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Abstract

It was recently shown that small bundles of linear carbon chains (LCC) encapsulated by double- and multi-wall carbon nanotubes
(LCC@DWCNT and LCC@MWCNT, respectively) behave as Debye’s materials for temperatures as high as 293 K with an esti-
mate that such materials could still withstand such characteristics for even higher temperatures (<700 K). Using the Debye model,
thermodynamic observables (internal energy, coefficient of linear thermal expansion, specific heat, thermal strain, and Griineisen
parameter at constant pressure) were empirically determined for the first time in the range of temperatures 70 < T < 293 K. These
observables were all correlated with the C-band frequency (wj cc) dependence on the temperature (7) and its first and second deriv-
atives with relation to T, dwy cc/dT, and d?w; oc/dT%. The C-band is a Raman spectroscopic signature for LCC, which is not only
temperature-dependent but also dependent on the number of carbon atoms (N) constituting the LCC. In this present study, we
extend these findings to temperatures ranging from 13 < 7 < 293 K, which provide more accurate values for both dwy cc/dT and
d%w; oc/dT2. The corrected values of these derivatives affect the Griineisen parameters associated with the LCC, even though the
other associated thermodynamic parameters remain essentially unchanged. Our measurements were performed in both isolated and
small bundles of LCC@MWCNT, which allowed us to demonstrate that small bundles or isolated environments do not seem to in-

fluence the vibrational and thermodynamic properties measured.
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Introduction

Phonons, their mutual interactions (ph—ph interactions), and
their interactions with electrons (e—ph interactions) play funda-
mental roles in how materials respond to electric (e.g., differ-
ence of potentials), thermal (e.g., temperature gradients), and
mechanical (e.g., pressure variations) stimuli [1-23]. These
responses are directly connected with electronic and transport
properties, which in turn depend on the equilibrium between
emission and absorption of phonons, and gain and loss of
energy of carriers [1,2,10,17,24-28]. The phonon lifetime as
well as the selection rules behind ph—ph and e—ph interactions
determine the efficiency of such phonon emission and absorp-
tion [1,2,10,17,24-28]. Phonons need to be in an excited state to
be emitted or absorbed. Once they decay to their ground state,
they become unavailable. This decay process is often accom-
plished via three-phonon processes (called the Klemens’
channel) and via four-phonon processes [1-3,6,7,12,13,16,24].
It is widely known that pressure (P)- and temperature (7)-de-
pendent phenomena are ruled by anharmonic ph—ph interac-
tions, which are also driven by three- and four-phonon pro-

cesses, and by e—ph interactions [1-29].

Therefore, phonon assignments in materials as well as the
understanding of how such phonons relate to thermal and me-
chanical properties of the materials become of fundamental
importance [1-30]. One important point to keep in mind is that
ph—ph and e—ph interactions are also very susceptible to the
dimensionality of the materials, and for one-dimensional (1D)
materials, the selection rules behind such interactions are rather
restricted [13,31-33]. These interactions are all quantum-related
phenomena, and their ineffectiveness allows thermal and me-
chanical properties of materials to be described by semi-clas-
sical theories (such as the Debye’s theory that describes the be-
havior of materials with 7), and their phonon frequencies might
be directly connected with relevant parameters such as the
Young’s modulus, the Griineisen parameter, and thermal expan-
sion coefficient [29,30]. This is the case with linear atomic

chains constituted of carbon atoms [29,30].

Linear carbon chains (LCC) are 1D systems that are classified
into two categories: polyynes (displaying alternating triple and
single bonds between constituent carbon atoms) and cumulenes
(displaying only double bonds between constituent carbon
atoms) [31,34-40]. Cumulenes are metallic systems that, due to
Peierls transition, are more unstable than polyynes, which
present insulating properties with bandgaps whose sizes are de-
pendent on the number of carbon atoms (N) constituting the
chains [31,34-40]. The unique properties associated with LCC
have attracted a great deal of attention in the scientific commu-
nity. They are structures that present unique anharmonic behav-

iors [29,30,41,42], and they are claimed to possess one of the
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largest mechanical resistances among materials (including other
carbon allotropic versions like graphene or nanotubes) [29,43-
49], in addition to presenting unique conductive properties that
place them ahead as ideal candidates for future developments in
nanoelectronics [43-49]. Moreover, due to its simplicity, LCC
are like textbook problems in which many simple, but powerful,
theories can be tested [29-31].

Until recently, many challenging questions regarding LCC
stability have been raised [39,50-53]. Most of these questions
regard the stability of host-free LCC, and they are readily
circumvented when the LCC are hosted by carbon nanotubes
(CNT), when they are decorated with terminal groups such as
the tris(3,5-di-z-butylphenyl)methyl, or when they are in
colloidal environments [32,34,36-38,43,45,49-55]. Recently,
single-wall (SW), double-wall (DW), and multiwall (MW) CNT
have been used and considered ideal environments for fabri-
cating stable LCC with up to 6000 carbon atoms [34,36-
38,43,45,49-55]. Due to their 1D character, LCC are very
simple structures, presenting rather simple electronic and
phonon structures that are dependent on N [31,32]. When they
are host-free, their phonon structures present longitudinal and
transversal modes but their encapsulation by CNT inhibits
transversal modes [29-32,55-59]. This inhibition seems to be
confirmed in a recent work by Moura et al. [60], in which a
novel Raman active longitudinal mode was observed for LCC,
but no active transversal modes were observed despite theoreti-
cal predictions that suggested their existence.

The literature reports that LCC phonons possess long mean free
paths (=0.5-2.5 um) and lifetimes (*30-110 ps), which tend to
make ph—ph interactions inefficient [31,32]. These mean free
paths and lifetimes are considerably larger when compared with
other carbon materials [13,31-33]. In addition, several other
works [29-32,55-59] have pointed out that CNT provide condi-
tions that are sufficient to stabilize the LCC and inhibit trans-
versal vibrations, while keeping CNT and LCC properties
disentangled. In fact, this remains true even when the
LCC@CNT systems are submitted to high pressures [29,55-57].
The literature has also shown that many chain-like quasi-1D
materials constituted of Cgg bulky-balls submitted to various
conditions of pressure and temperature remain harmonic with
properties that are independent of the properties from their
hosting CNT [61-65]. This suggests that 1D-like materials also
present inefficient ph—ph interactions, and that mutual interac-
tions between chain-like structures and their hosts are second-
order effects [61-65]. Sulfur chains inside SWCNT have also
demonstrated enhanced field-emission properties and outstand-
ing gas-sensing properties [66,67], which once again corrobo-

rate the idea that the hosting CNT primarily serve as a stabi-
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lizing environment rather than one that alters the properties of
the materials.

In this context, Costa and collaborators [30], demonstrated that
LCC encapsulated by both multi-wall (LCC@MWCNT) and
double-wall (LCC@DWCNT) carbon nanotubes are materials
whose thermal properties can be described by the Debye model
[30]. The reason is that the responses of materials to changing
temperatures usually come from two contributions: (1) the
lattice thermal expansion (LTE), associated with e—ph interac-
tions; and (2) anharmonic effects, associated with ph—ph inter-
actions. As is widely known, the Debye model does not
consider ph—ph interactions but do describe quite well contribu-
tions associated with LTE [1,30]. Their work [30] was the first
in the literature to provide experimental values for LCC internal
energy per N (u), specific heat (cy), coefficient of linear ther-
mal expansion (a), thermal strain (eT), and Griineisen parame-
ter at constant pressure (Vp).

The present work is intended to explore some important points
that were left open by Costa and collaborators [30]. These
points mainly regard the influence of the number of CNT walls
in the LCC thermodynamic parameters as well as the responses
of the system when measured isolated (or in very small bundles)
and when measured in bundles. In addition, the current work
extends the study to even lower temperatures (i.e., 13 K) when
compared with previous data, whose minimum temperature
stood around 70 K. Our analysis follows the same protocols de-
scribed in reference [30]: the temperature evolution of the
longitudinal optical phonon (so-called C-band), which is Raman
active with frequencies (wpcc) around 1850 cm™!, is thor-
oughly tracked and wy ¢ is used to indirectly access important

thermodynamic parameters associated with LCC. Note that the
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C-band is a spectroscopic signature widely used to identify
distinct LCC since wp cc is dependent on the number of carbon

atoms forming the chain (i.e., wy ¢ is size/length dependent).

Results and Discussion

The LCC encapsulated by multiwalled CNT (LCC@MWCNT)
were synthesized using arc discharge [53]. The purity of
MWCNT regarding nanoparticles is *80% with average diame-
ters of 10.4 nm (average length of 2.3 mm). The LCC@CNT
filling ratio is =80% [53]. The samples were dispersed in ace-
tone and sonicated for 2 h and then drop casted onto a Si wafer
of =1 cm? area. Raman spectra were acquired with a 20x objec-
tive lens in a backscattering geometry using Jobin Yvon Horiba
T64000 spectrometer (1800 lines/mm grating). Samples were
resonantly excited with 514.5 nm (2.41 eV) and 568.2 nm
(2.18 eV) (Coherent Innova 70C Ar and Kr ion lasers).

The Raman spectra of LCC@MWCNT were acquired at low
temperatures ranging from 13 to 293 K. Figure 1 shows repre-
sentative spectra at 13 K and at 293 K, where temperature-de-
pendent frequency shifts are clearly observed for both G- and
C-bands (G-band comes from MWCNT). The LCC C-band was
fitted with four Lorentzian curves for the spectra collected with
the 514.5 nm (2.41 eV) excitation source, and two Lorentzian
curves for the spectra collected with the 568.2 nm (2.18 eV) ex-
citation source. Each Lorentzian represents a distinct LCC. Rep-
resentative Raman spectra and respective fittings are shown in
Supporting Information File 1, Figure S1. In Figure 2, N was
estimated considering that wy cc is proportional to N71[29,51].
It is important to recall that the association between N and wy cc
is only a reliable approximation. This number N is used here to
correlate the length of LCC with the thermodynamic variables

studied, and such approximation does not impair the analysis
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Figure 1: (a) and (b) show representative Raman spectra acquired from LCC@MWCNT at 13 K (solid navy blue curves) and 193 K (solid dark gray
curves). The G-bands in (a) are associated with MWCNT, while the C-bands in (b) are associated with LCC. The vertical dashed lines are guides for
the eyes. Supporting Information File 1, Figure S1 brings additional representative spectra.
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Figure 2: (a) Experimental Aw_cc(7) evolution with T; (b) the energy per N, u(T), presents a quadratic, universal, and unified behavior with T; (c) a(T)
shows a linear universal behavior with T; (d) the heat capacity per N, cy(T), presents a linear, universal and unified behavior with T; (e) A T2 universal
dependence is observed for the thermal strain e1(T); (f) Every LCC presents a distinct linear dependence of et with Aw| cc(T). Note that four repre-
sentative LCC are shown here. The full set of LCC is presented in Figure S2 in Supporting Information File 1.

and conclusions of this paper. Finally, for the sake of clarity,
Figure 2 shows results for representative LCC, while the full set
of LCC is shown in Supporting Information File 1, Figure S2.

In total, four LCC with N = 38, 42, 46, and 50 (yp = 0.63, 0.66,
0.74, and 0.86) were identified using 514.5 nm, while two LCC
with N = 40 and 50 (yp = 0.67 and 0.81, respectively) were
identified using 568.2 nm. In agreement with the literature
[29,30], the use of different laser lines does not influence the
response of the LCC@MWCNT to different 7, but it might
excite LCC with distinct N (LCC have their bandgap propor-
tional to N~!; the smaller the chain, the larger the bandgap).
Figure 2 corroborates this claim: wy ¢¢ for similar LCC possess
similar dependence on 7. As previously discussed, wy cc associ-
ated with each identified LCC is used as a probe to obtain the
following thermodynamic properties as a function of T (T
ranging from 13 to 293 K): u(T), a(T), c\(T), ep(T), and yp(7).

The equations that correlate wy cc with these thermodynamic
parameters are reported by Costa et al. [30] and reproduced in
Supporting Information File 1 for reference (Equations S1-S6).
Figure 2 shows a clear dependence of these properties with N
and 7, in accordance with previous work [30]. Costa and collab-
orators [30] studied these nanostructures under temperatures
ranging from 70 to 293 K, but this work extends their results to

temperatures as low as 13 K. Here, we measured isolated
LCC@MWCNT under 568.2 nm (2.18 eV) excitation, while
those acquired under 514.5 nm (2.41 eV) excitation was in very
small bundles. For reference, Costa et al. [30] measured small
bundles in their work. The plots shown in Figure 2 provide an
answer to one of the questions we sought to address in this
work: do small bundles or isolated environments influence the
vibrational and thermodynamic properties measured? Figure 2
suggests that the answer is no. In fact, it is evident that the data
obtained in both scenarios are similar within the error margin
expected in these experiments. In addition, the Raman spectra
as well as the independent evolution as a function of tempera-
ture of the Raman bands from CNT and LCC (see Figure 1 and
Figure S1 in Supporting Information File 1) suggest that the
interaction between distinct LCC, and LCC and CNT are
not strong enough to affect their electronic and phonon struc-
tures. Therefore, in agreement with the literature [29,30],
mutual interactions between LCC and CNT are second-order
effects [29,30]. Moreover, if ph—ph interactions can be
neglected, the wy cc variation with T(Awy cc) should be well de-
scribed by:

_Ypfds_l)’ 0

Aopce(T) =0l cc (e
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where mOLCC is the C-band frequency at 7 = 0 K, de = a(7)dT is
the thermal strain between T and T + dT, and yp is the T-inde-
pendent Griineisen parameter at constant P. Equation 1 in turn

is expected to follow the empirical relation:

2
dorcce |72

72 @

Aopce =Aopcc (T) -0 ce =-

2
d o cc
2

where the second derivative magnitude is N-dependent
(see Figure 3). Figure 2a confirms that this is the case: the solid
lines are fitting results using Equation 2. We are then well posi-
tioned to proceed with our analysis using the Debye model,

whose associated equations (see2 Supporting Information File 1)

dorce 04 d“orcc [30]
b 2 .

depend on wy ¢, T

In one hand, Figure 2b shows that u(T) displays a T2 behavior;
the values of u(T) at 13 K, 70 K, and 293 K are 1.42 x 10724,
4.16 x 10723 J, and 7.27x 10722 J, respectively. On the other
hand, a(7T) and c¢(T) (Figure 2c and 2d, respectively) vary
linearly with 7" and do not show relevant dependence on N. Note
that a(7) ranges from 4.40 x 1075 K~! (293 K) to
1.98 x 107° K~! (13 K) with dz(TT) =1.54 x 1077 K2, and
¢y(T) ranges from 0.25 J-g71.K~! (293 K) to 0.01 J.g~1.K~!
(13 K) with d";(TT) = 8.84 x 1074 J.g~1.K™2; both are in good
agreement with the literature [30,37,68]. The heat extracted

from the LCC leads their shrinkage, generating an internal pres-

sure that is associated with the thermal strain (eT), which simi-
larly with u(T), displays a T2 behavior (Figure 2e). This means
that strains at 13 K (1.29 x 1077, this work) are very similar to
those at 70 K (3.74 x 107°), while er = 0.01 X 1072 at ambient
conditions. As discussed in the literature [29,30,51], in addition
to depending on the temperature, wy cc is dependent on the
chain length (i.e., N-dependent) as well (see Figure 3b). This is
an expected behavior since the size of the chain affects the bond
length alternation (BLA) strength of the polyynes. Figure 2a
shows the evolution of wy cc with 7, and again, it is noteworthy
that no matter the length of the chain, there is a convergence of
the data as the temperature decreases. Consequently, e as a
function Awy cc (see Figure 2f) also converges when wp cc —
(‘)gCO Note that in both cases, once again, the experimental
data follow the Debye model up to 300 K. According to the data
and the predictions above, Awpcc — 0 and e — 0 when
T - 0.

At this point, we are in good position to use Equation 1 to
obtain yp associated with each measured chain, which in turn
will deliver the yp dependence with N (Figure 3a). Note that
once a(7) is known, yp becomes the only adjustable parameter

in the equation. As anticipated earlier in the text, the found
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values for yp are in accordance with those reported in
previous works [29,30], endorsing inefficient phonon—phonon

coupling iI% this system. The open symbols shown in Figure 3a

d orcc
2

displaying an universal dependenc% on N given, respectively, by
YR(V) = In(N — 20)0-23 and T = g4 B yhere 4 =
1.88 x 1074 cm™ K2 and B = 3.9 'x 1073 em™1.K2 (dashed
lines i%l Figure 3a). The solid lines in Figure 3a represent yp(V)

display and yp as a function of N; both of them

and doo%(N) found by Costa et al. [30] for temperatures as
low as 70 K. It is noticeable that there is a slight discrepancy
between the data found in this work and those published by
Costa and collaborators [30], which is explained as follows: as

. d“opcc
discussed, yp and —=-—=

are calculated from the fitting of the
experimental data from Figure 1a, and they are, therefore,
heavily dependent on wy cc(7T,N) as a function of T, whose
overall behavior is dependent on the range of temperatures used
in the experiment. In the work by Costa et al. [30], the T range
considered is limited to 70 < T < 300 K, while this paper
extends it to 13 < 7 < 300 K. This newer range provides a more
accurate prediction of ‘DgCC (i.e., wrcc(T) for T = 0 K), and
therefore, the extra data we bring in this paper provides a better
low-temperature convergent beha}lior of wp cc(V,T) and a better
estimate for both d“;% and dw%, when compared with
reference [30]. Since yp depends on Awy cc(7), it is important to
remind that, although the Debye model is understood to be valid
even for temperatures beyond 300 K, the values we provide
here are accurate up to 300 K only; these values of yp and
du’% might always be updated with a broader range of tem-
pergtures.

Finally, Kastner et al. [51] have predicted Q’(IICC to follow
mgCC(N,O) = 1757 + 3890/N (in cm™!), which is plotted in the
solid line of Figure 3b. The open circles represent our wOLCC
values extrapolated from the experimental data, which is in
good agreement with Kastner and collaborators. Also, the
Debye model formalism works very well for temperatures as
high as 300 K and corrections are predicted for 300 < 7' <700 K
[30]. These corrections, however, continue to be small, as seen
in the inset of Figure 3b, which plots the difference
A(N,700) = of%E (N,700) — opet® (N, 700) for the represen-
tative case at 700 K. It is worth reminding that, as seen in Equa-
tions S1 to S6 in Supporting Information File 1, the superscript

“Debye” stands for the predicted values without any correc-

dorcc
dr dr
“corr.” stands for values that are corrected by such derivatives.

tions involving and 4 mLzCC , while the superscript
The solid line represents the same correction as predicted by
Costa and collaborators [30]. The dispersion of the data (open
circles) with relation to the black solid curve has the

same origins as those associated with the values of yp and
dorcc
dr?
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Figure 3: (a) Universal dependences with N for both yp(N) = In(N - 20)%-23 (burgundy solid lines) and dz;"TLZCC =A +% (nayy blue solid line with A =

1.88 x 10~4 cm=1-K-2 and B = 3.7 x 10~ cm~1-K-2). The symbols (burgundy circles and navy blue diamonds for yp and

dwice
o

respectively) repre-

sent the experimental data. (b) wECC(N,o) =(1757 +&A*’30 cm~, where wECC(N,O) is the C-band frequency at T = 0 K. T 1A open circles represent

the experimental data. The inset shows a representative case at T = 700 K for A(N,T) = Aw,

Conclusion

In summary, this paper investigates the thermodynamic proper-
ties of isolated and small bundles of LCC@MWCNT via
Raman spectroscopy by tracking the C-band frequencies wy cc

of LCC in the range of temperatures of 13 <7 < 300 K. These

doycc
dr

, enhancing the reliability of the thermodynamic

range of temperatures provides more accurate values of
dorcc
2

and
observgbles w(T), u(T), cy(T), ex(T), and yp(T)). In addition, the
data presented here further confirms that LCC may be well
modelled using the Debye formalism even at ambient condi-
tions. The thermodynamic observables indeed follow N-depend-
ent universal laws with 7. In this semiempirical model, the
calculation of yp depends on the range of temperatures
measured. The broader range of temperatures that this work
considered allowed the authors to bring newly updated values
of yp. These values might, however, undergo further correc-
tions when more experimental data is available for tempera-
tures beyond 300 K. This work also confirms that equivalent
thermodynamic properties are observed for small bundles and
isolates LCC@MWCNT.

Supporting Information

Supporting Information File 1

Additional figures and calculations.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-16-125-S1.pdf]
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