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The unique electronic and vibrational properties of linear carbon chains (LCCs) have attracted close attention
from the scientific community in recent years. Raman spectroscopy addressing the LCC spectral signature around
1850 cm ™! has been widely used to identify the LCC and probe electronic and vibrational properties as a function
of carbon length. Despite the number of works available in literature, some aspects of the LCC’s aforementioned

properties remain unclear. Using a combination of confocal and Tip-enhanced Raman Spectroscopy (TERS),
along with different laser lines, this work addresses important aspects of the optical resonance window of LCCs
encapsulated by multi-walled carbon nanotubes (MWCNTs) (i.e. LCC@MWCNT) as well as an elusive Raman
signature around 1637 cm™!, which is assigned to the LCC’s longitudinal acoustic (LA) phonon mode at the X
point (zone edge), which becomes Raman active likely due to disorder effects. First-principles calculations

endorse our conclusions.

1. Introduction

Linear carbon chains (LCC) were theoretically proposed in the 1960s
as an allotropic form of carbon presenting sp hybridization. There are
two classifications for such LCCs: (1) polyynes, which are statistically
more stable and display alternating triple and single bonds between
constituent carbon atoms; and (2) cumulenes, which display only double
bonds between constituent carbon atoms. The stability of these chains
was, however, questioned until 2010, when a linear chain of 44 carbon
atoms was successfully synthesized and stabilized by tris(3,5-di-t-
butylphenyl)methyl terminal groups [1]. The challenges in the synthe-
sis of carbynes are mostly associated with their high instability and

reactivity with their environment [2,3]. These drawbacks have been
circumvented by techniques that facilitate the synthesis of LCCs
confined in the hollow cavities of carbon nanotubes [4-6]. These tech-
niques led to the synthesis of longer length carbynes (containing more
than 6000 carbon atoms) [7] and they remain cohesive even at high
temperatures and pressures [8].

The potential applications and outstanding properties of LCCs have
boosted their scientific appeal, which follows the path of other allotropic
forms of carbon such as carbon nanotubes [9], fullerenes [10] and
graphene [11]. LCCs are predicted to be more resistant than any other
material [12]; to have unique conductive properties [13]; and to possess
a size-dependent band gap, which place them ahead in the development
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of novel electronic nanodevices. These LCCs also possess a number of
unique responses to external stimuli (e.g. pressure and temperature) and
a summary of the mechanical properties predicted for LCC can be found
in Ref. [14] and in Refs. [15,16].

Raman Spectroscopy is a key technique for studying the physical and
chemical properties of carbon nanomaterials [17-19]. The Raman
spectrum of LCCs carries a size-dependent signature (from now on Cn
peak) whose frequency spans around 1850 cm™! at ambient conditions
[20]. According to Tip-enhanced Raman experiments by Tschannen et
al., LCCs possess the highest resonance differential Raman cross section
per atom ever reported [21]. This Cn peak is also an excellent probe for
investigating LCCs’ thermal and mechanical properties. Costa et al. used
the Cn peak frequency as a probe to access the heat capacities and
thermal coefficient expansions of LCCs by carrying out low temperature
measurements [22]. The mechanical properties of LCCs were studied by
Sharma et al., where the authors observed that the Young modulus and
Griineisen parameter obey a P! power law dependence with pressure
[23].

Despite the recent advances in understanding the science of LCCs,
there is still a great deal of work to be done on the vibrational and
electronic properties of these materials when they are interacting with
an external environment (e.g. LCCs encapsulated by carbon nanotubes).
In this work, we studied the LCC’s electronic and vibrational properties
using confocal and tip-enhanced Raman spectroscopy (TERS) in indi-
vidual LCC@MWCNT systems or very small bundles. Using these tech-
niques along with a set of different laser lines, the optical resonance
window of LCCs encapsulated by MWCNTs (from now one
LCC@MWCNTSs) is addressed, and a thus far elusive Raman signature
around 1637 cm ™!, which is assigned to the LCC’s longitudinal acoustic
LA(X) phonon mode at the Brillouin Zone edge, is also reported.

2. Experimental
2.1. Sample preparation

Linear carbon chains encapsulated by multiwalled carbon nanotubes
(LCC@MWCNT) studied in this work were synthetized by the controlled
arch discharge method [24] and have already been characterized by
electron microscopy [25] and investigated under high pressure Raman
Spectroscopy [15,26,27]. Aiming to characterize isolated tube of
LCC@MWCNTs, the bulk sample was subjected to standard bath soni-
cation and centrifugation process using acetone as a dispersive medium
followed by deposition on a glass coverslip in order to obtain a good
concentration of dispersed LCC@MWCNT. The choice for acetone as
dispersive medium resides on its fast evaporation when drop-casted over
the coverslip leaving only the dispersed LCC@MWCNT with minimum
amount of residues when compared to other dispersion media such as
DNA or SDS. Atomic Force Microscopy (AFM) was then employed to
verify if isolated nanotubes were obtained after the dispersion process.

2.2. Techniques

Individual LCC@MWCNT, previously characterized via AFM, were
initially analyzed by confocal Raman Spectroscopy using laser excita-
tions of E;, = 1.96 eV (632.8 nm) and E;, = 2.33 eV (532 nm). To each
excitation source, several spectra of individualized LCC@MWCNT were
collected. The Confocal Raman spectra were acquired using an Alpha
300 system from Witec (Ulm, Germany) equipped with a highly linear
(0.02%) piezo-driven stage, a 100x/NA = 0.90 Nikon objective, and
with laser excitation HeNe (632.8 nm), argon (488 nm) and Nd:YAG
(532 nm). The Raman signal was detected by a high-sensitivity, back
illuminated CCD located behind a 600 1/mm grating. The spectrometer
used was an ultra-high throughput Witec UHS 300 with up to 70%
throughput, explicitly designed for Raman spectroscopy. Full width at
half-maximum (FHWH) of the peak related to the Cn vibration, which is
expected around 10 cm ™!, was used to distinguish the spectra of a single
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or multiple LCCs encapsulated by the isolated MWCNTs.

In order to localize the interest sample positions on the coverslip
surface, Raman mapping was performed by using the 488 nm excitation
wavelenght (each spectra was recorded in a Witec Alpha 300 R spec-
trometer using a 100x amplification objective and a 600 grooves/mm
gratting and an integration time of 1 s at each point) and confocal
photomultiplier mapping associated with a bandpass filter was per-
formed by means the 632.8 nm excitation wavelength (the setup
assembled to the TERS measurements, a Shamroch SR303i spectrometer
operating with a 600 grooves/mm grating and coupled to a iDUS CCD
camera and a Excelitas cascade photomultiplier counter was also used to
analyze the far field signal coming from the sample and collected by a
60x amplification immersion-oil objective). Altogether, the spectral
resolution obtained is as high as + 2 ecm™!. The Raman mapping was
performed over a 10 pm x 10 pm region, covered by a 64 x 64 grid, with
an integration time of 10 s at each pixel.

For the TERS system setup, a radially polarized laser beam (632.8
nm, 1.96 eV) was focused on the sample from below using an inverted
optical microscope (Nikon Eclipse Ti-U) and a homemade shear-force-
based AFM system employing a plasmon-tunable gold tip pyramid
[28]. To locate the sample of interest and guide the alignment of the tip
with the laser beam, a photon counter was used, associated with a
bandpass filter suitable for measuring the bands of the LCCs. The first
TERS image, shown in Fig. 3, is a 640 nm x 640 nm square, covered by a
grid of 64 x 64 pixels, with an integration time of 0.4 s at each pixel for
selected bands. The second TERS image (Fig. 4) was performed over a
320 nm x 320 nm area covered by a grid of 32 x 32 pixels with an
accumulation time of 1 s at each point.

3. Results
3.1. Confocal Raman characterization

In order to obtain an overview of our samples, Raman spectra of
LCC@MWCNTs in bundles as well as of individual LCC@MWCNT sys-
tems excited at both 632.8 nm (1.96 eV) and 532.0 nm (2.33 eV) are
shown in Fig. 1a and b, respectively. It is seen that the Cn peak fre-
quencies are in the range from 1800 cm ™! to 1850 cm ™%, indicating that
LCCs with distinct lengths (i.e. distinct number of carbon atoms) are
observed. The LCCs encapsulated by MWCNTs may interact with the
tubes’ innermost walls through van der Waals forces or charge transfer
[29], but the pristine values of the Cn frequencies and linewidths
measured here suggest such interactions are not taking place.

The topmost spectra in Fig. 1a (solid red curve using 632.8 nm) and
1b (solid green curve using 533.0 nm) were acquired from bundled as-
grown LCC@MWCNT, while the series of spectra below each of them
were acquired from isolated LCC@MWCNT systems after solution
dispersion over a glass coverslip. In the spectra obtained from isolated
LCC@MWCNTs, each Cn peak associated with distinct encapsulated
LCCs were fitted using Lorentzian curves and the peak-center of each
Lorentzian is represented by the grayish circles underneath the spectra
from the as-grown LCC@MWCNT. As expected, the Raman spectra of the
as-grown system is the result of a convolution of the individual contri-
butions from each individual LCC in an isolated LCC@MWCNT. The
spectra acquired with the different laser lines reveal a larger distribution
of LCCs in resonance with the 632.8 nm laser in comparison with the
distribution observed with the 532.0 nm laser line. The resonance de-
pends on the structural and electronic properties of the LCC, and the
results suggest that longer LCCs are readily accessed with lower laser
energies, while shorter LCCs are readily accessed with higher laser en-
ergies. As expected, the result also suggests that the longer (shorter) the
LCC the smaller (larger) its bandgap. Although the LCCs reported here
are encapsulated by MWCNTS, our observations of the Cn peak and its
dependence with distinct laser energies, its linewidth, as well as corre-
lations between LCC’s length and bandgap are in good agreement with
recent studies on LCCs encapsulated by double-walled carbon nanotubes
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Fig. 1. Raman spectra collection of individual LCC@MWCNT excited at 632.5 nm (1.96 eV) (a) and 533.0 eV (2.33 eV) (b). For reference, the red-solid and the green-
solid curves in (a) and (b) are the spectra of the bundled as-grown LCC@MWCNT that originated the individual LCC@MWCNTs after solution dispersion over a glass
coverslip. In (a), each Raman spectrum representing individual LCC@MWCNT systems was fitted using Lorentzian curves and the Raman resonance frequency for

each chain is represented by the greyish circles under the Raman spectra obtained from the as-grown systems. The spectral resolution is + 2 cm™ .
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Fig. 2. (a) Far field spectra of LCC@MWCNT dispersed over a microscope coverslip. The red solid curve (gray solid curve) is taken from the LCC@MWCNT
highlighted in (c) by the red circle (gray arrow). The images in (b) and (c) show, respectively, spectroscopic maps for the D- and G-bands associated with the
dispersed nanotubes. (d), (e) and (f) show spectroscopic Raman images associated, respectively, with the elusive 1637 cm ! mode, the LCC Cn mode, and the mode

around 544 cm™L. The scale bar in the figure stands for 2 pm length. The spectral resolution is + 2 cm™.
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by Martinati et al. [30].

Fig. 2b-f shows Raman spectroscopic images of LCC@MWCNT sys-
tems dispersed in solution and then dropcasted on a glass coverslip. As
indicated, the spatial mappings seen in Fig. 2b—f shows the intensities of
several different Raman modes associated either with the hosting tubes
(D- and G-bands) or with the LCCs (e.g. peak at 1637 cm’l, Cn-band).
The red (gray) spectrum shown in Fig. 2a was measured in the center
of the circular region (tip of the arrow) indicated in Fig. 2c. Both spectra
in Fig. 2a as well as the spectral maps in Fig. 2b and c shows that,
although present in every MWCNT, the intensity of the D-band is very
weak compared with the G-band. This suggests that effects associated
with CNT disorder or adjacent walls interactions should be minimum
[31]. As shown in Fig. 2e, the Cn Raman peak (Fig. 2e), is not present in
every MWCNT. In fact, when compared to the maps in Fig. 2b and c, the
map in Fig. 2e shows only three spots showing the Cn peak, which
demonstrates that: (1) that the LCC is not present in every measured
MWCNT; and (2) in most cases, the LCCs do not fill the entire CNT
length. In addition, the map in Fig. 2d shows a novel Raman signature
around 1637 cm ™! on the right of the G-band (see inset in Fig. 2a). The
inset in Fig. 2a and the map in Fig. 2f also show a spectral feature around
544 cm™! [32], which will be discussed below.

3.2. Tip-enhanced Raman spectroscopy

In order to unveil the possible correlations among the spectral maps
in Fig. 2d-f, the isolated LCC@MWCNT system highlighted by the red
circle in Fig. 2c was further investigated via TERS, which provides
detailed information about the encapsulated LCCs with high spatial
resolution (typically below 50 nm) [33]. Fig. 3a shows a typical TERS
spectrum of such isolated LCC@MWCNT system (see topographic image
in the inset) displaying clear spectral signatures associated with the LCC
Cn signature at 1846 cm™!, with the hosting MWCNT at 1602 cm ™ *
(G-band) and with the MWCNT disorder-induced band (D-band) at
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1350 cm ™.

Fig. 3b shows the TERS image associated to the LCC TO(I') mode
around 544 cm™! [32]. Fig. 3¢ and d shows, respectively, spectroscopic
maps of the quasi-negligible D- and the G-band of the host MWCNT.
Fig. 3e and f show, respectively, the near-field spectroscopic map of the
1637 cm™! peak and of the LCC Cn mode around 1846 cm™!. Note that
the LCC in question is constituted of approximately 3800 carbon atoms.
The calculation is made by considering the total length of the chain
(~520 nm as suggested by the map in Fig. 3f) divided by 2.7 A, which is
an average of the lengths associated to single and triple bonds in the unit
cell of the carbon chain, as pointed out by Ref. [34], then multiplied by
2, the number of carbon atoms in the unit cell. It is worth mentioning
that a given MWCNT can have either one or multiple distinct LCCs
encapsulated by it, and according to the literature [20], the Cn Raman
peak for a single LCC encapsulated by a MWCNT is expected to be
symmetric with a full-width at half maximum (FWHM) around 10 em L
The FWHM of the Cn peak in Fig. 3a is ~14.2 cm ™!, which suggests that
the isolated LCC@MWCNT in Fig. 3 is likely encapsulating two distinct
LCCs with very close Cn frequencies; close enough not to be resolved
within our equipment resolution of + 2 cm™!.

It is noticeable that, although the novel signature around 1637 cm™
(inset of Fig. 3a) is present in the near-field measurements, it is not
manifested throughout the full length of the hosting MWNCT (see
Fig. 3d). This pattern is also observed for the signature around 544 cm ™
(see Fig. 3b), which reinforces the hypothesis that these two modes are
LCC modes. In particular, the mode around 544 cm™! is understood to
come from a LCC transverse optical mode at the I'-point TO (I'), as
explained further in the text (and endorsed by our theoretical calcula-
tions). It is important to point that our assignment is in agreement with
reports by Casari et al. [35]. We note that low frequency modes around
550 cm-1 have been observed for other carbon materials: Liu et al.
observed traverse acoustic (TA) modes with such a frequency in
graphyne nanotubes [36], while Jinno et al. observed such low

1
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Fig. 3. (a) TERS spectra obtained from the LCC@MWCNT system in the point indicated by the blue arrow in (d). The topography AFM image is show in the inset of
the figure; the widened regions correspond to places where some solvent-related residues remained after solution dispersion over the glass coverslip. (b) Spectral
image associated to the LCC TO(I') mode; (c) D-band spectral image associated with the hosting MWCNT; (d) TERS image map from the hosting MWCNT G band; (e)
and (f) show the TERS image map associated with the frequencies of 1637 cm! (assigned to the LA(X) mode) and 1846 cm ™! (LCC Cn mode). The white scale bar is

130 nm. The spectral resolution is + 2 cm ™.
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Fig. 4. (a) TERS spectrum obtained from an isolated LCC@MWCNT system at the position indicated by the orange arrow in (b); (b) Raman spectroscopic images of
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Cn mode at 1866 cm ™. The LA(X) Raman signatures can be correlated to different carbon chains by considering its spatial localization in the Raman mapping. The

white scale bar is 50 nm. The spectral resolution is + 2 cm™'.

frequency modes in multi-walled carbon nanotubes, although no
phonon mode assignment was made [37]. The peak at 1637 cm ! (from
now on LA(X) peak) could in principle be associated to the D’-band or
other vibrational properties related only to the MWCNT but the Raman
maps in Fig. 3e and f shows that this peak only occurs when the LCC Cn
mode occurs. In the literature, this peak has been assigned as a signature
for the bonding between LCCs with the hosting tubes when high pressure
is applied [16]. We note, however, that in their case the vibrational
properties of both LCC and hosting tubes are affected with an eventual
disappearance of the Cn Raman mode. In our case, the measurements are
performed under normal temperature and pressure, and the Cn mode is
always present.

Additional TERS measurement was performed in a small
LCC@MWCNT bundle. A typical Raman spectrum of such bundled sys-
tem is shown in Fig. 4a, which is in very good agreement with the
previous results. This spectrum was acquired in the position highlighted
by the orange arrow in Fig. 4b. The Raman spectrum observed in Fig. 4a
shows the G-band from the hosting MWCNTSs together with a more
intense and asymmetric peak that is deconvoluted into two bands each
located at 1627 cm ™! and 1637 cm™!. We note that these frequencies are
obtained from the fitting result using two distinct Lorentzian curves to fit
such asymmetric feature (during the fitting process the amplitudes,
centers and widths of the curves were free to vary). As discussed further
in the text, these two peaks are associated with two distinct LCCs whose
Cn modes resonate at 1847 cm™! (from now on Cnl, FWHM ~11.2

cm’l) and 1866 cm ™! (from now on Cn2, FWHM ~9.14 cmfl). Both
Cnl and Cn2 are associated with individual chains of different lengths as
supported by the symmetry of the peaks as well as their FWHM values.
The G-band Raman map for the MWCNTs (Fig. 4b) reveals the spatial
location of the entire carbon structure that constitutes the cluster. The
TERS map in Fig. 4e shows that the LCC TO(I") around 500 em ! is also
present and matches the spatial location of the LCC’s LA(X) and Cn
bands.

The maps in Fig. 4c-d and Fig. 4f-g endorse that the Cn and LA(X)
peaks are spatially correlated and come from specific LCCs. Fig. 4c maps
the intensity of the Raman mode located at 1627 cm™*, which correlates
well with the peak at 1847 c¢m ! (Cn1 band) shown in Fig. 4d. Note that,
although the 1627 cm™! peak intensity is not homogeneous, it extends
throughout the whole spatial length observed for the Cnl mode in
Fig. 4d. We attribute the loss of contrast in the lower end of the LCC to an
occasional misalignment between the tip apex and the laser hot spot
center while raster-scanning. A similar analysis holds for the 1637 cm™!
peak (Fig. 4f), which correlates well with the peak at 1866 cm ™! (Cn2
band). It is also important to observe that, although the LA(X) and Cn
spectroscopic images are also well spatially correlated with the TO(I')
peaks (Fig. 4e), the low intensity of such transverse signatures prevents
their assignments to individual LCCs. It is also important to note that the
presence of the LA(X) peak does not to affect the vibrational properties
of the LCC Cn modes, and both modes coexist. These observations are in
opposition to the aforementioned high-pressure (>13 GPa) experiments
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[16], in which, due to an enhanced tube-chain cross-linking, a new peak
(not found experimentally) was expected to appear around 1600 em™?
and the Cn mode disappears. It is important to rule out the assignment of
the LA(X) peak to either the disorder induced D’-band [38] or to the
periodic potential generated R-band [39,40], because if any of these
assignments were correct, a correlation between the said D’-band
(R-band) and the MWCNT D-band (extension length) should have been
observed. Our data suggests that this novel LA(X) peak correlates only
with the LCCs instead. Moreover, it is important to mention that both the
D'- and R-bands reported in the literature are symmetric and much
weaker than the G-band [41,42]. Except in Fig. 3, the LA(X) peaks
shown in this work are asymmetric and as intense as (or much more
intense in the case of TERS) than the G-band. These facts indicate that
the LA(X), D' and R Raman modes have distinct natures.

We explain our assignments of the ~1637 cm ™" and 544 cm ™! peaks
to the LA(X) and TO(I') modes, respectively, by comparison to state-of-
the-art first-principles calculations using density-functional theory
(DFT). Initially, we compare our data to the calculated phonon disper-
sion shown in Fig. 2b of Romanin et al. [43]. Using hybrid
exchange-correlation potentials and including quantum anharmonicity
effects, they calculate vibrational frequencies of ~1600 cm ! and ~500
cm ! for the LA(X) and TO(I') modes, respectively, for the infinite chain.
We reproduce and confirm these results by performing DFT calculations
for both finite and infinite chains, using the hybrid and long-range
corrected mCAM-B3LYP potential. Fig. 5 shows our calculated phonon
density of states (DOS) for a finite chain of 120 carbon atoms. The figure
also displays the atomic displacements for the various modes at the zone
center (I') and zone edge (X). Frequencies are shifted with respect to
experiments due to finite-size effects and because quantum anharmo-
nicity effects — which generally produce frequency downshift [43] — are
not included. Further details regarding our DFT calculations are found in
the Supplementary Material (SM). In particular, we perform calculations
for finite chains of different sizes and extrapolate the frequency values to
the N — oo limit, where N is the number of carbon atoms in the chain.
Extrapolated values are 2173 cm ™}, 1564 cm ™! and 657 cm ™! for the LO
(X), LAX) and TO(I') modes, respectively. We also performed calcula-
tions for the infinite chain (by applying periodic boundary conditions)
yielding very similar results: 2195 cm™!, 1590 cm™! and 678 cm™,
respectively (see SM for further details). For comparison, the calculated
LO() (or Cn) frequency is 1792 em™! (extrapolated to N — o).

Based on the comparison between theory and experiment, and by
keeping in mind that we do not include quantum anharmonicity effects
in the present calculations, we assign our measured Raman features at
1637 cm ! and 544 cm ! to the LA(X) and TO(I") modes, respectively.
The TO(I') mode corresponds to “zig-zag” displacements perpendicular
to the chain axis, and it is a Raman-active mode for the infinite chain, in
agreement with Casari et al. [35]. The LA(X) mode corresponds to vi-
brations in which the triple bond remains at rest and only the single
bond is compressed/extended. Therefore, it probes directly the elasticity
of the single bond in carbyne. As a zone-edge mode, it should not be
Raman active for the infinite and perfect chain. We may speculate that it
acquires a small Raman cross-section due to disorder effect. Interest-
ingly, the LO(X) mode (theoretically at ~2180 cm™! according to our
calculations), which is similar to the LA(X) mode but involves com-
pression/extension of the triple bond only, is not observed in our Raman
spectra. The reason for that is still elusive.

4. Conclusion

In this work, the linear carbon chain encapsulated by multi walled
carbon nanotubes has been analyzed through far-field Raman micro-
scopy and TERS. It was shown that the Raman spectrum profile of the
bulk of the sample may be considered as a superposition of several
spectra associated to individual LCC@MWCNT. It was also revealed by
TERS that despite the high intensity peak (~1800 cm™1), there are
others Raman actives modes related to the LCC@MWCNT at ~544 cm!
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Fig. 5. Phonon density of states (DOS) of a finite LCC with 120 carbon atoms
calculated via first-principles using density-functional theory (DFT). The DOS
exhibits zone-center (I'-point) and zone-edge (X-point) phonons. Our experi-
ments report the observation of the, thus far elusive, TO(I') and LA(X) modes.
(A colour version of this figure can be viewed online.)

and ~1637 cm™L. The observation of such peaks was still elusive, and
through our first-principles calculations, we determined that these fre-
quencies are associated with the TO(I') and LA(X) modes of the LCC,
respectively.
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