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Surface-relief-grating formation induced by Arþ laser irradiation was studied using two series of side-
chain azo polymers with narrow Mr distribution. The methacrylate-based azo polymers were synthesized
using an approach that combined atom transfer radical polymerization and post-polymerization azo-
coupling. The azo polymers were characterized using spectroscopic methods, GPC measurement as well
as thermal analysis. The surface-relief-grating formation behavior of the azo polymers was examined by
irradiating thin polymer films with interfering Arþ laser beams. Whilst the Mr of the two polymers had
no effect upon surface-relief-grating inscription rate, in contrast, different rates of grating formation and
modulation depths were observed for the two polymers.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Since it was first reported in 1995, the surface-relief-grating
(SRG) formation of azo polymer films has attracted considerable
attention [1–4]. By exposing azo polymer films to interfering laser
beams, SRGs can be inscribed on the film surfaces at a temperature
substantially below the glass transition temperature (Tg) of the
material. The surface patterns obtained through this all-optical
process can be erased by thermal or optical methods and the
writing–erasing process is completely reversible. In most cases, the
writing and erasing cycle can be repeated for many times without
causing damage to surfaces. Different models and theories have
been proposed to explain the SRG formation mechanism, which
consider the internal pressure gradient caused by an isomerization-
driven free volume expansion in the bulk [5], the force based on the
dipolar interaction of the azo chromophores with the optically
induced electric field gradient [6,7], the translational wormlike
diffusion caused by the photoisomerization of the azobenzene
chromophores [8], and the mean-field force related to the molecule
alignment [9]. Recently, the photomechanical effect occurring in
thin films of azo polymers has been proposed as a new candidate
mechanism to explain the SRG formation [10–12]. Although it is
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generally agreed that the repeated trans–cis–trans isomerization
upon the light irradiation plays a key role in the process, the exact
mechanism of SRG formation is still an unsettled problem. This
photo-processing method can be potentially applied in areas such
as holographic storage [3,4], liquid crystal anchoring [13],
waveguide couplers [14], and fabrication of complicated surface
structures [15].

In order to fully understand the general features of this unusual
photoinduced effect, the factors affecting the SRG formation have
been extensively investigated since this phenomenon was discov-
ered. It has been reported that the photoinduced dynamic process
depends on the intensity and polarization state of the interfering
beams, polymer structures, molecular weight, and thickness of the
films [3,4]. The influences of the polymer architectures, such as
chromophore structures, degree of functionalization, and backbone
type, have been studied by using azo polyacrylates, azo polyesters,
and epoxy-based azo polymers [3,16–18]. The Mr effect on SRG
formation has been investigated through different approaches; an
azo polymer (PDR1A) was blended with poly(methyl methacrylate)
(PMMA) of varying Mrs [5]. The SRG inscription study shows that
the surface deformation can be achieved only when the Mr of
PMMA is low. The inhibition of SRG formation has been attributed
to the PMMA chain entanglements. A series of azobenzene-con-
taining copolymers P(MMA-co-DR13M) with different Mrs have
been prepared. It is observed that the polymers with lower Mr form
SRGs having higher diffraction efficiency, which is an indication of
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the deeper surface modulation [19]. Recently, low-Mr molecular
glasses containing azobenzene moieties have been prepared and
their SRG formation ability has been studied [20–22]. Compared to
azo polymers, the molecular glasses can form SRG more efficiently
owning to the higher chromophore density and easier mass–
motion ability. Besides Mr the molecular mass distribution is also an
important factor in terms of polymer properties. In previous
studies, the azo polymers used for SRG investigation were
synthesized by conventional radical polymerization or poly-
condensation, which possessed broad Mr distribution. To our
knowledge, study of the SRG formation behavior by using narrow-
dispersed azo polymers has rarely been reported in the literature.

In this work, two series of methacrylate-based azo polymers
(PNTAZO, PCNAZO) with different Mrs were prepared. The poly-
mers having narrow Mr distributions were synthesized through
atom transfer radical polymerization (ATRP) and post-polymeri-
zation azo-coupling reaction. ATRP is well known for its ability to
control both molecular mass and distribution [23]. In the current
study, it was used to obtain a series of narrow-dispersed aniline-
containing precursor polymers with different Mrs. Then, the two
series of azo polymers were synthesized through azo-coupling
reactions between the precursor polymers and corresponding
diazonium salts. The synthesis, characterization and SRG formation
behavior of these two series of azo polymers will be discussed in
the following sections in detail.

2. Experimental

2.1. Materials and measurements

1,1,4,7,10,10-Hexamethyltriethylenetetramine (HMTETA) (97%,
Aldrich), N-ethyl-N-hydroxyethylaniline (96%, Acros), and 4-ami-
nobenzonitrile (98%, Acros) were used without further purification.
CuCl (99%, Aldrich) was washed orderly with excess acetic acid,
ethanol and ether, and then dried. Acetone was freshly distilled
before use. All other reagents and solvents were commercial
products and used as received. Mrs and Mr distributions were
determined using gel permeation chromatography (GPC) at 25 �C
using THF as the eluent (1 mL/min). The instrument was equipped
with a refractive index (RI) detector (Wyatt Optilab rEX) and fitted
with a PLgel 5 mm mixed-D column calibrated using linear poly-
styrene standards. The Mrs of PEMA were obtained from the
response of a laser light scattering detector (Wyatt miniDAWN)
that was connected to the GPC line with a laser source of 633 nm.
The dn/dc value of PEMA was measured using the Wyatt Optilab
rEX. For polymers whose Mr could not be obtained by the above
method, polystyrene standards with dispersity of 1.08–1.12
obtained from Waters were employed to calibrate the instrument.
1H NMR spectra were recorded using a JEOL JNM-ECA300 NMR
spectrometer. Thermal phase transitions of the polymers were
tested using TA Instruments DSC 2920 with a heating rate of 10 �C/
min in nitrogen atmosphere. UV–vis absorption spectra were
recorded on a Perkin–Elmer Lamba Bio-40 spectrometer. The
surface images of the surface-relief-gratings were monitored using
Atomic Force Microscopy (AFM, Nanoscope IIIa, tapping mode).

2.2. PEMA obtained through ATRP

The monomer 2-(N-ethyl-N-phenylamino)ethyl methacrylate
(EMA) was synthesized by esterification according to the procedure
published previously [24]. Four PEMA samples with different Mrs
(a1, a2, a3, a4) were prepared through ATRP. The synthesis of a2 is
given here as a typical example: p-toluenesulfonyl chloride
(19.06 mg, 0.1 mmol) and CuCl (9.9 mg, 0.1 mmol) were added to
a Schlenk flask. It was then degassed and back-filled with argon
three times. Following this step, deoxygenated acetone (2 mL),
EPAEMA (1.165 g, 5 mmol) and HMTETA (27.2 mL, 0.1 mmol) were
added in turn via gas-tight syringes which had been previously
purged with argon. After degassing by three freeze–pump–thaw
cycles, the flask was immersed in an oil bath preheated to 50 �C for
20 h. Before the reaction was stopped by diluting with THF,
a sample was removed for 1H NMR analysis to determine the
conversion of the monomer. Then the mixture was passed through
an alumina column to remove catalyst. The filtrate was concen-
trated and poured into an excess amount of petrol ether. The
precipitate was collected by filtration, washed with petrol ether
and then dried in a vacuum oven at 45 �C for 24 h. Con-
version¼ 87%. dn/dc¼ 0.154 mL/g. Mn (GPC–LS)¼ 19 900, Mw/Mn

(GPC–LS)¼ 1.06. 1H NMR (DMF-d7) d (ppm): 0.70–1.05 (m, CH3, 3H),
1.08 (br, CH3, 3H), 1.55–1.95 (m, CH2, 2H), 3.41 (br, CH2, 2H), 3.57 (br,
CH2, 2H), 4.07 (br, CH2, 2H), 6.60 (br, Ar-H, 1H), 6.78 (br, Ar-H, 2H),
7.16 (br, Ar-H, 2H). The other three PEMA samples were prepared
under the same procedure. The analytical results of these PEMA
specimens are listed below.

a1, Conversion¼ 56%. dn/dc¼ 0.154 mL/g. Mn (GPC–LS)¼ 11 200,
Mw/Mn (GPC–LS)¼ 1.08. 1H NMR (DMF-d7) d (ppm): 0.70–1.05 (m,
CH3, 3H),1.10 (br, CH3, 3H),1.55–1.95 (m, CH2, 2H), 3.42 (br, CH2, 2H),
3.58 (br, CH2, 2H), 4.07 (br, CH2, 2H), 6.61 (br, Ar-H, 1H), 6.78 (br, Ar-
H, 2H), 7.17 (br, Ar-H, 2H).

a3, Conversion¼ 76%. dn/dc¼ 0.154 mL/g. Mn (GPC–LS)¼ 30 000,
Mw/Mn (GPC–LS)¼ 1.08. 1H NMR (DMF-d7) d (ppm): 0.70–1.05 (m,
CH3, 3H),1.08 (br, CH3, 3H), 1.55–1.95 (m, CH2, 2H), 3.40 (br, CH2, 2H),
3.56 (br, CH2, 2H), 4.06 (br, CH2, 2H), 6.61 (br, Ar-H,1H), 6.79 (br, Ar-H,
2H), 7.17 (br, Ar-H, 2H).

a4, Conversion¼ 93%. dn/dc¼ 0.154 mL/g. Mn (GPC–LS)¼ 46 600,
Mw/Mn (GPC–LS)¼ 1.10. 1H NMR (DMF-d7) d (ppm): 0.70–1.05 (m,
CH3, 3H),1.08 (br, CH3, 3H), 1.55–1.95 (m, CH2, 2H), 3.40 (br, CH2, 2H),
3.56 (br, CH2, 2H), 4.06 (br, CH2, 2H), 6.59 (br, Ar-H,1H), 6.77 (br, Ar-H,
2H), 7.16 (br, Ar-H, 2H).

2.3. Synthesis of PNTAZO

PNTAZO (b1, b2, b3, b4) were prepared by azo-coupling reac-
tion between PEMA and diazonium salt of 4-nitroaniline. The
synthesis of b1 is given below as a typical example. A diazonium
salt solution of 4-nitroaniline was prepared by adding an aqueous
solution of sodium nitrite (0.1 g, 1.45 mmol) dropwise into a solu-
tion of 4-nitroaniline (0.173 g, 1.25 mmol) in a homogeneous
mixture of sulfuric acid (0.25 mL) and glacial acetic acid (5 mL). The
mixture was stirred at 0 �C for 5 min. Then the diazonium salt
solution was added dropwise into a solution of a1 (0.233 g, 1 mmol
in terms of the aniline group) in DMF (20 mL) at 0 �C. After the
reaction was carried out at 0 �C for 12 h, the solution was poured
into an excess amount of water. The precipitate was collected by
filtration and washed with a large amount of water. After drying,
the product was dissolved in THF and then the solution was added
dropwise into an excess amount of petrol ether with stirring. The
precipitate was collected by filtration and dried in a vacuum oven
at 40 �C for 24 h. Yield: 0.351 g, 92%. Mn (GPC)¼ 8500, Mw/Mn

(GPC)¼ 1.13. 1H NMR (DMF-d7) d (ppm): 0.65–1.05 (m, CH3, 3H),
1.08 (br, CH3, 3H), 1.60–2.00 (m, CH2, 2H), 3.46 (br, CH2, 2H), 3.71
(br, CH2, 2H), 4.13 (br, CH2, 2H), 6.86 (br, Ar-H, 2H), 7.79 (br, Ar-H,
4H), 8.23 (br, Ar-H, 2H). The other three PNTAZO specimens b2, b3,
b4 were prepared under the same conditions using a2, a3, a4 as
precursor polymers, respectively. The analytical results of these
PNTAZO samples are listed below.

b2, Yield: 0.340 g, 89%. Mn (GPC)¼ 14 800, Mw/Mn (GPC)¼ 1.20.
1H NMR (DMF-d7) d (ppm): 0.60–1.00 (m, CH3, 3H),1.06 (br, CH3, 3H),
1.60–2.00 (m, CH2, 2H), 3.44 (br, CH2, 2H), 3.69 (br, CH2, 2H), 4.11 (br,
CH2, 2H), 6.85 (br, Ar-H, 2H), 7.78 (br, Ar-H, 4H), 8.22 (br, Ar-H, 2H).



Fig. 1. Synthetic route for preparing azo polymers.

Table 1
Experimental conditionsa and conversion of PEMA synthesized by the ATRP method.

Sample [M]0/[I]0
b Time (h) Conv.c (%) Mn

d (cal)

a1 50 10 56 6700
a2 50 20 87 10 300
a3 100 20 76 17 900
a4 150 20 93 32 700

a [Initiator]0:[Cu(I)Cl]0:[HMTETA]0¼1:1:1. p-Toluenesulfonyl chloride used as
initiator and acetone used as solvent. Polymerization temperature is 50 �C.

b Feed molar ratio of the monomer [M]0 to the initiator [I]0.
c Determined by 1H NMR.
d Number average molecular weights calculated according to

Mn¼ 190.6þ 233� conv.� [M]0/[I]0, where 190.6 and 233 are the molecular
weights of initiator and monomer, respectively.
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b3, Yield: 0.336 g, 88%. Mn (GPC)¼ 20 000, Mw/Mn (GPC)¼ 1.16.
1H NMR (DMF-d7) d (ppm): 0.65–1.05 (m, CH3, 3H), 1.07 (br, CH3,
3H), 1.60–2.05 (m, CH2, 2H), 3.45 (br, CH2, 2H), 3.70 (br, CH2, 2H),
4.12 (br, CH2, 2H), 6.85 (br, Ar-H, 2H), 7.79 (br, Ar-H, 4H), 8.22 (br,
Ar-H, 2H).

b4, Yield: 0.280 g, 73%. Mn (GPC)¼ 26 000, Mw/Mn (GPC)¼ 1.25.
1H NMR (DMF-d7) d (ppm): 0.65–1.05 (m, CH3, 3H), 1.08 (br, CH3,
3H), 1.60–2.05 (m, CH2, 2H), 3.45 (br, CH2, 2H), 3.71 (br, CH2, 2H),
4.13 (br, CH2, 2H), 6.85 (br, Ar-H, 2H), 7.79 (br, Ar-H, 4H), 8.23 (br,
Ar-H, 2H).

2.4. Synthesis of PCNAZO

PCNAZO (c1, c2, c3, c4) were synthesized through the azo-
coupling reactions between a1, a2, a3, a4 and the diazonium salt of
4-aminobenzotrile. The procedure and conditions were the same as
the preparation of PNTAZO except that 4-aminobenzotrile was used
instead of 4-nitroaniline. The analytical results of these PCNAZO
samples are listed below.

c1, Yield: 0.334 g, 92%. Mn (GPC)¼ 12 300, Mw/Mn (GPC)¼ 1.17.
1H NMR (DMF-d7) d (ppm): 0.45–1.00 (m, CH3, 3H), 1.08 (br, CH3,
3H), 1.50–2.00 (m, CH2, 2H), 3.40–3.90 (m, CH2, 4H), 4.10 (br, CH2,
2H), 6.86 (br, Ar-H, 2H), 7.83 (br, Ar-H, 6H).

c2, Yield: 0.342 g, 94%. Mn (GPC)¼ 18 000, Mw/Mn (GPC)¼ 1.19.
1H NMR (DMF-d7) d (ppm): 0.45–1.00 (m, CH3, 3H), 1.07 (br, CH3,
3H), 1.50–2.00 (m, CH2, 2H), 3.40–3.90 (m, CH2, 4H), 4.12 (br, CH2,
2H), 6.87 (br, Ar-H, 2H), 7.84 (br, Ar-H, 6H).

c3, Yield: 0.337 g, 93%. Mn (GPC)¼ 24 500, Mw/Mn (GPC)¼ 1.29.
1H NMR (DMF-d7) d (ppm): 0.45–1.00 (m, CH3, 3H), 1.07 (br, CH3,
3H), 1.50–2.00 (m, CH2, 2H), 3.40–3.90 (m, CH2, 4H), 4.11 (br, CH2,
2H), 6.86 (br, Ar-H, 2H), 7.82 (br, Ar-H, 6H).

c4, Yield: 0.341 g, 94%. Mn (GPC)¼ 33 800, Mw/Mn (GPC)¼ 1.35.
1H NMR (DMF-d7) d (ppm): 0.45–1.00 (m, CH3, 3H), 1.07 (br, CH3,
3H), 1.50–2.00 (m, CH2, 2H), 3.40–3.90 (m, CH2, 4H), 4.12 (br, CH2,
2H), 6.87 (br, Ar-H, 2H), 7.84 (br, Ar-H, 6H).

2.5. Inscription of surface-relief-gratings

The azo polymers were dissolved in DMF to obtain solutions
with concentrations about 10 wt%. Then the solutions were filtered
with 0.45 mm syringe membranes and spin-coated onto clean glass
slides with the rate of 1000 rpm. The thicknesses of the films were
all controlled to be about 1.0 mm. After drying at 70 �C under
vacuum for 48 h, the films were stored in a desiccator for further
studies. The experimental setup for SRG fabrication was similar to
those reported before [1,2,17]. A linearly polarized Arþ laser beam
(488 nm, 150 mW/cm2) was used as the light source. The Arþ laser
beam was split by a mirror and the reflected half beam coincided
with the other half on the film surface. SRGs were optically
inscribed on the polymer films with p-polarized interfering laser
beams. The progression of the grating inscription was monitored by
measuring the intensity variation of the first-order diffraction beam
of a low-power unpolarized He–Ne laser beam (633 nm) in trans-
mission mode. The surface profiles of the resulting gratings were
recorded by using AFM in the tapping mode.

3. Results and discussion

The synthetic route to prepare series of PNTAZO and PCNAZO is
shown in Fig. 1. PNTAZO has the same repeat unit structure as
PDR1M,which has been prepared by typical radical polymerization
[25]. Due to the inhibition of the azo groups to the free radicals,
azo polymers with high Mr could hardly be prepared through
radical polymerization of monomers containing aminoazobenzene
moieties [25,26]. Our failed attempts to obtain PNTAZO via ATRP of
2-(N-ethyl-N-(4-(4-nitrophenylazo)phenyl)amino)ethyl methacry-
late also confirm this point. Therefore, the two-stage route was
used for the azo polymer preparation, in which precursor poly-
mers (PEMA) were prepared by ATRP, and then the azo polymers
were synthesized by post-polymerization azo-coupling reaction.
The post-polymerization azo-coupling reaction can have a high
reaction yield to reach about 100% [27,28]. This reaction route also
has the advantage to avoid possible side reactions between the
free radicals and the azo chromophores.

The precursor polymers (PEMA) were obtained through ATRP by
using similar conditions reported for the polymerization of poly(2-
(diethylamino)ethyl methacrylate) [29]. Four PEMA samples with
different Mrs were synthesized by adjusting the feed ratio of the
monomer to the initiator. The preparation conditions and Mr

parameters are given in Tables 1 and 2. Mr was determined by GPC
using the standard GPC–LS combination method. The GPC traces
are shown in Fig. 2, which show that the polymers have a narrow
Mr distribution. The theoretical Mns, which are calculated from the
feed ratios by assuming the living polymerization condition, are
also listed in Table 1. The calculated values are obviously lower than
the Mr obtained from GPC–LS, which could be attributed to the low
initiator efficiency. It could be caused by the formation of sulfonyl



Table 2
The molecular weight data and glass transition temperatures of PEMA.

Sample Mn (GPC–LS)a Mw/Mn (GPC–LS)a Mn (GPC)b Mw/Mn (GPC)b Tg
c (�C)

a1 11 200 1.08 5900 1.11 35
a2 19 900 1.06 9900 1.09 36
a3 30 000 1.08 14 300 1.10 37
a4 46 600 1.10 21300 1.11 38

a Determined by GPC, using an LS–RI combination method to calculate actual
molecular weights.

b Determined by GPC, the column was calibrated with PS standards.
c Determined by DSC.

Table 3
Characterization data of azo polymers.

Sample Composition Mn
a (cal) Mn (GPC)b Mw/Mn (GPC)b Tg

c (�C)

b1 PNTAZO 18 400 8500 1.13 119
b2 PNTAZO 32 600 14 800 1.20 123
b3 PNTAZO 49 200 20 000 1.16 126
b4 PNTAZO 76 400 26 000 1.25 129
c1 PCNAZO 17400 12 300 1.17 110
c2 PCNAZO 30 900 18 000 1.19 117
c3 PCNAZO 46 600 24 500 1.29 118
c4 PCNAZO 72 400 33 800 1.35 120

a Calculated based on the Mn (GPC–LS) data of the precursor polymers using the
azo-coupling reaction conversions of 100% estimated from 1H NMR.

b Determined by GPC analyses calibrated with PS standards.
c Determined by DSC.
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esters from sulfonyl chlorides during the early stage of the poly-
merization [30].

The GPC traces of PNTAZO and PCNAZO derived from PEMA are
also given in Fig. 2. After the azo-coupling reactions, the peaks shift
to higher molar mass regions along with disappearance of the
peaks of the PEMA precursor. All of the obtained azo polymers
exhibit narrow distributions of Mr. On the other hand, a small
shoulder is visible in high Mr side, which could arise from the
possible aggregation of polymer chains in THF. Owing to the strong
dipole–dipole interaction between the azo chromophores, aggre-
gation of polymeric chains through the van der Waals’ interaction
could occur in THF eluent to some degree.

As the dn/dc values of the solutions could not be properly
measured due to the high polarizability of the azo polymers, it was
unable to obtain the Mr of PNTAZO and PCNAZO by GPC–LS method.
The Mr and mass distributions of the polymers were estimated by
the two alternative methods. In the first case, they were estimated
from the Mr of PEMA by using the degree of functionalization (DF)
obtained from the 1H NMR. The Mrs of PNTAZO and PCNAZO
obtained by this method are given in Table 3. As the DFs are all
about 100%, the Mr distributions should be similar to the corre-
sponding PEMA samples. In the second case, the Mrs and Mr

distributions were obtained from GPC by using monodispersed
polystyrene (PS) as standard to calibrate the instrument. The Mrs
and Mr distributions of PNTAZO and PCNANO obtained by this
Fig. 2. GPC traces of the precursor polymers and azo polymers.
method are also summarized in Table 3. Because the molecular
structures of the azo polymers are significantly different with PS,
the Mrs obtained by this method should have deviations from the
actual values. Therefore, in the following sections, the Mrs esti-
mated from PEMA will be used for the discussions.

The polymer structures were confirmed by the spectroscopic
analyses. Fig. 3 shows the 1H NMR spectra of monomer EMA, PEMA
(a1), PNTAZO (b1) and PCNAZO (c1). The spectra of other PEMA,
PNTAZO and PCNAZO with different Mrs are very similar. In Fig. 3A,
there are two resonance signals of vinyl protons at 5.5 and 6.1 ppm
and one resonance signal of methyl protons adjacent to the vinyl
group at 1.9 ppm. After polymerization, the three resonance signals
disappear completely while new resonance signals at 1.6–2.0 and
0.7–1.0 ppm appear (Fig. 3B), which indicates the accomplished
polymerization. The high conversion of the post-polymerization
azo-coupling reaction can be seen by comparing Fig. 3B to C and D.
The 6.6 ppm resonance, corresponding to the protons at the para
positions of the anilino moieties of PEMA, disappears completely
after the azo-coupling reactions. Meanwhile, the resonances from
the ortho and meta protons of the anilino moieties shift to the lower
magnetic field (6.9 ppm and 7.8 ppm in Fig. 3C and D). It is caused
by the presence of the electron-withdrawing groups introduced
after the azo-coupling reaction. These spectral variations indicate
that the post-polymerization azo-coupling reactions exclusively
occur at the para positions of aniline moieties and the conversion of
the reaction is nearly 100%.

The phase transitions of PNTAZO and PCNAZO with different Mrs
were studied by the differential scanning calorimetry (DSC). The
DSC curves from the second heating rounds are given in Fig. 4. All
the polymers show the relaxation behavior of a typical amorphous
substance. The glass transition temperatures (Tgs) obtained by DSC
are listed in Table 3. As it can be seen, higher Mrs lead to higher
values of Tg for the same series of the polymers although the
differences are not significant (within 10 �C). For PNTAZO, the Tg

increases from 119 to 129 �C as the Mr increases from 18 400 to
76 400 g/mol. The result is comparable with the Tg of 105.6 �C for
PDR1M (Mn¼ 9700) given in a previous report [26]. For PCNAZO,
the Tg increases from 110 to 120 �C as the Mr increases from 17400
to 72 400 g/mol. For the azo polymers obtained from the same-
batch PEMA, the Tg of PNTAZO is slightly higher than that of
PCNAZO.

The UV–vis absorption spectra of PNTAZO and PCNAZO in DMF
solutions are shown in Fig. 5. There is only one intense band located
in the visible range for both types of the azo polymers, corre-
sponding to the p–p* electron transition of the pseudo-stilbene
azobenzene chromophores [31]. The lmaxs of the azo polymers are
dramatically affected by the p-substituents of the azobenzene
moieties. For nitro-substituted PNTAZO, the lmaxs are 474 nm in
DMF solution and 469 nm as spin-coated film. For cyano-
substituted PCNAZO, the lmaxs are 447 nm in DMF solution and



Fig. 4. DSC second-round heating curves of PNTAZO and PCNAZO with different
molecular weights.

Fig. 5. UV–vis spectra of PNTAZO (b3) and PCNAZO (c3) in DMF solutions with the
concentration of 0.01 mg/mL.

Fig. 3. 1H NMR spectra of (A) monomer EMA in CDCl3 and polymers (B) PEMA (a1), (C)
PNTAZO (b1), (D) PCNAZO (c1) in DMF-d7.
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441 nm as spin-coated film. The lmaxs of both PNTAZO and PCNAZO
as spin-coated films show ca. 5-nm blue shift compared with those
of the corresponding DMF solutions. The molar extinction coeffi-
cients at 488 nm, estimated from the DMF soltutions, are 2.4�106

and 3.0�106 M�1 cm�1 for b3 and c3.
The surface-relief-grating (SRG) formation was studied using

the spin-coated thin films of PNTAZO and PCNAZO. The experi-
mental setup and conditions were similar to those reported before
[1,2,17], which have been described in Section 2. Although the p-/
p- polarization is not as efficient as the oppositely circular polar-
ized beams to write SRGs, this condition can produce good quality
SRGs and the result is relatively easy to be explained [1–3].
Therefore, the interfering beams with p-/p- polarization were
used in this study. Due to the poor solubility, the spin-coated films
of b4 could not form thin film with smooth surface. For the other
polymers, thin films with smooth surfaces could be obtained by
spin-coating. Upon irradiation of interfering Arþ laser beams,
sinusoidal surface-relief structures with large surface modulation
were formed on the surfaces. Fig. 6 shows the typical AFM surface
profiles of the SRGs inscribed on b2 and c1 films. The space
periods of the gratings (L) could be calculated by

L ¼ l=2ðsin qÞ

where l is the wavelength of the writing beam and q is the angle
between the interfering beams [5]. The grating periods measured
from AFM profiles can well match the calculated values.

The modulation depth and the inscription rate were recorded to
characterize the SRG formation behavior of series of PNTAZO and



Fig. 7. The first-order diffraction efficiencies of the SRGs inscribed on PNTAZO and
PCNAZO films as a function of irradiation time.
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PCNAZO with different Mrs. In the measurements, the polymer film
thicknesses were controlled to be almost the same (about 1 mm).
The intensity of the Arþ laser beam was adjusted to the same value
(150 mW/cm2). The modulation depths of the SRGs were obtained
from the AFM profiles. The inscription rates were monitored by
measuring the growth of the first-order diffraction efficiency (DE)
over time using an unpolarized low-power He–Ne laser beam as
the probe beam. After irradiation for 1500 s, the films of b1, b2 and
b3 form SRGs with the modulation depth of about 100 nm. On the
other hand, the modulation depths of c1, c2, c3 and c4 films reach
about 200 nm after irradiation for 1000 s. The DE growths of the
PNTAZO and PCNAZO films are shown in Fig. 7 as a function of
the irradiation time. Two important properties can be seen from
the figure. First, the azo chromophore structure plays a predomi-
nant role in determining the inscription rate. The DE of the PCNAZO
film reached 15% after irradiation for 1000 s in contrast to 1.5% of
the PNTAZO film after irradiation with the same light intensity for
1500 s. This observation conforms with the modulation depths
obtained from AFM measurements. Second, the Mrs of the poly-
mers do not show obvious influence on the inscription rate. The Mr

of PCNAZO only shows a minor influence on the inscription rate,
which slightly decreases as the Mr increases. For PNTAZO, the Mr

influence can almost be ignored due to its triviality.
The effect of electron-withdrawing groups of azo chromophores

on the inscription rate has been studied by using polydispersed
polymers and low-Mr molecular glass [17,18,20,22]. The current
observation based on the narrow-dispersed azo polymers is
consistent with those results. In a recent study, the dynamic
Fig. 6. AFM 3D images of the surface profiles after Arþ laser irradiation. (A) PNTAZO (b2)
film after irradiation for 1500 s, and (B) PCNAZO (c1) film after irradiation for 1000 s.
properties of SRG formation have been studied by considering the
correlation between the excitation wavelength (lex) and absorption
wavelength (lmax) of the azo chromophores [32]. Results show that
under conditions of adequate absorbance of the trans form at lex,
the rate of SRG formation increases at longer lex. The influence on
the SRG formation rate has been attributed to the efficiency of the
trans–cis photoisomerization cycle [32]. However, at the current
stage, the exact isomerization mechanism of azobenzenes is still
a debatable issue [33–35]. Because of the overlap of the p–p* and
n–p* transition bands for the push–pull type azo chromophores,
the photoisomerization dynamics depends on the potential energy
surfaces through a more complicated way [31,36].

The result that the Mr doesn’t show obvious influence on the
SRG formation could be rationalized by considering the charac-
teristics of narrow-dispersed azo polymers. In these systems, the
azo polymer chains possess almost equal amount of the azo
chromophores. Upon light irradiation, the driving force effecting
on each molecule should approximately be the same. In this case,
the polymer films can be treated more or less as the continuous
media, which can be uniformly driven by the light force. The
current case is different from the previous studies using blend of
PDR1M with PMMA or azo polymers with polydispersity in the
composition, sequence structure and Mr [5,19]. For those systems,
the inactive components could act as the barriers to the photo-
induced chain movement. This effect should increase as the Mr

increases.
In the above discussions, the growth of the first-order diffraction

efficiency is used to characterize the grating inscription rate, which
has also been used in many previous studies [1–6]. A recent report
indicates that the diffraction efficiency should at least include the
effect from the bulk refractive index grating and the surface-
relief-grating [37]. When the diffraction efficiency of both gratings
is comparable, the phase shift between the gratings can influence
the dynamics of the diffraction efficiency. If the surface modulation
is shallow, the correlation between the diffraction efficiency and
the real inscription depth can behave in a more complicated
manner. On the other hand, the diffraction effect from the bulk
refractive index grating can be ignored when the surface modula-
tion is large (such as 200 nm) [38]. Therefore, the correlation
between the polymer structure and the SRG inscription rate
demonstrated by the diffraction efficiency should be reliable at
least for the SRGs with large surface modulation.
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4. Conclusion

Two series of narrow-dispersed azo polymers (PNTAZO,
PCNAZO), which contain strong push–pull type azobenzene chro-
mophores in side chains, were synthesized by using ATRP and post-
polymerization azo-coupling reaction. The azo polymers were
characterized by spectroscopic measurements and thermal anal-
ysis. The azo polymers prepared were amorphous polymers whose
Tgs increased with Mr. SRGs could be inscribed on both PNTAZO and
PCNAZO films upon irradiation with the interfering Arþ laser
beams. Whilst the Mr of PNTAZO and PCNAZO had no effect on the
SRG inscription rate, the inscribing rate was significantly influenced
by the electron-withdrawing substituents on the azobenzenes.
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