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Abstract. The photomechanical effect has been studied so far mainly in elastomers, but recently more and more publications,
in which this effect is studied for other materials too, so-called glassy or amorphous polymers (in particular polyimides),
have appeared. This mini-review describes the photomechanical effect in polyimides containing light-sensitive derivatives
of azobenzene and, in some cases, for comparison, in polyamides and polystyrenes. The work aims to present the influence
of chemical structure factors on the bending angle of free-standing polymer films and their long-term stability. We focused
on aspects of polymer structure such as the content of azo-moieties, the flexibility of the backbone, kind of azobenzene attachment (covalent/non-covalent), degree of crystallinity, influence the intermolecular H-bonds. The paper should help in
designing new amorphous azopolymers with properties tailored to specific applications.
Keywords: smart polymers, photomechanical effect, azopolyimides

1. Introduction

a nonplanar, where the plane of one of the benzene
rings is tilted by 56° from the plane of the second ring
(cis-isomer) – Figure 1 [1]. Trans-cis transformation
changes a distance between the 4 and 4′ carbon atoms,
from 9.9 to 5.5 Å, and resulted in the large increase a
dipole moment from 0.5 to 3.1 D, respectively, for
trans and cis isomers [2]. The trans-isomer is generally a more stable one (energy gap ≈ 50 kJ/mol) than
cis-form. Azobenzenes exhibit an intense π–π* band
at a shorter wavelength and a weak n–π* band in low
energy region (Figure 1). The photo-switching properties of azobenzene derivatives are dependent on the
substituents at the phenyl rings. Their modification
causes a change in the position of energy states n–π*
and π–π* bands. The improvement of the photoswitches properties can be realized by red-shift of the
π–π* band of trans or cis isomers or by enhancing the
thermal stability of the trans-form by increasing the

Light can be considered a clean stimulus that allows
remote control without physical contact or a mechanical apparatus. It is attractive because it enables one
to change the geometry and dipole moment of photoswitching molecules, causing macroscopic variations
of molecularly organized structures by small perturbations. Azo-dyes being of azobenzene derivatives
are very attractive systems for light-controlled applications in photonic, optoelectronic, and medical
fields, etc. due to their easy trans-cis isomerization.
Irradiation of azobenzenes upon UV-vis radiation resulted in a reversibly trans-cis isomerization reaction.
The utilized radiation wavelength for isomerization
depends on the chemical structure of azo–dyes. The
applied radiation wavelength result in rotation outof-the C–N=N–C plane occurs to change the geometry of the compounds from planar (trans-isomer) to
*
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crystal polymers [26, 27], liquid crystal polymers
[28, 29], and liquid crystal polymer networks [30–
32]. This kind of material exhibits large and fast
movement of the cantilevers and low stability after
turning off the excitation light. It allows the utilization of such polymers in different applications, where
the high sensitivity, large mechanical response to
light, and fast unbending are necessary [33–36].
Amorphous azopolymers, however, exhibit a little different photo-response. In general, glassy polymer cantilevers show lower bending angles than elastomers,
but the deformation can be unchanged even after a
couple of months in the dark [37]. For the first time,
the photomechanical effect in amorphous azopolymers was studied by Eisenbach in 1980 [38]. Crosslinking azobenzene-containing poly(ethyl acetate)
networks showed repeated construction-expansion
cycles with low strain up to 0.25%. In the period of
the last ten years, the photomechanical effect has
been studied in various amorphous materials, i.e.,
polyamides [39, 40], polyimides [14–17, 18, 34–44],
polypeptide monolayers [45], poly(amide acid) gels
[46], and trivalent crosslink polyimide [41]. Among
them, the dominant position is taken by azopolyimides, that have been intensively studied by Air
Force Research Laboratory (AFRL) team since 2011
[14, 16, 18, 20, 41–43] and also by our research
group [37, 47].
This mini-review is focused on the photomechanical
effect in amorphous azobenzene-functionalized
polyimides and shows the effects of H-bonding and
matrix structure are extended to azobenzene-functionalized polyamides and polystyrenes. Based on
published papers, we selected the elements of the
chemical structure responsible for the large bending
angle of the cantilevers and its long-term stability
after turning off the excitation light.

energy of the n–π* transitions and lowering the energy of the n orbital [3, 4].
Advanced amorphous azopolymers are a wide group
of materials containing –N=N- moieties between aromatic rings. One of the most important classes of
amorphous polymers are polyimides containing both
phenyl rings and heterocyclic imide groups [5, 6].
This class of polymers exhibits properties interesting
from their potential application in electronic, photonic, and optoelectronic applications, i.e., low dielectric
constant, high heat and mechanical resistance, low
susceptibility to laser light damage, and easy processability and integration in devices [7–10]. Due to the
perfect combination of physicochemical properties,
polyimides can be used in extreme conditions, including, e.g., separators in high power lithium batteries and microelectronic applications [11, 12].
Irradiation of azopolymer layers by polarized light
can generate dichroism, photoinduced birefringence,
or diffraction gratings with macroscopic mass migration resulting in the formation of sinusoidal deformation called surface relief gratings (SRG) [13]. These
light-induced effects arise from selective absorption
and repeated trans-cis and cis-trans isomerizations
of azobenzene moieties. The decades of investigations of azopolymers gave a huge knowledge about
the influence of their chemical structure on photoinduced properties. It allows for the designing of azomaterials for different applications. Within the last
ten years (since 2011), amorphous azopolymers (in
particular, polyimides) were intensively tested as advanced photosensitive materials in the photomechanical investigations [14–18]. The photomechanical effect is observed as bending of the free-standing films
under the polarized light irradiation. This phenomenon is well-known for liquid crystalline (LC) materials and elastomers [19], but it has not been investigated in detail for glassy polymers. Bending of the
azopolyimide films under the light irradiation allows
applying this kind of azomaterials in new intelligent
devices. The magnitude of bending angle depends on
cantilever dimensions, irradiation conditions, i.e., intensity of the laser beam, kind of light polarization
(perpendicular or parallel to the long axis of the cantilever), and properties of the polymer material resulting mainly from the rigidity of the polymer backbone and the content of azochromophore [20].
The photomechanical effect in azomaterials is generally investigated in liquid crystal elastomers (LCE)
[21–24], liquid crystals gels [25], crosslinked liquid

Figure 1. Trans-cis isomerization reaction and changes in
the absorption spectra of trans- and cis-isomer.
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2. The photomechanical effect

vertical direction) strongly depends on sample geometry (width and thickness) [18, 35]. Lee and White
[32] showed that photothermal effects can also occur
in the liquid crystal (LC) cantilevers when the intensity of the excitation beam is above 110 mW/cm2.
Higher intensity of the beam can increase the local
temperature of the sample and increase the efficiency
of the photomechanical effect in LC foils. There is no
information about the relations between the intensity
of the beam and photothermal effects in high thermal
stable amorphous azopolyimides. The return of the
film to its initial state can occur in three different
ways. Unbending can takes place spontaneously due
to the thermal relaxation (Figure 2a); depending on
the material, it can take from several minutes to even
a couple of years; under laser irradiation with different wavelength (Figure 2b) or different polarization
(Figure 2c) [37, 43, 47]. Unbending under the excitation laser is much faster than spontaneous relaxation, which can take from a second to a few minutes
[47, 49, 50]. The bending angle depends on different
factors such as exposure conditions (light intensity
and wavelength, type of light polarization), properties of the polymer materials (concentration of azobenzene molecules, polymer network morphology,
thermal and mechanical properties) [16, 20, 41, 51],
and dimensions of the samples [20].

The photomechanical effect can be manifested by
the bending of a thin polymer foil (~10–30 μm)
caused by the laser light irradiation. The mechanism
of the response of polymeric material to light is associated with the trans-cis isomerization of azochromophore, reorientation of azobenzene molecules,
and migration of the polymer chain during the irradiation by the excitation beam [37, 48].
Directing on the long axis of the polymer sample,
lights with parallel polarization in the material absorption range causes perpendicular reorientation of
the azochromophores. As a result, the sample shrinks
along the axis and bends towards the radiation
source. The opposite effect is observed when the beam
is perpendicular polarized to the long axis of the sample. Then, parallel oriented azochromophores cause
the sample to extend along the axis and deflect in the
opposite direction to the light source (Figure 2) [18,
20, 41]. The bending of the amorphous cantilevers
is the result of some optical and geometrical changes
in azobenzene structure during the light irradiation,
but the gradient of the absorption coefficient plays
an important role. It’s natural that the two sides of
the cantilever absorb the light differently. The directly
irradiated part of the sample absorbs much more
light than the opposite (non-irradiated) side. As a result, the volume contraction is generated only in the
strongly absorbed surface cantilever. Cause of that,
the bending angle (defined as the angle between the
line passing through the mounting and tip points and

3. Kinds of azopolymers
Depending on the method of introducing the azochromophore into the polymer structure, azomaterials

Figure 2. The photomechanical effect in stages.
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or evaporate from the polymer matrix, aggregate, exhibit limited solubility in organic solvents, lowered
glass transition temperature in comparison to the
polymer matrix, and can result in the phase separation of the chromophore and polymer matrix [56–
59]. Polymers with covalently attached chromophores
are free from the disadvantages of ‘guest-host’ azosystems. Also, the presence of a covalent bond
between the azochromophore and the polymer backbone improves thermal stability compared to the
‘guest-hosts’ [60, 61]. However, the synthesis of
functionalized polymers is much longer and hightemperature reaction conditions are used, resulting
in the damage of azobenzene moieties [62].

can be classified as functionalized polymers, where
azomoieties are covalently bonded to the polymer
backbone or ‘guest-host’ azo-systems with non-covalently bonded azo-dyes (Figure 3) [52]. ‘Guesthost’ azo-systems can be divided into two groups
were the azochromophore is (i) molecularly dispersed in a polymer matrix (doped azopolymers) or
(ii) connected to the polymer matrix by various noncovalent intermolecular interactions, i.e. coordination, ionic, hydrogen or by π–π-type interactions
(supramolecular azo-systems) [13, 53, 54]. The azochromophore in functionalized polymers can be (i) an
integral part of the main chain – main-chain polymers, (ii) attached as elements in the side-chain by
appropriate functional group (e.g. carboxyl, hydroxyl)
– side-chain polymers, or (iii) an element of both
main and side-chain, where one of the aromatic rings
is introduced to the main core of the polymer (‘T-type’
polymers) [52, 54].
Regardless of the method of attaching the azochromophore to the polymer backbone, each type of azopolymer has some advantages and disadvantages.
The undoubted advantage of ‘guest-host’ azo-systems in comparison to functionalized polymers is the
simple and cheap method of preparation, where the
content of azocompounds can be easily controlled in
the system [55]. However, due to the lack of a covalent bond, azochromophore molecules can sublimate

4. The photomechanical effect in
amorphous polymers
Amorphous azopolyimides have been studied mainly for applications in photonics and optoelectronics
technologies as materials for high-density optical
data storage, optical waveguides, diffractive elements,
and liquid crystal alignment [57, 63–67]. In recent
years, amorphous azobenzene-functionalized polyimides have been used as advanced photosensitive
materials in photomechanical studies, which open
new possibilities for their applications.
For the easier interpretation of the results discussed in the paper a summary table (Table 1) with

Figure 3. Different kinds of functionalized and ‘guest-host’ azopolymers.
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(12.5, 25, 37.5%). Irradiation with a parallel polarized light caused a decrease in the bending angle
with an increase in the degree of crystallinity, which
is the result of hindering the isomerization of the
azochromophores by the stiffness of the crystal areas.
The bending angles for the co-polyimides with 12.5,
25, and 37.5 % crystallinity were ca. 65, 20, and 7°,
respectively.
Shankar et al. [17] describes the rapid response of
amorphous polyimide under the low intensity light
(λ = 445 nm, I = 18 mW/cm2, E//x). Studied co-polyimide PI-4a was prepared from 6FDA dianhydride,
1,3-bis(3-aminophenoxy) benzene (APB) and 2,2-bis
{4-[4-(4-aminophenyldiazenyl)phenoxy]phenyl}propane (azo-BPA) (45% azo-BPA: 55% APB) (Figure 5). The polyimide foil (20 mm (length) × 1 mm
(width) × 15 μm (thickness)) was clamped at both ends
and bent into a small arch, forming a concave structure. Then, the foil was irradiated in the center (the
convex side facing the laser) using blue laser light. As
a result, the sample succumbed quickly (tirradiation =
8.4 s, stroke length ~1 mm, stroke speed ~100 mm/s)
to the photogenerated deformation in the opposite
direction, thereby forming a convex structure.
The influence of azobenzene units’ concentration in
co-polyimide structures on the photomechanical response was discussed in the paper [15]. The content
of azomoieties in PI-4a structure was 30, 35, 45, 70,
or 100 mol% (Figure 5). Prepared cantilevers (6 mm
(length) × 0.1 mm (width) × 0.02 mm (thickness))
were irradiated with linearly polarized light (λ =
445 nm, I = 120 mW/cm2, E//x, t = 1 h). The bending angle was dependent on the concentration of azoBPA monomer, which grew up from 19 to 80° for 30
and 100% of azo-BPA content, respectively. The
complete relaxation to the initial state of the samples
with 70 and 100 mol% azo-BPA was observed, while
the copolymer with 30% of azo-BPA content retains

the dimensions of the cantilevers, the wavelength
and intensity of the light, the polarization of the excitation beam, exposure time, bending angles, and
stability of bent structures was added at the end of
Chapter 4.
It can be noticed, that at the beginning, the photomechanical effect was studied only in amorphous
polyimides containing azobenzene moieties in the
polymer backbone. In 2012 Lee et al. [18] showed
that azopolyimide free-standing films could be bending under the UV laser irradiation. The photomechanical effect was generated in linear amorphous
(PI-1, PI-3) and semi-crystalline polyimides (PI-2)
(Figure 4). Investigated polymers have been synthesized from 4-4′-diaminoazobenzene and flexible dianhydride 1,1,1,3,3,3-hexafluoro-2,2-bis(4-phthalic
anhydride) propane (6FDA) and/or rigid pyromellitic dianhydride (PMDA). An amorphous cantilever
prepared from polyimide (PI-1) (5 mm (length) ×
0.5 mm (width) × 0.02 mm (thickness)) exposed to
a blue light (λ = 442 nm, I = 100 mW/cm2) with parallel polarization (E//x) exhibited 26° bending towards the light source during 60 min of exposure.
The use of the light with perpendicular polarization
(E┴x) caused the bending of the foil by 15° in the opposite direction. Increasing the width of the PI-1 cantilever from 0.5 to 1 mm increased the photomechanical response from 26 to 68°. After switching off the
excitation beam, the cantilevers slowly returned to
their original positions (after 3 days of relaxation,
the bending angle was 14 and 9° for E//x and E┴x,
respectively). The photomechanical effect was not observed for semi-crystalline PI-2 polyimide under the
same exposure conditions. A strong effect of crystallinity on photomechanical response was observed.
Cantilevers prepared from co-polyimide PI-3 (5 mm
(length) × 1 mm (width) × 0.02 mm (thickness))
were characterized a different degree of crystallinity

Figure 4. Chemical structures of homo- (PI-1, PI-2) and co-polyimides (PI-3) with 4-4′-diaminoazobenzene moieties [18].
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Figure 5. Chemical structures of co-polyimides PI-4a,b and PI-5a,b [14, 15, 17].

a deformation of 14°, after 10 days of dark return.
This may be due to the difference in the storage modulus of polymers (1.74 vs 1.10 GPa for 100 and 30%
content of azo-BPA, respectively). Higher content of
azomoieties increased the flexibility of the polymer
backbone and decreased the stability of the bent. A
similar impact of the rigidity of the polymer backbone
on the shape stability was observed in work [43].
Skandani et al. [68] investigated repetitive bending
and the number of recovery cycles for azopolyimide
PI-5a. The two ends of the photoreactive material
(14 mm (length) × 1 mm (width) × 15 µm (thickness))
were clamped between the aluminum plates, which
formed a bent, bistable arc of the azopolymer foil.
The azopolyimide arc could be bent up or down, i.e.,
be in one of two stable states that do not require external power. The polyimide film was irradiated with
a laser from above (λ = 375 nm, E//x, I = 25 mW/cm2,
laser beam diameter 5 mm falling on the center of
the arc) causing quickly reverse the arc in the opposite direction (t = ~94 s for I = 0.2 mW/cm2). Then
exposure of the film to laser irradiation with a wavelength of 445 nm (I = 25 mW/cm2, t = 300 s) regenerated the trans-isomers, ensuring repeated toggling
of an actuator between stable states. The first film toggling was the slowest, while the subsequent toggling
cycles came faster for the next 25 toggling cycles.
In work [14] the impact of the segmental mobility
on the photomechanical effect in linear and crosslinked amorphous polyimides containing azobenzene groups in the main chain was analyzed. For this
purpose, polyimides contained aminophenoxybenzene (APB) parts with phenyl rings attached in the
meta (PI-4a) and para position (PI-4b), as well as
its analogous (PI-5a) and (PI-5b), were obtained
464

(Figure 5). It was found that the kind of phenyl ring
substitution (meta or para) strongly affects the photomechanical response. During irradiation of azopolymer foils (6 mm (length) × 0.1 mm (width) × 0.02 mm
(thickness)) with a blue light (λ = 445 nm, I =
120 mW/cm2, E//x, t = 1 h), a larger photomechanical bending for para (ca. 50 and 67° for PI-4b and
PI-5b, respectively) than meta substitution (ca. 23
and 24° for PI-4a and PI-5a, respectively) was observed. The difference in relaxation was also seen
when the samples were left for 3 days in the dark.
The bending of the cantilevers prepared from polyimides with para-substituted phenyl rings was more
stable (retaining bent 68% for PI-4b and 82% for
PI-5b) in comparison to the meta analogues (9% and
62% for PI-4a and PI-5a, respectively). It can be the
result of increased mobility of the segments due to
the greater freedom of rotation of the phenyl rings
substituted in the para position.
Wang et al. [43] reported the influence rigidity of
polymer backbone on the photomechanical effect in
a series of polymers presented in Figure 6. Polyimides
were obtained from 2,2-bis{4-[4-(4aminophenyldiazenyl)phenoxy]phenyl}-propane (azo-BPDA)
(PI-6) and one of the anhydrides: PMDA (a),
BPDA (b), BTDA (c), 6FDA d), OPDA (e) (Figure 6). Polyimides containing BTDA (c), 6FDA (d),
as those prepared from PMDA (a) and BPDA (b)
were characterized by a low degree of crystallinity
(1.5 and 0.4% respectively). The photoinduced bending of the cantilevers (6 mm (length) × 2 mm (width)
× 0.02 mm (thickness)) under the blue light irradiation (λ = 445 nm, I = 120 mW/cm2, E//x, t = 1 h) was
weaker for polyimides prepared from dianhydrides
with higher rigidity PMDA (a) and BPDA (b) (15
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Figure 6. Chemical structures of main-chain azopolyimides PI-6(a–e), PI-7(a–f), and azopolyamide (PA) [16, 39, 43].

did not affect the photo-deformation of the polymer
films. During the laser irradiation, the intermolecular
H-bonds were destroyed, and the rigidity of PA
chains was reduced. After turning off the excitation
laser, the relaxation of the cantilevers to the initial
position was slower for azopolyamide due to the reformation of the hydrogen bonds, which slow down
the unbending process.
To the best of our knowledge, for the first time, the
photomechanical effect in polyimides containing azochromophore attached in the side chain of the polymer backbone was reported in our work [47]. The investigated poly(amide imide)s were synthesized from
dianhydride with azobenzene unit substituted in the
para position with a nitro group, and four different
diamines (PI-8(a–d)). Chemical structures of ‘T-type’
azopolyimides are shown in Figure 7. The maximum
deformations of polymer samples (5 mm (length) ×
ca. 1.2 mm (width) × 4–7 μm (thickness)) were generated within 1–2 min of laser irradiation (λ =
445 nm, I = 80 mW/cm2, E//x). The bending angles
were 60, 70, 55, or 40° for PI-8(a–d), respectively.
It is seen that the more flexible backbone of the polymers PI-8(a–c) increased the bending angle. The unbending was not observed during 10 days after turning off the excitation laser. Long-term stability of the
bending can be a result of the formation of the intermolecular hydrogen bonds between amide groups
and/or incorporation azobenzene moieties to the side
chain. The cis-trans isomerization of azomoieties attached to the side-chain does not influence the polymer backbone; as a result, the bending of the cantilever is more stable. In this work, bidirectional of
the cantilever, bending was shown. At the first stage,
polymer samples (3–4 mm (length) × 0.33–0.45 mm
(width) × 4–7 μm (thickness)) were irradiated by polarized laser beam in a parallel direction to the long
axis of the samples (λ = 445 nm, I = 80 mW/cm2,

and 40°, respectively) than for more flexible counterparts BTDA (c), 6FDA (d) and OPDA (e) (55, 85,
and 90°, respectively). Besides, polyimide PI-6e
with the most flexible segments regained its original
shape after about 1 hour of dark return, while the
most rigid polymer (PI-6a) needed 10 days to recover
the initial state. This may be due to smaller free volume in rigid polyimides that inhibit the trans-cistrans azobenzene isomerization.
White and co-workers [16] investigated amorphous
polyimides (PI-7(a–f)) similar in the structure to
polymers denoted as PI-6(a–e) (Figure 6). Irradiation of polyimide cantilevers (6 mm (length) × 1 mm
(width) × 0.02 mm (thickness)) with low intensity
blue laser beam (λ = 445 nm, I = 60 mW/cm2, E//x,
t = 30 min) resulted in bending of all-polymer foils.
The maximum bending angles were in the range of
~45–70°, where the influence of the rigidity of the
anhydride part was not observed. After turning off
the excitation laser, the full recovery to the initial
state was observed by 2 hours, where ca. 70% of unbending occurred within 30 min. Large deformation
and relatively fast unbending of the free-standing
films prepared from polyimides PI-7 can be a result
of an increase in local free volume by incorporation
‘cardo-group’ that enhances the mobility of azobenzene moieties.
The impact of the inter-chain hydrogen bonds on the
photomechanical response was presented in ref. [39].
Two amorphous polymers, i.e., azopolyamides (PAs)
that are capable of forming the intermolecular hydrogen bonds, and azopolyimide PI-6e (Figure 6)
that do not have such capability, were investigated.
Prepared cantilevers (6 mm (length) × 0.1 mm (width)
× 0.02 mm (thickness)) exposed to the blue light (λ =
445 nm, I = 120 mW/cm2, t = 1 h) showed the bending angles of 78 and 85° for PA and PI-6e, respectively. The presence of the intermolecular interactions
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Figure 7. Chemical structures of ‘T-type’ azopoly(amide imide)s (PI-8(a-d)) [47].

excitation beam (λ = 405 nm, I = 150 mW/cm2, E//x,
t = 15 s – 5 min). The bending was not observed for
polymer matrices that would confirm that the photodeformation is the result of the isomerization of
azobenzene moieties. The photomechanical effect
was observed for almost all ‘guest-host’ azo-systems,
where the impact of different factors on the maximum bending angle was observed. The higher bending angle of free-standing films was detected for
polymers prepared from polystyrene than polyimide
matrices, probably due to the more flexible polymer
backbone of polystyrene. Better photoresponse properties were observed for materials contain azochromophore with a hydroxyl group that can be connected to faster trans-cis conversion of Az-1. Our previous studies showed that the photoisomerization reaction is faster and more efficient for azo-dyes with
hydroxyl groups than for chromophores with a long

E//x) by 45–100 s. The bending was observed for all
polyimide free-standing films. Then, the polymers
were irradiated by the laser beam with perpendicular
polarization for ca. 1–2 min. It was shown that reverse motions were not symmetrical. For all polyimides, bending towards the laser source was significantly more efficient than in the reverse direction.
The photomechanical effect was also generated in
amorphous polymers, where azo-dyes are not covalently attached to the polymer chain [37]. A series of
‘guest-host’ systems were prepared from matrices:
polystyrene (PS) or poly(ether imide) (PI-9) doped
with two types of dyes 4-[(4-methyl phenyl)diazenyl]
phenol (Az-1) or 4-[4-(6-hydroxyhexyloxy)phenylazo]methylbenzene (Az-2) with 10 or 50 wt% chromophore concentration (Figure 8). Polymer matrices
and azopolymer cantilevers (8 mm (length) × 2 mm
(width) × ca. 30 μm (thickness)) were exposed to the

Figure 8. Chemical structures of ‘guest-host’ azopolymers: polystyrene (PS) and polyimide (PI-9) matrices mixed with
azochromophores Az-1 or Az-2. Polyimide PI-10 is mixed with Az-3 and/or left-handed chiral particles (PART)
[37, 48].
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aliphatic chain [69]. The higher content of azochromophore increased the bending angle of the films up

to 120° for polystyrene with 50 wt% of 4-[(4-methyl
phenyl)diazenyl]phenol (PS[Az-1]). No relaxation of

Table 1. Experimental conditions, values of bending angles, and unbending time for amorphous azopolymer cantilevers.
Polymer code

Dimensions of
cantilever

Conditions of
irradiation

Photomechanical effect
Bending angle
[°]

length [mm] ×
λ [nm]
width [mm] ×
I [mW/cm2]
thickness [µm] polarization (E // or ┴)

PI-1

PI-3
(cryst 12.5%)

5×0.5×20

λ = 442
I = 100
E//x

14

15

9

20×1×15

20

–

λ =445
I = 18
E//x

Arch bending:
stroke length ~1 mm,
stroke speed ~ 100 mm/s

8.4 s

–

19

14

80

0

10 days
6×0.1×20
λ = 445
I = 120
E//x

PI-5a
PI-5b

23

2

50

34

24

PI-6a

1h

67

55

15

0

6×2×20

55
85

PI-6e

90

0

PI-7a

63

2

PI-7b

68

5

6×1×20

λ = 445
I = 60
E//x

62
65

30 min

4
7

PI-7e

70

10

PI-7f

45

3

λ = 445
I = 120
–

78

6×0.1×20

5×1.2×4-7

λ = 445
I = 80
E//x

70

PA
PI-6e

85

PI-8c

1h

2h

Slower than PI-6e
1h

Faster than PA

60

PI-8a
PI-8b

10 days
–

PI-6d

PI-7d

3 days

15

40

PI-6b

PI-7c

3 days

7

PI-4b

PI-6c

26

1h

PI-4a
(30% mol azo moieties)
PI-4a
(100% mol azo moieties)
PI-4a

other observations

65

PI-3
(cryst 25%)
PI-3
(cryst 37.5%)
PI-4a

Time of Bending angle Time of
irradiation
[°]
undending

other observations

λ = 442
I = 100
E//x
λ = 442
I = 100
E┴x

Relaxation

55

1–2 min

Stable for 10 days

40

PI-8d
PS[Az-1]

8×2×30

PI-10[Az-3]PART

2.5×0.8×9.8

λ = 405
I = 150
E//x
λ = 365
I = 30
–

120

2 min

3D shape-persistent elastic helixes

467

Stable for 6 months
Kept the elastic form after
1000 stretching-relaxation cycles and heating up to 100 °C
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unbending for main- and the side-chain polymer
is (in general) from a 1 h to several days. The excellent bending stability of ‘guest-host’ azopolymers foils can be a result of the non-covalent attachment of azomolecules to the polymer backbone,
• the content of azobenzene moieties – increase the
azomoieties content (in both functionalized and
‘guest-host’ azopolymers) increases the photoresponse of free-standing films, but does not influence on the stability of the bending after turning
off the laser,
• degree of the crystallinity – increase the degree of
the crystalline phase results in hindering the isomerization of azochromophores by the stiffness of
the crystal areas and in the result, the bending angles are lower than for fully amorphous analogues.
The crystalline phase decreases the free volume
necessary for trans-cis isomerization of azocompounds. However, a low degree of crystalline phase
can stabilize the bending angles after turning off
the laser,
• rigidity/flexibility of the polymer backbone – polymers with a more flexible backbone (realized by
introducing of ether, ester, CF3, or aliphatic groups)
exhibit faster and larger photoresponse than polymers with a more rigid structure. Considering the
bending stability, a more rigid structure improved
the photoinduced shape fixity compared to polymers with a flexible backbone,
• intermolecular H-bonds – the presence of the intermolecular hydrogen bonds does not affect increasing the bending angles of the cantilevers. As
a result of the fast trans-cis isomerization of the
azomoieties generated by the laser beam, the hydrogen bonds are broken. The intermolecular H-bonds
affect the large stability of the bending. After turning off the excitation light, the H-bonds are rebuilt.
The non-covalent connection between polymer
chains stiffens the structure, and thermal/spontaneous cis-trans isomerization and reorientation of
azobenzene molecules are less efficient.
Our mini-review shows that azopolyimides are promising materials for applications where the high deformation stability of free-standing films is necessary.
The stability of the shape of the amorphous cantilever
can be stable even 6 months after turning off the excitation light for ‘guest-host’ polymers. We showed
that side-chain azopolyimides were not studied in the
context of the photomechanical effect, except these
polymers investigated by our research group. It was

the bending was observed after 6 months after turning off the excitation laser for all ‘guest-host’azopolymers. In this work, a mechanism of the photomechanical effect in glassy azopolymers was proposed. It was shown, that bending of the cantilevers
may be associated with an increase in the population
of cis-isomers, reorientation of the trans-azo molecules, and migration of the polymer chain under the
laser beam irradiation. It should be noticed that at the
same time, Li et al. [48] come to the same conclusions. They investigated ‘guest-host’ systems based
on a polyimide matrix (PI-10) doped with 4-(4-nitrophenylazo)aniline (Az-3) (the molar ratio 1
(PI-10): 23.7 (Az-3)) with the addition of right or
left-handed chiral particles (PART) (Figure 8). Prepared samples (2.5 mm (length) × 0.8 mm (width) ×
9.8 μm (thickness)) were exposed to LPUV light to
generate a molecular alignment of the polymer chains.
Irradiation with the UV-light (λ = 365 nm, I =
30 mW/cm2) resulted in fabrication 3D shape-persistent elastic helixes. The prepared azo-systems
kept the elastic form after 1000 stretching-relaxation
cycles and heating up to 100 °C.

5. Conclusions
The work aims to summarize the information about
the photomechanical effect of amorphous azobenzene-functionalized polymers include the mechanism of the cantilever bending under the laser irradiation, the potential application of the effect, and
the relationship between chemical structure and response of the cantilevers. Based on the results presented in this short review, the effect of the individual elements of the polymer chemical structure on
the photomechanical response and its stability after
turning off the excitation laser was showed below:
• kind of attachment of azochromophores – azobenzene moieties covalently incorporated into the
polymer structure or dispersed molecularly in the
polymer matrix (‘guest-host’ system). Considering
the time needed to reach the maximum cantilever
deflection, the fastest mechanical response exhibit
‘guest-host’ azopolymers (a dozen of seconds – a
few minutes), while functionalized polymers with
azo-units in the main chain need a longer time
even tens of minutes. ‘Guest-host’ azo-systems exhibit much greater stability of the cantilever bending than covalently bonded polymers. The unbending is not observed at least 6 months after turning
off the excitation light, while the time needed to
468
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found that this kind of polymers can exhibit fast
bending with higher photoinduced deformation stability than main-chain polyimides. Preparation of the
side-chain azopolyimide cantilevers can be a promising concept for future studies. We believe that the
paper will help in design new amorphous azopolymers exhibiting the properties adapted towards specific applications.
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