1,4-bis(4-bromophenyl)-2,5-bis(4-(triflu-
oromethyl)phenyl)-1,4-dihydropyrrolo[3,2-b]pyrrole
(PyBF), with symmetric bifunctional -CF3 end groups,
was synthesized via a one-step aldehyde—ketone con-
densation reaction. The visible-light initiation ability of
PyBF, its relationship with different components, and
the surface morphology of the corresponding cured ma-
terials were examined. PyBF was investigated as a one-
component free-radical photoinitiator under LED lamps
at 365 nm and 405, as well as for co-initiator with ei-
ther amines or commercial photoinitiators (TPO) at
405 nm. Both acrylate prepolymers and monomers were
employed in the photopolymerization formulations. The
thermal stability of PyBF was compared with that of
TPO. The surface morphologies of the cured materials
from different photopolymerization systems containing
PyBF were also examined using scanning electron mi-
croscopy (SEM). In summary, this pyrrole photoinitia-
tor shows potential for rational design.

Il. EXPERIMENTS

A. Materials

4-Trifluoromethylbenzaldehyde, 4-bromoaniline, 2, 3-
butanedione, p-toluene sulfonic acid (TsOH), acetic
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acid (AcOH), and 2,4,6-trimethylbenzoyl diphenylphos-
phine oxide (TPO) were purchased from Energy Chemi-
cals. The acrylate resins trimethylolpropane triacrylate
(TMPTA) and polyethylene glycol acrylate (PEGDA)
were purchased from Tokyo Chemical Industry.

B. Characterization

The nuclear magnetic resonance (NMR) spectra
were recorded in deuterated chloroform (CDCl3) with a
Bruker AM-400 spectrometer (400 MHz for 'H NMR
and 100 MHz for 13C NMR). Ultraviolet-visible mea-
surements were performed using a SHIMADZU UV-
2600 spectrometer. A HITACHI F-4500 fluorescence
spectrometer was used to obtain fluorescence spectra.
Cyclic voltammetry (CV) measurements were conduct-
ed using a CHI660D electrochemical workstation in a
deoxygenated dichloromethane solution of tetrabuty-
lammonium hexafluorophosphate (n-BuyNPFg) under a
nitrogen atmosphere (concentration of 0.1 mol/L). A
glassy carbon dish (working electrode), platinum elec-
trode (counter electrode), and Ag/AgCl electrode (ref-
erence electrode) were used. The measurements were
performed using ferrocene as the standard. Thermo-
gravimetric (T'G) analyses were conducted using a DSC
200 F3 Maia (NETZSCH, Germany) at a heating rate
of 10 °C/min under a nitrogen atmosphere. Mass spec-
trometry (Shimadzu, Japan) was used to study the pho-
tolysis of PyBF. The light source was an FUV-6BK UV
curing machine connected to LED irradiators of 365 and
405 nm (Guangzhou Banwoo Electronic Technology
Co., Ltd.). NIR spectroscopy was measured on a 5700
infrared spectrometer (Nicolet, USA). EPR experi-
ments were carried out using a Bruker MicroESR.

C. Synthesis of PyBF

PyBF was synthesized following the original proce-
dure developed by Gryko et al. [40]. The synthetic route
of PyBF is shown in FIG. 1.

4-Trifluoromethylbenzaldehyde (1.007 g, 5.8 mmol),
4-bromoaniline (1.147 g, 6.7 mmol), and p-toluene sul-
fonic acid (0.287 g, 1.7 mmol) were placed in a two-
necked bottle and stirred in 25 mL of acetic acid at
90°C for 0.5 h. Then, butane-2,3-dione (0.127 g,
1.5 mmol) was added, and the resulting mixture was
stirred at 90 °C for 3.5 h. After cooling, the precipitate
was filtered and washed with acetic acid solution. The
pure product was obtained via recrystallization from
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FIG. 1 Synthetic route to PyBF.

ethyl acetate, resulting in PyBF with the following
characteristics. Light-yellow solid, 48% yield. 'H NMR:
(400 MHz, chloroform-d) 6=7.52 (m, 8H), 6=7.30 (d,
J=8.80 Hz, 4H), 6=7.15 (d, J=8.80 Hz, 4H), §=6.45 (s,
2H). 3C NMR: (101 MHz, chloroform-d) §=138.59,
136.45, 135.19, 132.78, 132.43, 128.31, 128.09, 126.85,
125.56, 125.52, 119.95, 77.36. HRMS(ESI) (m/z):
[M+H]" calculated for CgzoHigBroFgNy, 701.9741;
found: 701.4982.

D. Steady state photolysis

The maximum absorption peaks of PyBF and TPO
were measured using a UV-Vis spectrophotometer. The
concentration of PyBF in the dichloromethane solution
was 5x107% mol/L in dichloromethane solution, and
that of TPO was 1x10~% mol/L. The solutions were irra-
diated at different time intervals using different LED
light sources. The light intensities at 365 and 405 nm
were 1.0 and 15 mW/ CmQ, respectively.

E. Gel fraction

The degree of conversion of monomers and prepoly-
mers was determined using the gel fraction method,
which is a convenient method for measuring insoluble
fractions, such as cross-linked or network polymers
[42—44)].

Formulations of PyBF (0.5 wt%)/PEGDA at 365 and
405 nm were used for gel fraction testing. The formula-
tion of PyBF(0.5 wt%)/TMPTA at 405 nm was used to
compare different resins. PyBF(0.5 wt%)/TPO/PEG-
DA with different weight ratios of TPO (1 wt% and 0.5
wt%) and TPO/PEGDA with different weight ratios of
TPO (1 wt% and 0.5 wt%) were also examined to evalu-
ate component interactions and compare the photoiniti-
ation ability of PyBF. Blank glass sheets were num-
bered and weighed, and their measurements were
recorded. Then, a sample of the photopolymerization
system was dropped onto a glass sheet, and its weight
was recorded as mj. An LED lamp was used to irradi-
ate the samples at regular intervals. After irradiation,
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the glass sheets were sufficiently immersed in an
ethanol solution and placed in an oven to dry to a con-
stant weight. The remaining solid weight was recorded
as mo. The gel fraction rate was calculated according to
the following (Eq.(1)).

w="2 % 100% (1)
mi

Formulations of PyBF(0.5 wt%)/triethylamine
(TEA)/PEGDA  and  PyBF/N-methylpyrrolidone
(NMP)/PEGDA were also prepared to further investi-
gate the interactions in these two-component photoini-
tiation systems. The amount of TEA and NMP was

kept at 150 pL.

F. Near infrared (NIR) spectroscopy tests

NIR spectroscopy was used for monitoring the pho-
topolymerization samples to detect the characteristic
absorption peak change of the C=C double bond group
for acrylate resins with illumination time. The prepared
sample was placed in a plastic round-hole mold with a
diameter of 6 mm. An average value was determined
from three repeated NIR tests. The double bond conver-
sions of acrylate resins were calculated by detecting the
characteristic absorption peak of C=C double bond
groups at 6170 cmfl, as follows:

St

Conversion/% = (1 — S) x 100% (2)
0

where S} is the area of the C=CH characteristic ab-

sorbance peak, and Sy is the initial area of the C=CH
characteristic absorbance peak [45].

G. Electron paramagnetic resonance (EPR) detection

The radicals were generated at room temperature
upon the LED irradiator of 405 nm exposure. In EPR
spin trapping experiments, the experimental parame-
ters were set and the radicals were trapped by phenyl-
ntertbutylnitrone (PBN) [39]. The microwave power
was 15 mW with a frequency of 9714.4 MHz.

Ill. RESULTS AND DISCUSSION

A. Synthesis

PyBF was synthesized via a one-pot reaction and
easily purified through recrystallization. The corre-
sponding 'H and C NMR spectra are shown in
FIG. S1 in Supplementary materials (SM).

© 2025 Chinese Physical Society
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B. Spectroscopic properties, TG, and theoretical calcula-

tions

The UV absorption spectra of the two photoinitia-
tors (PyBF and TPO) were measured, as they were ex-
pected to match well with LED light sources of differ-
ent wavelengths. The corresponding absorption spectra
are shown in FIG. 2(a). PyBF exhibits two main ab-
sorption bands at approximate 256 and 368 nm. The
main absorption band of PyBF matches well with the
near-UV and visible light range of 350-420 nm. PyBF is
a promising pyrrolo[3,2-b]pyrrole-based photoinitiator
for applications in LED photopolymerization at 405 nm.
The corresponding PyBF and TPO concentrations were
5x107% and 1x1074 mol/L, respectively. TPO is a com-

mercial radical photoinitiator, and its maximum ab-

abs

sorption wavelength (375

) was determined to be at
295 nm. The maximum molar extinction coefficients of
PyBF and TPO are 292200 and 1640 mol-L™'+cm ™, re-
spectively. The maximum emission wavelengths (A1)
of PyBF and TPO were also determined to be 424 and
460 nm at a concentration of 1x10™% mol/L (FIG. 3 (a)
and (b)).

The thermal properties of PyBF and TPO were de-
termined through TG [46]. The temperature range
of the weight loss curves is from 25°C to 550 °C.
FIG. 2(b) shows the weight loss curves of PyBF and
TPO. The decomposition temperatures (74) of PyBF
and TPO are 340.5 and 295 °C, respectively. The ther-
mal stability of PyBF is sufficient for storage and pro-
cessing. The new photoinitiator with -CFg exhibits Ty
values higher than 200 °C, indicating the good heat re-
sistance of PyBF based on the pyrrolo[3,2-b]pyrrole
core.

Quantum chemical calculations of the electronic
properties and geometries of PyBF were performed us-
ing DFT at the B3LYP/6-31G level [47]. All structural
optimizations and energy calculations were performed
using the GAUSSIAN 09 software. The frontier orbitals
of PyBF and the electrostatic potential (ESP) surface
profile for PyBF are shown in FIG. 2(c). The ESP re-
sults show that the inductive effect of the electron-with-
drawing groups caused a negative charge to form on the
-CF3 groups. In particular, the charge distribution of
the pyrrolo[3,2-b]pyrrole core on PyBF is negative, indi-
cating the electron-rich property of pyrrolo[3,2-b]pyr-
role. The highest occupied molecular orbital (HOMO)
of PyBF is mainly located between pyrrolo[3,2-b]pyr-
role and 2,5-diphneyl containing -CF'3, whereas the low-
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FIG. 2 (a) UV-Vis absorption spectra of PyBF and TPO
in dichloromethane; (b) TG curves of PyBF and TPO; (c)
DFT calculations of the frontier molecular orbitals of
PyBF and the electrostatic potential (ESP) surface profile
of PyBF.

est unoccupied molecular orbital (LUMO) is almost de-
localized over the entire molecule. The singlet excited
state energy (FEpo) value calculated from the optical re-
sults is 3.09 eV for PyBF.

C. Photopolymerization systems with PyBF as radical pho-

toinitiator

The gel fraction method was used to directly com-
pare the curing conversions of the
PyBF(0.5 wt%)/PEGDA system under LED lamps of
365/405 nm and PyBF(0.5 wt%)/TMPTA, as com-
pared with TPO(0.5 wt%)/PEGDA system under LED
lamps of 405 nm. FIG. 4(a) shows the effects of the irra-
diation wavelength on the photoinitiation ability of the
pyrrolo[3,2-b]pyrrole-based  radical  photoinitiator.
FIG. 4(b) shows the difference in the gel fractions of bi-
functional acrylate prepolymer PEGDA and tri-func-
tional acrylate monomer TMPTA induced by PyBF, as
compared with TPO(0.5 wt%)/PEGDA system under
LED lamps of 405 nm. The highest gel fraction rate of
PEGDA/PyBF under 405 nm with a value beyond
60%, and that of commercial PEGDA/TPO is 100%.
NIR results for PEGDA and TMPTA photoinitiated by
PyBF are presented in FIG. S2 (SM). The procedure de-
tails have been provided in Section IL.F. The double
bond conversions of  PEGDA/PyBF and
TMPTA/PyBF are 55.7% and 33.8%, respectively.
EPR spectrum was explored under 405-nm LED for

© 2025 Chinese Physical Society
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FIG. 5 EPR spectra obtained after the irradiation of a
solution of PyBF/PBN upon the LED irradiator of 405 nm
exposure for 240 s.

240 s, as shown in FIG. 5. The EPR signals reflect ac-
tive free radicals generated through this pyrrolo[3,2-
b]pyrrole photoinitiator. To enhance the polymeriza-
tion performance of the curing system, triethylamine
(TEA) and N,N-methylpyrrolidone (NMP) were added
to the formulations, in which PyBF and PEGDA serve
as the photoinitiator and curing resin, respectively [48].
Upon the addition of TEA, the gel fraction rate in-
creased from 64.3% to 80.0%, whereas the addition of
NMP increased the final conversion to only 65.4%
(FIG. 4(c)). FIG. 4(c) also indicates TEA itself barely
can initiate the polymerization of PEGDA. These ex-
periments show that PyBF can function as both a one-
component photoinitiator and as a two-component pho-
toinitiator with amines under 405 nm irradiation. In
these systems, PyBF has a weight ratio of 0.5 wt%, and
thus the conversion of TPO(0.5 wt%)/PyBF/PEGDA
system based on TPO(0.5 wt%)/PyBF two-component
photoinitiator was used for comparison.

To further
pyrrolo[3,2-b]pyrrole

expand the application scope of

photoinitiators, we combined
PyBF with commercial visible-light radical photoinitia-
tors. The corresponding gel fraction curves as a func-
tion of irradiation time are shown in FIG. 4(d). The ab-
sorption of commercial TPO aligns well with the
405 nm light source used in light-curing 3D printing
technology for additive manufacturing. The final gel
fraction rates of the PyBF(0.5wt%)/TPO(1 wt%)/
PEGDA and TPO(1 wt%)/PEGDA systems were
100%, whereas those at 1 s were 93.8% and 87.5%, re-
spectively. With the addition of 0.5wt% TPO,
PyBF(0.5 wt%)/TPO(0.5 wt%)/PEGDA achieved a

maximum gel fraction rate of nearly 100%, with rates of
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92.6% and 87.5% at 1 s, respectively.

It is well known that too fast photopolymerization
process will lead to large shrinkage. Applications in bio-
materials and composite materials such as food packag-
ing and medical materials require to reduce the poten-
tial risk of residual photoinitiators migrating from cured
films [49, 50]. FIG. 6 compares the shrinkage and migra-
tion in photopolymerization systems photoinitiated by
PyBF with commercial TPO, aiming to give a reason-
able estimation of the properties of photopolymerized
cured films in the presence of PyBF for future use. Re-
sults show the use of PyBF as a co-initiator alongside
commercial photoinitiator improved the resistance to
shrinkage [27, 32] and migration of the cured polymers
[11, 31, 51]. FIG. 6(a)—(c) show the surface morphology
images of the cured materials PyBF (0.5 wt%)/PEGDA,
TPO(1 wt%)/PEGDA, and PyBF(0.5wt%)/TPO
(1 wt%)/PEGDA, respectively, observed using SEM.
The cured materials of the three photopolymerization
systems were prepared under a 405 nm LED lamp with
a light intensity of 15 mW/ cm? for 480 s. When the cur-
ing system was PyBF (0.5 wt%)/PEGDA, the surface
exhibited an uneven and moderately textured morphol-
ogy (FIG. 6(a)). As shown in FIG. 6(b), clear folds can
be observed on the surface of the samples polymerized
with TPO(1 wt%)/PEGDA. As shown in FIG. 6(c), the
sample obtained using PyBF(0.5 wt%)/TPO(1 wt%)/
PEGDA exhibits a flat and smooth surface with no
wrinkles or folds, indicating low curing shrinkage after
polymerization over the same duration.

To investigate the migration properties, the cured
materials were weighed and soaked in 3 mL of acetoni-
trile. FIG. 6 (d) and (e) show the changes in absorption
spectra at A% with increasing soaking time for
PyBF(0.5 wt%)/PEGDA and TPO(1 wt%)/PEGDA,
respectively. FIG. 6(f) shows the changes in absorbance
at the maximum absorption wavelengths after the
cured film was soaked in acetonitrile for one day. Table
S1 (SM) summarizes the migration ratios and weights
of PyBF and TPO extracted from the cured materials.
The migration ratio and extraction weight were calcu-
lated using Eq.(3) [52] and Eq.(4) [53], respectively.

A-M- V;olution

Migration ratio =
e-b-mg

(3)

M-A
el

m=M-.c.V= x3x 1073 (4)
The migration ratio of PyBF is similar to that of com-
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FIG. 6 SEM images showing the surface morphology of different curing systems: (a) PyBF/PEGDA, (b) TPO/PEGDA,
and (c) PyBF/TPO/PEGDA. UV absorption spectra of the cured films of (d) PyBF(0.5 wt%)/PEGDA and (e) TPO
(1 wt%)/PEGDA in acetonitrile. (f) Absorbances of PyBF and TPO at 2P corresponding to different soaking times in

the cured materials.

mercial TPO (Table S1 in SM). The concentration of
the photoinitiators was calculated from the absorption
of the leaching solution at A2PS . Low leaching of pho-
toinitiator compounds enhances the hardness of cured
films [28, 31]. The molecular weight of PyBF
(704.3 g/mol) is larger than that of commercial TPO
(348.4 g/mol).

The free energy change (AGe)) of the photoelectron
reaction between the excited state of PyBF as the elec-
tron donor and TPO as the electron acceptor was calcu-

lated using the Rehm—Weller equation (Eq.(5)) [38].

D A~
AGel = Eox <D'+> - Ered <A> — Epo (5)

The synergistic effect of TPO and PyBF is evident in
the spectral and electrochemical behaviors of the
PyBF/TPO two-component systems. The Eyy of PyBF
was calculated as 3.09 eV, based on the intersection
wavelength of its absorption spectrum and emission
spectrum using the formula Egp= hcN/A. The CV re-
sults show the oxidation potential (Eox) of the electron
donor (PyBF) and the reduction potential (Eyeq) of the
electron acceptor (TPO). In a separate experiment
(FIG. 3 (c¢) and (d)), the oxidation potential of PyBF
was determined to be 0.864 V, while the reduction po-
tential of TPO was —0.910 V. The calculated A G of the
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FIG. 7 DFT calculation on free energy changes of PyBF
and TPO.

PyBF/TPO pair is —3.14 eV, indicating that the photo-
electron transfer between the excited states of PyBF
and TPO is thermodynamically allowed. This negative
free energy change for the PyBF/TPO pair favors pho-
toelectron-transfer reactions. DFT calculations were
carried out with the BSLYP functional and the 6-31G
basis set using the program Gaussian 09 [54]. The theo-
retical free energy change of charge transfer reaction be-
tween donor (PyBF) and acceptor (TPO) is to be a neg-
ative value of —1.97 eV, which is the sum of AG; and
AGy (FIG. 7).
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FIG. 8 (a) UV absorption spectra of PyBF at various illumination times upon LED irradiation at 365 nm. (b) 'H NMR
spectrum of PyBF in CDCl3 after irradiation for 480 s. (c) Mass spectrum of PyBF after irradiation for 480 s. (d) UV ab-
sorption spectra of PyBF at various illumination times upon 405 nm LED irradiation.

D. Steady-state photolysis results

The photochemical reactions of PyBF were investi-
gated using steady-state photolysis experiments [55,
56]. As shown in FIG. 8(a), the photolysis of individual
PyBF molecules at 365 nm was highly efficient, achiev-
ing complete conversion within 60 s. The intensity of
the main absorption band of PyBF at 368 nm continu-
ously decreased upon irradiation. The appearance of
new shoulder bands at 250-350 nm suggests that a new
intermediate with blue-shifted absorption was generat-
ed upon the decomposition of the D—A structure, which
is consistent with the results of our previous study [39].
The NMR and mass spectra also indicate that photoly-
sis occurred during light irradiation. The 'H NMR spec-
tra obtained after irradiation are shown in FIG. 8(b).
The characteristic peaks in the 'H NMR spectrum of
PyBF gradually changed after light exposure. As shown
in FIG. S1(a) (SM), the chemical shift of PyBF at
0=6.46 ppm was attributed to the C—H groups of the
pyrrolo[3,2-b|pyrrole structure. New peaks appeared at
approximately 6.66 ppm after 480 s irradiation at
365 nm using the LED lamp, indicating that a new
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pyrrolo[3,2-b]pyrrole structure was formed during light
irradiation. The mass spectra of PyBF acquired before
and after photolysis upon irradiation using the LED
light at 365 nm for 480 s are shown in FIG. S3 (SM) and
FIG. 8(c), respectively. The mass spectrum obtained
before photolysis exhibits a peak at m/z=T701, corre-
sponding to the exact mass of PyBF. After photolysis, a
peak was observed at m/z=566, indicating the forma-
tion of a new structure. The peak at m/z=566 may cor-
respond to the photolysis product, whose structure is
shown in the schematic of the mechanism in FIG. 9,
which suggests the cleavage of the C—C bond between
the phenyl and -CF3 groups after light irradiation.
Amines react with the free radicals originated from
PyBF to produce amine radicals, which can continue to
produce active radicals even if there is oxygen on the
surface according to reports [38, 57, 58]. Therefore, this
may be the reason why the curing speed can be im-
proved. Our results are consistent with the reports. The
efficient photolysis of PyBF under an LED lamp at
405 nm (FIG. 8(d)) demonstrates its high photoreac-
tion activity under visible light.

© 2025 Chinese Physical Society
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FIG. 9 Schematic of the mechanism of PyBF photolysis
and that in corporation with TEA.

IV. CONCLUSION

Photoinitiator 1,4-bis(4-bromophenyl)-2,5-bis(4-(tri-
fluoromethyl)phenyl)-1,4-dihydropyrrolo[3,2-b]pyrrole
(PyBF), which features symmetric trifluoromethyl end
groups, was synthesized via a one-step aldehyde—ke-
tone condensation reaction. The effect of the symmetric
-CF3 moieties on the visible-light initiation ability, rela-
tionships with different parameters, and the surface
morphology of the cured materials were examined.
PyBF was investigated as a one-component free-radical
photoinitiator upon irradiation using 365 nm and
405 nm LED lamps, and its applicability as a two-com-
ponent photoinitiator alongside with TEA, NMP, and
TPO upon irradiation at 405 nm was evaluated. The
photopolymerization formulations contained both pre-
polymers and monomers. The thermal stability of PyBF
TPO. The
PyBF/PEGDA system achieved a curing conversion of

was similar to that of commercial
approximate 60%. The analyses of the gel fractions of
PyBF/TEA/PEGDA indicate that the presence of
TEA increased the curing conversion to >80%. Similar-
ly, PyBF/TPO/PEGDA achieved a conversion of
~100%. Moreover, the SEM images revealed a surface
morphology exhibiting a synergistic effect between
PyBF and TPO. The negative A G value indicated that
the photoelectron transfer between the excited state of
PyBF and TPO is thermodynamically allowed. This
pyrrole derivative will expand the functionality of pho-
toinitiators, offering distinct absorption characteristics,
photophysical properties, and interactions among the

components of photoinitiation systems.
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Supplementary materials: NMR spectra, the C=C dou-
ble bond conversions as a function of irradiation time,

mass spectra, and data of the leaching experiments.
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