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ABSTRACT: We present an atomic level study of
reversible cyclization processes in suspended nanoconstricted regions of graphene that form linear carbon chains
(LCCs). Before the nanoconstricted region reaches a single
linear carbon chain (SLCC), we observe that a double
linear carbon chain (DLCC) structure often reverts back to
a ribbon of sp2 hybridized oligoacene rings, in a process
akin to the Bergman rearrangement. When the length of
the DLCC system only consists of ∼5 atoms in each LCC,
full recyclization occurs for all atoms present, but for
longer DLCCs we ﬁnd that only single sections of the chain
are modiﬁed in their bonding hybridization and no full ring
closure occurs along the entire DLCCs. This process is observed in real time using aberration-corrected transmission
electron microscopy and simulated using density functional theory and tight binding molecular dynamics calculations.
These results show that DLCCs are highly sensitive to the adsorption of local gas molecules or surface diﬀusion impurities
and undergo structural modiﬁcations.
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nanoconstriction in suspended graphene to less than 1 nm,
which leads to nonhexagonal sp2 defects (pentagons,
heptagons, and octagons) which may be formed to
accommodate the edge states and strain.4 The third and
fourth stages, as the nanoconstriction becomes narrower by
further atomic loss, are the transformation into two short linear
carbon chains (LCCs, 2−3 atoms) at the evolution and later of
elongated length (more than 10 atoms), termed here as double
linear carbon chains (DLCCs), that are typically curved in
opposite directions. At this point, DLCCs are energetically
more stable than a polyaromatic hydrocarbon chain. The
fourth stage with continued atomic loss is the snapping of one
of the chains in the DLCCs, leading to a single LCCs
(SLCCs), which eventually snaps in the ﬁnal stage to yield the
open nanogap.
The sequence of structural transformations (1−6) in Figure
1a was originally imaged by Jin et al.5 and Chuvulin et al.,4
where two small holes were introduced into graphene with
close proximity, and as they grew larger and became close to

nderstanding the structure of nanoscale connection
points between graphene sheets is important for
advances in graphene electronics, the development of
graphene nanoelectronic devices, and the emergence of
transport phenomena in covalently bonded molecular carbon
wires with graphene electrodes. A nanoconstriction in
graphene is often the penultimate structure before the
formation of nanogap “break-junctions” in graphene that are
used as electrode pairs in molecular electronics1 and low
voltage phase-change material switching devices.2 Simulations
of the stability of nanogap formation in graphene show
ﬂuctuations in current, attributed to variations in bonding of
residual carbon ﬁlaments, but because the actual atomic
conﬁguration was not known, the modeling needed to use
plausible but ultimately speculative structures that yielded the
observed transport behavior.3 We have now been able to image
the ﬁnal stages of nanogap formation between graphene sheets
using aberration-corrected transmission electron microscopy
(AC-TEM), revealing several distinct steps in the process.
An overview of the entire process of the nanogap formation
is shown in Figure 1. The ﬁrst stage is the creation of a
nanoconstricted region in graphene, commonly with a pristine
hexagonal lattice. The second stage is the narrowing of the
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Figure 1. Overview of the observed structural dynamics of double carbon chains system. (a) Schematic atomic models showing the stages of
nanogap formation. (1) Creation of a nanoconstricted region in graphene with a pristine hexagonal lattice, (2) narrowing of the
nanoconstriction resulting in nonhexagonal sp2 defects, transformation into two (3) short and (4) long DLCCs, (5) the penultimate stage
before the breakage, the formation of a single LCC, and ﬁnally (6) the formation of a nanogap following carbon chain breakage. (b)
Schematic showing the concept of Bergman rearrangement where initially fused benzene rings open to form carbon chains, following the
reaction direction shown as black arrows and the reverse process shown as red arrows, which looks similar to the reversible transformation
between stage 2 and 3 in (a).

(CCCC) or polyyne with alternating single and
triple bonds (−CC−CC−), can lead to metallic or
semiconducting behavior, respectively. Molecular cumulenes
and polyynes have previously been studied using a wide range
of techniques,7−9 and AC-TEM had been used to study LCCs
stabilized within the inner volume of carbon nanotubes, giving
some indications whether the Peierls instability in atomic
chains has been observed.10
Cretu et al.11 measured the real-time changes in the electrical
resistance of SLCCs between graphitic ends within the TEM,
using an in situ biasing holder, and revealed complex changes
in resistance that were explained by varying nonzero strain

merging, the nanoconstricted region was formed. In theory,
zigzag-terminated (ZZ) graphene nanoribbons are the most
susceptible to electron-irradiated atomic sputtering than other
types of edge morphologies (i.e., arm-chair and Klein edge)
due to its lowest displacement threshold energy, and therefore,
narrowed down the fastest and tended to separate into two
linear carbon chains.6 LCCs were also observed to form on the
surface of monolayer graphene during the nanoconstriction
formation in a top bilayer section.4 The observation of LCCs
in these regions prompted the investigation into the details of
the atomic bonding to determine which of the two isomeric
types were formed, either cumulene with only double bonds
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Figure 2. Formation of double and single carbon atomic wires starting from pristine single graphene layer. (a) Aberration corrected TEM
(AC-TEM) image of an electron beam sculpted graphene nanoribbon (GNR) with the width of about 1 nm. Clean edges on both sides are
outlined with a hexagonal diagram showing “zigzag” sequence (note that carbon atomic structure appears as dark contrast under our imaging
conditions). Electron beam irradiation at high energy and intensity produced various sizes of holes in the initially pristine graphene lattice.
(b−d) In the early stages, the width of GNR is slowly reduced by individual atom loss (indicated by red arrow). When the width is further
narrowed down to the subnanometer scale, the entire region is reconstructed to a pentagon−heptagon pair series. Nonhexagonal rings of the
reconstructed GNR are shaded in color and shown in the inset of (d). (e−l) Sequential AC-TEM images taken at another GNR position
showing the formation process of double carbon atomic wires and single wire right before the breakage. Initial stage of the GNR in (e) is
shown with the overlay of atomic conﬁguration. Times when the images were taken are indicated at the bottom of each frame. Images were
Gaussian blurred and maximum ﬁltered. The scale bar in each panel is 1 nm. White numbers in each frame indicate the stage of nanogap
formation process as outlined in Figure 1a.

ﬁelds that switch the LCC structure back and forth between
cumulene and polyyne forms. However, the resolution of the
TEM images were not suﬃcient to directly measure bond
length changes during in situ biasing to conﬁrm this
interpretation. Advances in monochromation of the electron
source in AC-TEM led to improvements in spatial resolution at
low voltages of 60−80 kV12−15 that ﬁnally enabled the imaging
of light-element atoms, such as C, B, and N, in nanomaterials.
In graphene defects, such as pentagons and octagons, C−C
bond compression and elongation were measured by ACTEM.16−18 Within two carbon atom linear chains embedded in
a defective region of graphene, variations in bond lengths were
also measured, but the shortness of the chain makes it hard to
extrapolate the ﬁndings to longer lengths. The challenge with
measuring C−C bond lengths in long LCCs is their constant
movement that blurs image formation, but recently Lin et al.19
managed to achieve this, revealing large bond length
alternation in LCCs, both in single and double forms, showing
that the bonding structure is generally similar to that in a
polyyne (−CC−CC−). During recent studies of DLCCs,
observations and calculations indicated the occasional
formation of sp2 bonding in the central part of the

DLCCs.4,5,10,19 However, the dynamic interaction the two
chains has not been experimentally understood in detail and
further investigation is required.
Here, we study the DLCCs in graphene nanoconstrictions to
gain insight into their dynamics, bond reconstructions, and
time-dependent stability. Aberration-corrected transmission
electron microscopy operated at 80 kV is known to cause
the opening of holes through sputtering of atoms from the
graphene edge20 or chemical etching when surface impurities
are present,21 but the rate of atom sputtering can be reduced
by suﬃciently lowering the beam current density. Edge carbon
atoms of the already opened holes are further susceptible to
slow sputtering, which results in the subsequent expansion of
these holes. In this way, we used similar methods to prior
reports4,5 to form local nanoconstricted areas in graphene by
the merger of two holes in the ﬁlm by electron irradiation.
Once a nanoribbon is created, in most cases in our experiment,
its zigzag edges at both sides are sputtered fast and the
narrowest nanoribbon (i.e., a linear array of aromatic rings)
separates into two linear carbon chains. We ﬁnd that DLCCs
in graphene nanoconstrictions can revert back to fully sp2
hybridized ring structures if the length is short (less than ∼5
2381

DOI: 10.1021/acsnano.8b09211
ACS Nano 2019, 13, 2379−2388

Article

ACS Nano

Figure 3. Reversible opening and closing of short atomic double carbon chains bridging the graphene lattice. (a−h) Sequential AC-TEM
frame images under the continuous electron-beam irradiation. Within 5 min of time period, a graphene nanoconstriction consisting of ring
structures transformed into short double chains (less than 3-atom length), defective ring structures, double chains, and ﬁnally the structure
where the single aromatic rings are bridging the graphene at both sides. A noncarbon atom is observed to be attached to edge carbon atoms
and is shaded gold in the corresponding snapshots. (i−p) Schematic atomic models corresponding to the structures seen in (a−h). The scale
bar in each panel is 1 nm. White numbers in each frame indicate the nanogap formation process stage number as outlined in Figure 1a.

Here, we focus attention to the structural dynamics of the
DLCCs during stage 2−3 and explore this in more detail in
Figure 3.
The structural transformation process from stage 2 to 3 was
not always unidirectional, and in many instances after the
defective nanoconstricted area converted into short DLCCs
(stage 3), they converted back to a stage 2 structure with
multiple polygons. This process was conﬁrmed by real-time
tracking of structures in TEM and was captured in Figure 3,
with cyclic stage 2−3 reversals occurring during the time scale
where the DLCC lengths are short (less than 5-atom length
only). We roughly counted the number of carbon atoms on
every carbon chain analyzed in our study by dividing the length
of line proﬁle by the average value of calculated CC and C−
C bond lengths in polyyne structure (1.283 Å),25 which is
almost the same as the CC bond length in cumulene (1.282
Å)25 within an error range. Figure 3c,d shows an example of
this, where the DLCCs of 2−3 atom-lengths are formed with
the anchoring points on the right-hand side being separated
across two adjacent rings (Figure 3c) and then in Figure 3d,
the structure has reverted back to stage 2 form with all closed
rings and no DLCCs. In the case of slightly longer DLCCs
with 1 or 2 more carbon atoms, we observed the switch
between initial linear chains and the combination of multiple
polygons and shorter chains (about 2-atom length) as shown
in Supporting Information, Figure S1. We created atomic
models based on the TEM images as shown in Figure 3i−p to
illustrate the structures more clearly at each stage. The yellow-

atoms) as schematically described in the stage 2 and 3 of
Figure 1a, but once the DLCCs have extended to ∼8 atoms
and longer, only single sp2 bonds are formed, as in prior
observations of Lin et al.19 The structural ﬂuctuations of
DLCC is explored in the context of a Bergman cyclization
reaction,22,23 which is schematically described in Figure 1b. In
this reaction scheme, the ﬁnal closed-shell DLCC structures
are expected to be more thermodynamically stable than the
radical intermediates. Density functional theory and tight
binding molecular dynamics were then used to examine the
changes in the low energy structures of DLCCs when
interacting with noncarbon atoms such as hydrogen.

RESULTS AND DISCUSSION
Monolayer graphene was synthesized by chemical vapor
deposition on a molten copper catalyst24 and transferred
onto a holey SiN TEM grid containing 2 μm holes using an
established method (see Methods section). Figure 2 shows the
time-series of AC-TEM images in greater detail for the typical
process transforming the nanoconstricted graphene into
DLCCs. Five distinct stages of nanogap creation are observed,
as described earlier: (1) a nanoconstriction in graphene with
pristine lattice (Figure 2a) loses individual atoms from its
zigzag edge morphology at both sides (Figure 2b,c) before it
(2) becomes defective as it narrows (Figure 2d,e), followed by
(3) the formation of DLCCs (Figure 2f,g) that become longer
(Figure 2h−j), and (4) then one chain snaps leaving SLCC
(Figure 2k), and (5) ﬁnally nanogap creation (Figure 2l).
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Figure 4. Comparison of the structural dynamics of short and long double carbon chains. (a) Sequential AC-TEM frame images under the
continuous electron-beam irradiation of short double carbon chains. The newly formed atomic bonding is indicated by red arrows. (b)
Schematic atomic models are created corresponding to the original AC-TEM images seen in (a). (c) Multislice simulated TEM images are
created and shown using the above atomic models. (d) The consecutive HR-TEM images of two initially ∼10-atom length carbon chains
transformed to those with a cross-linking formed (indicated by red-colored arrows) between the middle carbon atoms, and (e) the
corresponding atomic models based on TEM images in (d). (f) Multislice simulated TEM images are presented accordingly. The scale bar in
each panel of (a) and (d) is 1 nm.

along the DLCC body caused by local sp2 bonding changes.
This is similar to the prior observation by Lin et al.,19 where
they provided clear experimental visualization of a cross-linking
between two odd-atom chains by the switch between sp1 and
sp2 bonds of speciﬁc carbon atoms. However, we did not
observe any situation where such long DLCCs completely
return to stage 2 closed ring forms. This indicates that creating
stable DLCC structures require a certain length of ∼8 atoms or
more.
To understand the dynamic behaviors of double carbon
atomic wires, we conducted tight-binding molecular dynamics
(TBMD) simulations. Density-functional theory (DFT)
calculations were also performed to verify the TBMD results

colored atoms in the models are used to identify the heavier
atoms with stronger contrast relative to the C atoms seen in
the TEM images in Figure 3a−h.
In Figure 4, we show another example of the stage 2 to 3
reversal DLCCs to closed ring in Figure 4a, and compare it to
the typical case seen for longer DLCCs in Figure 4d, followed
by the corresponding detailed atomic conﬁgurations for a
clearer visualization in Figure 4b,e and the multislice simulated
images in Figure 4c,f, respectively. In the ﬁrst frame of Figure
4a, the DLCC structure is clearly visible, while in the third
frame, the asymmetric closed ring network has formed with
any sign of DLCCs gone. In contrast, the longer DLCC
dynamics shown in Figure 4d show that pinch points form
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Figure 5. Density functional theory (DFT) calculation of short DLCCs with hydrogen molecules and the corresponding energy states. The
DFT calculation was performed on initially 4-atom length double carbon chains and the corresponding dynamic reconstruction of the
atomic structures are captured and shown in the consecutive panels (a−j) and the energy barrier plot versus each transient state is shown in
(k). Solid and dotted red lines represent bond breakage and formation, respectively. When hydrogen molecules (shaded in violet) are
considered in the system, they dissociate and attach to the carbon atoms in atomic chains with a small energy barrier. The carbon atoms in
the chains next to the ones attached with hydrogen make a bonding, eventually lowering the energy of the system (see a dip in the energy
curve in (k), reaction coordinates from c to d, g to h, and i to j). Finally, as shown in the ﬁnal image in (j), double carbon chains revert back
to the ring structures. The two diﬀerent colors (yellow and green) used to display each atom represent the diﬀerence in the hybridization
states of carbon atoms. (l) Schematic ﬂow-chart describing the reversible ring cyclization process: (1) a 2-D network of aromatic rings, (2)
the formation of DLCCs, (3) reverting back to the aromatic rings with the attachment of hydrogen atoms, and (4) the removal of carbon−
hydrogen bondings by incident electron beam energy brings the structure back to the initial stage of the entire cycle (1).

of the formation energies and energy barriers for some
important conﬁgurations and structural transitions. We made
the initial atomic conﬁgurations for TBMD simulations based
on several selected AC-TEM images. The TBMD calculations
have ﬁrst been done for the system consisting of purely carbon
atoms without the presence of hydrogen and any other external
atoms.
First, we begin our discussion with short double carbon
chains (less than ∼5 atoms) and compare the observed

reaction with the Bergman cyclization process. In our DFT
calculations, it is found that a short ribbon of hexagonal lattice
spontaneously reconstructs to an open chain structure which
has lower energy, and we ﬁnd that this tendency does not
change even when the structure is strained (see Supporting
Information, Figure S2). Then, we included the presence of
hydrogen molecules in the DFT calculations in order to
investigate how two short chains interact and transform back
to hexagonal lattice within an environment that has gaseous
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Figure 6. Snapshots from tight-binding molecular dynamics (TBMD) simulation for long DLCCs and the corresponding energy states by
density functional theory (DFT) calculation. The TBMD simulation was performed on initially 9-atom length of each carbon chain with 5,7/
7,5-membered rings as anchoring sites (shaded in color) bridging the graphene lattice at both ends. Solid and dotted red lines represent a
bond breakage and formation, respectively. The corresponding atomic structures at the selected transient states are shown in the panels (a−
j), and DFT-calculated energy versus each transient state is shown in (k). The two diﬀerent colors (yellow and green) used to display each
atom represent the diﬀerence in the hybridization states of carbon atoms.

schematic ﬂowchart describing the observed reversible ring
cyclization process in DLCC systems: (1) a 2-D network of
aromatic rings, (2) the formation of DLCCs, (3) reverting
back to aromatic rings by the attachment of hydrogen atoms,
and (4) the removal of carbon−hydrogen bonding by incident
electron beam energy brings the structure back to the initial
stage of (1). Our observation suggests that each consecutive
stage would circulate continuously until the double chains
reach a threshold chain length.
In the reversible Bergman reaction, the two C−C bonds
shared by two fused benzene rings within a single molecule can
be created and cleaved again, as in diradical−diyne
conversion.23 Both our TEM observation and DFT calculations showed a similar transformation mechanism in that the
shared C−C bonds between the polygonal rings are reversibly
formed and cleaved. We note that there is a possibility that
edge atoms could be terminated by hydrogen or other
functional groups from the imperfect vacuum condition in
the microscope (<10−6 mbar around the specimen). Atoms
diﬀusing from surface contamination in graphene during
processing, such as Si, which is one of the most commonly
observed dopants in synthetic graphene,26,27 can also be seen
attached to the graphene edge atoms and onto a carbon chain

molecular species. Figure 5a−j shows the sequential atomic
conﬁgurations of the DFT calculations with the corresponding
energy plot versus each reaction coordinate (Figure 5k). The
hydrogen molecules, when considered in our simulation
condition, tend to easily dissociate and hydrogen atoms
actively interact with the carbon atoms in the double chains
(i.e., attaching and detaching) under the 80 kV electron beam
irradiation. We found that the carbon atoms in the chains next
to the ones attached with hydrogen make a bond, eventually
lowering the energy of the system. For example, as shown in
Figure 5c,d, carbon atoms denoted as third in both chains next
to the fourth carbon atoms with hydrogen attached make a
bonding in the following conﬁguration, where similarities are
frequently observed in the structural changes such as from
Figure 5g,h, and 5i,j. Finally, Figure 5j shows that DLCCs are
the most stabilized by reconstructing to a hexagonal array.
In the TEM column, residual gaseous species are cracked by
the incoming high-energy electron beam and they can absorb
onto the sample edges. Our simulations demonstrate that
hydrogen atoms can temporarily functionalize carbon atoms in
double linear chains and that the hydrogenated chains can
revert back to aromatic ring structures which are energetically
stable, as predicted by DFT calculation. Figure 5l shows a
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input from the rather high electron irradiation provides the
activation energy barrier between the successive conﬁgurations.
Finally, we discuss the behavior of long carbon chains in the
presence of hydrogen molecules by the DFT calculations
compared with the case of short chains. Supporting
Information, Figure S5 shows various atomic structures of
initial and ﬁnal stages in the DFT simulation, where two
hydrogen atoms are introduced in the system. There is an
obvious tendency that not only the attachment of hydrogen to
the carbon chains result in a nearby bond formation between
the chains, but also the position and number of hydrogen
attachments have an eﬀect on this interacting behavior. For
example, we need to consider at least two hydrogen
attachments in order to make a stable bonding (there is no
bond formation when one hydrogen is attached to the chain, as
shown in Figure S5b), and a new cross-linking is not easily
created in the middle of the chains (see Supporting
Information, Figure S5c). The dissociative adsorption of
hydrogen molecules is also found to be much more diﬃcult
in long carbon chains than short chains. The energy barrier for
the dissociative adsorption of hydrogen molecules onto the
carbon atoms near the anchoring edge of chains is 1.85 eV
(calculated energy diﬀerence: 15.39−13.54 eV in Supporting
Information, Figure S6), which is comparable to that in short
carbon chains, while it increases abruptly to 6.02 eV
(calculated energy diﬀerence: 15.89−9.87 eV in Supporting
Information, Figure S6) from the adsorption onto the carbon
atoms next to the already hydrogen-attached atoms near the
anchoring edge. The energy barrier when hydrogen atoms are
dissociated and adsorb onto the carbon atoms in the middle of
chains is also very high (5.74 eV), as shown in a separate inset
of Supporting Information, Figure S6. When considering the
hydrogen ambient environment with more hydrogen molecules
introduced in the reaction system, a long linear network of
aromatic rings is diﬃcult to form, even though hydrogen−
carbon bond formations occur from near to the anchoring edge
of the long chains. Therefore, it is worth noting that in a real
and dynamic environmental situation, a complete ring
cyclization from long carbon chains should be more diﬃcult,
as it requires higher concentration of hydrogen molecules (i.e.,
total number of molecules per unit area) than short chains.
These simulation results support well our observation that a
ring closure was rarely seen when DLCCs reach a certain
length.

as shown in Figure 3i−p. However, the issue of direct imaging
of hydrogen attached on edge atoms has not been proven
experimentally. Instead, we examined the possibility of
hydrogen involvement by performing DFT calculation based
on the atomic structures observed in the second and third ACTEM images of Figure 4a. We investigated the stability of
possible conﬁgurations, where no, one, and two hydrogen
atom(s) are involved in the reaction system (black, blue, and
red curve in Supporting Information, Figure S3a, respectively).
As can be understood from the calculated energy plot versus
each reaction coordinate, a short array of purely carbon
aromatic rings is energetically unstable by itself, and it easily
opens up to two slightly longer short linear chains by breaking
a bond near the anchoring edge (note a small energy barrier of
0.24 eV for Supporting Information, Figure S3b and 1.92 eV
for Figure S3c). The time-scale of this fast structural
transformation is calculated as only around ∼10−6 s, which
could not explain the stability of the observed atomic structure
in our TEM images taken with relatively long exposure time
(∼3 s). However, when two hydrogen atoms are involved in
the system, they adsorb onto the carbon atoms on both chains
and stabilize the aromatic ring structure (see the lowest energy
state of the red curve in Supporting Information, Figure S3,
which corresponds to the ﬁnal structure shown in Supporting
Information, Figure S3d-3). Similarly, DFT calculation
demonstrated that the atomic conﬁguration observed in the
third panel of Figure 4a can only be possible when two
hydrogen atoms are attached and stabilize the structure.
Therefore, we suggest that each atomic conﬁguration
following the Bergman cyclization type reaction process can
be the most probably observed in short DLCCs only when
hydrogen atoms are actively attached and detached onto
carbon chains, as we schematically described in Figure 5I. We
note that the similarity between our result and the Bergman
cyclization comes from the fact that these reactions can only be
seen in dynamic conditions such as those involving atomic
radicals from the environment. Therefore, it is reasonable that
short double carbon chains can reconstruct to a 2D planar
covalent network easily with the support of continuous
electron beam energy input and reaction with external atomic
species.
We now discuss the behavior of long DLCCs of more than
∼5 atoms compared with the short chains considered in the
above discussion. TBMD and DFT calculations on the 9-atom
length DLCCs are carried out, and the transient structures of
the double chains attached to 5,7/7,5 membered rings are
captured in Figure 6. Figure 6a−j shows the captured atomic
conﬁgurations of the sequential pathway obtained from the
TBMD simulation: initially 9-atom length DLCCs convert to
8-atom length double chains at the ﬁnal stage, where the
carbon atoms on the chain or at nearby edges actively interact
with each other to make or break a cross-linking between
them. The stability of an even number of carbon atoms in a
carbon chain has been studied,28 and similarly, the 9-atom
chain is also found to change into an 8 or 10 atom chain by the
breaking and formation of bonds in our TBMD simulations.
The stabilities of each of the structures observed in the TBMD
simulation were further examined by DFT calculation, and the
result is plotted in Figure 6k. A relatively high energy barrier
from the reaction state e to f in the energy diagram is
introduced by the breakage of two C−C bonds at the graphene
edge, as indicated by solid red lines in Figure 6e. The energy

CONCLUSION
In summary, we show the entire process of the nanogap
formation derived from a graphene nanoconstriction and
discuss the dynamics depending on their length and environment. The TBMD and DFT calculations demonstrate that two
short LCCs of 2−4 atoms can interact with each other and
transform into a linear network of aromatic rings when
hydrogen atoms are involved during the reaction process, while
this is not observed for longer carbon chains. We suggest that
our observation is an experimental visualization of dynamic
Bergman cyclization in a purely carbonaceous material system,
and this observed transformation process can further be
assisted by the adsorption and detachment of hydrogen atoms
in the reaction environment. Our study provides insights on
understanding the dynamic behavior of true 1-D carbon
systems by direct observation in AC-TEM, opening the
possibility of tuning the electrical properties over a broad
range of desired carbon-nanostructure applications. Future
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experimental studies to explore this process in more detail may
involve the use of environmental TEM systems that can
introduce hydrogen into the vacuum chamber to interact with
preformed double carbon chains. However, such studies will
still be inﬂuenced by electron beam irradiation causing
sputtering of hydrogen from carbon atoms.
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The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsnano.8b09211.
Extra TEM images of reversible cyclization of short
carbon chains. DFT calculation on hexagonal lattice
versus two separate chains with applied strain;DFT
calculation on the observed structure shown in the
second frame image of Figure 4a according to the
presence of hydrogen atoms; DFT calculation on the
observed structure shown in the second frame image of
Figure 4a according to the presence of hydrogen atoms;
DFT calculation on various examples of structural
changes in long carbon chains with hydrogen atoms
involved;DFT energy curve showing the process of a
complete ring closure from long carbon chains while
more hydrogen atoms are attached (PDF)

METHODS
Graphene Transfer onto Holey Si3N4 TEM Grids. A poly(methyl methacrylate) (PMMA) supportive scaﬀold (8% wt in
anisole, 495 kDa molecular weight) was spin-coated onto the
graphene surface while on the copper/tungsten substrate after growth.
A spin speed of 4700 rpm was used for 60 s, with the ﬁlm then cured
by heating at 180 °C for 90 s, which left a four-layered structure of
tungsten/copper/graphene/PMMA from bottom to top. First, the
tungsten layer was etched by an electrochemical reaction at 40 °C in 2
M NaOH solution as the electrolyte, tungsten as the anode, and a
piece of copper foil (Alfa Aesar, 99.8% purity, annealed, 0.025 mm
thickness) as the cathode.29 The copper layer was then etched by 0.2
M ammonium persulfate solution, leaving only a graphene/PMMA
stack. The graphene/PMMA ﬁlm was then rinsed in deionized (DI)
water several times to wash oﬀ any residual contamination from the
etching process. The graphene/PMMA ﬁlm was subsequently
scooped up by a holey Si3N4 TEM grid (Agar Scientiﬁc), left to dry
in air for 24 h, and then baked at 180 °C for 30 min to improve the
sample adhesion onto the grid surface. The sample was immersed in
acetone overnight to dissolve PMMA (either in air or at elevated
temperatures around 50−60 °C), ﬁnally leaving graphene on the
Si3N4 TEM grid.
Image Process and Analysis. TEM images were processed by
ImageJ, where a band-pass ﬁlter (between 100 and 1 pixels) were
applied to minimize long-range uneven illumination and then
smoothed by a Gaussian blur without aﬀecting the interpretation of
the original information. Atomic models were generated using the
Accelrys Discovery Studio Visualizer software based on our observed
AC-TEM images. Multislice image simulations on the corresponding
atomic models were performed using JEMS software with a proper
simulation parameter adjustment according to the TEM experimental
condition.
Tight-Binding Molecular Dynamics (TBMD) and DensityFunctional Theory (DFT) Calculations. We performed TBMD
simulations for DLCCs using a modiﬁed environment-dependent
tight-binding (EDTB) carbon potential,30 which was modiﬁed from
the original EDTB carbon potential31 to study carbon nanostructures
and has been successfully applied to the investigation of various defect
structures in carbon nanostructures.32,33 The self-consistent calculations were performed by including a Hubbard-U term in the TB
Hamiltonian to describe correctly the charge transfers in carbon
atoms of dangling bonds and to prevent the unrealistic overestimation
of charge transfers. The equations of motion of the atoms were solved
by the ﬁfth-order predictor-corrector algorithm with a time step of 1.0
fs. The simulation was started at a temperature of 1500 K under the
canonical control of temperature. Then, temperature was gradually
increased to 2000 K under linear temperature control to accelerate the
dynamics so that structural reconstruction could be observed during
the simulation time. The velocity scaling method was also used to
control the temperature.
DFT calculations were carried out to calculate total energy of
carbon double chains and energy barriers in structural changes. The
calculations were performed within the generalized gradient
approximation (GGA) of the Perdew−Burke−Ernzerhof (PBE)
functional34 using Vienna ab initio simulation package (VASP)
code.35,36 A vacuum region of 30 Å along the z-direction was
contained in the calculation cell to eliminate the interaction of
periodic images of the system. In the calculation, the basis set
contained plane waves up to an energy cutoﬀ of 400 eV, and the
structure was relaxed until the force on each atom is smaller than 0.02
eV/Å.
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