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ABSTRACT
As a field of study, optics have been a critical to the development of material’s science. The
interaction between light and matter is often non-destructive and non-invasive; making it powerful in the
determination of materials’ compositions, and their properties at the electronic and vibrational levels. In
the present work, we have broadened the use of light spectroscopy as a technique to determine,
accurately, mechanical and thermal properties of molecular systems. More specifically, pressure (𝑃𝑃) and
temperature (𝑇𝑇)-dependent Raman spectroscopy allowed us to access elusive mechanical (Young’s
modulus (𝐸𝐸), Grüneisen parameter (𝛾𝛾), and mechanical strain (ε)) and thermal properties (coefficient of

thermal expansion (𝛼𝛼), specific heat capacity (𝑐𝑐𝑣𝑣 ), and thermal strain (𝜀𝜀𝑇𝑇 )) of linear carbon chains

(LCCs), which are one-atom thick linear carbon molecules. The results show that all these quantities
follow universal relations that are solely dependent on 𝑃𝑃, 𝑇𝑇, and on the number of carbon atoms (𝑁𝑁). In
Appendix 01 we also describe how spectral derivative analysis combined with absorption and photo-

luminescence spectroscopies allowed for unravelling elusive electronic and vibronic transition in free
base 5,10,15,20-meso-tetra(pyridyl)-21H,23H-porphyrin (H2TPyP).
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INTRODUCTION

Carbon (C), one of the most widely distributed elements in the Universe after hydrogen and
helium [1,2], can be found in different allotropic forms, thanks to the strong electronic core sufficiently
compact to allow the outer valence electrons to bond and re-hybridize to form sp one-dimensional (1D)
[3], or sp2 plane and two-dimensional (2D) [4,5], or sp3 three-dimensional (3D) [6] structures, each of
these presenting unique properties [1,2]. Linear carbon chains (LCC), also known as carbynes,
corresponds to the 1D sp-structural version being a one-atom thick linear C wire. Carbynes display two
distinct configurations (see Figure 1.1): the polyyne configuration, which presents alternating single and
triple bonds between adjacent C-atoms (−C ≡ C −), and the cumulene configuration, which presents
double bonds between two adjacent C-atoms (= C = C =).

Figure 1.1: Cumulene and polyyne structures of linear carbon chains. Each black sphere represents a
carbon atom.
Linear carbon chains were first reported in 1967 as a result of intergrowth in naturally occurring
graphite in the temperature range from 2600K to 3800K [7,8]. At the time, the reported observations were
disputed because LCCs were understood to present hexagonal diffraction patterns in order to be stable,
which are not reconcilable with truly 1D linear structures [9]. Almost 30 years later, in 1995, Kastner et.
al. [3] would report the successful production of LCCs comprising from 8 to 14 carbon atoms, showing
1

that LCCs are not only linear C-atoms arrangements but also stable even at relatively low temperatures
spanning from 1300C to 1400C. Their LCCs were synthesized as an electrochemical reductive
carbonization of poly(tetrafluoroethylene) with alkali metal (Li, Na, K) amalgams [3]. The breakthrough
came in 2003 when Zhao et. al. [10] reported the synthesis, via the arc discharge method, of highly stable
LCCs encapsulated by multiwalled carbon nanotubes (MWCNTs) with innermost tube diameters of
around 0.7 nm. This work was also the first to report the production of LCCs that are stable even at
ambient conditions [10]. Many works have followed and today the fabrication and characterization of
LCCs with various lengths and environments (single-walled, double-walled, and multi-walled carbon
nanotubes) are quite advanced subjects [3,11-19]. More recently, followed by many advances in materials
synthesis, the production of linear chains constituted of other atoms such as Sulfur (S) have also become a
reality [20,21].
Many works have considered LCCs as key 1D materials for many interesting applications
(nanoelectronics/spintronic devices, hydrogen storage and mass sensors) and also as an excellent substrate
for studying basic phenomena [13,22-25]. All these works have one thing in common: they are all
fundamentally dependent on the mechanical and thermal behaviors of LCC structures. Three mechanical
observables and three thermal observables in this context are very important: the Young’s Modulus (E),
the Grüneisen Parameter (𝛾𝛾𝑃𝑃 at constant 𝑃𝑃 and 𝛾𝛾𝑇𝑇 at constant 𝑇𝑇), the mechanical strain (𝜀𝜀), the coefficient
of thermal expansion - CTE (𝛼𝛼(𝑇𝑇)), the specific heat capacity (𝑐𝑐𝑣𝑣 (𝑇𝑇)) and the thermal strain (𝜀𝜀𝑇𝑇 ). The

literature have reported a variety of theoretical values for E, 𝛼𝛼(𝑇𝑇) and 𝑐𝑐𝑣𝑣 (𝑇𝑇) but no analytical predictions
on 𝜀𝜀, 𝜀𝜀𝑇𝑇 , 𝛾𝛾𝑃𝑃 and 𝛾𝛾𝑇𝑇 were available until the publication of our results [26,27]. No experimental data on

the aforementioned observables were available neither. In fact, predictions for mechanical and thermal
properties of LCCs vary widely in the literature[13,17,28-31]. In 2011, Nair et. al. [17] reported, via
molecular dynamics calculations, 𝐸𝐸 = 0.3TPa for LCCs in their polyynic form [17]. In the same year,

Zhang et al. predicted 𝐸𝐸 to assume the values 1.3 TPa and 0.8 TPa for the polyynic and cumulenic forms,
respectively [28]. Later in 2013, Liu et al. reported 𝐸𝐸 = 32.7TPa for LCCs in their polyyinic form [13].
2

This value is much higher than those found for any other carbon materials, being about eight times
stronger than the highest value reported for carbon nanotubes, for example [6,32,33]. As it comes to the
thermal-related parameters, the first theoretical 𝑐𝑐𝑣𝑣 value to be ever reported suggested that 𝑐𝑐𝑣𝑣 = 1.16 J/gK

for LCCs in their polyynic form [31], which is much higher than the values reported for other carbon

based materials, almost twice the value reported for graphene and graphite, and about ten times higher
than values reported for single-walled carbon nanotubes (SWCNT) [28,34]. Moreover, the only CTE
value ever reported have predicted 𝛼𝛼 = 7.0 × 10−5 K −1 at 300K [30] for LCCs in polyynic form.

Additionally, the maximum thermal conductivity for polyynes and cumulenes were reported to be 54
kW/mK and 148 kW/mK, respectively, at ambient conditions [29].
The single-to-triple bonds’ alternation give to polyynes semiconducting properties (with
bandgaps around 2.13 eV), while cumulene (double-to-double bonds’ alternation) present metallic
properties. When it comes to vibrational properties both LCC forms possess a fundamental Raman-active
spectroscopic signature associated to the longitudinal C-atoms out-of-phase vibrations. The frequency of
such vibrations (𝜔𝜔𝐿𝐿𝐿𝐿𝐿𝐿 ) are inversely proportional to the number of C-atoms (N) and for polyynes it is

manifested around 1850 cm-1. Due to the anharmonic nature of the carbon bonds and due to the restrict

selections rules imposed by the truly 1D character, scattering processes among phonons, and among
phonons and electrons are quite suppressed, which makes 𝜔𝜔𝐿𝐿𝐿𝐿𝐿𝐿 ideal probes for easily and conveniently
accessing LCCs’ mechanical and thermal observables. This dissertation uses 𝑇𝑇- and 𝑃𝑃-dependent

resonance Raman spectroscopy to explore this connection between 𝜔𝜔𝐿𝐿𝐿𝐿𝐿𝐿 and mechanical and thermal
observables to provide the first experimental measurements for the E, 𝛾𝛾𝑃𝑃 and 𝛾𝛾𝑇𝑇 , 𝜀𝜀 and 𝜀𝜀𝑇𝑇 , 𝛼𝛼(𝑇𝑇) and

𝑐𝑐𝑣𝑣 (𝑇𝑇). It is seen that all of them follow universal (and sometimes unified) behaviors depending solely on
𝑃𝑃, 𝑇𝑇 and 𝑁𝑁.

This is an article-style dissertation, where: Chapter 1 introduces the material studied; Chapter 2

outlines main aspects of the electronic and vibrational properties of LCCs; Chapter 3 discusses the
experimental techniques used to study the materials; and Chapters 4 and 5 explore the papers associated

3

to the work that are now published in the journal Physical Review Letters [26,27]. Finally, Appendix 01
explores our follow up work in porphyrin systems, introducing some aspects of the molecule as well as a
discussion of the work published in the journal Spectrochimica Acta Part A: Molecular and Biomolecular
Spectroscopy [35].
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VIBRATIONAL FREQUENCIES OF LINEAR CARBON CHAINS

2.1 Phonon Dispersion Relations (Acoustic and Optical Phonon Modes)

Figure 2.1: Model for the (a) polyyne and (b) cumulene of the LCC structure. The black solid spheres
represent each carbon atom. Single and triple lines in polyyne and double lines in cumulene represents
respectively the single, triple, and double bonds between C-atoms. The red dotted box represents the unit
cell for dispersion relation calculation.The polyyne structure can be considered as a monoatomic

line consisting of identical beads of mass m (here the C-atom is the bead) connected together by
springs of distinct and alternating spring constant values C10 and C30 . The corresponding

equilibrium separation between neighboring beads is a1 and a3, respectively, as shown in Figure
2.1(a). The Newton’s second law applied to the displacement of the beads at 2n and 2n+1, u2n
and u2n+1, leads to the following equations of motion [12,26]:
𝑚𝑚

𝑑𝑑2 𝑢𝑢2𝑛𝑛
= 𝐶𝐶30 𝑢𝑢2𝑛𝑛+1 − (𝐶𝐶10 + 𝐶𝐶30 )𝑢𝑢2𝑛𝑛 + 𝐶𝐶10 𝑢𝑢2𝑛𝑛−1
𝑑𝑑𝑡𝑡 2

𝑑𝑑 2 𝑢𝑢2𝑛𝑛+1
𝑚𝑚
= 𝐶𝐶10 𝑢𝑢2𝑛𝑛+2 − (𝐶𝐶10 + 𝐶𝐶30 )𝑢𝑢2𝑛𝑛+1 + 𝐶𝐶30 𝑢𝑢2𝑛𝑛
𝑑𝑑𝑡𝑡 2

5

(2.1)
(2.2)

The solution for Equations (2.1) and (2.2) can be written respectively as:
𝑢𝑢2𝑛𝑛 = 𝐴𝐴𝑒𝑒 𝑖𝑖𝑖𝑖𝑖𝑖(𝑎𝑎1 +𝑎𝑎3 ) 𝑒𝑒 −𝑖𝑖𝑖𝑖𝑖𝑖

𝑢𝑢 2𝑛𝑛+1 = 𝐵𝐵𝑒𝑒 𝑖𝑖(𝑛𝑛𝑛𝑛(𝑎𝑎1 +𝑎𝑎3 )+𝑘𝑘𝑎𝑎3 ) 𝑒𝑒 −𝑖𝑖𝑖𝑖𝑖𝑖

Substituting Equations 2.3 and 2.4 into Equations 2.1 and 2.2 yields:
[𝑚𝑚𝜔𝜔 2 − (𝐶𝐶10 + 𝐶𝐶30 )]𝐴𝐴 + �𝐶𝐶30 𝑒𝑒 𝑖𝑖𝑖𝑖𝑎𝑎3 + 𝐶𝐶10 𝑒𝑒 −𝑖𝑖𝑖𝑖𝑎𝑎1 �𝐵𝐵 = 0
[𝑚𝑚𝜔𝜔 2 − (𝐶𝐶10 + 𝐶𝐶30 )]𝐵𝐵 + �𝐶𝐶10 𝑒𝑒 𝑖𝑖𝑖𝑖𝑎𝑎1 + 𝐶𝐶30 𝑒𝑒 −𝑖𝑖𝑖𝑖𝑎𝑎3 �𝐴𝐴 = 0

Canceling out A or B will give:

𝑚𝑚2 𝜔𝜔4 − 2𝑚𝑚(𝐶𝐶10 + 𝐶𝐶30 )𝜔𝜔2 + 2𝐶𝐶10 𝐶𝐶30 (1 − 𝑐𝑐𝑐𝑐𝑐𝑐[𝑘𝑘(𝑎𝑎1 + 𝑎𝑎3 )]) = 0

This equation can be solved for ω:

0
0
0 2
0 2
0 0
�(𝐶𝐶1 + 𝐶𝐶3 ) ± �(𝐶𝐶1 ) + (𝐶𝐶3 ) + 2𝐶𝐶1 𝐶𝐶3 𝑐𝑐𝑐𝑐𝑐𝑐[𝑘𝑘(𝑎𝑎1 + 𝑎𝑎3 )]
𝜔𝜔 =
𝑚𝑚

(2.3)

(2.4)

(2.5)

(2.6)

(2.7)

(2.8)

At long wavelength limit, k=0, the acoustic and optical mode frequencies are given as:
ωacoustic = 0

(2.9)

2(C10 + C30 )
ωoptical = ω0LCC = �
m

(2.10)

Here C10 + C30 is the effective spring constant reflecting each distinct LCC. Similarly, at the first Brillouin
zone �𝑘𝑘 =

𝜋𝜋
�,
𝑎𝑎1 +𝑎𝑎3

the acoustic and optical and phonon dispersion relations become:

𝐶𝐶10
𝜔𝜔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 2�
2𝑚𝑚
6

(2.11)

𝐶𝐶 0
𝜔𝜔𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = 2� 3
2𝑚𝑚

(2.12)

The cumulene case as shown in Figure 2.1(b) corresponds to a monoatomic infinite chain with C-C
double bond length 𝑎𝑎2 and bond strength 𝐶𝐶20 . The phonon dispersion relation for such system can be

calculated in a similar approach as in the case of polyyne. Unlike polyyne, the cumulene presents only
acoustic phonon branches with the vibrational frequency given by [12],

𝜋𝜋
2

𝐶𝐶20
𝑘𝑘𝑎𝑎2
�
𝜔𝜔 = 2
��
�sin �
𝑚𝑚
2

At 𝑘𝑘 = 0 and 𝑘𝑘 = ± , the acoustic mode frequencies are:

𝜔𝜔𝑘𝑘=0 = 0 and

𝜔𝜔𝑘𝑘=±𝜋𝜋
𝑎𝑎

𝐶𝐶20
�
=2
.
𝑚𝑚

(2.13)

(2.14)
(2.15)

The phonon dispersion relation for polyyne and cumulene is sketched in Figure 2.2 in which acoustic and
optical branches are present for polyyne while only acoustic branch is seen for cumulene structure.
Moving from the polyyne to cumulene, the optical phonon branches are disappeared.
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Figure 2.2: Sketch of the phonon dispersion branches for (a) polyyne and (b) cumulene. Polyyne presents
both acoustic and optical branches while cumulene has only acoustic phonon branches.

2.2 Infinite Length Limit
With a finite number of carbon atoms (ni ) the chain is better described within the microscopic

model, where the number of particles is important. However, the infinite chain model considers ni →∞ (in

other words, L→∞, where L is the chain’s length), which is, therefore, better described within the
n

thermodynamic limit ( Li = const. for ni , L→∞). No wonder that, according to reference [3], ω0LCCni =
0

0

�2�C1 +C3 � = �1750 + 3980� cm−1 , which means that ω0LCCn tends to the constant value 1750 cm-1 when
i
m
ni

ni →∞ [3]. Indeed, in such a limit, frequencies and properties associated with the chains should not

depend on L or n although every hypothesis and aspect of the model concerning, for example, the C10 and

C30 parameters and their responses to external pressure, remain valid.
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2.3 Electronic Band Structure of LCCs

Figure 2.3: LCC in (a) polyynic and (b) cumulenic form for the electronic band structure calculations.
Cumulene has one atom in a unit cell while polyyne has two atoms.

Cumulenic structure is composed of identical atoms (see Figure 2.3(a)) which are characterized
by an atomic orbital 𝜙𝜙𝑐𝑐 (𝒓𝒓). Let us assume, we have one atom per unit cell. The Schrödinger equation is:
𝐻𝐻Ψ𝒌𝒌 𝑐𝑐 ( 𝒓𝒓) = 𝑬𝑬( 𝒌𝒌𝑐𝑐 )Ψ𝒌𝒌 𝑐𝑐 ( 𝒓𝒓)

The solution of Equation 2.16 can be written as a linear combination of atomic orbitals, so the

(2.16)

wavefunction using the Bloch theorem is:
Ψ𝒌𝒌 𝑐𝑐 ( 𝒓𝒓) =

1

√𝑁𝑁

� 𝑒𝑒 𝑖𝑖𝒌𝒌𝑐𝑐 .𝑹𝑹 𝜙𝜙𝑐𝑐 (𝒓𝒓 − 𝑹𝑹)
𝑹𝑹

(2.17)

where 𝜙𝜙𝑐𝑐 (𝒓𝒓 − 𝑹𝑹) is the wavefunction associated with each px electrons at position 𝑹𝑹 and 𝑹𝑹 = 𝑛𝑛𝑎𝑎𝑐𝑐 𝒊𝒊, n is
an integer. The translation vectors for the nearest neighbors is 𝝉𝝉 = ±𝑎𝑎𝑐𝑐 𝒊𝒊. Within the Tight Binding

Approximation, we will neglect the interactions other than nearest neighbor. Let the nearest neighbor
interaction energy is given by,
𝝐𝝐𝑐𝑐 = ∫ 𝜙𝜙𝑐𝑐∗ 𝐻𝐻𝜙𝜙𝑐𝑐 𝒅𝒅𝒅𝒅

The solution of Schrödinger equation (Equation 2.16) leads to:
𝐸𝐸(𝒌𝒌𝑐𝑐 ) = � Ψ𝒌𝒌∗𝒄𝒄 (𝒓𝒓)𝐻𝐻Ψ𝒌𝒌𝑐𝑐 (𝒓𝒓)𝒅𝒅𝒅𝒅
9

(2.18)

(2.19)

Substituting Equation 2.17 in Equation 2.19,
𝐸𝐸( 𝒌𝒌𝑐𝑐 ) =

1
� � 𝑒𝑒 𝑖𝑖𝒌𝒌𝑐𝑐 .𝑹𝑹" � 𝜙𝜙𝑐𝑐∗ (𝒓𝒓 − 𝑹𝑹)𝐻𝐻𝜙𝜙𝑐𝑐 (𝒙𝒙 − 𝑹𝑹′) 𝒅𝒅𝒅𝒅
𝑁𝑁

(2.20)

1
� � 𝑒𝑒 𝑖𝑖𝒌𝒌𝑐𝑐 .𝑹𝑹" � 𝜙𝜙𝑐𝑐∗ (𝒙𝒙)𝐻𝐻𝜙𝜙𝑐𝑐 (𝒙𝒙 − 𝑹𝑹") 𝒅𝒅𝒅𝒅
𝑁𝑁

(2.21)

𝑹𝑹

𝑹𝑹"

Substituting 𝒙𝒙 = 𝒓𝒓 − 𝑹𝑹 and 𝑹𝑹′ − 𝑹𝑹 = 𝑹𝑹",
𝐸𝐸(𝒌𝒌𝑐𝑐 ) =
Taking into account that ∑𝑹𝑹 = 𝑁𝑁,

𝑹𝑹

𝑹𝑹"

𝐸𝐸(𝒌𝒌𝑐𝑐 ) = � 𝑒𝑒 𝑖𝑖𝒌𝒌𝑐𝑐 .𝑹𝑹" � 𝜙𝜙𝑐𝑐∗ (𝒙𝒙)𝐻𝐻𝜙𝜙𝑐𝑐 (𝒙𝒙 − 𝑹𝑹) 𝒅𝒅𝒅𝒅

(2.22)

𝑹𝑹"

If 𝑹𝑹" = 𝟎𝟎, then we get the overlap integral ∫ 𝜙𝜙𝑐𝑐∗ (𝒙𝒙)𝐻𝐻𝜙𝜙𝑐𝑐 (𝒙𝒙)𝒅𝒅𝒅𝒅 = 𝜖𝜖𝑐𝑐 . Suppose 𝑹𝑹" ≠ 𝟎𝟎 and 𝑹𝑹" = 𝑎𝑎𝑐𝑐 𝒊𝒊,
𝐸𝐸(𝒌𝒌𝑐𝑐 ) = 𝜖𝜖𝑐𝑐 + � 𝑒𝑒 𝑖𝑖𝒌𝒌𝑐𝑐 .𝑹𝑹" � 𝜙𝜙𝑐𝑐∗ (𝒙𝒙)𝐻𝐻𝜙𝜙𝑐𝑐 (𝒙𝒙 − 𝑹𝑹") 𝒅𝒅𝒅𝒅 = 𝜖𝜖𝑐𝑐 − � 𝑒𝑒 𝑖𝑖𝒌𝒌𝑐𝑐 .𝑹𝑹" 𝑡𝑡𝑐𝑐
𝑹𝑹"≠𝟎𝟎

𝑹𝑹"≠𝟎𝟎

(2.23)

where 𝑡𝑡𝑐𝑐 = − ∫ 𝜙𝜙𝑐𝑐∗ (𝒙𝒙)𝐻𝐻𝜙𝜙𝑐𝑐 (𝒙𝒙 − 𝑹𝑹") 𝒅𝒅𝒅𝒅 is the overlap integral. Considering only nearest neighbor
interaction, 𝑹𝑹" = 𝝉𝝉 = ±𝑎𝑎𝑐𝑐 𝒊𝒊, we get

𝐸𝐸(𝒌𝒌𝑐𝑐 ) = 𝜖𝜖𝑐𝑐 − �𝑒𝑒 𝑖𝑖𝑘𝑘𝑐𝑐 𝑎𝑎𝑐𝑐 + 𝑒𝑒 −𝑖𝑖𝑘𝑘𝑐𝑐 𝑎𝑎𝑐𝑐 �𝑡𝑡𝑐𝑐 = 𝜖𝜖𝑐𝑐 − 2𝑡𝑡𝑐𝑐 cos(𝑘𝑘𝑐𝑐 𝑎𝑎𝑐𝑐 )

This equation gives the electronic dispersion relation as shown in Figure 2.4.
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(2.24)

Figure 2.4: Electronic dispersion relation for LCC in cumulenic structure. 𝜖𝜖𝑐𝑐 denotes the Fermi level
energy.
The electron dispersion given by Equation 2.24 consists of a band of allowed energies in the
range . The bandwidth, 4tc, is proportional to the overlap integral. Thus, the greater the overlap the
stronger is the interaction, and consequently wider the band. Since the conduction band is half-filled in
this configuration, cumulene are conductor in nature. This is because one carbon atom contributes to one
electron for each of the two 2p orbitals [36].
In a similar fashion in polyynes, there is an alternating single and triple bond between two
adjacent C-atoms (see Figure 2.3(b)). It has two atoms in a unit cell and hence there are two electrons in
each orbital. Let 𝒌𝒌𝑎𝑎 be the associated wavevector and 𝑎𝑎𝑝𝑝 = 𝑎𝑎1 + 𝑎𝑎3 , where 𝑎𝑎1 and 𝑎𝑎3 are the bond

lengths corresponding to single and triple bonds respectively. For a system having more than one atom in
a unit cell, the wave function using the Bloch’s theorem is,
𝜓𝜓𝑛𝑛𝒌𝒌 (𝒓𝒓) = � 𝑐𝑐𝑖𝑖𝒌𝒌 𝜙𝜙𝑖𝑖𝒌𝒌 (𝒓𝒓) = � 𝑐𝑐𝑖𝑖𝒌𝒌
𝑖𝑖

𝒊𝒊
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1

√𝑁𝑁

� 𝑒𝑒 𝑖𝑖𝒌𝒌.𝑹𝑹𝑖𝑖 𝜙𝜙(𝒓𝒓 − 𝑹𝑹𝑖𝑖 )
𝑹𝑹𝑖𝑖

(2.25)

From the variational principle, for the Schrödinger Equation 2.16 to have non trivial solution, the
determinant in the set of simultaneous equations ∑𝑖𝑖 �𝐻𝐻𝑖𝑖𝑖𝑖 − 𝛿𝛿𝑖𝑖𝑖𝑖 𝐸𝐸(𝒌𝒌)� 𝑐𝑐𝑗𝑗𝒌𝒌 = 0 must be zero. i.e.,

| 𝑯𝑯 − 𝐸𝐸(𝒌𝒌)𝑰𝑰| = 0, where H is the matrix of matrix elements, Hij, and I is the unit matrix. In case of

polyyne, for non-trivial solution with two atom basis,
�

𝐻𝐻𝐴𝐴𝐴𝐴 − 𝐸𝐸
𝐻𝐻𝐵𝐵𝐵𝐵

𝐻𝐻𝐴𝐴𝐴𝐴
� = 0,
𝐻𝐻𝐵𝐵𝐵𝐵 − 𝐸𝐸

where HAB = HBA*. Solving Equation 2.24 for E:

1
1
𝐸𝐸(𝑘𝑘) = − (𝐻𝐻𝐴𝐴𝐴𝐴 + 𝐻𝐻𝐵𝐵𝐵𝐵 ) ± � (𝐻𝐻𝐴𝐴𝐴𝐴 − 𝐻𝐻𝐵𝐵𝐵𝐵 )2 + |𝐻𝐻𝐴𝐴𝐴𝐴 |2 .
2
4

(2.26)

(2.27)

The Hamiltonian matrix elements in Equation 2.27, calculated as in Equations 2.21-2.23, are
found to be,
𝐻𝐻𝐴𝐴𝐴𝐴 = 𝜖𝜖𝑃𝑃 − � 𝑒𝑒 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝛾𝛾(|𝑚𝑚𝑚𝑚|) = 𝐻𝐻𝐵𝐵𝐵𝐵 and
𝑚𝑚≠0

(2.28)

Considering only nearest neighbors, we will have
𝐻𝐻𝐴𝐴𝐴𝐴 = 𝐻𝐻𝐵𝐵𝐵𝐵 = 𝜖𝜖𝑃𝑃 − 2𝛾𝛾(𝑎𝑎) cos(𝑘𝑘𝑘𝑘)

(2.29)

𝐻𝐻𝐴𝐴𝐴𝐴 = 2 cos �

(2.30)

𝑘𝑘𝑘𝑘
∗
� 𝛾𝛾(|𝝉𝝉|) = 𝐻𝐻𝐵𝐵𝐵𝐵
2

Finally, substituting Equations 2.29 and 2.30 in Equation 2.27,

𝐸𝐸(𝑘𝑘) = 𝜖𝜖𝑃𝑃 − 2𝛾𝛾(𝑎𝑎) cos(𝑘𝑘𝑘𝑘) ± 2 cos �
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𝑘𝑘𝑘𝑘
� 𝛾𝛾(|𝝉𝝉|)
2

(2.31)

Figure 2.5: Electronic band structure of a linear carbon chains in polyynic form. The band gap reveals that
polyyne is semiconducting in nature.

The dispersion relation, Equation 2.31, is plotted in Figure 2.5. The band filling reveals that the
polyyne is semiconducting in nature. This is because two double atom in a unit cell provides two
electrons in each orbital and results in a half Brillouin zone and hence valence band is completely filled
while the conduction band, separated by the band gap opened at the edge of the Brillouin zone, is empty
[36].
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SAMPLE GROWTH MECHANISM AND CHARACTERIZATION TECHNIQUES

3.1 Sample Growth
3.1.1

Synthesis of LCC@MWCNT
Linear Carbon Chains (LCCs) hosted by multi-walled carbon nanotubes (MWCNTs) were

synthesized via arc discharge method [37] while the LCCs encapsulated by double-walled CNTs
(LCC@DWCNTs) were synthesized using catalyzed chemical vapor deposition [38,39]. The DWCNTs’
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 1500oC in a graphite furnace containing high purity argon gas. In arc discharge method, the
cathode and anode were made of graphite (or carbon) with a purity of 99.99%. The gap between the
electrodes was about 1mm and is precisely controlled by applying a constant current of 100A at voltage
20V. By feeding the argon gas containing boron trioxide at the flow rate of 1L/min into the hollow tube
of the movable graphite anode (see illustration in Figure 3.1(a)), spiral gray tape was deposited on the
outer surface of the cathode of width 3-5 mm and thickness about 175 µm largely consisting of carbon
nanotubes (see photograph in Figure 3.1(b). Finally, a cooling gas was used to detach the deposited thin
tape from the cathode without disrupting the tape morphology [37].
3.1.2

Structural Characterization
LCCs@MWCNT samples were characterized by a high-resolution transmission electron

microscope (HRTEM, JEM-2100F, JEOL, acceleration voltage: 80kV). The degree of filling of LCCs
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was evaluated by Raman spectroscopy using 532 nm laser lines under a microscope and found to be about
80% [37]. The nanotubes have an average diameter of 10.4 nm and an average length of 2.3 µm. The
TEM image as shown in Figure 3.2(a) revealed that the MWCNT with innermost diameter of 0.6-0.8nm
exhibited dotted lines along the center line (hollow core), indicating presence of LCC whereas a MWCNT
with an innermost tube diameter over 1.0nm exhibited encapsulated amorphous-like carbon. The presence
of LCCs inside the MWCNT was later confirmed by the presence of C-band at around 1850 cm-1 in the
Raman spectrum as shown in Figure 3.2(b). Details of the Raman spectroscopy can be found in Section
3.2.

Figure 3.1: (a) The schematic of the arc discharge apparatus for the growth of LCCs@MWCNT with the
help of boron trioxide and (b) photograph of carbon nanotube tape [37].
3.1.3

Dispersion and isolation of MWCNT
Samples of LCCs@MWCNTs and LCCs@DWCNTs were dispersed in acetone and sonicated for

about two hours. Sonication was performed in a Cole-Palmer Ultrasonic cleaner which produces 40KHz
sound waves. After sonication, the buckypaper is found to be dispersed in the acetone, which is then drop
casted onto a SiO2/Si wafer equipped with 70 µm diameter and 25 µm thick horseshoe-shaped trenches
(see illustration in Figure 3.3) [40]. Isolated MWCNT in a region surrounded by the trenches were
confirmed using Atomic Force Microscopy (AFM). In an average, one isolated LCC@MWCNT system
per 20 µm2 was observed. Afterwards, the tiny SiO2/Si disk supporting the isolated CNT was cleaved and
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detached from the wafer using a sharp stainless-steel tip, and the same tip was used to bring the disk onto
the culet of Diamond Anvil Cell (DAC; see description below).

Figure 3.2: (a) TEM images of the pristine MWCNT synthesized via an arc discharge process . (b) Raman
spectrum of the LCC@MWCNT sample using a 532nm laser line. The D-band G-band corresponds to
MWCNT while LCC-band (or C-band) corresponds to the LCCs [37].

Figure 3.3: Illustration of the drop casting of dispersed LCC@MWCNT sample onto the wafer and the
horseshoe probe with isolated MWCNT.

3.2 Raman Spectroscopy
3.2.1

Raman Scattering principles
Discovered by Sir Chandrasekhara Venkata Raman in 1927 and awarded the Nobel prize in 1930,

the Raman scattering is a manifestation of the inelastic scattering of light as it interacts with matter [41].
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In this process, a photon of incident energy 𝐸𝐸𝑖𝑖 and incident momentum 𝒌𝒌𝒊𝒊 interacts with the material

under study (e.g. molecules in a liquid or atoms in a solid) and is scattered, resulting in a photon with
scattered energy 𝐸𝐸𝑠𝑠 and scattered momentum 𝒌𝒌𝒔𝒔 , which are different from 𝐸𝐸𝑖𝑖 and 𝒌𝒌𝒊𝒊 [42,43]. The

difference between the energies (Δ𝐸𝐸 = 𝐸𝐸𝑠𝑠 − 𝐸𝐸𝑖𝑖 ) and momenta (𝚫𝚫𝒌𝒌 = 𝒌𝒌𝒔𝒔 − 𝒌𝒌𝒊𝒊 ) of the scattered and

incident photons are associated with the way the material polarizes in response to the light’s electric field.
Such a difference is often captured by the materials’ normal modes of vibrations. In the case of solid state
materials, these vibrations are interpreted in terms of phonons, the quantum of vibration. Using energy
and momentum conservation principles,

and

𝐸𝐸𝑠𝑠 = 𝐸𝐸𝑖𝑖 ± 𝐸𝐸𝑞𝑞

(3.1)

𝒌𝒌𝒔𝒔 = 𝒌𝒌𝒊𝒊 ± 𝒒𝒒

(3.2)

where Δ𝐸𝐸 = 𝐸𝐸𝑞𝑞 and 𝚫𝚫𝒌𝒌 = 𝒒𝒒 are the energy and momentum of the scattered phonon, respectively. The
energy level diagram of Stokes, anti-Stokes, and Rayleigh lines are shown in Figure 3.4.
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Figure 3.4: Energy level diagram for Rayleigh, Stokes Raman, and anti-Stokes Raman scattering
respectively.

The plot of the intensity of the scattered photons as a function of Δ𝐸𝐸 (in cm-1) is the Raman

spectrum (see Figure 3.5 for an illustrative example). Each peak in the spectrum is associated to a Raman
active phonon mode; the peak center gives 𝐸𝐸𝑞𝑞 while the linewidth is associated to the phonon’s lifetime
(Γ𝑞𝑞 ). The scattered photons may have energies that are either lower or greater than that of incident

photons. Whenever the energy is greater (lower), the Raman process is called Stokes (anti-Stokes)
scattering. If the energy of scattered photon is equal to that of incident photon, the process is called
Rayleigh scattering. Differently from the Stokes scattering process, for the anti-Stokes scattering process
to take place, phonons would already have to be thermally excited to the higher vibrational levels.
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Therefore, since the ground state populations is often much greater than the excited sate populations, the
Stokes scattering are expected to be more intense than the anti-Stokes scattering [42].

Figure 3.5: Illustration of Raman Spectrum, which is the plot of intensity of scattered photon as a function
of wavelength or frequency. The scattering lines are not in scale.
The Raman line (Stokes and/or anti-Stokes) are relatively less intense compared to the Rayleigh
lines. There are, however, ways to enhance this signal, with one of them being Resonance Raman
Spectroscopy (RRS). Resonance Raman effect occurs when the energy of either the incident or the
scattered light matches the optical transition energy of a molecule under consideration [42,44]. Figure 3.6
shows a representative Stokes Resonance Raman spectrum for a LCC with 36-41 number of C atoms
hosted by a MWCNT.
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Figure 3.6: Resonance Raman Spectrum of LCCs encapsulated by isolated MWCNT excited with
λlaser = 532 nm (Elaser = 2.33 eV). The vertical axis represents the phonon scattering intensity in
arbitrary units. Various Raman modes corresponding to CNT and LCC, G-bands and C-band respectively,
are labeled.
3.2.2

Raman scattering measurements

Figure 3.7: Schematic diagram of the Raman spectroscopy setup in the laboratory. A lasing source of 532
nm wavelength was used for the project. The microscope stage can be either a DAC containing the
sample or cryostat chamber for low temperature measurement.
The Raman experimental setup (see Figure 3.7 for a schematic illustration) is usually simple;
relatively cheap and easy to operate. Most often, a continuous laser light source is used to excite the
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material (through a microscope) in a back-scattering configuration and the scattered light is collected by a
spectrometer that hosts a monochromator and a charge-coupled device (CCD). A notch filter compatible
with the laser source wavelength is placed right before the spectrometer in order to filter the Rayleigh
component of the scattered light. Other optical elements such as density filters, lenses for expanders and
condensers, quarter wave-plates, half wave-plates and beam splitters might be added as needed for each
experiment.

Figure 3.8: Custom-built spectroscopy setup and experimental apparatus used in the laboratory.

In our case, we use an optical bench (see Figure 3.8) that employs four different lasing sources
(vertically polarized) with the following wavelengths: 532nm, 633nm, 660nm, and 785nm. After
selection, a particular laser light guided by the mirrors to pass through a single axis monochromator. The
beam then passes through a Thorlabs NDC-50C-4M density filter to attenuate the intensity into desired
levels. The laser beam is then expanded via a 30mm to 80mm lens expander for better alignment and
focus. This beam is then sent through a set of a linear polarizer and/or a quarter waveplate to ensure
complete polarization and/or change polarization states as necessary. This beam then can be sent into two
separate microscope set ups (only one is shown in the illustration in Figure 3.7). One of the microscopes
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is coupled with the cryostat and the other one is adjusted for room temperature measurements, in which
high pressure measurements can be conducted using DAC, for example. In either case, the beam is sent
through an infinity corrected objective which focuses the beam on the sample. The beam reflection and
any photo emission is collected back through the objective and split; a portion is sent through a digital
camera to acquire photos or videos and the other portion is sent through a 50mm to 30mm beam
condenser, which helps ensure the outgoing signal is collimated as it makes its way to the detector. The
beam then passes through a notch filter, which is used to attenuate the beam’s Rayleigh components. This
light then passes through a 30mm focusing lens before reaching the spectrometer and detector.
For this project, an OLYMPUS-LUCPLFLN40XPH 40× infinity corrected objective with
variable working distance (2.7 mm – 4.0 mm) is used. This objective lens has a numerical aperture (N.A.)
equal to 0.60. Measurements are conducted using an Andor iDus 401 series model DV401A CCD and a
Shamrock model 303i spectrometer. This spectrometer allows for various reflective gratings and a 1200
lines per millimeter (600 blaze) grating is chosen (optimum for dispersing mid to upper wavelengths of
visible light (500-900nm)). The CCD and spectrometer are controlled via Andor Solis computer interface
software.
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3.3 Diamond Anvil Cell (DAC).

Figure 3.9: Illustration of the Diamond Anvil Cell (DAC). The force is applied from both of the flat
surfaces of the diamond anvils and the sample is sandwiched between them.
Basic principle of DAC is very simple: (1) the material is placed between the tiny and flat parallel
faces of two opposed diamond anvils as shown in the Figure 3.9 schematics; (2) pressure is generated
when the anvils are pushed against each other using a mechanical force [40,45-51]. The DAC type used
depends on the mechanism of force application: the force can be applied by decreasing the distance
between the two anvils either via the manual adjustment of the screws connecting them or via a gasmembrane [40,51]. In either case, a metal gasket with a pre-selected thickness and with a central hole of
pre-selected diameter is used as a sample chamber. In our experiments, the thickness is 200 𝜇𝜇𝜇𝜇 and the

diameter is 300 𝜇𝜇𝜇𝜇. The hole is loaded with the material and with a piece of ruby, which works as a

pressure sensor. The pressure exerted on the sample depends on the transmitting medium and on the area
of the anvil diamond flat surface. In our experiments, diamond anvils with face diameters of 500 𝜇𝜇𝜇𝜇 are

used, while Nujol oil is selected as the transmitting medium. The Nujol oil is inert to most materials and
maintains a hydrostatic over a broad range of pressures [52]. The pressure is determined by monitoring
the peak frequency of any of the two ruby spectral signatures using the expression:
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𝑃𝑃 =

0
𝜔𝜔𝑅𝑅𝑅𝑅 −𝜔𝜔𝑅𝑅𝑅𝑅

7.535

,

(3.3)

where 𝑃𝑃 is in Gigapascal (GPa), 𝜔𝜔𝑅𝑅𝑅𝑅 (in cm-1) is the frequency of any of the two ruby luminescence lines

0
a given applied 𝑃𝑃 pressure and 𝜔𝜔𝑅𝑅𝑅𝑅
(also in cm-1) is the frequency of the respective line at ambient 𝑃𝑃

[11,26,52].

3.4 Liquid nitrogen-cooled continuous-flow cryostat (CFC)
The 𝑇𝑇-dependent experiments were conducted with a CFC in a range of temperatures from 78K

to 300K. Open-cycle refrigeration was elected over the close-cycle system to ensure minimal mechanical
vibrations that could affect the measurements. In our case, a Janis ST-500 cryostat was chosen and the
pressure inside the cryostat vacuum chamber was set to ≈ 10-6 mbar in order to ensure proper thermal

insulation and prevent condensation atmospheric gases. The 𝑇𝑇-stability limit of the cryostat is less than 50

mK and with a positional drift of ±10 nm over 5 min. The liquid nitrogen is continuously injected into the

cryostat to cool the cold finger (heat exchanger) where the sample sits down to 78 K [53]. A custom-builtin microscopy with a variable working distance Olympus 40× objective (OLYMPUSLUCPLFLN40XPH) is used for Raman scattering measurements.
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ANHARMONICITY AND UNIVERSAL RESPONSE OF LINEAR CARBON CHAINS
MECHANICAL PROPERTIES UNDER HYDROSTATIC PRESSURE

4.1 Abstract
Isolated linear carbon chains (LCCs) encapsulated by multi-walled carbon nanotubes are studied
under hydrostatic pressure (P) via resonance Raman scattering. The LCCs’ spectroscopic signature Cband around 1850 cm-1 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), Grüneisen parameter
(γ), and strain (ε) follow universal P-1 and P2 laws, respectively. In particular, γ 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, ε and γ.
4.2 Main Body

Carbon is found in different spn (n = 1, 2 and 3) hybridizations [3,4,14,28] and extensive research
on the mechanical properties in sp3 (diamond) and sp2 (graphene, graphite, and carbon nanotubes)
materials is available in the literature [32,34,48,54-58]. Linear sp carbon chains have attract much interest
regarding its existence and stability [3,8,9,59,60]. 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 to 140 0C [61]. Later, Zhao et al. obtained stable LCCs (at ambient
conditions) comprising ≈100 C-atoms and encapsulated by multiwall carbon nanotubes (LCC@MWCNT)
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[10]. Since then, single- (SW), double- (DW), and MWCNT are considered ideal environments for
fabricating stable LCCs with up to 6000 C-atoms [14,15,62-64].
Hydrostatic pressure (P) Raman studies on the spectroscopic signatures of sp2 materials such as
CNTs (RBM and G-band), graphene (G- and 2D-bands), and graphite (G- and 2D-bands) have focused on
the materials’ mechanical, electronic and vibrational properties as well as in the interactions between
graphene sheets, concentric tubes in MWCNTs and/or bundled CNTs [49,55-57,65-67]. The
spectroscopic signatures in these sp2 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 (ω0LCC ) around 1850 cm-1 at ambient conditions [11,52]. The literature has reported a ωLCC

softening with increasing P [11,52], in disagreement with the frequency hardening reported for RBM, G-

and 2D-bands in sp2 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 [13,17,28]. 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 ultra-compact nanoelectronic/spintronic devices and one-dimensional sensors whose performance depends on LCCs
mechanical behaviors [12,17,68-70].
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 ωLCC softening and propose a simple anharmonic force-

constant model, based on the anharmonic nature of C-C single bonds [12,71], that describes such

softening and allows for obtaining pressure-dependent relations for the LCCs’ Young’s modulus (E),
strain (ε) and Grüneisen parameter (γ). The model also explains results in the literature [11,52] without
invoking mechanisms such as coalescence or charge transfer (see supplementary material (SM) [72]). We
show that E and γ follow a P-1 universal behavior, while ε follows a P2 universal behavior. The model also
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shows asymptotic behaviors for E and γ, and the possibility for fine-tuning such parameters with

increasing P. To the best of our knowledge, these are the first measurements exploring isolated
LCC@MWCNT and their universal responses for E, ε and γ.

The LCC@MWCNT were synthesized using the arc discharge method described in a previous

work [37]. Isolated LCCs@MWCNT (Figure 4.3 in SM [72]) 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 µm diameter) [73]. 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/µm2
and a 50× objective (the LCCs’ energy gaps are around 2.13 eV [37,72,74]). A membrane anvil diamond
cell was used to apply the pressure loads [11,45,72]. Isolated MWCNTs [72,75,76] were characterized via
Atomic Force Microscopy (AFM) and via RRS measurements (Figure 4.3 in SM [72]). Comprehensive
experimental details are available in Chapter 3 and in SM [72]. Figure 4.1(a) shows the C-band around
1850 cm-1 and a much weaker G-band around 1575 cm-1; the inset in Figure 4.1(a) shows the C-band’s
spectral evolution with P: ωLCC decreases with increasing P. The C-band for each isolated

LCC@MWCNT shows four different LCCs (Figure 4.3(c) in SM [72]) that continuously and reversibly
evolves with distinct

dω𝐿𝐿𝐿𝐿𝐿𝐿
dP

(Figures 4.1(b) and 4.1(c), Figure 4.4 and Table 4.1 [72]). At ambient

conditions, the four LCCs are assigned to the Raman frequencies (±0.5 cm-1) (Figure 4.3(c) [72]):
ω0LCCn1 = 1848.4 cm−1 , ω0LCCn2 = 1853.0 cm−1 , ω0LCCn3 = 1856.6 cm−1 and ω0LCCn4 = 1860.0 cm−1 .

The correlation between ω0LCCni and ni (number of carbon atoms for i = 1,…,4) is well addressed in the
literature [3,37,72,74,77] which leads to LCCs with 36 to 41 carbon atoms [72].

27

Figure 4.1: Resonance Raman profile of an isolated LCC@MWCNT. The G-band is located around 1575
cm-1 and the C-band is located around 1850 cm-1. Inset: Representative spectra showing the evolution of
the LCCs’ C-bands with P. (b) The C-band Raman frequencies evolution ωLCCn1 , ωLCCn2 , ωLCCn3 , and
dωLCC
. (c) ∆ω
dP
dωLCC
non-unified dP .

ωLCCn4 with P. The frequencies linearly decrease with distinct

function of P: the loading cycles show a universal but

= ωLCC − ω0LCC as a

Theoretical calculations have associated the ωLCC softening observed in Figures 4.1(b) and (c) to

coalescence [52] and charge transfer (CT) mechanisms [11]. 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 to 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 SM [72]). For pressures below 9 GPa, the inner tubes remain essentially
unaltered [46,78]. Therefore, the LCC@MWCNT’s innermost tube deformation in the present work
should be minimal [46,48,56,72,78-80]. We hypothesize, therefore, that the softening of the LCC bonds
associated to the anharmonic nature of C-C single bonds is the main phenomenon ruling our experiment
[72].
Figure 4.1(b) shows that the variation of ωLCC with increasing P from 0 to 4.60 GPa are

associated with linear redshifts as large as 22 cm-1. Linear blueshifts of the same order are observed with
decreasing P (Figure 4.4 in SM [72]), verifying that the experiment is reversible. The loading cycles show
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universal (i.e. ωLCC (P) ∝ P) but non-unified decrease rates (i.e. distinct

dω
)
dP

for the ωLCC softening, see

Figure 4.1(c) and Table 4.1 in SM [72]. 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)

dω
.
dP

For the LCCs studied here, however, the C-C bond seems to

soften (harden) with increasing (decreasing) P (Figure 4.4 in SM [72]). In our model, the harmonic C-

band frequency ω0LCC is given by [12,72]:

2[𝐶𝐶 0 + 𝐶𝐶30 ]
0
=� 1
𝜔𝜔𝐿𝐿𝐿𝐿𝐿𝐿
𝑚𝑚

(4.1)

where C10 and C30 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) [12]. Thus, we consider that pressure-dependent alterations in the triple bonds
(represented by C3) are a minor contribution to the frequency’s changes when compared to the pressure-

dependent alterations in the single bonds (represented by C1). Indeed, it is known that C1 behaves

anharmonically, while C3 remains essentially harmonic [12,71]: as P increases, the carbon atoms

connected by C1 get close enough to experience a repulsive potential energy that is sufficiently strong to

compete with the attractive potential shifting the net potential away from the harmonic regime [12,71,81].
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 [16]. Here, C1 is described as pressure-dependent:
C1P = C10 + C1 (P). In one hand, Equation 4.1 becomes:

2[𝐶𝐶 0 + 𝐶𝐶30 ]
2{[𝐶𝐶10 + 𝐶𝐶1 (𝑃𝑃)] + 𝐶𝐶30 }
0
=� 1
=�
𝜔𝜔𝐿𝐿𝐿𝐿𝐿𝐿
𝑚𝑚
𝑚𝑚
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(4.2)

On the other hand, from Figures 4.1(b) and (c) we see that ωLCC (P) varies linearly with pressure.

Therefore:

0
+�
𝜔𝜔𝐿𝐿𝐿𝐿𝐿𝐿 (𝑃𝑃) = 𝜔𝜔𝐿𝐿𝐿𝐿𝐿𝐿

where the slope

dωLCC
dP

=

1
dC1
.
m[ωLCC (p)] dP

𝑑𝑑𝜔𝜔𝐿𝐿𝐿𝐿𝐿𝐿
1
𝑑𝑑𝐶𝐶1
0
� 𝑃𝑃 = 𝜔𝜔𝐿𝐿𝐿𝐿𝐿𝐿
+�
� 𝑃𝑃,
𝑑𝑑𝑑𝑑
𝑚𝑚[𝜔𝜔𝐿𝐿𝐿𝐿𝐿𝐿 (𝑝𝑝)] 𝑑𝑑𝑑𝑑

(4.3)

Such slope gives a good approximation of how much the bond is

effectively hardened or softened with P. The hydrostatic pressure applied to the MWCNTs 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 [46,48,78-80] (see SM [72] for a comprehensive discussion of the
model’s hypotheses).

The system’s restoring force (Frestoring) must be proportional to the compression:
Frestoring = −2[C1𝑃𝑃 + C30 ] Δx ,

(4.4)

where Δx is the average change in the bond length due to P. At equilibrium, the net force (Fnet ) must be
zero. Since Fnet is the superposition of both Frestoring and applied force (Fapplied = PA), where A =
πR2 = 7.8 × 10−19 m2 (R = 0.4 nm is the MWCNT’s innermost tube radius), we have:
Fnet = Frestoring + Fapplied = −2[C1𝑃𝑃 + C30 ]Δx + Fapplied = 0.

(4.5)

By rewriting this equation in terms of ∆x we obtain:

Δx =

Fapplied

2�C1P + C30 �

=

Fapplied
.
m[𝜔𝜔LCC (P)]2

(4.6)

The evaluation of the rate with which ∆x changes with pressure, for each pressure and within equilibrium
conditions, leads to:
2Fapplied 𝑑𝑑𝜔𝜔𝐿𝐿𝐿𝐿𝐿𝐿
𝑑𝑑(𝛥𝛥𝛥𝛥)
=−
𝑑𝑑𝑑𝑑
𝑚𝑚[𝜔𝜔𝐿𝐿𝐿𝐿𝐿𝐿 (𝑃𝑃)]3 𝑑𝑑𝑑𝑑
30

(4.7)

We can now use Equation 4.7 to determine the pressure-dependent Young’s modulus of elasticity, E(P).
In other words:

𝑎𝑎𝐶𝐶−𝐶𝐶 𝑚𝑚[𝜔𝜔𝐿𝐿𝐿𝐿𝐿𝐿 (𝑃𝑃)]3 −1
𝑑𝑑𝑑𝑑
𝐸𝐸(𝑃𝑃) = 𝑎𝑎𝐶𝐶−𝐶𝐶
= −�
� 𝑃𝑃
𝑑𝑑𝜔𝜔𝐿𝐿𝐿𝐿𝐿𝐿
𝑑𝑑(𝛥𝛥𝑥𝑥)
2𝐴𝐴
𝑑𝑑𝑑𝑑

(4.8)

where aC−C = 1.37 × 10−10 m is the average C-C distance at ambient pressure.

The non-unified behavior shown in Figure 4.1(c) suggests that the LCCs possess distinct E that

depends 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 pressureindependent, contrarily to what could be expected in the anharmonic regime. The literature has reported
only theoretical and pressure-independent values for E ranging from as low as 0.3 TPa to as high as 32.7

TPa [13,16,28]. Therefore, a comprehensive understanding of LCCs’ E remains still an open question.

Our model suggests that for a linear anharmonicity, E must be both dependent on pressure and universal

for all LCCs. Universal behaviors for pressure-dependent E have been reported for other carbon systems.
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Figure 4.2: Mechanical parameters as a function of pressure (P). (a) Young’s modulus E, (b) strain ε,
and (c) Grüneisen parameter (γ) as a function of P for each LCC. Both E and γ follow a P-1 universal
∆ω E
= −P, an important parameter for nanometrology, is
law, while ε follows a P2 universal law. (d)
ω γ

universal and unified. (a)-(d) the solid lines are experimental data fittings. Insets: (a) shows the E(P) vs P
graphic zoomed to highlight the P→∞ limit. The horizontal dashed lines correspond to the values E (4.60
GPa) for each LCC. (b) shows the evolution of ε with relation to the relative changes of C1 with
increasing P. (c) shows the γ(P) vs P graphic zoomed to highlight the P→∞ limit. The horizontal dashed
lines correspond to the values of γ calculated with E = 0.3 TPa for each LCC [16]. The vertical dashed
lines in (a) and (c) stand for Pc = 0.1 GPa.

Barboza et al. [82] demonstrated that the radial Young’s Modulus Er for carbon nanotubes with several

distinct diameters (𝑑𝑑𝑡𝑡 ) present a universal behavior with strain and that such dependence could be unified

if Er is multiplied by 𝑑𝑑𝑡𝑡3 . Using the experimental values found for ωLCC (P) and

dωLCC
,
dP

E associated to the

LCCs is obtained from Equation 4.8 for different pressures. The universal and anharmonic behavior is
clear from Figure 4.2(a), where E for all LCCs follow a E(P) = E0 P−1 dependence, with E0 =
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−�

aC−C m[ωLCC (P)]3
2A

dωLCC
dP

� being effectively constant, positive (note that

dωLCC
dP

< 0) and distinct for each chain

(see Table 4.1 in SM [72]). From Equation 4.8, we obtain the LCC’s hydrostatic coefficient of uniaxial

strain:
dωLCC
dP
ε(%) = − �
� P2 ,
aC−C m[ωLCC (P)]3
A

(4.9)

which is shown in Figure 4.2(b). The hydrostatic coefficient of uniaxial strain is related to P by dε =
1
E

dL
L

=

S ∗ dP, where L is the LCC’s length and the quantity S = is the LCC’s elastic compliance. The results in

Figure 4.2(b) show that longer LCCs (i.e. higher ni, for i=1,…,4) are more susceptible to higher strains

with increasing pressure [36]. The inset in Figure 4.2(b) shows ε as a function of ∆C1 (P) = C1 (P) − C10

for each LCC studied here. The dependence of C1 (P) with P as well as the main steps to derive it are

shown in Chapter 2 and in SM [72]. The pressure-dependent Grüneisen parameter γ(P) is obtained by
considering the uniaxial effect along the LCC’s length. Per definition, γ(P) is written as [65,83,84]:
γ(P) = −
1
L

where dε = dL =

P
dω
dP and dεLCC
E0

γ(P) = −

dωLCC
1
dωLCC
=−
,
ωLCC (P) dL
ωLCC (P) dε

=

L

dP dωLCC
dε dP

=

E0 dωLCC
.
P dP

(4.10)

Therefore, γ(P) can be rewritten as:

E(P) dωLCC
E0
dωLCC
aC−C m[ωLCC (p)]2 −1
=−
=�
�P .
ωLCC (P) dP
PωLCC (P) dP
2A

(4.11)

The Grüneisen parameter γ(P) associated with the C-band follows the same trends observed for

E(P). In fact, Equation 4.11 indicates that γ(P) also follows the universal behavior γ(P) = γ0 P−1 with
increasing pressure as shown in Figure 4.2(c). This time, however, it is also observed that γ is unified,
presenting the same γ0 = 5.36 for every LCC. It is noteworthy that the factor −
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1
dωLCC
ωLCC (P) dP

multiplying E(P) in Equation 4.11 takes an equivalent role observed for the factor d3t multiplying the
radial Young’s Modulus Er in the case of carbon nanotubes [82].

Figures 4.2(a) and (c) present two important limits: (1) P→0, and (2) P→∞. The first limit (P→0)

says that between Pc ≤ P ≤ ∞, when P→Pc, where Pc is the critical pressure 0.1 GPa (see insets in Figures
4.2(a) and (c)), E increases rapidly towards values as low as 15.0 TPa (for LCCn1) and as high as 30.5

TPa (for LCCn4), while γ increases rapidly towards a maximum and unified value of 42. For 0 ≤ P ≤ Pc,

the LCCs are no longer in the anharmonic regime [16] and E becomes pressure-independent and distinct

for each LCC. Consequently, γ starts decreasing again with P→0 assuming distinct values for each LCC

(Table 4.1 in SM [72]). The second limit (P→∞) shows that E asymptotically converges to distinct values
ranging from 0.40 TPa (for LCCn1) to 0.83 TPa (for LCCn4) at 4.60 GPa, while γ asymptotically

converges to 1.2, as shown in the insets in Figures 4.2(a) and (c) and summarized in Table 4.1 in SM [72].
Our model also stands for pressures as high as 9 GPa and it nicely explains the results by Andrade et al.
[52] and Neves et al. [28] without the need of invoking coalescence and charge transfer (see Section
4.3.4 and Figure 4.6 in SM [72]). The anharmonic regime provides an important perspective for LCCs’
mechanical properties: Figures 4.2(a) and (c) show that hydrostatic pressures can modulate both E and γ.

In one hand, γ can be tuned to assume values predicted for several other carbon structures: (1) γ = 2.87 at
1.86 GPa, expected for carbon nanofibers (G-band); (2) γ = 1.99 at 2.68 GPa, expected for graphene (Gband); (3) γ = 1.59 at 3.35 GPa, expected for graphite (G-band); and (4) γ = 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 TPa – 1.22 TPa), graphene (2.40
TPa), bi-layer graphene (2.0 TPa) and CNTs (0.40 TPa – 4.15 TPa) [6,32,33].
Another outcome from our model is shown in Figure 4.2(d): the quantity

∆ω E
ω γ

= −P is also both

universal and unified. Although this result is expected for pressure-independent E and γ, it is only
γ
E

recovered for pressure-dependent E and γ if the ratio happens to be pressure-independent. Our

experiment shows that LCCs of a variety of lengths (number of carbon atoms) display mechanical
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γ
E

properties that result in a pressure-independent even though E and γ are not pressure-independent [72].
γ
E

This pressure-independent results from the LCCs’ intrinsic properties. In other words, it is determined
by the experimental values of [ωLCC (P)]𝛼𝛼 (for 𝛼𝛼 = 1, 2 and 3) and
Therefore, by using E and γ provided by our model along with

∆ω
ω

dωLCC
,
dP

and their respective ratios.

provided by the Raman measurement,

we suggest that LCCs can be effectively used in nanometrology for applications involving, 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 sp3 and sp2 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 ωLCC with P are explained by

considering the natural anharmonicity from the C-C single bond. Experimental values of ωLCC (P) and

dωLCC
dP

allowed us to calculate the pressure-dependence for the LCCs’ Young’s modulus (E), strain (ε) and

Grüneisen parameter (γ). The results show that E and γ follow universal P-1 laws, while ε follows a P2

universal law. Noticeably, γ also presents a unified behavior in the range of pressures studied here. The

LCCs’ anharmonic behavior allows for tuning E and γ to values lower, of the order or higher than those
observed for other carbon materials. The nature of LCCs’ mechanical properties indicates them as

effective materials for nanometrology and for the advancement of nano-devices. Our model, which
considers the natural anharmonicity from the C-C single bond, explains very well other results in the
literature without the need of invoking extra mechanisms such as coalescence and charge transfer [11,52].
Moreover, it has great potential to be applied in other one-dimensional materials such as polymeric chains
with Raman modes constrained to polymer’s backbones, for example.
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4.3 Supplementary Materials

Figure 4.3: AFM, Raman map and line shape analysis. (a) AFM image of a representative isolated
LCC@MWCNT siting on a silicon substrate. (b) Raman map exhibiting the C-band (brightest spot)
associated with the LCC@MWCNT shown in (a). (c) Representative C-band Raman spectrum obtained at
1.45 GPa using a 532 nm laser. The open symbols are the experimental data, the red solid curve is the
fitting result using four Lorentzians (wine, navy, olive, and black solid curves).
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4.3.1

The C-band Raman frequencies vs pressure

Figure 4.4: Variation of Raman frequencies with pressure while compression and decompression. The Cband Raman frequencies ωLCCn1 , ωLCCn2 , ωLCCn3 , and ωLCCn4 associated to the four different LCCs with
increasing (gray and black symbols) and decreasing (Navy and Olive symbols) pressure P. Due to
experimental restrictions we couldn’t measure the spectra below 1.75 GPa pressure in the decompression
measurements.
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The pressure dependence of C1(P)

4.3.2

Figure 4.5: Variation of the single bond force constant with pressure. ∆C1 (P) = C1 (P) − C10 as a function

of pressure P. C1 (P) was obtained from
0

�2��C1 +C1

4.3.3

(P)�+C03 �

m

dωLCC
dP

=

1

dC1
,
m[ωLCC (p)] dP

0
2�CP
1 +C3 �

where ωLCC (P) = �

m

2[C01 +C03 ]
.
m

. The parameter C10 was found for each LCC using ω0LCC = �

=

Model for describing the pressure dependence of 𝜔𝜔𝐿𝐿𝐿𝐿𝐿𝐿

Below we address a brief discussion of the hypotheses utilized in our model:
•

Inspired by our compression/decompression experiments, which show reversibility, we consider
that the system is in the elastic regime at all times.

•

The experiment was conducted in such a way that the pressures were changed very slowly in
order to assure that the system’s equilibrium was properly achieved. Therefore, the model
assumes that the changes are all within the quasi-static regime.
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•

In order to utilize the unit cell approach, we have considered that each LCC present its own
effective C10 and C30 magnitudes, which reflects the number of carbon atoms (in other words,

neighbors) in each distinct line.
•

Inspired by calculations in the literature [13,71,77], the model assumes that C10 (single C-C bond)

behaves anharmonically, while C30 (triple C-C bond) behaves harmonically in the range of

pressure used in the experiment. The triple C-C bond is much stiffer than the single C-C bond,

which makes the assumptions reasonable. Since C30 is much stiffer than C10 , it is assumed that

changes in C30 with pressure are negligible compared to those changes in C10 . This condition

would remain valid as long as the repulsive force regime in the potential describing C10 is not

dominant in comparison to the axial force associated to the applied pressure. Note that the

repulsive force mentioned above increases as the carbon atoms connected by the single bonds get
closer. In other words, as long as the elastic regime is maintained, this approximation remains
valid.
•

With basis in the literature [46,48,56,78,79], it is understood that in the range of pressures
considered here (from 0 to ≈ 5 GPa) the inner-tubes constituting the MWCNTs in this work do
not experience any substantial influence of pressure in the radial direction, while in the axial
direction they do experience. In other words, the hydrostatic pressure applied to the MWCNTs
can be understood as the sum of one axial component and one radial component, where the axial
component plays a major influence with increasing pressure. In fact, the literature
[46,48,56,78,79] suggests that the inner tubes start being deformed in the radial direction for
pressures above 9 GPa.

•

With basis in the literature [11,52,79,80,85], it is understood that, due to local force field
annihilations in the radial direction of the inner tubes, LCCs will not be affected by pressureinduced force fields in such direction. In other words, in the same line of the statement above, the
hydrostatic pressure applied to the LCC@MWCNTs can be understood as a sum of one axial and
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one radial components, where only the axial component will significantly contribute to the
pressure-induced changes in the LCCs’ C10 and C30 . Since the LCC is inside the innermost tube, it

is reasonable that in the axial direction the LLC will feel a force proportional to PA, where P is
the applied pressure and A is the cross-section area of the innermost tube. These assumptions
would also work for other encapsulated carbon nano-structures such as fullerenes
[11,52,79,80,85].
•

With basis on the literature [11,52,79,80,85], it is seen that the spectral features from the hosting
MWCNT and LCCs are independent, which means that in the range of pressures used in this
work the interactions between the hosting tube and the LCCs are sufficient to stabilize the LCCs
but not strong enough to entangle both LCC and MWCNT individual properties.

4.3.4

The proposed model and the literature
This section is intended to discuss two relevant references ([11] and [52] and show that the results

reported are well explained within our model. These references report measurements in bundles of
LCC@DWCNTs and LCC@MWCNTs instead of isolated LCC@MWCNTs. The references suggest that
coalescence [52] and charge transfer [11] could be the reasons for the C-band frequency downshifts with
increasing pressure. The theoretical calculations performed in these references were accomplished by
considering: (1) LCCs encapsulate by a single-walled carbon nanotube (LCC@SWCNT) [52]; and (2)
LCCs encapsulated by double-walled carbon nanotubes (LCC@DWCNT) [11]. Having these two systems
in mind, it is understandable that charge transfer could cause a frequency downshift. However, it is hard
to reconcile why charge transfer takes place for LCC@DWCNT but does not take place for
LCC@SWCNT. Moreover, if coalescence is indeed a reason for the frequency downshift in
LCC@MWCNT systems, such downshift could not be smooth and linear as shown in Figure 5 of
reference [52]. For example, let’s suppose we are merging a 35-atoms LCC with a 36-atoms LCC.
Individually, these LCCs would have estimated frequencies of 1863.7 cm-1 and 1860.5 cm-1, respectively,
and the downshifts with pressure would start from these frequencies (we would have two curves). After
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merging, the new LCC would have 71 atoms and this would cause the frequency to abruptly drop to 1806
cm-1 and the downshifts would have to continue from this new frequency (now we would have just one
curve). Again, Figure 5 in reference [52] always shows the same number of peaks and curves. Also, we
understand the effects of coalescence [52] and charge transfer [11] are predicted to occur for pressures
above 9 GPa. Finally, as shown in the inset of Figure 4.6 below, which is in agreement to our work, the
ωLCC values reported in references [52] and [11] are also linear for pressures between 0 and 9 GPa, where
only the LCC@DWNTs leave the linear regime for pressures beyond 9 GPa [11]. Now, as shown in
Figures 4.6(a) and 4.6(b), our model, which only considers the natural anharmonicity from the C-C single
bond, explains the data from references [11] and [52] very well in the range of pressures from 0 to 9 GPa
without invoking coalescence or charge transfer mechanisms. The exception stands for pressures beyond
9 GPa in the LCC@DWCNTs from reference [11] for which charge transfer might indeed be the cause
for the non-linear downshift.

Figure 4.6: (a) Young's modulus E and (b) Grüneisen parameter γ as a function of P. The black and gray
symbols are the data reported in this work (please, refer to Figure 4.2 in the manuscript). The inset shows
that experimental results that were extracted from reference [52] (open diamonds) and from reference [11]
(filled circles) for pressures up to 9 GPa. Note that, in agreement with our results, the frequencies for
distinct LCCs change linearly with P. From (a) and (b) it is clear that the data from the literature falls
within our model’s predictions.
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4.3.5

Summary of important parameters from the model
cm−1

dω

Table 5.1: Rate of change of frequency with pressure and Grüneisen parameters.
� GPa �, E0 (GPa2)
dP
and γ0 (GPa) experimental values. Grüneisen parameters (γ) found using E = 0.3 Tpa [16], E = 1.3 TPa
[28] and E = 32.7 TPa [13]. Asymptotic values γP→0 and γP→∞ extracted from Figure 4.2(c) in the limits
P→0 and P→∞, respectively.

LCCn1
∂ω
�
= −5.06; E0 = 1.96; γ0 = 5.36�
∂P

γ
γ
γ
γ
(E=0.3) (E=1.3) (E=32.7) P→0
0.8

3.6

9.0

42.0

γP→∞
1.2

LCCn3
∂ω
�
= −3.11; ; E0 = 3.20; γ0 = 5.36�
∂P

γ
γ
γ
γ
(E=0.3) (E=1.3) (E=32.7) P→0
0.5

4.3.6

2.2

5.5

42.0

γP→∞
1.2

LCCn2
∂ω
�
= −3.95; E0 = 2.45; γ0 = 5.36�
∂P

γ
γ
γ
γ
(E=0.3) (E=1.3) (E=32.7) P→0
0.6

2.8

7.0

42.0

∆ω E
ω γ

1.2

LCCn4
∂ω
�
= −2.54; E0 = 3.87; γ0 = 5.36�
∂P

γ
γ
𝛾𝛾
γP→0
(E=1.3)
(E=32.7)
(E=0.3)

γP→∞

∆ω E
ω 2γ

= −P:

0.4

1.8

4.5

42.0

Universality of Young’s Modulus and Grüneisen parameter ratio. The relation
The relation

γP→∞

= −∆P comes from the definitions of γ = −

L dω
ω dL

and E =

dP
dε

1.2

but there is a very

important detail to be analyzed (γ is the Grüneisen parameter, ω is the frequency, P is the pressure and ε
is the axial strain). Using the definitions, one can derive that

integration we obtain:

∆ω
ω

= e

∆P γ
E

− ∫0 � �dP

dω
ω

− 1. Now let’s analyze two cases:
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γ
E

= −γdε = − dP. Therefore, upon

(1)

Harmonic regime (𝛄𝛄 and 𝐄𝐄 constants): the equation above becomes
γ
E

γ

∆ω
ω

= e−E∆P − 1 and

provided that the argument ∆P is small, it is straightforward to conclude that
or, in other words,

(2)

∆ω E
ω γ

= −∆P.

Anharmonic regime (𝛄𝛄 and 𝐄𝐄 depends on pressure):

simplified to
∆ω E
ω γ

∆ω
ω

∆P γ
E

∆ω
ω

= e

∆P γ
E

− ∫0 � �dP

∆ω
ω

γ
E

= − ∆P

− 1 can be

= − ∫0 � � dP if the integral value happens to be small. Here, the result
γ
E

= −∆P it is only recovered for pressure-dependent E and γ if the ratio happens to be

pressure-independent. Our experiment shows that LCCs of a variety of lengths (number of
γ

carbon atoms) display mechanical properties that result in a pressure-independent E even
γ
E

though E and γ are not pressure-independent. This pressure-independent results from the
LCCs’ intrinsic properties. In other words, it is determined by the experimental values of
[ωLCC (P)]α (for α = 1, 2 and 3) and

dωLCC
,
dP
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and their respective ratios.

THERMODYNAMICS OF LINEAR CARBON CHAINS

5.1 Abstract
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 semiempirical approach we show how to use the C-band to evaluate the LCCs’ internal energy, heat capacity,
coefficient of thermal expansion, thermal strain and Grüneisen parameter, providing universal relations
for these quantities in terms of the number of carbons atoms and the temperature.
5.2 Main Body
One dimensional (1D) linear carbon chains (LCCs) are one of the simplest materials presenting
properties associated to both molecules and solids [9,10,12,14,17,28,54,62], making them ideal for many
electronic [15,63,69,86,87], mechanical [61,64] and thermal applications [54,68]. 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 = ⋯) [12,69].
Historically, host-free LCCs have posed interesting questions regarding their stability [3,9,60] 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 [14,15,62-64]. The
polyynic structure is often the most stable configuration with band gaps typically around 2.13 eV [37,74].
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The LCCs possess simple phonon structures presenting longitudinal and transversal modes when
they are host-free [12]. When encapsulated, however, LCCs share their main axis with their host CNTs
and this configuration inhibits transversal modes [11,26,52,74]. These phonons possess long mean free
paths (∼ 0.5 – 2.5 𝜇𝜇𝜇𝜇) and lifetimes ( ∼ 30 – 110 ps), which highly suppresses phonon-phonon

interactions (ph-ph) in LCCs [12] when compared with other carbon materials [88-90]. The optical
longitudinal mode (in-axis out-of-phase C-atom vibrations), so-called C-band, with frequencies ωLCC

around 1850 cm-1, 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 [4,91-95]. The C-band has been
characterized in the literature via room-temperature [37,74] and pressure-dependent Raman spectroscopy
[11,26,52] but its use to obtain important mechanical [26] and thermal observables (this work) is a novel
concept. Additionally, it is well known that ωLCC is proportional to N −1, where N is the number of carbon
atoms [3,26].

Other complex chain-like structures have also been reported [20,21,79,80,96-98]. Chorro et al.
[79], Rols et al. [80], and Cambedouzou et al. [96] showed that C60 carbon peapods inserted in SWNTs
submitted to various pressure and temperatures could undergo, for example, polymerization (for pressures
around 4 GPa), high orientational mobility (even for T < 100 K) and fast diffusional reorientations at T =

200 K. In another study, Bousige et al. [97], showed evidences of melting and liquid phases for C60 chains
inside CNTs, revealing that such quasi-1D system behaves as a harmonic crystal for T ≤ 550 K

(suggesting inefficient ph-ph), transitions to a liquid phase for T ≈ 650 K and evolves to a complete

disappearance of any structural correlations for T ≥ 850 K. All these studies suggest that the interactions
between C60 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 [20,21,98]. In this context, the study of LCCs’ thermodynamic properties could greatly benefit
other encapsulated 1D systems.
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The responses of materials to changing temperatures are closely related to the lattice thermal
expansion (LTE) and anharmonic effects [4,91-95]. 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) [19,99-101]. 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 × 10−5 K-1 [30], which is
much higher than that of CNTs [102], graphene [34], TMDs [103,104] and hexagonal boron nitride [105].
In fact, very little has been explored about LCCs temperature-dependent phenomena, and important
works available in the literature are theoretical simulations [12,19,28]. In 2016, Shi et al. studied LCCs
inside DWCNT and showed that the C-band linewidth (lifetime) of LCCs increases (decreases) with
increasing temperature [14]. 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 [26,56,78-80,85,96].
To the best of our knowledge, there is no quantitative temperature-dependent study on ωLCC and its

connection to thermodynamic observables.

In this letter, the ωLCC 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 300 K, indicating that ph-ph are negligible indeed.

The LCCs encapsulated by multi-walled CNTs (LCC@MWCNTs) were synthesized using arc

discharge [37], while the LCCs encapsulated by double-walled CNTs (LCC@DWCNTs) were
synthesized using catalyzed chemical vapor deposition [38,39]. The MWCNTs’ purity with regard to
nanoparticles is ≈80% with average diameters (length) of 10.4 nm (2.3 mm). The DWCNTs’ synthesis
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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 1500oC in a graphite furnace containing high purity argon gas. The LCC@CNTs filling ratio is ≈80%
[37]. The samples were dispersed in acetone and sonicated for 2 hours and then drop-casted onto a Si
wafer of ≈1cm2 area. Raman spectra were acquired with a 50× objective in a backscattering geometry
using an Andor iDus 401 series CCD coupled to a Shamrock spectrometer (1200 lines/mm grating;
spectral resolution of ≈±0.5 cm-1). Samples were resonantly excited with 532nm (2.33eV) and 632nm
(1.96eV) lasers under constant power density of 0.25 mW/µm2.
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

[3,11,14,15,17,49,52]. Representative Raman spectra at 300 K and C-band spectra fitted with Lorentzian
curves are shown in Figures 5.3(a)-(c), Section 5.3.1 in the supplementary material (SM) [106]. 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.

MW
MW
-1
-1
Their respective room-temperature frequencies are ωMW
LCC1 = 1796.0 cm , ωLCC2 = 1804.0 cm , ωLCC3 =
MW
MW
-1
-1
-1
1839.0 cm-1, ωMW
LCC4 = 1843.0 cm , ωLCC5 = 1854.0 cm and ωLCC6 = 1863.0 cm . Similarly, for the

LCC@DWCNTs, each LCC is labelled LCC1DW (longest LCC) and LCC4DW (shortest LCC), whose

DW
DW
DW
-1
-1
-1
frequencies are ωDW
LCC1 = 1852.0 cm , ωLCC2 = 1856.0 cm , ωLCC3 = 1860.0 cm , and ωLCC4 = 1863.0
d2 ωLCC
� T 2,
dT2

0
DW
cm-1. The T-dependence of ωMW
LCCi and ωLCCi shows that ωLCC (T)=ωLCC − �

frequency at 0 K (Figures 5.4(a)-(c), Section 5.3.1 in SM). In the absence of ph-ph,

where ω0LCC is the

ΔωLCC (T)=ωLCC (T) − ω0LCC (see Figure 5.1(a)) will depend mostly on LTE, being directly linked to

observables such as specific heat (cv (T)), coefficient of thermal expansion - CTE (α(T)), thermal strain

(εT ) and the Grüneisen parameter (γP ) (P=constant pressure).
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The literature [11,26,52,74,79,80,85,96,97] has shown that: (1) 1D chains of atoms or molecules
are independent of force fields in the CNTs’ radial direction [79,80,96,97]; (2) spectral features from the
hosting CNTs and LCCs are independent, even under high pressures [11,26,52,74]. The CNTs provide an
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 [11,26,52,74]. 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 𝑇𝑇 = 300 K (note that most materials are well described within the Debye’s formalism
only at very low temperatures (𝑇𝑇 << 300 K) [57,58]); (2) any phonon frequency variation with T is
connected solely with lattice expansion or contraction; and (3) since ph-ph are suppressed, γP 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

TD
T

→ ∞, where TD 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 [83,107]. For LCCs, the maximum excitable phonon frequency is set by ωLCC , resulting in TD

= TLCC =

ℏωLCC
kb

between 2584 K (longest LCC) and 2680 K (shortest LCC), where k b is the Boltzmann

constant and ℏ =

h
2π

(h is the Planck’s constant). Under the Debye’s model formalism (from now on

DMF), the canonical partition function for LCCs is given by (Section 5.3.2 in Supplementary Materials
(SM, [106]) for additional details):

Ln Z = −N
where x =

ℏωph
kb T

=

Tph
T

T

TLCC

TLCC
T

∫0

Ln[1 − exp(−x)]dx,

(5.1)

, ωph is the phonon frequency and Tph is the phonon equivalent temperature. Upon

integration by parts, Equation 5.1 becomes:
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lnZ ≈ N
For T << TLCC ,

TLCC
T

∞

x

ex −1

dx =

TLCC

TLCC
T

∫0

x
dx.
ex −1

(5.2)

→ ∞ and Equation 5.2 is simplified to:

Ln Z ≈ N
where ∫0

T

π2
.
6

T

TLCC

∞

∫0

x
dx
ex −1

=N

T

TLCC

π2

�6�=

Nkb π2
T
,
6ℏ ωLCC (T)

(5.3)

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 ωLCC leading to important

T-dependent corrections. Therefore, the LCCs’ internal energy per N, u(T), cv (T) and α(T)must contain

one term representing the Debye’s approximation plus corrections involving derivatives of ωLCC (T). This
way u(T) is:

u(T) =

kb T2 d(Ln Z)
dT
N

=

k2b π2

T2
6ℏ ωLCC (T)

�1 − ω

T

LCC (T)

dωLCC
dT

(5.4)

�,

Figure 5.1(b) shows that u(T) is size-independent. Equation 5.4 leads to the heat capacity per N - cv (T):
du

cv (T) = dT =

(kb π)2
T
�1 −
3ℏ ωLCC (T)

2

T

dωLCC
ωLCC (T) dT

T2
dωLCC 2
�
��
dT
LCC (T)

+ ω2

being α(T) given by [72,83,107,108]:
δ c (T)

α(T) = − 2Θ2 av

C−C

=

42(kb π)2
T
T
dωLCC
�1 − 2 ω (T) dT
2
3ℏmac−c
ω3LCC (T)
LCC

−

ωLCC d2 ωLCC
��,
2
dT2

T2
dωLCC 2
�
��
dT
LCC (T)

+ ω2

−

(5.5)

ωLCC d2 ωLCC
��,
2
dT2

(5.6)

where ac−c = 1.37 Å is the average C-C distance. The parameters Θand δ are obtained from the second
dU
dR R=ac−c

and third derivatives of the series expansion:U(R) ≈ U(ac−c ) + � �
1 d2 U
� �
2 dR2 R=ac−c

1 d3 U
�
6 dR3 R=ac−c

(R − ac−c )2 + �

(R − ac−c ) +
ac−c 12
�
R

(R − ac−c )3 + ⋯, where U(R) = ε ��

ac−c 6
� �
R

− 2�

is

the Lennard-Jones potential (LJ) (R corresponds to the C-atom coordinate and ε is the potential depth).
The LJ is chosen based on recent calculations by Wang and Lin [12], whose work describes LCCs’
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phonon dispersions quite accurately by modeling single and triple carbon bonds using such potential.
dU
dR R=ac−c

Therefore, � �

1 d2 U
�
2 dR2 R=ac−c

= 0, �

=

1 72ε
� 2 �
2 ac−c

1 d3 U
�
6 dR3 R=ac−c

and �

1
6

= �−

1512ε
�.
3
ac−c

derivative is associated with the spring-mass harmonic potential. This means that: Θ =
δ=−

21m[ωLCC (T)]2
ac−c

and ε =

2

mR2m �ω0LCC �
72

cv (T), α(T) and ε(T) for each LCC.

. With ωLCC (T) and

dωLCC
d2 ω
=−2 � dTLCC
2 �T
dT

The second

1 d2 U m[ωLCC (T)]2
=
,
2 dR2
2

we calculate u(T),

The experimental α(T) (Figure 5.1(c)) and cv (T) (Figure 5.1(d)) endorse that LCCs are well

described under DMF. Multi-Walled CNTs [109], graphene [34], bi-layer graphene [34] and graphite
[110] (quasi-one, two- and three-dimensional sp2 materials, respectively) present negative α(T) and ph-

ph are fundamental to understand their Δω(T) even for the temperatures in the range 0K ≤ T ≤300K.

Here, we see that for LCCs (sp materials) these dependencies are modified: α(T) is always positive and

linearly dependent on T with a value of 5.0 x 10-5 K-1 (4.5 x 10-5 K-1) at 300 K for the longest (shortest)

chains, which is close to those reported for SWCNTs (α(T) = 2 x 10-5 K-1 at 300 K) [111] and 10x higher

in magnitude than the value reported for graphene (α(T)=-8.1 x 10-6 K-1 at 300 K) [34]. These values are
in remarkably good agreement with the theoretical prediction of 7 x 10-5 K-1 by Wong et al. [30]. To the
best of our knowledge, we present the first experimental evaluation of the LCCs’ cv (T), which shows a

unified linear dependence with T. The value 0.25 J/gK found at 300 K are close to those for Graphite (0.7
J/gK) and Graphene (0.5 J/gK) [5,112]. We note that 0.25 J/gK is 4.6 times smaller than the value 1.16
J/gK predicted by Zhang et al. [28], 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.
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Figure 5.1: Temperature dependence of thermal parameters of LCCs.Representative experimental

results for LCCs (N=35, N=39, N=45 and N=86): (a) experimental ΔωLCC (T) evolution with T; (b) the
energy per N, u(T), presents a quadratic, universal and unified behavior with T; (c) α(T) shows a linear
universal behavior with T, where LCCs with N from 35 to 45 atoms present very similar α(T). For N=86,
however, which is closer to the thermodynamic limit, α(T) increases at a slightly higher rate with
increasing T; (d) the heat capacity per N, cv (T), presents a linear, universal and unified behavior with T;
(e) A T 2 universal dependence is observed for the thermal strain εT (T) with N from 35 to 45 atoms
presenting very similar εT (T), while for N=86 εT (T) increases at a slightly higher rate with increasing T;
(f) Every LCC presents a distinct linear dependence of εT with ΔωLCC (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 5.5 and 5.6 in SM [106] show the results including all the 10 LCCs measured in
this work.
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
(εT ). The thermal strain possesses a T 2 dependence (Figure 5.1(e)) in perfect analogy with the P 2

dependence observed by Sharma et al. [26]. Therefore, in terms of behaviors, strains caused by either T or
P differ only in magnitude. In Figure 5.1(f), εT is plotted against ΔωLCC (T). The graphic shows the linear

behavior expected for small magnitude strains [26,83,107], which allow us to conclude that, for a given
εT , larger LCCs experience larger ΔωLCC (T), in further agreement with Sharma et al. [26].
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For negligible ph-ph, Δω(T) should be fully described in terms of the LTE as:
ΔωLTE (T) = ω0LCC �e−γP ∫ dε − 1�,

(5.7)

where dε = α(T)dT is the thermal strain between T and T + dT. Therefore, if our hypotheses are correct,

by using the observables described in Equations 5.4 through 5.6, Equation 5.7 should be equivalent to the
d2 ωLCC
� T2
dT2

obtained empirical relation ΔωLCC (T)= − �

using γP as a fitting parameter. In the quasi-

harmonic regime there is no distinction between γP and γT (Grüneisen parameter at constant T), i.e., Δγ ≈
0 [113]. As shown in Figure 5.1(a), Equation 5.7 fits the experimental ΔωLCC (T) with γP ranging from

0.42 (shortest LCC) to 0.79 (longest LCC). These values agree with γT found in our previous work [26],

which confirms that Δγ ≈ 0 and endorses the absence of ph-ph. Note that Sharma et al. [26] also showed

that smaller LCCs present smaller γT in the quasi-harmonic regime.

Figure 5.2: Distribution function and universal dependence of Gruneisen parameter and frequency with
T

x

ph
number of carbon atoms. (a) the distribution function x −1 with x = T is fundamental to identify the
e
high temperature limit (Tmax ) of the model. The distribution is most relevant for 0≤x≤4, which implies
T
≈ 700K (see inset). (b) Universal dependences with N for both γP (N) = ln(N − 20)0.18
that Tmax = LCC
4

(wine solid lines) and

d2 ωLCC
dT2

=A+

B
N

(navy solid line with A =-1.63 x10-4 cm-1K-2 and B = 35x10-4
d2 ωLCC
,
dT2

cm-1K-2). The symbols (wine circles and navy diamonds for γP and
3980
�
N

respectively) represent the

cm-1, where ω0LCC (N, 0) is the C-band frequency at T =
experimental data. (c) ω0LCC (N, 0)=�1757 +
0K. The open circles represent the experimental data. The inset shows a representative case at T = 700K
Debye
Corr.
for Δ(N, T)= ΔωCorr.
LCC − ΔωLCC , which shows how the difference between ΔωLCC proposed here
Debye

(dashed lines in Figure 5.1(a)) and ΔωLCC

(solid lines in Figure 5.1(a)) progresses with N.
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The absence of ph-ph, the successful description of LCCs’ properties within DMF for T≤300K,

and the T-independent values of γP indicate that the corrections proposed are valid as long as the Debye’s
temperature TLCC is much larger than an upper limit (Tmax ) after which the approximation

TLCC
→∞
T

longer valid. Inspection of Equation 5.2 shows that the lnZ behavior is determined by the integrand

is no

x
,
ex −1

which is most relevant for x between 0 and 4, as seen in Figure 5.2(a). This way Tmax is determined such
T

that T LCC = 4, which means that Tmax =
max

TLCC
4

≈ 700K. For T ≤ 300K the correction terms are negligible for

every observable but for 300K < T < 700K (see insets in Figure 5.1), the corrections become increasingly

important. Our model predicts that ΔωLCC (T) decreases at a slower rate with changing T (inset in Figure
5.1(a)), while α(T) and cv (T) increase at a slower rate in comparison with the pure Debye’s model
(insets in Figures 5.1(c) and (d), respectively). The magnitude of the corrections depends on

d2 ωLCC
dT2

and,

consequently, on N (Figure 5.2(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 2.1 for details).
As shown in Figure 5.2(b), both γP and

γP (N)=ln(N − 20)0.18 and
respectively. The

d2 ωLCC
dT2

d2 ωLCC
dT2

=A +

B
N

d2 ωLCC
dT2

display universal dependences on N given by

(A =-1.63 x 10-4 cm-1K-2 and B =35 x 10-4 cm-1K-2),

relation with N lead us to the ωLCC (N, T) universal relation:
B

ωLCC (N, T) = ω0LCC (N, 0) − �A + � T 2,
N
where ω0LCC (N, 0)=�1757 +

3980
�cm-1
N

(5.8)

[3], see Figure 5.2(c). The results for ΔωLCC (T) also show that the

LCCs’ hosts do not influence the LCC’s responses to T (Figure 5.7 in SM [106]). The differences in the

values observed for α(T), cv (T) and ΔωLCC (T) comparing the solid (pure Debye’s model) and the

dashed curves (pure Debye’s model + corrections) in Figures 5.1(a)-(d) allowed us to rewrite Equations
53

5.5, 5.6 and 5.7 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 0 K ≤ T ≤ 700 K:
α(N, T) = 985

T
− (3.22 ×
ω3LCC (N,T)

10−10 )�(T − 300)3 (N − 20),

(5.9)

cv (N, T) = (1.6 × 10−3 )ω2LCC (N, T)α(N, T),

(5.10)

where ωLCC (N, T) is given by Equation 5.8. Equations 5.9 and 5.10 allow for the determination of
d2 ωLCC
� T2
dT2

εT (N, T) = ∫ α(N, T)dT and u(N, T) = ∫ cv (N, T)dT. Finally, ΔωLCC (N, T) = − �

which gives:

+ Δ(N, T),

B
N

ΔωLCC (N, T) = − �A + � T 2 + (5.24 × 10−7 )(T − 300)2 (N − 20),
Debye

where Δ(N, T)= ΔωCorr.
LCC − ΔωLCC
Debye

ΔωLCC

(5.11)

is the difference between ΔωCorr.
LCC (dashed lines in Figure 5.1(a)) and

(solid lines in Figure 5.1(a)). The inset in Figure 5.2(c) shows the representative case for

Δ(N, 700).

In summary, the manuscript focuses on the thermodynamic observables associated with LCCs

and shows that due to negligible ph-ph, ωLCC 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 ΔωLCC (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.
This material is based upon work supported by the National Science Foundation under Grant No.
[1848418]. PTA, KS, NMBN, NLC and ARP acknowledge both the American Physical Society (APS)
and the Brazilian Physical Society (SBF – Portuguese acronym) for supporting this research through the
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Brazil-US PhD Exchange program. YAK acknowledges financial support from a National Research
Foundation of Korea (NRF) grant funded by the Korea government (MSIP) (No. 2017M3A7B4014045).
ARP would like to thank UFC CAPES-Print research proposal for the financial support in the scopes of
01/2018 and 41/2017 public calls from UFC and CAPES, respectively.
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5.3 Supplementary Materials
5.3.1

Figures not included in the main paper

Figure 5.3: (a)-(c) Representative Raman spectra obtained at 300K using a 532 nm laser. In (a) the Gband from the host CNT is around 1580 cm-1 and the C-band is around 1850 cm-1. (b) and (c) show the Cband, where the open symbols are the experimental data, the purple solid curve is the fitting result using
Lorentzian curves (navy solid curves). LCC@MWCNT stands for LCCs encapsulated by MWCNTs and
LCC@DWCNT stands for LCCs encapsulated by DWCNTs.
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Figure 5.4: (a)-(c) show 𝜔𝜔𝐿𝐿𝐿𝐿𝐿𝐿 as a function of 𝑇𝑇 for all the 10 distinct LCCs analyzed in this work. The
wine solid lines are the fitting results whose equations are shown above each curve.

Figure 5.5: C-band frequency and internal energy variation with temperature. (a) and (b) show the
experimental ΔωLCC (T) (± 0.5 cm-1) evolution with T (± 10 K) for every LCC studied in this work. (c)
shows that the energy per N, u(T), presents a quadratic, universal and unified behavior with T for every
LCC. The insets in (a)-(c) show the predictions of the pure Debye’s model (solid lines) compared with the
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model proposed here (dashed lines), which suggests that for temperatures 300K≤T≤700K the observables
evolve more slowly with increasing T.

Figure 5.6: Different thermal parameters as a function of temperature (T). (a) and (b) (same
vertical/horizontal scales): α(T) shows a linear universal behavior with T for every LCC, where LCCs
with N from 35 to 45 atoms present very similar α(T). For N=74 and 𝑁𝑁=86, however, α(T) increases at a
slightly higher rate with increasing T. (c) and (d) present the same vertical/horizontal scales and show that
the heat capacity per N, cv (T), presents a linear, universal, and unified behavior with T for every LCC. (e)
A T 2 universal dependence for every LCC is observe for the thermal strain εT (T) with N from 35 to 45
atoms presenting very similar εT (T), while for N=74 and 𝑁𝑁=86 εT (T) increases at a slightly higher rate
with increasing T. (f) Every LCC presents a distinct linear dependence of εT with ΔωLCC (T). The insets
in (a)-(f) show the predictions of the pure Debye’s model (solid lines) compared with the model proposed
here (dashed lines), which suggests that for temperatures 300K≤T≤700K the observables evolve more
slowly with increasing T.
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Figure 5.7: Frequency variation as a function of 𝑇𝑇 for all the 10 distinct LCCs analyzed in this work. Note
that there are no substantial differences in the dependences from LCC@DWCNT and LCC@MWCNT
indicating that the host material does not play a significant role in the LCCs’ temperature dependence.

5.3.2

Debye Model Formalism (DMF) for Linear Carbon Chain (LCC)
Debye proposed to describe the heat capacity of continuous solid materials by considering that

the calculation if the spectral distribution of the solid’s possible normal modes (free vibrations) would be
a good approximation for the solid’s actual spectral distribution [12,83,107,114]. Such approximation
would remain valid as long as the normal modes involved do not present wavelengths compared to the
atomic distances. Within the quantum mechanics framework, the energy of these modes is given by 𝐸𝐸𝑛𝑛𝑖𝑖 =
1

�2 + 𝑛𝑛𝑖𝑖 � ℏ𝜔𝜔𝑛𝑛𝑖𝑖 with a linear dispersion relation given by 𝜔𝜔𝑛𝑛𝑖𝑖 (𝑘𝑘) = 𝑣𝑣𝑛𝑛𝑖𝑖 𝑘𝑘, where 𝑣𝑣𝑛𝑛𝑖𝑖 = 𝑐𝑐𝑝𝑝ℎ is the phonon

velocity assumed to be the same for every mode (𝑛𝑛𝑖𝑖 is the number of phonons for a given mode 𝑖𝑖, for 𝑖𝑖 =
1,2,3, … , 𝑁𝑁). This way, a given state of the system ({𝑛𝑛1 , 𝑛𝑛2 , 𝑛𝑛3 , … , 𝑛𝑛𝑁𝑁 }) is:
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1
2

𝐸𝐸𝑗𝑗 = ∑{𝑛𝑛𝑖𝑖} � + 𝑛𝑛𝑖𝑖 � ℏ𝜔𝜔𝑛𝑛𝑖𝑖 .

(5.12)

The partition function under the canonical ensemble formalism is, therefore:

𝑍𝑍 = ∑𝑗𝑗 𝑒𝑒

�−

𝐸𝐸𝑗𝑗

𝑘𝑘𝑏𝑏 𝑇𝑇

�

= ∑{𝑛𝑛𝑖𝑖} 𝑒𝑒

�−

1
∑
� +𝑛𝑛 �ℏ𝜔𝜔𝑛𝑛
�𝑛𝑛𝑖𝑖 � 2 𝑖𝑖
𝑖𝑖
�
𝑘𝑘𝑏𝑏 𝑇𝑇

= ∏{𝑛𝑛𝑖𝑖}

which, in the continuous limit and for one-dimension, is rewritten as:

𝑙𝑙𝑙𝑙𝑙𝑙 =

𝑘𝑘 ℏ𝜔𝜔𝑛𝑛 (𝑘𝑘)
− ∫−𝑘𝑘𝐷𝐷 2𝑘𝑘 𝑖𝑖 𝑑𝑑𝑑𝑑
𝐷𝐷
𝑏𝑏 𝑇𝑇

𝑘𝑘
− ∫−𝑘𝑘𝐷𝐷 𝑙𝑙𝑙𝑙 �1
𝐷𝐷

− 𝑒𝑒

with 𝑇𝑇𝐷𝐷 =

ℏ𝑐𝑐𝑝𝑝ℎ 𝑘𝑘𝐷𝐷
𝑘𝑘𝑏𝑏

𝑇𝑇

𝐷𝐷
𝑇𝑇
∫ 𝑇𝑇 𝑙𝑙𝑙𝑙(1 −
𝑇𝑇𝐷𝐷 0

𝑒𝑒 −𝑥𝑥 )𝑑𝑑𝑑𝑑 = −𝑁𝑁𝑁𝑁𝑁𝑁 �1 − 𝑒𝑒

𝑇𝑇
�− 𝐷𝐷 �
𝑇𝑇

𝑇𝑇𝐷𝐷
𝑇𝑇

defined as the Debye’s temperature. For → 0 �
𝑙𝑙𝑙𝑙𝑙𝑙 ≈ 𝑁𝑁

𝑇𝑇 ∞ 𝑥𝑥
𝑑𝑑𝑑𝑑
∫
𝑇𝑇𝐷𝐷 0 𝑒𝑒 𝑥𝑥 −1

= 𝑁𝑁

𝑇𝑇 𝜋𝜋2
� �
𝑇𝑇𝐷𝐷 6
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=

𝑘𝑘𝐵𝐵 𝑇𝑇

,

(5.13)

� 𝑑𝑑𝑑𝑑 ,

ℏ𝑐𝑐𝑝𝑝ℎ 𝑘𝑘

becomes:

ℏ𝜔𝜔𝑛𝑛
𝑖𝑖 �
2𝑘𝑘𝑏𝑏 𝑇𝑇

ℏ𝜔𝜔𝑛𝑛
𝑖𝑖 �
�−
𝑘𝑘𝑏𝑏 𝑇𝑇
1−𝑒𝑒

ℏ𝜔𝜔𝑛𝑛 (𝑘𝑘)
𝑖𝑖
𝑘𝑘𝑏𝑏 𝑇𝑇

where 2𝑘𝑘𝐷𝐷 = 𝑁𝑁 (number of normal modes). Now, by making 𝑥𝑥 =

𝑙𝑙𝑙𝑙𝑙𝑙 = −𝑁𝑁

𝑒𝑒

�−

(5.14)

and integrating by parts, 𝑙𝑙𝑙𝑙𝑙𝑙

𝑇𝑇

𝑇𝑇𝐷𝐷

� + 𝑁𝑁 𝑇𝑇 ∫0𝑇𝑇
𝐷𝐷

𝑥𝑥
𝑑𝑑𝑑𝑑 ,
𝑒𝑒 𝑥𝑥 −1

(5.15)

→ ∞�:

𝑁𝑁𝑘𝑘𝑏𝑏 𝜋𝜋2 𝑇𝑇
.
6ℏ 𝜔𝜔𝐷𝐷 (𝑇𝑇)

(5.16)

CONCLUDING REMARKS

The core of this dissertation brings a novel approach to look into electronic and vibrational
characteristics of materials in nano-scaled regimes. The results display great potential to be extended to
other complex materials such as polymeric chains or other supramolecular systems. In the case of LCCs,
it opens room for envisioning these systems for advanced nanometrology and thermal applications, for
example. The C-band Raman fingerprint frequency 𝜔𝜔𝐿𝐿𝐿𝐿𝐿𝐿 associated with LCCs is shown as an excellent

probe to study LCCs under various 𝑃𝑃 and 𝑇𝑇.

In one hand, the dependence of 𝜔𝜔𝐿𝐿𝐿𝐿𝐿𝐿 with P is explained by considering the natural

anharmonicity of C-C single bonds and the experimental values of 𝜔𝜔𝐿𝐿𝐿𝐿𝐿𝐿 (𝑃𝑃) and

𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿
𝑑𝑑𝑑𝑑

allowed us to

calculate elusive pressure-dependences for the LCCs’ Young’s modulus (E), mechanical strain (ε), and
Grüneisen parameter (γ). The results show that E and γ follow universal P−1 laws, while ε follows a P2
universal law. Noticeably, γ also presents a unified behavior in the range of pressures studied here.
On the other hand, due to inefficient ph-ph, the 𝜔𝜔𝐿𝐿𝐿𝐿𝐿𝐿 dependence with 𝑇𝑇 acts as a direct probe to

the LCCs’ thermal properties showing that LCCs are well described within the Debye’s formalism for
temperatures as high as 700 K. Like in the case of 𝑃𝑃-dependent experiments, values of 𝜔𝜔𝐿𝐿𝐿𝐿𝐿𝐿 (𝑇𝑇) and

𝑑𝑑2 𝜔𝜔𝐿𝐿𝐿𝐿𝐿𝐿
𝑑𝑑𝑇𝑇2

allowed us to calculate elusive thermal parameters such as internal energy, specific heat (𝑐𝑐𝑣𝑣 (T)),

coefficient of thermal expansion (𝛼𝛼(𝑇𝑇)), and thermal strain (𝜀𝜀𝑇𝑇 ) and show that they follow universal

dependences fully described in terms of the number of carbon atoms (N) and 𝑇𝑇.
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As a complementary study, the use of spectral deconvolution techniques associated with
absorption, photoluminescence, and polarization-resolved spectroscopies, revealed that the electronic and
vibronic transitions in H2TPyP possess multi-features. Such multi-featured behavior revealed that the
H2TPyP’s Q-band is constituted of two elusive sets of quasi-degenerated electronic transitions
accompanied by their respective vibronic progressions associated with vibrations manifested in the
porphyrin macrocycle ring.
In the future, the high-pressure measurement of LCCs encapsulated by isolated SWCNT and
DWCNT would further strengthen our hypothesis. It is also important to verify the effect of pressures
beyond 5 GPa on such systems, including the one studied in this project. We expect our results to hold for
pressures up to 9 GPa, after which other phenomena such as charge transfer between CNTs and LCCs,
and coalescence between LCCs might occur. This experiment will provide more information about the
CNT’s radial deformation effect on LCCs. In this dissertation, the cryogenic behavior of LCCs was
studied in a bulk sample and the natural next step will be to extend our hypothesis and approaches to
isolated LCC@CNTs systems. In these new rounds of experiments, measurements for temperatures
beyond 300 K are much needed for the full verification of our model.
Further, I have the ambition to measure the thermal conductivity of these LCC@CNTs to
understand their effects in each other’s properties: how beneficial is it to have an LCC inside the CNTs?
Is it possible to unravel contributions coming from LCCs and CNTs? While the dissertation ends here,
there still is a plethora of questions that I plan to address in the next stages of my career.
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APPENDICES

APPENDIX 01: NOVEL INSIGHTS ON THE VIBRONIC TRANSITIONS IN FREE BASE MESOTETRAPYRIDYL PORPHYRIN
Abstract
We present novel results on the free base 5,10,15,20-meso-tetra(pyridyl)-21H,23H-porphyrin
(H2TPyP). This molecule presents complex electronic and vibrational properties and despite the vast
literature reporting the transitions observed in its absorption and fluorescence spectra, a more accurate
interpretation has been kept elusive. In particular, we show that the molecule’s Q-band develops into
many electronic and vibronic transitions, whose the well-known “four orbital model” finds it difficult to
reconcile. Using distinct spectroscopy techniques, we conclude that both 𝑄𝑄𝑥𝑥 - and 𝑄𝑄𝑦𝑦 -bands comprise, in
fact, two quasi-degenerated electronic states together with their respective vibronic progressions each.
The analysis of the Huang-Rhys factors and complementary time- and polarization-resolved
measurements reinforce the need for the proposed Q-band multi features remodeling.

Introduction
Porphyrins are macrocyclic systems based on a large 𝜋𝜋-electron distribution linked to outlying or

axial complexes [115,116]. This molecule is defined according to the substituent inserted in the center of
the ring. In one hand, if two hydrogen atoms are accommodated in this center, a free base porphyrin is
obtained. On the other hand, inserting metallic ions in the center of the ring, metalloporphyrins would be
formed [116,117]. Since their discovery, natural porphyrins, e.g., chlorophyll and heme complexes, have
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attracted a great deal of attention because of their essential roles in processes such as photosynthesis [117]
and oxygen transport in the human body [118]. With the rise of the first synthetic porphyrins and the
possibility of their decoration using a variety of distinct complexes, a novel research area emerged, where
the tunability of photophysical and photochemical properties in this new class of compounds became
possible[119,120]. Nowadays, both natural and synthetic porphyrins have been extensively requested in a
plethora of applications spanning from photovoltaics [121-123] and electroluminescent devices [124,125]
to cancer treatment [126,127] and many others [128,129].
The absorption spectra of porphyrins are classified in two main distinct regions [116,130]: one
located between 380-450 nm, which encloses the most intense molecules’ transitions (B- or Soret-band),
and another located between 480-800nm, which encloses weaker “quasi allowed” transitions (Q bands)
[130,131]. Martin Gouterman [132,133] is one of the pioneers to describe the porphyrins’ absorption
spectrum through the elaboration of the “four orbital model,” which has been extensively accepted since
then. Both B- and Q-bands develop into many peaks, which are understood regarding electronic and
vibronic transitions. The latter is often very rich due to the great number of degrees of freedom available
in a porphyrin ring, which consequently offers a high number of vibrational modes allowed to couple to
electronic states within the Born-Oppenheimer (BO) and Franck-Condon (FC) approximations. Despite
the vast literature reporting interpretations for the transitions observed in the absorption and fluorescence
spectra of porphyrins[134-137], a definite understanding of such spectra is still elusive mostly due to the
molecule’s complex electronic and vibrational properties. In this work, we present novel results on the
free base 5,10,15,20-meso-tetra(pyridyl)-21H,23H-porphyrin, or simply H2TPyP (see Figure 1).
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Figure 1: H2TPyP molecule structure. Schematic representation of the molecular structure in free base
meso-tetrapyridyl porphyrin (H2TPyP).
By combining different optical spectroscopy techniques, we propose a refined reinterpretation of
the current understanding of electronic and vibronic transitions in free base porphyrins. Fitting Voigts to
the absorbance and fluorescence spectra and using their second derivatives as guides for locating
transitions, we concluded that both 𝑄𝑄𝑥𝑥 and 𝑄𝑄𝑦𝑦 are double-peaked bands containing two quasi-degenerated
electronic states together with their respective vibronic progressions. The analysis of the Huang-Rhys

factors helps us to reconfigure the equilibrium positions associated with the excited states forming the Band Q-bands. Time- and polarization-resolved spectroscopies reinforce the need for the proposed Q-band
multi features remodeling.

Results and Discussion
The H2TPyP is synthesized according to procedures described in the literature [138] and dissolved in
a mixture of chloroform (CHCl3) and methyl alcohol (MeOH) in a 9:1 proportion. Both reagents were
purchased from ISOFAR Ltda. and used as received. The concentration was adjusted using previously
reported absorption cross section values for H2TPyP dissolved in the same solvent conditions [139]. Low
concentration, ~1.7 μM, is adopted to avoid reabsorption effects. All the measurements were performed
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with solutions placed in a quartz cuvette of 1.0 cm path length with four polished windows (except for
Raman and IR).
Absorption spectra are acquired by a JASCO V-670 spectrophotometer, and steady state
fluorescence spectra are acquired by an Andor iDus 401 series CCD; and Shamrock spectroscope, which
utilizes a 300 lines-per-millimeter and 600 blaze grating, after excitation at 532 nm. The same setup was
used for Stokes spectroscopy except that before reaching the detector, the reflected beam passes through
an achromatic quarter wave plate – linear polarizer apparatus; the quarter wave plate and a linear polarizer
were set with their fast axis and transmission axis in the horizontal direction. Spectra measurements were
taken after rotating the quarter wave plate in increments of 10º, from zero to 360º. Infrared spectra are
measured using the Brucker Vertex 70V FT-IR system, and Raman spectra were measured in a Brucker
Ram II FT-Raman system, with excitation at 1064 nm. For vibrational spectroscopy measurements, the
sample is in its solid-state form (powder).
Fluorescence lifetimes were measured using the time-correlated single-photon counting
technique. A Millenia X mode locked titanium-sapphire laser pumped by a Spectra Physics laser was used
to produced 5 ps FWHM pulses with 8000 kHz pulse repetition rate. The laser excitation wavelength is
417 nm, and the signal was acquired via the L-format Edinburgh FL900 spectrometer equipped with
monochromator in the emission channel. Single photons were detected by a cooled Hamamatsu R3809U
microchannel plate photomultiplier, and an instrument response function of ~100 ps is measured with a
time resolution of 6 ps per channel.
Porphyrins present well-known electronic spectrum in the UV-Vis region formed by the Soret (B)
and Q-bands, see Figures 2(a) (B-band) and 2(b) (Q-band). For the free base meso-tetrapyridyl porphyrin
(H2TPyP) dissolved in CHCl3: MeOH (9:1), the B- and Q-bands range from 390 nm to 440 nm and from
450 nm to 670 nm in the visible spectrum, respectively. The Q-band presents a richer structuration when
compared to the B-band. According to Gouterman [132,133], in regular porphyrins, both bands come
from the configuration interactions among four 𝜋𝜋 molecular orbitals in the porphyrin ring. The vibronic
sub-bands are interpreted by an extended treatment of this approach [130].
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The absorption bands for the H2TPyP (Figures 2(a) and 2(b)) could be fitted with Lorentzian,
Gaussian, or Voigt functions. Usually, the spectral deconvolution relies on either Lorentzian or Gaussian
functions, which are associated with homogeneous and inhomogeneous broadening processes,
respectively. Note that the homogeneous broadening of Lorentzian curves is connected to the lifetime of
optical processes at low temperatures [140]. Therefore, Lorentzian curves are expected to describe
absorption and emission lines at such low temperatures accurately. Any departure from a homogeneous
broadening is considered inhomogeneous, which includes statistic effects associated with the disorder and
thermal agitation [140]. The Voigt curve is a combination of both Lorentzian and Gaussian curves, which
undoubtedly makes it the most appropriate choice for spectral analysis at room and higher temperatures
[141]. Note that the Voigt curve under specific experimental conditions may manifest more as a
Lorentzian curve than as a Gaussian curve and vice-versa [141].
Figure 2(a) shows the theoretical deconvolution of the H2TPyP´s B-band using Voigt functions
(solid black lines). Two Voigt functions are necessary to reproduce the absorption spectrum in this region
[130,134-137]. The number of Voigts used in the deconvolution and their center positions are estimated
from the absorbance spectrum second derivative (see Figure 2(a)). The second derivative method is a
great asset to unravel details of the absorbance (fluorescence) spectrum: the second derivative spectrum
presents local minima, with negative values (below zero), which are related to local maxima at the
absorbance (fluorescence) spectrum [142-144]. These local maxima represent, unequivocally, real
electronic or vibronic transitions (see Figure 2(a)). One valuable advantage of the second derivative
method is that it enhances the spectral resolution allowing for the identification of hidden peaks in the
absorbance (fluorescence) spectrum, which do not manifest as clear local maxima. Such hidden peaks are
usually weaker transitions which occur with energies very close to those of stronger transitions (see
Figure 2(b)); they manifest in the second derivative spectrum as a local minimum with values, in general,
above or near to zero or as asymmetries in some main local minimum. It is also important to say that
small shifts of the center of the local minimum of the second derivative spectrum regards to the center of
the deconvolution function, in the absorbance spectrum, can be observed. This behavior takes place
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always that a weak band is located very close to a stronger band as is the case observed for Soret band.
For the Soret band, the low-intensity vibronic progression presents a Voigt function centered at 402 nm
with the correspondent local minimum in the second derivative spectrum centered at 398 nm. For these
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cases, the second derivative furnishes the number of transitions and their approximate positions.
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Figure 2: UV-Vis spectra of H2TPyP. Absorbance (open circles - top panels) and absorbance second
derivative (solid green lines - bottom panels) spectra for H2TPyP in CHCl3:MeOH (9:1). (a) B- and (b)
Q-bands. The spectra are fitted with Voigt functions (blue and black solid lines). The solid red lines
represent the fitting results.

Following the literature, the Voigt centered at 402 nm is assigned to the B-band vibronic
progression B(0,1) and the Voigt centered at 417 nm is assigned to the B-band electronic transition
B(0,0), which are understood as Franck Condon (FC) transitions between the porphyrin ground state and
its second singlet excited state (see Table 1) [130,132,133]. The energy difference, DEB = EB(0,1) - EB(0,0),
between the bands B(0,0) and B(0,1), shows that the frequency of the vibrational mode associated to the
vibronic progression B(0,1) is around 894 cm-1, which is very close to the infrared mode centered in 882
cm-1 as shown in Figure 3(a). This frequency in the infrared (IR) spectrum is, from now on, labeled as 𝜔𝜔𝐵𝐵 .
We believe that this vibration is attributed to bending deformation of the meso-carbons located in the
H2TPyP macrocyclic ring [145,146].
We now turn our attention to the Q-band whose analysis is also made regarding Voigt functions
(Figure 2(b)). The analysis of the second derivative (see Figure 2(b)) spectrum suggests that 9 Voigt
functions should be used to fit the spectrum. Five out of the 9 Voigts are centered at 482 nm, 513 nm, 548
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nm, 588 nm, and 644 nm, historically assigned to the 𝑄𝑄𝑦𝑦 (0,2), 𝑄𝑄𝑦𝑦 (0,1), 𝑄𝑄𝑦𝑦 (0,0), 𝑄𝑄𝑥𝑥 (0,1), and 𝑄𝑄𝑥𝑥 (0,0)
transitions, respectively [130,135,147]. In the discussion below we demonstrate that both 𝑄𝑄𝑦𝑦 - and 𝑄𝑄𝑥𝑥 -

bands must be further deconvoluted to include two extra peaks at 499 nm and 541 nm in the 𝑄𝑄𝑦𝑦 -band and
other two at 597 nm and 655 nm in the 𝑄𝑄𝑥𝑥 -band. This observation is unforeseen in the literature.
We start exploring the 𝑄𝑄𝑥𝑥 -band. The two features forming the 𝑄𝑄𝑥𝑥 -band are notoriously

asymmetric but such asymmetry has been disregarded in the literature [116,130,135,147]. This work
explains the asymmetry and fixes a long-time misleading consideration of this spectral feature. Works
available in the literature assume that the 𝑄𝑄𝑥𝑥 -band is composed of a single vibronic progression 𝑄𝑄𝑥𝑥 (0,1)

(𝑄𝑄𝑥𝑥 higher energy band in Figure 1(b)) and a single electronic transition 𝑄𝑄𝑥𝑥 (0,0) (𝑄𝑄𝑥𝑥 lower energy band

in Figure 2(b)) [130,135,147]. This assumption is certainly not able to explain the asymmetry observed.
The analysis of the spectral second derivative (bottom green curve in Figure 2(b)) reveals that both
𝑄𝑄𝑥𝑥 (0,1) and 𝑄𝑄𝑥𝑥 (0,0) bands develop into two peaks each. As shown in Figure 2(b), the four peaks are

baptized: 𝑄𝑄𝑥𝑥1 (0,0) (655 nm) and 𝑄𝑄𝑥𝑥2 (0,0) (644 nm), which form the electronic transitions; and 𝑄𝑄𝑥𝑥1 (0,1)

(597 nm) and 𝑄𝑄𝑥𝑥2 (0,1) (588 nm), which form the vibronic progressions. The energy differences, Δ𝐸𝐸 =

𝐸𝐸𝑄𝑄𝑥𝑥 (0,1) − 𝐸𝐸𝑄𝑄𝑥𝑥 (0,0) (for i = 1,2) reveal that the vibronic progression 𝑄𝑄𝑥𝑥1 (0,1) is linked to the Raman
𝑖𝑖

𝑖𝑖

mode with frequency 𝜔𝜔𝑄𝑄𝑥𝑥 = 1493 cm-1, which is a combination of the symmetric stretching of the Cb-Cb
1

bonds and rotations of hydrogen atoms linked to the carbons both in the porphyrin ring (see Figure 3).
The vibronic progression 𝑄𝑄𝑥𝑥2 (0,1) is linked to the Raman and IR active mode with frequency 𝜔𝜔𝑄𝑄𝑥𝑥 =
2

1468 cm-1, which is assigned to the stretching Ca-Cm within the porphyrin macrocycle (see Figure 3)

[145,146].
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Table 1: B- and Q-bands spectroscopic features : λ (in nm) is the center of the bands; K = λ-1(in

cm-1) and ∆K (in cm-1) is the difference λ-1Band(0,0) – λ-1Band(0,i) (for i = 1,2) between electronic
transitions and vibronic progressions. S stands for the Huang-Rhys factor linked to the vibronic
transitions.
Band

λ (nm)

K (cm-1)

∆K (cm-1)

Intensity Ratios ∝ S

B(0,0)

417

23,980

0

1

B(0,1)

402

24,875

894

0.17

𝑄𝑄𝑦𝑦1 (0,0)

548

18,248

0

1

𝑄𝑄𝑦𝑦1 (0,1)

513

19,493

1,245

5.33

𝑄𝑄𝑦𝑦1 (0,2)

482

20,747

2,499

0.34

𝑄𝑄𝑦𝑦2 (0,0)

541

18,484

0

1

𝑄𝑄𝑦𝑦2 (0,1)

499

20,040

1,556

1.07

𝑄𝑄𝑥𝑥1 (0,0)

655

15,267

0

1

𝑄𝑄𝑥𝑥1 (0,1)

597

16,750

1,483

1.33

𝑄𝑄𝑥𝑥2 (0,0)

644

15,528

0

1

𝑄𝑄𝑥𝑥2 (0,1)

588

17,007

1,479

2.11

Although the 𝑄𝑄𝑦𝑦 -bands are not as asymmetric as the 𝑄𝑄𝑥𝑥 -bands, they also bring two new

transitions that are not predicted thus far. 𝑄𝑄𝑦𝑦 -bands present a very subtle asymmetry, and its evaluation is

only possible via careful analysis of the absorbance second derivative, as seen in Figure 2(b).

Traditionally, the Voigt centered at 548 nm is assigned to the electronic transition 𝑄𝑄𝑦𝑦 (0,0), the Voigt
centered at 513 nm is assigned to the vibronic transition 𝑄𝑄𝑦𝑦 (0,1) and the Voigt centered at 482 nm is

assigned to the vibronic transition 𝑄𝑄𝑦𝑦 (0,2). Similarly to what is observed for the 𝑄𝑄𝑥𝑥 -band, both 𝑄𝑄𝑦𝑦 (0,0)
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and 𝑄𝑄𝑦𝑦 (0,1) also comprise one additional peak each, which are centered at 499 nm and 541 nm,

respectively. Therefore, from now on we re-assign the peaks in the 𝑄𝑄𝑦𝑦 -band to: 𝑄𝑄𝑦𝑦1 (0,0) at 548 nm,

𝑄𝑄𝑦𝑦2 (0,0) at 541 nm, 𝑄𝑄𝑦𝑦1 (0,1) at 513 nm, 𝑄𝑄𝑦𝑦2 (0,1) at 499 nm and 𝑄𝑄𝑦𝑦1 (0,2), which remains unchanged at

482 nm. In order to assign the vibrations participating on the 𝑄𝑄𝑦𝑦 -bands, we analyze the energy differences

Δ𝐸𝐸𝑄𝑄𝑦𝑦 (0,𝑗𝑗) = 𝐸𝐸𝑄𝑄𝑦𝑦 (0,𝑗𝑗) − 𝐸𝐸𝑄𝑄𝑦𝑦 (0,0) (for i, j = 1, 2) between the bands (1) 𝑄𝑄𝑦𝑦1 (0,0) and 𝑄𝑄𝑦𝑦1 (0,1); (2)
𝑖𝑖

𝑖𝑖

𝑄𝑄𝑦𝑦1 (0,0) and 𝑄𝑄𝑦𝑦1 (0,2); and (3) 𝑄𝑄𝑦𝑦2 (0,0) and 𝑄𝑄𝑦𝑦2 (0,1). Here, 𝑄𝑄𝑦𝑦1 (0,1) and 𝑄𝑄𝑦𝑦1 (0,2) are, respectively,

the first and second excited states of the Raman mode around 1245 cm-1, which from now on we baptize
𝜔𝜔𝑄𝑄𝑦𝑦 (see Figure 3(b)). This mode corresponds to the combination of ν(Cpy-Cm), νs(C-N(H)-C), ρ(CH)
1

and ν(Cβ-Cβ) [146]. 𝑄𝑄𝑦𝑦2 (0,1) is the first excited state of the Raman mode around 1549 cm-1 (baptized

𝜔𝜔𝑄𝑄𝑦𝑦 ), which corresponds to the combined mode Cb-Cb bond stretching and symmetric stretching of the
2

Ca-Cm-Ca bond that leads and the bending deformation of the Ca-N-Ca and Ca-N(H)-Ca bonds, including

rocking of the Hs on Cb atoms [145,146].

Figure 3: Infrared and Raman spectra of H2TPyP. (a) Infrared and (b) Raman spectra for H2TPyP. The
modes assigned to the B- and Q-bands vibronic progressions are marked in black and blue and labelled
𝜔𝜔𝐵𝐵 and 𝜔𝜔𝑄𝑄𝑥𝑥 in (a), and 𝜔𝜔𝑄𝑄𝑦𝑦 , 𝜔𝜔𝑄𝑄𝑦𝑦 , 𝜔𝜔𝑄𝑄𝑥𝑥 and 𝜔𝜔𝑄𝑄𝑥𝑥 in (b).
2

1

2

1

2
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We analyze the Huang-Rhys factors (S) related to the vibronic transitions of the B, 𝑄𝑄𝑦𝑦1 , 𝑄𝑄𝑦𝑦2 , 𝑄𝑄𝑥𝑥1
𝐼𝐼𝐵𝐵(0,1)

and 𝑄𝑄𝑥𝑥2 states, see Table 1. The S factors are proportional to the ratios 𝐼𝐼

𝐵𝐵(0,0)

𝐼𝐼𝑄𝑄𝑦𝑦 (0,1)
𝑗𝑗

, 𝐼𝐼

𝑄𝑄𝑦𝑦 (0,0)
𝑗𝑗

𝐼𝐼𝑄𝑄𝑥𝑥 (0,1)
𝑗𝑗

and 𝐼𝐼

𝑄𝑄𝑥𝑥 (0,0)
𝑗𝑗

(for j =

1, 2) for the B- and Q-bands[148]. Consequently, such ratios will be proportional to the Franck-Condon

(FC) factors (in other words, the modulus squared of the overlapping between the ground and vibronic
progression wavefunctions). The FC factors are naturally linked to the displacement of the molecule’s
potential energy surfaces (PES) minimum, which makes the ratios mentioned above proportional to such
minimum potential displacements. From the absorption spectrum in Figure 2(a) and (b), we obtain:
𝐼𝐼𝐵𝐵(0,1)
𝐼𝐼𝐵𝐵(0,0)

= 0.17,

𝐼𝐼𝑄𝑄𝑦𝑦 (0,1)
1
𝐼𝐼𝑄𝑄𝑦𝑦 (0,0)
1

= 5.33,

𝐼𝐼𝑄𝑄𝑦𝑦 (0,1)
2
𝐼𝐼𝑄𝑄𝑦𝑦 (0,0)
2

= 1.07,

𝐼𝐼𝑄𝑄𝑥𝑥 (0,1)
1
𝐼𝐼𝑄𝑄𝑥𝑥 (0,0)
1

= 1.33 and

𝐼𝐼𝑄𝑄𝑥𝑥 (0,1)
2
𝐼𝐼𝑄𝑄𝑥𝑥 (0,0)
2

= 2.11. Therefore, these ratios

suggest that the displacement of the 𝑄𝑄𝑥𝑥1 (0,0) (𝑄𝑄𝑦𝑦2 (0,0)) minimum concerning the porphyrin’s ground

state minimum is smaller than the displacement observed for 𝑄𝑄𝑥𝑥2 (0,0) (𝑄𝑄𝑦𝑦1 (0,0)). It is noteworthy that

the molecular distortions driven by the vibrational mode associated with 𝑄𝑄𝑦𝑦1 are so strong that it allows
for the observation of 𝑄𝑄𝑦𝑦1 (0,2), which is the second vibrational replica for the 𝑄𝑄𝑦𝑦1 -band structure. This

information altogether leads to the diagram illustrated in Figure 4, which gives the landscape of how the
absorption band in Figure 2 is formed.
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Figure 4: Schematics of the potential energy surfaces (PES) for the first and second electronic excited
states (with their respective vibronic progressions) in a H2TPyP molecule. The minimum of each excited
band is positioned in relation to the ground state minimum position.
Electronic and vibronic transitions naturally reflect in the fluorescence FL emission, and the next
paragraphs discuss the FL spectrum emitted by the free-base porphyrin molecule. The analysis helps us to
dive deeper into confirming the vibronic many-fold we have proposed for the Q-band. Figure 5(a) shows
a typical FL spectrum for H2TPyP, in which two main peaks centered at 650 nm and 710 nm are promptly
recognized. These peaks arise from the 𝑄𝑄𝑥𝑥 bands by following the Kasha’s rule: the molecular population

initially excited to the B- and 𝑄𝑄𝑦𝑦 -bands relax to the 𝑄𝑄𝑥𝑥 -band before relaxing back to the molecule’s
ground state [130,135,147].

In Figure 5(a), the FL spectrum is presented together with the four Voigt functions, centered at
647 nm, 658 nm, 704 nm, and 715 nm. The use of fourth Voigt functions to fit the FL spectrum is
supported by the asymmetric shape of the local minima of the second derivative spectrum. The fourth
derivative spectrum (see figure 5(a)) corroborates the asymmetric shape of the second derivative the FL
signal with both derivative spectra shows that the maxima obtained by deconvolution analysis correspond
to local minima (maxima) in the second (fourth) derivative spectrum, as expected [142].
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By comparing the FL spectrum shown in Figure 5(a) with the 𝑄𝑄𝑥𝑥 -band spectral range in the

absorption spectra (Figure 2(b)), it is straightforward to identify the four peaks in the FL to emissions
from: 𝑄𝑄𝑥𝑥1 (0,0) → 647 𝑛𝑛𝑛𝑛, 𝑄𝑄𝑥𝑥1 (0,1) → 715 𝑛𝑛𝑛𝑛, 𝑄𝑄𝑥𝑥2 (0,0) → 659 𝑛𝑛𝑛𝑛, and 𝑄𝑄𝑥𝑥2 (0,1) → 704 𝑛𝑛𝑛𝑛. The

assignments we propose for the Q-band are in good agreement with recent work by Mandal and co-

workers [149]. Their work does not discuss any accurate assignments for explaining the Q-band but,
through the study of different porphyrins in which the number of phenyl complexes attached to a
macrocyclic ring changes, it is recognized that multiple vibronic progressions are possible as the number
of phenyl complexes decreases.

Figure 5: (a) Fluorescence and (b) Polarization degree spectra of H2TPyP, excited at the Q-band (𝛌𝛌𝐞𝐞𝐞𝐞𝐞𝐞 =
532 nm). The red solid lines represent the fitting result from the spectra deconvolution using Voigt
functions (black and blue solid lines). The second derivative spectra are presented in the bottom panels
(green solid lines). For Figure 4(a) the fourth derivative spectrum (dark cyan solid line) is also present
aiming to emphasize the presence of the four transitions suggested by the asymmetric shape of local
minima of the second derivative.
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Table 2: Integrated areas (IAs) and IAs relative ratios obtained by fitting Voigts to the polarization degree
(PD) spectrum from H2TPyP.
PD Spectrum

PD ratios

𝐼𝐼𝐼𝐼𝑄𝑄𝑥𝑥1 (0,0)

𝐼𝐼𝐼𝐼𝑄𝑄𝑥𝑥1 (0,1)

𝐼𝐼𝐼𝐼𝑄𝑄𝑥𝑥2 (0,0)

𝐼𝐼𝐼𝐼𝑄𝑄𝑥𝑥2 (0,1)

𝐼𝐼𝐼𝐼𝑄𝑄𝑥𝑥1 (0,1)

𝐼𝐼𝐼𝐼𝑄𝑄𝑥𝑥2 (0,1)

𝐼𝐼𝐼𝐼𝑄𝑄𝑥𝑥2 (0,1)

𝐼𝐼𝐼𝐼𝑄𝑄𝑥𝑥2 (0,0)

2.12

1.50

0.58

1.62

0.71

2.8

1.1

0.27

𝐼𝐼𝐼𝐼𝑄𝑄𝑥𝑥1 (0,0)

𝐼𝐼𝐼𝐼𝑄𝑄𝑥𝑥2 (0,0)

𝐼𝐼𝐼𝐼𝑄𝑄𝑥𝑥1 (0,1)

𝐼𝐼𝐼𝐼𝑄𝑄𝑥𝑥1 (0,0)

The observed spectroscopic features are further reinforced by time- and polarization-resolved
spectroscopies. Fluorescence emitted by solutions are expected to be either unpolarized or partially
polarized. This work introduces two extra features to describe the H2TPyP’s FL, which should now be
interpreted regarding four main emissions. Therefore, as a complementary study, we next characterize
each of those peaks concerning their polarization degree (PD). Our approach uses the recently developed
Stokes spectroscopy, which is based on the Stokes theory for describing polarized light [150-152]. Figure
5(b) shows the PD spectrum associated with the FL measured in Figure 5(a). The 0-0 transition (𝑄𝑄𝑥𝑥 (0,0)bands) has its PD integrated area around ~ 3.070, which is similar to that observed for 0-1 transition

(𝑄𝑄𝑥𝑥 (0,1)-bands) that has its PD integrated area around ~3.078. This result indicates that both transitions

emit similar percentages of polarized light although the 𝑄𝑄𝑥𝑥 (0,0) transitions present a maximum intensity
slightly larger than the intensity observed for the 𝑄𝑄𝑥𝑥 (0,1) transitions. Fitting Voigts to the PD spectrum

we show that each transition contributes to the total integrated area as follows: 𝑄𝑄𝑥𝑥1 (0,0) ~ 2.12, 𝑄𝑄𝑥𝑥2 (0,0)
~ 0.58, 𝑄𝑄𝑥𝑥1 (0,1) ~ 1.50, and 𝑄𝑄𝑥𝑥2 (0,1) ~ 1.62. The fittings also show that the 𝑄𝑄𝑥𝑥1 (0,0)-band emits more

polarized light than its vibronic replica 𝑄𝑄𝑥𝑥1 (0,1), but the opposite is observed for the 𝑄𝑄𝑥𝑥2 , whose vibronic

replica always emit more polarized light than its electronic counterpart. The features related to
polarization degree are shown in Table 2.
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Figure 6: Excited state decay profiles for H2TPyP excited at 417 nm and probed at three different spectral
positions. The probed positions are indicated in the steady-state emission spectrum (top panel): 650 nm
(purple dashed line) 670 nm (green dashed line) and 704 nm (red dashed line). The inset shows a

zoom of the decay curves that enhances the differences among decay times.

Single photon counting (TCSPC) experiments exciting at 417nm (B-band spectral range) were
performed, where the decay profiles were probed at, 650 nm (𝑄𝑄𝑥𝑥1 (0,0)- and 𝑄𝑄𝑥𝑥2 (0,0)-bands), 670 nm

(𝑄𝑄𝑥𝑥1 (0,0)-band) and 710 nm (𝑄𝑄𝑥𝑥1 (0,1) and 𝑄𝑄𝑥𝑥2 (0,1)-bands), as shown in Figure 6.

The 7.7 ns (±0.1 ns) lifetime associated with 𝑄𝑄𝑥𝑥1 (0,1) and 𝑄𝑄𝑥𝑥2 (0,1) is visibly slower than those

associated to the 𝑄𝑄𝑥𝑥1 (0,0) and 𝑄𝑄𝑥𝑥2 (0,0), which lay around 7.2 ns (±0.1 ns) and 7.3 ns (±0.1 ns) (see inset

of Figure 6), which is in good agreement with the literature [139,147]. The similarity observed for the

𝑄𝑄𝑥𝑥1 (0,0) and 𝑄𝑄𝑥𝑥2 (0,0)-bands’ lifetimes is an indicative that two bands are very close in energy, which is

in agreement with deconvolution analysis, and likely undergo thermal mixing. Our assignments show that
the difference in energy between these two bands is just 32 meV. Unfortunately, due to limited
experimental capabilities, our measurements do not have the spectral resolution to probe the vibronic
bands at different wavelengths.
Finally, the overall picture depicted by the spectral second derivative and deconvolution analysis,

strongly suggest that the Q-band presents a very complex structure composed of multiple electronic
transitions and their vibronic progressions. These conclusions are supported by previous works that
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present multi-structured Q-band spectra [149,153,154]. However, additional studies, both theoretical and
experimental about the electronic structures of the porphyrins are still necessary to further corroborates
the findings and analysis presented here.

Conclusions
We propose a remodeling of the current understanding of the electronic and vibronic transitions
observed in H2TPyP molecules. Through the deconvolution of the experimental spectra combined with
the analysis of their second derivative, we verified that the molecule’s Q-band could be formed by two

sets of quasi-degenerate electronic transitions accompanied by their respective vibronic progressions. The
combination of the deconvoluted absorption spectrum with the molecule’s vibrational spectra (Raman and
infrared) allowed us to correlate the new vibronic progressions with macrocycle ring vibrational modes.
Polarized-resolved measurements via the Stokes spectroscopy indicate that our findings are correct and
show that, although the 0-0 transition (𝑄𝑄𝑥𝑥 (0,0)-bands) emits about the same percentage of polarized light

when compared with the 0-1 transition (𝑄𝑄𝑥𝑥 (0,1)-bands), each transition (𝑄𝑄𝑥𝑥1 (0,0), 𝑄𝑄𝑥𝑥2 (0,0),

𝑄𝑄𝑥𝑥1 (0,1) and, 𝑄𝑄𝑥𝑥2 (0,1)) distinctly contributes to these outcomes. The Huang-Rhys factors obtained from
the data guide us through the remapping of equilibrium positions of the excited states with relation to the
ground state. Time-resolved spectroscopy corroborates our assumptions. The present study opens an
alternative and promising route to guide future studies in more complex porphyrin molecules, such as
metallo- and supramolecular porphyrins.
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