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Linear carbon chains (LCCs) are one dimensional materials with unique properties, including high
Debye’s temperatures and restrict selection rules for phonon interactions. Consequently, their
Raman C-band frequency’s temperature dependence is a probe to their thermal properties, which
are well described within the Debye’s formalism even at room temperatures. Therefore, with basis
on a semi-empirical approach we show how to use the C-band to evaluate the LCCs’ internal
energy, heat capacity, coefficient of thermal expansion, thermal strain and Griineisen parameter,
providing universal relations for these quantities in terms of the number of carbons atoms and the
temperature.



One dimensional (1D) linear carbon chains (LCCs) are one of the simplest materials presenting
properties associated to both molecules and solids [1-8], making them ideal for many electronic [9-
13], mechanical [14,15] and thermal applications [2,16]. They exhibit sp hybridization and can be
either semiconducting, known as polyynes with alternate single and triple bonds (--- —C=C —
C= C—--), or metallic, also known as cumulenes (--+C=C=C= C=--) [8,12]. Historically,
host-free LCCs have posed interesting questions regarding their stability [6,17,18] but recently,
single-wall (SW), double-wall (DW), and multi-wall (MW) carbon nanotubes (CNT) are considered
ideal environments for fabricating stable LCCs with up to 6000 C-atoms [1,5,9,11,15]. The polyynic
structure is often the most stable configuration with band gaps typically around 2.13eV [19,20].

The LCCs possess simple phonon structures presenting longitudinal and transversal modes when
they are host-free [8]. When encapsulated, however, LCCs share their main axis with their host
CNTs and this configuration inhibits transversal modes [20-23]. These phonons possess long mean
free paths (~ 0.5 — 2.5um) and lifetimes ( ~ 30 — 110ps), which highly suppresses phonon-phonon
interactions (ph-ph) in LCCs [8] when compared with other carbon materials [24-26]. The optical
longitudinal mode (in-axis out-of-phase C-atom vibrations), so-called C-band, with frequencies
wp,cc around 1850 cm™, is an easily trackable Raman spectroscopic signature and due to the weak
nature of ph-ph it is an excellent probe to study mechanical and thermal properties [27-32]. The C-
band has been characterized in the literature via room-temperature [19,20] and pressure-
dependent Raman spectroscopy [21-23] but its use to obtain important mechanical [22] and
thermal observables (this work) is a novel concept. Additionally, it is well known that wycc is
proportional to N1, where N is the number of carbon atoms [17,22].

Other complex chain-like structures have also been reported [33-39]. Chorro et al. [33], Rols et al.
[34], and Cambedouzou et al. [35] showed that Cgg carbon peapods inserted in SWNTs submitted
to various pressure and temperatures could undergo, for example, polymerization (for pressures
around 4GPa), high orientational mobility (even for T<100K) and fast diffusional reorientations at
T=200K. In another study, Bousige et al. [36], showed evidences of melting and liquid phases for
Ceo chains inside CNTs, revealing that such quasi-1D system behaves as a harmonic crystal for
T<550K (suggesting inefficient ph-ph), transitions to a liquid phase for T=650K and evolves to a
complete disappearance of any structural correlations for T2850K. All these studies suggest that
the interactions between Cgp molecules and the CNTs’ walls are mostly a second order effect. More
recently, sulfur chains inside SWNTs have also demonstrated enhanced field-emission properties
and outstanding gas-sensing properties [37-39]. In this context, the study of LCCs’ thermodynamic
properties could greatly benefit other encapsulated 1D systems.

The responses of materials to changing temperatures are closely related to the lattice thermal
expansion (LTE) and anharmonic effects [27-32]. The former is associated to electron-phonon
couplings (e-ph) and the latter is associated to ph-ph. Usually, ph-ph renormalize phonon energies,
playing marginal roles in the understanding of electronic and thermal properties of materials.
When it comes to thermal properties, LCCs become particularly interesting and seem to be ahead
of other materials such as fullerenes and transition metal dichalcogenides (TMDs) [40-43].
However, detailed studies of e-ph, ph-ph and thermal effects on LCCs inside CNTs are still missing.
Recently, theoretical results by Wong et al. reported the LCC’s coefficient of thermal expansion
(CTE) to be around 7.0 x 1075 K™ [44], which is much higher than that of CNTs [45], graphene [46],
TMDs [47,48] and hexagonal boron nitride [49]. In fact, very little has been explored about LCCs
temperature-dependent phenomena, and important works available in the literature are
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theoretical simulations [4,8,41]. In 2016, Shi et al. studied LCCs inside DWCNT and showed that the
C-band linewidth (lifetime) of LCCs increases (decreases) with increasing temperature [1]. They
explained their findings in terms of ph-ph and interactions between LCCs and the DWCNTs’ inner
walls, despite their weak Van der Waals interactions [22,33-35,50-52]. To the best of our
knowledge, there is no quantitative temperature-dependent study on wy ¢ and its connection to
thermodynamic observables.

In this letter, the wy,cc temperature-dependence of distinct LCCs is used as a direct probe to their
thermodynamic observables in a wide range of temperatures, showing that fundamental
thermodynamic relations follow universal behaviors that only depend on the temperature and
number of carbon atoms. Our findings show an unprecedented conclusion: these true one-
dimensional systems are well described by the Debye’s model even for T at and above 300K,
indicating that ph-ph are negligible indeed.

The LCCs encapsulated by multi-walled CNTs (LCC@MWCNTs) were synthesized using arc discharge
[19], while the LCCs encapsulated by double-walled CNTs (LCC@DWCNTs) were synthesized using
catalyzed chemical vapor deposition [53,54]. The MWCNTSs’ purity with regard to nanoparticles is
=80% with average diameters (length) of 10.4nm (2.3mm). The DWCNTSs’ synthesis yielded over 95%
of highly pure and crystalline DWCNTs with an outer diameter of =1.6nm. The encapsulated LCCs
were then obtained by submitting the DWCNTs to thermal treatment for 30 minutes at 1500°C in a
graphite furnace containing high purity argon gas. The LCC@CNTs filling ratio is =80% [19,53,54].
The samples were dispersed in acetone and sonicated for 2 hours and then drop-casted onto a Si

wafer of =~lcm” area. Raman spectra were acquired with a 50x objective in a backscattering

geometry using an Andor iDus 401 series CCD coupled to a Shamrock spectrometer (1200
lines/mm grating; spectral resolution of =~+0.5cm™). Samples were resonantly excited with 532nm
(2.33eV) and 632nm (1.96eV) lasers under constant power density of O.25mW/um2.

The correlation between LCC’s C-band frequency and N indicates LCCs with 36 to 86 carbon atoms
in LCC@MWCNTs and LCCs with 35 to 39 carbon atoms in LCC@DWCNTs [1,7,11,17,21,23,55].
Representative Raman spectra at 300K and C-band spectra fitted with Lorentzian curves are shown
in Figures S1(a)-(c), section S1 in the supplementary material (SM) [56]. The MWCNTs host six
distinct LCCs and the DWCNTs host four distinct LCCs. For LCC@MWCNTs, each LCC is labelled
LCCiMW (i=1, 2, 3, 4, 5 and 6), where i=1 (i=6) represents the longest (shortest) LCC. Their

respective room—temperature frequencies are m{’lcvgl =1796.0cm™, wyce, =1804.0cm™,

u)LMC"X3:1839.0cm'1, COLcc =1843.0cm™ chc =1854.0cm™ and wlﬁ’lc"g621863.0cm . Similarly, for

the LCC@DWCNTs each LCC is IabeIIed LCCDW (Iongest LCC) and LCCPW (shortest LCC), whose
frequencies are wpec, =1852.0cm™, wpdt, =1856.0cm™, wpic, =1860.0cm™, and wpdc, =1863.0cm’

d*wrcc

dT?
the frequency at OK (Figures S2(a)-(c), section S1 in SM). In the absence of ph-ph,
Awpcc(T)=wicc(T) — wcc (see Figure 1(a)) will depend mostly on LTE, being directly linked to
observables such as specific heat (¢, (T)), coefficient of thermal expansion - CTE (a(T)), thermal
strain (e7) and the Griineisen parameter (yp ) (P=constant pressure).

!, The T-dependence of (*)LCCi and (*)LCCi shows that wycc(T)=0cc — ( )TZ, where w{c is

The literature [20-23,33-36,52] has shown that: (1) 1D chains of atoms or molecules are
independent of force fields in the CNTs’ radial direction [33-36]; (2) spectral features from the
hosting CNTs and LCCs are independent, even under high pressures [20-23]. The CNTs provide an

3



environment whose force field are sufficient to stabilize the LCCs and inhibit transversal vibrations
but not sufficient to entangle CNTs and LCCs properties; and (3) interactions between distinct LCCs
are not strong enough to affect their structures even at high pressures [20-23]. Therefore,
transverse vibrations and mutual interactions between distinct LCCs, and LCCs and CNTs are
second order effects. These, together with the absence of ph-ph lead us to hypothesize that: (1)
LCCs are truly 1D Debye’s materials even at T=300K (note that most materials are well described
within the Debye’s formalism only at very low temperatures (T<<300K) [57,58]); (2) any phonon
frequency variation with T is connected solely with lattice expansion or contraction; and (3) since
ph-ph are suppressed, yp is T-independent.

The Debye’s model does not take into account ph-ph and it is known to work very well for
temperatures such that TTD—>°°, where Ty is the Debye’s temperature. The Debye’s temperature is
proportional to the maximum excitable phonon frequency obtained from phonon density of states
or dispersion [57,58]. For LCCs, the maximum excitable phonon frequency is set by w; ¢, resulting
ho;:icc between 2584K (longest LCC) and 2680K (shortest LCC), where ky, is the
Boltzmann constant and h:% (his the Planck’s constant). Under the Debye’s model formalism

in TD=TLCC=

(from now on DMF), the canonical partition function for LCCs is given by (section S2 in SM for
additional details) [56]:

T Trcc
LnZ=—-N—/T Ln[1— exp(—x)]dx, (01)
Trcc ©0

R T
where x=%=%h, wpp is the phonon frequency and Ty, is the phonon equivalent temperature.
b

Upon integration by parts, Equation 01 becomes:

Trcc
~ T
InZ ~ N T Js 7 dx. (02)

T . o

For T<<T.cc, %—)oo and Equation 02 is simplified to:
T (o X _ T (n®\ _ Nkpn? T
Ln Z - N TLCC fo eX—1 dX - N TLCC ( 6 ) - 6h (.I)LCC(T)' (03)
2

where fooo eXX—1 dx = %. In our experiments, the temperature variation is not sufficiently large to

take LCCs out of the harmonic oscillation regime but it is sufficient to renormalize wy ¢ leading to
important T-dependent corrections. Therefore, the LCCs’ internal energy per N, u(T), ¢,(T) and
a(T)must contain one term representing the Debye’s approximation plus corrections involving
derivatives of wy,cc(T). This way u(T) is:

u(T) =

kpT2d(Lnz)  kin? T2 [_ T decc] (04)

N dT ~  6h wrcc(D) wrcc(T) dT

Figure 1(b) shows that u(T) is size-independent. Equation 04 leads to the heat capacity per N -
cy(T):

_du_ (kpm)? T . T doicc T? dorcc)? __orcc d*oLcc
CV(T) T AT 3h wrcc(T) {1 2 wLce(T) dT + ‘*)fcc(T) [( dT ) 2 dT? ]}' (05)



being a(T) given by [56-59]:

a(T) = _ 8 oM _ 42(kpm? T _p_ T dwrcc T2 (decc)2 _ wrcc d*orce (06)
202 ac_¢  3hmaZ_; wic(T) wrcc(T) dT 0icc(D dT 2 darz |y

where a._.=1.37 Ais the average C-C distance. The parameters ©and & are obtained from the
second and third derivatives of the series expansion:U(R)zU(aC_C)+(j—g) (R—ac_) +

R=ac_¢
1 (d?U 1 (d3U
), -0t l(5Y
2 \dR?/R=a._, 6 \dR®/R=a._,

Lennard-Jones potential (LJ) (R corresponds to the C-atom coordinate and ¢ is the potential depth).
The LJ is chosen based on recent calculations by Wang and Lin [8], whose work describes LCCs’
phonon dispersions quite accurately by modeling single and triple carbon bonds using such

. du d?u d3u 5
potential. Therefore, (—) =0, 1(—2) = 1(7228) and l(_s) - l(_ 1 3128)_ The second
dR R=ac_¢ 2 \dR R=ac_¢ 2 \ag_¢ 6 \dR R=ac_¢ 6 ac—c

(R—ac)®+- , where UR)=¢ [(ac_c)u ) (ac_—C)G] is the

R R

derivative is associated with the spring-mass harmonic potential. This means that:

- 14U _ mlowec(MI* - _ 2mleice(MP? _ mR% (ofec)® i

= T . , 0 = - and €= = . With wpcc(T) and
dorce_ 5 (dzwLCC) T we calculate u(T), ¢, (T), a(T) and £(T) for each LCC

dT dT2 TVAE D '

The experimental a(T) (Figure 1(c)) and c,(T) (Figure 1(d)) endorse that LCCs are well described
under DMF. Multi-Walled CNTs [60], graphene [46], bi-layer graphene [46] and graphite [61]
(quasi-one, two- and three-dimensional sp® materials, respectively) present negative a(T) and ph-
ph are fundamental to understand their Aw(T) even for the temperatures in the range OK<T<300K.
Here, we see that for LCCs (sp materials) these dependencies are modified: a(T) is always positive
and linearly dependent on T with a value of 5.0 x 10°K™* (4.5 x 10°K™) at 300K for the longest
(shortest) chains, which is close to those reported for SWCNTs (a(T)=2 x 10°K* at 300K) [62] and
10x higher in magnitude than the value reported for graphene (a(T)=-8.1 x 10°K™ at 300K) [46].
These values are in remarkably good agreement with the theoretical prediction of 7 x 10°K by
Wong et al. [44]. To the best of our knowledge, we present the first experimental evaluation of the
LCCs’ ¢, (T), which shows a unified linear dependence with T. The value 0.25J/gK found at 300K
are close to those for Graphite (0.7J/gK) and Graphene (0.5J/gK) [63,64]. We note that 0.25J/gK is
4.6 times smaller than the value 1.16J/gK predicted by Zhang et al. [4], who performed first-
principles calculations for very short LCCs having a (5, 5) carbon nanotube as reference (non-
negligible boundary conditions), what could explain such discrepancy.

The heat extracted from the LCCs leads to their shrinkage, which changes the LCCs’ T-dependent
internal pressure. This internal pressure is associated with both the system’s entropy and thermal
strain (e7). The thermal strain possesses a T2 dependence (Figure 1(e)) in perfect analogy with the
P2 dependence obeserved by Sharma et al. [22]. Therefore, in terms of behaviors, strains caused
by either T or P differ only in magnitude. In Figure 1(f), et is plotted against Aw;cc(T). The
graphic shows the linear behavior expected for small magnitude strains [22,57,58], which allow us
to conclude that, for a given &1, larger LCCs experience larger Awycc(T), in further agreement with
Sharma et al. [22].

For negligible ph-ph, Aw(T) should be fully described in terms of the LTE as:

Awy7e(T) = ‘*)Ecc(e_ypf de 1), (07)



where de=a(T)dT is the thermal strain between T and T + dT. Therefore, if our hypotheses are
correct, by using the observables described in Equations 04 through 06, Equation 07 should be
d*wrce
dT?
parameter. In the quasi-harmonic regime there is no distinction between yp and yr (Griineisen
parameter at constant T), i.e., Ay=0 [65]. As shown in Figure 01(a), Equation 07 fits the
experimental Awy cc(T) with yp ranging from 0.42 (shortest LCC) to 0.79 (longest LCC). These
values agree with yt found in our previous work [22], which confirms that Ay=0 and endorses the
absence of ph-ph. Note that Sharma et al. [22] also showed that smaller LCCs present smaller yr in
the quasi-harmonic regime.

equivalent to the obtained empirical relation Awycc(T)= —( )T2 using yp as a fitting

The absence of ph-ph, the successful description of LCCs’ properties within DMF for T<300K, and
the T-independent values of yp indicate that the corrections proposed are valid as long as the
Debye’s temperature Ty cc is much larger than an upper limit (T,y,,5) after which the approximation

%%OO is no longer valid. Inspection of Equation 02 shows that the InZ behavior is determined by

the integrand L which is most relevant for x between 0 and 4, as seen in Figure 2(a). This way

Trax i determmed such that ~€€=4, which means that T, = TLCC ~700K. For T<300K the

max

correction terms are negligible for every observable but for 3OOK<T<7OOK (see insets in Figure 1),
the corrections become increasingly important. Our model predicts that Awycc(T) decreases at a
slower rate with changing T (inset in Figure 1(a)), while o(T) and ¢, (T) increase at a slower rate in
comparison with the pure Debye’s model (insets in Figures 1(c) and (d), respectively). The

magnitude of the corrections depends on % and, consequently, on N (Figure 2(b)): the bigger

the N the larger the correction. This is expected since the LCCs’ thermal properties are connected
to the intrinsic character of both single and triple bonds, which assume effective values reflecting
the size of each LCC until the thermodynamic limit is reached (see section S3 in SM for additional
details [56]).

As shown in Figure 2(b), both yp and L-®Lec “LEC display universal dependences on N given by
yp(N)=In(N — 20)%8 an d;"T';CC =A + (A =-1.63 x 10®* cm™K? and B =35 x 10" cm™K?),
respectively. The ﬁ relation with N Iead us to the wycc(N, T) universal relation:

B
oLce,T) = 0fec(N,0) - (A+3)T2,  (08)

where wECC(N, 0)= (1757 +w)cm [17], see Figure 2(c). The results for Aw,cc(T) also show

that the LCCs’ hosts do not influence the LCC’s responses to T (Figure S5 in SM [56]). The
differences in the values observed for a(T), c,(T) and Awcc(T) comparing the solid (pure
Debye’s model) and the dashed curves (pure Debye’s model + corrections) in Figures 1(a)-(d)
allowed us to rewrite Equations 05, 06 and 07 in terms of N and T. Such description is
advantageous since it is now possible to predict the thermal properties of any chain at any
0K<T<700K:

a(N,T) = 985W —(3.22 x 10719),/(T — 300)3(N — 20), (09)

(N, T) = (1.6 X 10~ w?cc (N, T)a(N, T), (10)



where wycc(N, T) is given by Equation 08. Equations 09 and 10 allow for the determination of
2

er(N,T) = [ a(N,T)AT and u(N,T) = [ ¢,(N,T)AT . Finally, Awpcc(N,T) = — () T2 +

A(N, T), which gives:

Awcc(N,T) = — (A + %) T2 + (5.24 X 10~7)(T — 300)2(N — 20), (11)

where A(N, T)= Aw2T — Awfggye is the difference between Aw 2" (dashed lines in Figure 1(a))

and Aoofglc)ye (solid lines in Figure 1(a)). The inset in Figure 2(c) shows the representative case for

A(N, 700).

In summary, the manuscript focuses on the thermodynamic observables associated with LCCs and
shows that due to negligible ph-ph, wy ¢ acts as a direct probe to the LCCs’ thermal properties.
Most materials are well described within DMF only at very low temperatures but our results show
that LCCs are well explained by DMF even at room temperature and likely for temperatures as high
as 700K. By observing the temperature-dependence of Aw;cc(T), the thermodynamics associated
to LCCs is successfully discussed, showing that fundamental relations such as internal energy,
specific heat, coefficient of thermal expansion and thermal strain present (N, T)-dependent
universal behaviors. We present a simple semi-empirical approach that is in excellent agreement
with theoretical results in the literature and useful to other 1D systems.
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Figure 1: Representative experimental results for LCCs (N=35, N=39, N=45 and N=86): (a)
experimental Awycc(T) 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, where
LCCs with N from 35 to 45 atoms present very similar a(T). For N=86, however, which is closer to
the thermodynamic limit, a(T) increases at a slightly higher rate with increasing T; (d) the heat
capacity per N, ¢, (T), presents a linear, universal and unified behavior with T; (e) A T2 universal
dependence is observed for the thermal strain ep(T) with N from 35 to 45 atoms presenting very
similar ep(T), while for N=86 £1(T) increases at a slightly higher rate with increasing T; (f) Every
LCC presents a distinct linear dependence of et with Awycc(T). The curves show the predictions
of the pure Debye’s model (solid lines) compared with the model proposed (dashed lines) and the
insets in (a)-(f) suggest that for temperatures 300K<T<700K the observables evolve more slowly
with increasing T. Figures S3 and S4 in SM show the results including all the 10 LCCs measured in
this work.
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Figure 2: (a) the distribution functionﬁwithxz%his fundamental to identify the high

temperature limit (T,ax) of the model. The distribution is most relevant for 0<x<4, which implies

that Ty = Tice 700k (see inset). (b) Universal dependences with N for both yp(N)=In(N —
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200.18 (wine solid lines) and d2wLCCAT2 =A+BN (navy solid line with A =-1.63 x 10 cm™K?and
2

B =35 x 10™ cm™K™®). The symbols (wine circles and navy diamonds for yp andcl ;;,LZCC, respectively)

represent the experimental data. (c) wpcc(N, O):(1757 +%)cm'1, where w{¢c(N,0) is the C-

band frequency at T=0K. The open circles represent the experimental data. The inset shows a
representative case at T=700K for AN, T)= Aw 2 — Awpe”, which shows how the difference
between Aw 2 proposed here (dashed lines in Figure 1(a)) and Awfcegye (solid lines in Figure 1(a))

progresses with N.
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