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O
rganicpolyhedrawithdiverse shapes,
sizes, andcompositionsareof interest
because these factors not only attract

fundamental interests but also affect physical
properties and their applications in organic
nanoelectronics and nanophotonics.1�23 How-
ever, rather weak supramolecular interactions,
complicatedmechanismof kinetic growth, and
the unclear correlation between crystal mor-
phology andmolecular configurationmake it a
great challenge to controllably synthesize a
highly symmetric polyhedron from organic
synthons.
Unlike the inorganic counterparts, which

are formed through covalent bonds, ionic
bonds, or metal�metal bonds,24�28 organic
micro/nanostructures usually aggregate to-
gether through weak supramolecular inter-
actions. Such assemblies are readily distur-
bed by environmental factors (e.g., surfac-
tants, solvents, concentration, and tempera-
ture). In another word, the morphologies of
organic micro/nanocrystals could be con-
trolled by the complicated kinetic growth
and/or dynamic molecular assembly, in
which organic polyhedral micro/nanostruc-
tures are dominated by the competition
of crystal facet growth owing to the differ-
ent cohesive energies induced by sur-
factants.29�31 Several reports have already
described these effects in detail.28,30,32,33

For example, Lee et al. reported34 the Pluro-
nic 123 (P123)-assisted assembly of polyhe-
dra from 2,5,8,11-tetra-tert-butylperylene
into micro/nanocubes, truncated cubes,
and rhombic dodecahedra. Kang et al.35

examined the influence of cetyltrimethy-
lammonium bromide (CTAB) and poly(vinyl
pyrrolidone) (PVP) on sizes and shapes of
organic micro/nanocrystals through the

manipulation of the nucleation and the
subsequent growth kinetics, respectively.
Furthermore, researchers recently found

that the cohesive energy of organic poly-
hedral crystal surfaces sensitively depends
onmolecular architectures,29�31,36whichcan
be tuned through appropriately engineering
the configurations of molecular and supra-
molecular linkages, such as coordina-
tion bonding,37�39 hydrogen bonding,40
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ABSTRACT

Nonplane molecules with multiple large aromatic planes could be promising candidates to form

various polyhedral micro/nanocrystals by manipulating the different π 3 3 3π stacking, tuning the

cohesive energies of crystal facets, and controlling the kinetic growth process. Spirocyclic aromatic

hydrocarbons (SAHs) not only have two cross-shaped aromatic planes but also offer the feature of

supramolecular steric hindrance, making it favorable for the heterogeneous kinetic growth into

highly symmetric polyhedra. Herein, we report that a novel SAH compound, spiro[fluorene-9,70-

dibenzo[c,h]acridine]-50-one (SFDBAO), can self-assemble into various monodispersed shapes such

as hexahedra, octahedra, and decahedra through the variation of either different types of

surfactants, such as Pluronic 123 (P123) and cetyltrimethyl ammonium bromide (CTAB), or growth

parameters. In addition, the possible mechanism of crystal facet growth has been proposed

according to the SEM, XRD, TEM, and SAED characterization of organic polyhedral micro/

nanocrystals. The unique cruciform-shaped SAHs have been demonstrated as fascinating

supramolecular synthons for various highly symmetric polyhedral assembling.

KEYWORDS: cruciform-shaped molecules . spirocyclic aromatic hydrocarbon .
supramolecular assembly . polyhedron . kinetic crystal growth . surfactant
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amphiphiles,41 and π 3 3 3π interactions.42,43 For exam-
ple, Stupp et al.44 combined the intermolecular π 3 3 3π
stacking and hydrogen bonding together to kinetically
control the long-range orientation of an oligothio-
phene to form the bundled fibers, rhombohedra, and
hexagonal prisms. Kwon and co-workers45,46 demon-
strated that a 3D β-peptide foldamer could act as an
excellent scaffold to achieve a tooth shape with the
concept of “folding into shape”. Hasell et al.47 control-
lably synthesized the porous cage-like organic nano-
crystals from a rigid organic cage module, with non-
planar interactions, by varying the temperatures.
However, using nonplanar molecules with multiple
large aromatic planes to preferentially self-assemble
into the highly symmetric polyhedra is unprecedented.
We do believe that nonplane molecules with multiple
large aromatic planes could offer us additional factors
to control the formation of various polyhedral micro/
nanocrystals by manipulating the different π 3 3 3π
stacking, tuning the cohesive energies of crystal facets,
and controlling the kinetic growth process.
To the best of our knowledge, most reported mol-

ecules used for making organic micro/nanocrystals
only have one main aromatic plane for the π 3 3 3π
stacking.14,48�50 In the case of a nonplanar molecule
with multiple aromatic planes, the anisotropic cohe-
sive energy will be realized as the directional π 3 3 3π
stacking from each aromatic plane. Recently, we as-
sembled 9,10-diphenylanthracene (DPA) into octahe-
dral microcrystals51 because two phenyl groups in the
DPA molecule crossly attached to the backbone of
anthracene and exhibited three stacking modes with
different binding energy in directional π 3 3 3π stack-
ing.52 This result encourages us to employ nonplane
molecules with multiple large aromatic planes to
control the anisotropic cohesive energy and the
growth directions of crystal facets. In this report,
we are interested in the cruciform-shaped spirocyclic

aromatic hydrocarbons (SAHs), which have two per-
pendicular conjugated aromatics connected together
via a common sp3-hybridized atom. Previously, their
supramolecular steric hindrance (SSH) effects, namely,
repulsive force from steric bulky planes competing
with the intermolecular π 3 3 3π stacking attraction in
molecule packing, have been well investigated.53�55

The diverse morphologies of polyhedral structure
could be anticipated if the balance of the competition
of both driving forces is utilized to equilibrate the
growth ratio of crystal facets in self-assembly.
Herein, a novel SAH, spiro[fluorene-9,70-dibenzo-

[c,h]acridine]-50-one, termed as SFDBAO (structure
shown in Scheme 1), has been employed to demon-
strate the intrinsic feature of organic polyhedral micro/
nanocrystals. We believe that two typical cruciform-
shaped planes probably have different driving forces in
crystal growth and kinetic speeds in crystal packing.
Our results clearly show that a series of polyhedra,
ranging from octahedron, elongated octahedron,
hexahedron, decahedron, to elongated decahedron,
have been obtained by manipulating the kinetic self-
assembly, selecting the different π 3 3 3π stacking, and
tuning the cohesive energies of crystal facets under the
assistance of surfactants. Thisworkmay provide a facile
strategy to design and prepare various polyhedral
organic micro/nanocrystals for semiconducting device
applications.

RESULTS AND DISCUSSION

Synthesis and Supramolecular Assembly of SFDBAO. The
key molecule SFDBAO was synthesized through an
eco-friendly visible-light-mediated photooxygenation
of spiro[fluorene-9,70-dibenzo[c,h]acridine] (SFDBA,
Scheme 1, Figure S1 in Supporting Information),
which was prepared via a concise modified one-pot
domino reaction under the condition of phosphoric
acid (PPA) according to the reported precedure.56

Scheme 1. (A) Synthetic route of SFDBAO. (B) Cruciform-shaped molecular structure of SFDBAO containing two perpendi-
cular aromatic planes: dibenzoacridinone and fluorene. (C) Schematic models with the SSH. (D) Molecular packing
arrangements of SFDBAO.
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The optimized structure of SFDBAO exhibits a cruciform
shape (Scheme 1B), where the two aromatic π-systems
(as the conjugated dibenzoacridinone plane and the
fluorene plane) are connected via a common sp3-hybri-
dized atom. The two kinds ofmolecular packing arrange-
ments of SFDBAO are shown in Scheme 1C,D. The
perpendicular fluorene moiety provides a unique SSH
(Scheme 1C), which is crucial to adjust the packingmotifs
of SFDBAO out of the simple planar interaction.14 By
tuning the cohesive energy, SFDBAO offers absolutely
different anisotropic growth directions from that of
classical semiconductors. The dibenzoacridinone plane
consists of naphthalene and acridinone moieties, which
form a typical intramolecular charge-transfer structure.
Such arrangement causes a strong supramolecular
dipole�dipole interaction (Scheme 1D), which dramati-
cally enhances the π 3 3 3π attraction between two neigh-
bormolecules (naphthalene and acridinonemoiety). The
cruciform-shape configuration provides an intrinsic ani-
sotropic cohesive energy of SFDBAO in self-assembly.
The competition of SSH repulse and π 3 3 3π stacking
attraction will adjust the packing motifs in molecule
arrangement, leading to the anisotropic growth ratio of
different crystal facets and the polyhedral structure
eventually. As a result, the well-defined polyhedral crys-
tals with high symmetry in micro/nanoscale will be
obtained by controlling the kinetic growth process.

In order to examine the intrinsic polyhedral fea-
tures, we first checked the formation of micro/nano-
crystals of SFDBAO through a classical reprecipitation
method without any assistance of surfactants. Various
polyhedra with non-uniform sizes and shapes were
observed by simply injecting 1 mL of tetrahydrofuran
(THF) solution (1 mM) of SFDBAO into 5 mL of pure
water under vigorous stirring, following aging at 298 K
for 24 h. The SEM images in Figure 1 confirmed the
formation of several different shapes such as octahe-
dron, elongated octahedron, decahedron, and elon-
gated decahedron. Figure 1D illustrates the schematic
diagrams of various morphologies.57�59 These results
indicated that (1) SFDBAO inclines to self-assemble
into different polyhedra and (2) these shapes might be
selectively controlled through the right choice of ex-
perimental conditions such as surfactants, aging times,
and concentrations.

Surfactant-Assisted Shape Control of SFDBAO Polyhedra. In
order to control the morphologies of micro/nanopar-
ticles, several surfactants such as poly(ethylene glycol)-
block-poly(propylene glycol)-block-poly(ethylene glycol)
(P123) non-ionic surfactant or CTAB (cationic surfactant)
have been employed. Consequently, the shapes and
sizes of polyhedra can be easily adjusted as a function
of preparation parameter (e.g., the concentrations of
surfactant (CP123/CCTAB), SFDBAO (CSFDBAO), the volume
of THF (VTHF), and aging time) as summarized in Table S1,
which will be further discussed below. All samples were
separated via centrifugation, followedby thedecantation

of the supernatant liquid and washing with distilled
water. To confirm their composition and purity, the
polyhedra were redissolved in CDCl3 and their 1H NMR
spectra remeasured (Figure S2). All results prove that the
as-prepared materials have no change before and after
self-assembly. Actually, by washing with water for three
times, therewas no existence of the residue surfactant on
the surface,which couldbe further provedbyFTIR (Figure
S3, Supporting Information).

The as-prepared particles were characterized through
a typical SEM, and the images are shown in Figure 2. For
P123, when 1 mL of 0.5 mM of SFDBAO/THF solution
(CSFDBAO = 0.5mM, VTHF = 1mL) was injected into 5mLof
P123/H2O solution (CP123 = 1 mg/mL), the monodis-
persed hexahedral crystals (Figure 2A,C) were obtained
after 4 h aging. We represent in three perspective views
the contour of theuniformhexahedra (Figure 2E), whose
edge lengths are recorded as a = 1.02 ( 0.01 μm, b =
755 ( 10 nm, c = 376 ( 10 nm, d = 424 ( 10 nm. The
elongated octahedra of SFDBAO were observed when
extending the aging time from 4 to 24 h (Figure 2D)
without changing any other conditions. As described in
the schematicmodel (Figure 2F), the size parameters are
measured as a = 392 ( 10 nm, b = 885 ( 10 nm, c =
469( 10 nm, d=488( 10nm, aswell as the aspect ratio
of 1.8 (b/d).

Subsequently, when the CSFDBAO was increased to
1 mM (CP123 = 1 mg/mL and VTHF = 1 mL), the
monodispersed elongated octahedra (Figure 2B) were
obtained with the parameters as a = 0.90 ( 0.05 μm,
b = 1.32 ( 0.05 μm, c = 0.49 ( 0.05 μm, d = 0.60 (
0.05 μm, b/d ∼ 2.2. Furthermore, the size could be as
large as b = 2.94 ( 0.05 μm (b/d ∼ 2.3) without any
shape changing if the CSFDBAO was increased to 2 mM
and other factors kept the same (Figure S4). Note that

Figure 1. (A) Scanning electronmicroscopy (SEM) images of
SFDBAOmicro/nanocrystals reprecipitated frompurewater
(without any surfactant). (B,C) Highlymagnified images of A
for the polyhedra observed. (D) Schematic models for the
polyhedra: octahedron, elongated octahedron, decahe-
dron, and elongated decahedron.
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the variation of CP123 did affect the sizes and the aspect
ratio of elongated octahedra significantly. For example,
when the concentration of P123 increases from 1
(shown in Figure 2B) to 2 and to 4 mg/mL without
changing other parameters (CSFDBAO = 1mMand VTHF =
1 mL), the sizes of as-obtained particles are b = 1.32,
1.85, and 2.76 ( 0.05 μm, as well as the increase of
aspect ratio (b/d = 2.2, 3.2 and 3.5, respectively, Figure
S5). A heterogeneous elongated octahedron in size
was obtained when CP123 = 0.5 mg/mL, with insuffi-
cient surfactant (Figure S5A,D). Moreover, whenCP123 =
4 mg/mL (up to the critical micellization concentration
of P123 at 20 �C, CMC60�63), the sizes of the obtained
elongated octahedra were dramatically increased.34,46

However, a much longer aging time (about 1 week)
was needed. Interestingly, no particles were obtained if
CP123 was increased to 8 mg/mL. On the other hand, if
the VTHF decreased to 0.5mL, nanorods were produced
(Figure S6), with the length of∼2.03 μmand the aspect
ratio of 7.4. The reason is that, when the concentration
of surfactant P123 reaches or passes the CMC, the
solubility of SFDBAO will dramatically increase due to
the effect of solubilization. At the fixedmolar quantity of
SFDBAO (CSFDBAO = 1� 10�3 mM, CSFDBAO = 1 mM, VTHF
= 1mL) in the system, the supersaturation concentration
of SFDBAO in the system becomes much larger, leading
to less nucleus being created in the nucleation step.
A longer aging time was needed, and much larger
polyhedrons were observed. The similar phenomenon
was also observed in the reported research for a cube
synthesis.34 In addition, a similar explanation of the
critical effect of critical micellization temperature (CMT)
was also mentioned in another paper.46

The SFDBAO hexahedra and elongated octahedra
(from Figure 2) were further characterized by TEM

(Figure 3A,D) and selected area electron diffraction
(SAED) patterns (Figure 3B,E). Orthorhombic SFDBAO
single crystal (obtained from THF/isopropyl alcohol
solution) belongs to the space group of P2(1)2(1)2(1)(19),
with cell parameters ofa=11.260(2) Å,b=12.060(2) Å, c
= 16.530(3) Å, a/b = 0.9337, b/c = 0.7296, c/a = 1.4680,
whereas the micro/nanopolyhedra exhibit another
phase of monoclinic crystal, with analogical cell para-
meters of a = 11.295 Å, b = 11.740 Å, c = 17.480 Å, R = β
= 90.00�, γ = 89.50� (see Supporting Information). The
corresponding SAED patterns with remarkable bright
regular spots designate the single crystal of the poly-
hedra from P123. In Figure 3B, the squared and circled
sets of spots with d spacing values of 4.87 Å are due to
{022}s (including {022} and {022}) and {302}s (includ-
ing {302} and {302}) Bragg reflections (d{022}s = 4.87
Å, d{302}s = 3.46 Å, and —{022}/{302} = 77.65�);
thereby, “4” sets of spots with lattice spacing values
of 3.16 Å are assigned to reflections from {320}s
(including {320} and {302}) crystal planes (d{320}s =
3.16 Å and —{320}/{022}= —{022}/{302}þ —{302}/
{320} = 102.35�). In Figure 3E, the “)”, “<”, and “3” sets
of spots with d spacing values of 9.49, 7.41, and 5.87 Å
are due to {101}s (including {101} and {101}), {111}s
(including {111} and {111}), and {020}s (in-
cluding {020} and {020}) Bragg reflections (d{101}s =
d{101}s = 9.49 Å, d{111}s = d{111}s = 7.41 Å, d{020}s =
5.87 Å), and the angles between the reflections are
recorded as —{101}/{111} = 51.31�, —{101}/{020} =
—{101}/{111} þ —{111}/{020} = 89.58�. The sche-
matic models for both of the hexahedra and elongated
octahedra with the indexed facets are illustrated in
Figure 3C,F.

A different morphology evolution pathway of
polyhedral SFDBAO micro/nanocrystals was observed

Figure 2. SEM imagesof (A) hexahedral crystalspreparedatCSFDBAO=0.5mM,CP123=1mg/mL,andVTHF=1mL, aging time=4h. (B)
ElongatedoctahedrapreparedatCSFDBAO=1mM,CP123=1mg/mL, andVTHF=1mLafter 24haging. (C) Highlymagnified imageofA.
(D) Elongated octahedra evolve from C after aging for 24 h (scale bars = 1 μm). (E,F) Schematic models of C and D, respectively.
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when CTAB, a cationic surfactant, was used. As shown
in Figure 4, three different shapes were obtained
under different conditions. For example, when CCTAB =
0.5 mg/mL (below the CMC at 20 �C,63,64 CSFDBAO =
0.5 mM, VTHF = 1 mL), SFDBAOmolecules prefer to self-
assemble into a homogeneous elongated decahedral
structure after 4 h aging, as shown in Figure 4A, and
subsequently convert into elongated octahedral crys-
tals after aging for 48 h (right bottom inset of A). The
parameters of elongated decahedra, as described in
Figure 4D, aremeasured as a = 4.71( 0.05 μm, b = 1.45
( 0.05 μm, c = 575 ( 50 nm, and d = 3.85 ( 0.05 μm.
Note that if the concentration of CTAB increased into
1 mg/mL, decahedra (truncated octahedra) with inho-
mogeneous sizes (Figure 4B) were obtained. The dom-
inantly decahedral nano/microcrystals afforded a
square on its cross section after initiated 4 h aging
and further evolves into the elongated octahedrons
with ∼48 h aging (right bottom inset of Figure 4B).
Interestingly, by simply increasing the concentration of
CTAB (CCTAB = 2, 4, 6 mg/mL, CSFDBAO = 1 mM, VTHF =
1 mL), the elongated octahedra without uniform size
could also be obtained (Figure S7). Only the concen-
tration of CTAB reached 8mg/mL, and the as-prepared
mixtures were aged for 48 h, the uniform SFDBAO
octahedra (Figure 4C) were formed. The edge lengths
of octahedra (Figure 4C,D) are approximately 600 nm
(a = 673( 10 nm, b = 592( 10 nm). If CCTAB = 0.5 mg/
mL (CSFDBAO = 1 mM, VTHF = 1 mL), the as-prepared
polyhedra remained decahedra (Figure S7A). Interest-
ingly, when CCTAB is fixed at 8 mg/mL, the sizes of the
octahedra have no change even if the concentration
of SFDBAO was increased up to 2 mM (VTHF = 1 mL),
but a much sharper edge of octahedron was ob-
served (Figure S8A). Moreover, if the volume of THF
(CSFDBAO = 1 mM, CCTAB = 8 mg/mL) decreased, the

uniformmorphology would become disordered as men-
tioned before (Figure S8B, Supporting Information). Note
that further increasing the concentration of CTAB or the
volume of THF caused no precipitation.

The polyhedral structures of SFDBAO from the CTAB
systemwere further characterized by TEM (Figure 5A,D,
G). The SAED patterns of elongated decahedron, deca-
hedron, and octahedron are recorded in Figure 5B,E,F.
Electronic beam direction is along [1,0,0] in B and E.
Note that two new series of spots were observed: one
(denoted as the “"”) with the d spacing of 9.75 Å is
assigned to {011}s (including {011}and {011}) and
Bragg reflections (d{011}s = 9.75 Å), and the angle
between the reflections is record as —{011}/{020} =
33.89�. The other one, whose d spacing value is
8.74 Å (denoted as the “g”), almost perpendicular
with the{020}, was assigned as {002}s (including
{002}and{002}, d{002}s = 8.74 Å, —{002}/—{020} =
—{011}/{002} þ —{011}/{020} = 90.00�). As elec-
tronic beam direction along [1,0,0] in Figure 5F, a series
of {101}s, {111}s, and {020}s diffraction spots are
observed, the same as that of Figure 3B. The details
of electron diffraction analysis are shown in Supporting
Information.

On the basis of the SAED analyses (Figure 3B,E and
Figure 5B,E,H), it could be concluded that these poly-
hedral nano/microcrystals are single crystals. The re-
sults were furthermore confirmed by the results of
X-ray diffraction (XRD). It was found that all of the
polyhedra suffered identical well-defined XRD profiles,
with almost the same peak positions, with distinct
different intensities (Figure 6). The d spacing values
of {101}s, {002}s, {111}s ({111}s), {202}s, and {114}s
are 9.49, 8.71, 7.41, 4.74, and 3.71 Å, respectively. As
evidenced by XRD in the P123 system (Figure 6A),
comparison of elongated octahedra (blue line) and

Figure 3. Transmission electron microscopy (TEM) images of hexahedra (A) and elongated octahedra (D). Selected area
electron diffraction (SAED) patterns taken from a single elongated octahedron (B) and hexahedra (E). Bragg reflections are
denoted by the symbols “0”, “O”, “4”, “)”, “<”, and “3”, whose Bragg reflections correspond to {022}s, {302}s, {320}s,
{101}s, {111}s, and {020}s series of facets (with d spacing values of 4.87, 3.46, 3.16, 9.49, 7.41, and 5.87 Å), respectively. (C,F)
Schematic model for the polyhedra.
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hexahedra (red line) showed that the {002}s and
{114}s are closely related to the latitude growth.
Nevertheless, in the presence of CTAB (Figure 6B), the

dramatic increase of the peak intensity of {002}s from
the evolution of octahedra (red) to elongated octahe-
dra (blue) supports the longitude growth rather than

Figure 4. SEM images of (A) elongated decahedra prepared at CSFDBAO = 0.5mM, CCTAB = 0.5mg/mL,VTHF = 1mL, aging time =
4 h. (B) Decahedra prepared at CSFDBAO = 1 mM, CCTAB = 1 mg/mL, VTHF = 1 mL, aging time = 4 h. (C) Octahedra prepared at
CSFDBAO= 1mM,CCTAB = 8mg/mL,VTHF = 1mL, aging time=48h. The right top inset shows themagnified images ofA, B, andC,
respectively. The right bottom inset of A and B shows the images of octahedra evolving from the decahedra, after 48 h aging
from A and B (scale bars = 1 μm).

Figure 5. TEM images of (A) elongated decahedron, (D) decahedron, and (G) octahedron. SAED patterns (B,E,H) taken from a
single polyhedron. Bragg reflections are denoted by the symbols “"”, “g”, “3”, “)”, and “<”, whose Bragg reflections
correspond to {011}s, {002}s, {020}s, {101}s, and {111}s series of facets (with d spacing values of 9.75, 8.74, 5.87, 9.49, and
7.41 Å), respectively. (C,F,I) Schematic model for the polyhedra.
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the latitude growth in P123. Interestingly, compared to
the diffraction of both elongated octahedra, {002}s
showed much stronger intensity in the CTAB system
(Figure 6B, blue), which might suggest a variety of
crystal growth directions despite similar morphology
after aging (from P123 and CTAB, called elongated
octahedron R and β).

Kinetic Growth Mechanisms of SFDBAO Polyhedra. On the
basis of our experimental results, a possible transverse
mechanism from hexahedra/decahedra to the elon-
gated octahedra/octahedra is proposed (in Scheme 2).
As the crystallization is intrinsically a non-equilibrium
process, the crystal shapes are mostly dominated by
the kinetics of the growth process.65�68 First of all, we
try to index the growing facets of the polyhedra accord-
ing to the crystallographic data. The XRD data from
Figure 6A (the evolution from hexhedra to elongated
octahedra) hint that P123 surfactants favor the {111}s
growth (blue in color), as well as{114}s, which was
further proved by the simulation results of crystal mor-
phology.57�59 The {002}s are indexed with the purple
facets in Scheme 2. Other facets are further indexed by
using the software of WinXMorph, and schemed in
Figures 3 and 5.

Organic surfactants are one of the most important
factors influencing crystal growth in the respect that
they would have a strong interaction with the surfaces
of growing micro/nanocrystals. The selective adhesion
of surfactants at the interface of the surfactant crystal
could result in the surface energy difference and lead
to the significant differences of growth rate. Although
the concretemechanism dominating the growth trend
of the crystal is still unclear yet, so is the unambiguous
correlation between intermolecular interactions of
SFDBAO and surfactant molecules. We believe
that the balance between the π 3 3 3π interactions
of SFDBAO molecules and hydrophobic interactions
between surfactant and SFDBAO molecules plays a

significant role. The {114}s are likely to selectively
adhere with the P123 micelles, which are surrounded
by the PEO hydrophilic shell.69,70 The selective adhe-
sion to the {114}s can be used to slow down the
growth rate of that facet compared to the others
(black arrows), leading to the formation of hexahedral
crystals, when nucleating seeds formed in the SFDBAO
supersaturation. After that, for the high-energy facets
of the sharp edge of the hexahedron, the {114}s and
{141}s grow more quickly than other facets in such a
kinetic regime, eventually forming elongated octahe-
dra R (along the x direction). This kinetic growth
process is further confirmed by the increase of the
aspect ratio as the evolution of the CP123 (Figure S5), as
the nucleation was surrounded by P123 micelles, and
the crystal growth along the latitude was inhibited. We
believe that supersaturation degree of SFDBAO will be
increased as the volume of THF is decreased and
results in a larger amount of nucleus as the seed in
small size.27,32,34,46 The adhesion of P123 at the {114}s
facets will inhibit the lattitude growth in the nucleus
rather than that of the longitude. As a result, a larger
aspect ratio of nanorod morphology was obtained
instead of the short elongated octahedron when VTHF
decreased (Figure S6).

However, if the cationic CTAB is exploited in the
investigation, it experiences a totally different kinetic
growth process compared to that of P123. If a low
concentration of CTAB (below CMC) was applied, the
hydrophobic hydrocarbon chain of CTAB was exposed
as the monomer, which may preferably adhere on
{111}s. The molecular arrangements of {111}s are
almost along the hydrophobic aromatic planes, which
might selectively adhere to the CTAB monomer (Figure
S9b). It could slow down the growth rate of {111}s and
result in the inhibition of the facet growth along the x axis
at the early stage of self-assembly, thereby creating the
elongated decahedral configuration. Subsequently, the

Figure 6. Powder XRD for the polyhedra from P123 (A) and CTAB (B). The corresponding d spacing of {101}s, {002}s, {111}s
({111}s), {202}s and {114}s facets are 9.49, 8.71, 7.41, 4.74, and 3.71 Å respectively. The top line of A shows the standard
powder spectrum simulated on the basis of the single crystal data by using the DIAMOND software.
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elongated octahedronmight consummate an elongated
octahedron β, enduring the growth of {011}s in the z

direction after aging for 48 h. However, in the case of
higher CTAB concentrations, the CTAB chains could tend
to self-associate to form a spherical micelle with ammo-
nium hydrophilic polar groups on the shell. The arrange-
ment of ketone groups of the SFDBAO molecule is
parallel with both {002}s and {020}s in Figure S10,which
exposed thehydrophilic facetsduring crystal growth. The
selective adhesion of the isotropic CTAB micelles on the
hydrophilic {002}s and {020}s could take charge of
further inhibition growth along the x axis, except for that
of the CTAB monomer. Growth of {111}s and {002}s is
inhibited, and as a result, the decahedra are formed. The
persistent growth along the z direction results in the
octahedra. The big size of elongated octahedron β
(elongated decahedron) was attributed to the selective
adhesion of the CTAB monomer (below the CMC) in the
hydrophilic facets and resulted in the quick growth along
the y direction. Tuning CCTAB from 1 to 8 mg/mL, exceed-
ing the CMC and hardly increasing the effect of solubiliza-
tion, the supersaturationdegreeof SFDBAOwas very close
to each other. However, growth inhibitions along both
directions will cause more nucleus and finally growth into
a much smaller octahedron.27,32,34,36 A nucleus may grow
into different immediate polyhedra by tuning the hydro-
phobic (or hydrophilic) adhesion forces and the surface

energy of growing facets. These as-prepared hexahedra,
elongated decahedra, and decahedra might transform
into each other, presumably, by adjusting the balance of
interactionsbetweenSFDBAOand surfactantmolecules at
the interface, under the assistance of surfactants.

CONCLUSIONS

In summary, employing supramolecular steric hin-
drance and kinetically controllable effect, we have suc-
cessfully self-assembled the cruciform-shaped SFDBAO
molecules into crystalline micro/nanocrystals with di-
verse morphologies such as hexahedra, elongated octa-
hedra, octahedra, decahedra, and elongated decahedra
with the assistance of P123 and CTAB surfactants. The
kinetic evolution of polyhedra is further investigatedwith
SEM, TEM, SAED, and XRD by tuning the growth para-
meters. The possible mechanism was also proposed as
the different preference of selective adhesions of P123
and CTAB micelles (or monomer) on crystal facets to
equilibrate the π 3 3 3π stacking interactions between
SFDBAOmolecules and the interactions between surfac-
tants and SFDBAO molecules, leading to the balance of
growth rate in different directions. The unique cruciform-
shapedSAHsmightprovide a facile strategy todesign the
highly symmetric polyhedra of organic materials from
“bottom up”, which could be exploited as the building
block for micro/nano-optoelectronic devices.

EXPERIMENTAL SECTION

Chemical and Materials. Spiro[fluorene-9,70-dibenzo[c,h]acridine].
SFDBA was synthesized according to the reported precedure.53�56

Tetrahydrofuran (THF) was purchased from Alfa Aesar company

(Germany) and VWR Singapore PTE Ltd. (France). Poly(ethylene
glycol)-block-poly(propyleneglycol)-block-poly(ethylene glycol)
(P123) and cetyltrimethylammonium bromide (CTAB) were
purchased from Aldrich Company (Germany). All chemicals

Scheme 2. Proposed self-assembled mechanism of the SFDBAO polyhedra.
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were used directly without further purification. Ultrapure water
was obtained from the Millipore S. A. 67120 apparatus (France)
with a resistivity of 18.2 MΩ cm. All chemicals were used as
received without further purification.

Synthesis of Spiro[fluorene-9,70-dibenzo[c,h]acridine]-50-one (SFDBAO). In
a round-bottom flask, spiro[fluorene-9,70-dibenzo[c,h]acridine]
(SFDBA) (0.50 g, 1.16 mmol) was dissolved in acetone (300 mL),
and the mixture was stirred in air atmosphere with sunlight
irradiation under for 6 h to produce spiro[fluorene-9,70-dibenzo[c,
h]acridine]-50-one (SFDBAO). The crude product was purified by
flash column chromatography using CH2Cl2/petroleum ether = 1:3
as eluent to give SFDBAO (0.39 g) as a red solid: yield 76%; GC-MS
(EI-m/z) calcd for C33H19NO

þ [M]þ 445.15, found 445.00; 1H NMR
(400 MHz, CDCl3, ppm) δ 9.27 (d, J = 8.7 Hz, 1H), 9.05 (d, J = 8.7 Hz,
1H), 8.13 (d, J=8.6Hz, 1H), 7.90�7.83 (m, 3H), 7.76 (t, J=8.8Hz, 2H),
7.67 (t, J = 8.1 Hz, 1H), 7.59 (t, J = 7.5 Hz, 1H), 7.54 (d, J = 8.5 Hz, 1H),
7.43 (t, J = 7.5 Hz, 2H), 7.20 (t, J = 7.5 Hz, 2H), 7.03 (d, J = 7.6 Hz, 2H),
6.56 (d, J = 8.5 Hz, 1H), 6.04 (s, 1H); 13C NMR (100MHz, CDCl3, ppm)
δ 184.55, 151.70, 150.04, 145.43, 140.84, 137.83, 135.65, 133.67,
132.79, 132.27, 131.42, 130.81, 130.31, 128.92, 128.88, 128.68,
127.77, 127.28, 126.77, 125.99, 125.35, 124.85, 124.65, 123.81,
120.74, 57.79. Anal. Calcd for C33H19NO: C, 89.04; H, 4.30; N, 3.15.
Found: C, 89.07; H, 4.28; N, 3.18.

Assembly of Supramolecules. SFDBAO was dissolved in THF to
form a concentration range from 0.5 to 2 mM. This solution
(from 0.5 to 1.5 mL) was injected into 5 mL of high purity water
or aqueous surfactant (in different concentrations) with stirring,
and the water was maintained at the room temperature of 20 �C.
After being stirred for 5 min, the sample was left undisturbed for
about 4�48h to stabilize thenanostructures (several samples need
a longer aging time). The samples suffered subsequent separation
via decanting of the supernatant liquid after centrifugation and
were washed with pure water several times.

Characterization. 1H NMR spectra in CDCl3 were recorded at
400 MHz using a Varian Mercury 400 plus spectrometer. The
FTIR spectra (KBr pellets) were obtained on a PerkinElmer
spectrum GX. For scanning electron microscopic (SEM) studies,
a drop of 20 μL of samples was placed onto silicon substrates,
and the solvent was left to evaporate. The samples were then
examined with a field emission SEM (JSM-6340F, JEOL) at an
accelerating voltage of 5 kV. The TEM and SAED studies were
performed in a JEM 2010F JEOL, operating at an accelerating
voltageof100kV.Adropof20μLof as-preparedcolloidaldispersion
wasdepositedona carbon-coatedcoppergrid. TheX-raydiffraction
(XRD) patternswere performed on a Bruker D8 X-ray diffractometer
withCuKR radiation (λ=1.54050Å). Theoperating 2θ angle ranges
from 5 to 70�, with the step length of 0.025�.
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