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Single-walled carbon nanotubes (SWNTs)[1] are cylindrical
sheets of sp2 graphene carbon that, when formed by laser
ablation[2] or arc vaporization,[3] form capillaries with diam-
eters predominantly within the range of 1 to 2 nm. We have
recently reported that one-dimensional (1D) crystals of rock-
salt KI formed within these narrow capillaries exhibit a partial
or total reduction in coordination.[4, 5] For example, a 1D KI
crystal of 2� 2 atomic layers formed within SWNTs 1.4 nm in
diameter exhibits a total reduction from 6:6 (i.e., cation:an-
ion) to 4:4 coordination.[4] Similarly, a 1D KI crystal of 3� 3
atomic layers observed within wider SWNTs (1.6 nm in
diameter) exhibits three separate coordinations of 6:6, 5:5,
and 4:4 along central, face, and edge -I-K-I-K- rows,
respectively.[5] Binary halides derived from layered or 3D
polyhedral framework structures inserted into SWNTs form
1D polyhedral chain structures[6] that also exhibit reduced
cation and anion coordination. For example, six-coordinate

Figure 6. Dependence of the peaks originating from the LSPR (�) and the
stop-band (�) on the refractive index. The dotted and solid lines were fitted
by using linear functions.

ing from the LSPR can be clearly observed when the
refractive index of the surrounding medium changes from 1
to 1.538. Hence, the LSPR can be used to determine any
refractive index in this range. In summary, there are both
merits and drawbacks to using the LSPR or stop-band peak
alone to detect the surrounding medium, while a combination
of the two peaks can give a more correct and precise result.

In conclusion, a high-quality metal-coated 3DOM was
fabricated by a dipping method, and its application as a
refractive index sensor was demonstrated. Both the LSPR and
the stop-band can be used to measure the changes in the
refractive index, and a combination of the two allows precise
measurement of the refractive index of the surrounding
medium over a wide range. Potential applications of this kind
of film are as a biological sensor and as a vapor sensor. In
addition, such a material may also have applications in
surface-enhanced Raman scattering (SERS) and metal opti-
cal crystals.
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Cd2� in CdCl2 and nine-coordinate Tb3� in
TbCl3 form five- and six-coordinate 1D
zigzag polyhedral chains within SWNTs,
respectively.[7, 8] While both these structures
form with a reduced rearranged anion sub-
lattice, they retain effectively the cation
sublattice of the corresponding bulk halides.
Here we report the first example of a 1D
crystal chain derived from an alkaline earth
metal halide (BaI2) for which both sublattices
are substantially different from those found
in any of the published forms of the bulk halide.

BaI2 is one of a group of dihalides that
adopt the nine-coordinate Pnam cotunnite
PbCl2 structure under standard conditions[9]

but which transforms into a hexagonal P6≈2m
form under 3 GPa pressure[10] and a 10-
coordinate post-cotunnite monoclinic P1121/
a form between 5 and 15 GPa pressure.[11]

The Pnam and P6≈2m forms both consist of a
3D network of face-sharing distorted tricap-
ped trigonal prisms (Figure 1a and b), the
major difference being that, for the latter, the
I� coordination is more symmetrical. The
highest pressure version consists of a network
of tetracapped trigonal prisms (Figure 1c)
and, together with the Pnam and P6≈2m
forms, these are the only coordinations
reported for Ba2� within BaI2.

A sample of SWNTs was prepared by a
catalytic arc-synthesis route[12] and filled with
BaI2 by capillary wetting.[13,14] The composite
was examined in a 300-kV high-resolution
(HR) field emission gun transmission elec-
tron microscope (FEGTEM). Lattice images
showed that only 10 ± 20% of the SWNTs
contained filling, which was predominantly
crystalline but also very sensitive to the
electron beam, with the result that it became
glassy after irradiation at a beam dosage of
5� 105 e�nm�2 s�1 for longer than about 20 s.
Single HRTEM images were therefore ob-
tained from the crystals in conventional
imaging mode with low electron beam dos-
ages (2� 105 e�nm�2 s�1). Even under these
conditions, it was not possible to use the
previously described focal series restoration
approach[5, 15] to image the specimen.

An image and the corresponding detail,
obtained close to ideal Scherzer HRTEM
focusing conditions, of a BaI2-filled SWNT
1.6 nm in diameter overlying two unfilled
SWNTs are shown in Figure 2a and b. The
microstructure of the filling material is
clearly visible as a 2D array of dark spots
which are lighter in intensity close to the
walls of the SWNTand heavier in intensity towards its center.
As the electron-scattering power of Ba (Z� 56) is similar to
that of I (Z� 53) we assume that the dark spots correspond to

columns 1 ± 3 atoms thick in projection, each of which may
contain some combination of Ba and I. The columnar spacings
in the fragment were typical of those observed in other BaI2-

Figure 1. a) Cotunnite Pnam form of BaI2. b) Hexagonal P6≈m modification of BaI2 formed
under 3 GPa pressure. c) 10-coordinate P1121/a form of BaI2 formed between 5 and 15 GPa
pressure. d) Staggered view and end-on representation of a 1D BaI2 chain incorporated in a
SWNT. e) Side-on and end-on views of the fragment which can be defined along z for both the
Pnam and P6≈m forms. The net stoichiometry of the structure can be restored to BaI2 by removing
the iodine atoms marked yellow (end-on view). f) Side-on and end-on views of reduced-
coordination BaI2 fragment. C.N.� coordination number.

Figure 2. a) HRTEM image of BaI2/SWNT composite. b) Detail from boxed region in (a), for
which image noise was reduced with a deconvolution filter. c) Structure plot based on a 2D peak-
mapping analysis of (b); end-on view on the right. d) Simulated HRTEM image, e) complete
structure model of BaI2/SWNT composite. f) Coordination model of 1D BaI2 chain. g) 5-
coordinate, h) 6-coordinate BaI6 polyhedra and ball-and-stick models derived from (c). i) and
j) Models showing derived equatorial bond angles and distances for BaI4 units along the center of
the 1D BaI2 chain (ionic radii in (j) indicated by diffuse spheres).
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filled SWNTs, and we believe that the crystal microstructure is
therefore representative, although the microstructure of
SWNT fillings is known to vary as a function of tube
diameter.[4, 5, 8]

To construct a model for the encapsulated crystal, a 2D
peak-mapping program was used to determine the relative
positions of the atomic columns in Figure 2b, and this
produced the atom map shown in Figure 2c. To derive the
complete crystal, the fragment was expanded vertically with
respect to the plane of the page to give the end-on
representation shown on the right of Figure 2c, in which the
fragment can be visualized as being 1-2-3-2-1 atomic layers in
thickness. Atomic positions were assigned on the basis of a
coordination scheme for Ba and I which retains Ba in the �2
oxidation state. The vertical expansion was scaled to take into
account the Ba�I bond length anticipated from the ionic radii
of BaVI2� (0.136 nm)[16] and IVI� (0.22 nm),[16] that is, 0.356 nm.
A near-Scherzer focus simulated HRTEM image[4] (Fig-
ure 2d), calculated from a composite crystal consisting of a
4 nm long section of a (12,12) SWNT[17] and the derived
crystal fragment (Figure 2e), provides good agreement with
the experimental image. An end-on view of the composite is
shown on the right of Figure 2e. A coordination polyhedra
model derived from the 1D chain (Figure 2 f) produces
octahedral coordination for the Ba2� ions along the center
of the chain and pentagonal coordination for the Ba2� ions on
the edges of the chain (see also Figure 2g and h).

By combining information from the lattice image and the
structural model, it is possible to derive information regarding
I-Ba-I bond angles and distances within the 1D BaI2 crystal.
The equatorial I-Ba-I bond angles can be estimated from the
spot dispositions in the lattice image (Figure 2b), as shown
schematically for the representative fragment in Figure 2 i.
The apical Ba�I distances must be estimated from the ionic
radii of Ba2� and I� (see above). The equatorial Ba�I
distances can be estimated from the intercolumnar distances
measured from the dark spots in the micrograph, and this
gives values ranging from 0.35 to 0.40 nm (estimated error
�0.02 nm), as shown for the representative polyhedra in
Figure 2 j. Any out-of-plane distortions will cause these
distances to be longer, by inspection. Such expansions
notwithstanding, the estimated Ba�I distances are either
equal to or slightly longer than the apical Ba�I distance of
0.356 nm predicted from the ionic radii (see above). The close
correspondence of these measured values with the predicted
bond lengths is an important argument in favor of our model.

An exhaustive comparison of the experimental structure
(shown in perspective view in Figure 1d) and all possible
fragments derived from the structures in Figure 1a ± c could
only produce one approximate match with the experimental
structure, shown in Figure 1e. Versions of this fragment can be
derived from either the Pnam or P6≈m forms of BaI2 (Fig-
ure 1a and b), although both have an excess of iodine due to
lattice termination. It is therefore necessary to remove the
atoms depicted in yellow in Figure 1e to restore the stoichi-
ometry to BaI2 (see Figure 1 f). While this structure resembles
that of the experimental fragment (Figure 1d), comparison of
the end-on views of the two fragments reveals that the
similarity is only superficial. The Ba2� ions exist in a far more

compressed environment in the experimental fragment than
in the derived fragment (cf. end-on views in Figure 1d and f).
The extent of this difference is reflected in two key
experimental observations: 1) the shortening of the Ba�Ba
distance defined along diagonally related BaIx polyhedra from
0.597 (Pnam form) or 0.588 (P6≈m form) to 0.49 nm; 2) the
much more symmetrical coordination of iodine in the 1D
chain. We conclude that the experimental 1D fragment has a
crystal structure substantially different to any of the reported
forms of BaI2.

This work describes the structural characterization of a BaI2
nanocrystal formed within a SWNT of 1.6 nm diameter by
using a ™bottom-up∫ approach. The obtained structure is
found to have Ba in 5- and 6-coordination–both unknown in
bulk BaI2–in the form of a 1D chain consisting of edge-linked
coordination polyhedra. This result represents a significant
departure from those for previously described SWNT fil-
lings,[1±3] as it represents the first example for which all
structural properties of an SWNT-encapsulated crystal are
different from those of the bulk structure. It is anticipated that
the physical properties of the derived 1D chain will be
substantially modified as a result.

Experimental Section

A sample of as-prepared SWNTs, prepared according to a published
catalytic arc-synthesis method,[12] and a sample of highly pure anhydrous
BaI2 (Aldrich, 99.999%) were combined in 1:1 mass ratio. The mixture was
ground using a pestle and mortar and then transferred to a silica quartz
tube 6 mm in diameter. This procedure was performed under dry
conditions in a glove box, due to the deliquescent nature of BaI2. The
quartz tube was then sealed under vacuum. The ampoule was heated at
1 Kmin�1 to 40 K above the melting temperature of the salt (i.e., 740 �C)
and held at this temperature for 5 h. The furnace was set to a slow cooling
program (from 780 to 18 �C over 1 h) to allow for optimum growth of the
salt crystals within the SWNTs.

The product was examined in a 300-kV JEOL JEM-3000F field emission
gun HRTEM (point resolution 0.16 nm) equipped with a LINK ™ISIS∫
X-ray microanalysis system. Images were acquired digitally on a Gatan
model 794 (1 k� 1 k) CCD camera, the magnification of which was
calibrated with Si[110] lattice spacings. Energy dispersive X-ray micro-
analysis (EDX) was performed with a electron probe 0.5 nm in diameter.
Image simulations were performed by using a standard multislice algorithm
incorporating representative parameters for our FEGTEM.
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The design and construction of metal ± organic coordina-
tion networks (MOCNs) have received significant attention in
recent years, mostly motivated by the potential of generating
tailor-made functional materials through molecular engineer-
ing of the constituent building blocks using the tools of
modern synthetic chemistry.[1] Indeed many MOCNs have
been reported to exhibit interesting properties, which include
functional-group or size-selective sorption,[2] catalysis,[3] gas
storage,[4] molecular recognition,[5] and second harmonic
generation.[6] Among these, the synthesis of MOCNs with
permanent porosity is by far the most fruitful, and many
metal ± carboxylate coordination networks with extremely
large surface areas have been constructed, based on the
secondary building unit (SBU) concept that has been
extensively used in zeolite synthesis.[7] Compared to zeolites
and the recently developedMCM-type mesoporous materials,

MOCNs are built with weaker metal ± ligand coordination
bonds and are inherently less stable. It is thus imperative to
incorporate functions that are not possible with inorganic
oxide materials into MOCNs. Our recent success with crystal
engineering of nonlinear-optical (NLO) materials based on
MOCNs provides such an example.[6] Another unique feature
of MOCNs is the ability to design chiral pores and function-
alities, which may be exploited in heterogeneous asymmetric
catalysis and enantioselective separations.[8] With a few
exceptions,[3b,c, 9] the chiral MOCNs reported to date were
synthesized from simple achiral components.[10] The chirality
of suchMOCNs originates from the spatial disposition of their
building blocks and is not amenable to fine tuning.[1d] More-
over, the bulk materials of such MOCNs tend to be racemic
and cannot be exploited for chirotechnology.[11] A more
straightforward approach to chiral solids relies on the use of
metal ions or metal clusters as nodes, and chiral multifunc-
tional ligands to link these nodes. Herein we report the
rational synthesis of chiral two-dimensional (2D) networks,
based on enantiopure dicarboxylate bridging ligands and
metal ± organic SBUs.

As illustrated in Scheme 1, enantiopure atropisomeric
6,6�-dichloro-2,2�-diethoxy-1,1�-binaphthylene-4,4�-dicarboxylic

Scheme 1. Synthesis of 6,6�-dichloro-2,2�-diethoxy-1,1�-binaphthylene-4,4�-
dicarboxylic acid (H2BDA).

acid (H2BDA), was prepared in six steps in good overall yield
(35.7%), from the readily available chiral 1,1�-bi-2-naphthol
(BINOL). Homochiral metal carboxylates with the general
formula of [M2(�-H2O)(bda)2(py)3(dmf)] ¥ (DMF) ¥ (H2O)x
(M�Mn, x� 2, 1a ; M�Co, x� 3, 1b ; M�Ni, x� 3, 1c)
were obtained in moderate yields (31 ± 42%), by treatment of
metal nitrate or perchlorate salts with H2BDA in a mixture of
N,N×-dimethylformamide (DMF), MeOH, and pyridine (py)
at 60 �C (Scheme 2). Compounds 1a ± c are stable in air, and
insoluble in water and common organic solvents. The IR
spectra of 1a ± c exhibited bands at 1660 ± 1320 cm�1 charac-
teristic of carboxylate groups. Thermogravimetric analyses
(TGA) show that 1a loses 12.8% of its total weight on heating
to 220 �C, which corresponds to the loss of three water
molecules and two DMF molecules per formula unit (ex-
pected 12.7%). TGA indicate that 1b and 1c experience
13.7% and 13.3% weight losses by 220 �C, corresponding to
the loss of four water molecules and two DMF molecules for
both 1b and 1c (expected 13.9%). The formulations of 1a ± c
are supported by microanalysis results.
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