
1. Introduction
Polyimides (PIs) constitute a diverse category of
heat-resistant materials known for their remarkable
combination of mechanical and thermal properties,
thermo-oxidative stability, distinctive electrical char-
acteristics, high radiation resistance, and favourable
processability [1]. This versatility allows for the ap-
plication of polyimides across various industrial do-
mains, notably in photonics, optoelectronics, micro-
electronics, aerospace (as protective coatings for
space applications), passivation layers in lithium-ion
batteries, liquid crystal displays, digital isolators,
gate insulators for organic electronics, high-voltage
capacitors, and printed circuit board technologies,
among others [2]. The introduction of azo groups
(phenyl rings linked by an N=N double bond) into
the polyimide structure imparts a novel property to
the material, namely, photosensitivity. The exposure
of azo polymers to polarized light (with a wavelength

within the range of polymer absorption) induces the
trans-cis-trans reorientation of azo chromophores
and the perpendicular reorientation of their long axes
to the polarization of the excitation beam [3]. Con-
sequently, an initially isotropic polymer material
transforms into an anisotropic one, giving rise to
photoinduced dichroism, birefringence, and the for-
mation of diffraction gratings [4–7]. Additionally,
the material exhibits macroscopic mass migration,
manifested as a sinusoidal deformation of the poly-
mer film surface referred to as surface relief gratings
(SRGs) [5–7] and as the deflection of free-standing
films, denoted as the photomechanical effect [8].
The photomechanical effect observed in polymer
films, commonly referred to as ‘cantilevers’, mani-
fests as their deflection under irradiation by polar-
ized light [9]. When azo films are irradiated with po-
larized light of a wavelength within the absorption
range of the material (typically UV light), there is an
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increase in the cis-isomer population and the reori-
entation of the trans form orthogonal to the incident
light’s linear electric field vector. A parallel polarized
beam aligned with the long axis of the polymer foils
induces the perpendicular reorientation of azo chro-
mophores and results in deflection towards the laser
source. The unbending of the free-standing films can
be achieved by altering the polarization of the laser
beam relative to the long axis of the foil. The move-
ments of the cantilevers arise from the strong atten-
uation of light absorbed by azobenzene moieties,
creating a strain gradient across the sample [8, 9].
The photoresponse of azo materials depends on var-
ious factors, including the dimensions of the sample
(especially thickness), irradiation conditions (inten-
sity of the excitation light, polarization wavelength,
position of the wavelength relative to the maximum
absorption of azo polymer), the chemical structure of
the material (azo group concentration, manner of
their incorporation into the macromolecule, type of
substituent in the azobenzene group, presence of flex-
ible or bulky groups in the main body of the poly-
mer), and physicochemical properties (thermal and
mechanical properties, free volume, morphology,
density, and the formation of intra- and inter-molec-
ular interactions). The photogenerated movement of
thin foils of azo materials finds applications in vari-
ous devices, such as optically manipulated arms and
azo robots [10–14], micropipettes [15], light-driven
micromotors [16, 17], polymer oscillators [18], and
photo-controlled ON/OFF currents [19].
The photomechanical movement of azo cantilevers
is a well-established phenomenon in liquid crys-
talline materials and elastomers [8, 9]. Mechanical
responses induced by laser irradiation have been ob-
served in various amorphous azo polymers, including
homopolyimides, copolyimides [12, 20–23], poly-
imide gels [24], polyamides [9], poly(amic acid)s
[24], and star polyimides [25]. Among amorphous
azo polyimides, the photogenerated bending of can-
tilevers has been predominantly investigated for
“main-chain” polyimides [9, 20–23, 25–34]. How-
ever, the study of the photomechanical effect is less
prevalent for other categories of azo polyimides, such
as “T-type” [35] or “guest-host” azo systems [36, 37].
Side-chain azo polyimides, in particular, have re-
ceived limited attention, with an in-depth examina-
tion reported solely in the work of Sun et al. [38]. In
their study, the polymer featured bulky CF3 groups

in the main chain, and a derivative of azobenzene
was attached in the side chain via the flexible 
–O–C11H22– group. The bending angle of a ~20 µm
thick cantilever reached 70° when exposed to
365 nm light (intensity I = 70 mW/cm2, polarization
Eǀǀx). The azo polyimide was employed in the fabri-
cation of a light-controlled opening and closing
mechanism for a cubic box.
In this study, polyimides featuring covalently bonded
azo dye were synthesized using the post-functional-
ization method based on the Mitsunobu reaction.
The synthesis involved reacting polyimide matrices
containing –OH groups with 4-[4-(6-hydroxyhexy-
loxy)phenylazo]pyridine. A comprehensive literature
review revealed a notable absence of articles de-
scribing azo pyridine polymers in the context of their
photomechanical response. The motivation for un-
dertaking this study stemmed from the results ob-
tained in our previous works, wherein a significantly
faster cis-trans isomerization in the dark was demon-
strated [39], along with improved thermal properties
of azo pyridine polymers in comparison to azoben-
zene analogues [40]. The azo polyimides presented
in this work were characterized with respect to their
capacity for trans-cis photoisomerization, dark cis-
trans relaxation in a solid state, and the generation
of the photomechanical response.

2. Experimental section
2.1. Materials
4,4′-(hexafluoroisopropylidene)diphthalic anhydride
(6FDA) – H0771, 3,3′-dihydroxybenzidine (HAB)
– D2312, 2,3,5,6-tetramethyl-1,4-phenylenediamine
(4MPD) – T1457 were obtained from Tokyo Chem-
ical Industry Co., Ltd (Fukaya, Japan). 4,4′-bisphe-
nol A diphtalic dianhydride (BPADA) – 478032, tri -
phenylphosphine (TPP) – T84409, Diethyl azodi -
carboxylate (DEAD) – 225541, 1,2-dichlorobenzene
(ODB) – 240664, anhydrous N-methyl-2-pyrrolidi-
none (NMP) – 5.89597 N,N-dimethylformamide
(DMF) – 227056 were received from Sigma-Aldrich
(Steinheim, Germany). Methanol – FP[67-56-1] was
purchased from Avantor Performance Materials
Poland S.A. (Gliwice, Poland).
4-[4-(6-hydroxyhexyloxy)phenylazo]pyridine was
synthesized and characterized in previous work [41].
HAB and 4MPD diamines were dried overnight be-
fore use in a vacuum oven at 80 and 100 °C, respec-
tively. DMF was vacuum-distilled before use.
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2.2. Measurements
2.2.1. Polymer characterization
Proton nuclear magnetic resonance (1H NMR) ex-
periments of the investigated materials were carried
out on an Avance II UltraShield Q3 Plus Bruker MT
600 MHz spectrometer (Germany). Tetramethylsi-
lane (TMS) and deuterated dimethyl sulfoxide
(DMSO-d6) were used as an internal standard and as
a solvent, respectively. The chemical shifts (δ) were
recorded in ppm.
Fourier transform infrared spectroscopy-attenuated
total reflectance (FTIR-ATR) data were received by
using a Nicolet 6700 FTIR apparatus (Thermo Sci-
entific, MA, USA). The FTIR spectra were acquired
in the range of 4000–500 cm–1, at the resolution of
0.09 cm–1 for 64 accumulated scans. The samples
were prepared using potassium bromide (KBr) pal-
lets. The reduced viscosity (ηred.) was determined at
25 °C for the NMP solution of 0.67 g/dL polymer
concentration. The measurements were performed
using an Ubbelohde’s viscosimeter (k = 0.01148).
The absolute density (ρ) was measured using an
AccuPyc 1330 Micromeritics helium pycnometer
equipped with a 1 cm3 sample chamber. Before the
analysis, the samples were dried at 100 °C for 2 h.
Samples were analyzed three times. Each measure-
ment collected data points from 10 cycles of He dos-
ing. Wide-angle X-ray diffraction (WAXD) analysis
was performed using an HZG-4 diffractometer (Carl
Zeiss, Jena, Germany). The samples were examined
working on Bragg geometry of 2θ from 5 to 50°
using Ni-filtered Cu-Kα radiation with a wavelength
λ = 1.54051 Å. Differential scanning calorimetry
(DSC) data were recorded on a TA-DSC 2010 appa-
ratus (TA Instruments, Newcastle, DE, USA). Before
the analysis, the azo polyimide samples were vacu-
um-dried at 100 °C for 24 h. The samples were ana-
lyzed with a heating rate of 20 °C/min. The glass
transition temperature (Tg) was taken as a midpoint
of the heat capacity step change registered in a sec-
ond run. Thermogravimetric analysis (TGA) was
done with a TA TGA55 apparatus with a heating rate
of 15 °C/min in a constant stream of nitrogen
(25 mL/min) and a temperature range from 25 to
800 °C. The compounds before measurement were
dried in an oven at 100°C for 24 h in a glass vessel.
UV-Vis spectroscopy. The measurements of UV–Vis
absorption spectra were measured for polymer solu-
tions in NMP (c = 10–5 mol/L) and films cast on a
glass substrate using a Jasco V-750 (Jasco Inc.,

Japan). The cell path used for the spectroscopic
measurement of the solution was 10 mm. The chro-
mophore loading level of the azo polyimides was de-
termined by the UV–Vis spectroscopy using the
Lambert–Beer Law. The degree of the chromophore
substitution in the polymer was calculated from the
calibration curves obtained from the UV–Vis spectra
of the chromophore solution with various concentra-
tions (1·10–6–1·10–4 mol/L) for the 4-[4-(6-hydrox-
yhexyloxy)phenylazo]pyridine (equation of the cal-
ibration curve was y = 5.842x – 0.0523). From the
comparison of the peak absorbance of the polymer
in solution with the known concentration and the cal-
ibration curve, the degree of the functionalization
was estimated. The absorbance of azo polymer (c =
10–5 mol/L) was 0.1359 for azo-PI-1, 0.2520 for
azo-PI-3, and 0.0787 for azo-PI-3 at 358 nm (λmax
of azo dye in NMP).

2.2.2. Polymer film preparation
The homogenous solutions of polymers in NMP
were filtered through 0.45 mm membranes and cast
onto clean glass substrates (2×2 cm). Polymer thin
films for isomerization measurements were prepared
by casting solution onto glass substrates and heating
them for 8 h at 100 °C on the heating plate. The
residual solvent was removed from the films by heat-
ing them for 24 h at 100°C in vacuum. Free-standing
polymer films for photomechanical effect studies
were prepared by heating for 8 h at 100 °C on the
heating plate and then dried for 24 h at 120°C in a
vacuum.

2.2.3. Cis-trans isomerization measurements
The measurements of UV–Vis absorption spectra
were measured for polymer films cast on a glass
substrate placed in the darkroom for at least 24 h.
The trans-cis and cis-trans reactions were monitored
at room temperature (25 °C). The measurement pro-
cedure was as follows: in the first step, the absorp-
tion spectra of the polymer films were recorded
without any irradiation. Then, the cis-isomers were
generated by 405 nm diode-laser light (intensity, I =
100 mW/cm2) until reaching the photostationary
state. The photostationary state was achieved after
5 min. Increasing the exposure time did not increase
the number of cis-isomers in the sample compared
to the 5 min exposure time. Then cis-trans dark-
return isomerization at room temperature was mon-
itored by recording changes in the absorption
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spectrum from 30 min up to 6 days after irradiation
of the sample.
By monitoring the changes in the absorbance at the
wavelength corresponding to the absorption maxi-
mum of the trans-form, before and immediately after
light irradiation. The conversion efficiency of the
trans-form to the cis-form was determined according
to the Equation (1):

(1)

where P is content of cis-isomers in percent, A0 and
At correspond to the normalized absorbance before
and after 5 min irradiation, respectively.

2.3. Synthesis of polyimides
BPADA-HAB (PI-1): polyimide was synthesized
via the one-step polycondensation reaction with the
standard procedure described by us previously [42].
The reaction of BPADA dianhydride and HAB di-
amine was carried out in NMP and ODB mixture to
obtain 20% solid concentration (NMP/ODB 4/1 (v/v))
for 3.5 h at 180 °C under reflux and in a nitrogen at-
mosphere. The polyimide PI-1 was precipitated in a
mixture of methanol/water (2/1, v/v) and purified by
a Soxhlet extraction for a few days to remove any
reaction solvents. The product was dried in a vacuum
oven at 100 °C for several hours.
PI-1: 1H NMR (600 MHz, DMSO-d6), δ [ppm]:
1.71 (s, CH3, 6H), 7.19–7.96 (m, ArH, 20H), 10.08
(s, OH, 2H). ATR-FTIR ν [KBr, cm–1]: 3720–3010
broad (–OH); 2969 (CH2); 1777, 1720 (–C=O in
imide); 1443 (–CH3 deformation); 1318 (–C–N–
stretching); 1100, 1076 (–C–O–C stretching); 746
(–C–N– deformation).
6FDA-HAB (PI-2): polyimide was synthesized via
the two-step polycondensation reaction using an
ester-acid method following the standards described
by us earlier [43]. The reaction of 6FDA dianhydride
derivative and HAB diamine was carried out in a
mixture of NMP/ODB (4/1, v/v) with a total solid
concentration of 20 wt% for 8 h at 180°C under re-
flux and in a nitrogen atmosphere. The polyimide
PI-2 was precipitated in a mixture of methanol/water
(2/1, v/v) and purified by a Soxhlet extraction for a
few days to remove any reaction solvents. The prod-
uct was dried in a vacuum oven at 100°C for several
hours.
PI-2: 1H NMR (600 MHz, DMSO-d6), δ [ppm]:
7.18–8.20 (m, ArH, 12H), 10.06 (s, OH, 2H).

ATR-FTIR ν [KBr, cm–1]: 3390–2919 broad (–OH);
1786, 1737 (–C=O in imide); 1380 (–C–N– stretch-
ing); 723 (–C–N– deformation).
6FDA-HAB-4MPD 1:1 (PI-3): copolyimide, was
synthesized via the one-step polycondensation reac-
tion with the procedure described by us [44]. The re-
action of a mixture of HAB and 4MPD diamines in
a molar ratio of 1:1 and the respective equimolar
amount of 6FDA dianhydride was carried out in a
mixture of NMP/ODB (4/1, v/v) with a total solid
concentration of 20 wt%, for 3.5 h at 180 °C under
reflux and in a nitrogen atmosphere. The polyimide
PI-3 was precipitated in a mixture of methanol/water
(2/1, v/v) and purified by a Soxhlet extraction for a
few days to remove any reaction solvents. The prod-
uct was dried in a vacuum oven at 100°C for several
hours.
PI-3: 1H NMR (600 MHz, DMSO-d6), δ [ppm]:
2.09 (s, CH3, 12H), 7.18-8.24 (m, ArH, 18H), 10.12
(s, OH, 2H). ATR-FTIR ν [KBr, cm-1]: 3750–3010
broad (–OH); 1790, 1710 (–C=O in imide); 1467
(–CH3 deformation); 1380, 1350 (–C–N– stretch-
ing); 720 (–C–N– deformation).

2.4. Synthesis of azo polyimides
Azo polyimides (azo-PIs) were synthesized via the
Mitsunobu reaction as was described earlier [42].
The polyimide PI-1, PI-2, or PI-3 (1 g); 4-[4-(6-
hydroxyhexyloxy)phenylazo]pyridine (0.8981 g,
3 mmol); and TPP (3 mmol) were dissolved in NMP
at 80 °C and in a nitrogen atmosphere. Next, DEAD
(3 mmol) was added dropwise to the mixture, and
the Mitsunobu reaction was carried out at 80 °C for
120 h. The azo polyimides azo-PIs were precipitated
in methanol and purified in a Soxhlet’s apparatus for
a few days. Products were dried in an oven at 50 °C
for 2 h.
azo-PI-1: 1H NMR (600 MHz, DMSO-d6), δ [ppm]:
1.25–1.63 (m, CH2, 8H) OCH2(CH2)4CH2O, 1.73
(s, CH3, 6H), 3.89–4.13 (m, CH2, 4H)
OCH2(CH2)4CH2O, 6.95–7.66 (m, ArH, 20H), 7.98
(d, ArH, 4H), 8.75 (d, ArH, 2H), 10.09 (s, OH, 1H).
ATR-FTIR ν [KBr, cm–1]: 3708–3136 broad (–OH);
2944 (CH2); 1778, 1720 (–C=O in imide); 1600
(–N=N–); 1445 (–CH3 deformation); 1378 (–C–N–
stretching); 1103, 1077 (–C–O–C– stretching); 747
(–C–N– deformation).
azo-PI-2: 1H NMR (600 MHz, DMSO-d6), δ [ppm]:
1.31–1.59 (m, CH2, 8H) OCH2(CH2)4CH2O, 3.81–
4.09 (m, CH2, 4H) OCH2(CH2)4CH2O, 7.08–8.22
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(m, ArH, 18H), 8.75 (d, ArH, 2H), 10.07 (s, OH,
1H). ATR-FTIR ν [KBr, cm–1]: 3452–2988 broad
(–OH); 2950 (CH2); 1787, 1736 (–C=O in imide);
1598 (–N=N–); 1378 (–C–N– stretching); 722
(–C–N– deformation).
azo-PI-3: 1H NMR (600 MHz, DMSO-d6), δ [ppm]:
1.34–1.78 (m, CH2, 8H) OCH2(CH2)4CH2O, 2.09
(s, CH3, 12H), 3.82–4.10 (m, CH2, 4H)
OCH2(CH2)4CH2O, 6.94–8.22 (m, ArH, 24H), 8.78
(d, ArH, 2H), 10.08 (s, OH, 1H). ATR-FTIR ν [KBr,
cm–1]: 3707–3028 broad (–OH); 2956 (CH2); 1787,
1727 (–C=O in imide); 1612 (–N=N–); 1463 (–CH3
deformation); 1381, 1357 (–C–N– stretching); 723
(–C–N– deformation).

3. Results and discussion
In this study, three new “side-chain” azo polyimides
(azo-PIs) were synthesized and comprehensively
characterized, encompassing thermal, optical, and
photomechanical properties. As previously indicated
in the Introduction section, the investigation of
“side-chain” azo polyimides in the context of pho-
tomechanical effect generation has been limited,
with only one study identified in the literature [38].
In that study, the azo polymer was prepared through
a one-stage pre-functionalization process involving
low-temperature polycondensation of commercially
available 4,4′-(hexafluoroisopropylidene)diphthalic
anhydride (6FDA) and a modified diamine with azo
group linkage through a flexible –O–C11H22– chain.
Consequently, an azobenzene group was attached to
each polymer repeat unit. In this work, we synthe-
sized azopolymides with a “side chain” substituting
the hydroxyl group not exceeding 35%.
Azo-modified polymers were prepared based on
polyimide matrices designated as PI-1, PI-2, and
copolyimide PI-3, as illustrated in Figure 1. The pre-
cursors were synthesized using 3,3′-dihydroxyben-
zidine (HAB) and 4,4′-bisphenol A diphtalic dianhy-
dride (BPADA) for PI-1, 4,4′-(hexafluoroisopropy-
lidene)diphthalic anhydride (6FDA) for PI-2, or a
combination of 6FDA, HAB, and 2,3,5,6-tetram-
ethyl-1,4-phenylenediamine (4MPD) in a 1:1 M
ratio for PI-3 (Table 1). The inclusion of different
functional groups, such as ether bridges, fluorine,
and methyl groups in the benzene ring, has been
shown to alter the polymer morphology, as previous-
ly described by our group elsewhere [43, 44]. Azo
polyimides, denoted as azo-PI-1, azo-PI-2, and
azo-PI-3, were obtained through post-modification

using the Mitsunobu reaction (Figure 1). The azo
pyridine derivative, 4-[4-(6-hydroxyhexyloxy)
phenyl azo]pyridine, was covalently linked to the
polymer backbone through a flexible alkoxyhexy-
loxyl group. The degree of hydroxyl group substitu-
tion in the polymer chain with the dye was deter-
mined using the Lambert-Beer law through UV-Vis
spectroscopy. UV–Vis measurements revealed an 18,
35, and 7% substitution of hydroxyl groups for
azo-PI-1, azo-PI-2, and azo-PI-3, respectively.

3.1. Characterization of (azo)polyimides
The chemical structures of the obtained polyimides
and their azobenzene-functionalized counterparts
were verified by the proton nuclear magnetic reso-
nance (1H NMR) and fourier transform infrared
spectroscopy (FTIR-ATR) analysis. 1H NMR spectra
show characteristic signals of the unsubstituted hy-
droxyl groups at around 10.00 ppm, aromatic pro-
tons in the range of 8.78–6.94 ppm, aliphatic protons
from alkoxyhexyloxyl group of the azo substituent
in the range of 4.13–3.81 ppm and the range of 1.78–
1.25 ppm. In addition, azo-PI-1 and azo-PI-3 exhib-
it signals at around 2.00 ppm which correspond to
protons derived from methyl groups. Figure 2 shows
the FTIR spectra of the (co)polyimide precursors and
their azo-functionalized analogs. The studied poly-
mers show characteristic bands of the imide rings.
They exhibit symmetrical (1790–1777 cm–1) and
asymmetrical (1737–1710 cm–1) stretching vibra-
tions of the C=O bond, as well as stretching (1381–
1378 cm–1) and deformation (747–720 cm–1) vibra-
tions of the C–N bond. The absorption bands of the
ether groups for PI-1 and azo-PI-1 are observed at
ca. 1100 and 1076 cm–1 as well as at ca. 1103 and
1077 cm–1, respectively. The absorption bands at ca.
1440 cm–1 observed for PI-1, PI-3, and their func-
tionalized analogs are related to the stretching vibra-
tion of methylene groups located in BPADA dianhy-
dride or attached to the benzene ring in 4MPD
diamine. The azo chromophore covalently attached
to the polyimide structure (PI-2 and PI-3) is associ-
ated with an increased absorption band at ca. 2956–
2950 cm–1. These bands correspond to the methylene
groups in the aliphatic chain of the azo compound,
which is observed for azo-PI-2 and azo-PI-3. The
decrease of intensity of the absorption band in the
range of 3720–3010 cm–1 characteristic for stretch-
ing vibrational of OH groups is observed for azo-
functionalized polymers. It is related to the formation
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of the alkoxyl group as a result of the Mitsunobu re-
action. Furthermore, all the studied azo-PIs showed
additional absorption bands at around 1612–
1598 cm–1 characteristic of the N=N group.
The viscosity, density, and d-spacing were assessed
for both the precursors and the azopyridine-function-
alized polyimides, and the pertinent data are com-
piled in Table 2. In the case of azo-PI-1 and azo-PI-2,

the viscosity exhibited no significant change after
functionalization with azo groups when compared to
their respective PI precursors. A distinct trend was
observed for azo-PI-3, where the viscosity decreased
from 0.67 to 0.51 dL/g following azo modification.
High-quality foils were successfully obtained from
all azo-PIs. Density measurements of the PIs and azo-
PIs, conducted using a helium pycnometer, revealed
that the effect of the presence of an azo-side chain on
density depended on the flexibility of the polyimide
precursor. In the case of PI-1, featuring an ether link-
age in the main chain, an increase in density was ob-
served, rising from 1.04 to 1.41 cm3/g. Conversely,
for polymers lacking a flexible –O– bond, a reverse
dependence was noted. Specifically, for azo-PI-2 and
azo-PI-3, density decreased from 1.66 to 1.53 cm3/g
and from 1.71 to 1.58 cm3/g, respectively.
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Figure 1. Synthesis route of azo polyimides.

Table 1. Molar fraction of monomers used in synthesis of
polyimide matrices.

Polymer
code

BPADA 6FDA HAB 4MPD

[mol fraction]
azo-PI-1 1 – 1.0 –
azo-PI-2 – 1 1.0 –
azo-PI-3 – 1 0.5 0.5



Wide-angle X-ray diffraction (WAXD) patterns of
azo-PIs exhibited typical characteristics for amor-
phous materials, showcasing broad diffraction peaks
of the diffusion type in the range of 10–20° and an
absence of a crystalline phase (Figure 3). The PIs’
data has been previously presented in our earlier
works [43, 44]. The d-spacing values, indicative of
the average interchain distances in the polymer, were
determined from the maximum position utilizing
Bragg’s law. Analysis of the data in Table 2 reveals
that polymers derived from 6FDA dianhydride ex-
hibit the highest d-spacing values, ranging from 5.56

to 5.94 Å. These values result from chain separation
through CF) bulk groups [45]. Conversely, (azo)poly -
imides containing an ether linkage exhibit the small-
est chain spacing, measuring between 4.97 and
5.14 Å, indicating better packing of the polymer
chains. Solubility testing of the (azo)polyimides in-
volved dissolving 10 mg of the polymer in 1 mL of
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Figure 2. FTIR-ATR spectra of the precursors and azo-modified polyimides a) PI-1, azo-PI-1; b) PI-2, azo-PI-2; and c) PI-3,
azo-PI-3 at room temperature.

Figure 3. Wide-angle X-ray diffraction patterns of the ob-
tained azo polyimides.

Table 2. Viscosity, density, and d-spacing of (azo)poly-
imides.

Polymer code Viscosity
[dL/g]

Density
[cm3/g]

d-spacing
[Å]

PI-1 0.42 1.04 5.14
azo-PI-1 0.42 1.41 4.97
PI-2 0.64 1.66 5.56
azo-PI-2 0.64 1.53 5.71
PI-3 0.67 1.71 5.75
azo-PI-3 0.51 1.58 5.94



organic solvent. All samples displayed good solubil-
ity in DMSO and were partially soluble in THF and
cyclohexanone under heat. The polymers were in-
soluble in CHCl3, except for azo-PI-1 and azo-PI-3.
It is well-established that a higher content of flexible
ether linkages in a polyimide structure or the pres-
ence of azo side groups enhances solubility [46].

3.2. Thermal characterization
Thermal properties of the obtained (azo)polyimides
were investigated using differential scanning
calorimetry (DSC) and thermogravimetric analysis
(TGA). The investigated data are collected in Table 3.
Azo PIs were prepared based on three polymer ma-
trices with glass transition temperatures (Tg) exceed-
ing 210 °C. The incorporation of azo moieties into
the polymer structure led to a reduction in Tg com-
pared to the precursors, attributed to the plasticiza-
tion effect [47, 48]. Nevertheless, azo polyimides ex-
hibited Tg values above 170°C, ensuring high thermal
stability of the photoinduced effects [49]. Poly(hy-
droxy imide)s typically undergoes two or three
degradation steps. The first, observed in the range of
429–530°C, is indicative of the thermal conversion
of polyimides with OH groups in the ortho position
to polybenzoxazole due to thermal rearrangement
[50]. The second and third degradation steps, occur-
ring in the range of 527–655°C, are characteristic of
the degradation of the main body of the polymer
backbone. In contrast, azo polyimides displayed
three or four degradation steps. The first step, in the
range of 241–353°C, is associated with the scission
of azo moieties. The temperature of the maximum
decomposition (Tmax) of pure 4-[4-(6-hydroxyhexy-
loxy)phenylazo]pyridine is 333°C [39]. The poly(hy-
droxy imide) matrices were not fully substituted by

an azo chromophore, resulting in the observation of
thermal conversion to polybenzoxazole as a degra-
dation step at approximately 399°C. Decomposition
temperatures in the range of 452–657 °C are charac-
teristic of the degradation of the polymer backbone
[51]. All (azo)polyimides exhibited residual weight
at 800 °C in the range of 45–51%.

3.3. Optical properties
The optical properties of azo polyimides were inves-
tigated in NMP solution (c = 10–5 mol/L) and film.
Both solutions and films were shielded from light
for at least 24 h to prevent trans-cis isomerization of
azo chromophores. Polyimide precursors utilized for
the synthesis of azo polyimides exhibited two ab-
sorption bands at 260 and 300 nm in NMP solution
(black curves in Figure 4). The chemical structure of
the polymer backbone did not influence the character
of the spectra. Substituting hydroxyl groups with azo
chromophores introduced a new absorption band in
the range of approximately 325–400 nm, character-
istic of π–π* transitions of the trans-isomer, repre-
senting 100% of the content of the trans-form in the
sample (black curves in Figure 4). The UV-Vis spec-
tra of the azo polyimide films were bathochromically
shifted (approximately 7 nm) compared to the NMP
solution (red curves in Figure 4).
The chromophore loading level of the polymers was
determined using UV–Vis spectroscopy and the
Lambert-Beer law [52]. The procedure was de-
scribed in detail in the Experimental section. The de-
gree of chromophore substitution in the polymer was
calculated using calibration curves derived from the
UV-Vis spectra of dilute solutions of the chro-
mophore with various concentrations, specifically
for 4-[4-(6-hydroxyhexyloxy)phenylazo]pyridine.
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Table 3. Thermal properties of (azo)polyimides.

aDecomposition temperature of 5% weight loss.
bDecomposition temperature of 10% weight loss.
cTemperature of the maximum decomposition rate by derivative thermogravimetry (DTG).
dResidual weight at 800°C in nitrogen.

Sample
DSC TGA (powder)

Residual weightd
[%]Tg (powder)

[ºC]
T5a
[ºC]

T10b
[ºC]

Tmax
c

[ºC]
PI-1 225 348 431 429; 527 48
azo-PI-1 176 324 370 349; 397; 452; 610 25
PI-2 214 318 470 465; 530; 655 45
azo-PI-2 204 295 365 353; 399; 535; 657 46
PI-3 226 447 495 530; 630 51
azo-PI-3 195 339 473 241; 537; 630 49



By comparing the peak absorbance of the polymer
in solution with a known concentration to the cali-
bration curve, the degree of functionalization was es-
timated. The results indicated a degree of function-
alization of 18% for azo-PI-1, 35% for azo-PI-2,
and 7% for azo-PI-3.

3.4. Dark cis-trans isomerization
The investigation of dark cis-trans isomerization
was conducted on azo polymer films prepared by
pouring 0.2 mL of polymer solution onto a glass sub-
strate (2×2 cm). Residual solvent was eliminated
from the films by initially drying them at 100 °C for
2 h, followed by heating under vacuum conditions
at 100°C for an additional 24 h. This procedure re-
sulted in the formation of thin polymer films (ap-
proximately 350 nm). The prepared samples were
left in the dark for at least 24 h. Efficiency studies
of trans-cis isomerization and dark cis-trans relax-
ation were performed as follows: Absorption spectra
of the polyimide films were recorded before expo-
sure to the excitation beam at room temperature to

monitor differences in absorption arising from trans-
cis photoconversion and the subsequent dark cis-
trans back reaction. Cis-isomers were generated by
irradiating the films with a 405 nm diode-laser light
(intensity I = 100 mW/cm2) until reaching the pho-
tostationary state. The photostationary state was
achieved after 5 min of light exposure. Extending the
exposure time to UV light did not affect the character
of the UV-Vis spectra. Subsequently, UV-Vis spectra
of the polymer layers were recorded immediately
after switching off the UV light. The dark cis-trans
reaction was monitored at room temperature from
30 min up to 6 days after switching off the excitation
light.
Non-irradiated azo polyimides exhibited an absorp-
tion area in the range of 300–550 nm with maximum
absorptions (λmax) at 358 nm attributed to the trans-
isomer of the azo chromophore, and at 300 nm cor-
responding to the main chain of the polymer back-
bone (black curves in Figure 5). Exposure of azo
polyimide films to 405 nm laser light resulted in a
reduction in intensity of the absorption band in the
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Figure 4. Normalized UV-Vis curves for a) azo-PI-1, b) azo-PI-2, c) azo-PI-3 in NMP solution (c = 10–5 mol/L) and polymer
films.



range of 325–400 nm and the formation of isosbestic
points at approximately 426 nm (red curves in
 Figure 5). The changes in the UV-Vis spectra indi-
cate the presence of cis- and trans-isomers in the
sample. The application of 405 nm excitation light,
located at the end of the right slope of the polymer
absorption, excited the π–π* absorption transition.
Azo polyimides exhibited similar UV-Vis absorption
spectra, suggesting that the cis-isomer content and

dynamics of cis-trans reactions primarily result from
the chemical structures.
The efficiency of trans to cis-isomer photoconver-
sion was determined by monitoring the change in ab-
sorbance at the wavelength corresponding to the ab-
sorption maximum of the trans-form, before and
immediately after light irradiation. The cis-isomer
content was calculated using Equation (1) [53].
Specifically, the cis-isomer content was found to be
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Figure 5. Normalized curves of cis-trans isomerization for a1), a2) azo-PI-1, b1), b2) azo-PI-2, and c1), c2) azo-PI-3.



15, 14, and 5% for azo-PI-1, azo-PI-2, and azo-PI-3,
respectively. The observed low photoresponse of the
azo polyimides may be attributed to the positioning
of the excitation beam relative to the maximum ab-
sorption of the polymer. Considering the influence
of the chemical structure of the polymer main chain,
it is evident that ether groups enhance the photore-
sponse compared to CF3 moieties. The cis-isomer
content was comparable for azo-PI-1 and azo-PI-2,
even though the hydroxyl group substitution by the
azo group was almost twice as high for azo-PI-2. In
the case of the copolyimide azo-PI-3, which incor-
porated an additional repeated unit (synthesized
from 6FDA and 4MPD), the trans-cis conversion
was notably lower reaching only 5%.
In Figure 6, the dynamic of cis-trans isomerization
is depicted as the decrease in the normalized content
of cis-isomer over time. Changes in the absorption
spectra were monitored for up to 6 days, revealing a
complete return to the trans-form only for azo-PI-3,
achieved after 24 h of relaxation. The observed fast
cis-trans conversion of azo-PI-3 may result from the
highest d-spacing value (5.94 Å), guaranteeing a
larger free volume necessary for cis-trans isomer-
ization and the low content of azo chromophore in
the polymer structure. In azo-rich “side-chain” poly-
mers where the chromophores are located close to
each other, the thermal isomerization can be hin-
dered by π–π interactions between cis-isomers [54–
56]. For that reason, dark relaxation for azo-PI-2 is
longer than for azo-PI-1, despite the higher d-spac-
ing value of azo-PI-2 (cf. Table 2). Similar behaviour
was observed for side-chain poly(ether imide)s with
4-[4-(6-hydroxyhexyloxy)phenylazo]pyridine [56].

3.5. Photomechanical effect
The photomechanical effect of the side-chain azo
polyimides was investigated using a 405 nm diode
laser beam (intensity, I = 100 mW/cm2). The can-
tilevers were illuminated by the beam with linear po-
larization in a direction parallel to the long axis of
the samples for 1 h. Based on previous studies, the
parallel polarization of the laser light resulted in the
chromophore ordering in perpendicular directions,
leading to contractions of the sample along a vertical
direction. Consequently, bending towards the laser
source was observed [32]. The dimensions of the
cantilevers were 1 mm (width) × 5 mm (length) ×
~35 µm (thickness).
Figure 7 presents the position of the blank samples
with no azo chromophore in the chemical structure
in the initial state, during the 405 nm-light irradia-
tion, and after laser exposition. As can be seen, blank
samples do not show the photomechanical effect.
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Figure 6. Dynamic of cis-trans isomerization in the function
of time for azo polyimides.

Figure 7. 405 nm-light irradiation of blank samples a) PI-1,
b) PI-2, and c) PI-3. Polarization of light, Eǀǀx,
total irradiation time 1 h, the laser beam propaga-
tion direction is from left to right.



Their position is the same before and after polarized
light exposition.
The bending angle was assessed based on Figure 8
and Figure 9, created by superimposing two photos
(in the initial state and immediately after turning off
the excitation light) in a graphics program. The
bending angle was approximately 30°, 35°, and 40°
for azo-PI-1, azo-PI-2, and azo-PI-3, respectively
(Figure 8). Using the horizontally polarized light
right-direction bending was observed, but the bend-
ing angle was lower than for vertical polarization
(Figure 9). This observation proves the photome-
chanical mechanism of cantilever deformation [34].
Azo polyimides with bulky CF3 groups exhibited
higher bending angles than azo-PI-1 with ether and
CH3 groups in the main chain. Other azo polyimides
with bulky CF3 or “cardo” groups reported in the lit-
erature demonstrated a significantly better photome-
chanical response than CH3 groups [22]. The photo-
mechanical response increased with the increasing
value of the d-spacing, resulting in the largest aver-
age interchain distances. The copolyimide azo-PI-3,

with the highest value of the d-spacing (5.94 Å),
 exhibited the most significant photomechanical re-
sponse. Considering literature reports, the bending
angles for “side-chain” azo polyimides presented in
this work, falling in the range of 30–40°, are rela-
tively high. In a previous paper [38], the maximum
bending angle reached for the “side-chain” was 70°,
but the foils were thinner (~20 µm), and azobenzene
groups were attached to each polymer repeat unit. In
this study, the largest photoresponse of a cantilever
was observed for azo-PI-3 with only 7% hydroxyl
group substitution. Increasing the bending angle of
the cantilevers can be achieved by adjusting the
length of the excitation beam towards the higher ab-
sorption range of the azo polymers. The utilized
405 nm excitation light was positioned on the right
slope of the absorption range of the studied azo poly-
imides. The obtained bending angles are relatively
high considering the thickness of the samples. How-
ever, it is worth noting that increasing the thickness
reduces the magnitude of the bending angle. The
largest photomechanical response is observed for
20 µm foils and thinner [33]. From the perspective
of practical applications of photoactive foils, maxi-
mizing the polymer thickness is desirable, as thin
foils are more susceptible to mechanical damage.
No relaxation of any of the cantilevers to their orig-
inal position was observed even after 12 months of
irradiation. Figure 10 illustrates the absence of a dif-
ference in the position of the bending cantilever. The
figure was generated by superimposing two photos
(taken immediately after turning off the excitation
light and after 12 months of dark relaxation) in a
graphics program. Despite many papers describing
the photomechanical effects in amorphous azo poly-
imides, there is no information available regarding
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Figure 8. Bending of cantilevers for a) azo-PI-1, b) azo-PI-
2, and c) azo-PI-3, where position “A” is the ini-
tial state, position “B” is after 1h of 405 nm light
irradiation, polarization Eǀǀx. The laser beam prop-
agation direction is from left to right.

Figure 9. Bending of cantilevers for a) azo-PI-1, b) azo-PI-2,
and c) azo-PI-3, where position “A” is the initial
state, position “B” is after 1h of 405 nm light irra-
diation, polarization E||x. The laser beam propaga-
tion direction is from left to right.

Figure 10. Photos of a) azo-PI-1, b) azo-PI-2, and c) azo-
PI-3 cantilevers, directly after 405 nm-light irra-
diation and after 12 months of dark relaxation.
The figure was created by superimposing two
photos (immediately after turning off the excita-
tion light and after 12 months of dark relaxation).



the relationship between cis-trans isomerization and
the unbending process [9, 20–23, 25–38]. We sup-
pose that the high return stability observed may be
attributed to the chemical structure of the azo poly-
imides. Based on literature reports, it can be con-
cluded that the manner of attaching the azo dye to
the polymer backbone plays a significant role in the
thermal unbending of polyimide cantilevers com-
pared to cis-trans isomerization. For “main-chain”
azo polyimides, relaxation of the cantilevers to their
original position was observed within 75 s to 10 days,
depending on the rigidity of the polymer structure
[21, 27]. “T-type” azo polyimides showed stability
in bending for more than 10 days after irradiation
[35], while for “guest-host” polyimide cantilevers,
no unbending was observed even after 3 months fol-
lowing the cessation of excitation light [36, 37].
Considering the type of azo chromophore attach-
ment, it is evident that the incorporation of azo moi-
eties as a part of the main chain of the polymer struc-
ture results in relatively fast unbending to the initial
position. The presence of azo groups in the macro-
molecular chain results in a large polymer sensitiv-
ity to chromophore cis-trans reorientation. Azo
groups located in the main chain can easily push the
whole macromolecule during the azobenzene reori-
entation process, thereby causing the unbending
process to occur. In the case of polymers where azo
groups are in the side chain of the polymer structure
(“T-type” polymers, side-chain polymers) or where
the dye is dispersed in the polymer matrix, the un-
bending process is significantly longer or not ob-
served, as demonstrated. The presence of the N=N
bond away from the main chain of the macromole-
cule causes the isomerization of the chromophore
to take place outside the macromolecule. For this
reason, the isomerization of the azo chromophore is
not “noticeable” to the polymer chain. Its position
changes only slightly, and the unbending process
takes much longer than in the case of main-chain
polymers. The large stability of the side-chain can-
tilevers proves advantageous from an application
standpoint. In various photoactive devices, the per-
sistence of bending is imperative until the initiation
of the unbending process, which may be induced by
an alteration in wavelength or polarization of the ex-
citation light.

4. Conclusions
The newly synthesized amorphous polyimides, func-
tionalized in the side chain with azo pyridine groups,
demonstrated both high thermal stability and effi-
cient photomechanical response. A crucial observa-
tion in this study is that, despite the low substitution
of polymer hydroxyl groups (7–35%) and a low con-
tent of cis isomer (up to 15%), an effective photo-
mechanical response was achieved. Azo polyimide
cantilevers exhibited bending angles in the range of
30–40°. The photogenerated movement of the can-
tilevers is primarily dependent on the polymer back-
bone structure, with the flexibility of the polymer
main chain playing a dominant role in the bending
of the cantilevers. Polymers with bulky CF3 moieties
displayed higher bending angles and faster cis-trans
dark relaxation than polyimides with ether groups.
The more flexible backbone of copolyimides con-
tributed to the largest photomechanical effect, de-
spite the lowest content of the azo group. The studied
polymer foils exhibited high stability in bending,
with no relaxation of any of the cantilevers to their
original position observed even 12 months after
turning off the excitation light.
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