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A bisthienylethene-functionalized perylene diimide (BTE-PDI) photochromic dyad was synthesized for self-assembly
into 1-D nanotubes by a reprecipitation method. SEM and TEM observations showed that the nanotubes were formed
from their 0-D precursors of hollow nanospheres. HR-TEM images revealed that both the nanospheres and the
nanotubes have highly ordered lamellar structure, indicating the hierarchical process during assembly. The IR and XRD
results revealed that DAE-PDI molecules were connected through intermolecular hydrogen bonds to form building
blocks that self-assembled into nanostructures. Electronic absorption and fluorescence spectroscopic results indicated
the H-aggregate nature of the self-assembled nanostructures. Competition and cooperation between the dipole—dipole
interaction, intermolecular w—s stacking, and hydrophilic/hydrophobic interaction are suggested to result in
nanostructures. Reconstruction was found to happen during the morphology transition progress from the 0-D
nanospheres to the 1-D nanotubes, which was driven by donor—acceptor dipole—dipole interactions. Green emission
at 520 nm originating from the DAE subunit was observed for the aggregates of vesicles and nanotubes, which could be

regulated by photoirradiation with 365 nm light, suggesting the nanoaggregates to be photochromic switches.

1. Introduction

Mediated by noncovalent interactions (e.g., hydrogen bonding
interactions, 7— stacking, and solvophobic and surface effects),
the self-assembly of atomic/molecular building blocks into large
supramolecular structures offers significant advantages in device
miniaturization, which can fabricate features on the scale of a few
nanometers. To date, numerous interesting materials have been
constructed from a large library of molecular building blocks,
among which amphiphilic molecules with controlled hydrophilic/
hydrophobic interactions can hierarchically self-assemble into
highly organized aggregates with a hollow interior and various
morphologies, especially 0-D and 1-D micro/nano hollow spheres
and tubes with unique multilevel inner structures. These multi-
level structural micro/nanomaterials have spurred great attention
not only because of their fantastic interior architectures but also
for their unique predominance and multifunctionality that are
superior to their same-sized solid counterparts.'~” Moreover, the
fabrication of smart supramolecular materials by the introduction
of stimuli-responsive groups into building blocks that are respon-
sive to external stimuli is believed to have significant potential
with respect to actuation, sensing, data storage, and computing.
Whereas light represents perhaps the most attractive external
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stimulus, light-triggered structural changes in building blocks
affect their self-assembly behavior and therefore modulate macro-
scopic properties, which has previously rarely been explored.®~ '
Actually, the fabrication of new functional supramolecular
assemblies and materials based on photoresponsible molecular
building blocks for understanding the assembly formation
mechanism are still challenging tasks. Herein, we report the
hierarchical supramolecular self-assembly of a photochromic
molecule, a bisthienylethene (BTE) derivative, by a precipitation
method. The morphology of the self-assembly formed in metha-
nol is confirmed to be nanospheres with well-defined lamellar
hollow structures. More interestingly, a morphology transition
took places in the self-assembly process, which induced 0-D
nanospheres to transform into 1-D nanotubes. Although the
red emission of the PDI subunit is quenched by aggregation,
the green emission of the DAE subunit remained strong and can
be modulated by light irradiation, indicating that the material
brings about potential applications in the fields of data storage
and computing.

2. Experimental Section

2.1. Chemicals. Unless stated otherwise, all reagents and
anhydrous solvents were purchased from Aldrich Chemicals
and were used without further purification and drying except as
noted. Column chromatography (CC) was used: SiO, (200—300
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mesh). 2,3-Bis(2,3,5-trimethyl-3-thienyl) maleic anhydride was
prepared following a literature procedure.'* N,N'-diamido-1,6,
7,12-tetra(4-tert-butylphenoxy)perylene-3,4/9,10-tetracarboxylic
acid bisimide was pre})ared according to a procedure similar to
that in the literature.'

2.2. Synthesis of BTE-PDI Dyad 1. Synthesis of the target
BTE-PDI 1 was accomplished in one step by the condensation of
photochromic 2,3-bis(2,3,5-trimethyl-3-thienyl) maleic anhydride
with a stoichiometric amount of the corresponding N,N’'-diamido-
1,6,7,12-tetra(4-tert-butylphenoxy)perylene-3,4/9,10-tetracarboxylic
acid bisimide in refluxing toluene in the presence of imidazole as a
catalyst. Details of the synthesis will be described and published
elsewhere.

2.3. Evaporation Method. The sample was dissolved in
CHCI, to a concentration of 107> mol-L™!. The solution (100
uL) was injected into 3 mL of anhydrous methanol (described as
CHCI3/CH;0H (v/v = 1/30) in the text). After the solution was
allowed to equilibrate over 3h,4 to 5,and 6 hat 38 °C, one drop of
solution was cast onto the carbon copper grids in order to observe
the aggregate behavior in the solid state. CH3;0OH was also
converted to acetone or THF when the assemblies were manu-
factured. The nanospheres collected from the suspension were
held at 50 °C for 10 min to evaporate the CH30H, and the
nanostructure collapsed.

2.4. Characterization. '"H NMR spectra were recorded on a
Bruker DPX 300 spectrometer (300 MHz) in CDCl; using the
residual solvent resonance of CHCl; at 7.26 ppm relative to SiMey
as an internal reference. Matrix-assisted laser desorption/ioniza-
tion time-of-flight (MALDI-TOF) mass spectra were detected on
a Bruker BIFLEX III ultrahigh-resolution Fourier transform ion
cyclotron resonance (FT-ICR) mass spectrometer with a-cyano-
4-hydroxycinnamic acid as the matrix. Elemental analyses were
performed by the Institute of Chemistry at the Chinese Academy
of Sciences. Fourier transform infrared spectra (FT-IR) were
recorded for KBr pellets with 2 cm™! resolution using a VER-
TEX-70 (Bruker) spectrometer. Absorption spectra were mea-
sured on a Hitachi U-4100 spectrophotometer. Steady-state
fluorescence measurements of a CHCl; and CHCl;/CH;0H
combined solution of the BTE-PDI compound were performed
on a fluorescence spectrophotometer (Perkin-Elmer LS-50) with
excitation at a wavelength of 488 nm, and the emission spectrum
between 500—700 nm was recorded. A fluorescence microscopy
image of the aggregates was obtained with a mercury lamp and a
40x objective and captured with a DP70 CCD camera (Japan) on
an Olympus FV 500 instrument (Japan). Excitation was per-
formed with the Ar 488 nm laser, and the emission was monitored
from 600 to 800 nm. Standard lamgs used to visualize TLC plates
(Spectroline E-series, 470 uW/cm~) were used to carry out the
ring-closing reaction of 1o to le. Transmission electron micro-
scopy images were recorded on a JEOL-100CX II electron
microscope operated at 100 kV. A high-resolution transmission
electron microscopy (HR-TEM) measurement was performed
with a JEOL-2010 working at 200 kV. Scanning electron micro-
scopy images were obtained on a JEOL JSM-6700F. The powder
X-ray diffraction (XRD) patterns were recorded using a Rigaku
D/Max 2200-PC diffractometer with Cu Ko radiation (A =
0.15418 nm) and a graphite monochromator at ambient tempera-
ture. For TEM and HR-TEM imaging, a drop of sample solution
was cast onto a copper grid sprayed with carbon. For SEM
imaging, Au (1 to 2 nm) was sputtered onto these grids to prevent
charging effects and improve image clarity. All calculations were
carried out with the density functional theory (DFT) method at
the BALYP/LANL2DZ and B3LYP/(6-31+G*, LANL2DZ) le-
vels. All of the calculations were performed using Gaussian 03
program 27 in the IBM P690 system at the Shandong Province
High Performance Computing Centre.

(14) TIrie, M.; Mohri, M. J. Org. Chem. 1988, 53, 803.
(15) Wiirthner, F.; Thalacker, C.; Sautter, A. Adv. Mater. 1999, 11, 754.

Langmuir 2010, 26(9), 6702-6707

Article

(H;0,C, C(CHy),

Qe

Figure 1. Schematic illustration of the chemical structure of BTE-
PDI 1 and the possible intermolecular translation-related hydro-
gen bonding.

3. Results and Discussion

3.1. Molecule Design. As shown in Figure 1, photochromic
BTE is covalently linked to the bay-substituted perylene tetra-
carboxylic acid bisimide (PDI) on the amino N atom to form the
functional structure of light-regulated fluorescence-switching 1.'®
Drastic fluorescence quenching of BTE-PDI dyad 1 compared
with reference compound N,N'-dibutyl-1,6,7,12-tetra(4-tert-
butylphenoxy)pery-lene-3,4/9,10-tetracarboxylic diimide indicates
rapid electron transfer from the —NH, group to the tetraphenoxy-
substituted PDI within this intramolecular charge-transfer (ICT)
compound, NH,""—PDI"~—BTEo (open state of BTE)."” Further-
more, polar amino moiety —NH, remained unsubstituted to exhibit
a hydrophilic effect relative to the solvophilic skeleton of BTE-PDI
1, hence the amphiphilic structure can facilitate the self-assemble
process. Besides, the PDI segment has a strong tendency to
aggregate through m—z overlap, and the intermolecular hydrogen
bonding has a synergistic effect on the formation of extremely stable
aggregations. The unique structural feature of BTE-PDI 1 makes it
an ideal candidate for self-assembly using the synergistic effects of
q— 7 stacking, microsegregation, intermolecular hydrogen bonding,
and dipole—dipole interaction.

3.2. Self-Assembly of Molecule 1. The aggregation beha-
vior of 1 was subsequently studied by injecting a chloroform
(CHCl3) solution of 1 into methanol (CH30H) to give a final
CHCI;/CH;0H ratio of 1/30 (v/v). Itis important to note that the
growth time played a key role in controlling the self-assembly
process starting from the hollow nanospheres to the tadpolelike
vesicles and nanotubes. Figure 2 shows typical scanning electron
microscopy (SEM) and the corresponding transmission electron
microscopy (TEM) images of 1 with different morphologies.
After the solution was allowed to equilibrate for 3 h at 38 °C,
one drop of the solution was evaporated on the carbon-coated
grid to observe the aggregate behavior in the solid state. Irregular
spherical particles with small defects on the surface are observed
in the SEM images (Figure 2a). The diameter of the spheres
ranges from 800 to 2800 nm. TEM observation (Figure 2b)
confirms that all of the spherical structures are hollow in nature
with a wall thickness of roughly 20—350 nm. Not occasionally, as
revealed in SEM and TEM images (Figure 2a,b), vesicles are not
separately dispersed but cohered one-by-one in a linear way,
forming “pearl necklace” morphology. The adjacent vesicles fuse
with one another and the membranes between them are eroded,
suggesting the growing tendency of the tubes.

To investigate this tendency, the sample in the combined
CHCI5/CH;0H solvents system is aged for 1 h more and
the intermediate states of the morphology transition are ob-
tained. Many discrete 0-D and 1-D nanostructures are observed
(Figure 3). The typical structure of the intermediates is tadpolelike
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Figure 2. Typical morphologies of the nanostructures formed by injecting the CHCl; solution of 1 into CH;OH. (a) SEM of the nanospheres
formed within 3 h. (b) TEM of the nanospheres. (¢) SEM of the nanotadpoles formed around 4 h. (d) TEM of the nanotadpoles. (¢) SEM of

the nanotubes formed after 5 h. (f) TEM of the nanotubes.

Figure 3. SEM photography of the nanostructures formed by
injecting the CHCl; solution of 1 into CH3OH and equilibrating
for 5h. (a) SEM image with many 0-D nanostructures and (b) SEM
image with many 1-D nanostructures.

Figure 4. HR-TEM images of typical nanospheres and nanotubes
formed in CHCIl; and CH;0H (volume ratio = 1/30). (a) HR-
TEM image of the nanospheres and the magnification of the
interlamellar structure of the shell. (b) HR-TEM image of the
nanotubes as well as the amplified structure of the tubular shell.

6704 DOI: 10.1021/1a9040387
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Figure 5. Electronic absorption spectra of 1in CHCl; (5 x 1073
mol-L™!, —)and its self-assembled nanoscale aggregates formed in
CHCI3/CH;30H (v/v = 1/30, ---).

morphology with a hollow spherical head and a tubular tail,
formed by the corrosion of the membranes between the pearls
(Figure 2c¢,d), clearly indicating the 1-D growing process. Nano-
tubes with a length of more than 8 um are obtained by the long-
time stabilization (left undisturbed for more than 5 h at 38 °C) of
the precipitate (Figure 2e,f), which again confirms the 1-D growth
tendency of the vesicles. The surface of the tubes is relatively
smooth and the inner and outer diameters are uniform with a wall
thickness of about 135—150 nm. The progressive growth of the
assembly from vesicles to nanotubes was a natural process that
depended only on time and was similar to some natural biological
growth phenomena. These results provide a very interesting
artificial molecular system in which to mimick the features of
growth in natural systems.

Insight into the aggregation behavior of 1, the well-ordered
lamellar structure, can clearly be identified from the HR-TEM
(high-resolution transmission electron microscopy) micrograph
of a single hollow nanosphere (Figure 4a). The membrane wall
contains several lamellas in interspaces of the solvents, as illu-
strated in the enlarged image. The average thickness of each ridge
(darkness in Figures) is roughly 1.7 nm. Interestingly, the mole-
cular arrangement can almost be identified from the magnified
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image (Figure 4a). According to the thickness of one ridge and the
dimensions of an optimized molecule, molecules may stack
oppositely by intermolecular hydrogen bonding and 7— inter-
actions estimated by the 3-D molecular structural modeling
(Figure 1). One lamella containing two ridges and one interspace
(1.6 nm) (whiteness in Figures) is measured to be about 5.0 nm,
corresponding to the  spacing of the X-ray diffraction results
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Figure 6. XRD profiles of the hollow nanospheres of 1.
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(XRD, Figure 6). This lamella structure clearly indicates that
molecules of 1 are arranged in an orderly manner into a mono-
layer by noncovalent interactions. When such a monolayer is
formed, extra CH;OH molecules in the organic solvent could be
attracted through hydrogen bonding to 1 or by the permanent
dipole in the layer. Therefore, a repetition of the above process
generates stacked multilayers, as illustrated in Figure 4a.

The HR-TEM image of the nanotubes shows the hollow
interiors of the 1-D structures with a well-defined laminate
structure of the wall (Figure 4b). The width of the striped domains
is not uniform, with the thickness of the ridges ranging from 2.0 to
8.0 nm, which can be attributed to the amalgamation of several
ridges and the loss of interspaces. The homology of the structure
between the nanovesicles and the nanotubes indicates the uniform
nature of the two nanostructures, which again reveals the mor-
phology transition process from the 0-D nanospheres to the 1-D
nanotubes.

UV/vis absorption spectroscopy and X-ray diffraction are used
to clarify the packing of the molecules in the self-assembled
aggregates. Figure 5 displays the electronic absorption spectrum
of 1in CHCl; as well as that in combined solvents of CHCl; and
CH;O0H. The aggregation of 1 leads to pronounced changes in the
optical properties with a blue shift (13 nm) relative to that of
the monomeric PDI unit, suggesting that, in spite of the large
steric hindrance induced by the bulky substitutes at the bay
positions, the molecules pack face-to-face with considerable
overlap between the adjacent PDI aromatic rings, which is distinct
for the generally observed J-type aggregates of the tetraphenoxy-
substituted PDIs.® Such spectroscopic changes arising from the
formation of the aggregates are attributed to the efficient 7—x
interaction that proceeds from the ordered molecular packing as
visualized in the HR-TEM results (Figure 4). By prolonging the
aging time of the sample in CHCl;/CH3;OH solution to longer
than 6 h, no changes in the absorption spectra are observed, which
may indicate that molecules arrange in the same manner in the
vesicles and nanotubes.

The XRD pattern of the self-assembled vesicles (Figure 6)
shows one diffraction peak at 26 = 1.79°, which can be ascribed
to the refraction from the lamellar structure of the hollow shell.
The d spacing is therefore 4.94 nm, representing the distance of
two layers containing one interlayer of the lamellar structure,
which is in good agreement with the HR-TEM observation
(Figure 4a). The inset in Figure 6 demonstrates the diffraction

Figure 8. Schematic illustration of nanostructure formation from 1 and the morphology-transition process.
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in the wide-angle range, where weak peaks at 26 = 30.76 and 34.72°
are observed and are attributed to the 7— stacking and average
hydrogen bonding distance between neighboring molecules, respec-
tively."® These results, together with the HR-TEM observation and
the electronic absorption spectrum, indicate that the molecules form
ordered H aggregates in the membrane of the hollow nanostructures
by the synergic 7— and hydrogen bonding interactions.

The FT-IR spectra of 1 as well as that of the nanoaggregates are
compared in Figure 7. The relatively strong, broad band appeared
at 3435 cm™ " in the spectrum of the aggregates, which is absent
from that of 1, apparently originated from the hydrogen bonding
stretching vibration.'®™?° In addition, the characteristic C=0
stretching vibration of the BTE subunit in the aggregates shifts
upfield compared with that in 1, which is ascribed to the weaken-
ing of the p—m conjugation between the lone-pair electron on
oxygen and the thiophene caused by hydrogen bonding. There-
fore, the formation of hydrogen bonds between the C=O parts of
the BTE units and the —NH, groups of the PDIs is proposed as
illustrated in Figure 1. These changes clearly demonstrate the
significant effect of the hydrogen bonding interaction on the
formation of molecular aggregates.

3.3. Possible Mechanism for the Formation of the Nano-
structures of 1. On the basis of the above-described experimental
results, a possible assembly mechanism is thus proposed as shown
in Figure 8,%' including the following steps: (1) neighboring BTE-
PDI molecules are connected through charge—charge interaction,
hydrogen bonding, and 77—z interactions to form clusters acting
as building blocks; (2) various building blocks grow into nano- or
microscale assemblies with hollow vesicle morphology by micro-
phase segregation, and (3) the 0-D hollow nanospheres transform
into 1-D nanotubes by the dipole—dipole driving force and the
evaporation of methanol.

As disclosed, for such a strongly polar compound as 1, charge—
charge interactions have a dominating influence on the packing
geometry.!” Repulsion and attraction between the adjacent 77—
stacked molecules and the steric demand of the substituents in the
bay positions lead to a longitudinal offset. Moreover, in the case of
1, intermolecular hydrogen bonding is required in forming the large
overlapped H aggregates as demonstrated in the HR-TEM
observation (Figure 4a) and simulated in Figure 1. Meanwhile,
the lamella morphology of the nanostructures membrane indicates
that microphase separation plays an important role in the molecular
self-assembly process, which is always found in micellar or tube
formation of amphiphilic molecules.>** The relatively wide inter-
layer between two adjacent layers as well as the irregular morpho-
logy and rough surface of the nanospheres may indicate that the
building blocks stack in a relatively loose manner. CH;0OH may
play a specific role in the formation of the lamella structure because
no tangible morphology can be obtained by changing the CH;OH
into acetone or tetrahydrofuran when manufacturing the assem-
blies. Upon heating, especially when the temperature arrived at
50 °C, the nanospheres collapsed with the evaporation of CH;0H,
which may verify the important effect of CH;OH on the molecular
self-assembly. >
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Figure 9. (a) Fluorescence spectra of 1 in CHCl; and a CHCl3/
CH3O0H combined solvent system, with A = 488 nm and [BTE-PDI
1] = 3.0 x 10 ®mol-L™3. The inset shows the fluorescence spectra
of 1 in CHCIl; in CH30H (v/v) from 2 to 10%. (b) Confocal
fluorescence images and fluorescence spectral changes of aggre-
gates of BTE-PDI 1 before (relative strong emission, —) and after
(very weak emission, ---) photoirradiation with 365 nm light for 10
min. (¢) Schematic representation of the structures of the open
form 1o (PDI-BTEo0) and the closed-form 1¢ (PDI-BTEc).

Considering the molecular structure of 1, the dipole—dipole
interaction is proposed to be the dominating driving force for the
morphology transition from 0-D to 1-D, similar to the 1-D
growing progress of an ICT compound.”* ® For 1, the main
transition dipole moment is along the long molecular axis
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(Figure 8,%"), according to the calculation results and consistent
with the results interpreted by Wiirthner et al.,'” which will direct
the morphology transition process. Besides, the dipole—dipole
interaction between the stacked thiophene rings should facilitate
the transition simultaneously.?’ Therefore, concomitant with the
evacuation of the solvent interspace, dipole—dipole interactions
act as the major forces driving layers in 0-D structure to fuse
together and finally direct the formation of 1-D nanotubes. The
fusion of vesicles released the curvature energy, leading to a
thermodynamically more stable tubular structure.

3.4. Photochromic Properties of the Assemblies. A fluore-
scence study is carried out to investigate the assembly behavior as
well as the switching performance of the aggregates. As shown in
Figure 9a, the emission spectra of molecularly dissolved 1 display
a mirror-image relationship to the absorption spectrum with a
large Stokes’ shift (25 nm) in CHCl;. Upon addition of CH30H to
the CHCl; solution, a gradual decrease in fluorescence intensity
with a maximum at 619 nm was observed, indicating the presence
of a fluorescence quenching effect induced by the strong inter-
molecular 7— stacking as a result of aggregate formation.**~3*
When the ratio of the CHCI; to CH;OH reaches 3%, of which the
well-defined nanostructures (nanospheres and nanotubes)
formed, the emission at 619 nm originating from the PDI core
was quenched almost completely whereas the emission at 520 nm
is observed (inset in Figure 9a). According to the relative BTE
compound investigated previously,* the emission with a maxi-
mum at 520 nm is ascribed to the fluorescence of the open form of
2,3-bis(2,3,5-trimethyl-3-thienyl)maleic anhydride.

The response of the assemblies to light stimulation is studied by
confocal fluorescence microscopy. As displayed in Figure 9b,
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particles with dimension of about 1 to 2 um with bright-green
emission are observed. This green emission is therefore ascribed to
the fluorescence of the BTE components within the aggregates,
corresponding to the fluorescence spectra of the assembly men-
tioned above. Upon irradiation of the aggregates with 365 nm
light for 10 min, the green emission is dramatically quenched,
suggesting that an efficient molecular photocyclization-induced
(as shown in Figure 9c) photochromic transformation arises in the
assembled structures and revealing the superiority of the assem-
blies over the colloidal solutions and amorphous films.>” The
“on” and “off” emission modulated by light stimuli indicates that
the material is a good switch bearing great potential in the fields of
information storage and computing. Details of the photochromic
reaction-induced conformational changes of 1 and the subsequent
light-controlled assembly alteration are being carried out in our
laboratory and will be published elsewhere.

4. Conclusions

A diarylethene-functionalized perylene diimide (BTE-PDI)
photochromic dyad has been designed and self-assembled into
aggregates by a reprecipitation method. Vivid SEM and TEM
images were recorded and confirmed that the molecules are able
to self-assemble into 0-D vesicles and thereafter continually grow
into 1-D tubes. Both the vesicles and the tubes have highly
ordered lamellar structure, indicating the hierarchical process
during assembly formation. The fluorescence of the vesicles can
be regulated by photoirradiation with UV light, suggesting the
aggregates to be good photochromic switches. These findings
provide a simple method for the introduction of stimuli-respon-
sive groups into building blocks to fabricate dynamic and smart
devices on the scale of nanometers, and the progressive growth
demonstrates a promising pathway for constructing an artificial
system that mimicks the features of growth in nature.
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