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a b s t r a c t

The AB and AB2 trans-stilbene-benzophenone dyads were synthesized through multi-step pathway. The
target dyads showed remarkable absorption in visible light region. Visible light photoinitiating poly-
merization of methyl methacrylate by the new dyads was studied by photo-differential scanning calo-
rimetry. The results suggested that the AB2 dyad showed more efficient photoinitiating polymerization of
methyl methacrylate than the AB one under visible light irradiation. Furthermore, the new dyads yielded
the greater visible light photoinitiaing polymerization effect than the intermolecular photoinitiating
systems and the commercial photoinitiator titanocene respectively. The molecular weights of visible light
photopolymers produced by the new dyads were determined by gel permeation chromatography. The
visible light photoinitiating mechanism of the new dyads was analyzed by the static and transient ab-
sorption and emission spectra, electron spin resonance spectra and cyclic voltammograms. The thermal
stabilities of the new dyads were further studied by differential scanning calorimetry and thermograving.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

In recent decades, the advances of long wavelength laser tech-
nologies have received considerable attentions since they have
many superior advantages over short wavelength such as low en-
ergy and deep penetration [1,2]. Inspired by the development of
long wavelength laser, the realization of highly efficient visible light
photoinitiating polymerization systems becomes one of main
concerns in medical and engineering fields such as dental clinical,
coating, photoresist, printing plate, computer-to-plate, fabrication
of microstructure, and so on [3e6].

So far, a few of approaches have been established to achieve the
long wavelength photoinitiating polymerization [7e12]. For
instance, Paczkowski and the coauthors proposed photo-induced
intermolecular electron transfer to obtain long wavelength photo-
initiating polymerization [7,8]. Normally, long wavelength organic
dyes absorb visible light firstly, and then an intermolecular electron
transfer process from dyes to ultraviolet photoinitiators occurs. It
and Chemical Engineering,
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leads to the yield of active free radicals for photoinitiating poly-
merization of monomers. Some squaraine dyes were demonstrated
to efficiently photosensitize iodonium salts for the long wavelength
photoinitiating polymerization of acrylate monomers [9,10].

It is obvious that this pathway is conveniently performed since
there are many long wavelength photosensitizers and UV photo-
initiators which can be employed to compose visible light photo-
initiating polymerization systems. However, the further increase of
long wavelength photoinitiating polymerization efficiencies of
monomers becomes quite difficult since the production rates of
active free radicals are limited by photoinduced intermolecular
electron transfer.

It is well-accepted that photoinduced internal electron transfer
is more rapid than the intermolecular electron transfer, and thus it
can be used to get more efficient long wavelength photoinitaiting
polymerization. This suggests that the long wavelength photo-
initiators play the significant roles in the achievement of efficient
visible light photoinitiating polymerization [9,10]. While, the most
of the photoinitiators such as 1,3,5-trichloromethyltriazine and
benzophenone absorb very short ultraviolet light (200e300 nm),
and they can not photoinitiate polymerization of monomers under
visible light irradiation [13e15].

Therefore, it is necessary to prepare new long wavelength
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Fig. 1. Chemical structures of the studied molecules C1~C5 in this work.
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photoinitiators bymolecular preporganization [16,17]. For instance,
some efforts were successfully devoted to synthesize new cyanine
dye-based photoinitiators for visible light photopolymerization of
monomers [16e18]. While there are huge shortages of new long-
wavelength photoinitiators in industrial applications due to the
great challenges for rational molecular design of the target visible
light photoinitiators.

It is well-known that the commercial long wavelength photo-
initiator bis(cyclopentadienyl)-bis(2,6-difluoro-3-(1-pyrryl)-
phenyl)titanium (titanocene) has the less absorption in visible light
region (εmax at 400 nm, ~103 cm�1Cmol�1CL) and the weaker
thermal stability (thermal decomposition < 300 �C) since metaleC
bond is not as strong as covalent chemical bond [19], and thus its
application potentials are restrained. As a result, it is necessary to
improve visible absorption strength and thermal stability of new
visible light photoinitiators for the future application.

In this study, we propose that two or more UV photoinitiators
are covalently attached to the same long-wavelength dye molecule
for the development of new AB2 or ABn dyads as the visible light
photoinitiators. It is expected that the more efficient visible light
photopolymerization can be achieved by the cooperative photoin-
duced intramolecular electron effect in AB2 or ABn photoinitiators.

This work has established efficient synthesis approaches to
develop the AB2 trans-stilbene-benzophenone dyad. Meanwhile,
the AB dyad was also prepared for the comparison of visible light
photoinitiating efficiency. The intermolecular photoinitiating sys-
tems were also studied. We further compared the visible light
photoinitating effect of the new dyads to that of the commercial
long wavelength photoinitiator titanocene. The visible light pho-
toinitiating mechanism of the dyads was analyzed by the de-
terminations of the static and transient absorption and emission
spectra as well as ESR trapping spectra.

This study employed methyl methacrylate (MMA) as the
representative acrylate monomer to evaluate visible light photo-
initiation efficiencies of the new photoinitiators. The visible light
photoinitiating polymerization of MMA by these new dyads was
carried out by photo-differential scanning calorimetry. The results
showed that AB2 dyad photoinitiated polymerization of MMAmore
efficiently than the AB one under visible light irradiation. This study
also demonstrated that the new dyads exhibited the greater visible
light photoinitiating polymerization effect of MMA than the com-
mercial long wavelength photoinitiator titanocene.

2. Experimental

2.1. Materials and structural characterization

The organic solvents were purchased from Aldrich Chemical
Corporation and further dried using the standard laboratory
methods [20]. The spectroscopically pure organic solvents
employed in the spectral determination were provided by Aldrich
as well. The coinitiator triethanolamine and the monomer MMA
were also supplied by Aldrich. The chemical structures of the UV
photoinitiators C1, C2, the dyads C3 and C4, as well as the photo-
sensitizer C5 were shown in Fig. 1, which were prepared in our
laboratory. C1~C4 were firstly reported in this study. The chemical
structures of these molecules were characterized by nuclear mag-
netic resonance (NMR) spectra, infrared spectra (IR) as well as
elemental analysis.

Nuclear magnetic resonance apparatus (500 MHz) from Bruker
were employed to determine 1H and 13C NMR spectra of the sam-
ples in the standard NMR tube by using tetramethylsilane (TMS) as
an internal reference at room temperature. FT-IR spectra of the
samples were detected by Fourier transform infrared spectrometer.
A CE440 elemental analysis meter from Exeter Analytical Inc was
employed for the measurement of elemental analysis of the sam-
ples. The melting points of the samples were detected by a Beijing
Fukai melting point apparatus. The UV/visible absorption spectra
(1 � 10�5 mol/L) of the samples were detected by a Cintra spec-
trophotometer. The fluorescence emission spectra of the samples
were recorded by RF-531PC spectrofluorophotonmeter. The fluo-
rescence quantum yields of the samples were measured by using
quinine sulfate in 0.5 mol/L H2SO4 (F, 0.546) as the reference [21].
2.2. Visible light photoinitiating polymerization by photo-DSC study

Photo-differential scanning calorimetry (Photo-DSC) was car-
ried out by Photo-DSC-204 F1 phoneix fromNetzsch Corporation of
Germany. A high pressure mercury lamp was utilized as the light
source. Visible light was allowed to pass by cutting the UV wave-
length light through the filter.

The organic formula was photoinitiated polymerization in open
aluminum pans with a diameter of 6.6 mm. The empty aluminum
pans were used as the blank. The experimental temperature was
kept at 25 �C by a cooling system. The average power of visible light
irradiation was 20 mW/cm2 detected by a Coherent Model Field-
master power meter (Germany).

Visible light photopolymerization kinetics of MMA was
analyzed by the exothermal plots. The exothermic curves and the
kinetics of free-radical photopolymerization reaction were moni-
tored by measuring the heat flows during visible light irradiation.
By integrating the area under the exothermic peak, the photo-
polymeric conversion of monomer MMA and the photo-
polymerization rate could be calculated from the reaction enthalpy
flow according to the following equations:

C% ¼ DHt=DH
theory
0 � 100% (1)

Rp ¼ dC=dt ¼ ðdh=dtÞ=DHtheory
0 (2)

Where in C% was double bond polymerization conversion, DHt

showed the reaction heat evolved at irradiation time t and DHtheory
0

represented the theoretical heat of the complete conversion. For
the double bond of MMA, DHtheory

0 was 86 kJ/mol [22]. Rp meant the
photopolymerization rate and dH/dtwas the reaction enthalpy flow
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measured by the DSC curve.

2.3. Gel permeation chromatography (GPC) analysis

Number average molecular weight (Mn) and weight average
molecular weight (Mw) of photopolymer PMMA yielded by the
studied visible light photoinitiating systems in organic solvents
were determined by gel permeation chromatography (GPC). Vari-
ations of molecular weights and polydispersity index (PDI) of pol-
ymethyl methacrylate (PMMA) weremonitored by a Shimadzu GPC
instrument with tetrahydrofuran (HPLC grade, SigmaeAldrich Co,
USA) as the mobile phase at a low rate of 1 mL/min and oven
temperature of 40 �C. Polystyrene standards with the narrow mo-
lecular weight distributions were used for the calibration.

2.4. Laser flash photolysis

The samples were thoroughly deaerated by bubbling with Ar for
1 h before the measurement in the dark room. The experiments
were conducted in a rectangular quartz cell with a path length of
5 mm along the monitoring light path. Nanosecond laser flash
photolysis of the samples was performed by a 355 nm laser pulse. A
300 W xenon lamp was used as the monitoring source. The
transmitted monitoring light from the sample was collected and
focused onto a monochromator, and the signals were processed by
a computer system.

2.5. Electron spin resonance (ESR) analysis

The electron spin resonance (ESR) spectra of samples was per-
formed by Bruker EMX EPR spectrometer at 9.5 GHz with a mod-
ulation frequency of 200 kHz. 5,5-Dimethyl-pyrroline-N- oxide
(DMPO) was utilized as the radical capturing agent. The new dyad
and coinitiator were dissolved in ethyl acetate (2� 10�4mol/L), and
then 0.5 mL solution was placed into a quartz ESR tube and then
purged with N2 for half an hour to remove oxygen.

2.6. Cyclic voltammograms determination

Cyclic voltammograms was determined in a Shanghai Chenhua
working station. A representative three-electrode system including
two platinum work electrodes and an Ag/AgCl reference electrode
were used in the cell. A 0.05 mol/L solution of tetra-n-butyl-
ammonium hexafluorophosphate in dichloromethane containing
the samples was bubbled with Ar for 30 min before the
measurement.

2.7. Thermal stable analysis

The differential scanning calorimetry (DSC) and thermog-
ravimetry (TG) analysis of the samples were conducted under N2

flow at 100 mL/min in Shimadzu-DTG-60H at a heating rate 20 �C/
min, and the temperature range was 0e600 �C.

2.8. Preparation of the new target dyads

The new dyads (C3 and C4) were prepared through multi-step
approaches shown in Scheme 1. The synthesis of the other target
molecules C1, C2 and C5 were also provided in Scheme 1.

2.8.1. Synthesis of 4-bromomethyl-benzophenone
The title molecule was synthesized according to the previous

report [23].
2.8.2. Synthesis of 4-nitrostyryl-phenol and C5 (4-nitro-40-
methoxyl-styrene)

The titled two compounds were prepared according to the
previous literature [24].

2.8.3. Synthesis of 4-phenoxymethyl-benzophenone (C1)
In a three-necked flask, 4-bromomethyl-benzophenone 0.5 g

(2.9 mmol) and phenol 0.4 g (4.3 mmol) were added into 20 mL dry
acetone including potash 0.8 g (5.8 mmol) and a little 18-Crown-6.
The mixture was stirred at room temperature overnight under Ar
atmosphere. After the reaction, the solid of potassium carbonate
was filtrated and acetone was evaporated in a vacuum system. And
then, the reactant mixturewas dissolved in chloroform andwashed
by water, and the organic layer was dried by anhydrous sodium
sulfate. The product was purified with column chromography by
using benzene as the eluent, which was further recrystalized in n-
hexane. Color: white; yield: 82.4%; m.p: 141.2e142.5 �C; 1H NMR
(D6-DMSO, 500 MHz) d(ppm): 7.746e7.706 (m, 4H, AreH),
7.665e7.641 (t, 1H, AreH), 7.610e7.596 (d, 2H, J ¼ 7.0 Hz, AreH),
7.550e7.524 (t, 2H, AreH), 7.295e7.269 (t, 2H, AreH), 7.019e7.005
(d, 2H, J ¼ 7.0 Hz, AreH), 6.943e6.919 (t, 1H, AreH), 5.282 (s, 2H,
AreCH2e); 13C NMR (D6-DMSO, 125 MHz) d(ppm): (194.506,
159.002, 140.514, 138.444, 137.493, 132.421, 130.600, 130.513,
130.413, 130.312, 129.812, 129.717, 129.212, 129.115, 128.399,
128.319, 121.009, 114.712, 114.671, 70.789); Anal. Calcd for C20H16O2

(288.12): C, 83.31, H, 5.59, Found: C, 83.42, H, 5.51.

2.8.4. Synthesis of 1, 3-bis(4-benzoyl)benzyloxy)-benzene (C2)
The synthetic method of C2 was the same as that of C1, using

benzene-1,3-diol to replace phenol. Color: white; yield: 81.5%; m.p:
154e155.3 �C; 1H NMR (D6-DMSO, 500 MHz) d(ppm): 7.742e7.699
(m, 8H, AreH), 7.661e7.637 (t, 2H, AreH), 7.597e7.584 (d, 4H,
J ¼ 6.5 Hz, AreH), 7.543e7.519 (t, 4H, AreH), 7.208e7.181 (t, 1H,
AreH), 6.712 (s,1H, AreH), 6.638e6.621 (m, 2H, AreH), 5.197 (s, 4H,
AreCH2e); 13C NMR (D6-DMSO, 125 MHz) d(ppm): (194.311,
194.305, 161.613, 161.554, 140.445, 140.413, 138.394, 138.374,
137.313, 137.301, 132.415, 132.299, 130.712, 130.613, 130.567,
130.488, 130.313, 130.301, 130.297, 130.273, 129.112, 129.105,
129.101, 129.094, 129.004, 128.412, 128.394, 128.374, 128.335,
106.623, 106.545, 100.394, 70.821,70.724); Anal. Calcd for C34H26O4
(498.18): C, 81.91, H, 5.26, Found C, 82.04, H, 5.17.

2.8.5. Synthesis of 1-(4-(4-benzoyl)-benzyloxy)-phemethylol
The synthetic method of the titled molecule was similar to that

of C1 and C2. 3-Hydroxymethyl-phenol 1.0 g (8.1 mmol) and 1,3-
bis(4-benzoyl)benzyloxy)benzene 2.9 g (10.4 mmol) were used as
the starting materials. Color: yellow; yield: 75.7%; m.p:
131.2e132.8 �C; 1H NMR (D6-DMSO, 500 MHz) d(ppm):
7.778e7.718 (t, 4H, AreH), 7.644e7.555 (m, 3H, AreH), 7.461 (s, 2H,
AreH), 7.275e7.248 (d, 2H, J ¼ 13.5 Hz, AreH), 7.033e6.927 (m, 2H,
AreH), 5.271 (s, 1H, eOH), 5.161 (s, 2H, AreCH2e), 4.610 (s, 2H,
AreCH2e); 13C NMR (D6-DMSO, 125 MHz) d(ppm): (194.311,
157.911,140.413,138.411,137.321,133.515,132.411,130.582,130.552,
130.311,130.303,129.325,129.311,129.111,129.101,128.411,128.401,
114.511, 114.507, 70.811, 64.703). Anal. Calcd for C21H18O3 (318.13):
C, 79.22, H, 5.70, Found: C 79.13, H, 5.62.

2.8.6. Synthesis of 1-(4-(4-benzoyl)-benzyloxy)-bromomethyl-
benzene

Phosphorus tribromide 1.3 g (4.9 mmol) and 1-(4-(4-benzoyl)
benzyloxy)phemethylol 1.4 g (3.8 mmol) were added into 40 mL
dry tetrahydrofuran in a three-necked flask. The reaction was
protected by argon atmosphere and stirred at room temperature for
5 h. The solvent was evaporated in vacuum and the crude product
was dissolved in chloroform, then washed by sodium bicarbonate



O

NBS AIBN

O

Br

HO OH

acetone/K2CO3/18-C-6
HO

acetone/K2CO3/18-C-6
C1 C2

NO2

COOH

Piperidine

OHOHC

HO
NO2 C5

acet on e/K
2 CO

3 /18-C
-6

OH
R1

HO

HO

R1 O
O

PBr3

THF

Br

R2 O
Oacetone/K2CO3/18-C-6

NO2

HO

C3: R1, H, R2, H
O

O

120-140 0C

C3 or C4

or

OCH3OHC

or

C4: R1, OH, R2,

Scheme 1. The multi-step synthesis approach of new dyads.

X. Qin et al. / Dyes and Pigments 132 (2016) 27e4030
solution and extracted by dichloromethane. The organic layer was
dried by anhydrous sodium sulfate. The product was purified
through column chromography by using the mixed solvent
(cyclohexane/dichloromethane ¼ 1/4, v/v) as the eluent. The light
yellow product was obtained. Yield: 64.6%; m.p.: 127e128.5 �C; 1H
NMR (D6-DMSO, 500 MHz) d(ppm): 7.745e7.713 (m, 4H, AreH),
7.643e7.558 (t, 3H, AreH), 7.432e7.415 (d, 2H, J ¼ 8.5 Hz, AreH),
7.013e6.945 (m, 4H, AreH), 5.083 (s, 2H, AreCH2eOe), 4.432 (s,
2H, AreCH2eBre); 13C NMR (D6-DMSO, 125 MHz) d(ppm):
(194.301, 159.211, 140.423, 138.411, 137.293, 132.294, 130.285,
130.265, 130.243, 130.231, 130.223, 130.110, 130.105, 129.189,
129.101, 128.414, 128.401, 114.611, 114.607, 70.818, 33.321); Anal.
Calcd for C21H17BrO2: C, 66.16, H, 4.49, Found: C 66.25, H, 4.40.
2.8.7. Synthesis of 3,5-bis((4-benzoyl)benzyloxy)phenylcarbinol
4-Bromomethyl-benzophenone 0.685 g (2.5 mmol) and 5-

hydroxymethyl-benzene-1,3-diol 0.14 g (1.0 mmol) were mixed in
a flask. Dry acetone (30 mL) containing potash 0.69 g (5.0 mmol)
and a little 18-Crown-6 was gradually added. The mixture was
stirred at room temperature overnight under Ar atmosphere. After
the reaction, the purification of the product was similar to that of
C1. Color: yellow; yield: 69.4%; m.p: 131e132 �C; 1H NMR (D6-
DMSO, 125 MHz) d(ppm): 7.779e7.732 (m, 8H, AreH), 7.698e7.688
(t, 2H, J ¼ 7.5 Hz, AreH), 7.633e7.616 (d, 4H, J ¼ 8.5 Hz, AreH),
7.581e7.551 (t, 4H, AreH), 6.661e6.612 (d, 3H, J ¼ 24.5 Hz, AreH),
5.247e5.240 (s, 1H, eOH), 5.240e5.225 (s, 4H, eCH2eOe),
4.467e4.464 (s, 2H, eCH2e); 13C NMR (D6-DMSO, 125 MHz)
d(ppm): (194.113, 194.003, 159.911, 159.857, 143.211, 140.409,
140.384, 138.356, 138.314, 137.312, 137.002, 132.411, 132.411,
130.511, 130.501, 130.312, 130.301, 130.299, 130.274, 130.253,
130.223, 129.112, 129.089, 129.071, 129.021, 128.421, 128.411,
128.394, 128.341, 105.817, 105.065, 98.311, 70.547, 70.318, 65.286);
Anal. Calcd for C35H28O5 (528.19): C, 79.53, H, 5.34, Found: C, 79.61,
H, 5.25.
2.8.8. Synthesis of 3,5-bis((4-benzoyl)-benzyloxy)-benzyl bromide
Phosphorus tribromide 1.3 g (4.9 mmol) and 3,5-bis((4-

benzoyl)-benzyloxy)-phenylcarbinol 2 g (3.8 mmol) were added
into 40 mL dry tetrahydrofuran in a three-necked flask. The
reactant was protected by argon atmosphere and stirred at room
temperature for 5 h. The solvent was evaporated in vacuum and the
crude product was dissolved in chloroform, thenwashed by sodium
bicarbonate solution and extracted by dichloromethane. The
organic layer was dried by anhydrous sodium sulfate. After the
solvent was removed, the product was further purified with col-
umn chromography by using the mixed solvents (cyclohexane/
dichloromethane, 1/4, v/v) as the eluent. Color: yellow; yield:
66.3%; m.p: 134.2e135.4 �C; 1H NMR (D6-DMSO, 500MHz) d(ppm):
7.814e7.797 (m, 8H, AreH), 7.614e7.584 (t, 2H, AreH), 7.551e7.527
(d, 4H, J ¼ 12.0 Hz, AreH), 7.504e7.474 (t, 4H, AreH), 6.676e6.567
(d, 3H, J ¼ 15.5 Hz, AreH), 5.141e5.092 (s, 4H, eCH2eOe), 4.430 (s,
2H, eCH2e); 13C NMR (D6-DMSO, 125 MHz) d(ppm): (194.127,
194.006, 160.503, 160.019, 140.463, 140.193, 140.082, 138.375,
138.164, 137.329, 137.281, 132.441, 132.192, 130.619, 130.459,
130.413, 130.327, 130.293, 130.247, 130.182, 130.131, 129.316,
129.204, 129.114, 129.009, 128.473, 128.358, 128.273, 128.117,
106.821, 106.759, 100.036, 70.886, 70.349, 33.149); Anal. Calcd for
C35H27BrO4: C 71.07, H, 4.60, Found: C, 71.17, H, 4.53.
2.8.9. Synthesis of 1-(4-(4-nitro-styryl)-phenoxymethylene)-3-((4-
benzoyl)benzoyloxy)-benzene (C3)

1-(4-(4-Benzoyl)-benzyloxy)-bromomethyl-benzene 1 g
(2.6 mmol) reacted with 4-nitro- styryl-phenol 0.948 g (3.9 mmol)
in dry acetone including potash 0.72 g (5.2 mmol) and a little 18-
Crown-6 under argon atmosphere at room temperature over-
night. After the reaction, the solid was filtrated, and the solvent was
evaporated by a vacuum system. After then, the reactant mixture
was dissolved in chloroform and washed by water. The organic
layer was dried by anhydrous sodium sulfate. After the solvent was
removed, C3was purified with column chromography by using the
mixed solvents as the eluent (cyclohexane/dichloromethane, 3/1, v/
v).The product was further purified with recrystallization in
dichloromethane. C3: color: yellow; yield: 56.5%; m.p:
183.0e184.5 �C; 1H NMR (D6-DMSO, 500 MHz) d(ppm):
8.194e8.179 (d, 2H, J¼ 7.5 Hz, AreH), 7.789e7.774 (d, 2H, J¼ 7.5 Hz,
AreH), 7.747e7.705 (m, 4H, AreH), 7.666e7.641 (t, 1H, J ¼ 6.5 Hz,
AreH), 7.615e7.583 (m, 4H, AreH), 7.550e7.524 (m, 2H, AreH),
7.460e7.432 (d, 1H, J ¼ 14.0 Hz, AreCH]CHe), 7.320e7.294 (t, 1H,
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J ¼ 6.5 Hz, AreH), 7.248e7.221 (d, 1H, J ¼ 13.5 Hz, AreCH]CHe),
7.121 (s, 1H, AreH), 7.039e6.975 (m, 4H, AreH), 5.228 (s, 2H,
eCH2eOe), 5.111 (s, 2H,eCH2eOe); 13C NMR (D6-DMSO,125MHz)
d(ppm): (195.918, 159.302, 158.740, 146.282, 144.960, 142.470,
139.088, 137.493, 136.835, 133.449, 133.179, 130.360, 130.163,
130.086, 129.636, 129.101, 129.066 128.798, 127.860, 127.370,
124.620, 124.519, 120.687, 115.686, 114.639, 114.581, 69.555,
69.043). IR (cm�1): 3129.6, 3035.5, 1649.9, 1586.7, 1508.5, 1400.5,
1340.9, 1306.6, 1256.4, 1174.4, 1154.7, 1109.5, 1047.9, 1021.1, 941.5,
844.5, 737.3, 705.8. Anal. Calcd for C35H27NO5 (541.19): C, 77.62, H,
5.02, N, 2.59, Found: C, 77.71, H, 4.91, N, 2.67.

2.8.10. Synthesis of 1-(4-(4-nitrostyrolene)-phenoxymethylene)-
3,5-bis((4-benzoyl)benzyloxy)- benzene (C4)

The reaction of 3,5-bis((4-benzoyl)-benzyloxy)-benzyl bromide
1 g (1.7 mmol) and 4-nitrostyryl-phenol 0.61 g (2.5 mmol) was
mixed in acetone including potassium carbonate 0.468 g
(3.3 mmol) and a little 18-Crown-6 under Ar atmosphere at room
temperature overnight. The purification of C4 was carried out as
that of C3, color: yellow; yield: 52.1%;m.p: 142.8e144.5 �C; 1H NMR
(D6-DMSO, 500MHz) d(ppm): 8.190e8.176 (d, 2H, J¼ 7.0 Hz, AreH),
7.777e7.762 (d, 2H, J¼ 7.5 Hz, AreH), 7.742e7.728 (d, 4H, J¼ 7.0 Hz,
AreH), 7.710e7.679 (d, 4H, J ¼ 15.5 Hz, AreH), 7.662e7.637 (t, 2H,
J ¼ 6.5 Hz, AreH), 7.600e7.571 (m, 6H, AreH), 7.544e7.518 (m, 4H,
J ¼ 13.0 Hz, AreH), 7.444e7.416 (d, 1H, J ¼ 14.0 Hz, AreCH]CHe),
7.235e7.207 (d, 1H, J ¼ 14.0 Hz, AreCH]CHe), 7.023e7.009 (d, 2H,
J¼ 7.0 Hz, AreH), 5.216 (s, 4H,eCH2eOe), 5.080 (s, 2H,eCH2eOe);
13C NMR (D6-DMSO, 125 MHz) d(ppm): (195.399, 159.405, 158.787,
145.815, 144.469, 141.839, 139.574, 136.985, 136.355, 132.925,
132.670, 129.855, 129.559, 129.157, 128.589, 128.551, 128.313,
127.959, 127.774, 127.58, 127.370, 126.864, 124.132, 124.006,
115.202, 106.690, 101.264, 69.029, 69.207). IR (cm�1): 3430.6,
3128.0, 3032.7, 1655.5, 1596.2, 1508.9, 1448.2, 1407.2, 1337.4, 1318.6,
1277.9, 1248.2, 1163.2, 1145.9, 1109.1, 1047.8, 824.7, 788.3, 705.9;
Anal. Calcd for C49H37NO7 (751.26): C, 78.28, H, 4.96, N, 1.86, Found:
C, 78.37, H 4.87, N 1.94.

3. Results and discussion

3.1. Synthesis and 1H NMR characterization of the new target dyads

The multi-step synthesis strategy has been established to pre-
pare the new dyads C3 and C4. The reaction was mainly involved
with bromination of hydroxy group as well as the following
condensation reaction between phenolic hydroxy and benzyl bro-
mide derivatives. Fortunately, the purified yields of C3 and C4were
reasonable in both the last steps and the total routes (such as C4,
the last step, 52.1%, the total route, 24.0%).

In order to simplified the preparation route, one-pot synthesis of
C3 and C4 was made based on the optimized experimental condi-
tions. Scheme 2 showed one-pot preparation process developed in
our lab, which provide the similar yields of C3 and C4 as the multi-
step synthesis method.

Fig. 2 gave the representative 1H NMR spectra of the target
dyads C3 and C4. The results demonstrated that benzophenonewas
attached to the dye molecular scaffold through chemical covalent
bond. It was noticed that the eOCH2- segments in C3 or C4 obvi-
ously displayed two separated peaks, reflecting that they are
located in different chemical environments. The 1H NMR spectral
integration area ratio of different hydrogen atoms was consistent
with that of the numbers of hydrogen atoms. We also found that
carbonyl group led to the movement of 1H NMR peaks of its adja-
cent hydrogen atoms to the downmagnetic field due to its electron
withdrawing effect. Furthermore, the stronger electron accepting
role of nitro group caused the greater shift 1H NMR peaks of its
adjacent hydrogen atoms to the lower magnetic field.

Therefore, the successful synthesis of the target photoinitators
means the possibility of the large scale preparation of the new
dyads C3 and C4, which affords the great potentials for the further
applications.
3.2. UV/visible absorption properties of the new dyads

The UV/visible absorption spectra of C1~C5 were determined in
various organic solvents. The typical absorption spectra of these
molecules in ethyl acetate were presented in Fig. 3. The results
showed that C3 and C4 yielded the remarkable absorption in the
above 400 nm region. We need to point out that the molar
extinction coefficients of C3 and C4 at around 400 nm are two or-
ders of magnitude larger than that of the commercial photoinitiator
titanocene (~105 cm�1 M�1, versus ~103 cm�1 M�1 [19]). The
representative absorption parameters of these molecules in various
solvents were given Table 1.

Fig. 1 showed that C1 and C2 possessed the single absorption
band peaked at near 260 nm, which was generated by benzophe-
none part. While in contrast, C3 and C4 displayed the double ab-
sorption bands, which included the first absorption band peaked at
about 260 nm yielded by benzophenone part, and the second ab-
sorption band peaked at approximate 370 nm produced by chro-
mophore part.

C4 exhibited the similar maximal molar extinction coefficients
at around 260 nm as C2 in various solvents. The maximal molar
extinction coefficients of C2 and C4 at about 260 nm were
approximate two times as large as those of C1 and C3 (such as in
EtOAc, C4, 0.395 at 256 nm, C3, 0.198 at 256 nm, C2, 0.383 at
258 nm, C1, 0.188 at 256 nm). This further demonstrated that
benzophenone part was covalently attached to the dye molecular
backbone. The presence of two benzophenone parts in C2 and C4
produced nearly twice molar extinction coefficients at near 260 nm
comparing to C1 and C3.

On the other hand, to C3 and C4, the maximal absorption
wavelengths and the maximal molar extinction coefficients of the
second absorption band peaked at around 370 nmwere close with
each other (such as in EtOAc, C4, 0.198 at 373 nm, C3, 0.179 at
374 nm, C5, 0.200 at 377 nm). This is mainly due to the presence of
single chromophore part in C3 and C4. As a consequence, C5 pro-
duced the similar absorption spectral properties as C3 and C4 in the
longwavelength region in various solvents. It was observed that the
maximal absorption wavelength of C3 and C4 shifted to the longer
wavelength in polar solvents (such as to C4, in 1,4-dioxane, 360 nm,
in ACN, 371 nm), which could be caused by the presence of intra-
molecular charge transfer in the ground state of the entire
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Fig. 2. The representative 1H NMR spectra of C3 and C4 determined by 500 MHz NMR apparatus in DMSO-d6, C3, 2(a) C4, 2(b).
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molecular frameworks of C3 and C4 [25].
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Fig. 3. The typical UV/visible spectra of C1~C5 studied in ethyl acetate
(c ¼ 1 � 10�5 mol/L).
3.3. Photo-DSC study of visible light photoinitiating polymerization
of MMA

The intramolecular photoinitiating systems composed by the
dyad (C3 or C4) as the photoinitiators and triethanolamine as the
coinitiator were used for the photoinitiation polymerization of
MMA under visible light irradiation. For comparison, the intermo-
lecular photoinitiating systems including the photosensitizer C5,
the UV photoinitiator C1 or C3 and the coinitiators triethanolamine
were also employed for visible light photoinitiation polymerization
of MMA.

Hence, the four photosensitive initiating systems (S1~S4) for
visible light photoinitiating polymerization of MMA were per-
formed, which included S1 (C1, C5, triethanolamine), S2 (C2, C5,
triethanolamine), S3 (C3, triethanolamine) and S4 (C4, triethanol-
amine) respectively. At the first, we found that the monomer MMA
could not be photoinitiated by the UV systems (the UV
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Fig. 4. (Left/a1, b1) The kinetic curves of visible light photopolymerization of MMA photoinitiated by S3 and S4 systems respectively at room temperature. (Right/b1, b2) The
relationship between the photopolymerization conversion percent of double bond of (eCH]CHe) of MMA and the irradiation time. The concentrations of photoinitiators, C3 or C4
and the coinitiator (line 0.1 mol%, line 0.2 mol%, line 0.3 mol%, line 0.4 mol%, line 0.5 mol%). Irradiation intensity, Ia, 20 mW/cm2.

Table 1
The UV spectral parameters of C1~C4 in various solvents, la,max, the absorption maximum (nm), εmax, the maximal molar extinction coefficient (cm�1$mol�1$L, � 105).

Photoinitiators Solvents

1,4-Dioxane Ethyl acetate THF CH2Cl2 CH3CN

lmax ε lmax ε lmax ε lmax ε lmax ε

C1 255 0.183 258 0.188 263 0.197 256 0.224 255 0.208
C2 255 0.374 258 0.383 261 0.376 256 0.418 257 0.376
C3 363 0.125 374 0.179 370 0.120 367 0.161 369 0.206
C4 360 0.131 373 0.198 372 0.133 378 0.159 371 0.239
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photoinitiator C1 or C2 and triethanolamine) under visible light
irradiation due to the absence of the long wavelength absorption
(>400 nm).

The new dyads C3 and C4 were found to display the favorable
solubility in organic formulation. The relationship between the
visible light photoinitiaing polymerization efficiencies of MMA and
the concentrations of the photoinitators or the irradiation time
Table 2
The visible light photoinitiated polymerization kinetics parameters at different concentra
conversion C% (%).

Concentrations of the photoinitiators (mol%) C3

Rpmax (s�1) Conversion

0.1 0.069 26.5
0.2 0.096 38.1
0.3 0.122 48.1
0.4 0.153 54.6
0.5 0.174 57.5
were studied by photo-DSC. The representative plots of the pho-
toinitiating polymerization rates of MMA and the conversions of
double bond of MMA at various concentrations of the photo-
initiators with visible light irradiation time were shown in Fig. 4.
The results suggested that the photoinitiating system S4 reached
the maximal phototinitiating polymerization rate in a shorter
irradiation time than the photoinitiating system S3 at the same
tions of C3 or C4, Photopolymerization rate Rpmax (s�1), Double bond polymerization

C4

(%) Tmax (s) Rpmax (s�1) Conversion (%) Tmax (s)

5.5 0.095 30.8 5.1
5.0 0.145 51.6 4.4
4.7 0.188 63.7 4.1
4.2 0.218 71.5 3.9
4.0 0.237 76.9 3.7
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Fig. 5. (Left/(a), (c)) The kinetic curves of visible light photopolymerization of MMA photoinitiated by S3 system (C3, triethanolamine) and S1 system (C1, C5 and triethanolamine),
S4 system (C4, triethanolamine) and S2 system (C2, C5 and triethanolamine) at room temperature. (Right/(b),(d)) The relationship between the photopolymerization conversion
percent of double bond (eCH]CHe) of MMA and visible light irradiation time. The concentrations of the photoinitiators, the photosensitizers and the coinitiator were 0.4 mol%
respectively. Irradiation intensity, 20 mW/cm2
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conditions. This reflected that C4 could more efficiently produce
active free radicals than C3 under visible light irradiation.

It was also observed that as soon as the photoinitiating poly-
merization rates of S3 and S4 systems reached the peak values, a
gradual decrease was observed with the extension of visible light
irradiation time at the different concentrations of the photo-
initiators. The results could be ascribed to the following factors: (1)
Fig. 6. SterneVolmer plots of the dyads by the quencher triethanolamine (Q) in ethyl
acetate, I0, fluorescence intensity of the dyads, I, fluorescence intensity in the presence
of the quencher, the concentration of the dyads: 1.0 � 10�5 mol L�1, excited at 350 nm.
the photoinitiating polymerization materials were largely
consumed [26], (2) the yielded photopolymers increased the vis-
cosity of the systems, and the photoinitiating polymerization re-
action could be inhibited accordingly, (3) the coupling rate of free
radicals increased as more radicals were yielded.

Fig. 4 also suggested that the photoinitiating polymerization
ratesof S3 and S4 systemsexhibited the increasewith the increase of
the concentrations of the photoinitiators. On the other hand, the
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Fig. 7. The transient absorption spectra recorded 1.82 ms, 4.64 ms and 8.47 ms following
laser excitation (355 nm) of the dyads in Ar saturated ethyl acetate solution at room
temperature, the concentration of the dyads, 3.0 � 10�5 mol L�1



Fig. 8. The reaction of the quencher triethanolamine (Q) with the triplet dayds at room
temperature, Dependence of the pseudo-first-order rate constant of the decay of the
optical absorption at 350 nm on the concentration of the quencher after laser exci-
tation (355 nm).
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photoinitiating polymerization rates of S3 or S4 systems tended to
slightly increase as the concentrations of the photoinitiator C3 or C4
reached certain critical values. Hence, the double bond conversions
of MMA in S3 or S4 systems increased with the increase of the
concentrations of photoinitiators C3 or C4 firstly, while they tended
tobe stable as the concentrations of the photoinitiator reached some
values at the same irradiation time (Figures (4b1) & (4b2)). The
excess radicals could be yielded at the higher concentrations of the
photoinitiators, which could increase the radical coupling effect as
well as some side effects like radical chain-transfer reaction or su-
perabundant radicals acting as the impurities and polymerization
inhibitor. As a consequence, the photopolymerization double bond
conversions of MMA were not greatly increased as the concentra-
tions of the photoinitiator C3 or C4 reached certain values [27].

Visible-light photopolymerization kinetics parameters of S3 and
S4 measured by photo-DSC were summarized in Table 2. The data
showed that the maximal percent of double bond conversion and
the maximal photopolymerization rate of S4 system were higher
than those of S3 respectively at the same conditions (such as at
0.3 mol%, S4, Rpmax (s�1), 0.188, C%, 63.7%, S3; Rpmax (s�1), 0.122, C%,
48.1%). It demonstrated that C4 produced more effective visible
light photoinitiating effect than C3. This could be mainly due to the
presence of the cooperative photoinduced intramolecular electron
transfer effect in C4.

We further compared the intramolecular photoinitiating poly-
merization effect of S3 or S4 to that of the corresponding inter-
molecular photosensitive initiating systems S1 or S2 under visible
light irradiation. Fig. 5 showed the variations of visible light pho-
toinitiating polymerization efficiencies by S1~S4 systems with the
irradiation time at the same concentrations of photoinitiators and
photosenstitizers. The higher photoinitiating polymerization rate
a. C3 or C4
hv

C3* or C4* (excited C3 or C4)

b. D* +
N+

H

O-

N
O

H

D
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Scheme 3. The trapping mechani
and the smaller double bond conversion of MMAwere obtained for
S3 and S4 systems (Rpmax (s�1), 0.0756, the final conversion 37.2% at
0.4 mol%) and S2 system (Rpmax (s�1), 0.113, the final conversion,
43.1%, at 0.4 mol%) comparing with S3 (Rpmax (s�1), 0.154, the final
conversion 55.1% at 0.4 mol%) and S4 (Rpmax (s�1), 0.219, the final
conversion 72.2% at 0.4 mol%) respectively. The results demon-
strated that the active free radicals were produced by the intra-
molecular photoinduced electron transfer process in S3 and S4
systems more efficiently than the intermolecular photoinduced
electron transfer process in S1 and S2 systems.

The visible light irradiation photoinitaiting polymerization ef-
ficiency of MMA by C3 or C4 was also compared to that by titano-
cene. The results showed the C3 and C4 producedmore visible light
photoinitiating polymerization of MMA than titanocene at the
same experimental conditions (the final conversion 44.2%, Rpmax

(s�1), 0.119, at 0.4 mol% of titanocene). This could be due to the
larger visible absorption and the greater intramolecular electron
transfer in C3 and C4 than those in titanocene. We also found that
the other acrylate monomers such as 2-hydoxyethyl-methacrylate
could be efficiently photoinitiated by C4 under visible light irradi-
ation (Fig. S1, Supplementary date, the final conversion 81.5%, at
0.4 mol%).

3.4. Molecular weight and polydispersity of photopolymer MMA

The photopolymers were yielded by S1~S4 systems in ethyl
acetate under visible light irradiation (wherein [MMA],
1 � 10�2 mol/L, the concentrations of the photoinitiators,
2 � 10�5 mol/L), which were precipitated in cold methanol, and
washed by alcohol and dried in vacuum.We further determined the
molecular weight and polydispersity of the above PMMAs accord-
ing to the following equation:

Mw=Mn ¼ 1þ P (3)

wherein P was the extent of the polymerization reaction. It is well-
accepted that the lower value of P is, the greater the photoinitiating
polymerization reaction extent is.

For the studied systems such as S4, P was 0.514 as the concen-
tration of photoinitiator C4 and coinitiator was 1 � 10�5 mol/L
under 3 h of visible light irradiation (Mw, 7.216 � 105, Mn,
4.767� 105). The other systems S1, S2 and S3 exhibited the larger P
values at the same experimental conditions than S4 (S1, 0.843, S2,
0.721, S3, 0.645), but these P values are lower than 1.00. The results
showed that the yielded PMMA possessed not only a huge molec-
ular weight, but a narrow polydispersity, suggesting that these
systems underwent the fine visible light photoinitiating polymer-
ization. In particular, S4 produced the most excellent polydispersity
of PMMA among the studied systems in this work.

3.5. Fluorescence quenching and laser flash photolysis

The fluorescence emissionmeasurement showed that C3 and C4
TEOA
amine

C3-H or C4-H + D* (amine radical)

D* N

OH

OH

HO

sms of free radical by DMPO.



Fig. 9. The major ESR peaks of different photopolymerization systems in ethyl acetate, S1, 9(a) S2, 9(b) S3, 9(c) S4, 9(d).
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possessed the small fluorescence quantum yields (such as in EtOAc,
C4, 0.101), which increased the yields of the triplet states gener-
ating the initiating radicals. The fluorescence quenching studies of
C3 or C4 by triethanolamine (coinitiator) were performed at the
different concentrations, which was found to obey SterneVolmer
equation (i.e., I0/I ¼ 1þ Kq$t$[Q], Fig. 6). The quenching constants,
Kq, obtained from the slopes were 1.27 � 1010 M�1 s�1 and
1.93 � 1010 M�1 s�1 for C3 and C4 respectively.

The laser flash photolysis experiments were carried out to
investigate the properties of the triplet states of C3 or C4. Fig. 7
showed the typical transient absorption spectra of C3 after the
irradiation of laser pulses at 355 nm. The yielded transient peak at
around 530 nm was much similar to the tripletetriplet spectra of
benzophenone, demonstrating that benzophenone segment
increased the yield of the triplet state of the entire molecules. In
addition, it was found that the transients could be efficiently
quenched by oxygen, which further suggested that the transient
peaks was assign to tripletetriplet absorption. The further study
showed that triethanolamine also could quench the transients, and
the rate constants Kr were found as 2.36 � 109 M�1 s�1 and
3.43 � 109 M�1 s�1 for C3 and C4 respectively (Fig. 8).

3.6. ESR spectral analysis

The determination of ESR spectra was performed to get the in-
formation on visible photoinitiation mechanisms of S1~S4 systems.
The active free radicals with the short lifetime formed upon the
irradiation were trapped by DMPO in spin-trapping experiments.
The trapping mechanism of the radicals of C3 or C4 by DMPO was
presented in Scheme 3.

The major ESR peaks shown in Fig. 9 suggested the presence of
the same type of radicals produced by S1~S4, indicating that the
generating mechanism of the active free radicals by these systems
could be similar. It was found that ESR spectra of S1~S4 were quite
similar to those of benzophenone-amine photoinitiators [28]. It
was considered that under the incident visible light, the benzo-
phenone part in C3 or C4 or benzophenone derivatives C1 or C2
could easily react with the coinitiator triethanolamine acting as the
hydrogen donor to yield the active free radicals for the photo-
initiating polymerization of acrylate monomers.

In addition, ESR signal intensities of the free active radicals of S3
and S4 were stronger than those of S1 and S2 respectively. In
particular, S4 exhibited the stronger signals of the free active rad-
icals than S3 under the same experimental conditions. The results
explained why C4 could visible light photoinitiate polymerization
of MMA more effectively than C3.

It is found that there is absence of any overlap between the UV/
visible absorption of C1 and the fluorescence emission of C5
(Fig. S2, supplementary date). This suggests that it is impossible to
undergo photoinduced energy transfer from C5 to C1 under visible
light irradiation. Although nitro is an electron-withdrawing group,
the entire molecule C5 p-methoxy-p’-nitro-stilbene could be used
as an electron donor as it is excited by visible light.

In S1 and S2, it was proposed the photoinduced intermolecular
electron transfer occurred from the photosensitizer C5 to UV pho-
toinitiators C1 and C2 under visible light irradiation, which pro-
duced the negatively charged benzophenone derivatives. Hence,
the rapid hydrogen abstracting from the coinitiator triethanol-
amine occurred, and the active free radicals were produced.

While for S3 or S4, the proposed visible light photoinitiating
mechanism was typically shown in Scheme 4. It was thought that
the photoinduced intramolecular electron transfer occurred from
the chromophore parts to benzophenone part in C3 or C4 under
visible light irradiation. The photoinduced yielded negatively
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Fig. 10. The variations of UV/visible absorption spectra of S3 system under different
visible light irradiation time.

Fig. 11. The variations of photobleaching ratios of the systems at 360 nm under various
visible light irradiation time.
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charged transferred species could form an exciplex with the coin-
itiator triethanolamine, and the active a-aminoalkyl free radicals
were produced through a four-cycle ring intermediate by
abstracting proton from triethanolamine [29].
Table 3
The estimated values of free energy change △G between C5 and C1 or C2.

Compounds ERE(A) (eV) E0,0 (eV) DG (KJ/mol)

C1 �1.181 4.825 �444.9 KJ/mol
C2 �1.229 4.841 �449.5 KJ/mol

EOX(D/Dþ), �1.379 eV for C5, E0,0 ¼ hc/l. 1 eV/atom ¼ 96.15 KJ/mol, estimation from
the fluorescence emission.
3.7. Photobleaching studies

Photobleaching of the visible light photoinitiating systems
S1~S4 was observed in ethyl acetate, suggesting the photoinduced
decomposition of photosensititizers and photoinitiators caused by
photoinduced inter or intra molecular electron transfer. The
representative variations of UV/visible spectra of S3 systems were
shown in Fig.10. It showed that the absorption of C3 decreasedwith
the increase of visible light irradiation time, suggesting that the
photobleaching occurred.

Photobleaching ratios of S1~S4 could be calculated by the
following equation:
w% ¼ DA=A0 ¼ ðA0 � AtÞ=A0 (4)

wherein A0 showed the optical density at the maximal absorption
wavelength before the light irradiation, and At represented the
absorption at 360 nm after time (t) visible light irradiation.

Fig. 11 showed the plots of the decrease of the optical dentistry
at the maximal absorption wavelength of S1~S4 with the irradia-
tion time. The results suggested that S4 yielded a greater photo-
bleaching than S3, which further demonstrated that S4 underwent
more efficiently photochemical reaction than S3. This is mainly due
to the presence of two benzophenone parts in C4, and thus the
photoinduced intramolecular electron transfer is more efficient in
C4 than that in C3. As a consequence, C4 produced the greater
visible light photoinitating polymerization of MMA than C3.



Fig. 12. The cyclic voltammograms of the new photoinitiators C3 and C4 in CH2Cl2 at different scan rates.

Fig. 13. The relationship between Epa/Epc and lnv of C3 and C4 in methylene chloride.
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In addition, Fig. 11 showed that S3 and S4 displayed the more
effective photobleaching than S1 and S2 under visible light irradi-
ation, which further demonstrated that the intramolecular photo-
initiating system showed the more efficient photoinduced electron
transfer than the corresponding intermolecular photosensitive
initiating system. The results accounted for the more efficient
visible light photoinitiating polymerization of MMA by S3 or S4
comparing to that by S1 or S2 correspondingly.
3.8. Cyclic voltammograms

We further measured the cyclic voltammograms of the target
molecules to check the possibility of electron transfer. The value of
free energy change DG for the electron transfer reaction was esti-
mated according to RehmeWeller equation [30]:
DGPET ¼ EOXðD=DþÞ � EREðAÞ � E0;0 (5)

Where in EOX(D/Dþ)meant the potential of electron donors and ERE(A)
represented the potential of the acceptor, E0,0 was the excited state
energy. In this study, C1 or C2 was used as the electron acceptors,
while C5 acted as the electron donor.

A large negative DG shown in Table 3 suggested that photoin-
duced electron transfer between C1 or C2 and C5 possessed a large
thermos-driving force, and it was a spontaneous process. Thus, the
results demonstrated that the intermolecular electron transfer
between the photosensitizer C5 and the UV photoinitiator C1 or C2
was allowed thermodynamically. As a result, it could be deduced
that C3 and C4 could undergo intramolecular electron transfer
between the dye part and benzophenone part through the linking
covalent bond.



Fig. 14. DTA and TGA curves of C3 (a), C4 (b) and C5 (c).
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Fig. 12 showed the typical cyclic voltammograms of C3 and C4 in
dichloromethane at various scan rates 0.05e0.20 V/s (Left/C3). One
oxidation peak at �1.346 V and one reduction peak at 1.451 V were
observed at 0.1 V/s for C3 (Left/Fig. 12). Only one oxidation peak of
C4 was observed at �1.215 V, and the reduction peak at 1.193 V
could be regarded as the corresponding redox pair peak (Right/
Fig. 12).

Fig. 12 further suggested that with the increase of the scan rates,
the anodic to cathodic peak current differed much from the unity
and ipa was not equaled to ipc. It indicated the redox processes of C3
and C4was completely irreversible under all the sweeping rates. In
addition, it was also found that the redox process of C3 and C4were
dominated by the diffusion-controlled electron transfer reactions
resulting from a linear increasing of the peak potentials with the
square roots of the scan rates.

We calculated the internal electron transfer number of C3 and C4 based on cyclic

voltammograms. The relationship between the peak potentials (Epa and Epc) and the

nature logarithm of the sweeping rate (lnv) was given in Fig. 13. The peak potentials

were proportionally varied to lnv with a linear regression equation. According to Laviron

equation [31], the intramolecular electron transfer number could be calculated:

Ep ¼ E0 þ ð1� ln nÞRT=anF (6)

where in a was the cathodic electron transfer coefficient (irre-
versible process a¼0.5), n showed the electron transfer number. R
represented the gas constant (R, 8.314 J$mol�1$K�1), T was the
temperature in Kelvin (T¼ 298K) and Fmeant the Faraday constant
(F, 96 493 C$mol�1). Hence, it was calculated npa¼ 0.95, npc¼ 0.8
for C3, and npa¼ 1.68, npc¼ 1.70 for C4. The results demonstrated
that C4 exhibited a greater internal electron transfer ability than C3.
This could be ascribed to double intramolecular electron channels
due to the presence of two benzophenone parts in C4.
3.9. Thermal stable analysis

The thermal properties of C3 and C4 were analyzed by the
measurement of differential thermal analysis (DTA) and thermal
gravity analysis (TGA) under N2 atmosphere. C3, C4 and C5 showed
the different thermal decomposition temperatures. As shown in
Fig. 14, the onset decomposition temperatures of C3 and C4
determined by TGA were 302.08 �C and 309.55 �C respectively,
while the onset decomposition temperature of C5 was 290.81 �C.
The results suggested that the benzopheonone part increased the
thermal stability of the new photoinitiators.

In addition, C3 and C4 displayed the exothermic peaks at near
330 �C. At the endset temperature, the weight loss of C3 was
44.519% at 358.64 �C, and the weight loss of C4 was 45.354% at
371.14 �C, while C5 showed an endothermic peak at 336.55 �C with
98.056% loss. In contrast, more than half of theweights of C3 and C4
were retained, and so they could be regarded as the robust mole-
cules. The loss of weights of C3 and C4 could be caused by breaking
the ether bonds. While in contrast, C5was nearly fully decomposed
at the endset temperature. Furthermore, the endset temperature of
the dyes followed the order C4>C3>C5. This meant that the ther-
mal stabilities of new visible light photoinitators C3 and C4 were
increased by introducing benzophenone moiety.
4. Conclusions

In this study, the novel AB and AB2 stilbene-benzophenone
dyads were prepared for visible light photoinitiating polymeriza-
tion of MMA studied by photo-DSC. The results demonstrated that
C4 yielded the greater visible light photoinitiating polymerization
of MMA than C3. Furthermore, the dyads displayed the more effi-
cient visible light photoinitiating polymerization of monomer
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MMA comparing to the corresponding photoinduced intermolec-
ular electron transfer systems. Laser flash photolysis provided the
solid evidence of the tripletetriplet absorption of the dyads. The
free radicals produced by the excited dyads were confirmed by ESR
spectra. The large negative value of free energy change DG sug-
gested the presence of internal electron transfer in the new dyads.
The cyclic voltammograms demonstrated that C4 could undergo
more intramolecular electron transfer than C3. In addition, the new
dyads are thermal robust molecules. Hence, they could be used as
the efficient visible light photoinitiators of acrylate monomers in
various fields. The results shown in this work would be much
beneficial for the preparation of new long wavelength thermal
stable photoinitiators as required.
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