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Self-assembly of long-lived cis-azobenzenes into crystalline nanoparticles
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The development of functional nanostructured materials for optoelectronic and biological
applications requires practical approaches to the simple synthesis of specific structures and the
long-term stability of optical properties. Here we demonstrate that simple UV light irradiation of
a new type of ortho-alkylated azobenzene (1-[(E)-2-sec-butyl-4-(4’-ethoxy-3,5-diethylbiphenyl-4-
yldiazenyl)phenoxylhexadecane, 1) generates an unusually long-lived cis-azobenzene and the self-
assembly of the long-lived cis-azobenzene drives the formation of strongly fluorescent and so far

Downloaded by University of Belgrade on 01 January 2013
Published on 24 July 2007 on http://pubs.rsc.org | doi:10.1039/B709092G

unknown cis-azobenzene nanocrystals of approximately 1-7 nm in size. TEM (transmission
electron microscopy) experiments exhibit the characteristic lattice fringe of 2.3 A spacing from
each nanocrystal. Interestingly, because thermal cis-to-trans back isomerization of 1 possessing

bulky substituents at ortho positions is significantly restrained, the self-assembled cis-azobenzene

nanocrystals show highly stable absorbance and fluorescence efficiency for more than 6 months.

Introduction

Advances regarding the synthesis and characterization of
fluorescent inorganic nanocrystals such as semiconductors
and metal clusters have demonstrated that control of their
size, shape, and crystal structure determines their character-
istic optical properties.'™ Surface modification of such inor-
ganic nanocrystals with specific organic functional groups or
biological molecules opens up significant opportunities for
their widespread optoelectronic and biological applications.
Nevertheless, together with laborious synthetic processes,
efforts to modify the surface chemical functionality of such
inorganic nanocrystals have often led to stability problems
such as obvious changes in the absorption spectrum and
fluorescence efficiency.® An approach to overcoming these
shortcomings of inorganic nanocrystals is to develop new-type
fluorescent organic materials. As an example, the photochro-
mic azobenzene molecule, which has been widely used due to
its structural change between trans- and cis-forms and its ease
of chemical modification, assembles spontaneously into fluor-
escent spherical aggregates on UV light irradiation.® However,
because in general azobenzene derivatives undergo facile cis-
to-trans thermal back isomerization on the time scale of
minutes to hours, significant changes in the absorption and
fluorescence spectra are observed with time, and therefore,
fluorescent azobenzene aggregates composed of only one
component of cis-azobenzenes could not be isolated and
characterized. Accordingly, the design of long-lived cis-azo-
benzenes is necessary to get insight into the details of cis-
azobenzene-based aggregates and to understand the mechan-
ism of the self-assembly of cis-azobenzenes.
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Here we show that UV light irradiation of a new type of
ortho-alkylated azobenzene generates highly stable cis-azoben-
zene at ambient temperature and that the self-assembly of the
long-lived cis-azobenzene drives the formation of unprece-
dented, strongly fluorescent cis-azobenzene nanocrystals for
the first time (Fig. 1). The cis-azobenzenes closely packed in
the crystalline states are unusually long-lived in solution as
well as even in the solid state for more than 1 month, which
results in highly stable optical properties. We anticipate that
the ease with which azobenzene-based organic nanocrystals
can be produced, and the advantage of maintaining stable
optical properties and nanostructures over a long period,
make photochromic azobenzene molecules more attractive
for new optical and optoelectronic materials.

Experimental

A detailed synthetic procedure for 1 has been described
previously, and 1 was characterized by '"H NMR, elemental
analysis, and X-ray crystal structure analysis.” Freshly distilled
dichloromethane under nitrogen atmosphere was used to
dissolve the azobenzene compound so as to remove extra
oxygen. After a 1 min nitrogen purge, a screw-cap quartz
cuvette containing azobenzene solution was sealed with Par-
afilm®. Azobenzene solutions were irradiated with UV light
(365 nm, 34 mW cm 2, Mineralight@’ lamp, Model UVGL-
25, UVP, Upland, CA 91786, USA) at ambient temperature.

Absorption and fluorescence spectra were obtained using a
Shimadzu UV-3100PC UV-VIS-NIR scanning spectro-
photometer and a JASCO FP-6500 spectrofluorometer, re-
spectively. '"H NMR and attenuated total reflection Fourier
transform infrared spectroscopy (ATR/FT-IR) spectra were
recorded on a JEOL JNM-EX270 (270 MHz) and a Nicolet
OMNI-Sampler (Avatar 320-FT-IR) spectrometer, respec-
tively. The FE-SEM (field-emission scanning electron micro-
scopy) was recorded on a Hitachi S-5200, after putting one
drop of the UV-exposed solution on a clean glass substrate
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Fig. 1 (a) Molecular structure of 1. (b) X-ray crystal structure of 1.” Hydrogen atoms are omitted for clarity (C, gray; O, red; N, green). (c)
Isolated (nonaggregated) cis-form. The optimized structure of the cis-isomer in the gas phase was obtained using the AM1 method as implemented
in the HyperChem 7.5 program (Hypercube, Inc., Gainsville, FL). Inset: No fluorescence was observed from the trans-rich and isolated cis-rich
states. (d) Fluorescence microscopy image of 1 observed after placing a few drops of the solution on a quartz substrate and drying at ambient
temperature. Inset: Greenish-yellow fluorescence from the UV-light irradiated solution under 365-nm light irradiation. (¢) and (f) Schematic
representation of the self-assembly of cis-azobenzenes into fluorescent nanocrystals. Alkyl chains attached to azobenzene units in (f) are omitted

for clarity.

and coating it with platinum about 2 nm thick using the
Hitachi E-1030 ion-sputter. The TEM (transmission electron
microscopy) was performed at 120 kV using a JEOL JEM-
2100F/SP. The sample was prepared by placing a few drops of
the UV-exposed solution onto carbon-coated grids as well as
silicon oxide-coated grids, and dried at room temperature for
more than 2 hours. A fluorescence microscopic image of the
air-dried sample was obtained using an Olympus BXS51WI
fluorescence microscope equipped with a Nikon Coolpix
digital camera (MDC Lens 0.82-0.29X, Nikon Japan), after
putting a few drops of 1 solution on a clean quartz substrate.

Results and discussion

The experimental verification of our design strategy for ob-
taining long-lived cis-azobenzene is based on ortho-alkylated
azobenzene, 1-[(E)-2-sec-butyl-4-(4’-ethoxy-3,5-diethylbiphe-
nyl-4-yldiazenyl)phenoxy]hexadecane (1). Bunce and co-
workers reported that azobenzene compounds possessing
bulky substituents at ortho positions can form stable cis-
isomers at ambient temperature,®® because bulky substituents
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prevent large-scale distortion (such as rotation and/or inver-
sion) of the azo group for thermal cis-to-trans isomerization.

Azobenzene compound was dissolved in freshly distilled
dichloromethane at a concentration of 4 x 10— M for
absorption and fluorescence spectroscopic studies. UV light
irradiation (365 nm) of the nonfluorescent initial solution for
3 min results in a sufficient cis-rich stationary state, accom-
panying both a prominent decrease in the n—n* absorption
band at around 350 nm and a shape change in the n—rn*
absorption band near 450 nm (Fig. 2a). Giving a product
obviously different from the isolated cis-rich state, prolonged
UV light irradiation leads to drastic changes in both n—n* and
n—n* absorption bands together with striking fluorescence
enhancement at 529 nm (Figs. 1d and 2b). The fluorescence
quantum yield for the UV-exposed azobenzene solution was
12.5 £ 1.4% with fluorescein dissolved in 0.1 N sodium
hydroxide as a reference.'® Surprisingly, no further changes
in absorption and fluorescence spectra are observed in re-
sponse to long-term dark incubation for 1 month and even for
more than 6 months, strongly suggesting that no thermal cis-
to-trans back isomerization takes place in dilute solution.
Considering that in general cis-azobenzene reverts fully to
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Fig. 2 Changes in (a) UV-Vis absorption and (b) fluorescence spectra (365 nm excitation) of 1 (4 x 107> M).
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Fig. 3 'H NMR spectra of 1in CD,Cl, (5 x 107> M). (a) Initial (all
trans) state. (b) After UV light irradiation for 20 hours (cis-rich state).
(c) After dark incubation for 2 weeks after UV light irradiation
(cis-isomer fraction: 67%). (d) After dark incubation for 1 month
(cis-isomer fraction: 55%).

trans-azobenzene on the time scale of minutes to hours,*’ the
cis-form of ortho-alkylated azobenzene 1 is extraordinarily
long-lived. Further evidence for the existence of long-lived
cis-azobenzene in the UV-exposed solution was confirmed by
NMR experiments (5 x 107> M). More than 50% of cis-
isomer still remained after dark incubation of the UV-exposed
solution for 1 month, as shown in Fig. 3.

Aggregation behavior of long-lived cis-azobenzenes and the
resulting fluorescence enhancement by UV light irradiation
were investigated by using scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and fluor-
escence microscopy. SEM images show the existence of not
only small spherical aggregates with diameters of less than
20 nm but also larger-sized clusters ranging from several tens
of nanometers to hundreds of nanometers in size (Fig. 4a and
b). TEM images of the sample clearly exhibit nanometer-scale
aggregates of approximately 1-7 nm in size (Fig. 4c—e). Bright-
er contrast between darker regions corresponding to the
azobenzene aggregates implies that each aggregate is ran-
domly dispersed. Detailed TEM characterization exhibits the
crystalline nature of the cis-azobenzene aggregates. The lattice
fringe of 2.3 A spacing in the high magnification image is
clearly seen from each separate aggregate on carbon-coated
grids (Fig. 4d) as well as silicon oxide-coated grids (Fig. 4e),
which may be closely associated with a characteristic spacing
of lattice planes of the cis-azobenzene units assembling into
nanocrystals. Nevertheless, the exact structural characteriza-
tion of the cis-azobenzene-based nanocrystal is still unclear.
Further investigations are underway to clarify the crystal
structure of the azobenzene aggregates. In addition to SEM
and TEM experiments, a fluorescence microscopy image of the
air-dried sample displays strong greenish-yellow fluorescence
virtually identical to the fluorescence color from the solution
(Fig. 1d). The results described above strongly verify that the
marvelous absorption and fluorescence spectral features ori-

Fig. 4 SEM and TEM images of cis-azobenzene nanocrystals from
the UV-exposed solution (4 x 107> M). SEM images exhibit the
presence of (a) small spherical aggregates of less than 20 nm in
diameter as well as (b) larger-sized clusters formed by the coalescence
of small aggregates. TEM images of the cis-azobenzene nanocrystals
were taken on (c, d) carbon-coated grids and (e) silicon oxide-coated
grids. Insets in d and e are high resolution images that clearly show the
lattice fringe of 2.3 A spacing from each nanocrystal.

ginate from the self-assembly of cis-azobenzenes into fluores-
cent crystalline aggregates, as observed from unique organic
molecules exhibiting aggregation-induced fluorescence en-
hancement. %!+

To understand how the spontaneous self-assembly of long-
lived cis-azobenzenes into highly fluorescent nanocrystals
occurs, an X-ray diffraction (XRD) study was performed. As
shown in Fig. 5, XRD data before and after UV light irradia-
tion are completely different, indicating that UV light irradia-
tion leads to significant changes in crystal structures between
initial trans-azobenzene crystals and cis-azobenzene-based
nanocrystals. In particular, two notable peaks, 3.82 A and
4.48 A, seem to hint at how cis-azobenzenes assemble into
nanocrystals. First, the strongest peak of 3.82 A appearing in
the spectrum after UV light irradiation is likely to arise from
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Fig.5 X-ray diffraction patterns of 1 (a) before and (b) after UV light
irradiation.

the n—7 stacked structures between the azobenzene aromatic
rings, as observed from graphite structures,'> diphenylbuta-
diene,'* hexa-peri-hexabenzocoronene,15 and so on.'® Further
evidence for the n—r stacking between cis-azobenzenes can be
provided by absorption spectral data. Obviously different
from the absorption spectrum of nonaggregated cis-azoben-
zene (corresponding to after UV light irradiation for 3 min in
Fig. 2a), two peaks at 364 nm and 382 nm as well as strong
n—n* absorption bands appear in the spectrum of prolonged
UV light-irradiated solution. This unique spectral feature is
related to the closely packed structure of long-lived cis-azo-
benzene aromatic rings. Additionally, attenuated total reflec-
tion Fourier transform infrared spectroscopy (ATR/FT-IR)
data show that the absorption bands attributable to the
azobenzene aromatic unit at 1595 (4ing ), 1515 (Wring c-©)s
1244 (VPh—O—C)a 1176 (VPh—N)a 1045 (Z/Ph—O—C) cmfl are shifted
to higher frequencies and become weaker relative to those of
the initial ¢rans-rich state (Fig. 6), which is due to typical trans-
to-cis photoisomerization.'7 19 These XRD, UV-Vis, and IR
spectral changes suggest that the strong n—n stacking between
long-lived cis-azobenzene aromatic units is one of the impor-
tant factors elucidating how cis-azobenzenes spontaneously
assemble into crystalline aggregates in solution.

Moreover, the unusual fluorescence enhancement in cis-
azobenzene nanocrystals can be explained in terms of n—=
stacking of cis-azobenzenes with more planar structure, even
though isolated and nonfluorescent cis-azobenzenes generated
in the first stage of the zrans-to-cis photoisomerization process
deviate from a planar conformation. For planar cis-azoben-

Absorbance

3200 3000 2800 1600 1400 1200 1000
Wavenumber (cm-1)

Fig. 6 ATR/FT-IR spectra of 1 (a) before and (b) after UV light
irradiation.

zenes that are locked against rotation/inversion for thermal
cis-to-trans isomerization by bulky alkyl groups at ortho
positions, a conventional selection rule for the radiationless
decay may be forbidden, as suggested by Bisle and Rau.?°
That is, a more planar conformation of cis-azobenzene might
play a crucial role in stimulating the unique self-assembly into
fluorescent crystalline aggregates.

The second and significant peaks at 4.58 A and 4.48 A from
XRD data taken before and after UV light irradiation,
respectively, are assignable to the stacking distances of the
well-aligned long alkyl chains.>!**> Furthermore, the charac-
teristic asymmetric (CH; and CH,) and symmetric (CH,)
stretchings at 2961 em ™!, 2922 ecm ™!, and 2851 cm !, respec-
tively, appear in the IR spectra taken before and after UV light
irradiation (Fig. 6),>** indicating that a spatially ordered
arrangement of long alkyl chains still remains to a high extent
in the cis-azobenzene nanocrystals. From the data described
above, it is concluded that a significant interplay of strong n—n
stacking between cis-azobenzene aromatic rings and van der
Waals interactions between long alkyl chains facilitates the
packing of cis-azobenzene molecules to achieve highly fluor-
escent crystalline aggregates.

Conclusions

We have demonstrated that upon simple UV light irradiation a
new type of long-lived cis-azobenzenes self-assembles into
novel cis-azobenzene nanocrystals. The cis-azobenzene-based
nanocrystals exhibit strong greenish-yellow fluorescence in
solution as well as in the solid state and highly stable optical
properties such as absorbance spectrum and fluorescence
efficiency. The present study suggests the possibility of over-
coming the drawbacks of fluorescent inorganic nanocrystals
such as synthesis and stability problems and the findings will
be applicable to a wide variety of biological probes, sensors,
and light-emitting diodes.
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