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A series of side-chain azobenzene (azo) homo- and copolymers with easily crosslinkable N-

hydroxysuccinimide carboxylate-substituted azo moieties and relatively low glass transition temperatures 

were synthesized for rapid and persistent fixation of surface relief gratings (SRGs). These azo polymers 

exhibited good thermal stability and their films proved easily crosslinkable within 4-15 min with 1,6-

hexanediamine under mild conditions with the crosslinking rates of copolymer films being faster than 10 

homopolymer films. Moreover, the formation speed and saturation modulation depth of the photoinduced 

SRGs increased both with a decrease in the flexible spacer length in azo homopolymers and with an 

increase in the azo contents in copolymers. Furthermore, considerably stabilized high quality SRGs were 

obtained after their post-fixation by crosslinking, as revealed by the negligible or rather small change of 

both the modulation depth of the crosslinked SRGs upon their exposure to high temperatures or organic 15 

solvents and the transparency of the crosslinked polymer films. 

Introduction 

Recent years have witnessed considerable interest in the 

azobenzene (azo)-containing polymers (azo polymers for short) 

due to their great potential in a wide range of applications such as 20 

nonlinear optical devices,1-3 optical switching,4-7 photo-

controllable actuators,8-15 holographic surface relief gratings 

(SRGs),16-30 and so on. Among them, SRGs have attracted rapidly 

increasing attention because they are promising candidates for 

optical data storage,31, 32 micro/nanopatterning28, 33-38 and 25 

chemical sensing.39, 40 SRGs can be inscribed on the azo polymer 

films at a temperature well below their glass transition 

temperatures (Tg) upon irradiation with interfering polarization 

laser beams with an appropriate wavelength,41-44 and they are 

erasable by thermal treatment or by irradiation with a uniform 30 

circularly polarized laser beam.20, 31, 45 During this process, the 

azo molecules undergo a reversible trans-cis-trans isomerization 

and are aligned perpendicularly to the electrical field vector of the 

polarization light through the repetition of such isomerization 

cycles. Much evidence shows that the reversible surface 35 

modulations are caused by the photoinduced mass migration at 

the polymer film surfaces,46, 47 and different models and theories 

have been proposed to elucidate the driving force. 48-53 

From a practical viewpoint, an important requirement for 

SRGs is their shape stability in terms of long-term storage and 40 

durability at higher temperatures. To address this issue, some 

research groups have adopted amorphous azo polymers with a 

high Tg
54-57 or liquid crystalline polymers with a high Ti (i.e., the 

liquid crystalline to isotropic phase transition temperature).58 

However, the SRGs formed on such azo polymers are not 45 

resistant to organic solvents, which significantly limits their 

applications for patterning process.28, 34 In addition, the fixation 

of the formed SRGs by their post-crosslinking have been 

proposed by the groups of Seki59-61, Rochon62 and Kimura63, 

where crosslinkable side-chain azo polymers containing both 50 

non-crosslinkable azo groups and crosslinkable non-azo groups 

were used in all cases. The chemical crosslinking of such azo 

polymer films after their SRG inscription by using either a mixed 

vapor of hydrogen chloride and formaldehyde59, 60 or ultraviolet 

(UV) irradiation61-63 resulted in a drastic improvement of the 55 

shape stability of SRGs towards heat and solvent exposure. 

However, these two post-crosslinking methods have their 

inherent defects. The vapor-crosslinking strategy proved to not 

only take a rather long time (not less than 6 h),59, 60 but also 

sometimes suffer from the damage of the SRG structure and lack 60 

of reproducibility.61 Moreover, the use of hazardous 

formaldehyde should be avoided in view of health safety.61 

Although photo-crosslinking could be completed in 15 min, high-

intensity UV irradiation may induce some photo-degradation of 

the azo chromophore and damage the SRG structure.62,63 Besides, 65 

some other approaches for obtaining stable SRGs also have the 

disadvantages of damaging the SRG structures or obviously 

decreasing the depth of the grating profile.64-66 

Herein, we present a facile and highly efficient new post-

crosslinking strategy for the fast and persistent fixation of the 70 

formed SRGs on the azo polymer films. A series of side-chain 

azo homopolymers and copolymers with incorporated N-

hydroxysuccinimide carboxylate-substituted azo moieties were 

prepared for this purpose (Scheme 1). The N-hydroxysuccinimide 

carboxylate groups proved to be easily crosslinkable with a 75 

diamine, and the post-fixation procedure could be completed 

within 4-15 min under mild conditions (i.e., in a 1,6-
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hexanediamine solution in methanol at ambient temperature) 

without obvious influence on the SRG structures. The fixed SRGs 

were stable at a temperature being about 10 oC above the Tg of 

the uncrosslinked azo polymers for at least 24 h or at 250 oC for 3 

h with negligible or rather small reduction in their modulation 5 

depth, and the sinusoidal undulations also remained almost intact 

in the good organic solvent of the uncrosslinked azo polymers 

after 24 h. In addition, the incorporation of n-hexyl methacrylate 

(HMA) unit into the azo copolymers largely increased the 

crosslinking rate by improving the permeation of the crosslinker 10 

into the polymer films. To our knowledge, this is the first report 

on the use of side-chain azo polymers with easily crosslinkable 

azo groups for the fixation of the photoinduced SRGs. Such 

crosslinkable side-chain azo polymers have obvious advantages 

over the previously reported ones (which contained both the non-15 

crosslinkable azo groups and crosslinkable non-azo groups59-63) 

because they could achieve much higher azo contents (e.g., a 100% 

azo content could be reached in case of azo homopolymers), 

which is highly useful for the more rapid and efficient formation 

of SRGs with large saturation modulation depth (as demonstrated 20 

in the following studies). 

Experimental section 

Materials 

HMA (Tianjin Heowns Chemicals, China, 98%) was purified by 

passing through an alkaline alumina column before use. 25 

Tetrahydrofuran (THF, Tianjin Jiangtian Chemicals, China, 99%) 

was refluxed over sodium and then distilled. 

Azobisisobutyronitrile (AIBN, Tianjin Jiangtian Chemicals, 

chemical purity (CP)) was recrystallized from ethanol before use. 

Acryloyl chloride was prepared by the reaction between acrylic 30 

acid (Tianjin Damao Chemical Reagent Factory, China, 99.5%) 

and benzoyl chloride (Tianjin Jiangtian Chemicals, 98%). 4-((4-

Hydroxy)phenylazo)benzoic acid, 4-((4--

hydroxyalkyloxy)phenylazo)benzoic acid (HAzoA-m (m = 2, 6, 

10)), and 4-((4-(-acryloyloxyalkyloxy))phenylazo)benzoic acid 35 

(AAzoA-m (m = 2, 6, 10)) were synthesized following our 

previous procedure (Scheme 1).67-69 All the other reagents were 

commercially available and used without further purification 

unless otherwise stated. 

Synthesis of azo monomers 40 

For convenience, the azo monomers with the N-

hydroxysuccinimide carboxylate substitutent (i.e., N-

hydroxysuccinimide 4-((4-(-

acryloyloxyalkyloxy))phenylazo)benzoate) are named as M-m, 

where M refers to the monomer and m the number of the 45 

methylene unit in the flexible spacer. A series of azo monomers 

M-m (m = 2, 6, 10) were synthesized as shown below: 

Synthesis of M-10. AAzoA-10 (3.00 g, 6.64 mmol) and N-

hydroxysuccinimide (0.840 g, 7.30 mmol) were dissolved in 

dried THF (90 mL) and the solution was then cooled down to 0 50 

oC. A solution of N,Nʹ-dicyclohexylcarbodiimide (DCC) (1.367 g, 

6.64 mmol) in dried THF (15 mL) was added dropwise into the 

above mixture with stirring. The obtained reaction solution was 

first stirred at 0 oC for 1 h and then at ambient temperature for 24 

h. Finally, the reaction mixture was filtered and the filtrate was 55 

poured into a large amount of water (300 mL). The resulting 

orange solid was purified by recrystallization in ethanol to 

provide the pure product (yield: 71%). Melting point (m.p.): 120-

122 °C (determined by polarizing optical microscope (POM) at a 

heating rate of 10 °C/min). UV-vis (THF): λmax/nm (ε/L mol-1 cm-
60 

1) = 369 (26640), around 460 (not available due to the overlap of 

the absorption bands). 1H NMR (300 MHz, CDCl3): δ (ppm) = 

8.28-8.21 (d, 2H, Ar-H), 8.00-7.85 (d, 4H, Ar-H), 7.04-6.95 (d, 

2H, Ar-H), 6.43-6.32 (dd, 1H, CH2=C), 6.17-6.04 (dd, 1H, 

CH=C), 5.83-5.76 (dd, 1H, CH2=C), 4.19-4.10 (t, 2H, CH2O-), 65 

4.09-4.00 (t, 2H, -OCH2), 2.94 (s, 4H, -COCH2CH2CO-), 1.88-

1.23 (m, 16H, -(CH2)8-). 

Synthesis of M-2. M-2 was prepared similarly as for M-10 

(yield: 68%). m.p.: 146-148 oC (determined by POM at a heating 

rate of 10 oC/min). UV-vis (THF): λmax/nm (ε/L mol-1 cm-1) = 365 70 

(25940), around 460 (not available due to the overlap of the 

absorption bands). 1H NMR (300 MHz, CDCl3): δ (ppm) = 8.30-

8.21 (d, 2H, Ar-H), 8.01-7.90 (d, 4H, Ar-H), 7.10-7.00 (d, 2H, 

Ar-H), 6.51-6.42 (dd, 1H, CH2=C), 6.23-6.12 (dd, 1H, CH=C), 

5.92-5.85 (dd, 1H, CH2=C), 4.60-4.52 (t, 2H, CH2O-), 4.36-4.28 75 

(t, 2H, -OCH2), 2.94 (s, 4H, -COCH2CH2CO-). 

Synthesis of M-6. M-6 was prepared similarly as for M-10 

(yield: 75%). m.p.: 116-118 °C (determined by POM at a heating 

rate of 10 °C/min). UV-vis (THF): λmax/nm (ε/L mol-1 cm-1) = 369 

(26760), around 460 (not available due to the overlap of the 80 

absorption bands). 1H NMR (CDCl3): δ (ppm) = 8.34-8.27 (d, 2H, 

Ar-H), 8.04-7.92 (d, 4H, Ar-H), 7.09-7.00 (d, 2H, Ar-H), 6.47-

6.39 (dd, 1H, CH2=C), 6.20-6.10 (dd, 1H, CH=C), 5.88-5.81 (dd, 

1H, CH2=C), 4.26-4.18 (t, 2H, CH2O-), 4.13-4.06 (t, 2H, -OCH2), 

2.94 (s, 4H, -COCH2CH2CO-), 1.94-1.41 (m, 8H, -(CH2)4-). 85 

Synthesis of polymers 

Synthesis of side-chain azo homopolymers. For convenience, 

the side-chain azo homopolymers with the N-hydroxysuccinimide 

carboxylate-substituted azo moieties are named as HP-m, where 

HP refers to the homopolymer and m the number of the 90 

methylene unit in the flexible spacer. 

HP-m (m = 2, 6, 10) were prepared in anisole using AIBN as the 

initiator via the conventional free radical polymerization of M-m. 

A typical polymerization procedure for HP-10 is presented as 

follows: M-10 (400 mg, 0.73 mmol), AIBN (3.64 mg, 0.022 95 

mmol) and freshly distilled anisole (6 mL) were added into a one-

neck round-bottom flask (10 mL) and a clear solution was 

obtained after stirring. The reaction mixture was bubbled with 

argon for 20 min in an ice bath and the flask was then sealed and 

immersed into a thermostated oil bath at 70 oC and stirred for 48 100 

h. After being cooled down to the room temperature, the 

polymerization mixture was added dropwise into methanol (80 

mL) under stirring. The precipitate was collected by 

centrifugation and the obtained solid was washed thoroughly with 

warm methanol until no monomer was detectable with thin layer 105 

chromatography. Finally, the product was dried at 50 oC 

undervacuum for 48 h to provide the orange homopolymer HP-10 

(yield: 35%, entry 3 in Table 1). 

HP-2, HP-6, and the homopolymer of HMA (i.e., PHMA) were 

prepared following the similar process as for HP-10 (entries 1, 2, 110 

and 8 in Table 1). 

Synthesis of side-chain azo copolymers. The copolymers of 

M-10 and HMA are named as CP10-x, where CP10 refers to the 

copolymer of M-10 and HMA and x the molar percentage of the 

Page 2 of 11New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  3 

 

Scheme 1 Synthetic route and chemical structures of M-m, HP-m (m =2, 6, 10) and CP-x (x=0, 15, 27, 41, 60%)

incorporated M-10 unit in the copolymers determined by 1H 

NMR. M-10 and HMA were copolymerized via the conventional 

free radical polymerization to produce CP10-x. A typical 5 

polymerization procedure for CP10-41% is presented as follows: 

M-10 (400 mg, 0.73 mmol), HMA (82.56 mg, 0.49 mmol), AIBN 

(6.06 mg, 0.037 mmol) and freshly distilled anisole (6 mL) were 

added into a one-neck round-bottom flask (10 mL) successively 

and a clear solution was obtained after stirring. The reaction 10 

mixture was bubbled with argon for 20 min in an ice bath and the 

flask was then sealed and immersed into an oil bath at 70 oC and 

stirred for 48 h. After being cooled down to the room temperature, 

the polymerization mixture was added dropwise into methanol 

(80 mL) under stirring. The precipitate was collected by 15 

centrifugation and the obtained solid was washed thoroughly with 

Table 1. Characterization data of the azo polymers 

Entry Sample a 

The initial azo 
monomer content in 

monomer feed 
(mol%) b 

The azo content 
in polymers 
(mol %) c 

Yield 
(%) 

Mn,GPC 
d  Đ d Thermal transition 

T(oC) e 
Tdecomp

 

(oC) h 
Modulation 
depth (nm) i 

1 HP-2 100 100 32 4770 1.15 
G 123 f 

G 128 g 
271 1172 

2 HP-6 100 100 34 5000 1.14 
G 95 N 133 I f 

I 134 N 100 G g 
270 1032 

3 HP-10 100 100 35 6150 1.17 
G 67 SA132 I f 

I 132 SA 78 G g 269 960 

4 CP-60% 80 60 42 8410 1.32 
G 53 f 

G 62 g 272 945 

5 CP-41% 60 41 56 10040 1.61 
G 41 f 

G 43  g 276 940 

6 CP-27% 40 27 64 13290 1.90 
G 28  f 

G 30  g 
282 780 

7 CP-15% 20 15 76 15160 1.97 
G 10  f 
G 12  g 285 500 j 

8 PHMA 0 0 80 16500 1.84 
G -16  f 
G -10  g 233 0 

a HP-m (m =2, 6, 10) refer to the homopolymer of M-m, CP10-x (x = 15%, 27%, 41%, 60%) refer to the copolymers of M-10 and HMA 
with different azo contents, and PHMA refers to the homopolymer of HMA. b The molar percentage of the azo monomer in the initial 
monomer feed. cThe molar percentage of the azo unit in the polymers determined by 1H NMR. d The number-average molecular weights 
(Mn,GPC) and molar-mass dispersities (Đ) of the polymers measured by GPC using PS standards. e G = glassy; SA= Smectic A; N = 
Nematic; I = isotropic.  f DSC second heating scan under nitrogen (10 oC/min). g DSC first cooling scan under nitrogen (-10 oC/min).  h 

The temperatures at 5% weight loss of the samples under nitrogen were measured by TGA heating experiments at a rate of 10 oC/min.  i 

The modulation depth of the SRGs was measured by AFM using tapping model.  jThe inscribed SRG on CP-15% film was kept at 0 oC 
prior to its characterization with AFM. 
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warm methanol until no monomer was detectable with thin layer 

chromatography. Finally, the product was dried at 50 oC under 

vacuum for 48 h to provide the orange copolymer CP10-41% 

(yield: 56%, entry 5 in Table 1). 

The azo copolymers CP10-x (x = 60%, 27%, 15%) were 5 

prepared using the similar process as for CP10-41% (Table 1). 

Preparation of azo polymer films 

The above-obtained azo polymers were dissolved in dioxane (100 

mg/mL) and the resulting solutions were filtered using a 0.45 μm 

filter. Polymer films were then prepared by spin-coating such 10 

polymer solutions onto the pre-cleaned quartz glass plates (which 

were cleaned in Piranha solution (H2SO4:H2O2 = 7:3 (v/v)) and 

rinsed with distilled water) at 2000 rpm for 18 s. The resulting 

polymer films were annealed at 60 oC in a vacuum oven for 12 h 

prior to the SRG inscription and their thickness was about 1.1 μm 15 

as evaluated by atomic force microscopy (AFM, NT-MDT 

Instruments, Russia: NTEGRA Prima). The weights of the pure 

polymer films could be obtained by subtracting the weights of the 

clean quartz glass plates from the total weights of the quartz glass 

plates and the supported polymer films. 20 

Generation of SRGs on the azo polymer films 

The experimental setup for SRG formation was similar to that 

reported before.70 The SRG inscription was performed by using 

p-polarized green light (532 nm) with an intensity of 180 

mW/cm2. The angle between two incident coherent laser beams 25 

was set at 8o to produce 3.75 μm grating spacing. A set of wave 

plates and polarizers was used to control the intensities and 

polarization states of the interfering beams. The SRGs formed on 

the azo polymer films were monitored by measuring the growth 

of the first-order diffraction efficiency in the transmission mode 30 

with an unpolarized probe He-Ne laser beam at 633 nm of a low 

intensity (1 mW/cm2) in order not to disturb the SRG recording. 

The diffraction efficiency was obtained through dividing the 

intensity of the first-order diffraction by the initial incidence 

intensity of the probe beam. The surface profiles of the resulting 35 

gratings were characterized with AFM (NT-MDT Instruments, 

Russia: NTEGRA Prima) in the tapping mode. 

Chemical crosslinking of the azo polymer films and post-
fixation of the SRGs formed on these azo polymer films 

The chemical crosslinking of the azo polymer films was carried 40 

out by the reaction of N-hydroxysuccinimide carboxylate groups 

on the azo units in the polymers with 1,6-hexanediamine in its 

methanol solutions (Scheme 2). A series of azo polymer films 

were immersed into 1,6-hexanediamine solutions in methanol (20 

mL) with different concentrations (C = 0, 5, 50, 100, 200, 300, 45 

and 350 mmol/L) for 20 min and another series were immersed 

into 1,6-hexanediamine solutions in methanol (20 mL) with a 

concentration of 350 mmol/L for different times (t = 0, 0.5, 1, 2, 4, 

8, 12, 16, 20, and 30 min) at 25 oC, The resulting polymer films 

were washed thoroughly with methanol and then dried under 50 

vacuum at 25 oC for 12 h. Afterwards, such polymer films were 

immersed into 10 mL of THF for 3 h at 25 oC, and the amounts of 

the azo polymers dissolved in the resulting solutions were 

evaluated by their UV-vis absorption peak intensities (note that 

the uncrosslinked azo polymer films could be completely 55 

dissolved into THF within 30 s). The residual weights of the fixed 

 

Scheme 2 Schematic illustration of the crosslinking reaction of 

N-hydroxysuccinimide carboxylate groups on the azo units in the 

azo polymers with 1,6-hexanediamine. 60 

azo polymer films on the quartz glass plates could be derived by 

subtracting the above-obtained weights of the dissolved azo 

polymers from the weights of the original polymer films, from 

which the residual weight percentages of the fixed azo polymer 

films on the quartz glass plates could be obtained. 65 

SRGs were inscribed onto the azo polymer films following the 

above-described process and their surface profiles were 

characterized with AFM. Two representative polymer (i.e., HP-

10 and CP10-41%) films with the SRG patterns were then 

immersed into a 1,6-hexanediamine solution in methanol (C = 70 

350 mmol/L) at 25 oC for different times (t = 0, 4, 10, and 15 

min). Afterwards, they were taken out and washed thoroughly 

with methanol and then dried at 25 oC under vacuum for 24 h. 

The resulting polymer films with fixed SRGs were annealed at 

temperatures being about 10 oC above the Tg values of the 75 

corresponding uncrosslinked azo polymers for different times (t = 

0.5, 10, 40, 120, 300, 720, and 1440 min) or at 250 oC for 3 h. 

The unfixed SRGs on CP10-41% films were also annealed for 10, 

20, 30, 60, and 90 s at 55 oC, respectively, while the unfixed 

SRGs on HP-10 films were annealed for 10, 20, 40, 60, 90, 120, 80 

and 180 s at 90 oC, respectively. All the remaining modulation 

depth of the SRGs was recorded by AFM. 

Characterization 

1H NMR spectra of the samples were recorded on a Mercury Vx-

300 spectrometer (300 MHz). The number-average molecular 85 

weights (Mn,GPC) and molar-mass dispersities (Đ) of the 

obtained polymers were determined with a gel permeation 

chromatograph (GPC) equipped with an Agilent 1200 series 

manual injector, an Agilent 1200 high-performance liquid 

chromatography (HPLC) pump, an Agilent 1200 refractive index 90 

detector, and three Agilent Plgel columns (mixed-C, 104 Å and 

500 Å) with 200-3M, 4000-400K, and 500-20K molecular ranges 

(the temperature of the column oven was 35 oC). THF was used 

as the eluent at a flow rate of 1 mL/min, and the calibration curve 

was obtained by using polystyrene (PS) standards. 95 

Thermogravimetric analyses (TGA) were performed on a Netzsch 

TG 209 instrument at a heating rate of 10 oC/min in the nitrogen 

atmosphere. Differential scanning calorimetry (DSC, Netzsch 204) 

was utilized to study the thermal transitions of the polymers at a 

heating/cooling rate of 10 oC/min under nitrogen. The 100 

temperature and heat flow scale were calibrated with standard 

materials including indium (70-190 oC), tin (150-270 oC), zinc 

(350-450 oC), bismuth (190-310 oC) and mercury (-100-0 oC) in 

different temperature ranges. The glass transition temperatures 

(Tg) of the polymers were determined as the midpoints of the step 105 
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changes of the heat capacity, while the phase transition 

temperatures were measured from the maximum/minimum of the 

endothermic/exothermic peaks. The liquid crystalline textures of 

the samples were observed by using an Olympus BX51 POM 

equipped with a Linksys 32 THMSE600 hot stage and a digital 5 

camera (micropublisher 5.0 RTV). An UV-vis scanning 

spectrophotometer (TU 1900, Beijing Purkinje General 

Instrument Co., Ltd) was utilized to obtain the UV-vis spectra of 

the samples at 25 oC. X-ray diffraction (XRD) measurements 

were carried out by using a Bruker D8 FOCUS diffractometer 10 

with Cu Kα radiation (1.5406 Å) generated at 40 KV and 40 mA 

from 0.5 to 10° (2θ value) at a scanning rate of 1°/min. The SRGs 

were inscribed onto the azo polymer films by using two coherent 

laser beams (λ = 532 nm) system (diode-pumped laser, 

Nd:YVO4). The formation of the SRGs was monitored from the 15 

change in the first-order diffraction intensity of a He-Ne (633 nm) 

laser beam on the transmission side using a photodetector. The 

surface topographies of the azo polymer films were examined 

using AFM in the tapping mode. 

Results and discussion 20 

Synthesis and characterization of azo polymers 

It is well established that N-hydroxysuccinimide carboxylate can 

easily react with primary amines under mild reaction 

conditions.71 Recently, we have synthesized a series of 

methacrylate type azo monomers with an N-hydroxysuccinimide 25 

carboxylate substituent and their homopolymers by the free 

radical polymerization.68 The obtained azo polymer films proved 

to be crosslinkable with 1,6-hexanediamine in methanol, but such 

post-crosslinking process was still relatively slow (about 1 h), 

probably due to the rigid characteristics of poly(methacrylate) 30 

type azo polymers. In addition, the resulting azo polymers had 

rather high Tg values (≥ 102 oC as determined by DSC at the 

second heating processes with a heating rate of 10 oC/min), which 

might prevent their fast formation of SRGs.59 To address these 

issues, we have designed a series of acrylate type azo monomers 35 

with an N-hydroxysuccinimide carboxylate substituent and 

subsequently prepared their homo- and copolymers via the free 

radical polymerization in the present study. 

Scheme 1 presents the synthetic route of the acrylate type azo 

monomers (M-m (m = 2, 6, 10)) and their polymers. All the 40 

intermediates were synthesized following the literature 

procedure.67 The desired azo monomers were readily prepared 

through the coupling reaction between AAzoA-m (m = 2, 6, 10) 

and N-hydroxysuccinimide, using DCC as the catalyst. Their 

yields were around 70% and their purities were satisfactory, as 45 

determined with both thin layer chromatography and 1H NMR 

(Fig. 1a). 

The acrylate type azo monomers M-m (m = 2, 6, 10) were first 

polymerized via the conventional free radical polymerization at 

70 oC using AIBN as the initiator and anisole as the solvent, 50 

resulting in their corresponding homopolymers (namely HP-m 

(m= 2, 6, 10)). In addition, a series of azo copolymers (namely 

CP10-x (x is the molar percentage of the azo unit in the 

copolymers determined by 1H NMR)) were also prepared via the 

free radical copolymerization of M-10 and HMA with different 55 

feed ratios. All the azo polymers were purified by their first 

 

Fig. 1 1HNMR spectra of M-10(a), HP-10 (b) and CP-41% (c)in 

CDCl3. 

precipitation into methanol and then washed thoroughly with 60 

warm methanol until no monomers could be detected by thin 

layer chromatography any more. The resulting azo polymers are 

easily soluble in the common organic solvents such as THF, 

acetone, and chloroform. 

The obtained azo polymers were first characterized with 1H 65 

NMR. Fig. 1b and c shows the 1H NMR spectra of one 

representative azo homopolymer HP-10 and one azo copolymer 

CP10-41%, respectively. It can be seen clearly that the vinyl 

proton signals of the acrylate group from M-10 have completely 

disappeared from the spectra of these azo polymers, further 70 

demonstrating the absence of the azo monomer in the obtained 

polymers. Moreover, the chemical shifts and peak integrals of all 

the protons in the polymers are consistent with their expected 

structures. Similar results were also obtained for the other 

polymers. By comparing the integral of the peak a at 2.94 ppm 75 

(due to the protons from the succinimide group of the azo unit) 

and that of the peaks o+e around 4.0 ppm (due to the protons of -

CH2O- in both the spacer of the azo unit and side chain of HMA 

unit) in the copolymers, the molar percentages of the M-10 unit 

incorporated into the azo copolymers could be derived (Table 1). 80 

Apparently lower molar percentages of the azo unit were found to 

be incorporated into the azo copolymers in comparison with those 

of the azo monomer in the initial monomer feeds, suggesting the 

higher reactivity of HMA than M-10 in the copolymerization 

processes. 85 

The molecular weights and molar-mass dispersites (Đ) of the 

obtained polymers were determined with GPC (Table 1). It can 
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be seen that the molecular weights of the azo homopolymers 

increase with increasing the length of their flexible spacers, 

probably due to the reduced steric hindrance of the azo monomers 

during the polymerizations with an increase in the spacer length. 

In comparison, the azo copolymers showed obviously higher 5 

molecular weights and they increased with an increase in the 

contents of the HMA unit in the copolymers, which also could be 

ascribed to the higher reactivity of HMA than M-10 in the 

copolymerization processes. 

The thermal behaviours of the obtained polymers were 10 

analyzed with a combination of TGA, DSC, and POM. The 

temperatures at 5% weight loss of the azo polymers determined 

by TGA at a heating rate of 10 oC/min under nitrogen were ≥ 269 
oC (Table 1), indicating their rather good thermal stability. It is 

interesting to note that all the azo copolymers exhibit improved 15 

thermal stability in comparison with the homopolymers (i.e., 

PHMA and HP-10), just as reported by Zhang and coworkers.72 

The real reason for this phenomenon is not very clear yet, and 

further investigation is ongoing to provide a reasonable 

explanation. The DSC study revealed that HP-6 and HP-10 20 

exhibited one glass transition step and one weak phase transition 

peak during both the second heating and the first cooling scans 

(Fig. 2), whereas all the other polymers showed only one glass 

transition step under the same conditions. A glass transition 

temperature (Tg) of -10, 12, 30, 43, 62, 78, 100 and 128 oC was 25 

observed in the DSC second heating scan for PHMA, CP10-15%, 

CP10-27%, CP10-41%, CP10-60%, HP-10, HP-6 and HP-2, 

respectively, indicating that the Tg values of the azo copolymers 

increased with an increase in their azo contents and those of the 

azo homopolymers decreased with an increase in the spacer 30 

length, just as previously reported.69,73 

The POM study revealed that only HP-6 and HP-10 showed 

 

 

Fig. 2 DSC curves of the polymers from the first cooling scan (a) 35 

and from the second heating scan (b) (±10 °C/min). 

obvious liquid crystalline textures (Fig. S1). Their birefringences 

disappeared completely at 137 and 135 oC upon heating (10 
oC/min), respectively, and they appeared again at 131 and 130 oC 

upon cooling from the isotropic states at a rate of 10 oC/min, 40 

respectively, which indicated that the phase transition peaks in 

their DSC curves represented the transition between liquid 

crystalline and isotropic phases. XRD studies demonstrated that 

HP-6 had a nematic liquid crystalline mesophase, whereas a 

smectic A liquid crystalline phase was present in HP-10 (Fig. S2). 45 

In contrast to HP-6 and HP-10, no liquid crystalline phases were 

observed for the azo copolymers and HP-2, probably due to the 

disruption of the ordered structures by the incorporation of HMA 

unit into the copolymers and the too short spacer length in HP-2. 

Crosslinkability of the azo polymer films 50 

The crosslinking of the azo homopolymer (HP-m (m = 2, 6, 10)) 

and copolymer (CP10-x (x = 15, 27, 41, 60%)) films was 

investigated to shed light on the influences of the polymer 

structures on their crosslinking processes. The azo polymer films 

with almost same thickness (~1.1 μm) were first prepared via 55 

spin-coating on the clean quartz glass plates, which were 

subsequently annealed at 60 oC in a vacuum oven for 12 h prior 

to their further studies, leading to the transparent films in an 

amorphous state (as revealed by POM). It is also worth 

mentioning here that such azo polymer films could undergo 60 

reversible photochemical isomerisation upon the alternating UV 

and visible light irradiations (Fig. S3). 

The above-obtained azo polymer films were then immersed 

into a series of 1,6-hexanediamine solutions in methanol with 

different concentrations for a fixed crosslinking time or immersed 65 

into a 1,6-hexanediamine solution in methanol with a fixed 

concentration but for different crosslinking times. The resulting 

polymer films were then immersed into 10 mL of THF for 3 h. 

The uncrosslinked azo polymer films were found to be 

completely dissolved in THF within 30 s, whereas the other azo 70 

polymer films crosslinked under different conditions showed 

improved resistence to THF to different extents. The dissolved 

weight percentages of the polymer films could be obtained 

through characterizing the resulting solutions by measuring their 

UV-vis absorptions, from which the residual weight percentages 75 

of the remaining films on the quartz glass plates could be derived 

(which can be used to represent the crosslinking degrees of the 

azo polymer films) (Fig. 3a and b). Fig. 3a shows that the residual 

weight percentages of the azo polymer films (or their crosslinking 

degrees) increase with an increase in the crosslinker 80 

concentrations for a fixed crosslinking time, just as expected. In 

addition, the chemical structures of the azo polymers also showed 

an obvious influence on their crosslinking processes. While a 

crosslinker concentration of 300 mmol/L was required for HP-2, 

HP-6, HP-10 and CP10-60% to achieve their maximum 85 

crosslinking in 20 min, complete crosslinking was achieved for 

CP10-41%, CP10-27% and CP10-15% with a crosslinker 

concentration of 100 mmol/L in the same time period (Fig. 3a), 

which demonstrated that the crosslinking rates of the azo polymer 

films increased with increasing the incorporated HMA contents in 90 

the azo polymers. Fig. 3b shows that the crosslinking degrees of 

the azo polymer films increase with an increase in the 

crosslinking times at a fixed crosslinker concentration, but they 

decrease with increasing the azo contents in the copolymers.  It 
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Fig. 3 Dependence of the residual weight percentages of the 

crosslinked azo polymer films (after their immersion in THF for 3 

h) on the concentrations of the 1,6-hexanediaminesolution in 

methanol with a fixed crosslinking time of 20 min(a) or on the 5 

crosslinking time with a fixed 1,6-hexanediamine concentration 

in methanol (350 mmol/L)(b)(HP-2(□), HP-6(◇), HP-10(◆), 

CP-60%(▲), CP-41%(▼), CP-27%(●), CP-15%(■)). 

requires 20 min for HP-2, HP-6, HP-10 and CP10-60% to achieve 

the maximum crosslinking, whereas 4 min is enough for fully 10 

crosslinking CP10-15%, CP10-27% and CP10-41%. The faster 

crosslinking rates of the azo copolymers with a higher 

incorporated HMA content (i.e., CP10-15%, CP10-27%, and 

CP10-41%) in comparison with the azo homopolymers (HP-m (m 

= 2, 6, 10)) and azo copolymer with a lower HMA content (i.e., 15 

CP10-60%) might be attributed to the higher swelling ability of 

the former azo polymers in the solutions (Fig. S6 and S7). Note 

that the optical transparency of most of the azo polymer films 

was not much affected by the crosslinking processes (Fig. S8), 

which is important for their practical applications. 20 

Fig. 4 presents the FT-IR spectra of the uncrosslinked and 

crosslinked HP-10 films. It can be seen clearly that in comparison 

with the FT-IR spectrum of the uncrosslinked azo polymer film, 

several new absorption peaks around 1535 cm-1 (amide II band, 

N-H deformation vibration), 1670 cm-1 (amide I band, C=O 25 

stretching), and 3326 cm-1 (N-H stretching) were observed in that 

of the crosslinked polymer film. This, together with the 

disappearance of the peak around 1770 cm-1 (the imide band of 

the succinimide group from the uncrosslinked polymer) in the 

FT-IR spectrum of the crosslinked HP-10 film, provided strong 30 

and direct evidence for the occurrence of the chemical 

crosslinking reaction between the hydroxysuccinimide groups on 

the polymer chains and 1,6-hexanediamine (Scheme 2). 

 

Fig. 4 FT-IR spectra of the uncrosslinked (a) and crosslinked (b) 35 

HP-10 films (the crosslinked HP-10 film was obtained by 

immersing its uncrosslinked one into a 1,6-hexanediamine 

solution in methanol (350 mmol/L) for 15 min. Another 

uncrosslinked HP-10 film and this crosslinked one were then 

peeled off from the quartz glass plates by immersing them into 40 

methanol and sonicating for 1 min, dried, and then ground with 

KBr powder for FT-IR measurements). 

On the basis of the above results, we can conclude that the 

obtained side-chain azo polymers containing N-

hydroxysuccinimide carboxylate-substituted azo groups could be 45 

easily crosslinked with 1,6-hexanediamine under mild conditions, 

which is highly promising for the post-fixation of the SRGs 

formed on such polymer films. 

The photoinduced diffraction efficiency and SRGs on the azo 
polymer films 50 

An Nd:YVO4 laser was applied to inscribe SRGs on the azo 

polymer films by using the interference pattern. Special care was 

taken to prepare amorphous azo polymer films with almost same 

thickness in order to exclude both the effect of confinement56 and 

the influence of the liquid crystalline phases on the formation of 55 

SRGs.74 The SRG formation processes were probed by 

monitoring the diffraction of the films with a low intensity He-Ne 

laser beam (633 nm, 1 mw/cm2). The diffraction efficiency was 

obtained through dividing the intensity of the first-order 

diffraction by the initial incidence intensity of the probe beam. 60 

Fig. 5 shows the changes in the first-order diffraction efficiency 

 

Fig. 5 Time dependence of the first-order diffraction efficiency 
for the films of HP-2 (a), HP-6 (b), HP-10 (c), CP10-60% (d), 
CP10-41% (e), CP10-27% (f), and CP10-15% (g). 65 
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Fig. 6 Topographical AFM images of the SRGs formed on HP-10 

(a-d) and CP10-41% (f-i) films: (a,f) Uncrosslinked HP-10 (a) 

and CP10-41% (f) films without annealing; (b,g) Uncrosslinked 

polymer films annealed for 3 min (HP-10 film at 90 oC (b) and 5 

CP10-41% film at 55 oC (g)); (c,h) Crosslinked HP-10 film 

(crosslinked in a 1,6-hexanediamine solution (350 mmol/L) for 

15 min) annealed at 90 oC for 24 h (c) and crosslinked CP10-41% 

film (crosslinked in a 1,6-hexanediamine solution (350 mmol/L) 

for 4 min) annealed at 55 oC for 24 h (h); (d,i) HP-10 (d) and 10 

CP10-41% (i) films were crosslinked with the same conditions as 

in (c,h) and then immersed into THF for 24 h; (e,j) AFM cross-

sectional profiles taken from the samples a-d (e) and those taken 

from the samples f-i (j). 

as a function of the laser irradiation time for the azo polymer 15 

films. It can be seen clearly that the diffraction efficiency values 

of the azo polymer films can reach a plateau within 18-60 min. 

Both the inscription rates and diffraction efficiency saturation 

values of the azo homopolymer films were found to increase with 

a decrease in their flexible spacer length, while those of the azo 20 

copolymer films proved to essentially increase with an increase in 

the azo contents in the copolymers.56, 75, 76 The above results 

clearly demonstrated that an increase in the azo contents in the 

azo polymers had an obvious positive effect on the formation of 

SRGs on their films. In addition, they also suggested that the 25 

mass migration of the azo polymer films was driven by the azo 

chromophores and the longer spacer might dissipate more driven 

energy obtained from the light irradiation.53 The mechanism of 

the current observations could be partially elucidated by using the 

optical-field gradient force model proposed by Kumar et al.49, 77 30 

The formation of SRGs on the azo polymer films was confirmed 

by AFM (Fig. 6a and f). The grating profiles exhibited a 

sinusoidal shape and their periods agreed well with the designed 

value (i.e., 3.75 μm). The modulation depth of the SRGs formed 

on the azo polymer films was more than 500 nm in all cases 35 

(Tables 1 and S2), demonstrating the high efficiency of our azo 

polymers in the formation of SRGs. In addition, the order of their 

depth was almost the same as that of their corresponding 

diffraction efficiency values. 

Post-fixation of SRGs 40 

It is known that the SRGs formed on the amorphous azo polymer 

films are only stable at temperatures below their Tg and can be 

easily erased by heating above their Tg. This was also confirmed 

to be true for our azo polymer systems. The photoinduced SRGs 

on our uncrosslinked azo polymer films proved to be stable as 45 

long as they were kept at temperatures below their Tg. However, 

these inscribed SRGs were completely disappeared quickly after 

their annealing at temperatures being about 10 oC above their Tg 

(Fig. 6b and g, Fig. 7). In addition, such uncrosslinked azo 

polymer films with inscribed SRGs could be quickly dissolved 50 

when they were immersed into common organic solvents (e.g., 

THF) (Figures not shown). These results clearly demonstrated 

that the photoinduced SRGs on the uncrosslinked azo polymer 

films are not resistant to higher temperatures and organic solvents, 

which may have negative influence on their future applications. 55 

We then tried to improve the shape stability of the SRGs 

formed on the azo polymer films by crosslinking them in the 1,6-

hexanediamine solutions in methanol. It can be seen clearly that 

the post-fixation of SRGs on the azo polymer films by their  

 60 

Fig.7 Dependence of the normalized SRG heights for the 

uncrosslinked and crosslinked HP-10 films (filled symbols, 

annealing temperature: 90 oC) and CP10-41% films (empty 

symbols, annealing temperature: 55 oC) on the annealing times 

(the azo polymer films were crosslinked in a 1,6-hexanediamine 65 

solution in methanol (350 mmol/L) for 0, 4, 10, and 15 min, 

respectively). 
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crosslinking significantly enhanced their stability at higher 

temperatures, even for a rather short crosslinking time of 4 min 

(Fig. 7). While the surface SRG structures on the uncrosslinked 

azo polymer films could be completely erased within 3 min for 

HP-10 film at 90 oC and within 1.5 min for CP10-41% film at 55 5 

oC, respectively (Fig. 6b and g, Fig. 7), those on the crosslinked 

polymer films (with a crosslinking time ≥ 4 min for CP10-41% 

film and ≥10 min for HP-10 film) remained almost intact after 24 

h of annealing at temperatures being about 10 oC above their 

corresponding Tg (Fig. 6c and h, Fig. 7). In addition, the SRGs on 10 

the crosslinked polymer films were also well preserved even after 

their immersing in THF (a good solvent for the uncrosslinked azo 

polymer films) for 24 h (Fig. 6d and i). Fig. 6e and j shows the 

cross-sectional profiles taken from the corresponding samples 

before and after heating or rinsing with THF, which demonstrated 15 

the stability of the SRGs on the crosslinked azo polymer films 

more clearly. Furthermore, the SRGs on the crosslinked azo 

polymer (HP-10 and CP10-41%) films could be retained without 

obvious damage even at a high annealing temperature of 250 oC 

for 3 h (Fig. 8), which strongly demonstrated the high efficiency 20 

of our post-fixation strategy. In this context, it is worth 

mentioning that the post-crosslinking of the azo polymer films 

with SRGs hardly affected their diffraction efficiencies, 

indicating the negligible influence of the post-crosslinking 

treatment on their optical properties (Fig. S9). 25 

Conclusions 

We have demonstrated for the first time a facile and highly 

efficient approach to achieve fast and stable fixation of the 

photoinduced surface relief gratings on the azo polymer films by 

the design and synthesis of a series of new easily crosslinkable 30 

azo homopolymers and copolymers with N-hydroxysuccinimide 

carboxylate-substituted azo moieties and relatively low glass 

transition temperatures via the conventional free radical  

 

Fig. 8 (a,c) Topographical AFM images of SRGs on the 35 

crosslinked HP-10 (a) and CP10-41% (c) films after their 

annealing at 250 oC for 3 h (the polymer films were crosslinked 

in a 1,6-hexanediamine solution in methanol (350 mmol/L) for 15 

min for HP-10 and 4 min for CP10-41%, respectively); (b,d) 

AFM cross-sectional profiles taken from the crosslinked HP-10 40 

film (b) and CP10-41% film (d) before (solid line) and after their 

annealing (short dot) at 250 oC for 3 h. 

polymerization. The chemical structures of the azo polymers 

showed much influence on the crosslinking ability of their films 

as well as the photoinduced diffraction efficiency and surface 45 

relief gratings on their films. All the obtained azo polymer films 

proved easily crosslinkable within 4-15 min with 1,6-

hexanediamine in methanol under mild conditions, and faster 

crosslinking was observed for the azo copolymers in comparison 

with the azo homopolymers. In particular, the resulting fixed 50 

surface relief gratings could be kept almost intact at temperatures 

being about 10 oC above the glass transition temperatures of the 

uncrosslinked azo polymers for 24 h or at 250 oC for 3 h or even 

after their immersion into a good solvent of the uncrosslinked azo 

polymers for 24 h. In view of the easy synthesis of such easily 55 

crosslinkable azo polymers that can have a high azo content up to 

100%, their very fast post-crosslinking under mild conditions, the 

high resistance of the fixed surface relief gratings towards both 

high temperatures and organic solvents, and the negligible 

influence of the post-fixation treatment on the optical 60 

transparency of the azo polymer films, we believe that such azo 

polymers are highly promising for surface relief grating 

applications as well as for many other areas such as 

photoresponsive liquid crystalline elastomers. 
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