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ABSTRACT: Confining carbyne to a space that allows for stability and
controlled reactivity is a very appealing approach to have access to materials
with tunable optical and electronic properties without rival. Here, we show
how controlling the diameter of single-walled carbon nanotubes opens the
possibility to grow a confined carbyne with a defined and tunable band gap.
The metallicity of the tubes has a minimal influence on the formation of the
carbyne, whereas the diameter plays a major role in the growth. It has been
found that the properties of confined carbyne can be tailored independently
from its length and how these are mostly determined by its interaction with
the carbon nanotube. Molecular dynamics simulations have been performed to interpret these findings. Furthermore, the choice of a
single-walled carbon nanotube host has been proven crucial even to synthesize an enriched carbyne with the smallest energy gap
currently reported and with remarkable homogeneity.
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■ INTRODUCTION

Linear carbon chains in different lengths have represented for
years a forerunner for the true one-dimensional (1D) allotrope
of carbon: carbyne. The sp hybridization in these 1D infinite
linear carbon chains grants them superior mechanical, electrical,
and optical properties.1−5 However, materializing them through
a standard synthesis method has been constantly challenging.
Short chains, namely, polyyne with up to 44 carbon atoms, have
been reported from organic chemical reactions in solution.6−8

Those polyynes exhibit length-dependent direct energy gaps in
the range of 2.7−5.5 eV,2,9−11 following a clear trend: the longer
the chain, the lower the band gap. In addition, short carbon
chains with insulating behavior have been derived by pulling the
carbon nanotubes or irradiating the graphene.12,13 It is only
within the past few years that carbon nanotubes (CNTs) have
been used as nanoreactors that confine reactions allowing the
synthesis of longer carbon chains. For example, they can be
grown simultaneously with multiwalled CNTs (MWCNTs)
during the arc-discharge process.14−16 In addition, linear carbon
chains can be formed inside double-walled CNTs (DWCNTs)
by high-temperature annealing, taking advantage of the inner
hollow protective and controllable environment.17−19 Such a
method has been able to produce long confined carbyne (CC)
consisting from tens to thousands of carbon atoms20,21 with
smaller energy gaps than the previously mentioned polyyne,
ranging in this case from 1.8 to 2.3 eV.2,22 Here, it is important to
take into account that the energy gap of such long 1D carbon
atom arrangements confined inside DWCNTs does not depend
on the length of the CC because of the bond length saturation. In
this case, the gap rather depends on the noncovalent interaction
between the CC and the hosting DWCNTs. This was

demonstrated by a near-field Raman spectroscopic study on
individual CC inside DWCNT.23

Despite the feasibility to grow linear carbon chains inside
MWCNTs by arc discharge and inside DWCNTs by high-
temperature annealing, bothmethods have failed to produce CC
with controllable properties. The key relies on the hosting tubes,
because the CNTs that have been used so far have a broad
diameter distribution and/or different density of defects. Note
that it has been long-accepted that single-walled carbon
nanotubes (SWCNTs) could not template directly the growth
of CC. However, those attempts where almost no chains had
been seen were actually related to a high amount of defects in the
nanotube samples. An example of those experiments is the high-
temperature treatment of HiPco SWCNTs. Those tubes are
usually highly defective, and the high temperature actually
induced a decreased tube stability, which hindered the synthesis
of carbon chains.20 Another drawback encountered in those
methods was the effective production of CC with the smallest
possible energy gap, which is actually desirable for the materials
applicability in semiconductor technology. Therefore, a pathway
to tune the properties of CC is required.
Here, we report on the possibility to synthesize CC in one step

by using purified SWCNTs with a very low defect content and a
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narrow diameter distribution as starting materials. A second
inner wall is easily formed, that is, formed into DWCNTs, which
additionally leads to the growth of very stable CC. It has been
observed that the diameter of the outermost hosting CNTs plays
a crucial role in the tunability of the electronic properties of the
nanosystem through noncovalent interactions between the inner
walls of the newly formed DWCNTs and the confined carbyne.
Furthermore, the yield of CC with a very small energy gap
increases greatly by controlling the diameter of the applied
SWCNTs. Although experiments were also run with metallicity
sorted nanotubes, no obvious difference was found on the
resulting material from the synthesis using semiconducting and
metallic SWCNTs of similar diameters. This corroborates that
the diameter of the hosting carbon nanotubes plays a more
determinant role than the metallicity, as also confirmed by our
molecular dynamics (MD) simulations.

■ RESULTS AND DISCUSSION

Confined reactions using CNTs as nanoreactors have lately
gained important attention because the synthesis has been
proven feasible, efficient, and scalable. Also, the CCs grown
inside CNTs are stable up to several years in ambient
conditions.24 To minimize the influence of defects, high-quality
DWCNTs with an average diameter of 1.5 nm synthesized by
chemical vapor deposition (CVD)18,20 and SWCNTs with
average diameters of 1.0, 1.3, and 1.7 nm prepared by enhanced
direct injection pyrolytic synthesis (eDIPS)25 were used as
templates. The synthesis of CC was accomplished by annealing
at different temperatures in vacuum (see the Experimental
Methods section). Also, note that the SWCNTs have been
transformed into DWCNTs after annealing. An overall
inspection via transmission electron microscopy (TEM)
shows that long CC always appears inside thin inner tubes,
whereas shorter chains can be found inside both thin and thick
tubes. This is the first hint that the CNT diameter is crucial to
make the synthesis process more effective toward CC growth. In
the white dashed box of the micrograph in Figure 1a, a straight
CC can be clearly seen inside a thin DWCNT. Carefully
inspecting Figure 1b within the boxed area, an evident narrowing
of the diameter leads us to consider a radial shrinkage of the
CNTs cross section through an interaction introduced via the
confined CCs. This can also be discerned by comparing orange
and green contrast profiles in Figure 1c. We have observed that,
in principle, the use of thinner tubes favors the growth of longer
CC, implying a more extended interaction between the CC and

the nanotubes. This results in a smaller energy gap of the CC.
This observation is compelling evidence that the properties of
the CC can be tailored via the noncovalent interactions, for
example, van derWaals, throughout the inner walls of the CNTs.
As a result, the radial distortion would not only upshift the radial
breathing mode (RBM) of the inner tubes21 but also downshift
the CC-band due to the interaction.
To get a better insight into this interaction, Raman

spectroscopy of CC formed inside CNTs with different
diameters was systematically performed. First, by an analysis
of an SWCNT sample with an average diameter of 1.3 nm (see
Figure 2 and Figure S1), the peaks located from 260 to 460 cm−1

and from 1780 to 1880 cm−1 appear and increase simultaneously
according to increasing annealing temperatures. These two

Figure 1.TEM images of a CC inside (a) a thin nanotube and (b) an interaction-introduced diameter-changed nanotube. (c) The contrast profiles for
the marked lines in (b). The radius of the DWCNT decreases due to the attraction toward the inner CC (orange line).

Figure 2. Raman spectra of annealed eDIPS-SWCNTs of 1.3 nm in
diameter. (a) Temperature-dependent changes in the spectra of D-
band and G-band (left), as well as CC-band (right, fitted with
Lorentzian components shown in dotted lines) recorded with a 568 nm
laser. (b) van’t Hoff plot: natural logarithm of the area of the peak at
1850 cm−1 (ln(A)) as a function of inverse temperature. The dashed
line indicates the fitting by a linear function: ln(A) = a + b/T. The fitting
yields a = 25.46, b = −43 778.28 K, with a correlation coefficient of
∼0.98.
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modes correspond to the new-formed inner tubes with
diameters of 0.9−0.5 nm19 and the CCs with lengths from
several to hundreds of nanometers,20 respectively. Still,
determining the optimal annealing temperature for CC is not
trivial. The measurements associated with the higher temper-
atures are slightly different due to the stability of the CC in such
conditions.
If we plot the ln(A), where A is the area of the CC band at

1850 cm−1, as a function of the inverse temperature (see Figure
2b), we find a linear behavior (with correlation coefficient of
0.98) in agreement with the van’t Hoff equation

K S H T Rln( ) ( / )/eq = Δ ° − Δ ° (1)

where ΔS°, ΔH°, and R are the standard reaction entropy,
enthalpy, and gas constant (R = 8.314 J/mol K), respectively.
Here, we assume that the equilibrium constant (Keq = [CC]/
[R]) of the polymerization reaction is directly proportional to
the area A of the CC band at 1850 cm−1 according to a Beer−
Lambert-like linear relationA = constant× [CC], where [CC] is
the concentration of the CC species. The actual identity of the
carbonaceous reactants [R] is unknown, but if they are in excess,
their (unknown) concentration [CC] would remain nearly
constant inside the nanoreactor. Therefore, the reactant’s
contribution to the van’t Hoff eq 1 would be just a rigid shift
to our linear plot that would not affect the slope b. From the
van’t Hoff plot, the enthalpy of the formation reaction of the CC
can be easily calculated by using ΔH° = −R × b, where b is the
slope in Figure 2b. With this, we estimated the standard reaction
enthalpy for polymerization to be ∼364 kJ/mol, which is similar
to the mean bond enthalpy of a single C−C bond (347 kJ/mol).
The negative value of the slope b suggests that some of the steps
leading to the formation of the species responsible for the peak at
1850 cm−1 are endothermic (ΔH° > 0). We remark that our
van’t Hoff fit is purely phenomenological but suggests that the
process is thermally activated and that therefore there is some
substantial free energy barrier present during the formation of
CC (or any of its intermediates). Of course, the formation of CC
polymers is thermodynamically favorable and must be overall
exothermic given that gas-phase polymerizations are intrinsically
disfavored by entropy.
To probe the CC with different energy gaps, four laser

excitation wavelengths were applied to analyze the resonance
conditions (see Figure 3 and Figures S2 and S3). For example,
the peaks at ∼1800 cm−1 corresponding to CC with a small
energy gap have a low intensity when excited by an off-resonance
laser of 568 nm, but they are much more pronounced when
using the 633 nm excitation, which is in resonance.22 This
multifrequency approach reveals that a large number of tubes
with CC exist in the sample. At least five peaks between 1780
and 1880 cm−1 can be extracted from the CC band, implying
that the CCs with different energy gaps are confined inside the
CNTs within a broad diameter distribution. Tailoring the
interaction is ultimately related to the inner diameter of the
hosting CNTs.21,26 Therefore, we focused on tuning the average
diameter of the CNTs on purpose to study the influence of this
variable on the formation of CC.
Samples of CNTs with a very narrow diameter distribution

and with average diameters of 1.0, 1.3, 1.5, and 1.7 nm were
investigated for the synthesis of CC. Notably, extremely
different behaviors of these samples from each other were
observed. Figure 3 and Figures S4−S7 show how both the
frequency and the intensity of the CC band vary greatly among
the samples. This means that there is a broad length distribution

and different yield of CC, implying various levels of interaction.
Here, we mainly focus on the Raman frequency, which is, in
principle, related to two factors: the length of the CC (the longer
the chain, the lower the frequency) and the interaction with the
nanotubes (the larger the interaction, the lower the frequency).
Since the shortest CC synthesized by our method is above
several nanometers, the length does not crucially affect the
Raman frequency, because the bond length alternation between
the single and the triple carbon−carbon bonds practically
reaches saturation at such length.21,23 Therefore, here the
properties of the CC are mainly determined by the interaction
between the CC and the hosting CNT. The energy gap of the
CCs can be calculated from the Raman frequency, following a
linear relation22

E c dg ω= + · (2)

where Eg and ω are the energy gap and the Raman frequency,
respectively, with parameters c = −10.34 ± 1.05 eV and d =
0.006 79 ± 0.00057 eV/cm−1. Therefore, the next step is to
correlate the Raman frequencies for all the samples and correlate
the diameter of the CNT to the energy gap of the CC. The areas
of the peaks in the CC band for all the annealed samples are
statistically plotted in Figure 3. It is clearly seen that the Raman
frequency/energy gap distributions vary among SWCNTs with
different diameters. On the one hand, the eDIPS-1.3 nm tubes
yield more CC with the smallest energy gaps due to the largest
interaction between the inner tubes and the CCs. On the other
hand, the 1.5 nm outer tubes host the CC with the largest gap,
and the interaction with the nanotubes is much weaker.
Interestingly, the annealed eDIPS-1.0 nm sample mainly
consists of one component with the energy gap of ∼2.17 eV.

Figure 3. (a) Raman spectra of the annealed eDIPS-1.0 nm, -1.3 nm,
-1.7 nm, and DWCNTs-1.5 nm excited by lasers with wavelengths of
568 nm. The CC bands were fitted with Lorentzian peaks on the right.
(b) Integrated area of each component in the CC bands of the annealed
samples excited at 568 nm (for peaks at ∼1830, 1840, and 1850 cm−1)
and 633 nm (for peaks at∼1790 and 1800 cm−1). The diameters of the
inner tubes were obtained from the linear relation between the CC
band of the CC and the RBM of the inner tubes in ref 23.
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This means that the CC with uniform energy gap grown inside
these hosting tubes provides the first compelling proof of
tunability of the electronic properties and is therefore a
promising method for the applicability of carbyne altogether.
Let us also recall that SWCNTs with similar diameters can be

metallic or semiconducting. How does the metallicity of the
CNTs affect the growth of CC? To answer this question, the
pristine eDIPS-1.3 nm SWCNTs were separated into metallic
and semiconducting SWCNTs with similar diameter distribu-
tion by the gel column chromatography method,27 and then the
mixed and separated SWCNTs were annealed simultaneously
with the same synthesis protocol. As seen in Figure 4, comparing

the Raman spectra recorded on the separated samples, we can
observe that the metallic branch produces a slightly more (less)
CC with the CC mode at a higher (lower) frequency than the
semiconducting branch. In general, the metallicity of the outer
tube of the double-walled hosts determines the formation of the
inner tubes; therefore, it affects the synthesis of the CC (see
Figure S8). In this case, the diameter of the inner tubes remains
the key factor for the growth of the CCs. However, the Raman
frequencies in the CC band are located at almost the same
positions for both the annealed metallic and semiconducting
samples, revealing that the outer CNTs with different metallicity
have no evident influence on the properties of the CC or at least
none that can be identified via Raman spectroscopy, which is the
most sensitive probe in this respect.
To further address the importance of the diameter of the

CNTs, molecular dynamics simulations were performed with a
thin (6,4) and a thick (20,0) SWCNT with diameters of ∼0.67
and 1.57 nm, respectively, corresponding to the diameters
typically observed in our experiments. Figure 5a shows how the
carbon atoms compose into a CC inside a thin nanotube.
Starting from an array of carbon dimers under the confinement
of a (6,4) SWCNT (the precursors can only move along the
SWCNT), the carbon dimers immediately polymerize, and new
forming C−C bonds make the chain grow. In some cases, the
carbon bond between the C2 species breaks into two single
atoms, and then they are bonded with other carbon atoms
separately. Since the (20,0) nanotube is wider, the carbon

monomers can move more freely in all directions inside the
nanotube, yielding branched carbon polymers (Figure 5b).
Animations of the formation of linear and branched carbon
polymers from our MD simulations can be found in the
Supporting Information. Some segments as short chains were
indeed formed in the beginning. However, it is unlikely that a
long pristine CC would be formed inside a wider SWCNT.
Several simulation runs were performed at different temper-
atures and starting from different random configurations of inner
carbon precursors, and the polymerization results were similar.
By reducing the CNT diameter, one reduces the entropy cost for
polymerization and hence renders this reaction more
thermodynamically favorable. Further detailed discussions can
be found in the Supporting Information.

■ CONCLUSIONS

The importance of the diameter of the inner tubes in the
synthesis of CC with various characteristics is addressed
throughout this work. We have proved that the yield of CC
can be tailored via confinement effects, that is, the diameter of
the inner tubes, which is also verified by molecular dynamics
simulations. By tuning the SWCNT’s diameter the formation of
inner tubes can be controlled, and in this way, the CC with
different properties can be tailored. In addition, we have found
that, although the metallicity of the external nanotubes affects
the synthesis of the CC indirectly through the inner tube
formation, it has no direct influence on the properties of the CC.
These results lead us to further investigations regarding
synthesis of CC by using the CNTs with a single chirality. In
this manner, CC with uniform properties may be obtained in the
future. Therefore, this work paves the way toward a promising
and practical way to direct the synthesis of ultrapure CC with
numerous applications.

Figure 4. Raman spectra of the pristine (dotted lines) and annealed
(solid lines) metallic/semiconducting eDIPS-1.3 nm SWCNTs excited
by lasers with wavelengths of (a) 568 and (b) 633 nm.

Figure 5. Classical molecular dynamics simulations of the formation of
carbon chains inside a (a) (6,4) and (b) (20,0) SWCNT. Time
increases from top to bottom. Wide SWCNT leads to branched and
disordered carbon polymers, whereas thin SWCNT results in a long and
linear CC.
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■ METHODS

Experimental Details. SWCNTs with different average
diameters of ∼1.0, 1.3, and 1.7 nm were synthesized by an
enhanced direct injection pyrolytic synthesis method, labeled as
eDIPS-1.0 nm, -1.3 nm, or -1.7 nm, respectively.25 EDIPS-1.3
nm SWCNTs were separated into semiconducting and metallic
ones by the gel column chromatography method.27 DWCNTs
with average diameter of ∼1.5 nm (labeled as DWCNTs-1.5
nm) grown by a CVD method are used for comparison.18,20 To
synthesize the CCs, those different types of CNTs in the form of
buckypapers were annealed at high temperatures between 1200
and 1500 °C for 1 h under a high vacuum (below 10−7 mbar).
The samples were measured by Raman spectroscopy

(LabRAM, Horiba) with excitations at laser wavelengths of
532, 568, 633, and 647 nm. For easy comparison, all the Raman
spectra were normalized to the intensity of the G-band.
Aberration-corrected TEM (JEOL TripleC#2) was performed
to observe the formation of the CCs inside the CNTs. TEM
images were obtained by a low-voltage (60 kV) transmission
electron microscope equipped with a Delta-type aberration
corrector for an image-forming lens system and a mono-
chromator. The exposure time of the TEM images was 2.0 s,
though the image drift was compensated every 0.04 s by a Gatan
OneView camera.
Computational Details. All molecular dynamics (MD)

simulations used the AIREBO force field28 as implemented in
the LAMMPS code.29 The typical simulated system consisted of
20 unit cells of undefected (6,4) and (20,0) semiconducting
SWCNTs containing an array of C dimers (C2) randomly placed
along the main CNT axis. Themean diameter and total length of
the (6,4) SWCNT was 6.74 and 366.78 Å, respectively, whereas
for the (20,0) SWCNT it was 15.7 and 364.3 Å, respectively. We
only considered SWCNTs due to the expected negligible effect
of an outer CNT wall on the chemical reactions inside the inner
tubes.26

Although the actual identity and composition of the
carbonaceous precursors in the CNT is unknown (and probably
comprises a heterogeneous mixture of carbon species), our
choice of dicarbon molecules (C2) is motivated by the well-
known presence of these species in carbon vapor samples giving
rise to the so-called Swan spectral bands. All theMD simulations
were run in the microcanonical ensemble (NVE) to explore the
intrinsic dynamical behavior of the system without the
perturbing effect of thermostats. The initial ionic velocities
were drawn from a Maxwell−Boltzmann distribution at 700 K.
TheMD time step was 0.25 fs. The simulation covered a total of
150 ps, and we output snapshots every 100 fs.
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