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ABSTRACT

Atomic chains and crystal of iodine were successfully generated in a controlled manner inside single-walled carbon nanotubes (SWNTSs). The
structure is strongly dependent on the diameter of SWNTSs; the single, double, and triple helical structures became quite stable when the
diameter of SWNTs matches the certain size. More than three chains of iodine are not very stable, and they often crystallize inside the carbon
nanotube when the diameter is larger than 1.45 nm. The crystallization or phase transition in a confined nanospace is thus directly observed,
and there is indeed a critical size of the hollow nanospace for the stable formation of the atomic chains of iodine.

Atomic wire, a linear chain of atoms, is the ultimate quantum dopant of SWNTs and indeed effective for the positive
object. Structures and properties of atomic wires are predictedcharge transfer into SWNTS. If the iodine atoms can be

to be completely different from bulk materials. Much effort stabilized inside the SWNTs due to the massive interaction
has been devoted so far to realize a single atomic chain forwith the SWNTS, one can expect polymorphic structures of
many kinds of materials. Linear gold atomic chains were iodine inside the narrow space of SWNTs with various
successfully generated with transmission electron microscopydiameters. One of the previous experiments of doping a
(TEM), and the quantization of conductance was verified SWNT with iodine reported stable two atomic chains of
by in situ transport measurements-abrication techniques  iodine in SWNTSs? However the polymorphic structures have
of these atomic wires with a controlled number of chains never been studied at the atomic level. By means of high-
and length have not been well established except for the caseresolution transmission electron microscopy (HR-TEM), we
of gold atomic chaingWe intend to use single-walled carbon have made a systematic study of the structures of iodine
nanotubes (SWNTSs) as sheaths for the atomic chain in thisgenerated in SWNTs with various diameters and demonstrate
experiment. SWNTs have an ideal one-dimensional hollow the realization of iodine atomic chains in various humbers
space of 0.43.0 nnt® in diameter and of up to a few and a new iodine crystal structure. This is the first report to
millimeters in length. One can therefore expect that the length show the polymorphic structures of iodine with the various
and the number of atomic chains can be controlled by numbers of atomic chains.

changing the diameter and the length of the nanotube sheaths. |odine was introduced into the SWNT by heating a mixture
Also the atomic wires formed inside a carbon nanotube of SWNT bulk powder and iodine in an evacuated glass tube
should be well isolated and may be stabilized and last longer.at 150°C for 24 h. In this experiment, two types of SWNTs

In this Letter, we report the formation of atomic chains were used as host sheaths of iodine atomic chains with a
and crystals of iodine in the hollow space of SWNTSs. lodine wide distribution of diameters: high-pressure carbon mon-
is unlikely to be intercalated into a graphite gap (0.335 nm oxide conversion (HIPCO) SWNTs with diameters of-0.6
spacing); however, it can be considerably stable inside the1.3 nm (mean diameter of 1.0 nm) are commercial available
SWNT, since it has a larger space. lodine is a typical p-type (95% in purity), SWNTs with diameters of -2.6 nm are

prepared by an arc discharge method with Y&B catalyst
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Figure 2. The elliptical distortion of SWNT induced by the
repulsive force between atomic chains. (a) Diameter variation from
1.25+ 0.05 nm to 1.50+ 0.05 nm of a SWNT encapsulating a
triple iodine chain. (b) Diameter variation from 1.#00.05 nm to
Figure 1. HR-TEM images (taken by JEOL 2100F) of the atomic  1.30=+ 0.05 nm of a SWNT encapsulating a double iodine chain.
chains of iodine sheathed with SWNTs and their schematic (c) The repulsive interaction leads to the elliptical distortion of the
illustrations. (a) A single iodine chain in a thinner SWNT with SWNT. When the two atomic chains of iodine are nearly parallel
diameter of 1.05+ 0.05 nm and the structure model (side view in projection to the electron beam, the projected diameter appears
and top view). (b) A double iodine chain in a SWNT with diameter largest (1.3@t 0.05 nm), while when the two atomic chains of the

of 1.30+ 0.05 nm and the structure model (side view and top view). iodine plane overlap, the projected diameter appears smallest (1.10
(c) A triple iodine chain in @ SWNT with diameter of about 1.40 = 0.05 nm).

4+ 0.05 nm and the structure model (side view and top view).

occasionally move inside the tube during the observation and

by ultrasonic treatment, and a droplet of the suspension wascould be blocked at a defect or maybe some contamination
deposited on a TEM holey carbon grid. The sample was of SWNT. (See Figure S1 and Movie 1 in Supporting
characterized by field emission TEMs (JEOL, JEM-2100F, Information). Figure 1b shows HR-TEM images of slightly
and JEM-2010F with a postspecimen aberration corrector, thicker SWNTs (1.30+ 0.05 nm in diameter) containing
both operated at 120 kV). During the HR-TEM observations, two helical chains of iodine atoms. The spacing of the two
we employed optimized conditions to visualize the ions inner atomic chains can be estimated as large as 0.49 nm in
entrapped inside SWNTS. the projection along the incident electron beam direction.

Figure 1 shows the typical HR-TEM images of the atomic The helical pitch of the iodine atomic chains is not constant,
chains of iodine sheathed with SWNTs and their schematic and more than two different helical pitchs are often found
illustrations. The number of atomic chains in the host SWNTs in a SWNT (see Figure S2 in Supporting Information). We
strongly depends on the diameter of SWNT. In those HR- do not find any positive correlation between the helical
TEM images, dark spots are attributed to the iodine atoms structure of iodine atomic chains and the nanotube helicity,
which are aligned along the tube axis between the outer twoin contrast to the previous theoretical prediction (Figure®s2).
parallel dark lines corresponding to the SWNT walls. It Figure 1c shows a HR-TEM image of a triple chain of iodine
should be noted that direct measurement of the distanceatoms encapsulated in a larger SWNT with diameter of 1.40
between two parallel dark lines (apparent diameter) exhibits + 0.05 nm, together with the structure model, indicating a
a systematic deviation~0.1 nm) from the true diametét. helical structure in three dimensions. We have not succeeded
All the diameters of the SWNTs shown below are calibrated. in producing four or more atomic chains.
Figure 1a shows HR-TEM images of a single iodine chain  In most cases, the structure of the host SWNT appears to
in a thinner SWNT with diameter of about 1.650.05 nm. vary in axial direction as seen in the HR-TEM images. In
The iodine atomic chain stays near the middle of the hollow. Figure 2, the apparent diameter measured by a ruler in the
The structure model is also shown in the side and top view. projected HR-TEM images is not uniform, showing consid-
This is the first realization of a single atomic chain of iodine. erable variations from 1.25% 0.05 nm to 1.5Gt 0.05 nm
The iodine chains inside SWNTs are not immobile, they (Figure 2a) and 1.18- 0.05 nm to 1.306+ 0.05 nm (Figure
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2b). This variation suggests that the host SWNTs elliptically
distort in accordance with the helical structures of the guest )
atomic chains of iodine. According to the previous Raman
spectroscopy studies, the iodine atoms inside SWNTs arey)
negatively charged by formingor |5~ specied. This charge
transfer, typically 0.20.3 eV per iodine atom, should
provide a repulsive force exerted among the adjacent atomic
chains of iodine in SWNT. The repulsive interaction leads d)
to the elliptical distortion of the SWNT, as shown in Figure
2c. When the two atomic chains of iodine are nearly parallel
in projection to the electron beam, the projected diameter
appears largest (1.3 nm), while when the two atomic chains
of the iodine plane overlap, the projected diameter appearsf)
smallest (1.1 nm) in the case of the double helical structure
(Figure 2b). Such elliptical distortions have been predicted &
theoretically> and observed experimentdftyin SWNTs
involving some other inorganic crystals. This experiment is h)
however the first proof that rigid atomic chains and their
repulsive force can indeed deform the host SWNTSs. 1)

The critical diameter for the atomic chain formation was
found around 1.45 nm. Another crystalline phase of iodine j)
is found in a SWNT with a larger diameter. Most interest-
ingly, a phase transition between the atomic chains and thek)
crystalline phase can be occasionally observed “in situ” inside
the SWNT around the critical diameter. In Figure 3, a series
of HR-TEM images shows an example of the phase transi- Figure 3. The phase transition of iodine from the atomic chains
tions of the atomic chains of iodine encapsulated in a SWNT f]OEg{Sztilcl)igg S(gﬂftgéei g#t:g}gHtgeTEs_;rmEaMeogfsieordviitéosrlrtjiliﬁpets)y
of 1.45 i, 0.05 nm diameter. Since there' IS 'no apparent inside a SWNT of 1.4‘?54_- 0.05 nm in diametger. The images were
defocus difference along the tube, the inclination of SWNT recorded every 2 s. The three different structures appear during
with respect to the electron beam would be negligible. In the observation (denoted as phase |, II, and Ill). Phase | represents
the sequence of the HR-TEM images (Figure-Rj at least the helical atomic chains (I), while phase Il indicates a crystalline
three different phases appear (and disappear) in turn insidestructure (m). The atomic arrangement of phase Il derived from
the SWNT. The phases are denoted as I, II, and Ill. Phase Ithe HR-TEM images implies a new structure g_enerated |nS|de_ a
. ; . . o . SWNT (n). These phases appear repeatedly during the observation.
involves the three helical atomic chains of iodine which has see also movie 2 in Supporting Information.
already been discussed above and occasionally comes out
during the observation (Figure 3c,d,f). Phases Il and Ill are ) e
both crystalline but differ from each other. Both structures a
are based on the iodine dimeg (holecule). The structure
of phase Il can be regarded as the known orthorhombic
structuré* but highly distorted. The atomic arrangement of
phase Il is completely different from the known crystalline -
structure of iodine in bulk (orthorhombic) and is really a (2
new crystalline phase, since it could not be derived from b)
rotation of orthorhombic iodine crystal or iodine chains. (See
Supporting Information Figure S3 and Figure S4 for more
detail.) The periodicities of the dark spots, which are
corresponding to iodine dimers parallel to the electron beam, o o
in axial direction and across direction are measured as 0.72F19ure 4. Crystalline iodine confined in a 1.55 0.05 nm SWNT.

. . . (a) HR-TEM image taken by a JEOL 2010F with a Cs corrector.
and 0.65 nm, respectively. When the electron beam |rrad|ates(b) Schematic model based on the orthorhombic iodine (bulk

continuously, one structure often alters into one of the other ¢rystal) encapsulated in a SWNT with tReLO direction parallel
ones (Figure 3ak). The phase transition is reversible, to the tube axis and tH®01 Hdirection parallel to the electron beam.

implying that the energy difference between three structures(c) The corresponding simulated image.

is quite subtle. Phase Ill seems the most stable phase insidggentical with the buck orthorhombic iodine crystal. Shown
the SWNT of 1.45+ 0.05 nm in diameter, since it survives in Figure dais a HR-TEM image of the Crysta"ine iodine in
for longest time during the HR-TEM observation, compared 3 SWNT with 1.55+ 0.05 nm in diameter. The average
with the other two phases. intervals of the parallel lines inside the SWNT are about
When the diameter of the host SWNT continues to 0.36 nm, close to the 0.359 nfR0G d-spacing of the
increase, one would expect to see the crystalline iodine orthorhombic iodiné* The HR-TEM image is agreement
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with the simulated image (Figure 4c) based on the schematicdifferent diameters, and image simulations with different
model, in which the orthorhombi®10direction is parallel SWNT diameters and videos of phase transition. This
to the SWNT axis and th@01direction is parallel to the  material is available free of charge via the Internet at http://
electron beam. pubs.acs.org.
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