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The creation of photo-modulated multi-state and multi-scale molecular self-assemblies was realized

by the ingenuous utilization of a binary-state molecular switch, sodium (4-phenylazo-phenoxy)-acetate

(AzoNa). Depending on the irradiation time, the binary state of the azobenzene group (i.e. trans/cis

isomerization) can be exploited to generate multi-state nanostructures (including wormlike micelle,

vesicle, lamellar structure, small micelle) by the coupling of conventional surfactant CTAB. Meanwhile,

the conformation transition of azobenzene at molecular scale (��A), stimulated by light input can be

amplified to regulate molecular architectures at mesoscopic scale (from nanometer to micrometer),

leading to significant changes in solution property at macroscopic scale (naked-eye visible scale). By

exposing to UV or visible light, the multi-state and multi-scale molecular self-assemblies can be

reversibly controlled. It is proposed that light-triggered structural changes in the dipole moment and

geometry of azobenzene group, which impart a significant effect upon molecular packing of surfactant

aggregates, were responsible for this peculiar phenomenon.
Introduction

Nature has the unique power to assemble molecules in an elegant

and efficient manner of multiple weak noncovalent interactions

(including hydrogen bond, salt bridges, hydrophobic effect,

electrostatic interaction, and metal–ligand coordination), to

fabricate sophisticated structures. Inspired by the complexity

and diversity of molecular architectures in nature, chemists are

facing the problem of how to manipulate molecules in order to

construct artificial structures of similar perfection and func-

tionality.1 The external input that can be exploited to control

molecular assembly involves pH,2 light,3 temperature,4 electric,5

redox,6 ultrasound,7 salinity,8 etc.

Among these external stimuli, light is expected to be more

advantageous and of significant importance. First, vision and

other light-triggered biochemical transformations, such as pho-

tomovement at various biological levels, photomorphogenesis,

and conversion of light energy into chemical energy in plants,

represent sophisticated biological processes in which optical

signals are recorded and transduced as physicochemical events.9

Second, in contrast to redox regent, pH change, salinity and

stress, light signal can be operated in a clean environment free of

any additional reagent. Third, light input is the most reliable

strategy to tailor molecular assembly in view of its ready
aBeijing National Laboratory for Molecular Sciences (BNLMS), College
of Chemistry and Molecular Engineering, Peking University, Beijing,
100871, China. E-mail: jbhuang@pku.edu.cn; Fax: +86-10-62751708;
Tel: +86-10-62753557
bCAS Key Laboratory of Photochemistry, Institute of Chemistry, Chinese
Academy of Sciences, Beijing, 100080, People’s Republic of China
cState Key Laboratory of Polymer Physics and Chemistry, Institute of
Chemistry, Chinese Academy of Sciences, Beijing, 100190, PR China

† Electronic supplementary information (ESI) available: Synthesis of the
azobenzene derivative. See DOI: 10.1039/b916721h

902 | Soft Matter, 2010, 6, 902–908
availability as a mild energy source.10 Also, another advantage of

light over electric or ultrasound is that, light can be directed at

a precise spatial location; this becomes especially valuable in

nanoscience and nanotechnology applications, such as sensor

systems, nanoelectronics, microfluidic, information storage and

MEMS devices.11

Therefore, light is considered as an ideal external trigger signal

to manipulate molecular assemblies at different hierarchical

levels. The research interest involves host–guest chemistry,

surfactant self-assembly, molecular machines, surface chemistry,

controlled drug release, etc. For example, Sakai has controlled

the formation and disruption of vesicles by light input in aqueous

mixtures of a azobenzene-modified cationic surfactant and an

anionic surfactant.12 Whitten has described the supramolecular

aggregates of a series of azobenzene-contained phospholipids

and related compounds in bilayer assemblies and other micro-

heterogeneous media.13 Raghavan and coworkers provided

a new class of photorheological fluids that undergo wormlike

micelles to short cylindrical micelles transition.14 Eastoe has

utilized UV light to change the ordering in lyotropic lamellar

(La) phases.15

Despite the number of studies dedicated to investigations of

photo-modulated molecular assemblies, there are still open

questions remained to be addressed. In most cases, the light

signal was translated into discrete ‘‘On’’ and ‘‘Off’’ states of

molecular or supramolecular assemblies in a giving system such

as photo-mediated aggregation/disaggregation processes,

hydrophobic/hydrophilic surface, sol–gel transition, random

coil/a-helix transitions, capture/release of guest molecules, and

organized nanostructures with two distinct morphologies. This

mainly originates from the fact that, light-active compounds

usually exhibit two states such as trans/cis isomerization in

azobenzene, open/close form in diarylethene, monomer/dimer

transition in thymine. On the other hand, in these reports, light
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was mainly utilized to control molecular self-assembly in the

microscopic scale. Nevertheless, the ultimate object of modern

chemistry is to manipulate or assemble molecules into complex

molecular architectures with morphological diversity at every

level.

Stimulated by the curiosity in this field, we are interested in the

creation of light-modulated multi-scale and multi-state molec-

ular self-assemblies. In this paper, the peculiar light-active self-

assembled system, consisting of azobenzene derivative and

conventional surfactant, can exhibit four distinct states

depending on illumination time. Combined with the result of

transmission electronic microscopy (TEM), rheology, polarizing

optical microscopy (POM), dynamic light scattering (DLS),

small angle X-ray scattering (SAXS) and macroscopic appear-

ance, we have demonstrated that diverse molecular self-assem-

blies including small micelle, wormlike micelle, global vesicle,

and lamellar structures can be regulated by UV light, accompa-

nied by the variation of solution properties, e.g. rheology, flow-

ing birefringence, and phase separation. Moreover, both

microstructures and solution properties can be reverted by

further stimulation of visible light.
Experiments and materials

Materials

Cetyltrimethylammonium bromide (CTAB) was recrystallized

five times from acetone. The purity of the surfactant was exam-

ined and no surface tension minimum was found in the surface

tension curve. 4-hydroxyl azobenzene was bought from Alfa

Aesar. The synthesis of sodium (4-phenylazo-phenoxy)-acetate

(AzoNa) is described in the Supporting Information (ESI).†

Other reagents of AR grade were from Beijing Chemical Co. The

water used was redistilled from potassium permanganate con-

taining deionized water to remove traces of organic compounds.
Sample preparation

The CTAB solution was prepared by dissolving the surfactant

solid directly in the test tube. To this solution, a desired amount

of AzoNa was added and heated until totally soluble. After

stirring for several minutes, the sample was thermostated at

30 �C to reach equilibrium.
Photoisomeric experiments

For light-triggered trans/cis transition, solution samples were

irradiated with 365 nm UV light from a Spectroline FC-100F

fan-cooled, long wave UV lamp. The power of the mercury arc

lamp was 100 W. Samples (5 mL) were placed in a quartz tube,

and irradiation was applied for a specific duration under stirring.

For cis/trans transition, irradiation by visible light was per-

formed using a 200-W incandescent light bulb (>440 nm).
Solubility investigation

The solubility of AzoNa isomers in water at 30 �C was deter-

mined as follows: an excess amount of AzoNa compound was

added to deionized water, and the solution was heated and stir-

red for 2 h, followed by equilibration at 30 �C for 12 h. The
This journal is ª The Royal Society of Chemistry 2010
resulting solution was filtered through a 0.20-mm membrane filter

of hydrophilic PVDF in order to remove the unresolved

precipitate. The UV-vis absorbance was measured and converted

to the concentration value determined from a calibration curve.

Absorbance measurements

The UV-vis absorbance measurements of solution were carried

out on the spectrophotometer (Cary 1E, Varian Australia PTY

Ltd.) equipped with a thermostated cell holder. The UV-vis

measurements were all carried out at 30 �C.

Transmission electron microscopy

Fracturing and replication were carried out in a freeze-fracture

apparatus (BalzersBAF400, Germany) at �140 �C; Pt/C was

deposited at an angle of 45� to shadow the replicas, and C was

deposited at an angle of 90� to consolidate the replicas; the

resulting replicas were examined in a JEM-100CX electron

microscope. TEM micrographs were obtained with a JEM-

100CX II transmission electron microscope (working voltage of

80–100 kV).

Cryo-TEM

A small drop of sample was placed on a copper grid, and a thin

film was produced by blotting off the redundant liquid with filter

paper. This thin film was then quickly dipped into liquid ethane,

which was cooled by liquid nitrogen. Observation of the cryo-

sample was carried out at �183 �C.

Rheology measurements

The rheological properties of the samples were measured at 30 �C

with a ThermoHaake RS300 rheometer (cone and plate geom-

etry of 35 mm in diameter with the cone gap equal to 0.105 mm).

A solvent trap was used to avoid water evaporation. Dynamic

oscillation experiments were obtained in the linear viscoelastic

regime of each sample as determined by dynamic stress-sweep

experiments. For measurements with the light-illuminated

surfactant solution, the sample was loaded in near-dark condi-

tions, and the rheometer was covered to prevent conversion to

the trans-form by ambient light.

Polarization optical microscopy

The photographs of birefringence in surfactant solution were

taken by a polarization microscope (OLYMPUSBH-2).

Small angle X-ray scattering

Small Angle X-ray Scattering was performed by SAXSess

(Anton-Paar, Austria, CuKa, l ¼ 0.154 nm) in situ, in which the

sample was sealed in quartz capillary tubes.

NMR spectroscopy

NMR measurements were performed on a Bruker NMR spec-

trometer (resonance frequency of 400 MHz for 1H) operating in

the Fourier transform mode. For NMR measurements, samples

were prepared in D2O.
Soft Matter, 2010, 6, 902–908 | 903



Fig. 2 (a) UV-vis absorption spectra of AzoNa solution (0.1 mM) at

different time of UV irradiation; (b) the absorbance at 344 nm of AzoNa

solution by alternate irradiation at UV and visible light, respectively.
Dynamic light scattering

To prepare dust-free solutions for light scattering measurements,

the solutions were filtered through a 0.20-mm membrane filter of

hydrophilic PVDF into light scattering cells before the

measurements. The light scattering cells had been rinsed with

distilled acetone to ensure a dust-free condition before use. DLS

was performed with a spectrometer (ALV-5000/E/WIN Multiple

Tau Digital Correlator) and a Spectra-Physics 2017 200 mW Ar

laser (514.5 nm wavelength). The scattering angle was 90�, and

the intensity autocorrelation functions were analyzed by using

the methods of Contin.

Fluorescence measurement

Steady-state fluorescence spectra were obtained with an Edin-

burgh FLS920 fluorescence spectrophotometer. In these studies,

a fixed amount (5.0 mM) of the fluorescent probe Nile Red was

added into surfactant solution. The excited wavelength of Nile

Red was 575 nm and the emission intensity was monitored.

Result and discussion

Photo-triggered tran/cis isomerization of AzoNa

The anionic azobenzene derivative AzoNa, which may undergo

trans/cis transition as triggered by UV light, was synthesized

(Fig. 1a). Before UV illumination, there is about 89% trans-

content in the solution as calculated from 1H NMR spectrum of

aromatic protons in azobenzene group (Fig. 1b). After UV illu-

mination, the aromatic protons of the cis-azobenzene shift

further upfield than those of the trans-azobenzene due to the

magnetically anisotropic effect (Fig. 1c). The amount of trans

content was reduced to 8% while the cis content can increase to

92% after UV illumination.

The trans/cis transition can be further evidenced by UV-vis

spectra (Fig. 2a). Before irradiation, the spectrum is dominated

by the 344 nm absorption which is ascribed to p–p* absorption

band of the trans-azobenzene moiety. As UV irradiation

proceeds, the 344 nm absorption band decreases with concomi-

tant increase of the p–p* and n–p* bands of the cis isomer at

around 290 nm and 460 nm, respectively. A photostationary

state was attained within 30 min. When the irradiated solution

was then exposed to visible light, the trans-azobenzene can be

reverted to cis-azobenzene. The trans/cis isomerization of the

azobenzene unit in AzoNa could be repeated many times without

decomposition of the components (Fig. 2b). Therefore it is

anticipated that AzoNa can be developed as a binary-state
Fig. 1 (a) The molecular structure of AzoNa. (b) and (c) 1H NMR spectra

of AzoNa in D2O before and after UV light irradiation, respectively.
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molecular switch for constructing photo-modulated molecular

assemblies.
Photo-regulated multi-state and multi-scale molecular self-

assemblies

Usually, light-active systems are mainly consisting of single

component, which results in molecular self-assemblies lacking in

diversity and complexity. Dual-component or multi-component

self-assemblies built on multiple weak interactions, however, are

expected to open up a multitude of new chances. An outstanding

example is the mixture of cationic-anionic surfactants system

(‘‘catanionic’’ mixed surfactant system), which offers an attrac-

tive approach for constructing complex self-assembled nano-

structures including globular micelles, cylindrical micelles, long

threadlike micelle, vesicle, discs, and large lamellar sheets.16

Inspired by this consideration, we have designed a photo-active

pseudo cationic-anionic surfactant system, in which the binary-

state molecular switch AzoNa (anionic component) was coupled

to the conventional cationic surfactant CTAB. Interestingly, the

self-assembled system of 30 mM CTAB and 50 mM AzoNa can

undergo four distinct states as a function of UV irradiation time

(Fig. 3). As UV illumination time increases, the sample can

experience viscoelastic solution with flowing birefringence

(wormlike micelle), biphasic solution (coexist of vesicle and

lamellar structure), viscoelastic solution without flowing bire-

fringence (wormlike micelle) and water-like solution (small

micelle). In this section, the self-assembled molecular architec-

tures and phase behavior will be investigated combined with

multiple techniques.

Before UV illumination (donated as state one), the sample was

equilibrated under visible light to generate a transparent, gel-like

appearance (Fig. 4a). Upon tilting or mild tapping of the sample

vial, intense birefringence can be detected when viewed under
Fig. 3 Structural evolution and phase behavior in the solution of 30 mM

CTAB and 50 mM AzoNa varied with UV irradiation time.
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Fig. 4 Macroscopic appearance of CTAB/AzoNa solution before UV

irradiation (state one): (a) in the absence of polarizer; (b) tilted under

polarizer; (c) rest under polarizer. Fig. 6 Steady rheology of CTAB/AzoNa exposed to UV light for 0.5 h

(state two). The inset shows the macroscopic appearance of CTAB/

AzoNa solution: (a) in the absence of polarizer; (b) in the presence of

polarizer.

Fig. 7 Freeze fracture-TEM image of CTAB/AzoNa after exposed to

365 nm UV light at state two: (a) upper phase; (b) lower phase.
a crossed polarizer (Fig. 4b). On returning to the vertical posi-

tion, the birefringence disappears again (Fig. 4c). Dynamic and

steady rheology was further performed to investigate the flowing

properties of this solution. As Fig. 5a shows, the sample exhibits

typical rheological behavior of viscoelastic solution: at low

oscillating frequency, the storage modulus G0 was dominant;

while the loss modulus G0 0 was dominant at high frequency.

Steady rheology indicates the sample exhibits shear-thinning

behavior with a Newtonian plateau of around 80 PaS viscosity.

Combined with the result of viscoelasticity and flow-birefrin-

gence, it is suggested that long flexible wormlike micelles in the

CTAB/AzoNa solution. The entangled of wormlike micelle can

be responsible for high viscoelasticity.17 In a tilted state, the stress

imposed deformation from gravity can cause alignment of

wormlike micelle with the flow, which in turn leads to flow-

birefringence. When shear is stopped, the worms rapidly revert to

an isotropic state, and the birefringence disappears.18

When the sample was irradiated with 365 nm UV light for 0.5 h

(donated as state two), the homogeneous solution separates into

biphasic solution (see inset in Fig. 6). The upper phase has orange

color with slightly bluish while the bottom phase is dark yellow.

A strong birefringence can be detected under crossed polarizer

(see inset in Fig. 6). Rheological measurement reveals the

different flowing behavior of the upper and lower phase. As

shown in Fig. 6, the upper phase is water-like with low viscosity

while the lower phase exhibits shear-thinning behavior with

a high viscosity.

FF-TEM, SAXS, and POM were further employed to explore

the molecular self-assemblies. The FF-TEM image in Fig. 7a

demonstrates the formation of global vesicles with 40–70 nm

diameters in the upper phase, which is in coincide with rheo-

logical result. On the contrary, FF-TEM gives clear evidence of
Fig. 5 (a) Dynamic frequency sweep before UV irradiation showing

strongly viscoelastic response; (b) steady shear property before UV

irradiation with a Newtonian plateau and a shear-thinning behavior.

This journal is ª The Royal Society of Chemistry 2010
ordered lamellar structures in the lower phase (Fig. 7b), which is

responsive for the high viscosity and strong birefringence. A

typical Maltese crosses texture under POM was notable in the

lower phase (Fig. 8a), confirming the existence of lamellar

structures. Small Angle X-ray Scattering gives the quantitative

description of molecular packing in the lamellar structures. As

shown in Fig. 8b, a strong scattering signal (q ¼ 1.5 nm�1) could

be found, which corresponds to a d-spacing of 4.2 nm and agrees

well with double molecular length of CTAB (�2.1 nm). Hence, it

is believed that CTAB adapts ordered tail-to-tail packing in the

lamellar phase with AzoNa incorporating into surfactant head-

group (inset in Fig. 8b).

Further increasing UV irradiation time to 1.0 h results in

a homogeneous viscous solution as shown in the inset of Fig. 9a

(donated as state three). This solution shows evident
Fig. 8 Lamellar phase of the lower phase in CTAB/AzoNa solution

after exposed to 365 nm UV light at state two: (a) microscopy

under polarizer (scale bar ¼ 50 mm); (b) SAXS profile of the

lamellar phase.

Soft Matter, 2010, 6, 902–908 | 905



Fig. 9 a) Steady shear of the CTAB/AzoNa solution after exposing to

365 nm UV light for 1.0 h (state three). The inset represents the

appearance of the homogeneous solution. b) Cryo-TEM image of CTAB/

AzoNa solution at state three.

Fig. 10 (a) Steady shear and (b) dynamic light scattering of CTAB/

AzoNa solution after exposing to 365 nm UV light for 3.0 h (state four).

The inset in Fig. 10a shows the macroscopic appearance of the homo-

geneous solution.
viscoelasticity, but not strong enough to be detected with

dynamic oscillation experiment. Steady shear rheology in Fig. 9a

shows shear-thinning behavior with a viscosity of 0.2 PaS. Under

cross polarizer, no birefringence can be observed. The cryo-TEM

image clearly demonstrated wormlike micelle formation in this

viscoelastic solution (Fig. 9b). Dynamic light scattering reveals

a slow mode that may correspond to structural relaxation of

wormlike micelle network (Fig. S2).†

As the irradiation time increases to 3.0 h or longer (donated as

state four), a homogeneous and dark yellow solution was

obtained (see the inset in Fig. 10a). The steady shear result

manifests a Newtonian fluid with low viscosity. Dynamic light

scattering clearly demonstrates the existence of small aggregates

with the hydrodynamic radius of approximate 3 nm (Fig. 10b),

which is close to the extended length of CTAB molecule.

Combined with the result of rheology and DLS, it is reasonable

to believe that dispersed, small global micelle was formed at this

state.
Illustration of the multi-state and multi-scale self-assembled

process

Hence, we have for the first time created a photo-modulated

multi-state and multi-scale molecular self-assembled system in

the pseudo cationic-anionic surfactant solution by virtue of

binary-state molecular switch. At molecular level, the photo-

active azobenzene unit can undergo trans/cis isomerization. At

nanoscale level, distinct molecular architectures including long

flexible wormlike micelle, global vesicle, ordered lamellar struc-

ture, and small global micelle, can be precisely regulated by

a light signal. At macroscopic level, the sample can exhibit
906 | Soft Matter, 2010, 6, 902–908
homogeneous viscoelastic solution with birefringence, biphasic

solution, viscoelastic solution without birefringence, and water-

like fluids. What happens to the surfactant solution and how

does the light work?

It has been realized that molecular self-assemblies in the

cationic-anionic surfactant systems mainly aroused from tight

packing of oppositely charged surfactants, which is closely

related to the stoichiometry and steric factor of cationic/anionic

species. In the pseudo catanionic surfactant mixture of CTAB/

AzoNa, although the concentration of both CTAB and AzoNa

remains constant, the stoichiometry and steric factor in surfac-

tant aggregates can be changed by light illumination. This is

because, azobenzene can undergo photo-induced isomerism

accompanied by large structural change as reflected in the dipole

moment and change in geometry. The isomerization involves

a decrease in the distance between the para carbon atoms in

azobenzene from about 9.0 �A in the trans-form to 5.5 �A in the cis-

form. Likewise, trans-azobenzene has no dipole moment while

the dipole moment of the nonplanar cis-compound is 3.0 D.10 It

is believed that the difference in dipole moment can lead to the

variation of hydrophobic/hydrophilic balance of azobenzene

isomers. For example, in azobenzene-contained surfactants, the

greater hydrophobicity of trans-surfactant gives it a lower critical

micelle concentration.19 Specifically, it is found that trans-AzoNa

is highly hydrophobic with a solubility of 25 mM while light-

triggered cis-AzoNa is more hydrophilic with a solubility of

higher than 100 mM. Arising from electrostatic attraction and

high hydrophobicity, trans-AzoNa can strongly intercalate into

CTAB headgroup, which contributes to hydrophobic interaction

and the screen of electrostatic repulsion.20 In contrast, cis-AzoNa

cannot effectively penetrate into surfactant aggregates as

a consequence of hydrophilicity enhancement and fail to

promote close packing of cationic-anionic species due to bulky

steric limitation of cis-azobenzene.

Further experiments were conducted to confirm the above

proposal. First, the aggregate-promoting ability of trans- and

cis-AzoNa was distinguished by critical micelle concentration

or CMC obtained from conductivity data (Fig. 11a), wherein

the CMC value of CTAB/trans-AzoNa system (�0.055 mM) is

notably lower than that of CTAB/cis-AzoNa system (�0.13

mM). So it is believed that trans-AzoNa can better promote

surfactant aggregates. Second, the change in molecular packing

of CTAB/AzoNa aggregates caused by photo-triggered trans/

cis isomerization was clarified by steady florescence. Nile Red

was chosen as the fluorescence probe because its excitation

peak occurs at a long wavelength (575 nm) where absorption

by the azobenzene group is minimal21 and also because its

emission is very environment-sensitive.22 Nile Red fluorescence

intensity is much greater in hydrophobic environments than in

hydrophilic environment. Following excitation at 575 nm, the

fluorescence emission spectrum was measured for each sample

at different irradiation time. As shown in Fig. 11b, the initial

solution gives strong Nile Red emission while continuing UV

irradiation results in the decrease of fluorescence intensity.

When UV irradiation time reaches 3.0 h, the Nile Red emission

lowers to almost one eighth of the value before UV irradiation.

Apparently, trans-AzoNa can lead to tight packing of cationic-

anionic species while cis-AzoNa may cause loose molecular

packing.
This journal is ª The Royal Society of Chemistry 2010



Fig. 11 (a) Conductivity of CTAB/AzoNa (1 : 1 molar ratio) solution

before and after UV irradiation; (b) Steady fluorescence of Nile Red in

CTAB/AzoNa (30 mM/50 mM) as a function of UV irradiation time.
Combined with these results, we provide a possible scheme for

the occurrence of photo-modulated multi-scale and multi-state

molecular assemblies (Fig. 12). Before UV illumination (state

one), trans-AzoNa can intercalate into the paraside layer of

aggregates driven by electrostatic attraction and hydrophobic

effect.20 So the homogeneous visoelastic solution consisting of

negatively charged wormlike micelle was attained, in which

trans-AzoNa is in excess to CTAB. After further illumination of

UV light (state two), a portion of the trans-AzoNa transformed

into cis-AzoNa which is more hydrophilic and could not incor-

porate into surfactant aggregate. Consequently CTAB/trans-

AzoNa mixture in the aggregates approaches the equimolar ratio

and the aggregates charge was nearly neutralized, giving birth to

biphasic surfactant solution consisting of bilayer vesicle and

planar lamellae. In the lower phase, the cis-fraction of AzoNa is
Fig. 12 Representative scheme of photo-modulated multi-scale and

multi-state self-assembled systems.

This journal is ª The Royal Society of Chemistry 2010
about 32% (the estimation of cis-AzoNa is described in the

Supporting Information).† In the upper phase, the cis-fraction of

AzoNa is slightly higher than that in the lower phase; however,

the exact value cannot be obtained. After continuous UV light

illumination, the concentration of trans-AzoNa in solution was

further reduced and the amount of trans-AzoNa (�37%) is lower

than that of CTAB, leading to the formation of positively

charged cylindrical micelle and homogeneous solution (state

three). When trans-AzoNa was mostly converted into cis-AzoNa

(�83%), the electrostatic repulsive between CTAB headgroup

becomes dominating factor that limits closely packing of

surfactant molecule, resulting into positively charged global

micelle (state four). The zeta-potential value at this stage

(�3.0 mV) clarified the formation of positively charged micelle.

In a word, the trans/cis molar ratio of AzoNa is responsible for

the structural evolution of surfactant aggregates. In a comple-

mentary experiment, state two and state three can be created by

mixing the solutions in state one and state four at the mixing

proportions of 2 : 1 and 1 : 2, respectively.

To summarize, the photo-modulated multi-state molecular

assemblies with distinct morphologies can be elegantly achieved

via light stimulus. Meanwhile the photo-modulated multi-state

molecular assemblies can be also amplified to solution properties

at macroscopic scale. In addition, the photo-modulated self-

assemblies can be reverted by exposing to visible light.
Conclusions

In conclusion, we have for the first time designed a photo-

modulated multi-state and multi-scale molecular self-assembled

system by virtue of binary-state molecular switch. It is believed

that the light-triggered trans/cis transition at molecular level

can cause a large change in dipole moment and geometry of

AzoNa, which influences the molecular packing of CTAB/

AzoNa in the aggregates and leads to distinct molecular

architectures and phase behavior. Depending on UV irradia-

tion time, the self-assembled system can realize a four-state

transition, i. e. long flexible wormlike micelle, global vesicle,

planar lamellae, cylindrical micelle and small spherical micelle.

It is anticipated that the concept of photo-modulated multi-

state and multi-scale self-assembled system may be extended to

the related research area such as molecular device, logic gates,

and sensors.
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