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Photocontrollable Self-Assembly

Shiki Yagai,* Takashi Karatsu, and Akihide Kitamura[a]

Introduction

Beyond scientific curiosity, molecular self-assembly is cur-
rently recognized as the most powerful strategy in the devel-
opment of new functional materials requiring nanometer-
scaled molecular manipulation that is not achievable by a
conventional top-down approach.[1] Synthetically well-pro-
grammed molecular building blocks, with respect to the po-
sition of the noncovalent interactive sites, molecular shape,
rigidity, and amphiphilicity, provide sophisticated self-assem-
blies through noncovalent interactions.[2]

One ultimate goal for supramolecular chemists may be to
control molecular self-assembly under ambient conditions
by external inputs such as electricity, pH, redox potential,
magnetic field, and light. Control of the molecular self-as-
sembly by external light stimulus is advantageous, because

photochemical reactions occur very rapidly and thereby a
fast response can be obtained. Light is also advantageous in
view of its ready availability as a mild energy source.[3] As
epitomized by the vision, the use of the light-powered isom-
erization of organic molecules is the most reliable strategy
to convert photochemical energy to reversible physical
motion without waste.[4] Pertinent molecular design of the
building blocks, especially focusing on the orthogonal func-
tion of the binding sites and the photoresponsive units, re-
sults in smart self-assemblies with large photoresponses in
the structures and the assembling process. In this article, we
describe how we can use photoswitching molecules to con-
trol the self-assemblies with several illustrations of the azo-
benzene-introduced systems.

Photoresponsive Molecular Recognition Systems
Guide the Design Strategy toward the Creation of

Photocontrollable Self-Assemblies

The primary requirement for the power unit in photorespon-
sive supramolecular systems is the presence of large changes
in its molecular geometry or physical properties as a result
of the photochemical reaction. Synthetic accessibility is also
quite important. Azobenzene fulfills the above requirements
and is the most widely employed power unit in photorespon-
sive supramolecular systems. Since self-assembly is the accu-
mulation of the molecular recognition events between the
building blocks, the design strategies employed in photores-
ponsive molecular recognition systems can be directly ap-
plied to create photocontrollable self-assembly. With the fol-
lowing examples we describe how the isomerization of azo-
benzene can be applied to construct smart photoresponsive
molecular recognition systems.

Strategy 1: If the two phenyl rings of the azobenzene mole-
cule are modified with noncovalent binding sites, the rela-
tive position of the two binding sites is altered dramatically
by trans–cis isomerization. This strategy has been widely ap-
plied in photoresponsive molecular recognition systems,[5]

and is exemplified by the azobenzene/crown ether molecule
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1 used in the pioneering work of Shinkai (Scheme 1).[5a]

Molecule 1 shows butterfly-like motion accompanying the
trans–cis isomerization, in which only the cis isomer captures
large alkali-metal cations by the formation of sandwich-type
1:1 complex.

Strategy 2 : The second strategy is the use of aromatic stack-
ing interactions that occur favorably in the planar trans
isomer. A good example based on this strategy is the photo-
controlled hydrogen-bond-directed molecular recognition
system by Rotello et al. (Scheme 2).[6] Naphthaldiimide de-

rivative 3 complexes with photoresponsive receptor 2, which
contains trans-azobenzene. A relatively high association con-
stant (Ka =9750 m

�1 in CDCl3) indicates the cooperation of
DAD·ADA (D=donor, A =acceptor) hydrogen-bonding
and aromatic-stacking interactions between the trans-azo-
benzene moiety and naphthaldiimide 3. When the complex
is irradiated with UV-light, Ka decreases 16-fold due to the

depletion of the effective aromatic stacking interaction be-
tween the two chromophores.

Strategy 3 : If azobenzene can be incorporated into the posi-
tion neighboring the binding site, its large morphological
changes in isomerization will control the degree of steric
crowding around the binding site. The photoresponsive
pseudorotaxane system shown in Scheme 3 is a good exam-

ple based on this strategy.[7,8] Xanthene derivative 4, featur-
ing trans-azobenzene, cannot function as a host molecule for
the lactam guest 5 (Ka<1 m

�1 in CDCl3), because the azo-
benzene moiety sterically blocks the amide binding sites of
4. Upon irradiation with UV-light, 4 converts to a suitable
host molecule for 5 (Ka =5200 m

�1), because the amide bind-
ing sites are now in an “open” state concomitantly with the
trans!cis photoisomerization of the azobenzene moiety. In
contrast to this example, careful molecular design makes it
possible to construct photoresponsive molecular recognition
systems, in which the trans isomer acts as a sterically favor-
able substituent and the cis isomer as an unfavorable one. In
both the cases, the introduction of sterically demanding sub-
stituents at the end of azobenzene may enhance the differ-
ence of steric crowding between the trans and cis states.

Scheme 1. Butterfly-like motion of the azobenzene-crown ether 1. A
large alkali-metal cation is selectively captured by the cis isomer.

Scheme 2. Photocontrolled molecular recognition between 2 and 3.

Scheme 3. Photocontrolled pseudorotaxane formation between 4 and 5.
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Photocontrollable Self-Assemblies Based on
Strategy 1: Photoswitchable Self-Assembling

Architecture

Under the ambient conditions, well-designed molecular
building blocks usually self-assemble into one supramolec-
ular architecture. Alteration of the supramolecular architec-
ture requires modification of the building blocks. If two (or
more) geometrical isomers of a photoresponsive molecular
building block are capable of forming distinct supramolec-
ular structures, then strategy 1 enables the creation of specif-
ic self-assemblies, the supramolecular structures of which
are photochemically switchable. Ghadiri et al. established a
prominent photoswitchable self-assembly based on this
strategy.[9] Azobenzene derivative 6 tethering two cyclic oc-
tapeptides as multiple hydrogen-bonding sites was designed
and synthesized (Scheme 4). The trans isomer of 6 forms
linear and polydisperse hydrogen-bonded assemblies in
chloroform. UV-light irradiation of the solution of the linear
species resulted in switching to the intramolecularly hydro-
gen-bonded closed species with butterfly-like motion of the
molecule, as evidenced by NMR studies. Interestingly, pho-
togenerated closed species showed remarkable resistence to
cis!trans thermal isomerization, owing to the multiple in-
tramolecular hydrogen-bonding interactions. An analogous
effect was found in the photochemistry of 1.[5a]

Sleiman and co-workers also established an excellent pho-
toswitchable self-assembly based on strategy 1, yet the mo-
lecular building block is very simple (Scheme 5).[10] In this
system, two geometrical isomers of azobenzene dicarboxylic
acid derivative 7 form dramatically different superstructures
by using intermolecular hydrogen-bonding as well as aro-
matic stacking interactions. In noncompeting solvents such
as chloroform and dichloromethane, the trans isomer forms
linear tapelike aggregates. In contrast, the photogenerated
cis isomer was found to form discrete tetramer, which hier-
archically associates into rodlike superstructures through ef-
fective aromatic stacking. The rodlike superstructures were
visualized by transmission electron microscopy. This is a
rare example in which the bent conformation of cis-azoben-
zene is dexterously utilized to construct a well-defined self-
assembly that can persist in solution.[11] As a consequence of
the formation of the hydrogen-bonded tetramer, thermal
cis!trans isomerization of 7 in noncompeting solvents
showed large enthalpic barriers in comparison with those in
competing solvents such as dimethylsulfoxide and methanol.
It should be emphasized that thermally unstable cis-azoben-
zene derivatives can be stabilized if they are successfully
embedded in self-assembled scaffolds.

Scheme 4. Schematic representation for the photoswitchable self-assembly of azobenzene/cyclic octapeptide 6.
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Photocontrollable Self-Assemblies Based on
Strategy 2: Photoregulated Formation of

Biomolecular Assemblies and Synthetic Extended
Assemblies

Strategy 2 has been effectively utilized to photocontrol the
association and dissociation of biomolecular aggregates. In
1985, Pieroni et al. reported photocontrolled aggregation of
poly(l-glutamic acid) containing azobenzene side chains.[12]

The polypeptide undergoes intermolecular aggregation in
aqueous solution by means of hydrophobic interactions be-
tween the planar, nonpolar trans-azobenzene side chains as
the main driving force. UV-light irradiation induces the isom-
erization of side chains to the bent, polar cis isomers, disso-
ciating the polypeptide aggregates through the decrease of
solvophobicity as well as the depletion of the effective aro-
matic stacking interaction.

As a related example, Asanuma and Komiyama establish-
ed the photocontrolled self-assembly of DNA duplex[13a] and
triplex[13b] using synthetic oligonucleotides featuring azoben-
zene side chains (Scheme 6). In the case of the duplex
system, they showed that the melting temperature (Tm) of
the duplex between the oligonucleotide 5’-AAAXAAAA-3’
(X denotes the residue bearing azobenzene side chain) and
the complementary strand 5’-TTTTTTTT-3’ changed drasti-
cally accompanying the trans–cis photoisomerization of the
azobenzene moiety (Tm =24.8 8C in trans and 15.9 8C in cis).
It was suggested that the absence of sufficient aromatic
stacking interaction between the cis-azobenzene with the ad-
jacent DNA bases destabilizes the duplex. Based on this ob-
servation, phototriggered dissociation/reconstitution of the
duplex was realized at the temperature between Tm (trans)
and Tm (cis).

The linear and planar morphology of trans-azobenzene is
compatible with the molecular requirements for the amphi-
philic molecules, creating membranous assemblies such as
micelles and vesicles. The introduction of amphiphilic azo-
benzene derivatives into membranous systems thus offers
the possibility to photochemically control the structure and
destruction/reconstitution of membranous assembly based
on strategy 2; trans-azobenzene amphiphiles stabilize the
membrane by the effective aromatic stacking interaction,
while bent morphology of cis-azobenzene amphiphiles is un-
favorable for regular alignment required for the formation
of membrane.

Several groups have reported azobenzene-containing am-
phiphilic molecules as exemplified in Scheme 7.[14–18] Amphi-
phile 8 forms membranous globular aggregates, which can
be observed by electron microscope measurements.[14] Upon
irradiation of UV-light, globular aggregates were trans-
formed to the short rodlike aggregates accompanying the
trans!cis photoisomerization. The globular aggregates were

Scheme 5. Schematic representation for the photoswitchable self-assembly of azobenzene dicarboxylic acid derivative 7.

Scheme 6. Photoisomerization of azobenzene-incorporated DNA.
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recovered by subsequent visible-light irradiation (or thermal
isomerization).

Amphiphiles 9–12 were used by mixing in vesicles com-
posed of nonchromophoric amphiphiles in the aim of photo-
regulation of vesicle destruction and reconstitution.[15–18] In
all cases, UV-light-induced destruction of the vesicles was
confirmed by a leakage experiment of the entrapped mole-
cules. In the cases of 9–11, photoinduced destruction of the
vesicles was visually observed in electron microscopic mea-
surements. The authors who studied amphiphiles 11 and 12
suggested that the photoresponse of the azobenzene amphi-
philes in the vesicles are strongly dependent on their aggre-
gated state.[17,18]

As counterparts of the self-assembly of azobenzene am-
phiphiles in aqueous conditions, self-assemblies of the azo-
benzenes 13[19] and 14[20] (Scheme 8) possessing crystalliza-
tion-avoiding aliphatic side chains in organic solvents afford
photoresponsive organogels.[21] In these systems, the photo-
response of the assemblies was visibly discernible by the re-
versible gel–sol transition upon the irradiation of UV (gel!
sol) and visible light (sol!gel). In both 13 and 14, CD stud-
ies revealed that the cis isomers cannot regularly align. In-
terestingly, in the case of 14, photoinduced hydrogen-bond
breaking (gel!sol) and reforming (sol!gel) of the amide
groups was confirmed by IR measurements.

Photocontrollable Self-Assemblies Based on
Strategy 3: Photoregulated Formation of Discrete

Aggregates

In spite of the successful photocontrol of the polydisperse
extended self-assemblies described above, studies on the
photocontrol of monodisperse discrete self-assembly with
well-defined shape, such as dendritic architecture, have not
appeared so far except for our examples described
below.[22,23] Indeed, it seems difficult to construct discrete
self-assemblies with azobenzene as a main molecular scaf-
fold. In this context, for discrete systems, strategy 3 is reli-
able, because azobenzene can be introduced to the already-
established self-assemblies as a “substituent”. To effectively
transduce the photoinduced motion of azobenzene to the
change of steric information in the molecular recognition
event, self-assemblies that are under the control of severe
substituent effects are desired. From this viewpoint, hydro-
gen-bonded self-assembly between melamine and barbitu-
rate (or cyanurate) is a reasonable system to fulfill such a
requirement (Scheme 9). This system shows interesting sub-
stituent effect on the aggregate formation, which was in-
tensely studied by Whitesides and co-workers.[24] Briefly, the
introduction of sterically demanding substituents to mel-
amine (R’ in Scheme 9) leads to the preferential formation
of the cyclic hexamer (rosette) over the competing linear
tapelike aggregates (tape). The mechanism of this substitu-
ent effect remains controversial.[25] It is possible to photo-
control the aggregate species if azobenzene is introduced as
a steric-crowding-controllable substituent.

Thus, azobenzene-appended melamine 15 was prepared
and its co-aggregation with 5,5’-diethylbarbituric acid (17) in
CDCl3 was investigated (Scheme 10).[22] For 15, steric crowd-
ing of the N-substituents increases with trans!cis isomeriza-
tion in the aggregated state (Scheme 11). When two azoben-
zene moieties were in the trans conformation, formation of
rosette 153·173 was confirmed by NMR investigation. Ro-
sette 153·173 was found to be thermodynamically unstable
and slowly transformed into insoluble tapelike aggregates,
giving rise to irreversible precipitation. The 100 h aging re-
sulted in the transformation of 80 % of rosette into tapes.
This observation demonstrates that the steric crowding of
the trans-azobenzene moiety in 15 is not enough to retain

Scheme 7. Molecular structures of the azobenzene-containing amphiphilic
molecules 8 by Kunitake,[14] 9 by Sakai,[15] 10 by Yianni,[16] 11 by Whit-
ten,[17] and 12 by Engberts.[18]

Scheme 8. Molecular structures of the photoresponsive organogelators 13
by Shinkai[19] and 14 by Tamaoki.[20]
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the rosette structure in the solution, allowing the formation
of linear tapes as thermodynamic products.

In the conventional synthetic approach, this irreversible
rosette!tape transformation can be avoided by the intro-
duction of more sterically demanding substituents such as a
4-tert-butylphenyl group into the amino groups of mel-
amines.[24a] For melamine 15, however, the steric crowding
of the substituents can be increased by external light input
even after the preparation of the assembly. UV-light irradia-
tion of the freshly prepared solution of 153·173 converted

80 % of trans-azobenzene into
the cis isomer at the photosta-
tionary state, without sacrificing
the rosette structure. The re-
sulting cis-azobenzene thermal-
ly isomerized to the trans
isomer with a half decay period
of 70 h. Remarkably, no precip-
itation was observed over 300 h
after the UV-light irradiation.
This result strikingly demon-
strates that the cis-azobenzene
moiety in 15 acts as a sterically
demanding substituent, avoid-
ing the irreversible rosette!
tape transformation (Scheme 12).

Having established the fact
that the isomerization of the
azobenzene introduced to the
melamine component indeed
affects its aggregation with its
complementary partner, our

study was directed toward more direct photocontrol of the
hydrogen-bonded assembly. The discrete nature of the ro-
sette assembly is quite intriguing from its applicability to the

Scheme 9. Two supramolecular architectures formed from the coaggregation between N,N’-disubstituted mel-
amine and barbiturate.

Scheme 10. Molecular structures of azobenzene-appended melamines 15
and 16 and barbiturates 17 and 18.

Scheme 11. Isomerization of azobenzene-appended melamine 15.

Scheme 12. Schematic illustration of the photoresponsive aggregation be-
tween 15 and 17.
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core of self-assembling dendrimers.[26] Since dendrimers act
as hosts for guest encapsulation,[27] the stimuli-induced for-
mation and deformation[28] of the dendritic architectures
have significant meaning. Self-assembling dendrimers are
capable of achieving such functions in an effective manner,
that is, formation/dissociation of the dendrimers from/into
the dendrons. With the achievement of the stimuli-induced
formation of dendrimers in our mind as a final goal, we in-
troduced tris(dodecyloxy)phenyl (TDP) wedges into the
melamine and barbiturate components (15!16 and 17!18).
The introduction of this bulky substituent enhances the
effect of the azobenzene isomerization on their aggregation
based on strategy 3. On the one hand, trans-azobenzene in
16 directs the TDP wedge toward the opposite side of the
hydrogen-bonding site (Figure 1, left), thereby allowing the

formation of the rosette with complementary 18. On the
other hand, bent cis-azobenzene in 16 inhibits the complexa-
tion with 18 by directing the bulky TDP wedge toward the
interactive site (Figure 1, right).

When the two azobenzene moieties were the trans isomer,
melamine 16 aggregated with 18 to form remarkably stable
rosette 163·183 in chloroform, toluene, and methylcyclohex-
ane as confirmed by 1H NMR spectroscopy, size-exclusion
chromatography (SEC), dynamic light scattering, and UV-
visible measurements. In sharp contrast to the rosette
163·183, no irreversible rosette!tape transformation was ob-
served over a period of one month. In sharp contrast to ro-
sette 153·173, trans!cis isomerization of azobenzene arms in
163·183 upon irradiation of UV-light (370 nm) is drastically
suppressed; the trans/cis ratio was only 76:24 at the photo-
stationary state. The solvent and the concentration had no
effect on the trans/cis ratio as long as the stoichiometric for-
mation of the rosette was established. This indicates that the
suppression of the trans!cis isomerization comes from in-
trinsic steric crowding in a rosette accommodating a total of
27 of the exterior dodecyl side chains.

The above results suggests that when compound 16 pos-
sesses two cis-azobenzene (cis,cis-16) moieties, it cannot ag-

gregate with 18. Thus, preliminary photogenerated cis,cis-16
(94 % isomeric purity) was mixed with 18 in toluene and the
formation of rosette species was analyzed by SEC. As ex-
pected, no peak corresponding to the rosette was detected,
indicating cis,cis-16 and 18 existed in a monomeric pool. The
formation of the rosette is supposed to be hampered by the
severe intermolecular steric interaction between the TDP
wedges. This result closely relates to the self-assembling
dendrimer systems in which increasing generation of den-
drons destabilizes the stability of dendrimers by steric inter-
action between the dendrons.[26b,c] The monomeric pool of
cis,cis-16 and 18 could be retained by keeping the solution
at 0 8C, which suppresses the thermal cis!trans isomeriza-
tion.

The high (SEC-detectable) stability of the rosette 163·183

enable us to chase the phototriggered formation of the ro-
sette by SEC. Figure 2 shows the SEC data obtained upon

irradiation of the monomeric pool of cis,cis-16 and 18 with
visible light (450 nm). The concentration of the rosette in
the solution is completely controlled by the irradiation of
the visible light. Owing to this large photoinducible morpho-
logical change of 16, phototriggered self-assembly of dis-
crete aggregates could be achieved (Scheme 13).

Perspectives

Given the desire to control dynamic molecular self-assembly
by facile external input, creation of photoresponsive supra-
molecular systems is emerging as an active research topic.
Careful incorporation of photoswitching molecules, one of
which was described in this article, imparts great photores-
ponse to the self-assemblies without spoiling their intrinsic
association ability. If we can impart some function to the
self-assembled state, the desired function can be achieved in
a controlled manner.

Figure 1. Morphological change of 16 on the trans–cis isomerization of
the azobenzene moieties (energy-minimized by MM + force-field calcula-
tion).

Figure 2. Phototriggered self-assembly of the rosette 163·183 detected by
SEC.
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Recently, molecular-level tools have been fabricated from
photoswitching molecules. As examples of azobenzene use,
molecular scissors[29] and hinges[30] have been exploited. In
these molecular-size tools, the geometrical changes in the
isomerization of azobenzene are converted to more precise
mechanical motions by covalent modification. Use of these
molecular tools as photoresponsive units may facilitate
more precise photochemical control of self-assemblies.

Our further interest is in imparting the wavelength-de-
pendent photoresponse (more than three wavelength re-
gions) to the assembly, so that stimulation by one specific
wavelength moves the assembly to a specific state. Such a
“multi-input” function requires 1) self-assemblies capable of
forming diverse supramolecular structures or superstructures
(including hierarchical association) and 2) conjugation of
different photoswitching molecules stimulated by different
light energy.[31] Moreover, sequential signal transfer initiated
by phototriggered self-assembly, mimicking the principle of
vision, is a target and will be exploited in the foreseeable
future.
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