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The change in shape inducible in some photo-reversible molecules using light can effect powerful

changes to a variety of properties of a host material. The most ubiquitous natural molecule for

reversible shape change is the rhodopsin–retinal protein system that enables vision, and this is

perhaps the quintessential reversible photo-switch. Perhaps the best artificial mimic of this strong

photo-switching effect however, for reversibility, speed, and simplicity of incorporation, is

azobenzene. This review focuses on the study and application of reversible changes in shape that

can be achieved with various systems incorporating azobenzene. This photo-mechanical effect can

be defined as the reversible change in shape inducible in some molecules by the adsorption of

light, which results in a significant macroscopic mechanical deformation of the host material.

Thus, it does not include simple thermal expansion effects, nor does it include reversible but non-

mechanical photo-switching or photo-chemistry, nor any of the wide range of optical and electro-

optical switching effects for which good reviews exist elsewhere.

Introduction

The change in shape inducible in some photo-reversible

molecules using light can effect powerful changes to a variety

of properties of a host material. This class of reversible light-

switchable molecules includes photo-responsive molecules that

photo-dimerize, such as coumarins and anthracenes; those that

allow intra-molecular photo-induced bond formation, such as

fulgides, spiropyrans, and diarylethenes; and those that exhibit

photo-isomerization, such as stilbenes, crowded alkenes and

azobenzene. The most ubiquitous natural molecule for

reversible shape change is the rhodopsin–retinal protein system

that enables vision, and this is perhaps the quintessential

reversible photo-switch. Here, the small retinal molecule

embedded in a cage of rhodopsin helices isomerizes from a

cis geometry to a trans geometry around a CLC double bond

with the absorption of just a single photon. The modest shape

change of just a few angstroms is quickly amplified however,

and sets off a cascade of larger and larger shape and chemical

changes, eventually culminating in an electrical signal to the

brain of a vision event, the energy of the input photon

amplified thousands of times in the process. Complicated

biochemical pathways then revert the trans isomer back to cis,

and set the system back up for another cascade upon sub-

sequent absorption. The reversibility is complete, and many

subsequent cycles are possible. The reversion mechanism back

to the initial cis state is complex however, so direct application

of the retinal–rhodopsin photo-switch to engineering systems

is difficult. Perhaps the best artificial mimic of this strong

photo-switching effect however, for reversibility, speed, and

simplicity of incorporation, is azobenzene. Trans and cis states
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can be switched in microseconds with low power light,

reversibility of 105 and 106 cycles is routine before fatigue,

and a wide variety of molecular architectures is available to the

synthetic materials chemist permitting facile anchoring and

compatibility, as well as chemical and physical amplification of

the simple geometric change.

This review focuses on the study and application of

reversible changes in shape that can be achieved with various

systems incorporating azobenzene. This photo-mechanical

effect can be defined as the reversible change in shape

inducible in some molecules by the adsorption of light, which

results in a significant macroscopic mechanical deformation of

the host material. Thus, it does not include simple thermal

expansion effects, nor does it include reversible but non-

mechanical photo-switching or photo-chemistry, nor any of

the wide range of optical and electro-optical switching effects

for which good reviews exist elsewhere.

1. Azobenzene

Azobenzene is an aromatic molecule where an azo linkage

(–NLN–) joins two phenyl rings (Fig. 1). A large class of

compounds (usually simply referred to as ‘azobenzenes’ or

simply ‘azos’) can be obtained by substituting the aromatic

rings with various substituents, to change geometry and

electron donating/withdrawing character. Members of this

class of chromophores share numerous spectroscopic and

photophysical properties, however, and it is useful to consider

them generally based on their photochemistry. In particular,

the p-conjugated system gives rise to a strong electronic

absorption in the UV and/or visible portions of the spectrum,

and the exact spectrum can be tailored via the ring-substitution

pattern. The azo molecular core is also rigid and anisotropic,

making azos ideal liquid-crystal mesogens with appropriate

ring substitution. Both small-molecule and polymeric azoben-

zenes can exhibit LC phases.1,2 The most interesting behaviour

common to all azos is the efficient and reversible photo-

isomerization, which occurs upon absorption of a photon

within the absorption band (Fig. 2). Azobenzenes have two

isomeric states: a thermally stable trans configuration, and a

meta-stable cis form. Under irradiation, a fraction of the trans-

azobenzenes will be converted to the cis form, which will

thermally revert to the more stable trans on a timescale

dictated by the molecule’s particular substitution pattern. This

exceedingly clean photochemistry gives rise to the numerous

remarkable photo-switching and photo-responsive behaviours

observed in these systems.

The azo chromophores are typically divided into three

classes, based upon spectroscopic characteristics (see Fig. 1 for

examples), as described by Rau:3 azobenzene-type molecules,

which are similar to the unsubstituted azobenzene; aminoazo-

benzene-type molecules, which are ortho- or para-substituted

with an electron-donating group; and pseudo-stilbenes, which

are substituted at the 4 and 49 positions with an electron-

donating and an electron-withdrawing group (such as an

amino and a nitro group). The strong absorptions give rise to

Fig. 1 Examples of azobenzene chromophores of (a) the azobenzene

class, (b) the aminoazobenzene class, and (c) the pseudo-stilbene class.

Fig. 2 Azobenzene normally exists in a stable trans state. Upon

absorption of a photon (in the trans absorption band), the molecule

isomerizes to the meta-stable cis state. The cis molecule will thermally

relax back to the trans state, or this isomerization can be induced with

irradiation at a wavelength in the cis absorption band.
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the prominent colours of the compounds: yellow, orange,

and red, for the azobenzenes, aminoazobenzenes, and pseudo-

stilbenes, respectively. The pseudo-stilbene class is especially

interesting because the contraposed electron withdrawing and

donating groups create a highly asymmetric electron distribu-

tion within the conjugated system. This leads to a large

molecular dipole, and inherent non-linear optical properties.

Also noteworthy is that the trans and cis absorption spectra of

the pseudo-stilbenes generally have significant overlap. Thus,

in these systems a single wavelength of illuminating light can

induce both the forward (trans A cis) and the reverse (cis A
trans) photo-isomerization. This leads to a continuous cycling

of chromophores between isomeric states, which can be benefi-

cial for many photo-responsive effects. For the other classes of

azos, the absorption spectra will not overlap much, meaning

that two different wavelengths of light can be used to effec-

tively switch between two different states, which can be ideal

for some fully controlled 2-state photo-switchable materials.

The metastable cis-azobenzene will thermally relax to the

trans state on a timescale dictated by its ring-substitution

pattern and local environment. This can be considered

inconvenient from the point of view of generating fully stable

two-state photo-switchable systems. Lifetimes of the cis state

are typically on the order of hours/days, minutes/seconds, and

seconds/milliseconds, for the azobenzenes, aminoazobenzenes,

and pseudo-stilbenes, respectively. The energy barrier for

thermal isomerization is on the order of 90 kJ mol21.4,5

Considerable work has gone into elongating the cis lifetime,

with the goal of creating truly bistable photo-switchable

systems by incorporating bulky ring substituents to hinder

the thermal back reaction. For instance, a polyurethane main-

chain azo exhibited a lifetime of 4 days (thermal rate-constant

of k = 2.8 6 1026 s21, at 3 uC),6 and an azobenzene para-

substituted with bulky pendants had a lifetime of 60 days (k ,

2 6 1027 s21, at room temperature).7 The conformational

strain of macrocylic azo compounds can also be used to lock

the cis state, where lifetimes of 20 days (k = 5.9 6 1027 s21),8

1 year (half-life 400 days, k = 2 6 1028 s21),9,10 or even 6 years

(k = 4.9 6 1029 s21)11 were observed. Similarly, using the

hydrogen bonding of a peptide segment to generate a cyclic

structure, a cis lifetime of y40 days (k = 2.9 6 1027 s21) was

demonstrated.12 Of course, one can also generate a system that

starts in the cis state, and where isomerization (in either

direction) is completely hindered. For example, attachment to

a surface,13 direct synthesis of ring-like azo molecules,14 and

crystallization of the cis form15,16 can be used to maintain one

state, but such systems are obviously not bistable reversible

photo-switches. The azobenzene thermal back-relaxation is

generally a first-order kinetic process, although a polymer

matrix can lead to a distribution of constrained conformations,

and hence anomalously fast decay contributions.17–20 Similarly,

matrix crystallinity tends to increase the decay rate.21

2. Azobenzene materials

Azobenzenes are robust molecules, and are amenable to

incorporation into a wide variety of materials. The azo

chromophore can be easily doped into a matrix, or covalently

attached to a polymer for greater stability and control. Both

amorphous and liquid-crystalline (LC) systems have been

extensively investigated and other studies have demonstrated

useful self-assembled monolayers and superlattices,22 sol–gel

silica glasses,23 and biomaterials.24–26 The azo group is

sufficiently non-reactive that it can be incorporated via an

array of synthesis strategies, and has thus been included in

crown ethers,27 cyclodextrins,28,29 proteins,30 and three-dimen-

sional polycyclics.31,32 Thin polymer films are a convenient

material matrix for study of azo materials, and realization of

useful photo-functional devices. Although doping the chro-

mophores in a matrix is most convenient,33,34 the resultant

films often exhibit instabilities, such as phase-separation and

micro-crystallization. This occurs due to the mobility of the

azo chromophores in the matrix, and the propensity of the

dipolar azo units to form aggregates. Higher-quality films

are obtained when the azo moiety is covalently bound to the

host polymer matrix, and this approach is now considered

preferable for most applications. These materials combine

the stability and processability of polymers, with the unusual

photo-responsive behaviour of the azo groups. Side-chain and

main-chain azo polymers are possible,35 with common

synthesis strategies being divided between polymerizing azo-

functionalized monomers,36,37 and post-functionalizing a

polymer that has an appropriate pendant group (usually a

phenyl).38–40 A wide variety of polymer backbones have been

investigated, the most common being acrylates,41 methacryl-

ates,42 and isocyanates,43 but there are also examples of

imides,44 esters,45,46 urethanes,47 ethers,48 ferrocene,49 and

even conjugated polymers including polydiacetylenes,50 poly-

acetylenes,51 and main-chain azobenzenes.52,53 A clever and

unique strategy that allows for the simplicity of doping while

retaining the stability of covalent polymers is to engineer

complementary non-covalent attachment of the azo dyes to the

polymer backbone. In particular, ionic attachment can lead to

a homogenous and stable matrix (when dry).54 The use of

surfactomesogens (molecules with ionic and liquid-crystalline

properties) also enables a simple and programmatic way of

generating new materials.55 It has been demonstrated that

azobenzenes can be solubilized by guest–host interactions with

cyclodextrin,56 and it is thus possible that similar strategies

could be fruitfully applied to the creation of bulk materials.

Considerable research has also been performed on azoben-

zene dendrimers,57,58 and molecular glasses.59 These inherently

monodisperse materials offer the possibility of high stability,

excellent sample homogeneity (crucial for high-quality optical

films), and excellent spatial control (with regard to lithogra-

phy, for instance) without sacrificing the useful features of

amorphous linear polymers. The synthetic control afforded

with such systems allows one to carefully tune solubility,

aggregation, thermal stability, and crystallinity.60–62 The

unique structure of dendrimers can be used to exploit the

photochemistry of azobenzene.63–65 For instance, the dendri-

mer structure can act as an antenna, with light-harvesting

groups at the periphery, making energy available via intra-

molecular energy transfer to the dendrimer core.66,67 Thus a

dendrimer with an azo core could be photo-isomerized using

a wavelength outside of its native absorption band. The

dendrimer architecture can also be used to amplify the mole-

cular motion of azo isomerization. For instance, a dendrimer
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with three azobenzene arms exhibited different physical pro-

perties for all the various isomerization combinations, and the

isomers could be separated by thin-layer chromatography on

this basis.68 Thin films of azo material are typically prepared

with spin-coating, where polymer solution is dropped onto a

rotating substrate. This technique is fast and simple, and

generally yields high-quality films that are homogeneous over

a wide area. Films can also be prepared via solvent evapora-

tion, the Langmuir–Blodgett technique,69–72 self-assembled

monolayers,73 or layer-by-layer electrostatic self-assembly to

produce azo polyelectrolyte multilayers (PEMs).74–78

3. Azobenzene photo-switching

The azobenzene molecular photo-motion has been exploited to

generate photo-switchable materials, where two distinct states

or phases (with notably different material properties) can be

generated by appropriate irradiation. The azobenzene unit is

rigid and anisotropic, and thereby exhibits liquid-crystalline

(LC) phases in many systems. The ordering of the LC phase

can, however, be reversibly switched with light, since the cis

form of azobenzene is a poor mesogen. Irradiation of an LC

trans-azo sample will disrupt the order and induce a phase

transition from the ordered LC state to the isotropic phase.

This effect enables fast isothermal control of LC phase transi-

tions,79–82 even when the azo chromophore is incorporated

only to a small extent.83 This all-optical material response is

obviously attractive for a variety of applications, especially for

display devices, optical memories,84 and electro-optics.85

Examples of photo-switchable phase changes,86 phase

separation87 (or reversal of phase separation88), solubility

changes,89,90 and crystallization91 have been found. These

suggest a highly promising route towards novel functional

materials; the incorporation of photo-physical effects into self-

assembling systems. The inherent amplification of molecular

order to macroscopic material properties can be coupled with

molecular-scale photo-switching. For instance, in amphiphilic

polypeptide systems, self-assembled micelles were stable in the

dark, but could be disaggregated with light irradiation.92 This

construct can act as a transmembrane structure, where the

reversible formation and disruption of the aggregate enabled

photo-switchable ion transport.93 In another example, cyclic

peptide rings connected by a trans-azo unit would hydrogen

bond with their neighbours, forming extended chains. The cis-

azo analog, formed upon irradiation, participates in intra-

molecular hydrogen bonding, forming discrete units and

thereby disrupting the higher-order network.12,94 A system of

hydrogen-bonding azobenzene rosettes was also found to

spontaneously organize into columns, and these columns to

assemble into fibres. Upon UV irradiation, this extended

ordering was disrupted,95 which converted a solid organogel

into a fluid. An azobenzene surfactant in aqueous solution also

showed reversible fluidity, with irradiation destroying self-

assembled order, thereby transforming the solid gel into a

fluid.96 Similarly, large changes in viscosity can be elicited by

irradiating a solution of azo polyacrylate associated with the

protein bovine serum albumin.97 In a liquid-crystal system,

light could be used to induce a glass-to-LC phase transition.98

A wide variety of applications (such as microfluidics) is

possible for functional materials that change phase upon

light stimulus.

The primary and secondary shapes of azo-containing self-

assembled structures in solution can also be controlled with

light. Azo block-copolymers can be used to create photo-

responsive micelles99–103 and vesicles.104 Since illumination

can be used to disrupt vesicle encapsulation, this has been

suggested as a pulsatile drug-delivery system.105 The change in

azo dipole moment during isomerization plays a critical role in

determining the difference between the aggregation in the two

states, and can be optimized to produce a highly efficient

photo-functional vesicle system.106 The use of azo photo-

isomerization to disrupt self-assembled systems may be

particularly valuable when coupled with biological systems.

With biomaterials, one can exploit the powerful and efficient

biochemistry of natural systems, yet impose the control of

photo-activation. The azobenzene unit in particular has been

applied to photobiological experiments with considerable

success.25 Similar to the case of liquid-crystals, order–disorder

transitions can be photo-induced in biopolymers. Azo-

modified polypeptides may undergo transitions from ordered

chiral helices to disordered solutions,107–109 or even undergo

reversible a-helix to b-sheet conversions.110 In many cases

catalytic activity can be regulated due to the presence of the

azo group. A cyclodextrin with a histidine and azobenzene

pendant, for example, was normally inactive because the trans

azo would bind inside the cyclodextrin pocket, whereas the

photo-generated cis version liberated the catalytic site.111

The activity of papain112,113 and the catalytic efficiency of

lysozyme114 were similarly modulated by photo-induced

disruption of protein structure. Instead of modifying the

protein structure itself, one can also embed the protein in a

photofunctional matrix,113,115,116 or azo derivatives can be

used as small-molecule inhibitors.117 Azobenzene can also be

coupled with DNA in novel ways. In one system, the duplex

formation of an azo-incorporating DNA sequence could be

reversibly switched,118 since the trans azobenzene intercalates

between base pairs, stabilizing the binding of the two strands,

whereas the cis azobenzene disrupts the duplex.119 The

incorporation of an azobenzene unit into the promoter region

of an otherwise natural DNA sequence allowed photo-control

of gene expression,120 since the polymerase enzyme has

different interaction strengths with the trans and cis azo

isomers. The ability to create biomaterials whose biological

function is activated on demand with light is of interest for

fundamental biological studies, and, possibly, for biomedical

implants.

4. Photo-mechanical azo materials

4.1 Azo monolayers and coatings

Monolayers of the azobenzene polymers are easily prepared at

the air–water interface, and much of the earliest work focused

on these simple systems. In the monolayer state, changes in the

molecular shape and orientation can be directly related to the

film properties such as a film area and a surface pressure,

providing further ease of direct molecular interpretation of

results. When the monolayers of the azobenzene polymers

are prepared at interfaces, the motion of azobenzene moieties
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occurring at a molecular level is transferred and amplified to a

macroscopic level of materials. Photo-mechanical effects of a

monolayer consisting of polyamides with azobenzene moieties

in the main chain were first reported by Blair and co-workers

in 1980.121,122 At the air–water interface, a decrease in stress

was observed upon UV light irradiation of the monolayer,

indicating a contraction of the monolayer. In the dark, the

stress increased again, and the cycle could be repeated many

times. For these main-chain-type monolayers, the azobenzene

moieties were considered to lie flat on the water surface. The

photo-mechanical effects were then simply attributed to the

trans–cis isomerization of the azobenzene moieties, which

occupy a larger area at the interface when they are in the more

linear trans form than in the cis form.

Higuchi et al. prepared a polypeptide monolayer composed

of two a-helical poly(a-methyl L-glutamate) rods linked by an

azobenzene moiety.123 The trans–cis photoisomerization and

the consequent change in geometry of the azobenzene

produced a bending of the main chain of the molecule, and a

decrease in the limiting area per molecule. It was estimated

that the bending angle between the two a-helical rods,

produced by irradiation with UV light, was about 140u, and

the photoinduced bent structure resulted in a reduction of the

molecular area at the air–water interface owing to a decrease in

the distance between the ends of the molecule. An important

finding here was that the photoinduced changes in the area of

the monolayer occurred more slowly than the spectral changes

of the azobenzene moieties, and that the photoinduced changes

in the surface area may arise from the rearrangement of

the bent molecules, induced by photoisomerization of the

azobenzene moieties in the main chain. The intermolecular

interaction in the condensed monolayer may have served to

slow down the rate of their rearrangement process.

In monolayers of side-chain-type polymers, photo-mechani-

cal effects of related azobenzene-containing polypeptides were

also investigated by Menzel et al. in 1992.124 They prepared

poly(L-glutamate)s with azobenzene groups in the side chains

coupled to the backbone via alkyl spacers. The resulting

monolayers showed a photoresponsive behaviour that was

opposite to the above-mentioned systems however, as they

expanded when exposed to UV light, and shrank when exposed

to visible light. This was perhaps the first observation of

curious opposite expansion–contraction behaviour from the

same class of chromophores. The trans–cis photoisomerization

of the azobenzene moiety upon UV-light irradiation in this

work led to a large increase in the dipole moment of this unit

however, and this gain in affinity to a water surface was

proposed to be responsible for the net contraction.125 In

perhaps the first set of studies into quantifying the effect

generally, and optimizing some photo-mechanical systems,

Seki et al. prepared poly(vinyl alcohol)s containing azobenzene

side chains, and observed photoinduced changes in areas on a

water surface in an excellent series of papers beginning in

1993.125–134 These monolayers at the air–water interface

exhibited a three-fold expansion in area upon UV-light

irradiation and reversibly shrunk by visible-light irradiation.

The mechanism of the photoinduced changes in area was

interpreted in terms of the change in polarity of the

azobenzene moiety: the trans–cis photoisomerization led to

an increase in dipole moment, bringing about a higher affinity

of the cis-azobenzene to the water surface and the expansion of

the monolayers. Cis–trans back isomerization by visible-light

irradiation then gave rise to a recovery of the monolayers

to the initial structure. By analyzing the XRD data, it was

shown that the thickness of the monolayer becomes larger

for the trans form than the cis form. The resulting change in

the thickness by 0.2–0.3 nm due to the trans–cis isomerization

in the hydrophobic side chain was then directly observed in situ

on the water surface.131 These results with azo monolayers

indicate that the photoinduced deformations of the azoben-

zene-containing monolayers can depend strongly on the

location of the azobenzene moieties in the dark; when the

azobenzenes are on or in the water subphase, the structural

response of the monolayers is determined by the geometrical

change of the photochromic units. On the other hand, the

change in polarity of the azobenzene moieties is more

important when they are away from the water subphase in

the dark.

4.2 Amorphous azo polymers

Azo polymers offer advantages over azo monolayers as

superior materials in view of higher processability, the ability

to form free-standing films with a variety of thicknesses from

nanometre to centimetre scales, flexibility in molecular design,

and precisely controlled synthesis. Hence, azo polymers have

emerged as the azo material of choice for most applications.

From this point of view, polymer actuators capable of res-

ponding to external stimuli and deforming are most desirable

for practical applications, either amorphous or organized

(such as liquid crystalline). Various chemical and physical

stimuli have been applied such as temperature,135 electric

field,136,137 and solvent composition,138 to induce deformation

of polymer actuators.

The use of structural changes of photoisomerizable chro-

mophores for a macroscopic change in size of polymers was

first proposed by Merian in 1966,139 when he observed that a

nylon filament fabric dyed with an azobenzene derivative

shrank upon photoirradiation. This effect was postulated to

involve the photochemical structural change of the azobenzene

group absorbed on the nylon fibers, yet these fibrous systems

were sufficiently complex that the real mechanism could only

be speculated upon. The observed shrinkage was also quite

small, only about 0.1%, which made it further difficult to draw

firm conclusions. Following this interesting work however,

much effort was made to find new photo-mechanical systems

with an enhanced efficiency.140,141 Eisenbach, for example, in

1980 investigated the photo-mechanical effect of poly(ethyl

acrylate) networks cross-linked with azobenzene moieties

and observed that the polymer network contracted upon

exposure to UV light due to the trans–cis isomerization of the

azobenzene cross-links and expanded by irradiation with

visable light due to cis–trans back isomerization.142 This

photo-mechanical effect was mainly attributed to the con-

formational change of the azobenzene cross-links by the trans–

cis isomerization of the azobenzene chromophore. It should

also be noted that the degree of deformation was also very

small in these systems, around 0.2%.
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