PHYSICAL REVIEW LETTERS 125, 105501 (2020)

Anharmonicity and Universal Response of Linear Carbon Chain Mechanical Properties
under Hydrostatic Pressure
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Isolated linear carbon chains (LCCs) encapsulated by multiwalled carbon nanotubes are studied under
hydrostatic pressure (P) via resonance Raman scattering. The LCCs’ spectroscopic signature C band
around 1850 cm™! softens linearly with increasing P. A simple anharmonic force-constant model not only
describes such softening but also shows that the LCCs’ Young’s modulus (E), Griineisen parameter (y), and
strain () follow universal P~! and P? laws, respectively. In particular, y also presents a unified behavior for
all LCCs. To the best of our knowledge, these are the first results reported on such isolated systems and the
first work to explore universal P-dependent responses for LCCs’ E, ¢, and y.
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Carbon is found in different sp” (n =1, 2, and 3)
hybridizations [1-4] and extensive research on the
mechanical properties in s p> (diamond) and s p? (graphene,
graphite, and carbon nanotubes) materials is available
in the literature [5—12]. Linear sp carbon chains have
attracted much interest regarding its existence and stability
[1,13-16]. Production of short carbon chains (8 to 28
atoms), known as polyynes, with alternate single and
triple bonds (--- —C=C —-C=C —--) and end capping
groups were one of the first systems to demonstrate the
existence of stable linear carbon chains (LCCs) in the range
of temperatures from 130°C to 140°C [17]. Later, Zhao
et al. obtained stable LCCs (at ambient conditions) com-
prising ~100 carbon atoms and encapsulated by multiwall
carbon nanotubes (LCC@MWCNT) [18]. Since then,
single- (SW), double- (DW), and MWCNT are considered
ideal environments for fabricating stable LCCs with up to
6000 carbon atoms [3,19-22].

Hydrostatic pressure (P) Raman studies on the spectro-
scopic signatures of sp? materials such as CNTs (radial
breathing mode, RBM, and G band), graphene (G- and 2D
bands), and graphite (G- and 2D bands) have focused on
the materials’ mechanical, electronic, and vibrational prop-
erties as well as in the interactions between graphene
sheets, concentric tubes in MWCNTSs and/or bundled CNTs
[7,10,11,23-26]. The spectroscopic signatures in these sp>
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materials undergo a frequency hardening with increasing P.
However, little has been explored about the effect of P on
LCCs’ spectroscopic signature C band with frequencies
(@) around 1850 cm~! at ambient conditions [27,28].
The literature has reported a w; ¢ softening with increasing
P [27,28], in disagreement with the frequency hardening
reported for RBM, G- and 2D bands in sp? materials.
Coalescence of LCCs and charge transfer between chains
and hosting tubes were hypothesized as the reason behind
such C band softening but this topic is still an open
question. Additionally, many theoretical works have
reported values for the LCCs’ Young’s modulus ranging
from 0.3 to 33 TPa [2,29,30]. These values span through a
broad range and require more experiments, preferably
in isolated systems, to be confirmed. Moreover, LCCs
possess great technological appeal as one of the thinnest
wires available for the next generation of ultracompact
nanoelectronic and nanospintronic devices, and one-
dimensional sensors whose performance depends on
LCCs mechanical behaviors [30-34].

Here, we study the C band of four different
LCC@MWCNT (or polyynes@MWCNT) submitted to
pressures up to 4.60 GPa. We confirm the wy ¢ softening
and propose a simple anharmonic force-constant model,
based on the anharmonic nature of carbon-carbon (C-C)
single bonds [32,35], that describes such softening and
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allows for obtaining pressure-dependent relations for the
LCCs’ Young’s modulus (E), strain (¢), and Griineisen
parameter (y). The model also explains very well results
reported in the literature [27,28] [Supplemental Material
(SM) [36] ]. We show that E and y follow a P~! universal
behavior, while & follows a P2 universal behavior.
The model also shows asymptotic behaviors for E
and y, and the possibility for fine-tuning such param-
eters with increasing P. To the best of our knowledge,
these are the first measurements exploring isolated
LCC@MWCNT and their universal responses for E,
€ and y.

The LCC@MWCNT were synthesized using the arc
discharge method described in a previous work [38].
Isolated LCCs@MWCNT (Fig. S1 in SM [36]) were
obtained after sonication of as-grown LCC@MWCNT
dispersed in acetone. The solution was then drop casted
onto a silicon substrate equipped with horseshoe probes
(70 ym diameter) [39]. Resonance Raman spectra (RRS)
were acquired in a backscattering geometry using a 532 nm
(2.33 eV) laser, a constant power density of 0.25 mW /um?
and a 50x objective (the LCCs’ energy gaps are around
2.13 eV [36,38,40]). A membrane anvil diamond cell was
used to apply the pressure loads [28,36,41]. Isolated
MWCNTs [36,42,43] were characterized via atomic force
microscopy and via resonance Raman spectra measure-
ments (Fig. S1 in SM [36]). Comprehensive experimental
details are available in SM [36]. Figure 1(a) shows the C
band around 1850 cm~! and a much weaker G band around
1575 cm™!; the inset in Fig. 1(a) shows the C band’s
spectral evolution with P: ;¢ decreases with increasing
P. The C band for each isolated LCC@MWCNT shows
four different LCCs [Fig. S1(c) in SM [36] ] that contin-
uously and reversibly evolves with distinct dwycc/dP
[Figs. 1(b) and 1(c), and Fig. S2 and Table S1 in SM
[36] ]. At ambient conditions, the four LCCs are assigned
to the Raman frequencies (£0.5 cm™") [Fig. S1(c) in SM
[36]1: @)cc,, = 18484 cm™, @cc,, = 1853.0 cm™,

@) ccy, = 1856.6 em™!, and @, = 1860.0 cm™". The

correlation between @, and n; (number of carbon
i

atoms for i = 1,...,4) is well addressed in the literature
[1,36,38,40,44] which leads to LCCs with 36 to 41 carbon
atoms [36].

Theoretical calculations have associated the @y ¢ behav-
ior observed in Figs. 1(b) and 1(c) to coalescence [27] and
charge transfer (CT) mechanisms [28]. These theoretical
calculations considered that (1) coalescence would take
place between LCCs in LCC@SWCNT [27]; and (2) charge
transfer would take place between LCCs and inner tubes
in LCC@DWCNT [28]. However, it is hard to reconcile
why coalescence or charge transfer takes place only in
LCC@SWCNT or LCC@DWCNT, respectively, but not
on both. Moreover, these effects are associated with inner
tubes’ deformations and are predicted to efficiently
happen for pressures beyond 9 GPa, which is twice the
highest pressure in this work (for additional discussions,
see [36]). For pressures below 9 GPa, the inner tubes
remain essentially unaltered [45,46]. Therefore, the
LCC@MWCNT’s innermost tube deformation in the
present work should be minimal [9,10,36,45-48]. We
hypothesize, therefore, that the behavior of the LCC bonds
associated with the anharmonic nature of C—C single
bonds is the main phenomenon ruling our experiment [36].

Figure 1(b) shows that the variation of wjcc with
increasing P from O to 4.60 GPa are associated with linear
redshifts as large as 22 ¢cm~!. Linear blueshifts of the same
order are observed with decreasing P (Fig. S2 in SM [36]),
verifying that the experiment is reversible. The loading
cycles show universal [i.e., @ cc(P) « P] but nonunified
decrease rates (i.e., distinct dw/dP) for the w; ¢ softening,
see Fig. 1(c) and Table S1 in SM [36]. As mentioned earlier,
under hydrostatic pressure one would expect a harmonic
hardening (softening) of the C—C bonds with increasing
(decreasing) pressure, which in turn would lead to a positive
(negative) dw/dP. For the LCCs studied here, however, the
C—C bond seems to soften (harden) with increasing
(decreasing) P (Fig. S2 in SM [36]). In our model, the
harmonic C band frequency @? is given by [32,36]:
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(a) Resonance Raman profile of an isolated LCC@MWCNT. The G band is located around 1575 cm™' and the C band is

located around 1850 cm™'. Inset: Representative spectra showing the evolution of the LCCs’ C bands with P. (b) The C band Raman
frequencies evolution @i cc,,» ®rLccn,» @iccn,» and @pce,, with P. The frequencies linearly decrease with distinct dwycc/dP.
(©) Aw = wicc — @) as a function of P: the loading cycles show a universal but nonunified doycc/dP.
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0 0
wgcc = M’ (1)
m
where C? and Cg are the corresponding effective force
constants, at ambient pressure, for single and triple bonds,
respectively, and m is the carbon atom mass. When the linear
chains are submitted to external P, both the triple and single
bonds are deformed. The triple bonds are considerably
stiffer than the single bonds (about 167% stiffer) [32]. Thus,
we consider that pressure-dependent alterations in the triple
bonds (represented by Cs;) are a minor contribution to
the frequency’s changes when compared to the pressure-
dependent alterations in the single bonds (represented by
C). Indeed, it is known that C; behaves anharmonically,
while C; remains essentially harmonic [32,35]: as P
increases, the carbon atoms connected by C; get close
enough to experience a repulsive potential energy that is
sufficiently strong to compete with the attractive potential
making anharmonic contributions important to the net
potential [32,35,49]. In fact, theoretical calculations have
shown that LCCs will be in the anharmonic regime for
pressures above 0.1 GPa and our experiments started at
0.13 GPa [50]. Here, C; is described as pressure dependent:
CP = C%+ C(P). In one hand, Eq. (1) becomes

2[CY +CY]
m

R IR))

m

Wrcc (P ) =

(2)

On the other hand, from Figs. 1(b) and 1(c) we see that
@y cc(P) varies linearly with pressure. Therefore,

dw
orcc(P) = wgcc + ( LCC>P

dP
= o{cc T (

s
mlwicc(p)] dP
where the slope dwycc/dP = {1/m|wycc(p)]}dC,/dP.
Such slope gives a good approximation of how much
the bond is effectively hardened or softened with P. The
hydrostatic pressure applied to the MWCNTSs comprises
one axial component and one radial component. Since
below 9 GPa the inner tubes are not expected to deform in
the radial direction, it is reasonable to expect that the
pressure transmitted to the LCCs comes from the axial
component with increasing P [9,45-48] (see [36] for a
comprehensive discussion of the model’s hypotheses).
The system’s restoring force (Fegoring) Must be propor-
tional to the compression:

Freston'ng = _Z[CIIJ + Cg]Ax7 (4)

where Ax is the average change in the bond length
due to P. At equilibrium, the net force (F,,) must be

zero. Since F is the superposition of both Figorine and
applied force (Fppica=PA), where A=7R*=7.8x10~"m?
(R =0.4 nm is the MWCNT’s innermost tube radius),
we have

Free= Frestoring + Fapplied = _2[Cllp + Cg]Ax + Fapplied =0.
By rewriting this equation in terms of Ax we obtain

_ F applied F applied
Z[Cf + Cg] m[a’Lcc(P)]2

Ax

The evaluation of the rate with which Ax changes
with pressure, for each pressure and within equilibrium
conditions, leads to

d(Ax)  2Fypica  dorcc (5)
dp mlwycc(P) dP

We can now use Eq. (5) to determine the pressure-
dependent Young’s modulus of elasticity, E(P). In other
words,

B(P) = ac-c g = —{ Sl g

d(Ax) 24 docc

where ac_c =1.37x 1071 m is the average C-C distance at
ambient pressure.

The nonunified behavior shown in Fig. 1(c) suggests that
the LCCs possess distinct E that depend on the number of
carbon atoms and, consequently, on the LCCs’ lengths. The
Young’s modulus is characteristic of each LCC and in the
harmonic regime it must remain universal and pressure
independent, contrarily to what could be expected in the
anharmonic regime. The literature has reported only theo-
retical and pressure-independent values for E ranging from
as low as 0.3 TPa to as high as 32.7 TPa [2,29,50].
Therefore, a comprehensive understanding of LCCs’ E
remains still an open question. Our model suggests that for
a linear anharmonicity, £ must be both dependent on
pressure and universal for all LCCs. Universal behaviors
for pressure-dependent E have been reported for other
carbon systems. Barboza ef al. [51] demonstrated that the
radial Young’s modulus E, for carbon nanotubes with
several distinct diameters (d,) present a universal behavior
with strain and that such dependence could be unified if E,
is multiplied by 3. Using the experimental values found for
o cc(P) and dwycc/dP, E associated with the LCCs is
obtained from Eq. (6) for different pressures. The universal
and anharmonic behavior is clear from Fig. 2(a), where
E for all LCCs follow a E(P)= EyP~! dependence,
with Ey=—{[ac—cm|wLcc(P)]’]/[2A(dwrcc/dP)]} being
effectively constant, positive (note that dwycc/dP < 0)
and distinct for each chain (see Table S1 in SM [36]).
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FIG.2. (a) Young’s modulus E, (b) strain &, and (c) Griineisen parameter y as a function of P for each LCC. Both E and y follow a P~
universal law, while & follows a P? universal law. (d) (Aw/w)(E/y) = —P, an important parameter for nanometrology, is universal and
unified. (a)—(d) the solid lines are experimental data fittings. Insets: (a) shows the E(P) vs P graphic enlarged to highlight the P — oo
limit. The horizontal dashed lines correspond to the values E (4.60 GPa) for each LCC. (b) shows the evolution of & with relation to the
relative changes of C; with increasing P. (c) shows the y(P) vs P graphic zoomed to highlight the P — oo limit. The horizontal dashed
lines correspond to the values of y calculated with E = 0.3 TPa for each LCC [50]. The vertical dashed lines in (a) and (c) stand for

P, =0.1 GPa.

From Eq. (6), we obtain the LCC’s hydrostatic coefficient ()= — E(P) docc  Ey  docc
of uniaxial strain: ’ a wicc(P) dP P wrcc(P) dP
2
A dorcc _ ) Y9c—cm [@rce(p))] 1
£(%) = _{ 2 3}132, (7) { 24 P ®)
ac—cmlopcc(P))

which is shown in Fig. 2(b). The hydrostatic coefficient of
uniaxial strain is related to P by de =dL/L = S x dP,
where L is the LCC’s length and the quantity S = 1/FE is
the LCC’s elastic compliance. The results in Fig. 2(b) show
that longer LCCs (i.e., higher n;, for i = 1, ..., 4) are more
susceptible to higher strains with increasing pressure [36].
The inset in Fig. 2(b) shows ¢ as a function of AC;(P) =
C,(P) — CY for each LCC studied here. The dependence of
C,(P) with P as well as the main steps to derive it are
shown in Fig. S3 in SM [36]. The pressure-dependent
Griineisen parameter y(P) is obtained by considering the
uniaxial effect along the LCC’s length. Per definition, y(P)
is written as [23,52,53]

. L da)LCC - 1
wrcc(P) dL

__ dwycc
wrec(P)  de

r(P) = ,
where de = (1/L)dL = (P/Ey)dP and dwycc/de =
(dP/dE') (da)Lcc/dP) = (Eo/P)(decc/dP> Therefore,
y(P) can be rewritten as

The Griineisen parameter y(P) associated with the C
band follows the same trends observed for E(P). In fact,
Eq. (8) indicates that y(P) also follows the universal
behavior y(P) = y,P~' with increasing pressure as shown
in Fig. 2(c). This time, however, it is also observed that y is
unified, presenting the same y, = 5.36 for every LCC. It is
noteworthy that the factor —[1/wycc(P)](dwicc/dP)
multiplying E(P) in Eq. (8) takes an equivalent role
observed for the factor d; multiplying the radial Young’s
modulus E, in the case of carbon nanotubes [51].

Figures 2(a) and 2(c) present two important limits:
(1) P -0, and (2) P — oo. The first limit (P — 0) says
that between P, < P < oo, when P — P_, where P, is the
critical pressure 0.1 GPa [see insets in Figs. 2(a) and 2(c)],
E increases rapidly toward values as low as 15.0 TPa (for
LCCn;) and as high as 30.5 TPa (for LCCn,), while y
increases rapidly toward a maximum and unified value of
42. For 0<P <P, the LCCs are no longer in the
anharmonic regime [50] and E becomes pressure indepen-
dent and distinct for each LCC. Consequently, y starts

105501-4



PHYSICAL REVIEW LETTERS 125, 105501 (2020)

decreasing again with P — 0 assuming distinct values for
each LCC (Table S1 in SM [36]). The second limit
(P — o0) shows that E asymptotically converges to distinct
values ranging from 0.40 TPa (for LCCn,) to 0.83 TPa (for
LCCny) at 4.60 GPa, while y asymptotically converges to
1.2, as shown in the inset in Figs. 2(a) and 2(c) and
summarized in Table S1 in SM [36]. Our model also stands
for pressures as high as 9 GPa and it nicely explains the
results by Andrade et al.[27] and Neves et al. [28] without
the need of invoking mechanisms beyond the C-C single
bond anharmonicity (see SM, Sec. VI and Fig. S5 [36]).
The anharmonic regime provides an important perspective
for LCCs’ mechanical properties: Figures 2(a) and 2(c)
show that hydrostatic pressures can modulate both E and y.
In one hand, y can be tuned to assume values predicted for
several other carbon structures: (1) y = 2.87 at 1.86 GPa,
expected for carbon nanofibers (G band); (2) y = 1.99 at
2.68 GPa, expected for graphene (G band); (3) y = 1.59 at
3.35 GPa, expected for graphite (G band); and (4) y = 1.24
at 4.31 GPa, expected for CNTs (G band). On the other
hand, E can be tuned to assume values that could be
smaller, of the order, or larger than those reported for
materials such as diamond (1.18-1.22 TPa), graphene
(2.40 TPa), bilayer graphene (2.0 TPa) and CNTs (0.40-
4.15 TPa) [6,54,55].

Another outcome from our model is shown in Fig. 2(d):
the quantity (Aw/w)(E/y) = —P is also both universal and
unified. Although this result is expected for pressure-
independent E and y, it is only recovered for pressure-
dependent E and y if the ratio y/E happens to be pressure
independent. Our experiment shows that LCCs of a variety
of lengths (number of carbon atoms) display mechanical
properties that result in a pressure-independent y/E even
though E and y are not pressure independent [36]. This
pressure-independent y/E results from the LCCs’ intrinsic
properties. In other words, it is determined by the exper-
imental values of [wpcc(P)]* (for a=1,2 and 3) and
dwy cc/dP, and their respective ratios. Therefore, by using
E and y provided by our model along with Aw/w provided
by the Raman measurement, we suggest that LCCs can be
effectively used in nanometrology for applications involv-
ing, for example, pressure calibration at the nanoscale or
highly sensitive mass sensors with the advantage that one
does not need to be concerned about the length distribution
of LCCs to establish an efficient device. Finally, our
results show that LCCs will be the strongest among the
aforementioned sp® and sp? carbon materials only for
P <0.6 GPa. For P > 0.6 GPa the same LCCs become as
strong as or even weaker than those carbon materials.

Summarizing, we studied the Raman fingerprint C band
of isolated LCCs@MWCNT under hydrostatic pressures
(0.13 < P <£4.60 GPa). The dependences of w;c with P
are explained by considering the natural anharmonicity
from the C-C single bond. Experimental values
of wicc(P) and dw;cc/dP allowed us to calculate the

pressure-dependence for the LCCs’ Young’s modulus (E),
strain (¢) and Griineisen parameter (y). The results show
that E and y follow universal P~! laws, while & follows
a P? universal law. Noticeably, y also presents a unified
behavior in the range of pressures studied here. The LCCs’
anharmonic behavior allows for tuning £ and y to values
lower, of the order or higher than those observed for other
carbon materials. The nature of LCCs’ mechanical proper-
ties indicates them as effective materials for nanometrology
and for the advancement of nanodevices. Our model, which
considers the natural anharmonicity from the C—C single
bond, explains very well other results reported in the
literature [27,28]. Moreover, it has great potential to be
applied in other one dimensional materials such as poly-
meric chains with Raman modes constrained to polymer’s
backbones, for example.
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