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formation of photoinduced surface relief gratings 
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The patterning of the free standing azo-copolyimide films under different irradiation conditions led to the uniform 

surface relief gratings.    

 

 

   

Page 1 of 12 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ►

ARTICLE TYPE
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  1 

Properties of some azo-copolyimide thin films used in formation of 

photoinduced surface relief gratings  

Ion Sava
1*

, Ada Burescu
1
, Iuliana Stoica

1,3
, Valentina Musteata

1
, Mariana Cristea

1
, Ilarion Mihaila

2
, Valentin Pohoata

2
 and 

Ionut Topala
2 

1*“Petru Poni” Institute of Macromolecular Chemistry, Aleea Gr. Ghica Voda 41A, Iasi 700553, Romania; Email: isava@icmpp.ro 5 

2“Alexandru Ioan Cuza” University of Iasi, Faculty of Physics, Plasma Advanced Research Center (IPARC),  Bd. Carol I no. 11, Iasi, 700506, Romania 
3 University POLITEHNICA of Bucharest, Str. Gheorghe Polizu, Sector 1, Bucharest 011061, Romania 

Received (in XXX, XXX) Xth November 2014, Accepted Xth XXXXXXXXX 20XX 

DOI: 10.1039/b000000x 

Abstract.  Thin free standing films have been obtained by casting from dimethylacetamide solutions of some azo-copolyimides. The 10 

dynamo-mechanical and dielectric properties, and the effect of the chemical structure of polymers of the physical properties are 

investigated. The incorporation of substituted azobenzene groups and hexafluoroisopropylidene units in the macromolecular chain 

allowed the patterning of the materials under different irradiation conditions. The azo-copolyimide thin films showed high thermal 

stability, low dielectric constant, good dynamo-mechanical characteristics and uniform surface relief gratings.    

 15 

1. Introduction 

 For a broad class of aromatic azo-compounds, 

azobenzene, with two phenyl rings separated by an azo (-N=N-) 

bond is considered as the parent molecule. These chromophores 

are versatile molecules and have drawn much attention in 20 

fundamental and applied research areas. Due to their capacity of 

responding spontaneously to external stimuli by light, the azo-

compounds can be considered as “smart materials”. The exposure 

to the linearly polarized light of an appropriate wavelength results 

in a directed reorientation of photochromic group’s perpendicular 25 

to the electric field vector of the incident light. This process takes 

place with multiple reversible trans to cis photoisomerization, 

which leads to the generation of photoinduced optical anisotropy. 

The photoinduced optical anisotropy is a key for many 

applications including optical devices for storage, processing, 30 

displaying, and transfer of optical information.1-10 

 The large-scale mass transport of the polymer chains can take 

place in the case of polymers which contain azobenzene units due 

to the cyclic photoisomerization of azobenzene-based groups. 

This behavior can be observed as a surface relief grating 35 

(SRG).11-13 These kinds of polymers which can be suitable for the 

efficient SRG formation reveal many possible applications 

mostly in photonics and for micro and nanoscale processing 

technologies in microelectronics. 13  

 Due to the fact that azo-polymers are promising materials for 40 

many practical applications, further improvement of their 

performance is necessary. Thus, long-term chemical and 

orientational stabilities is still required at the high temperatures of 

their use.6 To obtain stable photonic structures or long-term 

storage optical devices, azo-polymers with a good thermal 45 

stability and high Tg values are desirable. Photoinduced optical 

anisotropy and the formed surface relief gratings are relatively 

stable below the azo-polymer glass transition temperature (Tg) 

and are erasable by laser or heating. 6 Polymers with such 

properties have shown potential technological applications such 50 

as optical information storage and processing, optical switching 

devices, holographic gratings, nano-manipulation and so on.11,14  

These requirements meet polyimides (PI) which are an 

important class of high-performance polymers useful in a variety 

of applications. Aromatic polyimides are unique due to their 55 

optical and thermal stability, high glass transition temperature, 

chemical resistance, electrical characteristics, low susceptibility 

to the laser damage, low dielectric constant value, toughness, and 
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dimensional stability. These excellent properties led to broad 

spectrum of potential applications of these polymers. 15-17 

Polyimides with azobenzene derivatives have already 

been investigated for photoinduced alignment in a liquid crystal 

display, 18 photomechanical response materials19-22 and for 5 

holographic recording.23-25 The most of the synthesized azo-

polyimides contain covalently attached chromophores mainly as 

side-groups of the polymer backbone 26-33 and only few papers 

report the preparation and characterization of polyimides with 

azobenzene derivatives placed in the main chain.21,22, 34-36 10 

It was expected that the incorporation of the substituted 

azobenzene units, connected in a special way (a part is in the 

main chain and the other part in the side chain) to the 

macromolecular chain of one aromatic polyimide, will keep and 

improve some properties of polyimide and will bring special 15 

properties of azobenzene moieties. 

Thus, in this paper we present a series of azo-

copolyimides obtained by solution polycondensation reaction of 

hexafluoroisopropylidene-bis(phthalic) anhydride (6FDA) with a 

mixture of two aromatic diamines, one of them containing a 20 

pendent substituted azobenzene group. The basic characterization 

of these compound has been previously reported by us.37 

However, in this work the azo-copolyimides were examined with 

respect to their dynamo-mechanical and dielectric properties, and 

the effect of the chemical structure of polymers on the physical 25 

properties are also discussed. Finally, the structuring polymer 

properties due to the presence of substituted azobenzene groups 

were investigated.  The behaviour to structuring under laser 

beams of the free standing films from these azo-copolyimides 

was investigated in different conditions. It was believed that these 30 

complementary data would enable us to get better understanding 

of the respective structure – property relationships required for 

the development of high performance polymers.   

2. Experimental part 

    2.1. Materials 35 

 N-methylpyrrolidinone (NMP) from Merck was dried 

on P2O5 and freshed distilled at reduced pressure. para-Toluidine, 

meta-phenylenediamine, acetic anhydride and pyridine were 

provided from different commercial sources (Fluka, Aldrich) and 

used as received.    40 

 2.2. Monomers 

  Aromatic diamines containing two ether bridges, 

namely 1,3-bis(p-aminophenoxy)benzene, 1,4-bis(p-

aminophenoxy)benzene and 4,4’-bis(p-aminophenoxy)biphenyl, 

have been provided from different commercial sources and 45 

purified by recrystallization from ethanol or from a mixture of 

ethanol with water. M. p. 114-116°; 163-165°C and 197-199°C, 

respectively. 

Aromatic diamine which has side substituted 

azobenzene group, namely 2,4-diamino-4’-methylazobenzene 50 

was synthesized via one-step diazonium coupling reaction of 

para-toluidine diazonium chloride with meta-phenylenediamine, 

as was previously reported.26 1H NMR (DMSO-d6): 2.34 ppm 

(CH3), 5.84-5.90 ppm (NH2), 6.00-6.036 ppm (Ar-H); 7.23-7.61 

ppm (Ar-H); IR (KBr): 3470-3380 cm-1 (-NH2), 2900 cm-1 (CH3); 55 

UV-Vis (DMF): λmax =  445 nm. 

C13H14N4 (226); Calcd. C 69%; H% 6.24; N% 24.76%; Found C 

68.86%; H% 6.04; N% 24.33%;  M.p: 145-146°C.  

Hexafluoroisopropylidenediphthalic dianhydride (6FDA) from 

Hoechst – Celanese were purified in our laboratory by 60 

recrystallization from acetic anhydride. Melting point of 6FDA 

was 245-247°C.  

 2.3. Polymer synthesis 

The structures of the azo-copolyimides studied in this 

paper are shown in the Scheme 1. These compounds have been 65 

synthesized by the polycondensation reaction of 

(hexafluoroisopropylidene)-diphthalic dianhydride and a mixture 

of two aromatic diamines, one of which contains ether groups, 

such as bis(p-aminophenoxy)-1,4-benzene, bis(p-aminophenoxy)-

1,3-benzene or bis(p-aminophenoxy)-4,4’-biphenyl, and the other 70 

one contains a pendent substituted azobenzene group, namely 

2,4-diamino-4’-methylazobenzene. The molar ratio between the 

two diamines is 0.75 : 0.25, respectively. The polycondensation 

reaction of these monomers was carried out by using a procedure 

reported previously.27,37  75 
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Scheme 1. Structure of azo-copolyimides a – c 
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2.4. Measurements 

FTIR spectra were recorded with a FT-IR VERTEX 70 

(Bruker Optics Company), with a resolution of 0.5 cm-1, by using 

KBr pellets or very thin polymer films. 

Model molecules for a polymer fragment were obtained 5 

by molecular mechanics (MM+) by means of the Hyperchem 

program, Version 7.5.38 

The thermogravimetric analyses (TGA) were performed 

on a Mettler Toledo TGA-SDTA851e derivatograph. The data 

recording occurred in 20 mL/min out flow nitrogen, within 25-10 

900 °C temperature range at a heating rate of 10°C/min. The test 

samples weighed 3-5 mg. 

Dielectric parameters and molecular relaxations were 

characterized in broad temperature and frequency range by 

dielectric relaxation spectroscopy (DRS) using Novocontrol 15 

Dielectric Spectrometer. Dielectric measurements were run at 

constant temperature by taking frequency scans (1 Hz to 1 MHz) 

every 5°C between -120°C and + 250 °C. Measurements were 

made in a nitrogen atmosphere and the amplitude of AC applied 

voltage was 1 V. Silver electrodes with 20 mm diameter were 20 

painted on both samples surfaces to assure a good ohmic contact. 

Polyimide films with thicknesses comprised between 30 and 50 

µm were placed between two round electrodes and tested. 

Without removing the polymer film from the measuring cell, a 

second measurement cycle was performed.  25 

The radiation corresponding to the third harmonic of a 

pulsed Nd:YAG laser (Brilliant B from Quantel, 355 nm 

wavelength, 6 ns pulse duration, 6 mm in diameter) was used to 

generate an interference field in the near field of a phase mask 

(1000 grooves per mm). The incident fluency was 10 mJ/cm2 and 30 

45 mJ/cm2. The number of laser pulses was 10 and 100. The 

interference image that is produced in the near field is a 

periodical structure with the pitch of the same order of magnitude 

as that of the phase mask.39 Polymers samples (1 cm x 1 cm) 

were mounted in an assembly sketched in Figure 1, and then 35 

exposed to the laser radiation interference field. 

Single-frequency dynamic mechanical analysis (DMA) 

tests were conducted on a PerkinElmer Diamond instrument, in 

tension mode, on films with the length of 10 mm, width of 10 

mm and thickness in the range of 0.04-0.06 mm. The single 40 

frequency temperature experiment was run by increasing the 

temperature in ramp mode with 2 °C/min, at 1 Hz, from -50 °C 

until the temperature whereon the E’ value was too low to allow 

the experiment to be continued.  

 45 

 

Fig. 1 The assembly used to irradiate azo-copolyimide films in 

pulsed laser radiation interference field. 

 

The Atomic Force Microscopy investigations were done 50 

using a Scanning Probe Microscope Solver PRO-M apparatus 

(NT-MDT, Zelenograd, Russia). The film topography was 

analyzed in tapping mode, in air, using a rectangular cantilever 

NSG10/Au (NT-MDT, Zelenograd, Russia) with a nominal 

elasticity constant kN = 11.5 N/m. Different scan sizes were 55 

analyzed by means of Nova v.1.26.0.1443 for Solver software, 

but the morphological features were easily observed when the 

scan length of 10 µm was utilized. From three-dimensional 

topographic data measurements, a spatial texture parameter, 

texture direction index (Stdi), which describes the orientation of 60 

structuring, was calculated based on the Fourier spectrum.40 

3. Results and discussions 

 3.1. General characterization 

The structure of azo-copolyimides was identified by 

FTIR spectra. The presence of absorption bands characteristic for 65 

carbonyl group of the imide ring at about 1770-1780 and 1715-

1725 cm-1, and the characteristic band for C-N vibration at 1370-

1385 and 720-730 cm-1 prove the formation of imide rings. All 

the copolyimides exhibit characteristic absorption bands of 

hexafluoroisopropylidene at 1240 cm-1 and 1100 cm-1. 22,37 The 70 

absorption band of the N=N linkage overlaps with that of C=C 

vibration of the benzene ring at about 1600 cm-1. The strong 

absorption bands at 1230-1240 cm-1 were linked to the presence 

of aromatic ether bridges. C-H and C-C linkages in aromatic 

rings showed absorption peaks around 3100 cm-1 and 1490-1500 75 

and 1595-1600 cm-1
. A typical FTIR spectrum is showed in Fig. 

2. 
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Fig. 2 FTIR Spectrum of the azo-copolyimide b 

All polymers are easily soluble in NMP and other polar 

amidic solvents such as dimethylsulfoxide (DMSO), 

dimethylformamide (DMF), dimethylacetamide (DMAc). These 5 

polymers are also soluble in less polar solvents like 

tetrahydrofuran (THF) and chloroform (CHCl3). This good 

solubility is due to the presence of side azobenzene groups which 

increase the free volume and thus the close packing of the 

macromolecular chains is loose, allowing for the small solvent 10 

molecules to penetrate more easily among the polymer chains. 

Also, the hexafluoroisopropylidene and ether groups introduce 

more flexibility and that prevents a dense packing of the 

chains.27,37  

As it is shown in molecular models (Fig. 3), the shape 15 

of the macromolecular chains of these polymers is different from 

that of linear rigid rod which characterizes the completely 

insoluble aromatic polyamides or polyimides. This shape 

obstructs the dense packing of the macromolecules and the small 

solvent molecules can diffuse more easily between the polymer 20 

chains and thus leads to a better solubility. 

All the synthesized copolymers possess good film-

forming ability. The polymer solutions (15 %) in DMAc were 

processed into thin films by casting onto glass plates. The free-

standing films having a thickness in the range of 10-30 µm were 25 

flexible, tough and non-creasable, and maintained their integrity 

after repeated bendings. The traces of the solvent were removed 

by Soxhlet extraction with methanol for 8 h and then the polymer 

films were characterized.  

3.2. Thermal stability 30 

 

 a 

 

b 

 

c 

Fig. 3 Molecular models of azo-copolyimides a, b and c (one 

structural unit). 

The thermal behavior of these polymers was 

investigated by thermogravimetric analysis. The 

thermogravimetric (TG) curves of copolyimides are shown in 35 

Fig. 4. The thermogravimetric and derivative thermogravimetric 

curves revealed that a very small quantity of solvent traces (0.2-

0.3%)  were removed at temperature around 200°C.  

The thermal decomposition of all polymers is not 

complete at 900°C, as the remaining residue amounts in the range 40 

of 53.5-57.5 %. All the polymers under investigation revealed a 

very good thermal stability, as the thermal degradation onset 

temperature was above 300°C. The presence of the azo groups 

determines the first step of degradation at a temperature range of 

305-325°C.37 A very recent paper reported the similar thermal 45 

stability of an azopolyimide obtained from 6FDA and 2,4-

diamino-4’-methylazobenzene.41 The weight loss due to the 

degradation of azo groups is 3.04 – 4.16%. The second step starts 

at about 500-510°C, ends at 577-587°C and is characterized by 

DTG peak at about 550°C. This step involves 19-22 % weight 50 

loss and represents the main decomposition process.  

This last step can be attributed to the degradation of 

macromolecular chains of the polymer. As it can be seen, 
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hexafluoroisopropylidene groups preserve the thermal stability 

characteristic to wholy aromatic polyimides. 

 

Fig. 4 TG-DTG curves of the azo-copolyimides a-c 

3.3. Dynamo-mechanical analysis 5 

Azo-copolyimide films show a high modulus, over 109 Pa, below 

its glass transition temperature (Tg), followed by a drastic drop in 

magnitude in the range of 140-185°C. The severe decrease in 

modulus with temperature indicates distinct transition from 

glassy to rubbery state which is the onset of the glass transition 10 

temperature. 42 Thus, in the case of azo-copolyimide a which 

contains in the macromolecular chain more flexible units (the 

meta-catenated phenylene rings) the obtained value for α 

transition was lower then the value observed for the polymer b 

which has only para-catenated phenylene rings, being 146°C and 15 

167°C, respectively. The presence of biphenyl units in the 

macromolecular chain of polymer c led to the highest value of α 

transition being 169°C. From the peaks of loss modulus it can be 

observed that the obtained values are slightly higher being 157°C, 

176°C and 181°C, for azo-copolyimides a, b and c, respectively 20 

(Fig. 5a). As the glass transition process advances, it becomes 

more than a coordinated molecular motion of macromolecular 

segments, that start to slip one past another. This fact determines 

the rapid increase of tan δ with temperature in the second part of 

the glass transition, therefore the tan δ peak is faded and it is 25 

turned into a shoulder for polymers a and b or it is totally hidden 

in the case of the polymer c (Fig. 5b).  

 

 

Fig. 5a Temperature dependence of the storage modulus (solid 30 

symbols) and loss modulus (open symbols) for azo-copolyimide 

films a-c. 

 

 

Fig. 5b Temperature dependence of the loss factor and 35 

deformation for azo-copolyimide films a-c. 

 

For the sake of clarity the tan δ curves were shifted vertically, 

without modifying any characteristics. In the representation the 

increasing side of tan δ peak during the glass transition is marked 40 

with solid symbols. Further on the evolution of tan δ with 

temperature is practically the result of the polymer structure on 

the viscoelastic behaviour. The evolution of the sample length 

during the DMA experiment, displayed as deformation in Fig. 5b, 

can offer also an indication of the phenomena that takes place. 43 45 

Polymer a, the most flexible, registers a continuous increase of 

the sample length that comes along with the constant increase of 

tan δ with temperature until the end of the experiment. Polymers 

b and c have particular behaviours generated by the effect of their 

structures. The presence of p-phenylene and p-diphenylene rings 50 

in their structures makes possible, under adequate conditions, the 
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appearance intermolecular associations through the π-π 

interactions between the aryl rings. The extra-mobility earned by 

the macromolecular chains subjected to tension, after the glass 

transition, induces chain arrangements favourable for 

intermacromolecular π-π interactions. In these conditions the 5 

rigidity of the polymers b and c increases and, accordingly, tan δ 

decreases. This moment is marked on tan δ curves with open 

circles (polymer b) and open triangles (polymer c). The effect is 

stronger for the polymer c with p-diphenylene rings, where the 

deformation of the sample registers even a contraction (the region 10 

marked with open triangles on the deformation curve) and not 

only a stagnation of the elongation as for the polymer b (the 

region marked with open circles on the deformation curve). Over 

200 oC these interaction are not anymore so strong and the 

flowing phenomena take over. However, the films keep their 15 

load-bearing properties until low values of E’ modulus, under 105 

Pa due to the intermacromolecular interactions. 

 

3.4. Dielectric properties 

Dielectric relaxation spectroscopy provided information 20 

about the storage and dissipation components of the complex 

permittivity, namely dielectric constant (ε’) and dielectric loss 

(ε”), of the polyimide films in broad frequency and temperature 

range. Also, from their variation, thermal transitions correlated 

with dipolar movements are evidenced.  25 

As reported for other polyimides,44-46 and generally for 

polymers, dielectric constant, ε’, decreases with increasing 

frequency for the investigated copolyimides (Fig. 6). The 

dielectric constant being dependent on the ability of polarizable 

units to align to the alternating electric field, it decreases with 30 

increasing frequency since the orientation of dipole moments 

needs longer time than that corresponding to applied frequency. 

It is well-known that polymers which contain 

hexafluoroisopropylidene (6F) groups have dielectric constants 

with the lowest values. This is due to hydrophobic character of 6F 35 

which translates into minimal absorption of polar water 

molecules and on the other hand, to the lower polarizability of the 

fluorinated chains. The polarizability of the system is low for two 

reasons: first, the hexafluoroisopropylidene group induces a low 

electronic polarizability due to the electron-withdrawing effects 40 

46,47 and secondly, it decreases the polarizability per volume unit 

by increasing the free volume due the steric hindrance effects of 

6F which impedes a closer molecular packing of the polymer 

chains. Consequently, polymers which incorporate two 

symmetric CF3 groups present lower dielectric constants, as it 45 

was also observed by other authors. 48 

In the case of these azo-copolyimides the introduction of 

azobenzene group and hexafluoroisopropylidene units in the 

same macromolecular chain led to lower values of dielectric 

constants for azo-copolyimides a and b (3.43 and 3.25, 50 

respectively) and a value close to that one of Kapton film for 

polymer c (3.65). The Kapton film, is the most common 

polyimide used as dielectric in advanced microelectronic 

applications and presents a dielectric constant of 3.5. 49 As can be 

seen in Fig. 6, the dielectric constant varies little with temperature 55 

in the range of -100°C ÷ + 135°C for azo-copolyimide a and till + 

155°C for azo-copolyimides b and c. A sharply increase of the 

dielectric constant for polymer a was observed after 135°C and a 

moderately one for the other polymers (b and c).   
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Fig. 6 Dielectric constant vs frequency at 25°C (up) and dielectric 

constant vs temperature at 1 Hz (down), for azo-copolyimides a-c. 

This can be explained by the higher flexibility of the azo-

copolyimides a, whith meta-catenated phenylene group in the 65 

macromolecular chain, which led to the mobility of the charge 

carriers.45 
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Fig. 7 a - d shows the three-dimensional frequency and 

temperature dependencies of the dielectric constant and dielectric 

loss for azo-copolyimide film a, from the first and the second 

measurements. The other measured films have similar trends. In 

the negative temperature region of the dielectric loss 5 

representations, γ  relaxation peak appears around -100 ºC at 1 Hz 

and shifts to higher temperatures with increasing frequency, up to 

around 20 ºC for 1 MHz. For polyimide films γ transition has 

been associated with phenyl ring oscillations and is influenced by 

moisture absorption content. 50 In 50 – 150 ºC temperature range, 10 

β relaxation appears as a shoulder because of overlapping with γ 

relaxation at high frequencies and low temperature, and with 

losses caused by increased conductivity especially at high 

temperature and low frequencies. Starting around 130 ºC, 

correspondingly to the increase of ε”, there is a sharp increase in 15 

ε’ at low frequencies, due to the increased mobility of charges 

that accumulate at the interfaces between regions of different 

electrical and dielectric properties. 

In the second measurement the dielectric constant was 

slightly decreased (with about 0.2) and γ relaxation disappeared 20 

(Figs. 7d and 8). This observation suggests that the process is 

related to the movement of less polar groups, the molecular 

movement being evidenced by its coupling with that of polar 

molecules, most probably absorbed water molecules, which 

served as markers and are removed during the first heating cycle. 25 

This effect is highlighted in Fig. 8, where dielectric data recorded 

isothermally have been replotted as ε” versus temperature at 1 

kHz (Fig. 8). 

As can be seen all the azo-copolyimides showed γ 

relaxation around -50°C at 1 kHz, with slightly lower temperature 30 

for b copolymer. Beside the extinction of γ process, in the second 

measurement there is a small decrease of ε” and also a less 

pronounced conductivity effect, which permits a better 

visualization of β relaxation. Regarding β relaxation, detailed 

studies on the molecular dynamics of polyimides have shown that 35 

it is determined by the mobility in the dianhydride group 50 which 

may include correlated movement of larger portions of the 

structural unit,51 or even the whole repeating segment for more 

rigid systems.52 

 40 

Fig. 7 Frequency and temperature dependencies of dielectric 

constant and dielectric loss from the first (a and b) and second (c 

and d) measurement for azo-copolyimide film a. 
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Fig. 8 Temperature dependence of dielectric loss, ε”, at 1 kHz: 45 

full symbols – first heating; empty symbols-second heating cycle. 
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In order to determine the relaxation time, τmax, for γ 

relaxations, each relaxation peak in frequency domain, ε” (f), was 

analyzed by fitting the measured data to the empirical Havriliak-

Negami (HN) function 53 and for β relaxations by fitting ε” (f) to 

a sum of a HN function for the dipolar relaxation and an 5 

exponential term for the conductivity contribution at low 

frequency.54 For both secondary relaxations, Arrhenius 

temperature dependencies were obtained for the relaxation times: 

 







=

kT

E
T aexp)( 0max ττ   

 where Ea is the apparent activation energy of the 10 

process, k – Boltzmann’s constant, τ0 -  the preexponential factor 

and represents the relaxation time at very high temperature. 

Using Arrhenius representation (Fig. 9), activation energies for γ 

and β transitions were determined. The γ relaxation Ea of 48.5 

kJ/mol for a, 45.2 kJ/mol for b and 45.5 kJ/mol for c agrees 15 

reasonably well with the value of 43 kJ/mol reported for 

Matrimid polyimide.55 Activation energies  characteristic of β 

relaxation are in the range of 98.5-134 kJ/mol, and is similar to 

the calculated values for other polyimide structures 95 ÷ 180 

kJ/mol.56,57  20 
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Fig. 9 Arrhenius plot of log (τmax) vs. 1000/T for secondary 

relaxation 

As typical for polyimides without pendent groups, 50,54 

only two subglass transitions were observed for the investigated 25 

samples. This indicates that for investigated temperature range, 

there is no dielectric relaxation corresponding to movement of the 

lateral chain that includes azo chromophores and that, during the 

repeated heating up to +180 °C, no configuration change of the 

lateral group take place. Probably for this temperatures the main 30 

chain rigidity and the molecular packing does not allow any 

configuration or conformation change of the lateral group. 

3.5. The surface structuring investigations 

Taken into account that all investigated samples showed 

good thermal stability and low dielectric constant, these thin azo-35 

copolyimide films may be used in high performance applications, 

namely stable photonic structures (for one- and two-dimensional 

linear diffraction gratings, spectral filters, subwavelength 

gratings, near-field sensing and imaging instruments) or long-

term optical devices (for storage, processing, displaying, and 40 

transfer of optical information). For this purpose, we have studied 

the possibility to obtain tridimensional surface relief structuration 

by laser irradiation. 

The investigation of surface structuring capacity 

demonstrated that the irradiation conditions have a proeminent 45 

influence on surface geometry of the polymers.32,58,59 Surface 

irradiation was realised under the action of a laser field with a 

controlled distribution represented by an interference pattern. The 

light source of our setup was a Nd:YAG laser working on his 

third harmonic at 355 nm and with a pulse length at FWHM (full 50 

width half maximum) of 6 ns.  

 Atomic force microscopy was used to characterize the 

resulted structured surfaces. In order to describe the preferential 

orientation of the surface morphology, the texture direction index 

(Stdi) was used. Surfaces with very dominant directions have Stdi 55 

values close to zero and those with no texture orientation have 

Stdi close to 1. As can be seen in Fig. 10, by using an energy 

density of 10 mJ/cm2 and 10 pulses, the obtained surface 

photoinduced pattern is well defined in the case of azo-

copolyimides a and c and uneven for polymer film b. This fact is 60 

also argued by the values of Stdi, which were 0.303 and 0.232 for 

a and c copolyimides, indicating a good anisotropy of the 

morphology and slightly higher (0.529) for polymer film b, 

showing a mild texture orientation. The pattern depth has values 

in  the range 30-100 nm.  65 
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Fig. 10 AFM images of the structurated surface and 

corresponding cross-section profiles of azo-copolyimide films a-c 

after irradiation with 10 mJ/cm2 by using 10 pulses. 

 5 

Applying 100 pulses, the surface relief became even 

and uniform in the case of polymer films b and c, with a pattern 

depth of about 100-150 nm (Fig. 11). The texture direction index 

values close to zero (0.295 for film b and 0.252 for film c) 

confirm this statement. By increasing the pulse number, the 10 

accuracy of the surface relief definition is diminished in the case 

of compound a (Fig. 11a), probably due to some supplementary 

modulation effects. In this case, an increase of the Stdi from 

0.303 (10 mJ/cm2; 10 pulses) to 0.546 (10 mJ/cm2; 100 pulses) 

was observed, pointing out that the surface anisotropy has 15 

decreased considerably. 

 

Fig. 11 AFM images of the structurated surface and 

corresponding cross-section profiles of azo-copolyimide films a-c 

after irradiation with 10 mJ/cm2 by using 100 pulses. 20 

 

By increasing the radiation energy density to 45 mJ/cm2 it 

was observed that the surface  photoinduced pattern had a similar 

appearance, as in the case previously showed for azo-

copolyimdes b and c (Fig. 12). For samples b and c where it was 25 

applied 10 pulses, the pattern depth of about 120-140 nm was 

obtained and surface photoinduced pattern was very well-defined 

and the generated channels were even and uniform. Stdi  of 0.197 

(for sample b) and 0.261 (for sample c) denote stronger anistropy, 

the surfaces having oriented and periodic structures.     30 

 

Fig. 12 AFM images of the structurated surface and 

corresponding cross-section profiles of azo-copolyimide films a-c 

after irradiation with 45 mJ/cm2 by using 10 pulses. 

 35 

 When the number of pulses was increased, the surface relief 

became much more regular (Fig. 13 b, c ). The maximum pattern 

depth, which has been obtained in these cases, were 240 nm for 

100 subsequent irradiation pulses for polymer samples b and 

around 200 nm for azo-copolyimde c. The high degree of surface 40 

orientation was confirmed in the case of polymer films b and c by 

Stdi values of 0.211 and 0.195, respectively, and a mild degree of 

surface orientation for polymer film a which presented a Stdi 

value of 0.437.   

 45 

Fig. 13 AFM images of the structurated surface and 

corresponding cross-section profiles of azo-copolyimide films a-

c, after irradiation with 45 mJ/cm2 by using 100 pulses. 

 

By analyzing a profile diagram it can be observed that the 50 

homogeneity of the surface features is satisfactory, the deviations 

being in the domain of 40-50 nm. For polymer samples a the 

irregular surface relief was maintained with an average pattern 

depth about 180 nm (Fig. 10 a).  

As can be seen in the AFM images presented in Figs. 10-55 

13, the azo-copolyimide film a showed an irregular surface 
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photoinduced pattern for high energy fluency (45 mJ/cm2) and for 

100 pulses and low energy fluency (10 mJ/cm2). This can be 

explained by slightly higher flexibility of the polymer chain a, 

which contains meta-catenated linkages, compared with polymers 

b and c, which have only para-catenated linkages. The 5 

photoinduced pattern was generated in this polymer, but the 

surface relief grating could not be fixed well, because of the fairly 

high mobility of the polymer chain which tends effectively to 

relax to a smooth surface due to surface tension forces.60 

Regarding the mechanism of the surface structuring it can be 10 

suggested that this process takes place by surface reorganization, 

based on consideration that the irradiation conditions consist of 

very short exposure time.29  

4. Conclusions 

The introduction of pendent substituted azobenzene 15 

units together with hexafluoroisopropylidene bridges into the 

chain of aromatic polyimides determined the obtaining of 

polymers with remarcable solubility in polar amidic solvents such 

as NMP and DMF, and even in less polar solvents like THF or 

CHCl3. The good solubility makes the present copolyimides 20 

potential candidates for applications in spin coating and casting 

processes. All the azo-copolyimide films showed a high modulus, 

over 109 Pa, below the glass transition temperature. The dielectric 

constant of azo-copolyimide films were in the range of 3.25-3.65 

at room temperature and 1 Hz. All azo-copolyimide films showed 25 

γ transition around -50°C at 1 kHz, with activation energy in the 

range of 45-48 kJ/mol. 

All investigated polymers showed good thermal 

stability with initial decomposition temperature above 300°C. 

Free-standing films were obtained and the structuring capacity 30 

was investigated by using two laser fluency 10 mJ/cm2 and 45 

mJ/cm2 with 10 and 100 pulses number. The best results were 

obtained by using high density energy (45mJ/cm2) for azo-

copolyimides with para-catenated units (b and c). The uniform 

surface relief grating was obtained with a maximum 35 

photoinduced pattern depth of 240 nm for polymer b by using an 

energy fluency of 45 mJ/cm2 and 100 pulses. These results were 

also argued by the texture direction parameter, which indicates in 

this case a good anisotropy of the morphology.  
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