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The inability to controllably synthesize organic nanomaterials with desired morphologies and
properties is a major barrier that prevents the scientific development of organic nanomaterials. A
controllable method by means of adjusting the solubility of organic reactant has now been applied to
construct sulfur-bridged fluoranthene-based materials with desired spherical or tubular morphologies,
basedon theWilliamson type of reaction starting fromperchlorinated fluoranthene anddisodiumsalt of
2,5-dimercapto-1,3,4-thiadizaole.A disubstituted fluoranthene derivative is proved as the basic building
block for the organic materials by the data of mass spectrometry, X-ray photoelectron spectroscopy, as
well as crystallography. Through quenching the intermediates toward the fluoranthene-based micro-
spheres or nanotubes, the routes of self-assembly via a vesicle pathway and self-template from
perchlorinated fluoranthene rods are proposed for the growth of the microspheres and the nanotubes,
respectively. The proposed routes can be extended for synthesis of other aromatic molecular materials
with controllablemorphologies. On the basis of the reactionwith thiol groups retained on the surface of
the as-synthesizedmaterials, functional groups or noblemetal nanoparticles have been facilely linked to
the fluoranthene-based materials for potential applications. Morphology-dependent properties of the
fluoranthene-based materials have been demonstrated, on the basis of the experimental evidence about
strong near-infrared absorption exhibiting in the microspheres but lacking in the nanotubes.

1. Introduction

Many properties of materials are well-known to be
morphology-dependent in nanoscale.1 For example, cat-
alytic effects of metal nano- or microparticles conside-
rably rely on their polyhedral shape;2 optical absorption
spectra of organic dyes depend on their morphologies as
well as sizes,3 and resonances in Raman scattering and
fluorescence emission from nanoparticles are also mor-
phology-dependent.4 Such a relationship between prop-
erties and morphologies stimulates scientists to
controllably assemble a wide range of materials with
different shapes or sizes in nano- or micrometer scale.

In the literature, a variety of small-sized morphologies
such as spheres, tubes, wires, rods, and polyhedrons have
been reported.5 Among them, inorganic materials inclu-
ding metals and their oxides (or sulfides) overwhelmingly
dominate in this research field.6 In contrast, size- or
morphology-controllable syntheses for traditional organ-
ic nanomaterials are apparently insufficient, which pre-
vents the scientific development of organic nanomaterials
even though they have shown promising chemical and
optical properties.7-9Themethods for the synthesis of organic
nanomaterials include reprecipitation,10 self-assembly,11
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and soft/hard templates,12 and the obtained organic
nanostructures are usually constructed through nonco-
valent intermolecular interactions, such as hydrogen
bonds, π-π interaction or van der Waals contacts.8 The
difficulties in morphology-controllable assembly of or-
ganicmaterials are largely due to the common reason that
the intermolecular interaction is typically too weak to
regularly direct the random orientation of organic mole-
cules for the formation of molecular materials with
desired morphologies. Here we show that aromatic mo-
lecules can be constructed through thioether linker to
form organic solid materials having uniform spherical or
tubular morphologies. The morphologies are controlla-
ble through adjusting the solubility of organic reactant,
involved in a traditional Williamson reaction starting
from perchlorinated fluoranthene (1) and disodium salt
of 2,5-dimercapto-1,3,4-thiadizaole (2) (Scheme 1). We
paid special attentions to fluoranthene because it is a
representative optical organic compound13 and a basic
structural fragment with a pentagon and three hexagons
for constructing three-dimensional molecular materials
of fullerene.14 We have a long-standing interest in synth-
esis and properties of nonclassical fullerenes and their
fragments, and in addition, their functionalization and
application are investigated.15 Herein our experiments
have demonstrated that, on the basis of morphologic and
structural alteration, the near-infrared (NIR) absorption
properties of the fluoranthene-based materials are mor-
phology-dependent. The heretofore unknown routes
accounting for the morphologic transformation of the
organic solids from self-assembled microspheres to self-
templated nanotubes have been investigated. In applica-
tion aspects, the synthesized materials that display
amphipathic character because of the coexistence of
hydrophilic and lipophilic units in their structures can
be facilely functionalized with chemical groups or noble
metal nanoparticles through the thiol groups retained on
their surfaces to construct functional materials for fluor-
escent or catalytic applications.

2. Experimental Section

2.1. Chemicals. Metal sodium, ethanol, and toluene were

purchased from Sinopharm Chemical Reagent Co. (Shanghai,

China). 2,5-dimercapto-1,3,4-thiadizaole (DMTD) and 2-mer-

capto-5-methyl-1,3,4-thiadizaole were purchased fromAlfa Ae-

sar. Sodium sulfide nonahydrate (Na2S 3 9H2O) was purchased

from the Xilong chemical Co. Ltd. (Guangzhou, China). All the

reagents were used without further purification. 1 was synthe-

sized according to the method reported in the literature.16

2.2. Synthesis of the Ethanol Solution of 2.Amixture ofmetal

sodium and ethanol was magnetically stirred at room tempera-

ture for 15 min, followed by adding DMTD into the solution.

The solutionwas then stirred at room temperature for 2.5 h. The

dosages of the reactants for producing the ethanol solution of 2

are as follows. (1) Involved in synthesis of the microspheres:

metal sodium, 18 mg; ethanol, 5 mL; and DMTD, 60 mg. (2)

Involved in the synthesis of the nanotubes: metal sodium, 9 mg;

ethanol, 16 mL; and DMTD, 30 mg.

2.3. Synthesis of the Microspheres. Fifty-four milligrams of 1

was added to 10 mL of toluene. The reactant 1 was stirred until

entirely dissolved, and then mixed with 5 mL of a pretreated

ethanol solution of 2. In a sealed 20 mL Teflon-lined autoclave,

15mLof reactantmixturewas heated at 180 �C for 24 h to afford

the microsphere products.

2.4. Synthesis of the Nanotubes. Twenty-seven milligrams of

1 was added into 16 mL of an ethanol solution of 2, and then

0.5 mL of toluene was added. The incompletely dissolved

suspension mixture was put in an ultrasonic bath at room

temperature for 1 min, and the suspension was added into a

20 mL Teflon-lined autoclave. The autoclave was sealed and

maintained at 180 �C for 24 h to give the nanotube products.

2.5. Purification of the Products. The as-obtained products of

microsphere or nanotubewere centrifugated to afford crude solid

products. The solids were cleaned and centrifugated in toluene,

followed by washing with ethanol/deionized water (1:1) and then

dispersing in pure ethanol. The operations of centrifuging, wash-

ing, and dispersing were repeated 10 times to give purified thiol-

containing fluoranthene-based microspheres or nanotubes.

2.6. Characterization. Scanning electron microscopy (SEM)

and transmission electron microscopy (TEM) images were

taken on a LEO1530 microscope with a field-emission electron

gun and a TECNAI F-30 high-resolution transmission electron

microscope operating at 300 kV, respectively. The sample for

SEM (or TEM) observations was prepared by dropping the

ethanol suspension containing the uniformly dispersed products

onto a silicon substrate (or a carbon-coated copper grid). The

composition and crystal phase were checked by X-ray photo-

electron spectroscopy (XPS, PHI QUANTUM2000 photoelec-

tron spectrometer using a monochromatic magnesium X-ray

source), energy-dispersive X-ray spectroscopy (EDX, equipped

on TECNAI F-30 high-resolution transmission electron micro-

scope), and X-ray diffraction (XRD, PANalytical X’pert pro,

Cu KR radiation operating at 40 kV and 30 mA). The mass

spectrawere recorded in negative-ionmode on aBruker-Esquire

HCT instrument interfaced by an atmospheric pressure

Scheme 1. Molecular Structures of Perchlorinated Fluoranthene

(1) and the Disodium Salt of 2,5-Dimercapto-1,3,4-thiadizaole
(2), and the Schematic Illustration of the Williamson Reaction
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chemical ionization (APCI) source. The Fourier transform

infrared (FTIR) spectra were recorded in the range of

4000-400 cm-1 with a Nicolet AVATAR FT-IR 380 spectro-

meter, and theUV-vis-NIR spectra were recorded in the range

of 300-2000 nmwith a Varian Cary 5000 spectrometer. Crystal

data collections were performed on an Oxford Diffraction

Xcalibul 2 CCD diffractometer at 173 K. Absorption correc-

tions were applied by using the multiscan program SADABS.17

The structures were solved by direct methods, and non-hydrogen

atoms were refined anisotropically by least-squares on F2 using

the SHELXTL program.18 The hydrogen atoms of the organic

group were generated geometrically (C-H = 0.96 Å).

3. Results and Discussions

3.1. Morphologic Transformation of the Products.With
the same dosages of reactants and the ratio of toluene/
ethanol mixture as the synthesis of microspheres (see
Experimental Section), the reaction involving 1 and 2

refluxing at 80 �C in ambient air resulted in amorphous
precipitation (see Figure S1 in the Supporting In-
formation). These solid products are insoluble in any
traditionally used polar or nonpolar organic solvents,
such as toluene, benzene, chloroform, acetone, tetrahy-
drofuran, dimethyleformamide, and chlorobenzene. In
classical organic chemistry, such precipitation products
should be avoided so as to circumvent the difficulties in
structural identification of the organic solids. The result-
ing morphologies, however, can be dramatically uniform
based on controlling the reaction conditions of the sol-
vothermal process. Typically, the products can be mor-
phology-controllable as microellipsoids, microspheres or
nanotubes depending on adjustment of the solvent com-
position at the reaction temperature of 180 �C. As shown
in Figure 1, the scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images of the
products clearly reveal the condition-dependent mor-
phologies: (1) Ellipsoids dominate in the products if the
volume ratio of toluene vs ethanol in the mixed solvent is
6:1 (Figure 1a). When the volume ratio of toluene vs
ethanol is decreased to 2:1, the products are uniform
sphere-shaped with diameter about 1 μm (Figure 1b).
When the initial volume ratio is further decreased to 1:3,
most of the products lose uniformity and give the mixture
of spherical, tubular and shapeless particles (Figure 1c).
(2) Reaction in 1:32 toluene:ethanol solvent results in
nanotubes with length in micrometer scale, inner dia-
meter in 200-400 nm and wall thickness in 30-40 nm
(Figure 1d, e). Accordingly, morphologies of the pro-
ducts, such as themicrospheres or the nanotubes to which
we have paid special attention, are controllable depend-
ing on the component of solvent mixture as schematically
depicted in Figure 1f.
3.2. Characterization of the Products. As expected,

Fourier transform infrared (FTIR) spectral analyses
reveal that the chemical compositions and vibrational

characteristics of the products (the microspheres or the
nanotubes) from the same kind of Williamson reaction
are similar, regardless of their morphologies (see Figure
S2 in the Supporting Information). The weak absorption
around 3000-2900 cm-1 may be assigned to the stretch-
ing vibration of thiol group, while the absorption in the
range of 1900-1200 cm-1 can be due to the conjugation
CdC vibration of aromatic moiety in the microspheres or
the nanotubes. X-ray diffraction (XRD) spectra of the
products reveal that both of the microspheres and the
nanotubes are amorphous with a broadened peak around
20-30� (2θ) (see Figure S3 in the Supporting In-
formation). The components of C, N, O, S, and Cl in
the purified products were established by X-ray photo-
electron spectroscopy (XPS) (Figure 2), and the corre-
sponding energy dispersive X-ray (EDX) spectra are
shown in Figure S4 of the Supporting Information. The
observed signals of oxygen are possibly due to the im-
purity in the products. The signals of Cl 2p located at
around 200 eV can be assigned to the characteristic of
Ar-Cl (Ar = aromatic group).19 The XPS also estab-
lishes the replacement of Na by H to form -SH group
after repeatedly washing of the products with deionized
water (see Figure S5 and Table S1 in the Supporting
Information). Such a -SH group is useful for further
surface functionalization with, for example, Rhodamine
B and precious metals (vide infra). The four peaks of S 2p
at 163.2, 164.0, 164.7, and 169.8 eV are the characteristics
of Ar-S-, -SH, C-S-C (thiadizaole), and C-S (O)-,
respectively.19 The sulfur content ratio in different groups
is roughly 1.4:1:0.7 (for Ar-S-/C-S-C/-SH), which
can be calculated approximately from the peak area of

Figure 1. (a-e) SEM/TEM characterizations of the morphologies pro-
duced in different solvent mixture of toluene/ethanol with volume ratios
of (a) 6:1, (b) 2:1, (c) 1:1, and (d, e) 1:32. The insets are the enlarged TEM/
SEM images of corresponding products. (f) Schematic illustration for
morphologies transformation of the products depending on volume ratio
of toluene/ethanol.
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Ar-S-, C-S-C, and -SH in the simulated XPS curves
of the microspheres and the nanotubes (the insets in
Figure 2 and Figure S6 in the Supporting Information).
Considering the original sulfur content ratio of -SH vs
C-S-C in the reactant 5-dimercapto-1,3,4-thiadizaole is
2:1, it is concluded that about one-third of thiol groups of
the reactant 2 are retained to give the resultant thiol-
containing fluoranthene-based materials.
3.3. Regioselective Reaction Involving 1 with 2. The

Williamson reaction in solution has been known for
almost 150 years and represents one of the conventional
methods for constructing polymers linked with ether or
thioether. We use this kind of reaction for the morphol-
ogy-controllable synthesis of organic materials starting
from 1 and 2 (Scheme 1). In principle, all 10 chlorines in 1

can potentially react with 2 to form highly substituted
fluoranthene. As mentioned above, however, both the
XPS and the EDX analyses have established that chlo-
rines in 1 are partially replaced by 2. To verify the most
possible sites for bridging 1 with 2, we conducted an
otherwise-the-same reaction starting from an altered
reactant of 2-mercapto-5-methyl-1, 3, 4-thiadizaole (3)
(in replacement of 2). In the hydrothermal conditions
similar to the synthesis of the microspheres, the main
products were characterized by mass spectra as tetra-
substituted derivatives of 3. Reaction at room tempera-
ture, however, produced a number of compounds with
different number of substituted groups (n = 1-4) bond-
ing to fluoranthene, as revealed in the mass spectra
(Figure 3a, and the enlargedmass spectra shown inFigure
S7 of the Supporting Information). To characterize the
most reactive C-Cl sites of 1 and the structures of
the products, we isolated individual compound from the

products by chromatographic method and obtained two
types of single-crystals of mono- and trisubstituted pro-
ducts (4 and 5) forX-ray diffraction identification.20,21 As
shown in Figure 3b, the crystallographic determinations
of corresponding structures disclose that the first two
reactive sites are the 5,10-chlorine positions next to the
five-membered-ring. The second reactive chlorines are
located at 7,8-positions according to the identified three-
substituted structure (Figure 3c) as well as our previously
reported reactions and structures about perchlorinated
fluoranthene.22 Therefore, the regioselective reaction for
the tetra-substitution involving 1 with 3 (or 2) is almost
certainly conducted at the 5, 7, 8, 10-chlorine (Figure 3d).
3.4. Building Blocks for the Fluoranthene-Based Mate-

rials.To further investigate the reactions and the resultant
structures, the soluble intermediates at different stages
during the microspheres formation were characterized by
mass spectrometry. After reaction for 20 min at 180 �C in
solvothermal conditions, no precipitation of the products
was observed. The components of reactants/products
solution were identified to be a mixture of 1, mono- and
disubstituted derivatives (Figure 4a and Figure S8 in the
Supporting Information). These mono- or disubstituted
derivatives should be involved in the substitution of 5, 10-
positions of 1, matching with the model reaction of 1 and
3 (mentioned above). After reaction for 60 min, the main
component in the solutionwas disubstituted fluoranthene
derivative 6 (Figure 4b), and the irregular spherelike solid
products were seen at this stage (see Figure S9 in the
Supporting Information). Longer reaction time did not
yield anymore extensively substituted species (e.g., triple-
and tetra-substituted derivatives) in the solution but
afforded more solid precipitation. Reacting for 24 h,
however, the concentration of the disubstituted derivative
in the solution was lower than the determination limita-
tion of the mass spectrometry. Considering these experi-
mental evidence, it is convincible that the formation of
solid products is subject to the further reaction of the
soluble disubstituted species 6.
Starting from 6, there are two pathways for the forma-

tion of solid precipitation: (1) 6 undergoes further se-
quential substitution with 2 to afford insoluble
multisubstituted derivatives; (2) Cross-linking reactions
among disubstituted species themselves create solid
products. According to elemental analysis of produced

Figure 2. XPS spectra of the fluoranthene-based (a)microspheres and (b)
nanotubes. (c-f) Enlarged XPS spectra of Cl 2p and S 2p electrons. The
simulatedXPS spectra of S 2pare amplified inFigure S6 in the Supporting
Information.

(20) Crystal data for compound 4: C19H3Cl9N2S2, yellow,M=642.40,
triclinic, space group P1, a= 8.3193(7) Å, b= 11.2070(8) Å, c=
12.0009(9) Å, V = 1086.75 (14) Å3, Z = 2, T = 173(2) K, Dc =
1.963 g cm-3, μ(MoKa)= 1.367 mm-1, 9534 reflections collected,
4198 are independent (Rint = 0.1071). The final agreement factors
are R1 = 0.0381 (I> 2σ(I)) with 1891 data and wR2 = 0.0607 for
4198 data based on 289 parameters.

(21) Crystal data for compound 5: C25H9Cl7N6S6, yellow,M=833.89,
triclinic, space group P1, a=11.8343(9) Å, b=12.3360(5) Å, c=
12.7275(8) Å, V = 1519.70(16) Å3, Z = 2, T = 173(2) K, Dc =
1.822 g cm-3, μ(MoKa)=1.099mm-1, 13118 reflections collected,
5226 are independent (Rint = 0.0606). The final agreement factors
are R1 = 0.0727 (I> 2σ(I)) with 2928 data and wR2 = 0.1853 for
5226 data based on 397 parameters.
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fluoranthene-basedmicrospherematerials (with 39.2%C
and 32.0% S), the C/S ratio is about 1.23, which is
approximately equal to the calculated results (C/S =
1.25) of 6. Moreover, no other multisubstituted

derivative, e.g., tri- or tetrasubstituted ones, in the reac-
tion solution during the microspheres growth was de-
tected by mass spectrometry. It should be noted that tri-
or tetrasubstituted derivatives would be facilely detected

Figure 4. (a)Mass spectra of the reactants/products after reaction involving 1with 2 for 20min. (b)Mass spectra of the soluble components after reaction
involving 1with 2 for 60min. (c) Schematic illustration of the possible cross-linking reaction involving disubstituted derivative 6. The enlargedmass spectra
of the mono- or the disubstituted derivatives are shown in Figure S8 in the Supporting Information.

Figure 3. (a) Mass spectrum of the multisubstituted derivatives from the model reaction involving 1 with 3. (b, c) Crystal structures of mono- and
trisubstitutedderivatives (compounds4and 5) produced fromthemodel reaction. (d) Schematic illustrationof reactive sites in1; the darkgraycircles are the
most active chlorines, and the light gray circles are next most active ones.
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by mass spectrometry if they exist in the solution with
concentration as low as the parts per million level, similar
to the mass spectrometric analysis for the model reaction
of 1 with 3 mentioned above. Therefore, we tentatively
assume that the disubstituted derivative 6 is the main
building block for construction of fluoranthene-based
materials that are likely from the cross-linking reaction
among disubstituted species themselves. Such a submis-
sion is not unreasonable because each molecule of 6

has four reactive groups, i.e., two -SNa groups at 5,10-
positions and two chlorine atoms at 7,8-positions of 1.
Accordingly, the reaction process for the fluoranthene-
based solids can be schematically depicted in Figure 4c.
3.5. Routes for the Growth of Spherical and Tubular

Morphologies. Although the fluoranthene-based micro-
spheres and nanotubes have the similar chemical compo-
sitions, their aggregations with different shapes are
controllable depending on the solvent conditions as de-
picted in Figure 1f. The major factor to influence their
morphologies is associated with the solubility of organic
solid reactant, i.e., perchlorinated fluoranthene 1. For the
growth of nanotubes, the optimal solvent is 1:32 toluene:
methanol in which the reactant 1, having crystalline
nanorod morphology as shown in Figure 5, is hardly
dissolved. Increasing the proportion of toluene in the
mixed toluene/methanol solvent would decrease the na-
notube yield but facilitate microsphere formation. At the
2:1 toluene:ethanol solution in which 1 can be completely
dissolved, uniform microspheres dominate the products.
On the basis of this experimental evidence, therefore, it is
reasonable to speculate that the resultant morphologic
alteration from microspheres to nanotubes is due to the
change in initial shapes of the reactant 1 that is decided by
the solvents used for the reaction. In other words, nano-
tubes grow from a nanorod-shaped solid of 1, whereas
microspheres form in a homogeneous solution of 1.
To understand the growth process of the microspheres,

a series of SEM images of the intermediates quenched
during the microspheres growth were taken within the
first 80 min of the reaction for morphological evolution
(Figure 6). In addition to the typical self-assembly process
involving nucleic formation and aggregation growth, the
present case includes morphologies transformation from
weblike to vesicle-like structures. At the first stage, the
precipitation is formed as unshaped particles in nan-
ometer scale. The reaction in the solution, with plenty
of 1 and 2 as identified bymass spectrometry (vide supra),
go on to precipitate onto the nanoparticles to form a
weblike structure (Figure 6a). After reaction for 30 min,
the weblike structures are destroyed and the precipitates
turn to aggregate as bigger particles (Figure 6b). At this
stage, there are plenty of disubstituted fluoranthene
derivatives 6 in the solution, which has been assumed as
the building block for the fluoranthene-based solids for-
mation. At the reaction time around 35-40 min, vesicle-
like structures are observed in the SEM images (Figure 6c,
d). These vesicle-like structures have the sizes larger
than the newly emerged nucleus, and facilely encap-
sulate the nucleus interiorly. A typical TEM image of

the vesicle-like intermediate structures is shown in
Figure 6g, where some of the nucleus for microspheres
growth are shown inside the vesicle-like structures (as the
arrows pointing to). Via the nucleation mechanism in the
vesicle surfaces, the spheres grow after reaction for 80min
(Figure 6c-f). During the aging period, the encapsulated
spheres are enwrapped by the vesicle shell in a sheet-
folding mode. Figure 6i shows an unfinished sheetlike
folding obviously, and more detailed information about
the sheetlike shell enwrapping the spherelike intermedi-
ates is shown in Figure S10 of the Supporting Informa-
tion. The driving force of the total free enthalpy may be
responsible for the morphology development, but further
experimental or theoretical confirmation is required.
Different from microspheres growth, the formation of

the fluoranthene-based nanotubes is involved in a tem-
plate route. Convincing evidence to validate such sub-
mission comes from TEM images for the morphologic
evolution of the intermediates/products quenched at
different stages in the nanotube growth process. For
better comparison, the captured intermediates samples
were classified as two types for microscopic observation:
one was direct observed by TEM without any cleaning
treatment; another one was well-cleaned sequentially by
toluene, ethanol and deionized water for SEM analysis.
The intermediates obtained after reaction for 30min were

Figure 5. SEM(a) andTEM(b) imagesof the nanorod-shaped solids of1
in toluene/ethanol (1:32) solution.

Figure 6. SEM images of the intermediates for the microspheres growth
quenched at (a) 25, (b) 30, (c) 35, (d) 40, (e) 50, amd (f) 80 min. (g) TEM
image of the vesicle-like structures. (h, i) SEM images of the vesicle-like
structures. All the intermediates were directly analyzed without any
further treatment (e.g., washing by toluene/ethanol/water).
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solid nanorods with a diameter of about 200-400 nm
(Figure 7a), but the nanorods were collapsed after treated
by toluene (Figure 7e). Identified by mass spectrometry,
the soluble component from these nanorods is perchlori-
nated fluoranthene itself (see the mass spectrum in Figure
S11 of the Supporting Information). Similar results
(Figure 7b) were observed in the products from the
reaction for 50 min, but some of the products retained
their one-dimensional morphology after washing with
toluene (Figure 7f). The products trapped at 70 min were
amixture of nanotubes and nanorods (Figure 7c), and the
intermediates of tubular structures with incompletely
consumed core of 1 can be found in TEM (as the arrow
pointing to). The tubular morphologies were remained
after cleaning by toluene (Figure 7g), though 1 was still
dissolved in toluene in a small quantities. After reaction
for 24 h, almost all the products are featured with solid
tubular structures, and no any signal of 1was observed in
mass spectrometric analysis of the toluene washing solu-
tion (Figure 7d, h). On the basis of the microscopic
analyses, a growth route for the fluoranthene-based
nanotubes is proposed as illustrated in Scheme 2: the
nanorod of 1 serves as both template and reactant, and
the produced sulfur-bridged fluoranthene deposited ex-
tensionally on the surface of the nanorod. With the
consumption of 1, the nanorod dissolves and extension-
ally deposited, leading to the narrow space between the
interior fluoranthene solid (dissolving template) and the
wall of the nanotube as shown in Figure 7i (an arrow
pointing to). During such a template dissolving and
extensionally depositing process, a series of intermediates
featuring hollow fluoranthene-core/shell structures are
frequently observed (see Figure S12 in the Support-
ing Information). Finally, the nanorods of 1 (i.e., the
fluoranthene template) would completely convert to and
deposit as the walls of the tubular structures. Under
selected conditions, the inner diameter and length of the
resultant nanotubes are well-consistent with those of the
template (see Figure S13 in the Supporting Information).

This kind of template route is different from traditional
methods for nanotubes growth, such as the sacrificial
template method.23 We nominate it as self-template
synthesis. In principle, the self-template synthesis seems
to be applicable to preparation of other organic nano-
materials with controllable morphology, if the solid
reactants have defined morphology serving as the tem-
plates on which the products can be deposited.
On the basis of the proposed routes of self-assembly

and self-template through the same Williamson reaction
bridged with thioether group, indeed, we have been able
to synthesize a series of microspheres and nanotubes
starting from different arenes and sulfur-bridges. For
example, the self-assembly of uniformarene-basedmicro-
spheres has been achieved by the reaction between per-
chlorinated acenaphthylene and 2 (Figure 8a). The acena-
phthylene-based nanotubes, similar to fluoranthene-
based tubular structures, were also synthesized via the
self-template process (Figure 8b). In addition, the synth-
esis of microspheres and nanotubes from Na2S and 1

exemplifies that the sulfur-bridges can be altered to link
the fluoranthene species (Figures 8c, d). These examples
establish the versatility of the proposed methods for
synthesis of various organic materials with desired mor-
phologies.
3.6. Properties of the Fluoranthene-Based OrganicMa-

terials. In contrast to inorganic nanomaterials, the most
prominent feature of the organic nanomaterials is the
unavoidable organic groups remaining on their surfaces.
These retained groups could be reactive like their parent
organic molecules, leading to their reactivity higher than
that of inorganic materials. Thanks to the incomplete
consumption of thiol group in the cross-linking reaction
during the fluoranthene-based materials growth, the
thiol-containing organic micro/nano materials should
have excellent chemical properties for further surface
functionalization.24

Figure 7. TEM and SEM images of the intermediates/products of the
nanotubes quenched at: (a, e) 30, (b, f) 50, (c, g) 70, and (d, h) 24 h; (i)
amplified TEM image of the typical intermediates.

Scheme 2. Schematic Illustration for Nanotube Growtha

aThe marks: A, template of 1 in the solid state; B, reactant 1 in the
solution; C, reactant 2 in the solution; D, as-synthesized nanotubes.
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Chem. Soc. 2005, 127, 16040–16041.
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Taking the synthesizedmicrospheres as an example, the
thiol groups retained on the surface can readily react with
the carboxyl groups of Rhodamine B (RB) to functiona-
lize the organic microspheres as fluorescent materials.25

As shown in the insert of Figure 9a, after reacting with the
microspheres for 15 min, the color of RB solution chan-
ged from pink to colorless. Although the originally pris-
tine microspheres do not show the luminescence of the
chromophores, the resultant RB-functionalmicrospheres
emit around 570 nm, the characteristic wavelengths of
RB. The evidence implies a promising application of the
microspheres functionalized as fluorescent materials.24

In addition, these thiol-containing micro/nano materi-
als are also applicable for preparation of functional
materials coating with noble metals or metal sulfide
nanoparticles.24 For example, Au nanoparticles can be
attached to the microspheres in the solution of HAuCl4/
sodium citrate/sodium borohydride. Figure 9b shows the
typical SEM image of the Au-coating microspheres with
gold nanoparticles of about 20 nm. These well-dispersed

Au-functionalizedmicrospheres can be useful for catalyst
applications.26

The chemical groups remaining on the surfaces of the
organic nanomaterials also define the dispersion of or-
ganic substances in polar and nonpolar solvents. Due to
the coexistence of thiol- and aromatic-moiety, the synthe-
sized fluoranthene-based materials may be dispersed well
in both polar and nonpolar solvents. Indeed, in contrast
tomost inorganic nanomaterials that usually aggregate in
organic solvents because of the hydrophobic groups on
their surfaces, the synthesized organic materials can be
well-dispersed in water or toluene to show their biphilic
properties (Figure 10a,b).
Remarkably, the optical properties can be tuned de-

pending on the morphologies of the fluoranthene-based
materials. As shown in the insert of Figure 10c, d, taking
the reactant 1 and the as-synthesized microspheres/nano-
tubes into consideration, their colors of dilute suspen-
sions in ethanol are obviously different. Figure 10c,d
shows the UV-vis-NIR absorption of the fluor-
anthene-based microspheres and nanotubes recorded in
ethanol solution, respectively. Interestingly, although the
microspheres and the nanotubes have the similar chemi-
cal composition, NIR absorption ranging from 700 to
2000 nm is observed only in the microspheres (with a
absorption coefficient of 5.71 L g-1 cm-1, see Figure S14
in the Supporting Information). Although the absorption
bands in the region from 300 to 700 nm can be attributed
to π-π* and n-π* transitions of the conjugated aro-
matic,27 the absorption bands in the region from 700 to
1800 nm imply an extended conjugation length and an
enhanced intramolecular charge transfer in the micro-
spheres. We rule out the possibility of the NIR signals
producing from the scattering of microspheres through a
contrastive trial with inorganic microspheres of compar-
able size, and tentatively assume the unique self-assembly
via a vesicle route to formencapsulated spheres enwrapped
by the vesicle shell in a sheet-folding structure may con-
tribute to the enhanced NIR absorption. Although the
broad NIR absorption implies a complex mechanism, the

Figure 8. SEM images of the acenaphthylene-based (a)microspheres and
(b) nanotubes synthesized from perchlorinated acenaphthylene. SEM/
TEM images of the fluoranthene-based (c) microspheres and (d) nano-
tubes obtained from the reaction involving Na2S 3 9H2O and 1.

Figure 9. (a)Emission spectraof theRBfunctionalizedmicrospheres and
the pristine microspheres dispersed in water. The inset shows (A) the
suspension/solution colors of RB solution, (B) the mixture of micro-
spheres with RB solution before the functionalization reaction, and (C)
the RB functionalized microspheres precipitation after the functionaliza-
tion reaction. (b) Typical SEM image of the as-synthesized microspheres
coated with Au nanoparticles. (c) Schematic illustration of the surface
functionalizations.

Figure 10. (a, b) Photos of the as-synthesized (I) microspheres and (II)
nanotubes dispersed in (a) water and (b) toluene, respectively; (c, d)
UV-vis-NIR spectra of the (c) as-synthesized microspheres and (d)
nanotubes dispersed in ethanol; the insets are the corresponding photos.
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J. Am. Chem. Soc. 2004, 126, 13850–13858.
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morphology-dependent properties of the fluoranthene-
based materials have been unambiguously shown.

4. Conclusion

In summary, we have developed a novel and simple
method for controllable synthesis of the thiadizaole-con-
taining sulfur-bridged fluoranthene-based microspheres
and nanotubes. Morphologies of the products are con-
trollably subjected to the original shaped of reactants that
are defined by the solubility of the reactant in the solvent
mixture of the reaction system. Identified by mass spec-
trometry, X-ray photoelectron spectroscopy and crystal-
lography, a disubstituted derivative of perchlorinated
fluoranthene has been established as the basic building
units for the solid products. By trapping the intermediates
during the fluoranthene-based materials growth, a self-
assembly and a self-template route are proposed for
understanding the formation of the microspheres and
the nanotubes, respectively. The proposed methods are
versatile for construction of other arene-based molecular
materials with desired morphologies. One of the most
prominent properties of the as-synthesized materials is
the chemical reactivity involving the thiol groups retained

on the surface of the molecular microspheres or nano-
tubes. Such a chemical reactivitymakes them valuable for
further synthesizing functional materials coupled with
metals or fluorescent groups for potentially technological
applications. A strong absorption is observed for the
microspheres in the wavelength range of 700-1800 nm,
whereas there is a silent absorption for the nanotubes in
this NIR range. Such a NIR absorption difference proves
the morphology-dependent properties of the fluor-
anthene-based materials. The synthesis, mechanism,
and potential applications of the fluoranthene-based
materials reported in this contribution mark the begin-
ning of investigation on a novel class of promising
functionalized organic molecular materials.
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