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Self-Organizing Domino-Like Superlattices through Stereochemical
Recognition Match at the Organic–Inorganic Interface in Solution
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Nature produces various self-assembled architectures of
different scales and with unique functions spontaneously
through delicate control of building blocks at a molecular
level.[1–2] In the laboratory, chemical self-assembly of mole-
cules or nanocrystals is considered to be one of the most
practical approaches to build up various functional nano-
structures, as well as plenty of potential nanodevices
through the “bottom-up” approach.[3] Many unique collec-
tive properties could be realized by the self-assembly of var-
ious nano building blocks with different symmetries into or-
dered superstructures.[4–10]

General principles of self-assembly can be summarized in
two rules: 1) Like prefers like, and 2) self-assembly is driven
by total energy minimization.[3] Further studies on natural
biological superstructures or functional minerals[2] reveal
that local stereochemical recognition at the organic–inorgan-
ic interface plays an important role in the formation of self-
assembled organic–inorganic hybrid structures, directed by
specific macromolecules with specialized stereochemical
configurations. Hybrid superstructures self-assemble sponta-
neously through the cooperation and recognition of both or-
ganic and inorganic species at the organic–inorganic inter-
face. In contrast, present trials for chemical self-assembly of
nanocrystals are rigid and tedious. Commonly employed
methods are “post-synthesis” assembly procedures, in which
external forces are still needed to form the assembled struc-
tures through usual procedures, such as evaporation-induced
self-assembly (EISA) and Langmuir–Blodgett (LB) com-
pressing,[5,11–13] instead of a simultaneous and spontaneous
route. The key factors considered in these procedures are
mainly focused on the level of “particle”, such as the size
(several nanometers), shape, and electrostatic properties of

the nanocrystals.[5,12] While the stereochemical recognition
of the capping surfactant molecules at the molecular level
(several hundred picometers), as well as their configurations
at the organic–inorganic interface, are still not well under-
stood, although it has been proved to be a fundamental
factor for the spontaneous self-assembly in biochemical or
biomimetic systems[14–16] and might also play an important
role in the spontaneous self-assembly of nanocrystals in sol-
utions.[17–19]

As is known, alkaline earth halides are widely used in op-
toelectronic and microelectronic devices[20] or photostimulat-
ed luminescence storage devices.[21] Here, we demonstrate
the wet-chemical preparation of close-packed and ordered-
aligned, luminescent, domino-like superlattices of ultrathin
nanoplates of alkaline earth halides (BaFCl, SrFCl, BaFBr).
Assisted by a molecular mechanics simulation, the stereo-
chemical recognition match of different chemical species
(mainly alkaline earth cations and long-chain surfactants) at
the organic–inorganic interface is ascribed to be the decisive
factor for the solution-based spontaneous self-assembly of
the nanoplate superlattices. The as-formed micelle structure
of long-chain surfactant molecules of oleic acid (OA) and
oleylamine (OM) acts as both the shape-directing agent
(ShDA)[22] for the ultrathin nanoplates and the structure-di-
recting agent (StDA)[23,24] for the self-assembled 1D super-
lattices.

Structures and compositions of the self-assembled
domino-like superlattices were confirmed by means of trans-
mission electron microscopy (TEM), high-resolution TEM
(HRTEM), energy dispersive X-ray spectroscopy (EDS)
analysis, and X-ray diffraction (XRD) measurements. TEM
images (Figure 1 and Figure S1 in the Supporting Informa-
tion) reveal that these highly compact and ordered superlat-
tices (SP) of ultrathin BaFCl nanoplates, obtained from
face-to-face formation, can reach a length of tens of micro-
meters or even longer. These uniform rectangular nano-
plates have a thickness of (2.3�0.4) nm and an edge length
of (79.8�4.5) nm. Interestingly, the interplate distances are
generally no more than 2 nm (Figure 1 and Figure S2 in the
Supporting Information), fitting the thickness of only one
monolayer of the OA/OM molecules and thus suggesting
that a penetrating stereostructure would be adopted by
these interplate surface ligands. HRTEM images (Figure 1 d
and f) show that these uniform nanoplates, preferring to
grow faster along the <100> direction, are single crystals
bound by (110), (1̄10) and (001) facets, and that they tend to
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self-assemble along the <001> direction into layered meso-
structures. EDS analysis indicates that these self-assembled
nanoplates mainly contain elements of barium, fluorine,
chlorine, and oxygen at an atomic ratio of
30.0:28.7:20.5:11.8 (Figure 1 g), suggesting the probable re-
placement of halogen anions (especially Cl� ions) by carbox-
yl species at the organic–inorganic interface, that is, at both
the upper and bottom (001) facets of each single nanoplate.
This replacement of Cl� species by carboxyl groups is fa-
vored energetically by comparison of the bond energy of
Ba�F (136 kcal mol�1), Ba�Cl (118 kcal mol�1) and Ba�O
(134 kcal mol�1), and was further supported by the FTIR
spectrum of the nanoplate assemblies (Figure S3 in the Sup-
porting Information). The energy-driven surface adsorption
of OA molecules would then strengthen the ShDA and
StDA effects of the surfactant mixtures, and thus lead to the
formation of large-scale self-assemblies. Free-standing
single-layered nanoplates (Figure 1 e and f) could be ob-
tained only when the organic micelle structures are distorted
by partial removal of the capping ligands under refluxing or
sonication in toluene during further disassembly procedures.
In contrast, nanocrystals prepared in neat OM were smaller
irregular nanoparticles without any ordered superstructures
(Figure S4 in the Supporting Information).

In accordance with the TEM & HRTEM results, wide-
angle XRD (WAXRD) patterns (Figure 2, top) confirm that
the as-obtained BaFCl nanoplates form a pure tetragonal

structure (space group: P4/nmm), for which the 110 and 200
diffraction peaks are much sharper than those of the BaFCl
nanoparticles (Figure S5), indicating the preferred growth in
the XY plane to form large nanoplates in the matlockite
structure. The direct formation of large-scale uniform 1D la-
mellar superstructures of these nanoplates in solution is fur-
ther demonstrated by small-angle XRD (SAXRD) analysis
performed on a dry membrane of the as-formed gel-like dis-
persion deposited on a glass wafer (Figure 2, bottom) as
well as on the dried powders after being washed with cyclo-
hexane and ethanol several times (Figure S6). The SAXRD
pattern (Figure 2, bottom) of the as-deposited nanoplate
films show four diffraction peaks with the 2q angles of 1.96,
3.92, 5.82 and 7.788. Thus, the corresponding d spacings are
4.5, 2.25, 1.53, 1.14 nm, which can be assigned to the 00l re-
flections of a lamellar mesostructure with the average peri-
odic distance of about 4.53 nm, for which l= 1, 2, 3 and 4,

Figure 2. XRD characterization of superlattices of ultrathin BaFCl nano-
plates. Top: WAXRD pattern of the BaFCl nanoplates prepared in the
mixture of OA and OM and standard data for tetragonal BaFCl crystal
(JCPDS Card No.: 34-0674). Bottom SAXRD pattern of the as-prepared
superstructures with the peak labels of corresponding d spacings of the
00l (l=1, 2, 3, 4.) reflections.

Figure 1. TEM images and EDS characterization of superlattices of ultra-
thin BaFCl nanoplates. a)–c) TEM images of the self-assembled super-
structures of ultrathin BaFCl nanoplates [Inset in panel a): a digital
image of the gel-like dispersion of the nanoplates; insets in panel c): a
structural model of the nanoplate array and FFT pattern]. d) HRTEM
images of BaFCl nanoplates highlighted in panel c) with the square. e)
TEM image of separated single-layered nanoplates. f) HRTEM image of
BaFCl nanoplates highlighted in panel e) with the square. g) The corre-
sponding EDS spectrum of the nanoplates depicted in panel b).
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respectively. The SAXRD results, in accordance with the
TEM & HRTEM observations (Figure 1 and Figure S2 in
the Supporting Information), reveal that the average dis-
tance between each neighboring nanoplate in the spontane-
ously self-assembled superstructures is just about 2 nm, sug-
gesting the interplate-penetrating manner of the surface cap-
ping agents.

As shown in Scheme 1, an interfacial cooperation mecha-
nism of both organic and inorganic species involved in the
reaction was put forward to illustrate the spontaneous self-

assembly of the domino-like BaFCl superlattices. In this
scheme, the local stereochemical recognition match between
the carboxyl groups of OA matrix and the Ba2+ ions in the
inorganic crystal lattices at the organic–inorganic interface is
considered as the key factor for this unusual ordered self-as-
sembly of organic–inorganic hybrid mesostructures. At first,
with the dissolution of Ba ACHTUNGTRENNUNG(CX3COO)2 (X=F, Cl) precursors
in the mixed solution of OA and OM, metal–surfactant
complex monomers combined with excess surfactant mole-
cules and the exchanged CX3COO� species (which was con-
firmed by the FTIR spectrum of the precursor solution
before taking decomposition, as shown in Figure S3 in the
Supporting Information) would self-organize into layered
mesostructures with alternate hydrophilic and hydrophobic

layers, along with the release of Cl� ions from the trichloro-
acetic groups upon heating to a certain temperature (Fig-
ure S7 in the Supporting Information). Then, in the presence
of the Cl� ions, self-assembled nuclei of BaFCl would be
produced through the reaction of an ordered metal–surfac-
tant complex with F� ions released from the trifluoroacetic
groups under elevated temperatures.[25] Afterwards, with the
continuous diffusion of the metal–surfactant complex and
halide anions into the as-formed mesostructures in the reac-
tion solution, these self-assembled nuclei would gradually
grow into domino-like superlattices of self-assembled crys-
talline nanoplates by means of face-to-face formation along
the c axis, showing a significant shape-directing effect on
single nanocrystals in the anisotropically layered tetragonal
structure, together with a profound structure directing effect
on the whole self-assembled mesostructures of the nano-
plate–surfactant hybrid. Moreover, the whole highly com-
pacted hybrid mesostructure would stay stable during the
crystallization and growth procedure of the inorganic nano-
plates, due to the stereochemical recognition match of the
inorganic lattice and the organic micelle structure, as dis-
cussed hereafter.

A simple molecular mechanics model was established to
identify the optimal configuration and steric energy of the
assumed penetrated single-layered surface ligands adsorbed
on the two face-to-face (001) facets of two neighboring
BaFCl nanoplates (also see the modeling section in the Sup-
porting Information). As shown in Figure 3 a, a head-to-tail
penetrated single layer of OA or stearic acid (SA,
C17H35COOH) molecules was fixed between two neighbor-
ing tetragonal lattices with variable lattice constant. The
stable configurations and conformations of a (2 � 3) lattice
of the carbon chains of OA or SA were obtained by Monte
Carlo method with the MMX force field when the inorganic
lattice constant a varies from 350–600 pm. The steric energy
curves (Figure 3 d) of the carbon chains are both of a typical
U shape, with the minimum energy point at about 440 pm
for OA or at about 430 pm for SA. The computation results
reveal that the constants of the most stable organic lattices
of OA or SA match with that of the inorganic lattice of
BaFCl (a =440 pm) precisely, indicating that the assumed
penetrated micelle structure is really stable in energy. Thus,
the minimizing of both the surface energy of the inorganic
nanoplates and the steric energy of the organic micelle
structures would lead to the simultaneous formation and
growth of the self-assembled organic–inorganic hybrid su-
perstructures in solution.

A further time sequence experiment has verified the as-
sumed interfacial cooperation model accounting for the for-
mation of the domino-like BaFCl superlattices. A certain
amount of the nanocrystals were extracted out from the re-
action mixture by a syringe with a stainless steel needle
every 5 min at the predetermined temperature (e.g., 300 8C).
The structure and size of the as-prepared superlattices were
then examined with TEM and dynamic light scattering
(DLS) characterizations (Figure 4, Figures S8 and S9 in the
Supporting Information). No nanoparticles or organic–inor-

Scheme 1. Schematic presentation of the mechanism of the spontaneous
self-assembly of nanoplates as an organic–inorganic cooperation model.
a) Dissolution of Ba ACHTUNGTRENNUNG(CX3COO)2 (X= F, Cl) salts in OA/OM mixed solu-
tions. b) Ligand exchange of Ba precursors and formation of metal–sur-
factant monomers. c) Formation of organic–inorganic hybrid layered
mesostructures with different chemical species. d) Crystallization and
growth of BaFCl nanoplates with the layered structures maintained.
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ganic hybrid superstructures could be observed on the
whole copper grid with the sample extracted at 0 min. Then,
as the reaction solution turned white and turbid, plenty of
long 1D self-assembled superstructures of ultrathin nano-
plates (side length: ca. 35 nm) appeared in merely 5 min
(Figure 4 a) and then grew bigger in the next 20 to 25 min
(Figure 4 b and Figure S8a–d in the Supporting Information),
as the thermolysis of the C�F bonds of the trifluoroacetic
species is a continuous process, as supported by the TG-
DTA analysis (Figure S7 in the Supporting Information).
Furthermore, the DLS data (Figure S9 in the Supporting In-
formation) revealed that large bundles of organic–inorganic
superstructures were formed in the reaction solution
through the above-described spontaneous process instead of
an EISA protocol.[17] Then, after being heated in the follow-
ing 30 min, these domino-like superstructures of the ultra-
thin nanoplates would gradually collapse into single-layered
nanodisks (Figure 4 c,d and Figure S8e and f in the Support-
ing Information) due to the possible thermal perturbation of
the mesostructures. Meanwhile, rectangular nanoplates
would also gradually transform into truncated rectangles or
sub-rounded ones with wider size distributions (Figure 4 d
and Figure S8e and f in the Supporting Information), possi-

bly due to the etching of the corners of the nanoplates and
the spontaneous recrystallization process.[22] The size and
shape evolution procedure of all these ultrathin building
blocks are recorded in Figure 4 e. In addition, some much
smaller nanoparticles (10–20 nm in size), which appeared
after 40 min (Figure 4 d and Figure S8e and f in the Support-
ing Information) would possibly be generated by the col-
lapse of ultrathin nanoplates, as proved by additional disas-
sembly experiments of these superstructures implemented
by refluxing or sonicating diluted dispersions of these super-
structures in toluene (Figure S10a–c in the Supporting Infor-
mation), indicating the stabilizing effects of the close-assem-
bled structure for each thin layer of inorganic BaFCl nano-
plates.

As predicted by the MM computation, any distortion of
the “stable micelle structure” would result in the disruption
of the domino-like hybrid superstructures. On the one hand,
any distortions of the organic micelle structures would sig-
nificantly hamper the formation of the stable, penetrated
single layer of ordered surfactant molecules. Well-separated

Figure 3. Molecular mechanics computation for a (2 � 3) lattice of pene-
trated single layer of OA or SA molecules adsorbed on two neighboring
tetragonal lattice with a variable lattice constant. a) Schematic illustra-
tion for penetrated single layer of OA or SA. b) Calculated optimal con-
figurations of OA molecules, from the x direction (left) and y direction
(right). c) Calculated optimal configurations of SA molecules, from the x
direction (left) and y direction (right). d) Calculated steric energy curve
for the (2 � 3) lattice of penetrated single layer of OA or SA molecules.

Figure 4. TEM observations of the as-prepared superstructres in a time
sequence experiment: a) 5 min; b) 30 min; c) 35 min; d) 60 min. e) Size
and shape evolution of the as-prepared BaFCl nanocrystals in the time
sequence experiment (the particle sizes are counted from at least 50
nanocrystals).
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single-layered BaFCl nanoplates or nanodisks (Figure S11 a–
d in the Supporting Information) could be obtained by par-
tially substituting the OA molecules with linear SA or lauric
acid (LA) molecules without any further disassembly proce-
dures. In addition, no long-term ordered, self-assembled su-
perstructures, but separated nanoplates or nanotube-like
nanostructures rolled from several nanosheets could be ob-
tained in the mixed solution of SA or LA and OM due to
the significant differences of molecular configurations be-
tween the linear carboxyl acid molecules (SA, LA) and the
kinked OM molecules. On the other hand, ordered superlat-
tices could be prepared in the mixed solution of SA and
linear octadecylamine (ODA), or hexadecylamine (HDA),
as shown in Figure S11e and f in the Supporting Informa-
tion. In addition, as illustrated by the MM computation, the
change of inorganic lattice would also prohibit the forma-
tion of ordered hybrid mesostructures or lead to the disrup-
tion of the layered mesostructures during the crystallization
or growth procedure of inorganic nanocrystals. Instead, the
assembly of nanocrystals would be realized in a “post-syn-
thesis” way, producing superstructures with double-layered
surface ligands between neighboring nanocrystals (4–5 nm in
distance).[26] Further experiments proved that highly com-
pacted and ordered domino-like superstructures of ultrathin
SrFCl (a= 413 pm) or BaFBr (a= 450 pm) nanoplates could
also be obtained (Figure S12a and b in the Supporting Infor-
mation), while for CaFCl (a=389 pm) or Pr2O3 (cubic,
a=540 pm) (Figure S12c and d in the Supporting Informa-
tion), no robust domino-like superstructures could be ob-
tained, since there is a mismatch of the inorganic and organ-
ic lattice. Instead, “post-synthesis” self-assembled superlatti-
ces with larger interplate distances (4–5 nm) are observed,
due to the possible disruption of the micelle structure in the
crystallization procedure of the inorganic phase.

In addition, by varying the molar ratio of the inorganic
precursors and organic ligands, deferent kinds of self-assem-
bled structures could be obtained. In the presence of an
excess of surfactant, large uniform rectangular plates
stacked in a tilting face-to-face way through a “post-synthe-
sis” route could be observed (Figure S13a,b), since the solid
hybrid structures could be disrupted by the addition of free
surfactant molecules, leading to easy dispersion of the pre-
cursors in solution. In contrast, the decreasing the amount
of free surfactant molecules resulted in highly compacted
bamboo-like self-assembled superstructures with several
ultra-large nanoplates (as two to five times larger than those
“normal” ones) embedded into several nearby 1D chains
(Figure S13c,d and Figure S14 in the Supporting Informa-
tion).

In contrast to the unobservable fluorescence for the
BaFCl bulk powder prepared through a co-precipitation-
based hydrothermal method, the self-assembled BaFCl
nanoplates showed an intense blue light in a wide peak cen-
tering at around 450 nm, when exited by a 360 nm UV light
at room temperature (Figure 5). This broad photolumines-
cent band might result from the emissions of the intrinsic F
centers, such as F(F�), FACHTUNGTRENNUNG(Cl�), F ACHTUNGTRENNUNG(O2�) and oxygen defects

(vacancies)[21] created in the superstructures during the one-
step self-organization at the nanoscale.

In summary, robust fluorescent domino-like 1D superlatti-
ces of ultrathin nanoplates of alkaline earth halides were ob-
tained in the solution phase without any artificial “post-syn-
thesis” assembly. Supported by semiempirical molecular me-
chanics computation and practical experiment evidences, the
stereochemical recognition match of various chemical spe-
cies at the organic–inorganic interface (i.e. , the fine lattice
match of both the inorganic nanocrystals and the organic
micelles) was demonstrated to account for the spontaneous
self-assembly of the nanoplate superlattices in the solutions.
This solution approach has demonstrated a conceptual ad-
vance for the construction of superlattice-based functional
materials from diverse nano building blocks through novel
biomimetic “bottom-up” strategies.

Experimental Section

Synthesis : A Schlenk line system was employed in the synthesis proce-
dures. Oleic acid (OA; 90%, Aldrich), oleylamine (OM;> 80 %, Acros),
absolute ethanol, cyclohexane and toluene were used as received. In a
typical synthesis, stoichiometric amounts of Ba ACHTUNGTRENNUNG(CF3COO)2 and of Ba-ACHTUNGTRENNUNG(CCl3COO)2 (0.5 mmol) were dissolved in the solvent mixture of OA
(4 mmol) and OM (36 mmol) in a three-necked flask at room tempera-
ture, degassed and heated to 140 8C with vigorous magnetic stirring for
15 min to remove water and other impurities with low boiling points.
Next, the colorless, transparent solution was heated to 300 8C at a heating
rate of 20 8C min�1 under a N2 atmosphere. After 30 min of reaction, the
white turbid solution was cooled to room temperature in air with gentle
stirring for 5–10 min. Then the white gel-like products were separated by
a centrifuge and washed several times with cyclohexane and ethanol, and
dried at 80 8C for 12 h, showing a yield of ca. 80%.

Characterization : TEM observation was performed on a JEOL 2100
(JEOL, Japan) TEM operated at 200 kV. HRTEM and EDS analyses
were conducted on a JEOL 2100F (JEOL, Japan) field emission TEM
with EDS accessories operated at 200 kV. XRD patterns were obtained

Figure 5. Fluorescence spectra of the self-assembled BaFCl nanoplates
and the BaFCl bulk powder recorded at room temperature. Emission
spectra (lex =360 nm). Inset top right: excitation spectrum (lem =420 nm)
of the nanoplates. Inset bottom left: digital image of the as-prepared self-
assembled nanoplates (left) and the BaFCl bulk powder (right) under a
portable lamp with 365 nm UV light.
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with a Rigaku D/MAX-2000 diffractometer (Japan) using CuKa radiation
(l=154.06 pm) with a slit of 1/28 at a scanning rate of 48min�1 for wide-
angle XRD characterizations, while a slit of 1/68 at a scanning rate of
18min�1 were used for small-angle XRD measurements. FTIR spectra
were determined on a Bruker Vector22 FTIR spectrometer. The DLS
size distribution characterizations were done on a Horiba SZ-100 nano
particle analyzer (Horiba, Japan). UV-simulated photoluminescence
properties were measured on a Hitachi F-4500 fluorescence spectropho-
tometer (Hitachi, Japan) with a Xenon lamp as a stimulation source. The
scanning speed was fixed at 60 nm min�1 with both the excitation and
emission splits fixed at 2.5 nm.
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