
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

ChemComm

www.rsc.org/chemcomm

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal Name RSCPublishing 

COMMUNICATION 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 1  

Cite this: DOI: 10.1039/x0xx00000x 

Received 00th January 2012, 

Accepted 00th January 2012 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Multistimuli-responsive azobenzene nanofibers with 

aggregation-induced emission enhancement 

characteristics  

Mina Han,*
a
 Sung June Cho,*

b 
 Yasuo Norikane,

c
 Masaki Shimizu,

d
 Akinori Kimura,

d
 

Tomokazu Tamagawa,
d
 and Takahiro Seki

a
  

 

A new azobenzene-based chromophore was synthesized to 

create one-dimensional (1D) nanofibers with aggregation-

induced emission enhancement characteristics. The enhanced 

red fluorescence of the fibrous structures can be switched off 

via mechanical pressure, friction, or heat by pressing, 

rubbing, or annealing.  

Diverse nano/microstructures and their unique functions can be 

realized by delicately modulating the nature of organic compounds 

and their spatial arrangements. Design and creation of smart 

fluorescent materials capable of switching their fluorescence 

intensity and/or color in response to light, heat, friction and 

mechanical pressure have much attention due to their applications in 

optoelectronic devices, information storage, sensor, and actuators.1,2  

Azobenzene is a widely used photochromic compound, but it is 

known as a non-fluorescent chromophore (with a quantum yield f 

≈ 10−7–10−5).3 Nevertheless, very weak fluorescence has 

occasionally been detected from azobenzene derivatives in the 

following categories: (i) donor-acceptor substituted azobenzenes,4 

(ii) o- and p-hydroxy azo compounds,5 (iii) azobenzenes with bulky 

ortho substituents,6 (iv) trans-blocked azobenzenes,7 (v) self-

assembled aggregates8,9 (i.e., aggregation-induced emission 

enhancement [AIEE]10). AIEE is the opposite of aggregation-caused 

quenching that conventional -conjugated organic fluorophores 

commonly experience. Restriction of intramolecular rotation,10a,10d 

aggregation-induced planarization and head-to-tail molecular 

arrangement10b,10e are associated with the enhanced emission in the 

aggregated state. The number of AIEE-active azobenzene-based 

chromophores is exceedingly limited.8,9 Shimomura and Kunitake 

demonstrated that fluorescence at 600 nm is detected from 

azobenzene-containing bilayer membranes in which the transition 

dipoles of the azobenzene chromophores are aligned in a head-to-tail 

fashion.8a Han et al. recently described that linear azobenzenes with 

long alkyl chains slowly assemble into intensely fluorescent 

aggregates under UV light illumination.9a,9b Self-assembled 

spheres9a,9b and microrods8c composed of azobenzene chromophores 

are sufficiently fluorescent to be visualized by fluorescence optical 

microscopy. However, neither the elucidation of the underlying 

mechanism nor the design of multistimuli-responsive fluorescent 

azobenzenes has still been successfully achieved. Here we describe 

fluorescent one-dimensional (1D) nanofibers generated via the self-

assembly of new azobenzene-based chromophores. The crystalline 

fiber formation was accompanied by a significant red shift in the 

absorption bands and an approximately fourfold increase in 

fluorescence efficiency. Combining our experimental results with 

Rietveld refinement and density functional theory (DFT) 

calculations we provide important information on the molecular 

arrangement that determines not only the 1D molecular assembly but 

also the AIEE features. Interestingly, the red fluorescence of the 

crystalline fibers can readily be switched off by pressing, rubbing, or 

annealing. 

Taking into account a balance of steric constraints, hydrogen 

bonding, and  stacking interactions, we synthesized a trigonal 

azobenzene derivative (3N1, Fig. 1a and Supporting Information), in 

which three phenyl rings are connected to a central 1,3,5-

trihydroxybenzene core via azo (–N=N–) groups. Due to the 

sterically crowded 4-bromo-2,6-diethylphenyl groups, the central 

aromatic core cannot be coplanar with the three surrounding 

aromatic rings, as supported by DFT calculations (Fig. S3). The 

simple trigonal compound tends to assemble into cyrstalline 1D 

 

Fig. 1  (a) Chemical and optimized 3N1 structure using B3LYP/6-

31G(d), and schematic representation of the 1D assembly. (b) SEM, (c) 

OM and the corresponding (d) FOM (ex = 520–550 nm) images of 1D 

nanofibers (see also Fig. S4). The inset photograph in Fig. 1b shows a 

largely entangled 3N1 agglomerate. 
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structures (cylindrical rods and/or fibers)11 due to the balance 

between the steric constraints from the three surrounding aromatic 

rings and noncovalent interactions such as hydrogen bonding and 

 stacking. 

To prepare the 1D structures, we added water to a 3N1 

tetrahydrofuran (THF) solution with gentle stirring. The THF/H2O 

solution became opaque with increasing water content. Subsequently 

tiny red floaters observable with the naked eye formed. Stirring for 

several more seconds yielded a largely entangled agglomerate, 

which eventually separated from the transparent solvent mixture 

(inset photograph in Fig. 1b).  

We examined the aggregation behavior by taking aliquots of the 

entangled agglomerates and characterizing their shape and size by 

scanning electron microscopy (SEM), optical microscopy (OM), and 

fluorescence optical microscopy (FOM) observations. The SEM 

images in Fig. 1b and Fig. S4 contain fibrous structures that are 

approximately 100–200 nm thick and over several tens of 

micrometers long. Even at higher concentrations, the elongated 

nanofibers were relatively uniform in their thickness and did not fuse 

to one another to produce thicker structures (e.g., micrometer- or 

macrometer-sized). Notably, the FOM image (Fig. 1d) 

corresponding to the OM image shown in Fig. 1c reveals that the 

fibers can easily be identified by their red fluorescence when excited 

with green light. 

Regardless the excitation wavelength (460–520 nm), 3N1 in 

THF solution exhibits weak fluorescence at around 560 nm (with a 

fluorescence quantum yield of 0.002).12 Importantly, the formation 

of nanofibers by addition of water to the 3N1 solution (THF/H2O = 

1/1, v/v) increases the fluorescence intensity together with a 

noticeable red shift of the maximum wavelength to 608 nm (Fig. 2a). 

The absolute fluorescence quantum yield of the dried fibers was 

0.008, which is four times higher than that of the THF solution. This 

increased fluorescence efficiency confirms that 3N1 is AIEE-active.  

Fig. 2b shows the absorption spectral changes before and after the 

formation of the 1D fibers. The absorption band centered at 362 nm 

is attributed to a * transition of the azobenzene unit. The 

stronger band at 476 nm presumably originates from the energetic 

proximity of the (*) and (n,*) states not only due to the charge 

transfer character of donor-acceptor substituted azobenzene, but also 

due to intramolecular O―H…N hydrogen bonding interactions (Fig. 

S3).3 In addition, the forbidden n* transition for planar trans-

azobenzene becomes partially allowed for distorted trans-

azobenzene, which increases the molar extinction coefficient.3,13 

After the formation of the 1D fibers, the * absorption band is 

remarkably red-shifted to 382 nm. A shoulder also appears in the 

545–565 nm range. We infer from these spectral changes that the 

3N1 molecules would be packed in an inclined fashion (i.e., J-

aggregation),14 which is supported by hydrogen bonding and  

stacking interactions between the aromatic rings. 

To understand the molecular arrangement responsible for the 1D 

molecular assembly and enhanced emission characteristics, we 

performed Rietveld refinement of the X-ray diffraction (XRD) 

pattern for the freshly prepared fibers. The Rietveld analysis exhibits 

the good fitting quality (Rp = 6.7%, Rwp = 9.2%, and GOF = 1.47),15 

as shown in Fig. 3E and Fig. S6. Interestingly, the 3N1 molecule in 

the crystalline fiber adopts a distinctive conformation: One phenyl 

ring (3 in Fig. 3A) lies out of the central aromatic core plane (0 in 

Fig. 3A). The two phenyl rings (0 and 3) are twisted by ~79° from 

planarity. Considering the distorted X-ray crystal structure for ortho-

diethylated azobenzene (with a torsion angle of 68°),16 such a high 

distortion seems acceptable. In sharp contrast, the remaining two 

phenyl rings (1 and 2 in Fig. 3A) become somewhat coplanar with 

the central aromatic core, although each phenyl ring (0, 1, and 2) 

 

Fig. 2   Changes in (a) fluorescence (excitation at 460 nm) and (b) UV-

vis absorption spectra before (2 × 10
−5

 M in THF, black line) and after 

(red line) formation of 1D fibers (2 × 10
−5

 M THF/H2O [1/1, v/v]).   

 

 

 

Fig. 3  (A) 3N1 adopts a partially planar conformation in a crystalline 

fiber, based on the Rietveld refinement of the XRD pattern for the fibers 

(Fig. 3E).  (B) Molecular packing diagram viewed along the b axis. (C) 

Packing structure. (D) Packing diagram viewed along the a axis. 3N1 

molecules are regularly packed along the b direction. (E) Rietveld 

refinement patterns for the fibers using XRD data at ambient 

temperature. The observed X-ray diffraction pattern (blue solid line) was 

compared to the calculated XRD pattern (red solid line) with the 

difference plot (black solid line). The Bragg positions are shown as black 

bars 
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maintains a split-level structure with respect to the azo group (Fig. 

3C).  

The molecular packing illustrations (Fig. 3C and 3D) depict that 

the respective 3N1 molecules have a mutually inclined arrangement 

with interlayer distances of 3.48 and 3.46 Å (2θ = 25.52 and 25.66°, 

respectively, see the XRD data in Fig. 3E), which forms cylindrical 

structures via  stacking interactions. The partially planar 3N1 

molecules are inclined with tilt angles of 46° and 50°. Both the 

conformational transformation from the distorted trigonal to partially 

planar form and the inclined molecular arrangement17 lead to a red 

shift in the * absorption band and an increase in the fluorescence 

efficiency. 

We next hypothesized that, if the red fluorescence enhancement is 

indeed due to the formation of the crystalline fibers, the fluorescence 

should be switched off by reducing the degree of crystallinity. To test 

this hypothesis, we simply pressed (or rubbed) the entangled fibers 

with a metal spatula. Amazingly, the color changed from dark red to 

bright red and the fluorescence intensity was noticeably reduced in 

the pressed (or rubbed) region, as clearly shown in OM and FOM 

images, respectively (Fig. 4).  

In addition to mechanical pressure and friction, annealing of the 

crystalline fibers above the melting temperature lowered the 

fluorescence intensity and eventually the red fluorescence almost 

disappears (Fig. 4c and Fig. S7). As expected from the previous 

reports,2 such external stimuli could probably alter the degree of 

intermolecular interactions and spatial arrangements of the 

individual components. Fig. 5 displays that the rubbed samples is not 

crystalline but rather an amorphous sticky paste, which suggests a 

possibly random molecular arrangement. The OM images taken as a 

function of annealing temperature offer direct evidence that the 

morphology of the rubbed samples begins changing near 150 °C, and 

they become liquid at 260 °C, unlike the crystalline fibers that melt 

at 260 °C. Thus these results indicate that the fiber crystallinity 

decreases due to the mechanical pressure, friction and heat caused by 

pressing, rubbing and thermal treatment, which alters the color and 

fluorescence intensity. The multistimuli-induced “fluorescence off” 

state reverts to the original state upon solvent-induced self-assembly. 

In summary, we have demonstrated red fluorescent 1D structures 

generated via the self-assembly of a new AIEE-active azobenzene 

chromophore. The combination of our spectroscopic results, DFT 

calculations, and the Rietveld refinement of the XRD data for the 

crystalline nanofibers reveals that the partially increased 

planarization and inclined arrangements of the chromophores are 

responsible for the red shift in the absorption bands and the increase 

in the fluorescence efficiency. The enhanced red fluorescence for the 

fibrous structures can be switched off by pressing, rubbing, or 

annealing. Our findings may be applicable to the development of 

stimuli-responsive luminescent materials that range from 

optoelectronic devices and sensors to fluorescent polarizers 

combined with unidirectional molecular arrangements in polymeric 

objects. 
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Fig. 5   OM images taken as a function of annealing temperature.. 

 

 

 

Fig. 4   (Left) OM and the corresponding (right) FOM images of 

crystalline fibers (a) pressed (see white arrows) and (b) rubbed with a 

metal spatula. The color change and fluorescence intensity reduction 

were clearly seen in the pressed and rubbed regions. (c) OM and the 

corresponding FOM images taken at (upper) room temperature and 

(lower) 260–270 
o
C (also see Fig. S7).  
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