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Enone dyes have gained tremendous attention as photoinitiator in visible light induced photopolymerization.
However, the structure-relationship of the enone’s photochemical-reactivity, which strongly determined their
initiation efficiency, were not fully uncovered. In this work, pyrrole-based enones (PYOs) were synthesized by
the condensation of N-methypyrrole-2-aldehyde and four different ketones, yielding C3PY, C6PY, C6NPY, and
C6SPY. It was found that variation of ketone part slightly affected their absorption properties but significantly

changed their photophysical behavior. Accordingly, initiation performance of PYOs toward an acrylate mono-
mer, when co-used with onimum salt or triethanolamine as additives, differentiated with each other, which is in
line with the photolysis experiment results. DFT calculation proved that imposing a six-member ring on ketone
part decreases the molecular planarity of C6PY, C6NPY, and C6SPY, which in turn, enhances their internal
conversion yield and decrease their photochemical reactivity. This work provides meaningful information for the
structure-property relationships territory of enone dyes.

1. Introduction

Due to the temporally and spatially controllable manners, photo-
polymerization technology has been applied to various filed including
sophisticated industrial filed and cutting-edge academic area [1,2].
Among of the photopolymerization, photointiator absorbs proper light
and subsequently generates active species (radical or cation). Due to the
latent harm of mercury lamp to living body and environment, current
interest is to use light emitting diode (LED) as visible light irradiance
[3-6].

In the last decade, great effort has been dedicated to the development
of photo initiating system under soft light, many kinds of synthesized
dyes were investigated. However, some of the reported dyes were often
suffered from tedious synthetic procedure, which enabled some limita-
tion for the practical application [7-17]. Enone dyes can be facilely
synthesized by aldol condensation and have been reported as two-photo
photointiator, some of them possess both large two-photon cross section
and good initiation ability [18-23]. In recent years, the enone dyes got
renaissances as one-photon initiator. Wang’s group reported aromatic
amines based enone dyes, when the triethanolamine or ONI was used as
co-initiator, they can initiate the acrylate and ceramic suspension of
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acrylate monomer under blue/green light [24,25]. Nie’s group reported
furans and pyrrole-based enone dye and evaluate their initiation per-
formance under UV-LED lamp [26-28]. Lalevée and Xiao group inves-
tigated several kinds of ketone dyes with different ketone structure and
peripheral group and applied these dyes as photointiator in 3D and 4D
printing systems [29-33].

Up to now, many enone dyes bearing different periphery group and
ketone parts have been reported [30,34]. However, the effect of
different ketone structures was rarely systematically studied and sum-
marized. To explore the influence of ketone part on the photochemical
reactivity of enone dyes, the periphery group must be consistent to
preclude others factor. In our previous work, pyrrole group was found to
be a promising phenyl-free group for its electron-rich nature and
hydrogen donor ability [27].

In this work, pyrrole-based enones (PYOs) were synthesized by one-
spot condensation of N-methypyrrole-2-aldehyde and acetone, cyclo-
hexanone, tetrahydrothiopyran-4-one, and 1-Methyl-4-piperidone,
respectively. Cyclobutanone and cyclopentanone were not of our in-
terests because of their rigid structure, which would decrease the solu-
bility of target molecules. The as synthesized PYOs were well
characterized by NMR, FT-IR, HRMS spectroscopy. The photophysical

Received 15 December 2020; Received in revised form 3 April 2021; Accepted 3 April 2021

Available online 15 April 2021
0143-7208/© 2021 Elsevier Ltd. All rights reserved.


mailto:zhuxq@mail.buct.edu.cn
www.sciencedirect.com/science/journal/01437208
https://http://www.elsevier.com/locate/dyepig
https://doi.org/10.1016/j.dyepig.2021.109372
https://doi.org/10.1016/j.dyepig.2021.109372
https://doi.org/10.1016/j.dyepig.2021.109372
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dyepig.2021.109372&domain=pdf

T. Xue et al.

properties were investigated by UV-Vis and Fluorescence spectrometer.
The photochemical behavior of PYOs themselves and PYOs/co-initiators
in solution under a 405 nm LED irradiation were investigated by steady
state photolysis experiment. The initiation performance of PYOs to an
acylate monomer, when combined with TEOA or ONI, were evaluated
by Real-Time FT-IR spectroscopy. To get insight into PYOs, quantum
calculations were performed. These systematic investigation to PYOs
will greatly beneficial to the further blossom of enone dyes
photointiator.

2. Experimental details
2.1. Materials and general instruments

All reagents and solvents used are reagent grade, which were ob-
tained from commercial sources and used without further purification.
Acetonitrile, ethanol, acetone, and sodium hydroxide were purchased
from Beijing Chemical Works (Beijing, China). Triethanolamine (TEOA)
was used as a reference tertiary amine and Iodonium bis(4-
methylphenyl) hexafluorophosphate (ONI) was used as a reference
iodonium salt. Tripropylene glycol diacrylate (TPGDA), purchased from
Guangzhou Lihou Trading Co. Ltd, China) was chosen as the monomers
for free radical photopolymerization. N-Methylpyrrole-2-carbox-
aldehyde, cyclohexanone, tetrahydrothiopyran-4-one, and 1-Methyl-4-
piperidone was purchased from Innochem (Beijing, China). Scheme 1
summarizes the abbreviations and structures of selected compounds in
this study.

'H NMR and '3C NMR spectra were recorded on a Bruker AV NMR
spectrometer. FT-IR spectra were recorded on a Nicolet 5700 instrument
(Thermo Electron corporation, Waltham, MA). MS measurements were
carried out on an ESI-MS spectrometer (Xevo G2 Qtof, Waters). Melting
point was obtained with a differential thermal scanning calorimeter
(METTLER TOLEDO). LED irradiation source were purchased from
SHENZHEN LAMPLIC TECH CO., LTD. The light intensity was measured
by using an ultraviolet-visible radiometer which was fabricated by
Beijing Normal University, China.

2.2. Synthesis of PYOs

The synthetic route for PYOs is shown in Scheme 2. The corre-
sponding H NMR, '%C NMR, FT-IR, HRMS spectra, and DSC curve are
presented in Fig. S1-S17.

2.2.1. (1E,4E)-1,5-bis(1-methyl-1H-pyrrol-2-yl) penta-1,4-dien-3-one
(C3PY)

N-Methylpyrrole-2-carboxaldehyde (10 mmol, 1.09 g) and acetone
(5 mmol, 0.29g) was dissolved in 30 ml ethanol, the mixture was heated
to reflux under string. Then, the sodium hydroxide aqueous solution
(1.0 g NaOH/10 mL H»0) was added dropwise to the reaction system.
After N-Methylpyrrole-2-carboxaldehyde was almost consumed, the
reaction was cooled down to room temperature, during which yellow
participation appeared. The crude product obtained by filtered was
further recrystallized in ethanol to give a yellow crystal. Yield: 75%. Mp:
ca. 150 °C. 'H NMR (400 MHz, CD3CN) 5 7.65 (d, J = 15.6 Hz, 2H), 6.90
(d, J = 2.0 Hz, 2H), 6.87 (d, J = 15.6 Hz, 2H), 6.83-6.79 (m, 2H),
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6.22-6.16 (m, 2H), 3.77 (s, 6H). >C NMR (101 MHz, CD3CN) 5 187.15,
129.66, 129.33, 127.45, 120.80, 111.59, 108.88, 33.49. FT-IR (KBr):
em ™! 3119, 3097, 1652, 1610, 1558, 1383. HRMS (ESI-TOF) m/z: [M +
H] " Calced for C15H16N20H 241.1263; found: 241.1286.

2.2.2. 2,6-bis((1-methyl-1H-pyrrol-2-yl)methylene)cyclohexan-1-one
(C6PY)

The synthesis of C6PY is similar with the C3PY. Yellow crystal. Yield:
70%. Mp: ca. 176 °C. 'H NMR (400 MHz, DMSO) § 7.63 (s, 2H), 7.07 (d,
J = 1.7 Hz, 2H), 6.54 (d, J = 3.1 Hz, 2H), 6.20 (dd, J = 3.5, 3.0 Hz, 2H),
3.71 (s, 6H), 2.76 (t, J = 5.5 Hz, 4H), 1.83-1.73 (m, 2H). *C NMR (151
MHz, DMSO) & 186.81, 130.48, 129.04, 127.09, 122.98, 114.28, 108.96,
33.85, 27.93, 21.73. FT-IR (KBr): cm™! 3123, 3103, 2935, 1645, 1591,
1546, 1380. HRMS (ESI-TOF) m/z: [M + H]" Caled for C18H20N20H
281.1576; found: 281.1668.

2.2.3. 1-Methyl-3,5-bis((1-methyl-1H-pyrrol-2-yDmethylene)piperidin-4-
one (C6NPY)

The synthesis of C6NPY is similar with the C3PY. Brown crystal.
Yield: 69%. Mp: ca. 122 °C. 'H NMR (400 MHz, DMSO) 5 7.55 (s, 2H),
7.12-7.08 (m, 2H), 6.42 (dd, J = 3.9, 1.0 Hz, 2H), 6.22 (dd, J = 3.5, 2.8
Hz, 2H), 3.72 (s, 6H), 3.59 (s, 4H), 2.45 (s, 3H). 13C NMR (151 MHz,
DMSO) & 184.47, 128.28, 128.07, 127.61, 121.35, 114.83, 109.25,
56.58, 45.54, 33.86. FT-IR (KBr): cm ! 3103, 2937, 2764, 1657, 1597,
1561, 1383. HRMS (ESI-TOF) m/z: [M + H]" Calcd for C18H21N30OH
296.1685; found: 296.1767.

2.2.4. 3,5-bis((1-methyl-1H-pyrrol-2-yl)methylene)tetrahydro-4H-
thiopyran-4-one (C6SPY)

The synthesis of C6SPY is similar with the C3PY. Yellow crystal.
Yield: 71%. Mp: ca. 133 °C. 14 NMR (400 MHz, DMSO) 6 7.61 (s, 2H),
7.10 (dd, J = 2.2, 1.7 Hz, 2H), 6.59 (dd, J = 4.0, 1.1 Hz, 2H), 6.21 (dd, J
= 3.5, 2.7 Hz, 2H), 3.89 (s, 4H), 3.71 (s, 6H). '3C NMR (151 MHz,
DMSO) & 185.85, 128.20, 128.10, 127.56, 122.88, 114.73, 109.18,
33.91, 29.24. FT-IR (KBr): em™! 3102, 2920, 1646, 1586, 1548, 1376.
HRMS (ESI-TOF) m/z: [M + H]" Caled for C17H18N20SH 299.1140;
found: 299.1227.

2.3. Computational procedure

All the density functional theory (DFT) and time-dependent density
functional theory (TDDFT) calculations were completed within Gaussian
09 program package [44]. Gaussian View 5.0 was used to visualize and
analyze the calculation results. B3LYP/6-31G (d, p) was adopted to
ground state (Sp) geometry optimization and frequency analysis. Based
on the optimized Sy geometry, the vertical singlet transitions were
calculated at (TDDFT) B3LYP/6-31G (d, p) level with SMD as solvent
model. According to our experiment, acetonitrile was chosen as solvent.
The potential energy surface of Sp and T, were constructed at (U)B3LYP
6-31G (d, p) level to compare their relative energy. Coordinates of
molecular structures were provided in supporting information.

2.4. Photopolymerization experiment

The free radical photopolymerizations were carried out under
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Scheme 1. Abbreviations and structures of some compounds employed in this study.
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Scheme 2. Synthetic route for PYOs.

laminated condition. The photosensitive formulations were photocured
in 1 mm thick silicone molds with a 10 mm diameter center. The
formulation was irradiated by 405/460 nm LED lamp. The infrared
spectra of uncured resin were collected by Real-Time Fourier transform
infrared spectrometer (Nicolet 5700, 7000-4000 cm ™' wavenumber
range). The double bond conversion (DBC) profiles were calculated from
the decay of the characteristic peak at 6157 cm™* by using the following
equation [35]:

Double bond conversion% = [1 — (S, / So)] x 100%

where S; is the area of absorbance peak at t time and S is the initial area
before irradiation.

2.5. UV-vis absorption and photolysis experiment

The UV-vis spectra were recorded by using a UV-5200 (UNICO)
UV-vis spectrophotometer. The steady state photolysis was performed
under 405 nm LED lamp, the incident light intensity at the cuvette
surface was set to 80 mW/cm? The solutions were previously N
bubbled 10 min to eliminate the influence of oxygen. Continuous mag-
netic stirring was provided during the photolysis. After the given irra-
diation time, the absorption spectrum was obtained.

2.6. Fluorescence emission properties

2.6.1. Emission wavelength and quantum yield

The fluorescence emission wavelength studied using an F-4500
(Hitachi High-Technologies Corporation) fluorescence spectrophotom-
eter. The relative emission quantum yield was calculated by using qui-
nine sulfate dihydrate (SK) in 0.1 M sulfuric acid aqueous solution as
reference (®g = 0.54). The relative emission quantum yield of between
PYOs were normalized by using C3PY as a standard (®f = 1).

2.6.2. Time correlated single photon counting

The excited state lifetimes were obtained by using a full-function
steady-state transient fluorescence spectrometer (FLS980, Edinburgh
Instruments). The apparatus uses a Nano LED (390 nm) generating
pulses of about 100-10 ps for the excitation. The fluorescence intensity
decay profiles were recorded in acetonitrile in a quartz cell. A silica
colloidal solution LUDOX® was used to evaluate the impulse response
function (IR) of the apparatus.

3. Results and discussion
3.1. Synthesis

All PYOs could be synthesized through one-step classical aldol
condensation reaction between N-Methylpyrrole-2-carboxaldehyde and
corresponding ketones. After recrystallization, PYOs with acceptable
purity were obtained, the yield is of being 69%-75%. The high coupling
constant (15.6 Hz) indicates that the structure of C3PY a pure E, E

configuration. While for C6PY, C6NPY, and C6SPY, the absolute struc-
ture configuration cannot be accurately identified due to the lack of a
coupling constant. However, the characteristic peaks for the Z-isomers
appear at ~6.8 ppm. Since PYOs’s proton signal in double bond
appeared at 7.55-7.63 ppm, it is highly suggested that PYOs are pure E,
E isomer [19].

3.2. UV-vis absorption and fluorescence emission properties

As can be seen in Fig. 1(a) and Table 1, PYOs displayed strong ab-
sorption bands atround 410-420 nm, their maximum absorption
wavelengths are similar, indicating that the six-member ring on the
ketone part has little effect on the absorption ability. The molar
extinction efficiency of PYOs at their maximum absorption wavelength
follows the order: C6NPY > C6PY > C3PY > C6SPY. Fig. 2 demonstrated
that PYOs displayed very similar HOMO-LUMO gap and transition
characters, which is in line with their alike absorption properties. The
electron densities in PYOs have same tendency that transferred from the
whole molecular to the central ketone part during HOMO-LUMO tran-
sition. Therefore, the observed absorption band could be ascribed to the
n—n* transition bearing intermolecular charge transfer feature. More-
over, in C6PY, C6NPY and C6SPY, there are few electron densities in six-
member ring contributed to the HOMO-LUMO transition, which may
lead to their slightly different absorption intensity.

In line with the absorption spectrum, the fluorescence emission
wavelength of PYOs is almost identical (see normalized fluorescence
spectrum, Figure. S18). However, their fluorescence emission intensity,
varied a lot. Fig. 1 (b) shows that under their optimum excitation
wavelength and same instrument parameters, C3PY has the strongest
emission band located at 499 nm, while others of PYOs exhibited very
weak band. Efforts made to calculate the emission yield indicated that
the quantum yield of C3PY in acetonitrile is lower to 0.014% (Figure.
S19). While for others of PYOs, no acceptable emission spectra could be
obtained under same instrumental parameters. Since C3PY has highest
quantum yield among PYOs, the yield of C6PY, C6NPY, and C6SPY were
normalized by using C3PY as standard (®f = 1). By comparing their
integrated emission area (Fig. 1(b)), their yield relative to C3PY are
collected in Table 2. The fluorescence quantum yield of C3PY are around
ten folds higher than that PYOs bearing six-member ring. The average
fluorescence lifetime of C3PY is 0.12 ns, this very short lifetime is very
closed to the instrument response time. For others of PYOs, the lifetime
is five to ten times longer than C3PY (Figure. S20).

3.3. Steady state photolysis

During photopolymerization induced by bimolecular initiation sys-
tem, the photointiator react with additive through direct hydrogen-
abstraction or redox mechanism, which would lead the consumption
of photointiator. Therefore, steady state photolysis experiment was
conducted to investigate the photochemical reaction of photointiator
itself and photochemical reaction between photointiator and additives.

As shown in Fig. 3(a, b, ¢, and d), the photolysis of individual PYOs is
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=2.0 x 107> M and (b) fluorescence spectra [PYOs] = 2.0 x 10~° M of PYOs in acetonitrile. The fluorescence spectra were obtained at

their maximum excitation wavelength, excitation condition: EX: split 10 nm, EM split 10 nm. Voltage 700 V.

Table 1
The photophysical property of PYOs in acetonitrile.
Mnax Ehax €405 €460 Mm of hy
(nm) ! ™! ! (nm) (ns)
em™V cm™ P em™V
C3PY 414 43300 42200 6400 499 1.0 0.12
C6PY 413 44100 42800 3100 498 0.12 0.62
C6NPY 415 46200 44500 2650 495 0.11 0.51
C6SPY 412 40400 39590 2660 497 0.07 1.17

3 Maximum absorption wavelength of PYOs. ™ ¢ Molar extinction coefficient at
maximum wavelength, 405 nm, and 460 nm ¢ Emission wavelength of PYOs. ©
Normalized fluorescence quantum yield between PYOs by using C3PY as stan-
dard, f average fluorescence lifetime of PYOs.

very different. The absorption band of C3PY declined continuously and
rapidly after given irradiation time. According to our previous study,
this very fast photobleaching may result from the electron/proton
transfer reaction (Scheme S1 eq(a)) between an excited C3PY and a
ground C3PY. However, for C6PY, C6NPY and C6SPY, the fast absor-
bance reduction occurred after 2 s light irradiation, and an isosbestic
point appeared simultaneously. Very similar photochemical behaviors
were also observed previously for 2,6-bis(furan-2-ylmethylidene)
cyclohexan-1-one (BFC), which also bearing a cycloheptanone, and
these kinds of spectral transformation were ascribed to the isomerization
[36]. Therefore, it is deduced that double bond rotation occurred in
C6PY, CONPY and C6SPY, resulting corresponding Z-Z or Z-E isomers,
which cannot be clearly identified at this stage (Scheme S1 eq(b)). The
theoretical relative energies, electronic geometries, FMOs and first

excited energies of possible isomer could be seen in Table S1-S2).
Moreover, these isomers cannot go back to their initial state after being
placed in dark for 24 h (data not shown). What obviously different with
the reported sustaining photobleaching of BFC isomer is that, the pho-
tostability of the generated isomer in our work is relative stable. Sub-
sequent irradiation until 60 s, the absorbance band of PYOs only
decreased slightly, among which C6SPY is the most stable one. There-
fore, it seems that the peripheral group also have very significant in-
fluence on the photochemical reactivity of enone dyes. The above
consequence indicates that the ketone part of C3PY has the highest
photochemical reactivity, on which electron/proton transfer could
happen, while imposing a six-member ring decreased the photochemical
of ketone in C6PY, C6NPY and C6SPY, which was evidenced by their
stable behavior under light irradiation.

Fig. 3(e, f, g, h) shows that the addition of a common-used hydrogen
donor, TEOA, has little effect on the photolysis rate of PYOs, indicating

Table 2

The assessed photophysical process parameters for PYOs.
PYOs K (10°57) Kic’ (10° ™) Kic/K¢
C3PY 8.33 0 0
CepPY 0.19 1.42 7.33
C6NPY 0.22 1.75 8.09
C6SPY 0.06 0.79 13.29

2 Fluorescence emission rate, K¢ = 1/7,, x ®¢.
b Internal conversion rate, Kic = 1/7T,y X @1c, @ic = 1 - @r.(with the assumption
that the ®5¢c of PYOs are at same level).
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Fig. 2. Frontiers molecular of PYOs calculated at B3LYP/6-31G (d, p) level. HOMO: Highest occupied molecular orbitals; LUMO: Lowest unoccupied molecu-

lar orbitals.
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Fig. 3. The absorption spectra of (a-d) PYOS along, (e~h) PYOs/TEOA, and (i-1) PYOs/ONI in acetonitrile under 405 nm LED Lamp irradiation. [PYOs] = 2.0 x 107>

M, [TEOA] = 6.0 x 10~* M, [ONI] = 4.0 x 10~* M.

that the interaction of TEOA and PYOs is not strong (Scheme S1 eq(c)).
The reaction between PYOs and ONI (Scheme S1 eq(d)) is obviously
faster than PYOs/TEOA (Fig. 3(i, j, k, and 1). Among them, the C3PY
displayed the highest reactivity toward ONI. Only 2 s irradiation time
led to the almost total consumption of C3PY (Fig. 3(i)). While for C6PY,
C6NPY, and C6SPY, their absorption spectra transformation with the
addition of ONI are almost as same as their corresponding one-
component photolysis after the first 2 s irradiation. Hence, it could be
concluded that, as to C6PY, C6NPY, and C6SPY, their isomerization rate
is very fast and their reactions between ONI happened at their corre-
sponding isomer. Aside from the decline of main absorption band, a new
absorption band appeared at 500 nm-600 nm during the photolysis of

PYOs and ONI. This phenomenon could be ascribed to the interaction
between PYOs and protonic acid released in PYOs/ONI system, since
ONI is a well-known acid generator [37,38].

3.4. Photopolymerization kinetics

Fig. 4 provides the polymerization profiles of TPGDA versus irradi-
ation time by using PYOs and PYOs/additive bimolecular as initiation
system. C3PY could slowly initiate the polymerization of TPGDA, the
DBC is around 65% after 600 s irradiation, while at same time scale, the
DBC are 14%, 6%, and 3% for C6NPY, C6PY, and C6SPY, respectively
(Fig. 4(a)). These profiles indicated that only C3PY could efficiently
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Fig. 4. Polymerization profiles of TPGDA by using PYOs, PYOs/TEOA, PYOs/ONI as

initiation system (a, b, and c: Under 405 nm LED; d, e, f: Under 460 nm). C3PY:

0.1% wt, TEOA: 3%, ONI: 2%, weight fraction relative to TPGDA, the light intensity was set to around 130 mw/cm?2.

generate radical, which is in line with its rapid and continuous photo-
bleaching behavior during photolysis experiment. By the addition of
TEOA the polymerization rate and final DBC were improved at different
extent although the addition of TEOA has neglectable acceleration on
the photolysis rate of PYOs (Fig. 4(b)). The DBC at 200 s of C3PY/TEOA
is 56% while it is 33% for C3PY after same irradiation time. Fig. 4(c)
illustrated that PYOs/ONI exhibited the best initiation efficiency. After
600 s irradiation, the DBC are 92%, 89%, 75%, and 55% for C3PY,
C6NPY, C6PY, and C6SPY, respectively.

Under 460 nm, PYOs displayed weak initiation efficiency (Fig. 4(d))
probably due to their weak absorption ability under this wavelength.
Among PYOs/TEOA system (Fig. 4(e)), C3PY exhibited acceptable
polymerization rate, the final DBC is 60% while others of PYOs are lower
to 20%. As to PYOs/ONI system (Figure. (f)), all of them can efficiently
trigger the polymerization. The overall trend is C3PY > C6PY > C6NPY
> C6SPY. This trend is at some extent different with that of under 405
nm, which may due to the counterbalance of light penetration ability
and photochemical reactivity. In short, C3PY has the best initiation
performance among PYOs either in their one-component or bi-molecular
systems. The polymerization ability of PYOs/ONI system is obviously
higher than that of PYOs/TEOA, which is in line with the photolysis
experiments.

3.5. Analysis of photophysical process

3.5.1. Excited singlet states

Such big different photochemical reactivity between PYOs drives us
to investigate their photophysical process of PYOs because photo-
physical process is competitive with the photochemical process. As
shown in Scheme 3, after being excited to singlet state, PYOs could
undergo intersystem crossing (ISC) to triplet states, internal conversion
(IC) to ground states, and fluorescence emission (f), these photophysical
processes are competitive [39]. The ISC generally need sufficient
spin-orbital coupling, thus the ISC yield of PYOs would not expect to
vary a lot. Table 2 proved that, for C6PY, C6NPY, and C6SPY, the K¢ is
7-13 times higher than the K¢, which demonstrated most of singlet
excited state molecules were deactivated through IC. The largest Kic/K¢
of C6SPY indicates that C6SPY tends to lost its excited energy through IC

S, — Disc

lCI (very fast) Tl

On
D | P Dy

Excitation

S, LA |

Scheme 3. The photophysical process of PYOs after being excited.

at the highest extent among PYOs, therefore resulting in C6SPY’s lowest
photoinitiation ability. Moreover, the K¢ is assessed at the order of 10°
s~!. What must be noted is that, the K¢ reported here is at some extent
underestimated, because the emission quantum yield of PYOs used in
Table 2 are obviously higher than their actual value. For brief summary,
the excited C6PY, C6NPY, and C6SPY tend to dissipate their excited
energy through IC, and the K¢ is very fast, of which the photochemical
reaction may hardly compete with. Those results could well explain
their low photo-reactivity comparing with C3PY though they have
relative longer fluorescence lifetime (Table 1).

Since carbon-carbon double bond rotation is a domain IC channel to
deactivate excited states, it is postulated that the existence of six-
member ring on ketone significantly enhance the double bond rotation
[40]. To examine our assumption, the optimized electronic geometries
of PYOs were analysed. As given in Fig. 5, C3PY presents the best
planarity, the dihedral around double bond is almost 180°. As to C6PY,
the dihedral around double is around 177°, which indicates that the
existence of six-member ring decreased the planarity. Moreover, as
pointed by black arrow, the bond length between two hydrogen, B (9,
23), in C3PY is 2.53 A. While for C6PY, one of the hydrogens in
six-member ring is likely to repel with the hydrogen in pyrrole ring as
evidenced by their relative short bond length B (37, 13) 2.17 A. Similar
structural characters were also found in C6NPY and C6SPY (See Figure.
S21). Therefore, it is established the six-member ring has considerable
repulsive effect on the peripheral pyrrole group, which may accelerate
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Fig. 5. The ground state geometries of (a) C3PY and (b) C6PY optimized at B3LYP/6-31G (d, p) level.

the rotation of double bond.

Fluorescence quenching is an important method to examine the
electron transfer quantum yields (¢e¢) between photoinitiator/sensitizer
and co-initiator, reflecting the photochemical reaction occurred in
singlet excited state [15,28,41]. In our case, fluorescence quenching of
PYOs were performed with TEOA or ONI as quencher. However, no
reliable data could be obtained for the ¢ calculation (data not shown).
It must be noted PYOs are almost nonfluorescent, the fluorescence
quantum of C3PY is 0.014% (Figures S19), while much lower fluores-
cence quantum yields are expected for others of PYOs, so the photo-
chemical reaction between PYO and TEOA or ONI is unlikely to occur in
the singlet excited state. Therefore, the fluorescence quenching may
inapplicable if the tested molecules are almost nonfluorescent.

3.5.2. Excited triplet states

The very fast excited state deactivation could occur if the potential
energy surface (PES) of excited state and ground state is highly closed or
even crossed [40,42,43]. This phenomenon was defined as conical
intersection (CI) (Scheme 3). Since the triplet states have lower energy
than singlet state, in the case of PYOs, the lowest triplet state and ground
states PES of C3PY and C6PY were constructed by re-optimized the ge-
ometries at the given dihedral. To simplify our calculation model, the
PES was constructed by only altering one of the two rotatable double
bonds, while the another double bond was frozen at E-configuration, the
step size is set to 30°, and the initial dihedral value is set to —180°. Fig. 6
(a) demonstrates that there is a small energy barrier when the T; of C3PY
tends to rotate out of the plane. While for C6PY, the T; is at high position
when it retaines at E, E configuration, that is, the T; of C6PY has great
tendency to rotate out of its original plane. When the dihedral is rotated
to —90°, the T1-Sp energy difference for C3PY is 12.05 kcal/mol, while
this value is 6.83 kcal/mol for C6PY. This relatively small energy

difference further proves that the triplet state of C6PY has higher
probability to drop to the high vibrational level of ground state at
conical intersection (Scheme 3), after which double bond isomerization
occurred during IC. This result is in line with their fast isomerization and
low photochemical reactivity of C6PY.

However, at this stage, two questions are still not clear: why does the
photo-isomer of C6PY, C6NPY, C6SPY cannot go back to their original
lowest states under dark condition and why there is no spectral evidence
of the isomer of C3PY? Theoretically, after conical intersection, the high
vibrational level of Sy, state is achieved, and this state has equal prob-
ability to reach the different isomer through double bond rotation dur-
ing IC, which finally results in isomerization. It is postulated that, the
absent observation of C3PY isomer in photolysis experiment could be
ascribed to its high photochemical reactivity, that is, photobleaching
occurred in both isomers rapidly. As to C6 series, it is deduced that the
high vibrational state cannot reach the original geometry because of
steric hindrance between six-member ring and pyrrole group. It is
needed to note that the double bond rotation, the root of excited energy
dissipation, is inherent in both PYOs isomer even the photo-
isomerization is not observed in spectra characterization. The rate of
double bond rotation, which could be reflected by the K¢, is a deter-
mined parameter for a specific photoreaction.

4. Conclusions

Four pyrrole-based enone dyes (PYOs) with different ketone struc-
ture were synthesized to investigate the influence of ketone part on their
photochemical and photophysical properties. It was established that the
ketone part has little effect on their absorption properties but strongly
change their photophysical properties, especially fluorescence emission
quantum yield. As a result, the initiation performance of PYOs in radical
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Fig. 6. Potential energy surfaces of T; and Sy along with the dihedra variation as highlighted in Fig. 5 during double bond rotation (a) C3PY (b) C6PY.
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photopolymerization varied a lot. Among them, C3PY displayed best
performance. According to the photolysis experiment and DFT calcula-
tion, it is found C6PY, C6NPY, and C6SPY are more likely to deactivate
their excited energy through internal conversion, namely, double bond
rotation, which resulted in their low photochemical reactivity. This
work indicated that imposing a six-member ring on ketone part is
detrimental to the photochemical reactivity of pyrrole-based enone dyes
for photoinitiation application, which may provide meaningful infor-
mation to the other types of enone dyes photoinitiator.
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