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Abstract. Two methacrylate monomers containing azo and electronical push and pull structure, e.g. 2-Methyl-acrylic-acid2-{[4-(4-cyano-phenylazo)-3-methyl-phenyl]-ethyl-amino-ethyl ester (MACP) with cyano substituted and 2-Methylacrylic-acid-2-{ethyl-[4-(4-methoxy-phenylazo)-3-methyl-phenyl]-amino}-ethyl ester (MAMP) with methoxy substituted,
were synthesized and polymerized using 2-cyanoprop-2-yl dithiobenzoate (CPDB) as chain transfer agent and 2,2'-azobisisobutyronitrile (AIBN) as initiator. The results showed that the polymerization displayed characteristics of ‘living’/controlled free radical polymerization. Thus, the obtained polymers, polyMACP (pMACP) and polyMAMP (pMAMP), had
controlled molecular weights and narrow molecular weights distribution. The chain extension experiments of pMACP and
pMAMP using styrene as the second monomer were successfully carried out. The photo-induced trans-cis-trans isomerization kinetic of pMACP and pMAMP in chloroform solution were described. Marked differences in rate for the trans-cis and
cis-trans isomerization of pMACP and pMAMP were observed in chloroform solution due to the different electronic
effects in these two polymers. Photoinduced birefringence and surface relief grating (SRG) of the pMACP and pMAMP
were investigated in thin film state.
Keywords: polymer synthesis, azopolymers, photo-induced birefringence, surface relief grating (SRG), reversible additionfragmentation chain transfer polymerization (RAFT)

1. Introduction
Azobenzene-containing polymers received more
and more attentions in this decade for their potential applications in many fields, such as optical data
storage [1, 2], nonlinear optical materials [3, 4],
holographic memories [5, 6], chiroptical switches
[7, 8] and surface relief gratings (SRG) [9, 10]. The
photo-responsive properties of the azopolymers are
based on the trans-to-cis and cis-to-trans photo isomerizations of azo chromophores, which leads to
considerable changes in their molecular shape and
dipole moments [11, 12]. It is generally accepted

that in the surface relief gratings (SRG) forming
process, the large-scale mass transport of the
azopolymer chains is caused by the photoinduced
trans-cis-trans isomerization cycles of azo chromophores, which results in the surface modulation
in a reversible way. A considerable amount of literature has been devoted to the dynamic processes of
the SRGs formation and several models have been
proposed to describe the mechanism of the large
photoinduced mass transport [13–16].
On the other hand, the optically induced birefringence can be produced on azobenzene-containing
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polymers by linearly polarized (LP) photoexcitation of the azobenzene group, which undergoes
trans-cis-trans isomerization [17, 18] , giving rise,
after repeated photoexcitation and isomerization
cycles, to a net excess of azobenzene moieties oriented with their transition dipole moments perpendicularly to the direction of the pump electric field.
The anisotropic distribution of chromophores provides birefringence and linear dichroism of the film
can be erased by irradiation with depolarized or circularly polarized (CP) light, thus reproducing the
original isotropy in the material. According to
Rabek’s report [19], azo compounds can be divided
into three classes: azobenzene type, aminoazobenzene type and pseudo-stilbene type. Azobenzene
containing compounds with electronical push and
pull structures (pseudo-stilbene type) and aminoazobenzene type molecules can isomerize from cis
configuration back to trans configuration very
quickly at room temperature. However, the thermal
cis-trans isomerization in azobenzene-type molecules is relatively slow, and it is even possible to
isolate the cis isomer [20].
Typically, the azobenzene containing polymers can
be obtained through two ways: incorporating
azobenzene chromophores into the backbones
directly during the polymerization process [21–23],
and postpolymerization modification technique
[24–27]. Generally, conventional free radical polymerization (uncontrolled radical polymerization)
can be used for the facile synthesis of polymers
with side-chain containing azobenzene chromophores with high functionality. However, the
structures of polymers obtained by this way can not
be tailored and are usually ill-defined. Anionic
polymerization has been used to synthesize welldefined end-functional polymers with predetermined molecular weights and narrow molecular
weight distributions. However, the reaction conditions are very stringent and the range of polymerisable monomers is quite limited. The ‘living’/
controlled free radical polymerization (LFRP)
[28–39], developed rapidly during the past decade,
was a frequently used technology in the preparation
of well-defined polymers. Among the LFRP techniques, the reversible addition-fragmentation chain
transfer (RAFT) polymerization is considered as
one of the most versatile method with wide range of
polymerisable monomer and undemanding polymerization conditions.

Figure 1. Chemical structures of 2-cyanoprop-2-yl dithiobenzoate (CPDB), 2-methyl-acrylic-acid-2-{[4(4-cyano-phenylazo)-3-methyl-phenyl]-ethylamino}-ethyl ester (MACP) and 2-methylacrylic-acid-2-{ethyl-[4-(4-methoxy-phenylazo)3-methyl-phenyl]-amino}-ethyl ester (MAMP)

Herein, we report a detailed study of RAFT polymerization of two methacrylate monomers, bearing
azobenzene moieties with different push and pull
substituted groups at 4-position in the benzene
rings, e.g. MACP with cyano group substituted
while MAMP with methoxy substituted (as showed
in Figure 1). To study the effect of the polarity of
substitutional groups, cyano and methoxy on the
photo-responsive behaviors, the photo-induced
trans-cis-trans isomerization kinetic of the polymers from RAFT polymerization were described.
Furthermore, photoinduced birefringence and
SRGs of these polymers were investigated in thin
film state.

2. Experimental section
2.1. Materials
Methacryloyl chloride was purchased from Haimen
Best Fine Chemical Industry Co. Ltd. (Jiangsu,
China) and used after distillation. Styrene (St, 99%,
Shanghai Chemical Reagent Co. Ltd. China) was
washed with a 5% sodium hydroxide aqueous solution and then with deionized water until neutralization. After being dried with anhydrous magnesium
sulfate overnight, it was distillated over CaH2
under vacuum and stored at –18°C. 2,2'-azobisisobutyronitrile (AIBN, 97%, Shanghai Chemical
Reagent Co. Ltd. China) was recrystallized from
ethanol twice, dried under vacuum at room temperature, and stored at –18°C. Anisole and chloroform
(analytical grade) were purchased from Shanghai
Chemical Reagent Co. Ltd (China) and used after
590
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Figure 2. The synthetic routes of MACP, MAMP, pMACP and pMAMP

distillation. N-Ethyl-N-2-hydroxyethylm-toluidine
(TCI, Tokyo Kasei Kogyo Co. Ltd. Japan, 99%)
and 4-aminobenzonitrile (Alfa, A Johnson company, USA, 98%) were used as received. 2Cyanoprop-2-yl dithiobenzoate (CPDB, as in Figure 2) was synthesized according to the literature
[40]. The synthetic routes of MACP and MAMP
are presented in Figure 2. Other materials were purchased from Shanghai Chemical Reagent Co. Ltd.
China and purified according to the standard
method.

2.2. Synthesis of MAMP and MACP
2-{Ethyl-[4-(4-methoxy-phenylazo)-3-methylphenyl]-amino}-ethanol (1)
4-Methoxyanhiline (4.96 g, 40 mmol) was dissolved in an aqueous solution of sodium nitrite
(3.38 g in 40 ml of deionized water). The obtained
solution was cooled to 0–5°C and then hydrochloric acid (16 ml) in 100 ml deionized water was
added slowly with stirring. After stirring for further
30 min, carbamide (0.48 g, 8 mmol) was added to
demolish the residual sodium nitrite with tracking
by starch-iodide paper. Then the diazonium salt
solution was obtained. A solution of N-ethyl-N-2hydroxyethylm-toluidine (8.78 g, 48 mmol), glacial acetic (15 ml) and deionized water (30 ml)
prepared beforehand was slowly added to the diazonium salt solution at 0–5°C. The mixture was
vigorously stirred for 30 min in ice bath and aqueous sodium hydroxide solution was added to adjust
the pH to 5–7. The solution was heated to 40–50°C
gradually and kept for 15 min, and then it was
cooled for 2 h. The solid was filtered and dried

under vacuum at room temperature. After recrystallized from ethanol-water mixture (3:2, v:v), the
compound 1 was obtained as a yellow crystalline
solid (7.5 g, 68%). 1H NMR (CDCl3): 7.80–7.88(d,
2H), 7.66–7.73(d, 1H), 6.89–7.03(d, 2H), 6.62(s,
2H), 3.80–3.90(t, 5H), 3.46–3.60(m, 4H), 2.69(m,
3H), 1.58(s, 1H), 1.14–1.28(t, 3H). Anal. Calcd. for
C18H23N3O2: C 68.98, H 7.40, N 13.41; found:
C 68.65, H 7.41, N 12.95.
2-Methyl-acrylic-acid-2-{ethyl-[4-(4-methoxyphenylazo)-3-methyl-phenyl]-amino}-ethyl ester
(MAMP)
Compound 1 (6.2 g, 20 mmol), dry THF (50 ml)
and triethylamine (2.8 ml) was added to a roundbottom flask, then the mixture was cooled with ice
bath. Methacryloyl chloride (1.9 ml, 22 mmol)
diluted in dry THF (10 ml) was added dropwise to
the cooled compound 1 solution. The resultant mixture was vigorously stirred for 1 h at 0–5°C and
then at room temperature for further 6 h. The solution was filtered and the solvent was removed by
rotary evaporation. The crude product was dissolved in dichloromethane and washed with deionized water three times, then dried with anhydrous
magnesium sulfate overnight. Finally, the obtained
crude product was purified by column chromatography (silica gel H) with petroleum ether/ethyl
acetate = 4:1 (v:v) as eluent to give a yellow crystalline solid MAMP (4.3 g, 56.4%). 1H NMR
(CDCl3): 7.81–7.93(d, 2H), 7.72–7.75(s, 1H),
6.97–7.01(d, 2H), 6.62(s, 2H), 6.13(s, 1H), 5.6(s,
1H), 4.32–4.39(t, 2H), 3.89(s, 3H), 3.66–3.72(t,
2H), 3.45–3.57(m, 2H), 2.7(s, 3H), 1.96(s, 3H),
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1.22–1.27(t, 3H). Anal. Calcd. for C22H27N3O3:
C 68.9, H 7.15, N 10.73; found: C 69.27, H 7.13,
N 11.02.
4-{4-[Ethyl-(2-hydroxy-ethyl)-amino]-2-methylphenylazo}-benzonitrile (2)
The compound 2 was synthesized using a similar
procedure as compound 1 as a red crystalline solid
(9.29 g, 75.4%). 1H NMR (CDCl3) 7.84–7.94(d,
2H), 7.75–7.84(s, 1H), 7.65–7.78(d, 2H), 6.62(s,
2H), 3.88(s, 2H), 3.47–3.65(m, 4H), 2.68(s, 3H),
1.56(s, 1H), 1.18–1.30(t, 3H). Anal. Calcd. for
C18H20N4O: C 69.93, H 6.69, N 18.61; found:
C 70.11, H 6.54, N 18.17.

constant weight. The conversion was determined
by gravimetry. The RAFT polymerization of MACP
was used a similar procedure as that of MAMP.
The polymers from MACP and MAMP are referred
as pMACP and pMAMP, respectively.

2.4. Chain extension of pMACP and pMAMP
with styrene (St) as the second monomer
The RAFT polymerization of St was carried out
with the similar procedure as mentioned above,
except that CPDB was replaced by pMACP and
pMAMP obtained from the polymerization of
MACP and MAMP.

2.5. Preparation of the polymer film
2-Methyl-acrylic-acid-2-{[4-(4-cyanophenylazo)-3-methyl-phenyl]-ethyl-amino}ethyl ester (MACP)
MACP was synthesized using a similar procedure
as MAMP. It was purified by column chromatography (silica gel H) with petroleum ether/ethyl
acetate = 10:1 (v:v) as eluent, producing a red crystalline solid MACP (4.8 g, 63%). 1H NMR
(CDCl3): 7.86–7.91(d, 2H), 7.78–7.82(d, 1H),
7.71–7.76(d, 2H), 6.62–6.64(t, 2H), 6.11(s, 1H),
5.59(s, 1H), 4.33–4.39(t, 2H), 3.66–3.78(t, 2H),
3.44–3.59(m, 2H), 2.69(s, 3H), 1.92–1.98(d, 3H),
1.22–1.29(t, 3H). Anal. Calcd. for C22H24N4O2:
C 69.90, H 6.54, N 14.77; found: C 70.19, H 6.43,
N 14.88.

2.3. RAFT Polymerization of MACP and
MAMP
The following procedure was typical as in Figure 2:
a master batch of AIBN (4.1 mg, 0.025 mmol) and
CPDB (33.2 mg, 0.15 mmol) was dissolved in
anisole (10 ml) and aliquot of 1 ml was placed in a
5 ml ampoule with MAMP (381.5 mg, 1.00 mmol)
added in advance. The contents were purged with
argon for approximately 20 min to eliminate the
oxygen. Then, the ampoules were flame-sealed and
placed in an oil bath held by a thermostat at 80°C to
polymerize. After predetermined time, each ampoule
was quenched in ice water and opened. The reaction mixture was diluted with 2 ml of THF and precipitated into 200 ml of methanol. The polymers
were dried under vacuum at room temperature to

pMACP or pMAMP was dissolved in chloroform
with concentration of 0.1 g·ml–1. The obtained azopolymer solutions were filtered by mesh filter with
0.2 µm of pore size. Thin films were prepared on
glass substrates by spin coating at 2500 rpm. The
thickness of the film was controlled to be in the
interval of 100–200 nm. After dried in vacuum
oven for 24 h, the amorphous film with good optical quality was obtained and stored in desiccator for
further study.

2.6. Instruments for characterization
1H

NMR spectra were obtained on an Inova
400 MHz spectrometer using CDCl3 as a solvent.
Gel permeation chromatography (GPC) analysis
was carried out on waters 1515 chromatography
equipped with a refractive index detector with THF
as an eluent and poly(methyl methacrylate)
(PMMA) as standard sample. The UV-vis absorption spectra of the polymers in chloroform solutions were determined on a Shimadzu-RF540 spectrophotometer. Film thickness was measured on
Ambios-step XP-2 profiler. The birefringence was

Figure 3. Setup for producing and detecting the birefringence effect of the sample
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measured with a pump Kr+ laser beam (413.1 nm,
5 mW/cm2) polarized at 45° with respect to the
probe beam polarization. The experimental setup is
shown in Figure 3. The sample was placed between
two crossed polarizers. The transmitted probe beam
(650 nm diode laser) was detected by a photoelectric cell and connected to a computer through an
amplifier. The photoinduced birefringence values
of the films were obtained from transmitted intensity measurements. The other experimental setup
for surface relief gratings (SRGs) fabrication was
similar to that reported in the literature [41]. A
linearly polarized Kr + laser beam (413.1 nm,
30 mW/cm2) was used as the light source. SRGs
were optically inscribed on the polymer films with
p-polarized interfering laser beams. The surface
morphology of the gratings was determined by
atomic force microscopy (AFM) (NT-MDT
SOLVER P47-PRO). The diffraction efficiency of
the gratings was monitored by measuring the firstorder diffracted beam intensity of an unpolarized
low power diode laser beam (650 nm) in transmission mode.

3. Results and discussion
3.1. RAFT polymerizations of MAMP and
MACP
RAFT polymerization technique was considered as
the one of the most versatile methods to synthesize
polymers with well-defined structure under the
moderate conditions. The RAFT polymerization of

azo monomer has been demonstrated in the literatures [37, 38]. The MACP and MAMP with electronic push and pull structures were designed in
order to improve the thermal cis-trans isomerization rate [19, 20]. The RAFT polymerizations of
MACP at 70°C and MAMP at 80°C in anisole solution were carried out with CPDB as a RAFT agent
and AIBN as an initiator ([MACP]0:[AIBN]0:
[CPDB]0 = 200:1:3, [MAMP]0:[AIBN]0:[CPDB]0 =
200:0.5:3). It was found that at 70°C, the RAFT
polymerization of MAMP was very slow. After
336 hours of polymerization, only 20.1% of
conversion was obtained ([MAMP]0:[AIBN]0:
[CPDB]0 = 200:1:3). The RAFT temperature of
MAMP was thus set at 80°C. The polymerization
results were summarized in Figure 4 and Figure 5.
As shown in Figure 4, the corresponding plot of
ln([M]0/[M]) versus the polymerization time was
linear, which indicated that the propagating radical
concentrations were almost constant during the
processes of the polymerization. The polymerization rate of MACP was much faster than that of
MAMP even in a lower reaction temperature, e.g.
70°C for MACP and 80°C for MAMP.
Figure 5 shows the dependence of Mn(GPC)s and
PDIs on the monomer conversions. The Mn(GPC)s
increased linearly with increasing monomer conversion, which was consistent with the polymerization proceeding in a controlled fashion. However,
the Mn(GPC)s were slightly higher than the theoretical values at the early stage of the polymerization,
and lower than the theoretical values at relatively

Figure 4. Relationships between ln([M]0/[M]) and the
polymerization time for the RAFT polymerization of MACP at 70°C and MAMP at 80°C in
anisole solution. [MACP]0:[AIBN]0:[CPDB]0 =
200:1:3; [MAMP]0:[AIBN]0:[CPDB]0 =
200:0.5:3.

Figure 5. Evolution of Mn(GPC) and PDI with monomer
conversion for the RAFT polymerization of
MACP at 70°C and MAMP at 80°C in anisole.
Polymerization conditions are the same as in
Figure 4.
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high conversions. The theoretical molecular weight
(Mn(th)) was calculated as Equation (1):
M n ( th ) =

[ monomer ]0
[ CPDB ]0

· MWmonomer ·

conversion + MWCPBD

(1)

where, [monomer]0 and [CPDB]0 were the initial
concentration of monomer and CPDB, respectively, MWmonomer and MWCPDB were the molecular weights of monomers and CPDB, respectively.
At the beginning of the polymerization, some positive deviation of Mn(GPC)s from the theoretical values (Mn(th)s) may be due to the incomplete usage of
RAFT agent [42]. And at high monomer conversions, some negative deviation may be due to the
side reactions of the initiator or initiator-derived
radicals with the RAFT agent [32–36, 40]. On the
other hand, the GPC standard calibration samples
of PMMA may be the other cause of some deviations for Mn(GPC) from the theoretical values. The
PDIs of the polymers were relatively low up to high
conversions in all cases (PDI≤1.37).

3.2. Synthesis of block copolymer (pMACP-bPS, pMAMP-b-PS)
In order to further investigate the living behavior of
the polymerization, the obtained polymer pMACP
(Mn = 10560 g·mol–1, PDI = 1.23) and pMAMP
(Mn = 6440 g·mol–1, PDI = 1.26), were used as the
macro-RAFT agents to conduct chain extension
experiments using styrene as the second monomer,
respectively. The results were summarized in
Table 1. The GPC profiles of the original macroRAFT agent and chain extended polymer are
shown in Figure 6, which demonstrated obvious
peak shift from the macro-RAFT agent to the chain
extended polymers. The molecular weight increased
from 10560 to 16720 g·mol–1 for pMACP and 6440
to 10570 g·mol–1 for pMAMP, respectively, which
demonstrated that most of the original polymer
chains were active. The GPC traces of chain
extended polymers showed trail at the position of

Figure 6. GPC traces for pMACP-b-PS (a) and pMAMPb-PS (b) for chain extension using pMACP and
pMAMP as macro-RAFT agents, respectively

original macro-RAFT agent. This should be caused
by the non-dithioester terminated polymer (named
as dead polymer) existed in the original macroRAFT agent.

3.3. Photochemical behaviors
As mentioned in the introduction part, azobenzene
unit showed photo sensitive behaviors. The
obtained polymers, pMACP and pMAMP, had high
density of azobenzene units in their side chains.
Thus, the trans-cis and cis-trans photo isomeriza-

Table 1. Chain-extension results using pMACP and pMAMP as the macro-RAFT agents and styrene as the monomer.
[St]0:[macro-RAFT]0:[AIBN]0 = 1000:3:1, 70°C, 12 h.
Label
pMACP-b-PS
pMAMP-b-PS

Macro-RAFT agent
Mn
PDI
10560
1.23
06440
1.26

Conversion
[%]
21
14
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After chain extension
Mn
PDI
16720
1.37
10570
1.30
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Figure 7. Changes in the UV-vis absorption spectra of
pMACP (a – Mn(GPC) = 10550 g·mol–1, PDI =
1.30) and pMAMP (b – Mn(GPC) = 8580 g·mol–1,
PDI = 1.27) under different irradiation time of
365 nm of UV light in chloroform solution at
room temperature. The concentration of the
solution was 2.5·10–6 mol·L–1.

tion of pMACP and pMAMP in CHCl3 solutions
were studied. The polymer solutions were irradiated with 365 nm of UV light [43]. The UV-vis
spectra of the samples after irradiated under
365 nm of UV light for different time were
recorded as shown in Figure 7. The electronical
properties of substituted group on azobenzene ring
showed obvious effect on the photo isomerization
behavior of polymer. It was interesting to find that
the pMACP with electron donor (substituted amino
group) and acceptor (cyano group) structure inside
showed the enhanced absorption at 511 and 550 nm
corresponding to n-π* transition in cis isomer. At
the same time, the absorption band corresponding
to π-π* transition in trans isomer at around 445 nm
decreased remarkable (Figure 7a). During the transcis isomerization, the absorption peak at 521 and
445 nm showed serious overlap each other, which
results in the appearance of a ‘red-shift’ peak from
445 to 528 nm. In the case of pMAMP with only
the electron donor groups (substituted amino group
and methoxy group), the similar results as pMACP
under the irradiation of 365 nm light were
observed, e.g. the enhancement of cis isomer n-π*
transition peak at 545 nm and weaken of trans isomer π-π* transition peak at 412 nm. The red shift of
π-π* transition in electron-donor/acceptor substituted azobenzene, e.g. pMACP at 445 nm, compared with that of the electron-donating groups

Figure 8. Color changes of pMACP and pMAMP in CHCl3 solution with different irradiation time under 365 nm of UV
light at room temperature. The concentration of the solution was 2.5·10–6 mol·L–1. (a) for pMACP and (b) for
pMAMP. The pMACP and pMAMP polymers used are the same as present in Figure 5.
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substituted azobenzene, e.g. pMAPM at 412 nm,
was observed [44]. While the n-π* transition is
nearly constant in these cases, e.g. ranged from 520
to 550 nm [44]. It should be further noted that the
red-shift value of pMAMP was much higher than
that of pMACP, e.g. about 136 nm for pMAMP and
110 nm for pMACP, as showed in UV-vis spectra
among the trans-cis transformation. Thus the color
change of pMAMP solution under UV light of
365 nm irradiation should be more obvious than
that of pMACP.
As shown in Figure 8, the color of pMAMP solution changed gradually from light yellow to purple
with the irradiation time under 365 nm of UV light.
However, it gradually changed from yellow to red
for the color of pMACP solution under the irradiation of 365 nm of UV light. After 20 min of irradiation, further prolongation of the irradiation time did
not show any color changes in both cases, which
indicated that the trans-cis isomerization of azobenzene chromophores reached saturation after 20 min
of irradiation.
The trans-cis isomerization showed thermally
reversible properties in these two polymers solutions. The UV-vis spectra of the samples in chloroform during the thermal cis-trans isomerization
process at 50°C for different time were traced and
recorded as shown in Figure 9. The cis-trans isomerization completed after 12 h for pMACP, while
it was 60 h for pMAMP. This result indicated that
the electron donor-acceptor substitution on azobenzene ring would show significant effect on cis-trans
isomerization rate [44]. Such isomerization rate of
electron donor substituted azobenzene (pMAMP)
was much slower than that of electron donor-acceptor substituted azobenzene (pMACP). To further
testified such behavior, the photo isomerization
kinetics were investigated using a similar method
appeared in literature [43].
The trans-to-cis isomerization rates were recorded
by determining the absorbance at 450 nm for
pMACP and 415 nm for pMAMP, respectively,
corresponding to the π-π* transition, after different
irradiation time under 365 nm of UV light. The
results are shown in Figure 10. The cis-to-trans isomerization rates were determined by tracking the
UV-vis spectra for the pre-tran-cis isomerization
saturated polymer solutions irradiated with 470 nm
of UV light. The spectra changes of the reverse cistrans photoisomerization at different time intervals

Figure 9. Changes in the UV-vis absorption spectra of
pMACP (a – Mn(GPC) = 10550 g·mol–1, PDI =
1.30) and pMAMP(b – Mn(GPC) = 8580 g·mol–1,
PDI = 1.27) in chloroform solution during the
thermal cis-trans isomerization process at 50°C.
The concentration of the solution was
2.5·10–6 mol·L–1.

Figure 10. First-order plots for trans-cis isomerization of
pMACP () and pMAMP (ο). The concentration of polymer solution was 2.5·10–6 mol·L–1,
and the data were respectively recorded by
monitor the absorbance at 450 and 415 nm for
pMACP and pMAMP with different time interval under 365 nm of UV light irradiation.
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Figure 11. First-order plots for cis-trans isomerization of
pMACP () and pMAMP (ο). The concentration of polymer solution was 2.5·10–6 mol·L–1,
and the data were respectively recorded by
monitor the absorbance at 450 and 415 nm for
pMACP and pMAMP with different time interval under 470 nm of UV light irradiation.

are shown in Figure 11. The first-order rate constants were determined by fitting the experimental
data to the Equation (2) [45, 46]:
⎛A −A
0
ln ⎜ ∞
⎜ A −A
⎝ ∞
t

⎞
⎟ = −k t
tc
⎟
⎠

(2)

where At, A0 and A∞ are absorbance at the maximum wavelength of 450 nm for pMACP and
415 nm for pMAMP at time t, time zero and infinite
time (300 s in current experiment), respectively.
The first-order plots according to this equation for
trans-cis isomerization and cis-trans isomerization
of azobenzene chromophore were shown in Figure 10 and Figure 11, respectively. The trans-cis
photoisomerization rate constant, ktc, as measured
at room temperature in CHCl3 were 0.0123 s–1 for
pMACP and 0.0036 s–1 for pMAMP, respectively.
The cis-trans photoisomerization rate constant, ktc,
as measured at room temperature in CHCl3 were
0.0187 min–1 for pMACP and 0.0063 min–1 for
pMAMP, respectively. The rates of trans-cis and
cis-trans isomerization of pMAMP were slower
than those of pMACP. The reason could be attributed to the donor-acceptor effect which effectively
increased the energy of the N=N π-bonding orbital,
thus lower the energy of the π*-antibonding orbital,
then lowering the overall energy of the π-π* transition [47].

Figure 12. UV-vis absorption spectra of the films of
pMACP (Mn(GPC) = 8810 g·mol–1, PDI = 1.28)
and pMAMP (Mn(GPC) = 8820 g·mol–1,
PDI = 1.27) on quartz glass before and after
irradiation by 413 nm of UV light

3.4. Photoinduced birefringence
It is well-known that a good matching of the
absorption wavelength with the wavelength of the
pumping laser has a positive effect on storage efficiency [10]. Being the absorption spectra of the
investigated polymers quite similar, a laser light
operating at 413.1 nm, in resonance with their
intense electronic transition in the visible (Figure 12), has been used in the irradiation experiments in order to gain the same pumping efficiency.
To assess the presence of photo-induced birefringence, films from pMACP (Mn(GPC) = 8810 g·mol–1,
PDI = 1.28) and pMAMP (Mn(GPC) = 8820 g·mol–1,
PDI = 1.27) were prepared by spin coating method.
The film thicknesses were 107 nm for pMACP and
120 nm for pMAMP. Polymers films were irradiated with linearly polarized radiation (writing step)
at 413.1 nm of wavelength under 5 mW/cm2 of
light intensity (I). After irradiation, the polymers
showed high photo-induced linear birefringence
(Figure 13) due to the homogeneously regular
alignment of azobenzene chromophores, as evidenced by using a probe radiation at 650 nm, where
the samples exhibit negligible absorption. The birefringence values can be determined by fitting the
experimental data to the Equation (3):
Δn =
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3.5. Photoinduced surface relief grating

Figure 13. Photoinduced birefringence of pMACP
(Mn(GPC) = 8810 g·mol–1, PDI = 1.28) and
pMAMP (Mn(GPC) = 8820 g·mol–1, PDI = 1.27)
films

where θ = 45°, Δn is the birefringence, λ is the
wavelength of detection laser, d is the thickness of
sample, I0 is the intensity of polarized incident laser
and I is the detected transition laser intensity after
turn on the pump beam, θ is the angle of polarization between the pump beam and detect laser. Here,
θ is 45°.
The birefringence was induced immediately under
irradiation with a linearly polarized UV laser as the
result of the alignment of the azo chromophores
perpendicular to the laser polarization occurred on
account of the trans-cis-trans isomerization of azo
moieties. The rate of inducing birefringence of
these polymer films was similar under the same
writing beam power. Thus, these two substitution
group (–CN and –OCH3) bearing on the azobenzene chromophore did not show obvious effects on
birefringence due to the similar size of these two
groups [20]. The birefringence stabilized after turn
on the inducing UV laser about 4 s for pMAMP and
6 s for pMACP. The maximum value of the photoinduced birefringence was about 0.073 for pMAMP
and 0.079 for pMACP, respectively. After turn off
the inducing UV laser, the birefringence was lost
due to the azo chromophores relaxation. Finally,
the birefringence of these two polymer films seems
to be stabilized lower than 0.04. After that, the
cycle between the birefringence induction and
relaxation can be repeated in the same manner with
the same level of birefringence at the same rate.

For optical storage properties, creation of local
holographic gratings is very important, and it is
customary to report the diffraction efficiencies
achieved on various materials [48]. SRG forming
behavior of the synthesized azo polymers was characterized by the inscription rates and the saturation
levels of SRG formation. The first order diffraction
efficiency of the SRGs recorded in situ was used to
characterize the surface modification [49–52]. The
results were also compared with the surface deformation obtained from the AFM images. Low intensity of Kr+ laser irradiation (30 mW/cm2) was
applied for the writing experiments in order to
avoid the possible side effects caused by high
intensity laser irradiation. For the comparable
results, the laser intensity was kept the same during
the experiments. The film thicknesses were 185 nm
for pMACP and 200 nm for pMAMP.
It is worth to discuss the possible effects of polarity
of the azobenzene groups on the SRG. Figure 14
shows the diffraction efficiency as a function of
irradiation time for the films of pMACP (Mn(GPC) =
8810 g·mol–1, PDI = 1.28) and pMAMP (Mn(GPC) =
8820 g·mol–1, PDI = 1.27). In both cases, the diffraction efficiency of the SRGs increased with irradiation time and no difference of diffraction
efficiency between them was found.
The formation of the SRG was confirmed by AFM
images. Figure 15. (a 1) and 15. (b 1) show atomic
force microscopy (AFM) image of the sinusoidal
surface relief structures with regular spaces formed

Figure 14. First-order diffraction efficiency signal for the
gratings inscribed in pMACP (Mn(GPC) =
8810 g·mol–1, PDI = 1.28) and pMAMP
(Mn(GPC) = 8820 g·mol–1, PDI = 1.27)
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Figure 15. a – AFM images of the SRG inscribed on the pMACP film, prepared from sample with Mn(GPC) =
8810 g·mol–1, PDI = 1.28. b – AFM images of the SRG inscribed on the pMAMP film, prepared from sample
with Mn(GPC) = 8820 g·mol–1, PDI = 1.27.

on the pMACP and pMAMP films. The grating
depths, obtained through the AFM, were 15 and
18 nm for the samples (a) pMACP (Mn(GPC) =
8810 g·mol–1, PDI = 1.28) and (b) pMAMP
(M n(GPC) = 8820 g·mol –1 , PDI = 1.27), respectively. Figure 15. (a 2) and 15. (b 2) show the
AFM images of the SRG. The typical AFM images
of the SRG with a grating periodicity around
1.0 µm were observed in these two polymer films.

substituted azobenzene. The solution color of the
polymers could be changed under irradiation of
365 nm of UV light because of the π-π* transition
in trans isomer to n-π* transition in cis isomer. The
light induced tran-cis isomerizations were confirmed to be thermally reversible. For the pMACP
and pMAMP films, the diffraction efficiency of the
SRGs increased with irradiation time and regular
SRG images were obtained.

4. Conclusions
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