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Single-wall-carbon-nanotube/single-carbon-chain molecular junctions
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Stable junctions between a single carbon chain and two single-wall carbon nanotubes were produced via
coalescence of functionalized fullerenes filled into a single-wall carbon nanotube and directly imaged by in situ
transmission electron microscopy. First principles quantum chemical calculations support the observed stability
of such molecular junctions. They also show that short carbon chains bound to other carbon structures are
cumulenes and stable semiconductors due to Peierls-like distortion. Junctions like this can be regarded as
archetypical building blocks for all-carbon molecular electronics.
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I. INTRODUCTION

In the design of nanoelectronic devices, a key issue is the
fabrication of metal-semiconductor junctions.' A single mo-
lecular junction between a single carbon chain (SCC) and a
single-wall carbon nanotube (SWNT) could provide an at-
tractive solution. Whether a SWNT is semiconducting or me-
tallic is controlled either through its chirality or through
doping.?? Several theoretical works have explored the trans-
port properties of a SCC.*~!° Infinite SCCs are semiconduct-
ing due to Peierls distortion.!! However, short SCCs are usu-
ally treated as metallic in the literature. Single carbon chains
have previously been observed.'>”'* However, the methods
used are not best suited for the large scale production of
SCCs and do not form controllable junctions.

In this study, we present an elegant solution to provide
excess carbon material to SWNTs through utilization of
surface functionalized fullerenes filled into a host SWNT
and the tendency of the filling fullerenes to coalesce when
heated is exploited to form an inner SWNT with ligands
attached.'>'® Appropriate molecular species attached to the
fullerenes can then serve as building blocks for carbon
chains. Time series aberration-corrected low-voltage high-
resolution transmission electron microscopy (TEM) is used
as a suitable tool to directly observe the dynamics of the
reaction.!” Quantum chemical calculations are performed us-
ing several model systems under different environmental
conditions to gain insight into the thermal stability of the
junction and the electronic structure of the SCC. In contrast
to previous reports we find that the carbon chain is a stable
semiconductor.

II. EXPERIMENTAL

Here, SWNTs filled with [6,6]-phenyl-Cg,;-butyric-
acid-methyl-ester (PCBM) are used.'® The SWNTs employed
were produced by a laser ablation route and have a mean
diameter of 1.5 nm.!® They were opened by annealing in air
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at 380 °C for 0.5 h and filled with PCBM by annealing both
the SWNTs and the PCBM together in a sealed quartz am-
pule with an internal pressure of 10~ Pa at 550 °C for 5
days.

Infrared absorption spectra were taken with the as-
produced sample pressed on KBr crystals using a Bruker IFS
113v Fourier transform spectrometer. A FEI Titan® 80-300
transmission electron microscope with a CEOS aberration
corrector for the objective lens, operating at an acceleration
voltage of 80 kV, equipped with a Gatan UltraScan 1000
camera was used. During a time series an image was taken
every 5 s with an acquisition time of 0.5 s and all images
were compiled into motion pictures.?’ The contrast of the
micrographs was enhanced through Fourier filtering. The
chirality of the SWNTs was determined by analyzing the
Fourier transformed TEM images and measuring the cor-
rected SWNT diameter.!” Simulations of the imaging process
were obtained using JEMS electron microscopy software.?!
For comparison, noise was added to the simulated images
and the same Fourier filtering as for the TEM images was
applied.

Born-Oppenheimer molecular-dynamics (MD)
simulations®>?* employed a density-functional tight-binding
method as implemented in the deMon code.?* The trajecto-
ries have been obtained with a time-step of 0.02 fs (1500—
2000 K), 0.05 fs (700-1000 K) and 0.1 fs (300 K) and a local
Berendsen thermostat. Before studying the temperature de-
pendent behavior of the system, the start geometry was
equilibrated at 300 K. The temperature-dependent calcula-
tions were performed after an equilibration period at the par-
ticular temperature. The dwell of the simulations was 20 ps.
To ensure the stability of the model at 1000 K, this calcula-
tion was restarted for further 40 ps.

First principles density-functional theory (DFT) based
calculations were performed using the PBE exchange-
correlation functionals as implemented in the Gaussian
code.?>2® Electron localizability indicator (ELI-D)?’ and de-
localization index?® were calculated using the DGRID code.?
For the details of the DFT calculations see Ref. 20.
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FIG. 1. In situ study showing the dynamics of a SCC bridging two SWNTSs inside a host tube. (a) SCC bridging the two inner tubes. The
attachment of the SCC to the upper inner tube is indicated by an arrow, and the distance between the inner tube sections represented by two
bars, (b) the attachment point of the SCC to the upper tube has changed. (c) The chain disconnects from the lower inner tube. The two inner
tubes drift apart, and (d) the SCC disappears and the inner tube sections drift further apart. The time elapsed from image (a) to (d) is 30 s.

II1. RESULTS
A. In situ TEM study

In Fig. 1(a) the capped ends from two inner SWNTSs with
a chain bridging them can be seen. The host SWNT features
a distortion in the wall structure. The inner SWNTs were
formed earlier via the coalescence of PCBM fullerenes
driven by the electron beam (see Fig. 2).!° In Fig. 1(b), the
chain binding the two inner tubes appears to have altered its
position [see arrows in frames (a) and (b)]. This apparent
change in the attachment point could be due to the chain
anchor point being mobile or the upper inner tube has ro-
tated. However, the rotation argument is unlikely, because in
Fig. 1(c) the attachment point of the chain to the upper inner
tube has again changed, yet the upper inner tube structure
remained. In frame (c) one can also observe that the chain
has now disconnected from the lower inner tube and the
spacing between the two inner tubes has clearly augmented
(the markers indicate the spacing found in frame (a) across
all frames), suggesting the SCC may have been under strain.
The detached end of the chain is seen to have found a new

T
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FIG. 2. (Color online) Comparison of original and simulation of
a TEM image of the PCBM molecule filled into a SWNT using
molecular models. (a) Fourier filtered original TEM image showing
a PCBM molecule residing in a host SWNT, (b) Fourier filtered
output of a multislice simulation of the imaging process, (c) ball-
and-stick illustration of the underlying molecular model for the
simulation, hydrogen atoms are omitted for clarity, and (d) ball-and-
stick illustration of the inner part of the underlying molecular
model. (Simulation parameters: Accelerating voltage 80 kV, chro-
matic aberration 1.1 mm, spherical aberration 0.002 mm, defocus 2
nm, energy spread 0.8 eV, defocus spread 9 nm, noise 2%.)

anchor point at the humplike feature on the host tube. One
can anticipate this distortion to be a reactive region since
added leads to enhanced chemical reactivity.?® In Fig. 1(d)
the two inner SWNTs have drifted apart further and the car-
bon chain has disappeared. The humplike structure on the
host tube appears slightly larger suggesting the carbon chain
has been absorbed within it. However, it may be possible that
part or all of the carbon chain was ejected from the host tube
altogether.?!

To better comprehend the carbon chain bridging the two
SWNTs within a host tube we generated various simulations
of the structure imaging process, see Fig. 3. A section of the
structure from the original micrograph is provided in frame
(a). In frame (b) we present the result of an imaging simula-
tion which matches the original image. The complete under-
lying ball-and-stick structure is provided in panel (¢) from
which one can see where regions of strong contrast originate.
In panel (d) the ball-and-stick structure of the carbon chain
bridging the two SWNTs without the host tube is presented.
The chirality of the host tube is (14,8). While one cannot
conclusively determine the chirality of the inner SWNT since
they are probably still rearranging their structure; our best fit

FIG. 3. (Color online) Comparison of original and simulation of
a TEM image of the SWNT/SCC molecular junction using molecu-
lar models. (a) Fourier filtered TEM image [cut from Fig. 1(b)],
(b) Fourier filtered output of a multi-slice simulation of the imaging
process, (c) ball-and-stick illustration of the underlying molecu-
lar model for the simulation, and (d) of the inner part of the model
to highlight the single carbon chain. (Simulation parameters: Accel-
erating voltage 80 kV, chromatic aberration 1.1 mm, spherical ab-
erration 0.002 mm, defocus 7 nm, energy spread 0.8 eV, defocus
spread 9 nm, noise 2%.)
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is a (5,5) for both tubes. The carbon chain length is 8 atoms
(see below).

Infrared absorption studies on PCBM filled SWNTs an-
nealed under dynamic ultrahigh vacuum (UHV) conditions at
1500 K show no C—H vibrations confirming cumulene struc-
tures are likely, as opposed to alkane chain or polyacetylene-
type structures. In addition, the stability of the SWNT/SCC
molecular junction we observed was high; it withstood the
energy input of the electron beam for over 30 s. Compared to
other carbon structures under similar conditions, this value is
remarkably high.3? This stability indicates the carbon chain is
most probably entirely formed from carbon atoms as the in-
corporation of an O or H atom would make it unstable.>3 A
stable carbon chain bridging carbon nanotubes is potentially
attractive as a molecular electronic device. In this case it
would need to be freed from the confines of the host tube
(nanoreactor), say by “unzipping” the host tube.3*%

To further investigate the electronic properties and stabil-
ity of a carbon chain bridging two SWNTs, various first prin-
ciples quantum chemical calculations were performed.

B. MD simulations

The MD simulations were performed on a model consist-
ing of an eight-atom carbon chain with two Cg fullerenes at
each end mimicking the inner SWNT caps. Experimentally,
the coalescence of fullerenes is accomplished by annealing in
UHV at a temperature of 1500 K.3® Hence the MD simula-
tions were performed from 300 K up to 2000 K. The attach-
ment point of the chain to the fullerene was calculated either
bridging the common bond of two hexagons ([6,6]) or that of
a hexagon and a pentagon ([5,6]). In all simulations the
bridging bond is cracked (2.125 A at 300 K) and an annu-
lene type segment is formed. Energetically, there is no pref-
erence between these two bridging configurations.

The model is stable up to a temperature of 1000 K. For
higher temperatures the chain disconnects from the
fullerenes irreversibly as we observe experimentally. The ini-
tial step is induced by the breathinglike contraction of the
fullerene at high temperatures. For simulations at 2000 K a
subsequent separation from both fullerenes was observed in
a time scale of 20 ps, resulting in two fullerenes and a stable
isolated carbon chain. The MD simulations do not show any
movement at the attachment point as observed in the TEM
studies. A movement of the anchor points would not be ex-
pected because of the weak delocalization of the double
bonds in fullerenes. This suggests the SCC/SWNT junction
movement is due to the electron beam irradiation. The pres-
ence of the host tube in the experimentally observed system
should not affect the mechanical stability of the junction,
because the effect of mechanisms like charge transfer on the
covalent bond strength are weak.

Cumulene systems (see below) are usually considered to
be straight, nevertheless, deformations down to 120° (2000
K) are tolerated by the model [see Fig. 4(c)]. A decrease in
the average mean angle from about 168° (300 K) down to
153° (2000 K) is obtained, while the angle distribution is
broadened with increasing temperature. The bond lengths in
the carbon chain averaged over all trajectories alternate re-
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FIG. 4. (Color online) MD simulations of the chain. (a) Snap-
shots from simulations at 300 K, 1000 K, and 1500 K. (b) Bond
lengths averaged over all MD trajectories at 300, 700, and 1000 K
[for bond numbers see Fig. 5(b)]. (c) Temperature dependent angle
distribution in the carbon chain.

flecting a Peierls-like distortion (Table I). In Fig. 4(b) it is
shown that the magnitude of the bond length alternation is
independent of the temperature.

C. First principles DFT calculations

The MD simulations were complemented using first prin-
ciples DFT calculations. Different geometry optimized
model systems were evaluated and single-point calculations
on two MD snapshots of distorted chains were conducted.
The geometry optimizations are done for an eight-atom car-
bon chain saturated with either four hydrogen atoms or two
1,6-methano[ 10]annulene groups imitating the tube ends.
The geometry optimized models converge into stable chains
with a length of 9 A from C! to C® and alternating bonds
lengths similar to those of the MD simulations. The elec-
tronic structure of the chain was studied in position space by
means of the topological analysis of the calculated ELI-D
and by calculating the delocalization index & between the
atomic basins of the electron density. For the optimized ge-
ometries an energy gap of 2 eV was obtained. The C-C
delocalization index within the geometry optimized chains
alternates between 1.92 and 1.61 and is only affected by the
substituted groups for the first and the last bond in the chain.
Adjacent ELI-D iso-surfaces, that each consist of two ELI-D
maxima, stand perpendicularly with respect to each other
[see Fig. 5(b)]. Both the delocalization indices and the ELI-D
signatures indicate a bond order of two for each bond within
the chain, thereby, implying a cumulene structure. A defor-
mation of the chain is tolerated initially [see Fig. 5(b)]. The
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TABLE I. Bond lengths, delocalization indices, and highest occupied molecular orbital-lowest unoccupied molecular orbital (HOMO-

LUMO) gap of the carbon chain [for bond numbering see Fig. 5(b)].

Bond number a b 1 2

HOMO-LUMO gap

Bond length (A) (eV)
DFT optimized R=H 1.093 1.093 1.322 1.274 1.291 1.276 1.291 1.274 1.322 1.093 1.093 2.03
DFT optimized R=C yHg 1.478 1.478 1.330 1.284 1.301 1.287 1.301 1.284 1.330 1.478 1.478 1.93
MD snapshot 300 K 1.434 1.466 1.369 1.277 1.328 1.274 1.332 1.251 1.359 1.482 1.461 1.50
MD snapshot 2000 K 1.451 1.553 1.487 1.323 1.312 1.281 1.448 1.233 1.437 1476 1.478 1.09
averaged over MD trajectories 300 K 1.485 1.484 1.310 1.262 1.288 1.265 1.288 1.261 1.310 1.485 1.485
averaged over MD trajectories 1000 K 1.492 1.491 1.396 1.326 1.371 1.334 1.370 1.326 1.394 1.493 1.491

Delocalization index

DFT optimized R=H 093 093 1.72 192 175 187 176 192 172 093 093
DFT optimized R=C oHg 098 098 1.61 192 1.75 1.87 175 192 161 098 0098
MD snapshot 300 K 1.04 1.01 153 198 1.66 1.88 1.61 201 156 1.00 1.02
MD snapshot 2000 K 1.04 0.88 144 195 1.63 202 149 210 134 1.03 1.06
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FIG. 5. (Color online) DFT calculations with delocalization in-
dex and ELI-D evaluation of the chain. (a) top panel—bond lengths
between the single atoms of the chain taken from a DFT optimized
geometry and snapshots from MD simulations at 300 K and 2000 K
[see panels (b) and (c)], bottom panel—delocalization index, (b)
MD simulation snapshot (top) and corresponding isosurfaces (bot-
tom) from ELI-D calculations. MD simulation at a temperature of
300 K with maximum distortion, the bond numbers are indicated,
the topology of the isosurfaces is similar to the optimized case. (c)
2000 K simulation with the atoms labeled, with characteristic
ELI-D isosurfaces visualizing a cumulene structure type for each
model, and additional electron localizability maxima perpendicular
above carbon sites C! and C? (arrows).

two bonding indicators show no qualitative change in the
bonding condition. However, significant changes emerge
with strong deformation of the chain as seen in Fig. 5(c).
Additional electron localizability maxima can be seen above
the terminating carbon atoms of the chain (C',C?). These are
centers of increased reactivity. Furthermore, it can be seen
from Fig. 5(a), that the & from a single bond b connecting the
carbon chain with the substituent decreases, whereas the
bond length is increased. This describes a successive bond
breaking mechanism at the junctions in full agreement with
our experimental observations.

IV. CONCLUSIONS

We have introduced a novel method to produce single-
carbon-chain/single-wall-carbon-nanotube (SCC/SWNT)
molecular junctions. In situ aberration-corrected low-voltage
transmission electron microscopy observations show the dy-
namics of a single carbon chain bridging two SWNTs. Den-
sity functional theory based calculations indicate that the
SCC/SWNT junction is stable up to 1000 K. Electron local-
izability indicator and delocalization index bond analysis
clearly reveals a cumulene bond type. A Peierls-distortion-
like structure is evidenced for short carbon chains connected
to other structures. This induces an energy gap making short
carbon chains highly suitable as nanosized semiconductor
devices. A single carbon chain connected to two metallic
SWNTs, as shown here, could provide the foundations for
remarkably small field effect transistors.
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