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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.

Keywords Synthesis - Nitro-azobenzene dye -
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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
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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 ($=0.94, 1x10°> 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 CDClj; as solvent. Element analysis

Fig. 1 The molecular structures
of the compounds involved in
this paper
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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]:

Hr = (PO n%AO flf(/’l’f)dj’f
S ) 0
n<A flf (ﬂ,f)dlf

where n, and n are the refractive indices of the solvents, A°
and A are the absorption at excited wavelength, ®¢ and <I>(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 25°C (C=1x
107 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 (A=0.71073A)
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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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
CH,Cl, 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 N, flow in Shimadzu
DTG-60H equipment at heating rate 10°C min™".
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 1IKW tungsten-iodine lamp as

Fig. 2 The synthesis route of
the compounds 5 and 6
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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 CHCl;
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%). "H-NMR &: 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 (94OC), Anal. Calcd for C5oH,5N4O4, C, 70.85, H,
5.55,N, 11.02, O, 12.58. Found: C, 71.12, H, 5.36, N, 11.15.

0O 3 4 s 9
e g
1 O N N. 0
2019 18 \_/ N N+
13 12

(number 1-22 stands for the carbon position)

[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
CHCIl; 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%). 'H-NMR 6:
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,

Fig. 3 Representative 0.6
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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 (52°C), Anal. Caled for
C44H38N4O6, C, 7352, H, 533, N, 779, O, 13.36. Found:
C, 72.93, H, 5.21, N, 7.96.

23 22

(number 1-32 stands for the carbon position)

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

Compounds Solvents Dipole moments
Benzene Ethyl Acetate CH,Cl, CH;CN
Amax € Amax € Amax € Amax €

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

Cs 470 0.319 474 0.362 485 0.286 483 0.361 11.3D

Co 460 0.428 473 0.429 469 0.419 479 0.426 11.6D

Amax : nm, €: (1x105) L/mol.cm, Dipole moments was calculated for single molecules in vacuum, not in solvents

shift in strong polar solvents. The chemical structure of the
compounds 3 to 6 are characterized donor-m-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

800 T T T T

Intensity(a.n.)

e compound 4

| / N compound 6 |

1] L L :
370 485 600
Wavelength(nm)

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

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, P2,/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-Cl16 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 2 The fluorescence quantum yields of Compounds 3, 4, 5 and 6

Solvents C3 C4 CS5 Cc6

Benzene 3.6x102 581072 22x102  3.5x107°
THF 1.6x1072 19x102  14x102%  73x107°
Ethyl Acetate  1.1x1072 1.5x107°  12x1072  72x107°
CH,Cl, 1.0x1072 3.0x102  22x102%  2.1x1072
Acetonitrile 1.6x107° 47x10*  19x10° 1.8x107*
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Fig. 5 ORTEP drawing of the compound 5 with thermal ellipsoids at
50% probability

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

Fig. 6 Molecular structure
optimization of compound 5 (a),
and compound 6 (b)
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Fig. 7 Cyclic voltammograms of compounds (red line: compound 4,
blue line: compound 6)

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

Compounds Eéed EA, Erf:d EA, Ef* 1P,
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
Cs 0.24 —4.63 0.76 —5.15 0.95 —5.34
(@) 0.24 —4.63 0.77 -5.16 0.93 —5.32

oxidation and reduction potentials as followings [36, 37]:
IP,=—¢E®*~4.39¢ev, EA,=—¢E**~4.39¢v. 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 (IP,), and this is called the first oxidation
process. Further removing another electron from the univa-
lent cation is called the second ionization potential (IP,), it
corresponds to the second oxidation process. Thus similarly,
IP, 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 EA,, 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 300°C, 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 1x107° 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,

TGA DTA TGA DTA
mg uv mg uv
8.001 140.00
6.00 120.00
120.00 Weight Loss  0.067 mg 317.77C
6.001 / 23.46 C 1.627 % / 0.00
B e NI . &) S Weight L -0.999mg Y-
Weight Loss w 020 mg 10.00 4.00f ~ \ cight Loss-0.999 mg
4.00 ﬁ ]
119.46C 118.46C _ -20.00
4-20.00 Weight Loss  -0.944 mg
2.001 -22.929 %
652:30C
2.00r 1-40.00
1-40.00
0.00+ 1-60.00
0.00¢, L L L L L . . 1-60.00 L L s s s L L
0.00 100.00 200.00 300.00 400.00 500.00 600.00 0.00 100.00 200.00 300.00 400.00 500.00 600.00
Tem [C] Tem [C]
Cs Co6

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 AG 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 AG 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

Fig. 9 The ratio of the photo- 25
initiating polymerization yields
of MMA (P2 to P1 ) with —o—line 1
irradiation time. Wherein: the .
concentration of compounds 5 2 -~ —#=line 2
and 6 for different lines: line 3
line 1: 2.5x1077 mol/L, line 4
line 2: 2x10°® mol/L, line 3: g ,\\ e linr 5
3x10°° mol/L, line 4: 4x S s
6 N .
10" mol/L, line 5: £ \\‘\
5%107° mol/L, MMA: 4.7 mol/L g
triethanolamine: 2.65 mol/L _;> — ——
3
g
=]
=
-
0.5
0 . . . . . . . . . .
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5
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Fig. 10 The ratio of the photo- 18
initiating polymerization yields
of MMA (line 1: P4 to P2, line v line 1
2: P3 to P1) with different 19
concentration of photoinitiators. « line 2
Wherein: irradiation time:
2 h, MMA: 4.7 mol/L, 16
triethanolamine: 2.65 mol/L. £ : T = e e
The concentrations of 2 T
compounds 1, 3, 4, 5, 6 are kept E- :E
same for the survey of each a P S
point of the plot §
=
n.' W

14 -»-.__.____‘_‘_‘_‘/’ )

13

12 : . - : : .

0 0.000001 0.000002 0.000003 0.000004 0.000005 0.000006 0.000007
Concentration

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 oc-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 AG between
nitro-azobenzene dye and benzopheone

Eox(D/D+) AEO0,0(a) AG

C3 1.02 ev 3.09 —288 KJ/mol
C4 0.88 ev 291 —280 KJ/mol
aE'(ff/ A for benzopheone 0.925ev [38];estimation from the fluores-

cence emission

visible light

s _Q_N °N—©—Noz

exciplex HO

HO HO.
o L
H
N N/\/O
N

O~
— NOZ + g initiating radical

semibenzopinacol HO

. . methyl acrylate
termating radical

PMMA

Fig. 11 A proposed photoinitiating polymerization processing of
Compound 5
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Fig. 12 The variation of UV/ 0.3

visible absorption spectroscopy
of P2 with visible-light

irradiation time. Wherein: 0.25
MMA: 4.7 mol/L, triethanol-

0.0 L R R N R R R R RN R R

A
amine: 2.65 mol/L, the b
. 0.2
concentrations of compound 6: s
53x107° mol/L, Solvent: ethyl 0
r -
acetate p 015
t
i
0 01—
n
0.05 —
300 350 400

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 oc-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

@ Springer
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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.

Supplementary information available

CCDC 679944 contains the supplementary crystallographic
data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html or
(from the Cambridge Crystallographic Data Centre, 12,
Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223
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