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Abstract Novel nitro-azobenzene dyes bearing one or two
benzophenone branches were proposed and synthesized to
improve their photophysical and photochemical properties.
The new dyes exhibited double UV/visible bands, and they
displayed weak fluorescence emission as excited at 350 nm.
Single crystal X-ray diffraction data showed that two
phenyl rings of azobenzene was almost coplanar, and the
benzophenone part was neither coplanar nor linear connection
with azobenzene via ether bridged bond, which have good fit
with molecular geometry optimization calculation results. The
cyclic voltammeric results of nitro-azobenzene dyes were
firstly reported in this paper, which demonstrated that the
electrochemical properties of nitro-azobenzene dyes was
altered by the substitution of benzophenone part. Thermal
stabilities of the new dyes were studied by the analysis of
differential scanning calorimetry (DSC) and thermograving
(TG) in this paper. Efficient visible-light photoinitiating
polymerization of methyl methacrylate (MMA) by the novel
nitro-azobenzene dyes was presented and discussed.
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Introduction

In recent years, the rapidly growing interest in applications
of visible-light laser and infrared laser dyes, such as 3-D data

photo-storage and microfabrication, stimulates the studies of
long-wavelength and multi-photon photopolymerizations[1–
6], since these can be applied widely in optical material and
biomedical fields. Intermolecular dye-sensitization was
employed to achieve visible-light photopolymerization and
multi-photon polymerization [7–9], for instance ultraviolet
photoinitiatior diaryliodonium salt and dialkylphenacylsulfo-
nium salt could be sensitized by ketone dyes as irradiated by
visible light to produce free radicals for the photopolymeri-
zation of epoxides and vinyl ethers monomer [10]. It was
confirmed that the photochemical efficiency was dependent
on the photoinduced electron transfer [11]. Geddes and
Lakowicz etal presented strong evidence that photoinduced
electron transfer played vital role on the development of new
fluorescence sensors [12]. Thus, the use of rapid photoin-
duced intramolecular electron transfer for the realization of
long-wavelength and multi-photon photopolymerizations
has become a focus. This requires synthesis of novel dye-
linked photoinitiators for visible-light photochemistry[13].
Generally, for such compounds, dye part plays the role of
absorption of visible light, and then an efficient photoin-
duced intramolecular electron transfer occurs between dye
part and photoinitiator part resulting in production of free
radicals for photopolymerization. Many researchers made
contributions to synthesize such compounds, such as
coumarin dye-linked borates [14] and cyanine dye-linked
bis(trichloromethyl)-1,3,5-triazin [15–17]. On the other hand,
development of such molecules with required and ideal
properties is always a great challenge for photochemists.

Azobenzene is typical chromophore and its dendrimer
has been developed recently [18, 19]. Benzophenone and
its derivatives are used as typical Norrish type II ultraviolet
photoinitiators for photopolymerization [20–22]. This paper
firstly presented the synthesis of nitro-azobenzene derivatives
bearing one or two benzophenone branches via ether bond for
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the improvement of their photophysical and photochemical
properties. A comprehensive investigation on the spectroscopy,
crystal, electrochemistry, thermal analysis and photochemistry
was performed and discussed.

Experimental

Materials

4-Methyl-benzophone (Fig. 1, compound 1) was a present
from Zhengjiang Zhengdan Chemical Corporation. Other
chemicals and reagents were purchased from Chongqing
Medical and Chemical Corporation unless otherwise specified.
The organic solvents were dried using standard laboratory
techniques according to published methods [23]. The starting
materials were redistilled or recrystallized before use. Com-
pounds 3 to 6 were synthesized in our laboratory.

Instruments

The UV/visible absorption spectra were recorded with a
Cintra spectrophotometer. The emission spectra were
checked with Shimadzu RF-531PC spectrofluorophoton-
meter. Rodamin 6G in ethanol (Φ=0.94, 1×10−5 mol/L
[24]) was used as a reference to determine the fluorescence
quantum yields of the compounds herein. The melting point
was determined using a Sichuan University 2X-1 melting
point apparatus which was uncorrected. Nuclear Magnetic
Resonance (NMR) was done at room temperature with a
Bruker 500 MHz apparatus with tetramethylsilane (TMS)
as internal standard and CDCl3 as solvent. Element analysis

was detected by CE440 elemental analysis meter from
Exeter Analytical Inc..

The fluorescence quantum yields of the compounds in
solvents with different polarities are measured based on the
following equation [25, 26]:

Φf ¼ Φ0
f

n20A
0
R
If lfð Þdlf

n2A
R
I0f lfð Þdlf

where n0 and n are the refractive indices of the solvents, A0

and A are the absorption at excited wavelength, Φf and Φ0
f

are the quantum yields, and the integrals denote the area of
the fluorescence bands for the reference and sample,
respectively.

Preparation of single crystals and x-ray crystallography

Single crystal of compound 5 was obtained with slow
volatilization of the solvent benzene at 250C (C=1×
10−3 mol/L). The crystal structure of the dye was
determined by X-ray single crystal diffraction. XRD data
were collected on a Bruker-AXS CCD area detector
equipped with diffractometer with Mo Ka (l=0.71073Å)
at 298K. A single crystal suitable for determination was
mounted inside a glass fiber capillary. The structures of the
compounds were solved by direct methods and refined by
full-matrix least squares on F2. All the hydrogen atoms
were added in their calculated positions and all the non-
hydrogen atoms were refined with anisotropic temperature
factors. SHELXS97 were used to solve the structure and
SHELTL were used to refine the structure [27, 28].
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Fig. 1 The molecular structures
of the compounds involved in
this paper
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Molecular geometry optimization calculations

Structure optimization was performed with the HyperChem
8.0 package [29] choosing the Indo semiempirical quantum
chemical method [30] to keep computations tractable.

Electrochemistry

Electrochemical measurement were carried out using a
Shanghai Chenhua working station. Two Pt work electrodes
and a Ag/Ag+ reference electrode, i.e. three electrodes
system, were included in cell. Typically, a 0.05 mol/L
solution of tetra-n-butylammonium hexaflorophosphate in
CH2Cl2 containing of sample was bubbled with argon for
15 min. The scan rate was 0.1 V/s for CV measurements.

Thermal analysis

The differential scanning calorimetry (DSC) and thermog-
raving (TGA) were conducted under N2 flow in Shimadzu
DTG-60H equipment at heating rate 100C min−1.

Visible-light photochemistry

Nitro-azobenzene dyes (photoinitiators), ethanolamine (as
coinitiator) and MMA (monomer) were dissolved in ethyl
acetate in dark. Photochemistry was performed in a 10 cm
pyrex tube as irradiated by a 1KW tungsten-iodine lamp as

light source at 10 cm distance. The photochemical reaction
was kept at room temperature with condenser water and
strong fan to eliminate thermo-polymerization. The wave-
length below 400 nm was cut off by filter to avoid any UV-
light photopolymerization. PMMA is precipitated from cold
methanol, and dried by vacuum, and weighted to calculate
visible-light photopolymerization yields of MMA.

Synthesis of new nitro-azobenzene dyes

Synthesis route of compounds 5 and 6 was shown in Fig. 2.
Precursors Compounds 2, 3 and 4 were synthesized
according to a well-known method with modified procedure
respectively [31, 32].

[p-(N-ethyl-N-hydroxyethyl)amino-p’-nitro-azobenzene]-
(methylenebenzophone)ether (Compound 5) was synthesized
as followings. 0.4 g (60%, 10 mmol) NaH was washed by
dried cyclohexane twice to remove mineral oil. 2.75 g
(10 mmol) Compounds 2 and 3 (1.57 g, 5 mmol) were
dissolved in NaH/50 ml dried THF, the mixture was stirred at
room temperature under argon for 24 h. The solid was got rid
of solution by filtration and THF was removed fully by
evaporation. The resulting mixture was dissolved in CHCl3
and washed by water for three times. The organic layer was
dried with anhydrous sodium sulfate and then concentrated.
The product was purified by column chromatography.
Further purification was carried out with twice recrystalliza-
tion from benzene to yield 0.8 g (1.6 mmol) deep red solid of
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compound 5 (yield 31.5%). 1H-NMR δ: 1.249–1.277 (t, 1H,
5), 3.566–3.594 (q, 1H, 7), 3.710–3.720 (t, 1H, 17), 3.758–
3.779 (t, 1H, 16), 4.632 (s, 1H, 6), 6.795–6.812 (d, 2H, 8,
15), 7.413–7.456 (d, 2H, 4, 18), 7.471–7.487 (d, 2H, 1, 12),
7.561–7.576 (d, 1H, 22), 7.777–7.790 (d, 2H, 3, 19), 7.812–
7.841 (d, 2H, 2, 20), 7.853–7.868 (d, 2H, 10, 13), 8.233–
8.251(d, 2H, 11, 12), 8.305–8.323 (d, 2H, 9, 14). Melting
point (940C), Anal. Calcd for C30H28N4O4, C, 70.85, H,
5.55, N, 11.02, O, 12.58. Found: C, 71.12, H, 5.36, N, 11.15.
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[p-(N,N-dihydroxyethyl)amino-p’-nitro-azobenzene]-
(methylenebenzophone) ether (Compound 6) was prepared
as followings. 0.8 g (60%,20 mmol)) NaH was washed by
dried cyclohexane twice to remove mineral oil. 5.5 g
(20 mmol) Compounds 2 and 4 (1.65 g, 5 mmol) were
dissolved in NaH/50 ml dried THF, the mixture was stirred
at room temperature under argon for 24 h. The solid was
got rid of solution by filtration and THF was removed fully
by evaporation. The resulting mixture was dissolved in
CHCl3 and washed by water for three times. The organic
layer was dried with anhydrous sodium sulfate and then
concentrated. The product was purified by column chro-
matography. Further purification was carried out with twice
recrystallization from benzene to yield 1.22 g (1.7 mmol)
deep red solid of compound 6 (yield 34.2%). 1H-NMR δ:
3.740–3.912 (t, 2H, 7, 18), 4.181–4.235 (t, 2H, 8, 17),
4.632 (s, 2H, 6, 28), 6.814–6.830 (d, 2H, 9, 16), 7.378–
7.394 (d, 4H, 5, 19, 27, 29), 7.442–7.473 (d, 4H, 2, 22, 24,
32), 7.548–7.577 (d, 2H, 1, 23), 7.711–7.758 (d, 4H, 4, 20,

26, 30), 7.760–7.768 (d, 4H, 2, 3, 25, 31), 7.852–7.867 (d,
2H, 11, 14), 8.124–8.136 (d, 2H, 12, 13), 8.312–8.329 (d,
2H, 10, 15), Melting point (520C), Anal. Calcd for
C44H38N4O6, C, 73.52, H, 5.33, N, 7.79, O, 13.36. Found:
C, 72.93, H, 5.21, N, 7.96.
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Results and discussion

Spectroscopic properties

UV/Visible spectroscopy

The UV/visible absorption spectra of compounds 5 and 6
reflects their compositions. As shown in Fig. 3, Compounds 5
and 6 exhibited two large absorption bands due to their
chemical structures. Obviously, remarkable absorption at
short wavelength confirmed the existence of benzophenone
part in the molecular structures, and the visible-light
absorption arises from nitro-azobenzene chromophore part
of the compounds. This demonstrated that benzophenone part
was introduced to nitro-azobenzene dye via covalent bond.

Spectral data of compounds 3, 4, 5 and 6 in various
solvents were presented in Table 1. As shown in Table 1,
their long-wavelength absorption displayed bathochromic

Fig. 3 Representative
absorption spectra of compound
6 in benzene and CH3CN(C=1×
10−5 mol/L)
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shift in strong polar solvents. The chemical structure of the
compounds 3 to 6 are characterized donor-p-acceptor,
which may induce solvent polar effects on their maximal
absorption wavelength [33, 34]. Obvious red-shift in strong
polar solvents might be due to the intramolecular charge
transfer, and the compounds could be characterized with
large dipole moment at ground state. We calculated
corresponding single molecular dipole moments in vacuum
with AM1 method [35], and the results were list in Table 1.
Although the calculated dipole moments are not real in
solvents, they still reflect basic situation of molecular
structures. The single molecules 3, 4, 5 and 6 had dipole
moments as 12.6D, 16.2D, 11.3D, 11.6D respectively at the
ground state in vacuum.

The fluorescence spectroscopy and fluorescence
quantum yields

Compounds 3 to 6 showed weak fluorescence emission at
370–575 nm as excited at 350 nm, and they had very
similar emission shapes. Representative fluorescence emis-
sion spectra of compounds 4 and 6 in THF were shown in
Fig. 4. It showed that the introduction of benzophenone part

had no remarkable influence on the fluorescence emission
of the nitro-azobenzene. This indicated that the luminescence
properties of the compounds were mainly dominated by nitro-
azobenzene part. Furthermore, the fluorescence quantum
yields of compounds 3 to 6 have been determined in various
solvents. The data were presented in Table 2. It showed that
four compounds displayed small fluorescence quantum
yields in different polar solvents. On the other hand, we
noticed that the fluorescence quantum yields of the com-
pounds 5 or 6 were slightly smaller than those of compounds
3 or 4, which was probably due to the photoinduced
intramolecular transfer between two chromophores.

Single crystal x-ray diffraction analysis and molecular
structure optimization

Four phenyl rings are included in compound 5. The crystal
data (see “Supplementary Information Available” ) sug-
gested that compound 5 crystallized in the monoclinic
system, P21/c space group (see Fig. 5).

In the compound 5, benzene rings C17–C22 and C23–
C28 are almost coplanar (dihedral angle: 4°), indicating that
they are conjugate (Fig. 5). However, the rings C4–C9 and
C11–C16 are deviated from the conjugate plane and the
deviated angles are 65.3° and 16.7°, respectively. The
dihedral angles between planes C4–C9 and C11−C16 is
53.6° (Fig. 5). Obviously, the benzene rings C4–C9 and
C11–C16 of benzophenone part are not linear with benzene
rings C17–C22 and C23–C28. These fit well with the

Table 1 Some spectral data of Compounds 3, 4, 5, 6 in various solvents

Compounds Solvents Dipole moments

Benzene Ethyl Acetate CH2Cl2 CH3CN

lmax e lmax e lmax e lmax e

C3 472 0.357 480 0.394 482 0.357 486 0.282 12.6D
C4 462 − 476 0.319 470 0.270 480 0.376 16.2D
C5 470 0.319 474 0.362 485 0.286 483 0.361 11.3D
C6 460 0.428 473 0.429 469 0.419 479 0.426 11.6D

lmax : nm, e: (1×105) L/mol.cm, Dipole moments was calculated for single molecules in vacuum, not in solvents

Fig. 4 Representative emission spectra of compounds 4 and 6 in
THF. (Ex: 350 nm, Slit Width: Ex: 5 nm, Em: 5 nm)

Table 2 The fluorescence quantum yields of Compounds 3, 4, 5 and 6

Solvents C 3 C 4 C 5 C 6

Benzene 3.6×10−2 5.8 ×10−3 2.2×10−2 3.5×10−3

THF 1.6×10−2 1.9×10−2 1.4×10−2 7.3×10−3

Ethyl Acetate 1.1×10−2 1.5×10−3 1.2×10−2 7.2×10−3

CH2Cl2 1.0×10−2 3.0×10−2 2.2×10−2 2.1×10−2

Acetonitrile 1.6×10−3 4.7 ×10−4 1.9×10−3 1.8×10−4
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geometry optimization results with Indo semiempirical
quantum chemical method by Hyperchem Software. Fur-
thermore, our calculation showed that the benzophenone
parts were neither coplanar nor linear connection with
azobenzene via ether bridged bond in compound 6 as well.
(see Fig. 6)

Electrochemical properties

The cyclic voltammetric data of compounds 5 and 6 were
acquired in dichloromethane. For comparison, the electro-
chemical properties of compounds 3 and 4 were also
studied in the same conditions. Generally, the reduction
peaks of compounds 5 and 6 exhibited remarkable
difference with those of compounds 3 and 4. The

representative voltammograms of compounds 4 and 6 were
presented in Fig. 7. From Fig. 7, we found that the cyclic
voltammograms of the compounds exhibited irreversible
process. Table 3 showed that the electrochemical properties
of the nitro-azobenzene were altered by the introduction of
benzophenone part. The oxidation peak of compound 5
shifted to a lower potential compared to compound 3. This
suggested that compound 5 was easier to be oxidized than
compound 3. While, in contrast, the oxidation peak of
compound 4 was enhanced by the introduction of benzo-
phenone part, while meant that compound 6 was harder to
be oxidized then compound 4. The potential shifts could be
due to diminishment or enhancement of HOMO with the
introduction of benzophenone.

The ionization potential (IP) and electron affinity (EA)
were also estimated based on the corresponding to

Fig. 5 ORTEP drawing of the compound 5 with thermal ellipsoids at
50% probability

Fig. 6 Molecular structure
optimization of compound 5 (a),
and compound 6 (b)

Fig. 7 Cyclic voltammograms of compounds (red line: compound 4,
blue line: compound 6)
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oxidation and reduction potentials as followings [36, 37]:
IPn=−eEox−4.39ev, EAn=−eEox−4.39ev. The two parameters
denote opposite physical definition. Removal of an electron
from the ground state of a molecule is defined as the first
ionization potential (IP1), and this is called the first oxidation
process. Further removing another electron from the univa-
lent cation is called the second ionization potential (IP2), it
corresponds to the second oxidation process. Thus similarly,
IPn is the representative of removing multi-electrons. In
contrast, the first electron affinity means that the ground state
of a molecule obtains an electron, and this corresponds to the
first reduction process. The second electron affinity corre-
sponds to the second reduction process. The EAn has direct
association with multi-reduction process. As shown in
Table 3, we could postulate that photoinduced intramolecular
electron transfer might occur from the nitro-azobenzene part
to benzophenone part due to the lower first electron affinity
of compounds 5 and 6. Owing to the short ester spacer bond,
the separation from one another of the redox units in
compounds 5 and 6 via ester bond may permit larger
electronic communication between chromophores.

Thermal analysis

The compounds 5 and 6 exhibited very similar decompo-
sition temperature, which can be observed from their DSC

and TGA curves. C5 to C6 display obvious exothermic
peak at above 3000C, and weight loss is accompanied with
exothermic peak. A Typical DSC and TGA curves of C5 to
C6 were shown in Fig. 8. The results show that the thermal
stability of visible-light photoinitators C1 and C2 is not
reduced by the benzophenone moiety. Great thermal
stability is big advantage for their further applications.

Visible-Light Photopolymerization

Benzophenone is a typical Norrish II photoinitator, which
has 100% intersystem crossing from excited singlet state to
triplet state. It can abstract hydrogen from hydrogen donor,
which are used as coinitiator, to produce radicals for
photopolymerization during ultraviolet irradiation. In this
study, compounds 5 and 6 with benzophenone moiety can
efficiently photoinitiate polymerization of acrylate monomer
during visible-light irradiation. Our studies showed that
when ethanolamine was used as hydrogen donor, even if
photoinitators 5 and 6 were at a very low concentration
(lower than 1×10−6 mol/L), they could still photoinitiate
polymerization of MMA as irradiated by visible light.

For comparisons, we have performed four photosensitive
initiating systems for visible-light photochemistry: P1 (com-
pound 5, ethanolamine and monomer), P2 (compound 6,
ethanolamine and monomer), P3 (compound 1, compound 3,

Table 3 The electrochemical properties of compounds 3, 4, 5, 6

Compounds Ered
2 EA2

Ered
1 EA1

Eox
1 IP1

C3 0.40 −4.79 0.70 −5.09 1.02 −5.41
C4 0.24 −4.63 0.62 −5.01 0.88 −5.27
C5 0.24 −4.63 0.76 −5.15 0.95 −5.34
C6 0.24 −4.63 0.77 −5.16 0.93 −5.32
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Fig. 8 The curves of differential scanning calorimetry (DSC) and thermograving (TG) of Compounds 5 and 6
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ethanolamine and monomer), P4 (compound 1, compound
4, ethanolamine and monomer). The plot of MMA photo-
polymeric ratio of P2 to P1 with irradiation time was shown
in Fig. 9. It clearly showed that during an hour irradiation,
visible-light photoinitiating efficiency of P2 was larger
approximately 1 time than that of P1, which demonstrated
that the two benzophenone branches induced a more efficient
visible-light photopolymerization than one benzophenone
branch. The results suggested that “branch effect” played a
significant role on the enhancement of visible-light photo-
polymerization. On the other hand, with the increasing
visible-light irradiation time (2 h to 4 h), radical coupling
rate might increase due to more free radicals, and this could
lead to gradually decrease the ratio of visible-light photo-
initiating efficiency of P2 to P1.

We also investigated that compound 1 was sensitized
by compounds 3 and 4 for visible-light polymerization.
The results suggested that P3 and P4 systems could
photoinitiate the polymerization of monomer as they were
irradiated by visible light, but the photopolymerization
yields were low. The plot of MMA photopolymeric ratio
of P1 to P3 and P2 to P4 with the concentration of the
photoinitiators was shown in Fig. 10. It clearly showed
that during 2 h visible light irradiation, the photopolyme-
rization of MMA ratio of P2 to P4 kept around 1.58, and
P3 to P1 was around 1.41. This indicated that free radicals
produced from intramolecular photochemical reaction
were much more than those intermolecular photochemical
reaction.

It is well known that the efficiency of intramolecular
energy or electron transfer is quite high and extends
through several covalent linkages when two chromophores
are together. The energy transfer occurs only if there is
enough overlap of the emission spectroscopy of donor and
the absorption spectroscopy of acceptor. In present study,
efficient intramolecular energy transfer between chromo-
phore part and benzophenone moiety is highly unlike due
to none overlap of emission of chromophore part and
absorption of benzophenone moiety. We assumed that the
photoinduced intramolecular and intermolecular electron
transfer might occur between nitro-azobenzene chromo-
phore and benzophenone to produce free radicals for
photopolymerization as the compound was irradiated by
visible-light.

The values of free energy change ΔG for the electron
transfer reaction were estimated according to the Rohm-
Weller equation [39] and listed in Table 4, wherein nitro-
azobenzene as electron donor, benzophenone as acceptor.
Negative ΔG indicated that photoinduced electron transfer
between nitro-azobenzene and benzophenone had large
thermodriving force. As discussed, Table 2 showed that
the fluorescence of nitro-azobenzene was slightly quenched
by benzophenone part. Thus, we could assume that
photoinduced electron transfer occured tiny partially
through the excited single state of the nitro-azobenzene.
On the other hand, the weak fluorescence of the nitro-
azobenzenen indicated that photoinduced electron transfer
might occur mainly through excited triplet state of the
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Fig. 9 The ratio of the photo-
initiating polymerization yields
of MMA (P2 to P1 ) with
irradiation time. Wherein: the
concentration of compounds 5
and 6 for different lines:
line 1: 2.5×10−7 mol/L,
line 2: 2×10−6 mol/L, line 3:
3×10−6 mol/L, line 4: 4×
10−6 mol/L, line 5:
5×10−6 mol/L, MMA: 4.7 mol/L
triethanolamine: 2.65 mol/L
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chromophores. This indication is according with the results
of literatures [40, 41].

The interaction of benzophenone and triethylamine
system under ultraviolet light was well studied, and it was
demonstrated that initiating α-aminoketyl free radicals were
formed from an exciplex via intermolecular hydrogen
transfer [42, 43]. Thus, we proposed photoinitating process
of compound 5 under visible light was shown in Fig. 11.
The variations of UV/visible absorption spectra of intra-
molecular photosensitive initiating systems and intermolec-
ular photosensitive initiating systems with irradiation time
were studied and compared. A representative change of
UV/visible spectra of P2 was shown in Fig. 12. It showed
that photobleaching of visible-light absorption occurred,
and an isobetic point (at 400 nm) and a new absorption
band (around 375 nm) were produced with the irradiation
time. The intramolecular photosensitive initiating systems
displayed more rapid photobleaching than intermolecular
photosensitive initiating systems, which in turn explained

Table 4 The estimated values of free energy change ΔG between
nitro-azobenzene dye and benzopheone

Eox(D/D+) ΔE0,0(a) ΔG

C3 1.02 ev 3.09 −288 KJ/mol
C4 0.88 ev 2.91 −280 KJ/mol

a Ered
A=Að Þ

- for benzopheone 0.925ev [38];estimation from the fluores-
cence emission
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Fig. 11 A proposed photoinitiating polymerization processing of
Compound 5

Fig. 10 The ratio of the photo-
initiating polymerization yields
of MMA (line 1: P4 to P2, line
2: P3 to P1) with different
concentration of photoinitiators.
Wherein: irradiation time:
2 h, MMA: 4.7 mol/L,
triethanolamine: 2.65 mol/L.
The concentrations of
compounds 1, 3, 4, 5, 6 are kept
same for the survey of each
point of the plot
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why the photoinitiating polymerization yields of monomer
of P1 and P2 were larger than those of P3 and P4.

It is interesting to observe that the effect of coinitiator on
the efficiency of photopolymerization was dependent on the
amount of branches of triethanolamine. More branches
increased the rate of α-aminoketyl free radicals for photo-
polymerizatrion. Among three ethanolamine derivatives,
triethanolamine is the best hydrogen donor. When other
experimental conditions were kept the same except for
hydrogen donor, we determined the ratio of P1 and P2
systems with different coinitiator. The results showed that
the photoinitiating polymerization yields of MMA ratio of
P1 system with triethanolamine to the system with
diethanolamine was 2.3, and to the system with mono-
ethanolamine was 2.9 times; Similarly, the photoinitiating
polymerization yields of MMA ratio of P2 system with
triethanolamine to the system with diethanolamine was 2.2
times, and the system with monoethanolamine was 2.6
times. The results are remarkably consistent.

Conclusions

In summary, this paper describes the synthesis of new nitro-
azobenzene dyes bearing benzophenone part. Extensive
studies have been carried out on the spectral properties,
crystal, electrochemical properties, thermal analysis and
visible-light photochemistry of the new compounds. Our
investigation showed that the introduction of benzophenone
part played a significant role on the improvement of the

photoativity of nitro-azobenzene and achievement of rapid
intramolecular photoinduced electron transfer. High ther-
modriving force promoted the occurrence of this process.
The compounds 5 and 6 have great thermal stabilities. The
efficient photoinduced intramolecular electron transfer
induced efficient visible-light photopolymerization of
MMA initiated by the new compounds bearing with
benzophenone.
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Fig. 12 The variation of UV/
visible absorption spectroscopy
of P2 with visible-light
irradiation time. Wherein:
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amine: 2.65 mol/L, the
concentrations of compound 6:
53×10−6 mol/L, Solvent: ethyl
acetate

542 J Fluoresc (2009) 19:533–544

http://www.ccdc.cam.ac.uk/conts/retrieving.html


References

1. Carretero L, Blaya S, Mallavia R, Madrigal RF, Belendez A,
Fimia A (1998) Theoretical and experimental study of the
bleaching of a dye in a film-polymerization process. Appl Opt
37:4496−4499. doi:10.1364/AO.37.004496

2. Grotzinger C, Burget D, Jacques P, Fouassier JP (2003) Visible
light induced photopolymerization: speeding up the rate of
polymerization by using co-initiators in dye/amine photoinitiating
systems. Polymer (Guildf.) 44(13):3671–3677. doi:10.1016/
S0032-3861(03)00286-6

3. Mallavia R, Amat-Guerri F, Fimia A, Sastrei R (1994) Synthesis
and evaluation as a visible-light polymerization photoinitiator of a
new eosin ester with an o-Benzoyl-α-oxooxime group. Macro-
molecules 27:2643–2646. doi:10.1021/ma00087a041

4. Tasdelen MA, Kumbaraci V, Jockusch S, Turro NJ, Talinli N,
Yagci Y (2008) Photoacid generation by stepwise two-photon
absorption: photoinitiated cationic polymerization of cyclohexene
oxide by using benzodioxinone in the presence of iodonium salt.
Macromolecules 41(2):295–297. doi:10.1021/ma7023649

5. Previtali CM, Bertolotti SG, Neumann MG, Pastre IA, Rufs AM,
Encinas MV (1994) Laser flash photolysis study of the photo-
initiator system safranine T-aliphatic amines for vinyl polymerization.
Macromolecules 27:7454–7458. doi:10.1021/ma00103a031

6. Zhang S, Li B, Tang L, Wang X, Liu D, Zhou Q (2001) Studies
on the near infrared laser induced photopolymerization employing
a cyanine dye-borate complex as the photoinitiator. Polymer
(Guildf.) 42(18):7575–7582. doi:10.1016/S0032-3861(01)00233-6

7. Ojah R, Dolui SK (2005) Photopolymerization of methyl
methacrylate using dye-sensitized semiconductor based photo-
catalyst. J Photochem Photobio. Chem. (Kyoto) 172(2):121–125

8. Allonas X, Fouassier JP, Kaji M, Miyasaka M, Hidaka T (2001)
Two and three component photoinitiating systems based on
coumarin derivatives. Polymer (Guildf.) 42(18):7627–7634.
doi:10.1016/S0032-3861(01)00275-0

9. Xing XF, Chen WQ, Gu J, Dong XZ, Takeyasu N, Tanaka T,
Duan XM, Kawata S (2007) Design of high efficiency for two-
photon polymerization initiator: combination of radical stabilization
and large two-photon cross-section achieved by N-benzyl 3,6-bis
(phenylethynyl)carbazole derivatives. J. Mater. Chem. 17:1433–
1438. doi:10.1039/b616792f

10. Crivello JV, Sangermano M (2001) Visible and long-wavelength
photoinitiated cationic polymerization. J Poly Sci Part A Poly
Chem 39(3):343–356

11. Fouassier JP, Allonas X, Burget D (2003) Photopolymerization
reactions under visible lights: principle, mechanisms and examples
of applications. Prog Org Coat 44(13):3671–3677

12. Badugu R, Lakowiczand JR, Geddes CD (2005) Fluorescence
sensors for monosaccharides based on the 6-methylquinolinium
nucleus and boronic acid moiety: potential application to
ophthalmic diagnostics. Talanta 65(3):762–768. doi:10.1016/j.
talanta.2004.08.003

13. Kucybala Z, Pyszka I, Packowski J (2000) Development of new
dyeing photoinitiators for free radical polymerization based on the
1H-pyrazolo[3,4-b]quinoxaline skeleton. Part 2. J Chem Soc
Perkin Trans 2:1559–1567. doi:10.1039/b000583p

14. Sarker AM, Kaneko Y, Neckers DC (1998) Photochemistry
and photophysics of novel photoinitiators: N,N,N-tributyl-N-(4-
methylene-7-methoxycoumarin) ammonium borates. J Photochem
Photobiol Chem 117(1):67–74. doi:10.1016/S1010-6030(98)
00315-3

15. Kawamura K (2004) Novel and efficient dye-linked radical
generators for visible light photoinitiating polymerization. J

Photochem Photobiol Chem 162(2–3):329–338. doi:10.1016/j.
nainr.2003.08.013

16. Kawamura K Merocyanine-dye-sensitized photoinitiator generating
a free-radical via an intramolecular electron-transfer process. Chem
Lett 32(11):1068–1070. doi:10.1246/cl.2003.1068

17. Kawamura K, Kato K (2004) Synthesis and evaluation as a
visible-light polymerization photoinitiator of a new dye-linked bis
(trichloromethyl)-1,3,5-triazine. Poly Adv Tech 15(6):324–328

18. Liao L, Stellacci F, McGrath DV (2004) Photoswitchable flexible
and shape-persistent dendrimers: comparison of the interplay
between a photochromic azobenzene core and dendrimer structure.
J Am Chem Soc 126(7):2181–2185. doi:10.1021/ja036418p

19. Nithyanandhan J, Jayaraman N, Davis R, Das S (2004) Syn-
thesis, fluorescence andphotoisomerization studies of azobenzene-
functionalized poly(alkyl aryl ether) dendrimers. Chem Eur J 10
(3):689–698. doi:10.1002/chem.200305297

20. Fouassier JP, Allonas X, Lalevee J, Visconti M Radical polymer-
ization activity and mechanistic approach in a new three-
component photoinitiating system. J Poly Sci Part A Poly Chem
38(24):4531–4541

21. Higuchi H, Yamashita T, Horie K, Mitai I (1991) Photo-cross-
linking reaction of benzophenone-containing polyimide and its
model compounds. Chem Mater 3:188–194. doi:10.1021/
cm00013a038

22. Caldwell RA, Majima T, Pac C (1982) Some structural effects on
triplet biradical lifetimes. Norrish I1 and Paterno-Buchi biradicals.
J Am Chem Soc 104:629–630. doi:10.1021/ja00366a050

23. Perrin DD, Armarego WLF, Perrin DR (1966) Purification of
laboratory chemicals. Pergamon, New York

24. Fischer M, Georges J (1996) Fluorescence quantum yield of
rhodamine 6G in ethanol as a function of concentration using
thermal lens spectrometry. Chem Phys Lett 260(1–2):115–118.
doi:10.1016/0009-2614(96)00838-X

25. Maus M, Retigg W, Bonafoux D, Lapouyade R (1999) Photoin-
duced intramolecular charge transfer in a series of differently
twisted donor-acceptor biphenyls as revealed by fluorescence. J
Phys Chem A 103(18):3388–3401. doi:10.1021/jp9905023

26. Lukeman M, Veal D, Wan P, Ranjit V, Munasinghe N, Corrie JET
(2004) Photogeneration of 1,5-naphthoquinone methides via
excited-state (formal) intramolecular proton transfer (ESIPT) and
photodehydration of 1-naphthol derivatives in aqueous solution.
Can J Chem 82(2):240–253. doi:10.1139/v03-184

27. Sheldrick GM (1997) SHELXS 97, Program for crystal structure
solution. University of Gottingen, Gottingen

28. Sheldrick GM (1997) SHELXL 97, Program for crystal structure
refinement. University of Gottingen, Gottingen

29. Hyperchem 8.0 Package, Hyperchem Inc., Gainesville, FL
30. Pople JA, Beveridge DL, Dobosh PA Molecular orbital theory of

the electronic structure of organic compounds. 11. spin densities
in paramagnetic species. J Am Chem Soc 90(16):4201–4206.
doi:10.1021/ja01018a003

31. Itoh T, Hall HK (1990) 7-Chloro-7-phenyl-8, 8-dicyanoquinodi-
methane. A novel initiator for cationic polymerizations. Macro-
molecules 23:4879–4881. doi:10.1021/ma00224a020

32. Gubbelmans E, Verbiest T, Picard I, Persoons A, Samyn C (2005)
Poly(phenylquinoxalines) for second-order nonlinear optical
applications. Polymer (Guildf.) 46(6):1784–1795. doi:10.1016/j.
polymer.2005.01.001

33. Aqad E, Leriche P, Mabon G, Gorgues A, Khodorkovsky V
(2001) Novel D-pi-A chromophores based on the fulvene accepting
moiety. Org Lett 3(15):2329–2332. doi:10.1021/ol016143n

34. Cumpston BH, Ananthavel SP, Barlow S, Dyer DL, Ehrlich JE,
Erskine LL, Heikal AA, Kuebler SM, Lee IYS, McCord-Maughon
D, Qin JH, Rockel H, Rumi M, Wu XL, Marder SR, Perry JW

J Fluoresc (2009) 19:533–544 543543

http://dx.doi.org/10.1364/AO.37.004496
http://dx.doi.org/10.1016/S0032-3861(03)00286-6
http://dx.doi.org/10.1016/S0032-3861(03)00286-6
http://dx.doi.org/10.1021/ma00087a041
http://dx.doi.org/10.1021/ma7023649
http://dx.doi.org/10.1021/ma00103a031
http://dx.doi.org/10.1016/S0032-3861(01)00233-6
http://dx.doi.org/10.1016/S0032-3861(01)00275-0
http://dx.doi.org/10.1039/b616792f
http://dx.doi.org/10.1016/j.talanta.2004.08.003
http://dx.doi.org/10.1016/j.talanta.2004.08.003
http://dx.doi.org/10.1039/b000583p
http://dx.doi.org/10.1016/S1010-6030(98)00315-3
http://dx.doi.org/10.1016/S1010-6030(98)00315-3
http://dx.doi.org/10.1016/j.nainr.2003.08.013
http://dx.doi.org/10.1016/j.nainr.2003.08.013
http://dx.doi.org/10.1246/cl.2003.1068
http://dx.doi.org/10.1021/ja036418p
http://dx.doi.org/10.1002/chem.200305297
http://dx.doi.org/10.1021/cm00013a038
http://dx.doi.org/10.1021/cm00013a038
http://dx.doi.org/10.1021/ja00366a050
http://dx.doi.org/10.1016/0009-2614(96)00838-X
http://dx.doi.org/10.1021/jp9905023
http://dx.doi.org/10.1139/v03-184
http://dx.doi.org/10.1021/ja01018a003
http://dx.doi.org/10.1021/ma00224a020
http://dx.doi.org/10.1016/j.polymer.2005.01.001
http://dx.doi.org/10.1016/j.polymer.2005.01.001
http://dx.doi.org/10.1021/ol016143n


(1999) Two-photon polymerization initiators for three-dimensional
optical data storage and microfabrication. Nature 398:51–54.
doi:10.1038/17989

35. Dewar MJS, Zoebisch EG, Healy EF, Stewart JJP (1985) AM1: a
new general purpose quantum mechanical molecular model. J Am
Chem Soc 107:3902–3909. doi:10.1021/ja00299a024

36. Li Y, Cao Y, Gao J, Wang D, Yu G, Heeger AJ (1999)
Electrochemical properties of luminescent polymers and polymer
light-emitting electrochemical cells. Synth. Met. 99(3):243–248.
doi:10.1016/S0379-6779(99)00007-7

37. Tao M, Zhou X, Jing M, Liu D, Xing J (2007) Fluorescence and
electrochemical properties of naphthylporphyrins and porphyrin-
anthraquinone dyads. Dyes Pigments 75(2):408–412. doi:10.1016/
j.dyepig.2006.06.022

38. Fawcett WR, Fedurco M (1993) Medium effects in the electro-
reduction of benzophenone in aprotic Solvents. J Phys Chem
97:7075–7080. doi:10.1021/j100129a025

39. Rehm D, Weller A (1970) Kinetics of fluorescence quenching by
electron and H2 atom transfer. 8: 259

40. Jockusch S, Timpe HJ, Schnabel W, Turro NJ (1997) Photoinduced
energy and electron transfer between ketone triplets and organic dyes.
J Phys Chem A 101:440–445. doi:10.1021/jp961744v

41. Yamaji M, Aihara Y, Itoh T, Tobita S, Shizuka H (1994) Thermo-
chemical profiles on hydrogen atom transfer from triplet naphthol and
proton-induced electron transfer from triplet methoxynaphthalene to
benzophenone via triplet exciplexes studied by laser flash photolysis. J
Phys Chem 98:7014–7021. doi:10.1021/j100079a021

42. Fouassier JP (1995) Photoinitiation, photopolymerization, and
photocuring-fundamentals and applications. Hanser, New York

43. Bhattacharyya K, Das PK (1986) Nanosecond transient processes
in the triethylamine quenching of benzophenone triplets in aqueous
alkaline media. Substituent effect, ketyl radical deprotonation and
secondary photoreduction kinetics. J Phys Chem 90:3987–3993.
doi:10.1021/j100408a032

544 J Fluoresc (2009) 19:533–544

http://dx.doi.org/10.1038/17989
http://dx.doi.org/10.1021/ja00299a024
http://dx.doi.org/10.1016/S0379-6779(99)00007-7
http://dx.doi.org/10.1016/j.dyepig.2006.06.022
http://dx.doi.org/10.1016/j.dyepig.2006.06.022
http://dx.doi.org/10.1021/j100129a025
http://dx.doi.org/10.1021/jp961744v
http://dx.doi.org/10.1021/j100079a021
http://dx.doi.org/10.1021/j100408a032

	Synthesis, Spectroscopy and Photochemistry of Nitro-Azobenzene Dyes Bearing Benzophenone Parts
	Abstract
	Introduction
	Experimental
	Materials
	Instruments
	Preparation of single crystals and x-ray crystallography
	Molecular geometry optimization calculations
	Electrochemistry
	Thermal analysis
	Visible-light photochemistry
	Synthesis of new nitro-azobenzene dyes

	Results and discussion
	Spectroscopic properties
	UV/Visible spectroscopy
	The fluorescence spectroscopy and fluorescence quantum yields

	Single crystal x-ray diffraction analysis and molecular structure optimization
	Electrochemical properties
	Thermal analysis
	Visible-Light Photopolymerization


	Conclusions
	Supplementary information available
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


