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Chapter 1

Introduction

1.1 Scientific background

In the last decade carbon based nano-materials have attracted the interest of scientist
from many different fields, ranging from astrochemistry to solid state physics. Although
carbon is one of the most studied element ever, it has never ceased to stupefy due to the
large variety of materials it can form. Beyond the most famous 3D sp? diamond and sp?
graphite, in the last 20 years have been discovered also the 1D and 0D pure sp? forms,
nanotubes and fullerenes respectively [11[2].

Recently, the discover by Novoselov and Geim [3] of graphene, the pure 2D sp? phase,
put once again carbon on the world scientific stage. Its promising and fascinating phys-
ical properties and possible applications in growing fields as nano-electronic, hydrogen
storage and sensoring, make graphene one of the most studied system, both from theo-
reticians and experimentalists.

Carbon can also give rise to an exotic "spongy” phase formed by sp? carbon atoms
structures. Triply periodic minimal surfaces [4,5] have been theoretically suggested as
possible model structures for spongy carbon, which has since termed schwarzite, after
the name of the mathematician Hermann Schwarz who first investigated that class of sur-
faces [6,7]. While fullerenes, nanotubes, graphite layers aggregate through comparatively
weak van der Waals forces, spongy carbon constitutes a fully covalent highly-connected
three-dimensional (3D) form of sp? carbon, which combines many valuable properties of
fullerenes, nanotubes and graphene with a robust 3D architecture. For detailed descrip-
tion of this exotic form, see the review reported in the appendix A [8].

Beyond these mono-crystalline forms of carbon, in the recent past also mixed-phase
carbon based materials have been studied; sp?/sp® amorphous carbon films have been
proposed as promising materials for technological applications. The mechanical and op-
tical properties of such materials can be tuned by varying the ratio between the amount
of sp? and sp® atoms, providing graphitic-like materials or diamond-like materials re-
spectively [9]. These systems have been proposed as protective overcoat for magnetic
storage disks [10], as component in filed emission devices [11] and as gas barriers [12].

In the framework of amorphous carbon materials, the possibility of the inclusion
of the sp hybridized carbon phase is one of the most intriguing point for solid state
physicist and chemists. sp carbon atoms give rise to linear carbon chains (spCCs) known
as carbyne. This exotic phase of carbon, expected to be highly unstable because of the
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dangling bonds at chains extremes, can occur in two different forms, depending on the
configuration of the molecular ¢ and 7 orbitals. Ideal infinite polyynes ((C = C» )
present an alternation of single (o) and triple bonds (1 o and 2 7) along the chain
axis, that is they are dimerized. On the other hand, infinite cumulenes C=C3_)
are characterized by the alternation of double bonds (1 o and 1 7) of equal length
along the chain, making them un-dimerized molecules. Although the infinite cumulenic
structure is proposed in the framework of infinite chains, it is not the energetically
favored configuration indeed, due to Peierls distortion, the stable phase of the infinite
chains is the polyynic (dimerized) one.

This scenario completely fails if finite carbon chains are considered. Let us consider
the most simple and intuitive termination possible, that is hydrogen; if one hydrogen
atom passivates the dangling bonds of the chains, the first carbon is already sp hy-
bridized, and the remaining two p and one sp orbitals form the triple bond with the
next carbon atom thus inducing the polyynic form. On contrary, with two hydrogen
atoms, the first carbon atom is not sp hybridized, but sp?, and the two hydrogens are
bonded by 7 bonds with two of the three trigonal sp? orbitals. The carbon atom has then
two un-bonded orbitals, a sp? and the non hybridized p, that can form a double bond
with the next carbon atom, which is then sp hybridize thus giving rise to un-dimerized
cumulenic chains also for quite long chains [13]. This demonstrates how the energetic
considerations on the tendency of infinite spCCs to be polyynes induced by Peierls-type
distortion become meaningless when terminated chains are considered.

Remarkably spCCs show electronic properties strongly correlated to the structure
of their molecular orbitals. Weimer et al. [13] demonstrated how the HOMO-LUMO
gap of chemical (H, F, CN, NO, NHs) stabilized spCCs linearly decreases as a function
of the chains length. Polyynes have optical gap value systematically higher by ~ 1leV
than that of cumulenes with the same length. This observation will be crucial for the
comprehension of the different resonant Raman behavior characterizing polyynes and
cumulenes. Furthermore, while for the infinite cumulene a metallic behavior is expected
due to the complete delocalization of m bonds along the chain axis, for infinite polyyne a
finite gap persists due to the presence of the strong and localized o bonds, thus leading
to a semiconductive character. Nevertheless, for what concerns finite and stabilized
spCCs, a small gap is expected also for cumulenic structures: because the interaction
between the chains and the termination, end-capped cumulenes are not expected to be
complete un-dimerized, that is they show non-zero Bond Length Alternation (BLA) and
thus a small finite HOMO-LUMO gap is present. As a consequence, as in the case of
polyynes, stabilized cumulenic structures are characterized by a semiconductive behavior,
thus paving the way for their potential application in nano-devices. It is now clear how
important spCCs terminations are: First Bond Length (FBL), i.e. the length of the bond
between the first carbon atom of the chains and the termination, BLA, i.e. a measure of
the chains dimerization, energy gap, magnetic state and conductivity of spCCs strongly
depend on the type of stabilizing end group, thus making the stabilization process the
fundamental point for determining the spCCs physical and chemical properties.

In the literature have been proposed many different techniques for the production of
stabilized spCCs. Chemists for instance were able to synthesize spCCs stable in solution
or even in the solid state phase, by terminating the chains with organic group through
chemical reactions. These class of spCCs, stabilized by different chemical end-group,
have interesting and promising physical properties; they are characterized by a HOMO-
LUMO gap strongly influenced by the number of carbon atoms constituting the spCCs
(i.e. the chains length) [13], then it has been reported that their third-order nonlinear
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optical (NLO) and their non-resonant molecular second hyperpolarizabilites («) increase
as a function of the chains length [14]. Furthermore, it has been shown that the fluores-
cence, phosphorescence and absorption spectra of these molecules can be modulated by
applying an external electric field [15]. Finally, unusual photophysical and spectroscopic
properties have been reported and they are considered promising candidates as materials
for the fabrication of semiconductive thin film transistor structures [16], as the active
semiconductor material in light-emitting diodes in electroluminescent devices |17] and
in organic solar cells [18].

The possibility of the production of stable spCCs embedded in a pure carbon solid,
opens new prospectives for nano-electronic [19,20] applications since they could be used
as molecular conductors bridging graphene nano-gap devices. First potential applications
have been already demonstrated for the realization of non-volatile memories, as their use
in two-terminal atomic-scale switches [20]. Furthermore, spCCs are expected to have
interesting rectifying performances and to be effective as spin-filters and spin-valves. [21].
More recently, end-capped spCCs stabilized by different terminations have also been
proposed also as building blocks of hydrogen storage nanomaterials [22,23].

Beyond these applicative fields, spCCs are very intriguing also for more speculative
aspects. For instance, one of the most unsolved phenomena in astrophysics are the
Diffusive Interstellar Bands (DIBs). These absorption bands are present in the visible-
near IR region of the interstellar extinction curve and are formed in the interstellar
clouds. Due to their width (FWHM c.ca 0.006 — 4nm) and their large variety, DIBs can
be made up by molecules and solid-state materials rather than atomic emission. In these
framework organic compounds are the most promising candidates to be responsible of
DIBs since only carbon atoms can form the wide zoology of structures which can be
the carriers of these broad features |24]. By comparing laboratory infrared spectra with
astrophysical observations of the Inter-Stellar Medium (ISM), it has been proposed that
some of these DIBs lines can be generated by Polycyclic Aromatic Hydrocarbons (PAH),
small hydrocarbons molecules (e.g. acetylene and cyanopolyyne), fullerenes and also not
terminated spCCs [25,26,/27]. Cami et al. has recently demonstrated the presence of
C60 and C70 neutral molecules in the young planetary nebulae Tc-1 [28] and, more
generally, it is now accepted that spCCs can act as intermediates in the formation of
fullerenes and PAH in, respectively, hydrogen-poor and hydrogen-rich region [29].

Although many techniques have been developed for the synthesis of such materi-
als, the characterization of the physical and chemical properties of pure carbon system
containing spCCs requires further experimental and theoretical efforts. Vibrational and
optical spectroscopy can provide information about the physical and structural prop-
erties of end-capped spCCs, but the identification of the spectroscopical signature of
different chains families embedded in sp-sp?-sp® materials remains challenging.

1.2 Scope

The core of this thesis is to provide an exhaustive identification of the vibrational prop-
erties of the cluster assembled sp-sp? pure carbon material. This system consists in an
amorphous sp? matrix where spCCs are embedded and stabilized by sp? fragments and it
is synthesized by depositing, through the Supersonic Cluster Beam Deposition (SCBD)
technique, sp-sp? pure carbon clusters produced in a Pulsed Microplasma Cluster Source
(PMCS) |30]. Although this material has been continuously studied for long time mainly
by Raman spectroscopy [31], its vibrational features are not clear yet.
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Figure 1.1: sketch of the approach adopted for the study of the vibrational properties of
the sp-sp? carbon material: experiment and simulations are performed on a benchmark
system—the results are used for the identification of suitable model system represent-
ing the complex one—experimental results obtained on the sp-sp? carbon system are
interpreted by comparing them with simulations

In order obtain a better comprehension on the presence, structure (i.e. length, ter-
minations) and stability of spCCs in the sp-sp? pure carbon film, new experimental and
theoretical efforts are required. In particular it is necessary to clearly and unambigu-
ously identify chains with different lengths and terminations in order to obtain a clear
description of the physical and chemical properties characterizing the sp-sp? material.

From one side, it is interesting to study the chemical properties of the sp-sp? thin film,
both in-situ and during reactive gas exposure (Oz, No, H), from the other one would
like to compare laboratory spectra with astrophysical observation in order to identify
spCCs in the ISM. By using infrared spectroscopy it is possible not only to detect species
with different functional groups from their vibrational infrared-active signatures, but also
to obtain quantitative analysis about the sp content and about the reaction products.
Remarkably in the literature it is not present an Infrared spectrum of a sp-sp? pure
carbon material, thus making this experiment trail-blazing and challenging.

Furthermore it is interesting to investigate the sp-sp? material by Raman spectroscopy
using different laser wavelength in order to explore the resonance effects. This mea-
surements are fascinating because can provide a clear identification of the presence of
polyynic-like and cumulenic-like spCCs with different length thanks to the activation
of the Raman resonance as the incident photon energy matches the energy of actual
electronic transition of the sp-sp? amorphous carbon solid.

For the comprehension of the vibrational (both Raman and infrared) spectra of such
a complex system, it is then necessary to compare experimental data with theoreti-
cal calculations performed on a simplified system. As sketched in the scheme reported
above, one can remove the complexity of the sp-sp? pure carbon clusters by modeling
them with a simpler system which represents the actual cluster structure. By following
this idea, an sp chains embedded in a pure sp? covalent bonded carbon cluster can be
viewed as an spCCs bridging two graphene nano-ribbons, thus preserving the funda-
mental properties of the sp? termination but removing the complexity induced by the
amorphous carbon matrix. Furthermore, in order to be able to compare data provided
by the simulations with experimental results, it is necessary to refer to a benchmark sys-
tem, i.e., a system that can be both synthesized in the laboratory and modeled through
theoretical calculations without the need to introduce further simplifications. For this
reason in my Phd I propose the synthesis, characterization and modeling of spCCs ter-
minated by the simplest sp? termination, i.e. Naphthalene, which well approximates
an sp? end-group present in the sp-sp? system (graphene nano-ribbons). The combined
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Thesis frame

experimental-theoretical study of the solution containing Naphthalene-terminated spCCs
(dinaphtylpolyynes) with different length (Ar-Cs,-Ar with n=2:8), performed through
Infrared and Multi-Wavelength Resonant Raman spectroscopy combined with structural
and vibrational ab-initio density-functional theory (DFT) simulations, leads to the deep
comprehension of the vibrational properties of the dinaphtylpolyynes. The model pro-
vided for dinaphtylpolyynes can be then used for the interpretation of the intricate results
obtained by performing Infrared and Multi-Wavelength Resonant Raman experiment on
the complex sp-sp? pure carbon material.

1.3 Thesis frame

This work consists, apart of the Introduction, of three parts. The first one is dedicated to
the description of the chemical and physical synthesis techniques used for the production
of stabilized spCCs. In the second part I briefly describe the computational framework
used for the simulations and experimental methods used for the characterization of the
spCCs. In the last part I present all the results obtained, both published in referred
journal (or in the preparation/submitted step) and unpublished. In particular in the first
chapter of this part I present the result obtained about the synthesis, characterization
and modeling of dinaphtylpolyynes. Then I report the results obtained about the sp-
sp? by using the framework developed for dinaphtylpolyynes: MWWR and infrared
spectroscopies combined with ab-initio DFT-LSDA calculations. The last chapter is
dedicated to the final remarks, conclusions and prospectives.
notes:

e Some parts of the results I obtained in my Phd have been already published or
submitted to international journals. In writing this thesis I've tried to minimize
superimpositions with the reprinted papers. Nevertheless some overlapping still
TEMaInS.
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Part 1

Synthesis of sp-sp? carbon
system
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Chapter 2

Chemical Synthesis

In the recent history, many different techniques have been proposed for the synthesis of
chemically stabilized spCCs. For instance Lucotti et al. showed how it is possible to
produce H-terminated spCCs in the polyynic configuration by electric arc discharge be-
tween two graphite electrodes in methanol [32,/33]. This technique leads to the synthesis
of stable H-C,,-H with n=2:8. Another procedure is based on the Fritsch-Nuttenberg-
Wiechell rearrangement, that is a chemical reaction between a 1,1-dyaril-2-bromo-alkene
with a strong base (e.g. alkoxyde), which leads to the production of polyynic spCCs
stabilized by bulkier group as Adamantyle [34]. Alternatively, recently has been demon-
strated the possibility of synthesize stabilized H-terminated spCCs (polyynes and cumu-
lenes) by ablating micormetric graphite particle in an organic [35/[36137] and even aqueos
solvents [38] using the harmonics of a Nd:YAG laser.

Particularly interesting is the family of spCCs end-capped by organic group. This
class of molecules, often referred to as a,w—diarylpolyynes (DAPs), already synthesized
in the 1960’s and 1970’s by the group of M. Nakagawa [39,/40L41], represents a family
of spCCs stabilized by aromatic end-groups which are of high interest for several rea-
sons: from one side, they are potentially useful in optoelectronical applications and are
promising building blocks for the production of sp-sp? carbon systems for nano-electronic
devices; from the other side, they constitute the simplest examples of spCCs terminated
by a PAH that could be identified in the interstellar medium.

As a result, naphthalene represents the ideal end-capping group from many points
of view. First of all it is the simplest and most abundant PAH present in the ISM,
furthermore it represents an ideal system that can be used for the modeling an sp?
stabilizing sites as occur in the more complex case of graphitic terminations in the sp-sp?
pure carbon films. For these reasons the possibility of easily synthesize Naphthalene-
terminated spCCs (in the following dinaphtylpolyynes) of different length is a crucial
step both for the comprehension of the presence and stability of spCCs embedded in the
sp-sp? material and for the identification of the carriers of Diffusive Interstellar Bands
(Dibs) and of the composition of the ISM.

In this section I present a new route for the synthesis of dinaphtylpolyynes which
enables, by a remarkably simpler chemical approach than in [39,140,/41], to produce at
the same time a solution containing Ar-Cs,-Ar molecules with 2 <n< 6.
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2.1 Cadiot-Chodkiewicz coupling

The Cadiot-Chodkiewicz (C-C ) cross-coupling in organic chemistry is a reaction be-
tween a terminal alkyne and a haloalkyne catalyzed by a copper(I) salt such as cop-
per(I)bromide and an amine base [42,/43}/44]. This synthesis procedure is typically used
for the production of symmetric and asymmetric polyacetylenic molecules stabilized by
different chemical end-group. The reaction mechanism involves deprotonation by base
of the acetylenic proton followed by formation of a copper(I) acetylide. A cycle of
oxidative addition and reductive elimination on the copper center then creates a new
carbon-carbon bond. The repetition of this procedure leads to the production of Ar-Cs,,-
Ar molecules composed by n acetylenic units. In fig]2.1]is reported a sketch representing
an example of C-C reaction cycles.

B -
R———H R—=i R——o=~Cu H—FR"
-BH* SN
NS
Cux ,X oxidative addition
\ R—=—Cl
R—=——FR reductive elimination \\

R

Figure 2.1: A complete cycle of a Cadiot-Chodkiewicz reaction providing polyacetylenic
molecules

In the literature C-C reactions ha been used for the synthesis of many different sp
molecules. J. Marino et al. proposed the production of bulky trialkylsilyl acetylenes
under C-C coupling conditions by reacting 3-bromo-prop-2-yn-1-ol (8) and a trialkylsilyl
acetylene catalyzed by CuCl and NH20h-HCL in a 30% n-butylamine in water solvent
[45]. Terminal-conjugated diynes were prepared by N.J. Matovic et al.by using C-C
coupling sequence utilizing a protected bromoacetylene, and methyl-substituted diynes
were made via a base-catalyzed rearrangement of terminal-skipped diynes [46]. In the
framework of a,w-diarylpolyynes F. Cataldoet al.demonstrated the possibility of easily
synthesize Diphenylpolyynes, i.e. phenyl-terminated spCCs terminated [47].

2.1.1 Synthesis of dinaphtylpolyynes

The procedure presented by F. Cataldo et al. in [47] was followed for the synthesis of
spCCs terminated with Naphtyl groups (dinaphtylpolyynes). In a first stage the cop-
per salt of ethynylnaphthalene was synthesized by dissolving Cu(I) chloride (1.0 g) in
30ml of aqueous ammonia (30%) together with 0.5¢ of hydroxylamine hydrochloride
(NH20H-HCl). 1-Ethynylnaphthalene (1.5ml) was then added to this solution under
stirring. We collected a dark yellow precipitate of copper(I) ethynylnaphthalide by fil-
tration in considerable yield (1.8 g). After that about 6.0 g of I - C=C —1I was dis-
solved /suspended in 90ml of decalin, it was transferred in a 500ml round bottomed flask
and was stirred with 100ml of distilled water. Copper(I)-ethynylnaphthalide (1.8g) was
then added to the reaction mixture together with 25ml of tetrahydrofuran, 50ml aqueous
NH3 30% and 30ml of N,N’, N, N’-tetramethylethylenediamine (TMEDA). The mixture
was stirred at room temperature for two days and after this process the decalin layer
became deep orange. The reaction mixture was filtered with the aid of an aspirator to
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Chemical Synthesis

separate the black residue formed. The filtered solution consisted of two layers. The
organic layer was separated from the aqueous layer by means of a separatory funnel.
The resulting crude solution contained dinaphthylpolyynes dissolved in decalin, together
with a significant amount of free unreacted ethynylnaphthalene and other by-products.
These latter were removed from the crude solution (as a dark red precipitate) by shaking
the solution with 4.0g of CuCl dissolved in 100ml of aqueous NH3 30% together with 3.0g
of NH20H-HCI. The key innovation in this synthetic approach is the use of diiodoacety-

—, dinaphthyioutadyne
2."' * Cu - .-’r_\I e
i pn Ar - C-I - S —
/ \/ \/
2{ b=ty + - — P S il L A
fam = Ar-Co-Ar =
\ I'J \ r{' \ I|'I
2 -.", < P . {r -_:. dinaphtrwloctatstrayne JJ \:::
i bt Ar-Co-Ar =
\_/ \ \/
2({ VY —cu + 31— N S i LY
- —( P
T T — s () e
= —{ Ar- G- Ar —(
\ |'; \ F \ I|JI

Figure 2.2: Sketch of the structure of the dinaphtylpolyynes (Ar-Ca,,-Ar molecules with
2 <n< 6) synthesized under an increasing number of Cadiot-Chodkiewicz cross coupling
cycles

lene, which simplifies the synthetic route to long polyynes chains with taylor-made end
caps, thus indicating its general applicability in the synthesis of a,w-diarylpolyynes.
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Chapter 3

Physical Synthesis

One of the most intriguing and challenging point for solid state physicists working on
carbon-based materials, is the introduction of the sp hybridization in the phase diagram
of carbon structures. Recent experimental observation by HR-TEM of spCCs forming
during the irradiation of graphene planes has strongly increased the interest for this field
[48.149], opening the way for the production of sp carbon based nano-devices. W. Hu and
co-workers proposed the fs-laser ablation of Highly Ordered Pyrolitic Graphite as a new
route for the production of micrometric sp-patterned sp? pure carbon material [50,51].
This technique represents an intriguing procedure: the formation of spCCs is under many
graphite layer due the focalization of the laser pulse just before the HOPG surface, as
a consequence the graphitic ”coating” prevents chains to react with reactive gases, thus
leading to longer shelf-life for spCCs. The carbon chains formation is strictly connected to
the fs duration of the laser pulse, indeed it is the huge local warming in such a short pulse
which sets the thermodynamics conditions suitable for the carbyne coalescence. If one
would use laser pulses longer than tens of fs, just after their formation, metastable spCCs
suddenly relax in sp? structures due to thermal heating which provides enough energy for
the activation of the graphitization process. With respect of the procedures mentioned
in sec which provide chemically mixed structures, these top-down approach lead
to the synthesis of pure carbon system.

Furthermore, also Bottom-Up approach have been explored attempting to produce
spCCs stabilized by graphitic fragments; the basic idea is to assemble clusters in suitable
thermodynamics conditions, under which it is energetically favored for the carbon atoms
to arrange in linear chains terminated by pure carbon end-groups.

In this framework A.A. Shvartsburg et al. showed how it is possible, by producing
carbon clusters through laser desorption of C60 films, the formation of spCCs, with a
length up to eight atoms, stabilized both by two fullerenes at their extremes [52453] and
inside a single fullerene (where spCCs can arrange as ”sticks” or as an "handles”) [52].
They interpreted those structures as intermediate steps in the fullerene road, where small
cages capture chains that will be eventually incorporated in the sp? network, leading to
the growth of the fullerene. By rapidly quenching the plasma plume they were able to
inhibit further evolution of those structures to fully sp? cages, and they then observed
those intermediate structures by ion mobility. Those results provide a first indication on
the feasibility of incorporating a stabilized carbon chain in a big cluster. It is interesting
to notice that just a defect on a sp? cluster is sufficient to serve as stabilizing site, that
can be either sp? or sp® hybridized carbon atoms.
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Figure 3.1: Structure and working principle of the PMCS

As a result, the most explored way for the synthesis of sp-sp? pure carbon materi-
als, is the production of carbon aggregates by means of cluster sources whose working
thermodynamics conditions allow the formation and survival of such metastable sp-sp?
structures.

During the last years many different sources have been developed for the production
of carbon clusters, as for instance laser vaporization and arch discharge . All these
techniques are based on the extraction of carbon atoms by huge heating of bulk graphite
through an highly focused laser bream or by igniting an electric arc respectively. Because
the plasma generated by the intense laser flux used for the graphite vaporization is too
hot, the thermodynamic conditions (T~ 10000K) typical for these kind of sources do
not allow the production of metastable sp-sp? structures but only fullerenic sp? clusters
composed by an even number of carbon atoms . Such an high temperature promotes
the formation of metastable aggregates but, without a rapid quenching, they immediately
rearrange in more stable full sp? structures.

On the other hand, Ton sputtering techniques, based on the extraction of the carbon
atoms from the target by momentum exchange between the impacting atoms and the
target , are more promising candidates for the production of metastable spCCs-
rich clusters. This is actually not a direct process (the emission of the atoms is due
to a recoil-like effect) but nevertheless the ejected atoms and molecules have kinetic
energies far higher than those extracted by evaporation sources and lower vibrational
temperatures.

3.1 The Pulsed Microplasma Cluster Source

With the purpose of the exploration of the wide zoology of structures (spCCs included)
that carbon can form along the fullerene road, P. Milani et al., form the LGM (Molecular
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The Pulsed Microplasma Cluster Source

Beam Laboratory) group of the Department of Physics of the University of Milan and
from Cimaina (Interdepartmental Center for Nanostructured Materials and Interfaces)
have developed a cluster source based on ion sputtering, where the gas expansion inside
the cavity is not just used to quench the aggregates, but also for the target ablation.
This source is named Pulsed Microplasma Cluster Source (PMCS) and it has been
demonstrated how it is possible to use it for the synthesis of metastable sp-sp®> pure
carbon clusters . The PMCS consists in a cylindrical cavity (1.8 cm?®) in which

8508-03

I?s?- ]

685902

602003

Figure 3.2: Deunsity plot (top left) pressure plot (top right) of the gas inside the cavity
source as reported by K. Wegner . (Bottom left) SEM image of the graphite cathode
after the ablation, (bottom right) magnification of the ablated region.

a rotating solid target made of the sp? carbon (graphite) is vaporized by a localized
discharge supported by a pulsed injection of an inert gas (He 6.0) at high pressure
(30bars) through a solenoid valve (General Valve Corp., Series 9) linked to one extreme
of the cavity (see fig. [3.1). The supersonic expansion of the inert gas, due to the
high pressure difference , forms an high density and highly localized region near the
cathode where occurs the ablation of the graphite rode . Few pus after the valve
opening, an intense discharge (1 KV) between the cathode (graphite rode) and a copper
anode ionizes highly localized He atoms, thus producing the plasma responsible of the
ablation of the graphite rode’s surface (see ﬁg. Because of the plasma confinement,
also the ablation of the graphite rode is highly confined, as can be seen in fig[3.2]

The vaporized carbon atoms aggregate in the cavity at high temperature (2000 < 3500
K) and with a density of 1.8 + 2.5 g cm ™3 , thermodynamics conditions which do not
inhibit the formation of metastable carbon clusters where sp and the sp? hybridization
can coexist. Thanks to the high atomic kinetic energy, the plasma expands rapidly and
thus this aggregation stage results quite short (few ns). After this first "hot” step where
the formation of metastable sp-sp? carbon clusters occurs, there is a second ”cold” step
where clusters atoms thermalize and are ”frozen” at 100K due to the rapid adiabatic
supersonic expansion of the non-ionized He( [30]). In this stage a second aggregation
process occurs: primary clusters aggregates to form bigger nanoparticles which are then
driven out of the source cavity by the supersonic expansion of the inert gas through
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a nozzle to a vacuum chamber (expansion chamber, at a pressure of about 10~%mbar).
Because of the high pressure difference between the source cavity and expansion chamber
and the exploitation of aerodynamic focusing effects, the neutrally charged clusters exit
from the source in the form of a highly collimated beam with a divergence lower than 1
degree and with the kinetic energy described in previous works .

Trajectories of

He/Ar Gas
[Ar G nanoparticles with St ~ 1

+ particles

Figure 3.3: sketch of the aerodynamical focusing set-up and working principle
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Simulation of sp-sp? pure carbon clusters growth

In fig[3:3] is reported a sketch of the focusing set-up: it consists in a sequence of
aerodynamic lenses (disks with a hole of 2 mm in their centre) which provide successive
axisymmetric contractions-enlargements of the aerosol flow passage. The working prin-
ciple of this nozzle is based on simply aerodynamical considerations. The fundamental
parameter which controls the focusing system is the nanoparticles Stoke number s = 7,
where 7 is the relaxation time and d is the hole diameter (assuming for convenience
spherical clusters). Nanoparticles with s = 7 < 1 follow fluid streamlines closely, i.e.
they are not focused. On the other hand, nanoparticles with s> 1 will escape from the
gas streamlines where the flow decelerates and are stopped against the focuser’s walls.
As a consequence only clusters with s~ 1 are focused on the beam axis, thus, by using
aerodynamical lenses with different hole diameter d, it is possible to select, just through
aerodynamical consideration, the range of mass that can be focused [30].

3.1.1 Simulation of sp-sp? pure carbon clusters growth
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Figure 3.4: TBMD simulations of carbon clusters growth under different thermodynam-
ics (temperature and density) conditions [60]

The possibility of synthesize carbon chains is thus tightly connected to the thermo-
dynamic conditions that characterize the PMCS source, as spCCs are an exotic and
evasive form of carbon extremely reactive with gases and unstable at high temperature.
Therefore thermodynamics conditions (temperature and pressure) are the fundamen-
tal parameter that can be tuned in order to find the optimal conditions for the spCCs
production and survival.

In the past have been carried out Molecular Dynamic simulation in order to better
understand the pathway of the formation of big clusters produced with the PMCS source.
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M. Bogana et al. showed how both even and odd clusters can be formed and that sp
chain-like structures are embedded (i.e., stabilized) in cage-like clusters, thus providing
a mixed sp-sp? hybridized system [59].

Furthermore Yamaguchi et al. performed Tight Binding Molecular Dynamic (TBMD)
simulations arranged so as to mimic the cluster formation conditions typical of a PMCS
source [60]. The formation of linear, ring-like and fullerene-like objects in the carbon
plasma is found to proceed through a very long multistep process. Therefore, tight-
binding simulations of unprecedented duration have been performed by exploiting the
disconnected topology of the simulated carbon plasma. These simulations demonstrated
how many different structures can be formed in experiments, depending on the plasma
temperature and density. As it is reported in fig. [60], the possible aggregates can be
divided in three main families. Isolated spCCs or rings form with temperature of about
3000K and low density (pink quadrants), fullerene-like cages form with temperature
range of 1500 —2500K and variable density (light blue quadrants) while spCCs embedded
in graphitic-like flat structures can be produced at low temperature, about 1000K, and
over a wide range of carbon atoms densities.

This simulations demonstrate that the thermodynamics conditions inside the PMCS
source are suitable for the growth of metastable sp-sp? carbon clusters. Furthermore, as
discussed in the previous sections, it is necessary that this extremely evasive aggregates
cool down after their formation, otherwise they undergo to relaxation towards more
stable pure sp? structures. The supersonic expansion of the non-ionized carrier gas
which occurs immediately after the coalescence process of primary clusters, provides
this quenching and as a consequencesp-sp? carbon aggregates can survive and then used
for the cluster assembly of pure carbon materials.

3.1.2 NEXAFS characterization of the cluster beam

As it has been demonstrated through Time of Flight-Mass Spectrometric measurement
on clusters in the gas phase, the PMCS thermodynamics conditions favor the coalescence
of pure carbon clusters with a large variety of structures quite far from the Most Stable
Isomer (MSI). The typical mass spectra of carbon clusters produced by the PMCS and
focused with aerodynamical lenses set-up is reported here [61]. The mass distribution is
lognormal, as usually observed in gas phase grown particles |62,/63] and, despite of what
occurs with other cluster sources (PACIS, PVLS), one can observe the presence of very
large clusters, composed by both an even and odd number of carbon atoms [61]. In the
recent past L. Ravagnan et al. demonstrated by gas-phase, i.e. as free nanoparticle prior
the deposition, Near Edge X-ray Absorption Fine Structure (NEXAFS) experiments the
presence of the sp phase in the cluster produced with the PMCS [64]. In NEXAFS a core
electron is excited to an unoccupied molecular orbital and the resulting core hole filled
through fluorescent decay or an Auger process. For carbon the latter is preponderant
and by collecting the emitted electrons one obtains a peak in the spectrum each time the
exciting photon energy matches the difference between the core level and an empty o*
7* orbital. NEXAFS is thus capable of identifying the chemical bonds present and, via
a building block approach, quantify their abundance. The fraction of NEXAFS signal
related to sp bond Xy, is defined as:

Ao
X,p = 100 x [me=cl (3.1)

Alme=cl + Alreel

24



Supersonic Cluster Beam Deposition
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Figure 3.5: NEXAFS spectra of the free NPs acquired in the 11 delay time windows
compared to the in situ NEXAFS spectrum of the NP assembled film deposited at RT
(dep. 300 K). The acetylene and ethylene 7* resonances are indicated as dotted lines [64].

where A[r{_.] and A[r’.] are integral intensities from the spectra in fig. in two
0.6 eV wide energy windows centered at 284.7 eV and 285.9 eV, respectively (shaded
regions in fig. . Thanks to this definition X, is the percentage of the integrated
intensity of the NEXAFS spectra in the energy region relative to the 7* resonance for
sp hybridization, in respect to the integrated intensity in the regions relative to both sp?
and sp hybridizations. As can be see in fig3.5] which reports NEXAFS spectra acquired
at different delays (the delay time is the residence time of the NPs in the cavity plus a
small interval due to the time of flight from the source to the interaction region), free
carbon clusters contain an amount of sp carbon atoms as a function of the residence time
in the source. This is due to the aggregation of primary clusters, which remains longer
in the source, that induces the graphitization of sp carbon atoms. As a consequence,
the less a cluster stays inside the source, the more is the fraction of sp carbon atoms
(see ﬁg. The deposition process at room temperature further provides, due to the
thermal energy released during the impact onto the substrate, the re-oganization of a
large number of spCCs in more stable sp? structures.

This NEXAFS measurements demonstrated the sp hybridization of free carbon clus-
ters and clarified the evolution of their structure on a millisecond time scale under low
temperature conditions in an inert atmosphere. These results confirm the prediction of
the TBMD simulation carried out by Yamaguchi [60]about the growth of sp-sp? clusters
in the PMCS and show that free carbon nanoparticles can have a complex structure with
varying relative amounts of sp and sp? bonds.
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Figure 3.6: Evolution of the sp carbon atoms fraction with the delay time; for the
deposited film is the sp fraction is indicated as a dashed line [64].

3.2 Synthesis of sp-sp? pure carbon films

3.2.1 Supersonic Cluster Beam Deposition

The crucial point for obtaining a cluster assembled sp-sp? pure carbon film, is that
metastable clusters should not break during the deposition process. Thus it is necessary
for the kinetic energy per atom to be smaller than the cohesive energy per atom of the
cluster, otherwise during the deposition it would released enough energy for the graphiti-
zation of the metastable cluster [65]. As a consequences, the fundamental parameter that
controls the deposition regime is the kinetic energy/atom of the cluster (k) compared
to the cohesive energy/atom of the cluster (e). The tendency of the clusters to preserve
their structures or to fragment during the impact onto the substrate, their mobility on
the substrates surface and the morphology of the deposited thin films strongly depend
from these quantities. One should consider two limit cases:

e LECBD, Low Energy Cluster Beam Deposition: cluster deposit on the substrate
with k£ < e. In this case deposited clusters preserve their original structure (mem-
ory effect, see ﬁg. Cluster assembled film obtained in this regime are charac-
terize by high porosity and half density with respect of bulk films.

e HECBD, High Energy Cluster Beam Deposition: In this case deposited clusters
do not preserve their original structure, that is k > e. With such an high kinetic
energy, during the impact with the substrate the clusters completely break, loosing
their pristine structure. Cluster assembled film obtained in this regime are charac-
terize by an high adhesion to the substrate and have the same density of the bulk
films.

In order to obtain an sp-sp? pure carbon films it is necessary to deposit carbon cluster
produced with the PMCS with a LECBD technique. Among LECBD techniques, Super-
sonic Cluster Beam Deposition (SCBD) attracted much interest in the last decade. The
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Supersonic Cluster Beam Deposition

Figure 3.7: Tight Binding Molecular Dynamic simulation of low energy deposition of a
carbon cluster beam characterized by a bi-modal mass distribution. Carbon aggregates
are in form of chains and rings until 23 atoms and cages until 146 atoms. The ratio
between the two modes is 5: 1 in a) and 10: 1 in b)

use of supersonic beams of clusters allows a stronger control of the cluster mass distri-
bution and kinetic energy with the possibility to obtain very high deposition rates
and very collimated beams . As described in the previous section, by exploiting
simple aerodynamic effects, one can control the divergence of the supersonic beam and
the mass distribution of the particles in it (this allows to tailor the properties of the
produced films [68]).

By producing carbon clusters with the PMCS (k ~ 0.3eV/atom, € ~ 7eV /atom)
and depositing them by using SCBD, it is then possible to obtain an high collimated
cluster beam whose deposition leads to the synthesis of sp-sp®> pure carbon films. D.
Donadio et al. have demonstrated, through Tight Binding Molecular Dynamic (TBMD)
simulations, that the structure of fullerenic precursors is preserved after the deposition
in a SCBD regime (ﬁg [69]. Although in these simulations sp phase has not be
taken into account, the results indicate that the sp? cages (which contains spCCs) do
not break during a deposition in the low kinetic energy regime, thus preserving their
pristine structure (memory effect).

In ﬁg is reported the NEXAFS spectrum of a sp-sp? pure carbon film obtained by
depositing by SCBD carbon cluster produced with the PMCS . As can be clearly see
a fraction of spCCs survives after the impact onto the substrate at room temperature.
A graphitization process can be induced by increasing the substrate temperature till
350K, thus providing another proof of the metastability of the spCCs embedded in the

sp? matrix .
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Figure 3.8: Total electron yield NEXAFS spectra (normalized to the post edge region
as indicated by the arrow) of NP assembled films deposited at 300 K (RT) and at 350
K. The difference spectrum is indicated in black, and its Gaussian fit is shown in the

inset
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Chapter 4

Multi-wavelength
resonant-Raman spectroscopy

4.1 The Raman effect: classical description

The Raman effect is a scattering process where photons interacts with molecular or lattice
vibrations of molecules and solids respectively. This effect can thus be exploited for the
identification of species/materials form their vibrational features. Raman spectroscopy is
based on the analysis of the spectrum resulting form the scattering between the incident
radiation and the sample. The major part of the photons will emerge with the same
energy and momentum, as they experienced elastic scattering process, while only few of
them will suffer inelastic scattering, thus loosing or gaining some energy (i.e. slightly
longer or shorter wavelength respectively).

For concision I'm going to present the classical description of the Raman effect of
molecules, then it is possible to easily extend the findings to bulk systems.

Form a classical point of view the Raman effect can be described by considering that
the polarizability @ of a molecule can vary due to normal modes vibrations Cj, and thus
as a first approximation the polarizability can be written as expansion in powers of the
normal modes vibrations:

a(k,w, Q) = dap(K,w) + —=(K,w) - Q+... (4.1)

where k and w are the wavevector and the frequency of an incident electric field:
E(F,t) = Eycos(k - T — wyt). (4.2)
Then one can consider a normal mode represented by a cosinusoidal function

Q(8,t) = Qp cos(q - § — wot) (4.3)

where d and § are the wavevector and the frequency of the normal mode, then by
substituting eq. and [£.3] and remembering the general equation of the electric dipole
given by oscillating charges P = @ - E, we obtain
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P =djy - Eycos(k; - T — w;t) +

+§g(1‘£, w) - Q(G,wo) - Eg cos[(k; + @) - F — (w; + wo)t] + (4.4)
+(§Z§,(E7w) . Q(d’, wo) - Eo cos[(k_; —q) T — (w; —wp)t].

The first term on the right hand of the equation above is the one describing the elastic
scattering between the incident photons and the normal mode of the system (Reyleight
scattering). Photons experiencing this kind of process are diffused with the same energy
and momentum as before as the scattering occurs. The second term is related to process
where a photons emerge with energy greater than the before the scattering (anti-Stokes
process) due to phonon emission while the last term is the case where photons loose
energy due to the phonons absorption (Stokes process). One should notice that Raman
effect occurs if and only if state that:

op
90 7" (4.5)

otherwise only elastic scattering is accessible. .
Then by introducing a unit vector in direction @ = % of the lattice displacement,
it is possible to define the Raman tensor as:
. da. -

R=(55@ (4.6)

Assuming é; and és to be the unit vectors of the polarization of the incoming and
scattered light, respectively, the Raman scattering intensity I is proportional to |é; -
R é|? and consequently to the squared absolute value of the partial derivative of the
polarization & over the lattice vibrational patterns. In order to have Raman effect, it is
thus necessary that g—% # 0 at the equilibrium vibrational position Q.

However this classical description is useful just to understand the origin of the Raman
effect as inelastic scattering process, but it completely fails in describing the difference
observed between experimental Stokes and anti-Stokes peak intensities and the strong
enhancement of the Raman signal as the incident photon energy match an electronic
transition.

4.2 The resonant Raman effect: quantum-mechanical
description

As mentioned in previous section, the classical description of the Raman effect is not suf-
ficient to understand all the features one can observe during Raman experiments. First
of all the intensity of Stokes and anti-Stokes is not the same, in particular processes in-
volving the phonon absorption (Stokes, initial state is the ground state) are more intense
than the ones characterized by the emission of a phonon (anti-Stokes, the initial state is
an excited vibrational state). This can be understand by considering the ratio between
the vibrational ground state and the vibrational excited states at room temperature:

Iantifstokes Nl g1 _AEy
— = =-——exp fT. 4.7
Istokes Ny go ( )
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MWRR spectroscopy
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Figure 4.1: (a) scheme of non-resonant Raman scattering where the electronic transi-
tion are between virtual states;(b) the resonance Raman effect occurs when electronic
transition are between actual electronic excited states

where Ny and N; are the population of the vibrational ground state and the excited state
respectively, go g1 the related degeneracy AF,, is the energy difference between these two
states. It is thus clear that as at room temperature AE,._,, > K,T, then the vibrational
ground state is much more populated than any excited ones and therefore transitions
involving the vibrational ground state as initial state have an higher probability to occur,
i.e. they are more intense. In figl4.2|(a) the non resonant Stokes and anti-Stokes process
are sketched.

A little bit more complex is the case of the activation of the resonance effect. For the
comprehension of such an effect it is necessary to calculate, by using the perturbation

o 42 2 .
theory, the Raman cross-section —&* oc |ctym| 55> where:

Qo = hz nG|M |Rr)(Rr|M,|Gm) n (TR|M0|Gm>(nG|Mp|Rr>] (4.8)
Rr — Vk — Vo + 1 VRr — Vg + Vo +17r

where M,,(Mg) is the electronic transition dipole moment in terms of a molecule fixed
coordinate system . vo and vy are the frequency of the excitation radiation and the
normal mode Qj respectively, and the indices "R” and ”r” are related to electronic and
vibronic states (the damping factor v, is the correspondent lifetime). One should note
that for the Raman transitions all vibronic states have to be considered and thus Raman
intensity is given by the transition probabilities involving all states, even though those
referred to the electronic ground state. If the exciting energy hig is small compared
to the energy of any vibrational transition hvg, one can neglect the damping term and
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determine the relative weights of the individual terms in the previous equation as given
by the denominators. In these conditions, the contributions of the four electronic states
to the scattering tensor are comparable. On contrary, if the incident photon energy
approaches the energy of an electronic transition, then for this specific transition the
term (vg, — v — 1)~ dominates over all other terms in the sum. These are the
conditions of the resonant Raman effect and eq[4.8) can be simplified as follows:

(nG M Rr)(Rr M,|Gm

o= L EZ 1y ) 1 G W)
h — v — Vo + 1Yy

where summation is now restricted to the vibrational states r of the resonant electroni-

cally excited state. Then, by using the Born-Oppenheimer approximation it is possible to

separate the ionic and the electronic coordinates, thus obtaining a further simplification

of eq[L.9}

(nR)(rm)Mcr,,Mcr.o
Wl oe = § . 4.10
|l p n Uk — Vo + iy ] ( )

The electronic transition dipole moment components Me R,p, related to the resonant elec-
tronic transition between the ground state G and the excited state R, can be expanded in
Taylor series over the normal coordinates Qi and, within the harmonic approximations
by neglecting higher order terms, thus obtaining the scattering tensor as the sum of two
terms, the AlbrechtOs A- and B-terms [72].

|anm‘po ~ Apa + Bp0~ (4.11)

For the sake of brevity, it is now enough to remind that both the two terms represent
different scattering mechanisms but the leading parameter for the two terms are the
dominators which rapidly vanishes as the excitation energy approaches the frequency
of an electronic transition. If MgR term is large, then the A term which scales as
|]\2f8 R|2, increase more rapidly than the B term and thus it is the leading term. As a
result the phonon intensity enhancement strictly depends on the factor (nR)(rm) (Franc-
Condon term) and therefore on the geometry of the excited state involved in the resonant
transition.

On the other hand, also the B term can be responsible of the enhancement of the
Raman intensity. For this kind of resonance, the crucial parameters is the derivative of
the dipole moment with respect of the normal mode coordinate |72]. This term is the
leading one for those modes that can effectively couple to an electronic transition and
thus may gain Raman intensity even when the resonant electronic transition is relatively
weak.

Beyond these formal treatment, one has to note that the border between non-resonant
and resonant Raman effect is not sharp. Indeed it is not necessary that the incident pho-
ton energy exactly matches the energy of an electronic transition, but in order to obtain
the enhancement of these modes it is enough that the exciting frequency is relatively
close to the maximum of the electronic transition. It is possible to compare the non-
resonant intensity with the resonant one (considering A term mechanism); for the latter
it is possible to obtain a simplified version for Stokes scattering under pre-resonance
conditions, that is by neglecting the damping factor (i.e., v, — vy > r):

(vo — v)* (5 — Vi)
Lim.rr ~ (Vo — vi)* . 4.12
o =) 12
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MWRR spectroscopy
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Figure 4.2:

Now one can evaluate non-resonant and resonant Raman intensity by considering the
resonant transition RR and the non-resonant transition Ra and by considering the ratio:

Inm,RR -~ (VO - Vk')z(l/g - V]%})
Inm,Ra (’/122 - V8)2

(4.13)

which represents the resonance enhancement. This value can vary from 102 even to 106
for rigorous resonance conditions (for which eq doesn’t hold anymore) depending
on the other quantities that control the scattering tensor, i.e., the Franck-Condon fac-
tor products, the square of the electronic transition dipole moment, and the damping
constant. Generally speaking one can state that the intensity gain given by exploiting
resonance effect scales with the square of the extinction coefficient of the electronic ab-
sorption band at the excitation line. As a consequence the Raman intensity increases
thanks to the resonance effect and become comparable to that of UV-vis absorption
spectroscopy.

For a complete and exhaustive quantum treatment of the resonant Raman effect,
please look at here [72].

4.3 Resonant Raman spectroscopy

As briefly described before, Raman spectroscopy is a powerful technique for the study
of the vibrational properties of molecules and solids. A typical Raman spectrum is
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composed by the Reyleight component (elastic scattering) and Stokes features which
are shifted from the elastic one by the energy related to the absorption of one phonon
(Raman shift).

Let us now focus on what happens with solids where lattice vibrational modes are
quantized (phonons) and thus they are propagating waves characterized by a dispersion
relation w|k| = f(k). From the conservation of energy and linear momentum during the
inelastic scattering process it follows that:

N
kinc = k3¢ + Z(_l)‘)‘Zkfh (414)

1=

1
hwinc - ﬁu}sc + (_1)alha}i(k€)h) (415)

=1

where « is 1 is a photon is destroyed and 0 if it is created. By considering that the photon
momentum is quite small with respect of the phonon one, equation becomes:

N

> (=) K" ~0 (4.16)

i=1

and considering only the first order process eq also provide Raman selection rules
similar to those of bi-atomic molecule:

kPhomon (4.17)
(|hwinc—hWSC|) = hw(kph)’

As a consequence phonos produced by inelastic scattering are characterized by null
momentum and energy given by the Raman shift. As reported in fig/f.2]only one phonon
energy is detectable by first order Raman, corresponding to the crossing of the dispersion
curve with the £ = 0 axis, i.e. the I' point of the first Brillouin zone. Typical energies
for optical phonons are about few meV.

It is interesting to notice that in a solid the number of vibrational modes grows as
3N — 3, where N is number of atoms in the unit cell, and their classification is based on
the irreducible representation of the crystal structure. Remarkably with N = 1 optical
modes are not present while they occur from N > 1 and only some of them are detected
by Raman spectroscopy.

As described in the previous sections, Raman effect occur only if an anisotropic
variation of the polarization is induced by the interaction between lattice vibrations and
the incident electromagnetic field. By summarizing these observations, one can conclude
that with Raman spectroscopy it is possible to detect phonons having £ = 0 and whose
lattice vibrational patterns provide g—“ # 0 at the equilibrium position.

Although not all the vibrational modes of a system are Raman active, some of them
can nevertheless absorb electromagnetic radiation. This is the case of infrared absorption
where photons in the infrared range of the electromagnetic spectrum can be directly
absorbed (this is not a scattering technique) by the material in order to create a phonon
with the same energy. For what concerns the distinction of Raman and infrared active
modes, it cannot be found a rule which holds for all the cases but, if the inversion is
included in the group of symmetry of the crystal, then it holds that Raman and infrared
active modes are complementary.
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MWRR spectroscopy

In the previous section I demonstrated how by changing the energy of the exciting
photons it is possible to exploit the resonance effect. In case of mixed system made of
molecules, it means that the strong enhancement will occur only for those Raman active
vibrational modes whose electronic bonding state is resonant. By resonant Raman spec-
troscopy it is thus possible to ”bond-selectively” study the vibrational states of molecules
for which the bonding electrons have discrete energy level and thus resonance occurs for
well defined photons energy. Regarding solid state systems, electronic transitions are
responsible for the production of lattice phonons and involve states belonging to the
valence band. Indeed, electrons in solids are not discretize as in molecules, but they
occupy a continuum of states, i.e. energy bands E(k), up to the Fermi energy. Both
for low-gap semiconductors (Er is between valence and conduction band), metals (Ep
cross one or more bands) and semi-metals (conduction and valence band coincide at least
in one k-point in the Brillouin zone), resonance effect occurs since there are electrons
which can be promoted in an unoccupied state in the conduction band. In solids where
are present mixed covalent bonds (i.e. solids where different hybridizations coexist),
resonant Raman effect can cause the variation of the intensity ratio between different
peaks if different excitation wavelength are used. Thus by performing multi-wavelength
resonant Raman spectroscopy also the electronic structure (i.e. the optical gap) of the
investigated system becomes accessible and it is also possible to distinguish between
vibrational modes associated to different bonds having different resonant behavior.

In practice, the Raman effect has a very weak cross section, namely during Raman
measurement of solid state samples one has for 1 photon elastically scattered only 10~
Raman photons. This is way one should use monochromatic source, i.e. lasers, notch
filters to remove Reyleight scattering as much as it is possible, a monochromator to
well separate elastic and inelastic scattered photons and an efficient detector capable to
identify also very weak signal, usually a CCD (charge coupled device).
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Chapter 5

Infrared Spectroscopy

5.1 Infrared absorption

As briefly mentioned in the previous section, another powerful technique for the study
of the vibrational properties of a system is infrared (IR in the following) spectroscopy.
Despite Raman spectroscopy, IR is not a scattering based technique but rather an ab-
sorption technique and thus it is controlled by the electrical dipole moment operator fi,

defined as:
frg = Zeaqa (5.1)

where e, is the effective charge at the atom a and q, is the distance to the centre of
gravity of the molecule in Cartesian coordinates. As for the Raman effect, I present a
rigorous treatment of the infrared absorption valid for molecules, then in can be extend
to solids with some modifications. In order to have IR absorption for a certain transition
n — m, it has to occur that the associated transition dipole moment [{i4]mn is non-zero.
In order to check if a vibrational mode is IR active, we can expand i, in Taylor series
with respect of normal coordinates Qj and, within the harmonic approximation, and we
can consider just the linear terms:

3N—6
fig = g+ Y gQr (5:2)
k=1
where: 5
~k Hq
== . 5.3
it = (555). (5.3
Now by evaluating the mean value of the transition dipole moment we obtain:
3N—6
(6] = (Whlivgln) = pgWintbn) + Y fig | Qeliin)- (5.4)
k=1

The first term on the right-hand side of eq[5.4] vanishes as 1,,, and 1,, states are orthog-
onal. As a result, in order for a phonons to be IR active, two conditions have to hold: (i)
the derivative of the dipole moment with respect to the normal coordinate Qi in eq[5.4]
must be non-zero, which requires that the normal mode is associated with a change in
the dipole moment (ii) the integral (¢, |Qk|%,) must be non-zero, which is the situation
when the vibrational quantum numbers n and m differ by one.
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5.2 Fourier-Transform Infrared spectroscopy

Infrared absorption by molecules, liquids and solids can be measured by using two dif-
ferent spectrometric families: dispersing and interferometric spectrometers. Fourier-
Transform infrared spectroscopy (FT-IR in the following) belong to the second families
and is characterized by many advantages with respect of dispersing technique:

o Fellget advantage: FT-IR collects all resolution elements with a complete scan of
the interferometer. Successive scans of the FT-IR instrument are co-added and av-
eraged to enhance the signal-to-noise of the spectrum. When spectra are collected
under identical conditions on dispersive and FT-IR spectrometers, the signal-to-
noise ratio of the FT-IR spectrum will be greater than that of the dispersive IR
spectrum by a factor of v/M, where v/M is the number of resolution elements.
For instance, a 2 cm ™! resolution 800 — 8000 cm ™! spectrum measured in 30 min-
utes on a dispersive spectrometer, by using a FT-IR one it is possible to collect a
spectrum, with the same S/N ratio, in just 1 second;

e Connes advantage : an FT-IR spectrometer uses a HeNe laser as an internal wave-
length standard. The infrared wavelengths are calculated using the laser wave-
length, itself a very precise and repeatable standard. As a consequence the assign-
ment of the vibrational features present in the spectrum is very repeatable and
reproducible;

e Jacquinot advantage: FT-IR uses a combination of circular apertures and interfer-
ometer travel to define resolution. To improve signal-to-noise, one simply collects
more scans;

on the other hand, there are also some disadvantages:

e FT-IR collects interferograms, not spectra. In order to convert an interferogram
into a spectrum a Fourier transform has to be used. The main issue is how the
transformation is performed, since it can affect the spectrum itself, and thus care
must be taken ;

o Fellget disadvantage : all regions of the spectrum are observed simultaneously and
thus, if noise occurs in one part of the radiation from the infrared source, it will
be spread throughout the spectrum in an FTIR system;

e FT-IR are single beam spectrometer. If the experiment takes long time, changes
in the experiment conditions can affect the results;

It is interesting to notice that the intrinsic problems of FT-IR spectroscopy can be
easily fixed by some observation. First of all at present day thanks to the dramatic
increase of computers performances, performing Fourier transform is a quick and easy
process. Secondly, by using detectors noise-limited (as in the Mid-IR case) then the
Fellget advantage applies but not the Fellget disadvantage. For the last point, it is
much safer, in order to preserve the experiment validity, to maintain the optical path in
vacuum conditions (namely at least 10! mbar) or, if this it is not possible, to flux IR
inactive gases, as for instance No, in order to clean the optical path form CO5 and HsO
mostly.
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FT-IR spectroscopy

5.2.1 Theory

In this section I briefly report the basic principle of the Fourier-Transform infrared
spectroscopy theory. As previously mentioned FT-IR spectroscopy is an interferometric
technique and thus the crucial part of such a spectrometer is represented by the Michelson
interferometer (a scheme is reported in ﬁg, whose working principle can be sketched
as follows: a light beam passes through a beamsplitter and then the emerged beams
are reflected at either the movable or fixed mirror and finally they recombine at the
beamsplitter to proceed to the sample and then to the detector. Now, let us consider an
incoming electromagnetic field incident on the beam splitter:

E = By, cos(kx — wt) (5.5)

where E,, is the field amplitude, w it frequency and k = )\io its wavenumber (\g is the
corresponding wavelength). Then, the beam reflected by the fixed mirror and just after

the beam splitter can be written as:
Ey = CE,,[kz — wt] (5.6)

C is a constant depending on the optical properties of the beam splitter and on the
polarization. For what concerns the beam reflected by the movable mirror, the related
field can be written as:

Ey = CE,, cos[(k(z +y) — wt)] (5.7)

where ”y” is the path difference. Then, by summing the two fields, using prosthaphaeresis
relation for sum of cosine functions, time averaging the results and considering the
difference path, or retardation &, one obtains the intensity of the beam at the detector,
i.e. the interferogram is given by:

/ 1
I(0)= 510(1 + cos 27r>\£0) (5.8)

This expression can be divided in two terms, a constant term %Io plus a variable term
1(0) = %IO cos 2mdry, with vy = )%O, which is a function of the retardation 4 induced
by the interferometer. Only the variable component I(9) is important in interferometric
spectrometry and, usually, is referred to as the interferogram. However this results holds
for ideal detector having the same response at all wavelength, ideal beam splitter and
amplifier characteristics. Nevertheless it is possible to group all these corrective factors,
plus the intensity of the source at a given frequency in a coefficient B(vy), i.e. the single
beam spectral intensity. This parameter gives the intensity of the source at the given
wavenumber vy as modified by the instrument characteristic. As a consequence eql5.§|
can be rewritten as follows:

S(6) = B(vp) cos 2mdvg (5.9)

and mathematically now S(J) is nothing but the cosine Fourier transform of B(vp). As
the source is a continuum, S(J) become an integral over the whole retardation o:

5(5) = / o B(D) cos 2m8irdi (5.10)

— 00
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and the inverse transform gives the response in the frequency domain:
+oo
B(v) = / S(0) cos 2mdvdo. (5.11)

Finally we notice that the integrand is an even function, thus the integral in eq. can
start from 0 and furthermore that in actual measurement, it is not possible to explore
all the retardation, as a consequence the upper limit of the integral cannot be oo:

B(v) = /OVM S(6) cos 2mdvdo. (5.12)

As a result, this frequency limitation implies that the resulting spectrum will have a
finite resolution. For a deep and detailed formal description about FT-IR, please look
at here [73].
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Chapter 6

Computational method

6.1 The Density Functional Theory

In condensed matter physics and chemistry one of the most important issue is the many-
electron problem, that is how can be exactly found the ground state of a system where
electron interacts with themselves, with ions and, in some case, with an external pertur-
bation. The Density Functional Theory (DFT in the following) |74l[75]is a ground-state
theory developed to approximate in the more precise way the ground state of many-
electron wavefunction Vg (7i01,...,7,0,). DFT is based on the assumption that the
relevant physical quantity is the ground-state one-body electron density, despite of the
ground-state wavefunction. As a result DFT, by providing the solution of a one-electron
Schrédinger equation with a local effective potential, finds the ground-state properties of
the many-electron system. In this section I show the fundamental basis for the develop-
ment of DFT, that is the two Hoenberg-Kohn theorems and the consequent Kohn-Sham
equations which determine the exact electron density and energy of the ground state of
the system.

T 1 First Hoenberg-Kohn Theorem There is a one-to-one correspondence between
the ground-state density of a N electron system and the external potential acting on it.

In other words, given an interaction between electrons U, the external potential V¢ (r),
and thus the total energy, is a unique functional of the electron density p(r). The ground-
state properties is thus determined by the electron density and the total energy of the
system can thus be written as:

BT [p(r)] = Vear[p(r)] + Tlp(r)] + Uee[p(r)] + /p(r)Vext(r)dr + Fux[p(r)]  (6.1)
where T'[p(r)] is the kinetic energy, V[p(r)] = Vezt[p(r)]+Uee[p(r)] is the potential energy.
The H-K functional F gy [p(r)] depends only on the electron density of the system.

T 2 Second Hoenberg-Kohn Theorem The ground-state energy can be obtained by
a variational approach: the density that minimizes the total energy is the exact ground-
state density.

As previously mentioned, DFT reduces the many-body problem to the determination
of a functional p(r) which minimizes F[p(r)]. This result is only apparently exact as
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the functional which contains the exchange-correlation term Fpg[p(r)] is not exactly
known. Although the H-K theorems are extremely powerful, they do not offer a way of
computing the ground-state density of a system in practice.

Kohn and Sham devised a simple way to overcome this limit by preserving the exact
nature of DFT. K-S equation are derived by minimizing EfX[p(r)] with respect of
the density p(r). The starting point is to imagine a fictitious system of non-interacting
electrons, whose ground-state density po(r) equals p(r). Indeed the H-K theorem applies
to any electron system, no matter if it is interacting or non-interacting and, for the non-
interacting electrons it guarantees the existence and unicity of an external potential
vY,(r) producing the ground-state density ng(r). The ground-state wavefunction of the
non-interacting electrons is just the Slater determinant A{$1¢2...¢n} of the orbitals
¢; of the lowest energy of the system. The related ground state density is the defined as
po(r) = >, 05 (r)oi(r). As po(r) and p(r) are equal the previous decomposition holds also
for the interacting electrons provided that exact ground-state of an interacting system
is not the Slater determinant formed with the orbitals contributing to p(r).

Once extracted the Hartree and the kinetic term from the expression of the functional
then it can be written as:

E"K (o(e); Var(r)] = Tolp] + Virlp] + / P Vot (1) + Bl (6.2)

where:
Eqelp] = Tlp] — To[p] + Vee(r) = Vi (r). (6.3)

By applying the variational procedure to the H-K functional, for the above terms one
obtains the same result he will get within the Hartree-Fock framework. The novel part
is the calculation of the variation of § E,.(p) which is defined as:

pl = /Vmc(r)én(r)dr = /Vmc(r)éz¢f(r)¢i(r)dr (6.4)

where:

0 Ezc|p]
on(r)
is the functional derivative of E,.[p]. Then, a straightforward variational calculation of
the H-K functional, combined with the statement of eq[6.4] and leads to the K-S

equations:

h2v2
[ om + Vet (r) + Veour(r) + VEC(I‘)} ¢i(r) = €igi(r). (6.6)
Once K-S orbitals and energies have been determined, then it is possible to get the
ground-state total energy of the many—electron system:

Fo= e 3 (605l |¢>Z¢j )+ Enlpl =~ [ Viclr (6.7)
ij

and thus any difficulties in this calculation is shifted to the reasonable guess of the
exchange-correlation functional E,.[p], which is not exactly known. Although K-S equa-
tion provide the exact ground-state electron density and energy of the electron system,
the €; orbitals energy remain just Lagrange multipliers and their identification with one-
electron energies is to be justified case by case. In practice, DFT calculations based
on approximate forms of E,. usually tend to underestimate the energy band gap in
insulators and semiconductors.
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Density functional theory framework

6.1.1 The Local Density Approximation

With respect of Hartree-Fock equations, obtained by approximating the total electron
wavefunction with a Slater determinant, K-S ones are a set of exact equations. However,
are discussed in the previous section, in the K-S framework the F,.[p] functional is not
known in principle and therefore it is necessary to adopt some approximations in order to
solve the K-S equation. One of the most used approximation for the exchange-correlation
potential is the Local Density Approximation (LDA) which is based on the assumption
that E,.[p] can be replaced by a function of the local density:

ELPAY) = / e (p(r))p(r)dr (6.8)

In eq[6.8 ,c(p(r)) represent the many-body exchange-correlation energy per electron of
a uniform gas of interacting electrons with density p(r), which is particularly justified
in system with reasonably slowly varying spatial density p(r). Then the exchange-
correlation potential becomes:

degc(p(r))
dp(r)

Within the LDA approximation the ground-state total energy becomes:

EfPA = Ze - % / p(r)ﬁp(f)drdf - / p(r)Wp(r)dr- (6.10)

VaP 0] = eaclp(r)) + p(r) (6.9)

Since the DFT in the LDA approximation has been adopted as one of the most successful
tools for the calculation of ground-state physical and chemical properties of molecular
and solid-state systems, many forms of .. have been proposed by parametrizing numer-
ical results.

For magnetic system, in order to get the total energy of the ground state, the elec-
tronic density is split into two parts polarized in opposite way, p = p1+p; and the energy
is a functional of both these components, E = E(py, p;). This procedure is known as Lo-
cal Spin Density Approximation (LSDA), and in this framework the exchange-correlation
potential can be written as:

yESPA _ / p(0)eseplpr (1), py (1)]dr (6.11)

where €, is the exchange and correlation energy of the homogeneous electron gas at
density (p1, p;). The total magnetization can be defined as:

M = p1 +py. (6.12)

Thus, if M = 1 the system is completely polarized while if M = 0 the system is non-
magnetic.

DFT-LSDA scheme provides good results for solids, whose structural and vibrational
properties are well described [76l[77] with errors within a few percent. This accuracy is
considered satisfactory in condensed-matter system, but it is much less so in atomic and
molecular physics, that is highly inhomogeneous systems for which an approximation
based on the homogeneous electron gas would hardly be appropriate. For all systems
LSDA overestimates (up to ~ 20% and more) cohesive energies and bond strengths
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[78,/79] and then, due to the failure of KS, it also significantly underestimates band gaps
(up to 50%). As a consequence it fails in the accurate reproduction of both phonons
frequencies and the true band/HOMO-LUMO gaps in solids/molecules respectively.

However, also considering these intrinsic failures of the DFT-LSDA framework, the
sp-sp? system analyzed in this thesis is characterized by very large vibrational fea-
tures (up to (100 em~1)), thus making negligible errors of 1% or 2% (10-20 cm~1))
in phonons calculations. Also for what concerns HOMO-LUMO gap calculations of di-
naphthylpolyynes, what is remarkable is the reproducibility of its trend as a function of
the chains length, rather than the accurate matching with experimental values.

6.1.2 The Plane-Waves basis set and Pseudopotential

The K-S equation are usually solved by iterating self-consistent step until some con-
vergence criteria are satisfied, and therefore it is necessary to identify a suitable guess
density (i.e. K-S orbitals) to be used in the first self-consistent step. There are any
different approaches but the choice of a plain-wave basis set show some advantages, the
most relevant is that the Hilbert space span by the basis is independent of the atomic
position.

The plane-waves basis set works fine in periodic system and it is less adapt to describe
molecules and clusters but, if one uses it in a repeated-supercell geometry by putting
enough vacuum around the finite object, then he can obtain fine results as well.

Bloch theorem states that independent electron states in a periodic context can be
represented as the product of a period function times a plane wave, that is ¢ ((r)) =
e ¥ Ty (r), where uy (r + R) = uy(r) if R is a direct lattice vector. Now, if we consider
the first Brillouin zone, then vector k can be can be confined to the closest G vector of
the reciprocal lattice (¢’ has the lattice periodicity). By using the Bloch’s ansatz, the
K-S equation becomes:

2%72

N h
Hy stk (r) = [ 27:

i-ker

+ VKs(I‘)} e T (r) = eret KTy (r). (6.13)

now, by expanding uy(r) on a set of plain-wave ¢y = %ei'G'r, for which orthogonality
holds ((¢c|¢y)) - As a result, wavefunction are now in the form:

ei~k-r

Yi(r) = o %: age T (6.14)

and we can write the K-S equation in the following form:

[RAVE ~
Z |: Gy |k + GMG,G’ + VKs(G — G/):| Cnk,G’ = EnkCnk (6.15)
G/

where Vi g(G — G') is the Fourier transform of the potential Vi g (r) and n is the band
index. As calculation are carried out, one has to set a kinetic energy cut-off, i.e. one
usually selects the G vectors according to G: %& + G| < Eout.

Pseudopotentials (PP) are effective potentials used for the simplification of complex
system. In the DFT framework PPs are constructed, in order to replace the singular all-
electron potential, by replacing the complicated effects of the motion of the core states
of an atom and its nucleus with an effective potential. In this way, the Schrodinger
equation contains a modified effective potential term instead of the Coulomb potential

46



Density functional theory framework

Figure 6.1: sketch representing the construction principle of a pseudopotential. Blue
dotted lines are the atomic wavefunction, red ones refer to potential and pseudopotential

term for core electrons normally found in the Schrodinger equation. This is a ”clean”
way for reducing the complexity of the many-electron system because core states are
not so relevant in determining physical and chemical properties of solids and molecules.
As a result only valence electrons are taken into account as a PP is being developed,
while core electrons are considered as frozen in their atomic state (a sketch is reported

in ﬁg .

PPs are divided in two families, norm-conserving (NCPP) ones and ultrasoft (USPP)
ones. NCPP has the following properties: (i) outside the core region the real and pseudo
wavefunctions are identical so that both wavefunctions generate identical charge densi-
ties, (ii) all-electron and pseudo-wavefunctions must have the same energy, (iii) pseudo-
and true-charge contained in the region r < r. must be the same.

USPP are derived by relaxing the constraint used for NCPP, thus providing greater
flexibility in the construction of the pseudo-wavefunctions, and were developed by Van-
derbilt in the early 1990s [80]. With respect of NCPP, USPP are based on smoother
pseudo-wavefunctions and thus considerably fewer plane-waves are necessary for calcu-
lations of the same accuracy.

In general PP and all-electron calculations on the same systems yield almost indis-
tinguishable results, except for those cases where core states are not sufficiently frozen.
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6.2 Adopted DFT implementation

As mentioned in the Introduction, in my Thesis I study the vibrational properties of
spCCs terminated by both naphthyl-terminated and graphitic fragments. From the
simulations point of view I perform all calculations within density-functional theory
in the local spin density approximation, using a plane-wave basis as implemented in
the ESPRESSO suite [81]. To depict the optimized structures I use the XCRYSDEN
package [82].

Regarding the pure carbon structures I use ultrasoft pseudopotential with a wave-
function/charge cutoff of 30/240 Ry, and relax all atomic positions until the largest
residual force is < 2 x 107 Ry/ag (8 pN). Brillouin zone integration in these metallic
systems are performed using 2 x 107* Ry (3 meV in the case of dinaphthylpolyynes)
wide Gaussian smearing.

In the case of graphene NRs, we adopt supercells with three hexagonal units along
the periodic direction and at least 7 A of vacuum separating periodic images in the
two other directions, optimizing the lattice constant until the stress tensor drops below
2 x 1075 Ry/a3. We sample the Brillouin zone with at least 13 k-points in each periodic
direction and only k£ = 0 in non-periodic directions. Numerical details are similar to
those validated and used, e.g., in ref. [83].

For what concerns calculations of dinaphthylpolyynes properties, I used the same
receipt presented in the case of graphitic terminations but I consider only one k-point
(T") for all the calculations.

Vibrational properties of both dinaphthylpolyynes and pure graphitic structure have
been performed within density-functional perturbation theory (DFPT) by direct calcu-
lation of second-order derivatives of the energy with respect of the variational parameter
A. In crystals, normal modes are classified by a wave-vector q, whose frequencies w(q)
and displacement patterns U¢, for cartesian component « of atom s, at atomic position
Rs, are determined by the secular equation:

> (C’;’ﬁ’f (q) - Ms(q)destéag) U’ (q) (6.16)
8

where C'? ;5'6 is the matrix of inter-atomic force constants (IFC), i.e. second derivatives
of the energy with respect to atomic positions. In the perturbation theory framework,
if a perturbation u in the atomic position R; = R; + 75 + us(q)eiq'Rl is introduced,
this induces a response having the same wave vector q (at linear order). Fourier trans-
form of force constants at q are second derivatives of the energy with respect to such
monochromatic perturbations:

1 9E

= 6.17
N guze(q)ouy (q) (617

(@) =) e RCI(R)
R

This can be calculated from the knowledge of the linear response ai‘;(?(i) and diagonalized

to get phonon modes at q.

Then, as the calculation of infrared cross sections, in the Q-E package, is implemented
only for non-metallic system, I limit the calculation of non-resonant Raman intensities
and infrared cross section to dinaphyhylpolyyne and H-terminated spCCs. Non-resonant
Raman cross-sections are calculated following the Placzek [84] approximation, where
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Density functional theory framework

Raman intensity is proportional to the second derivative of the electric polarizability x
with respect of atomic displacement u along the mode v u(*)

(WL - wu)4 8X0¢[3 2
Lytokes (1) ’ 6.18
stokes( ) W, 8U(U) ( )
where the Raman tensor rog = g;‘(“y") is a third-order derivative of the energy that can

be calculated by DFPT plus second order response to electric filed (as implemented in
the Q-E package).

For what concerns infrared intensities, they are proportional to the square of the
dipole induced by the phonon that is excited by the IR radiation:

L) = Y |3 207 )
« 1B

)2 (6.19)

where Z*8 = Q% are the effective charges (£ is the solid angle, u? is a normal

mode displacement and P is the polarization) which are calculated from (mixed) second
derivatives of the energy.

In order to compute infrared cross-section I had to switch to norm-conserving PP
(60/240 wavefunction/density cut-off) as the Q-E implementation for ultrasoft PP is
still missing.
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Chapter 7
Dinaphtylpolyynes

This chapter is devoted to the presentation of the results obtained about the characteri-
zation and modeling of spCCs stabilized by napthyl group (dinaphthylpolyynes). As an-
ticipated in the introduction, this kind of molecules is interesting from two point of view:
first of all spCCs stabilized by aromatic group are supposed to be one of the constituent of
the diffuse interstellar medium, where they act both as intermediates during PAHs photo-
degradation and as building blocks of more complex structures [241[25,[26L|27} 2829, 85| .
Furthermore, always in the astrophysical contest, both terminated and non terminated
spCCs are supposed to be the carrier of the DIBs.

From the other side, dinaphthylpolyynes represent an ideal-actual system that can
be used for modeling the vibrational properties of spCCs embedded in the sp-sp? pure
carbon material. Indeed, spCCs are stabilized in the pure carbon system by anchoring
to sp? and sp> sites of the covalent fullerenic pure sp? clusters. Therefore naphtyl group
represents a suitable simplification for such a complex system, preserving the fundamen-
tal properties of a graphene nanoribbon, which in turn represents a modelization of the
carbon cluster as well.

In the first paper I show the synthesis procedure used for the production of dinaph-
thylpolyynes, the analysis of the reaction yield and the molar concentration of the chains
with different length present in the solution. Then the optical characterization of the
dinaphthylpolyyne-containing solution is reported in combination with ab-initio DFT-
LSDA calculation of the structural and electronic properties of the isolated molecules.

In the second paper I present the vibrational characterization and modeling of the
dinaphthylpolyynes obtained by performing MWRR and infrared spectroscopy. Then the
experimental spectra are compared with simulated ones obtained by calculating normal
modes frequencies and weighting the measured molar concentration to the calculated
non-resonant Raman and infrared cross sections.

This combined study allows to provide a precise picture for the vibrational properties
of end-capped spCCs, thus opening the possibility of clearly describe the presence of
linear carbon chains in more complex system, as for instance the sp-sp? pure carbon
material.
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7.1 Synthesis of dinaphthylpolyynes via Cadiot-
Chodkiewicz reaction

First of all T present the results obtained by using the Cadiot-Chodkiewicz (C-C in the
following) reaction described in sec. In the following paper I show the production
yield for dinaphthylpolyynes under the condition of the C-C reaction and the charac-
terization of the solution containing the molecules by UV-vis absorption spectroscopy
combined with DFT-LSDA calculation oh their electronic properties. Furthermore we
show the infrared spectrum of the material obtained by depositing some drops of the
solution on a Calcium Fluoride (CaF3) substrate and of the dark precipitate in the
solution compared with the infrared spectrum of the reagents. Finally I show differen-
tial scanning calorimetry measurements in order to find exothermic reactions providing
dinaphthylpolyynes dissociation.
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ABSTRACT: We report a combined study on the synthesis, tspmopic characterization and
theoretical modelling of a series afo-dinaphthylpolyynes. We synthesized this family nafphtyl-
terminatedsp carbon chains by reacting diiodoacetylene andhgrgtnaphthalene under the Cadiot-
Chodkiewicz reaction conditions. By means of liqgwdromatography (HPLC), we separated the
products and recorded their electronic absorptjpectsa, which enabled us to identify the complete
series of dinaphthylpolyynes AraGAr (with Ar = naphthyl group and = number of acetilenic units)
with n ranging from 2 to 6. The longest wavelength t#msi(LWT) in the electronic spectra of the
dinaphthylpolyynes red shifts linearly withaway from the LWT of the bare termination. Thisui¢ is
also supported by DFT-LDA simulations. Finally, p®bed the stability of the dinaphthylpolyynes in a
solid-state precipitate by Fourier-transform inddir spectroscopy and by differential scanning

calorimetry (DSC).

KEYWORDS: Dinaphthylpolyynes; polyynesp-carbon chains; Cadiot-Chodkiewicz reaction;

electronic absorption spectroscopy; FT-IR; DSC.
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1. Introduction

During the past years the study spf carbon chainsspCCs, also known as acetylenic arrays) has
attracted the interest of a number of researchpghmm a multitude of disciplinary areas, rangingnf
organic chemistry, non linear optics, solid stabysics, and astrophysics. Although bapE€Cs are
extremely unstable and reactive species [1], itdees shown that their stability is remarkably erdea
when their reactive terminations are bond to chehgiooups [2-4] or to carbon nanostructures [5,6].

For instance, chemists were able to synthexi@€s which are stable in solution or even in thédsol
phase, by terminating the chains with organic gri@u]. This class of compounds, often referredgo
a,0-diarylpolyynes (DAPs), have interesting and prongsphysical properties. For instance they
exhibit a HOMO-LUMO gap strongly influenced by thember ofsp carbon atoms constituting the
chain [7], and their third-order nonlinear optigabperties and their nonresonant molecular second
hyperpolarizabilities i) have been reported to increase as a functionhef dhain length [8,9].
Furthermore, it has been shown that the fluoresggritosphorescence and absorption spectra of DAPs
can be modulated by applying an external electietd f[10]. Finally, unusual photophysical and
spectroscopic properties have been reported fordDARd they are considered promising candidates as
materials for the fabrication of semiconductiventHilm transistor structures [11], as the active
semiconductor material in light-emitting diodesalectroluminescent devices [12,13] and in organic
solar cells [14].

On the other hand, solid state physicists are sigdthe possibility to produce carbon solids
containingspCCs &p-sp? carbon) since the 1960's [15]. Although the fedisjtto obtain sp-sp? carbon
solids has been shown for some years [16,17], teogerimental observation by HR-TEM giCCs
forming during the irradiation of graphene planas Btrongly increased the interest on this fiek].[1
spCCs are nowadays considered promising structuresafwo-electronic applications [19,20] since they
could be used as molecular conductors bridginghgna@ nanogap devices. First potential applications
have been already demonstrated for the realizaifonon-volatile memories, as their use in two-

terminal atomic-scale switches [20]. Furtherma@CCs are expected to have interesting rectifying



performances [21], to become spin-polarized depgntb their axial strain [5], and to be effective a
spin-filters and spin-valves [22].

Finally spCCs are of great relevance for astrophysics infridsmework of the study of the Diffuse
Interstellar Bands (DIBs). DIBs include a large fagmof absorption lines in the visible-near IR cegi
of the electromagnetic spectrum that are superposethe interstellar extinction curve and whose
identification remains one of the oldest mystenestellar spectroscopy [23]. By comparing labonato
spectra of complex molecules with the DIBs linesjesal molecules were identified as constituent of
the interstellar medium [23,24]. Indeed, both nemvinated spCCs and polycyclic aromatic
hydrocarbons (PAHSs), as for example naphthaleneg lb@en identified separately [25-27], however

spCCs terminated by PAHs (e.g. DAPs) have not beesidered to date.

In the present paper we present a combined studlyeosynthesis, spectroscopic characterization and
theoretical modelling of a series §§CCs terminated by naphtyl groups (dinaphthylpolgyria short
represented as ArsGAr, with Ar = naphthyl group and = number of acetylenic units of ttlgpCC).
These molecules, already synthesized in the 196@3s1970’s by the group of M. Nakagawa [28-30],
represent a family of chemically stabilized DAPsiatlhare of high interest for several reasons: from
one side, they are potentially useful in optoetsttr applications and are promising building bloftdxs
the production ofp-sp® carbon systems for nano-electronic devices; frioenather side, they constitute
the simplest examples gbCCs terminated by a PAH that could be identifiethi interstellar medium
(naphthalene is indeed one of the simpler and mioshdant PAHS). Here we present a new route for
the synthesis of this class of complexes which kesaby a remarkably simpler chemical approach than

in Ref. [28-30], to produce at the same time atgwiwof dinaphthylpolyynes Ar-&-Ar with 2<n<6.

2. Experimental Section

2.1 Materials and Equipment




All the solvents and reagents (as for instancéhyrginaphthalene) mentioned in the present
work were obtained from Sigma Aldrich. Diiodoacetyt was prepared according to the method
reported in Ref. [31]. All the equipment and methddr analysis and characterization of the reaction
products are reported in Ref. [32].

We performed the HPLC analysis using an Agilenthihetogies 1100 station withg@olumn (using
acetonitrile/water 80/20 as mobile phase at a flate of 1.0 mL/min) and equipped with a diode array
detector (used for recording the UV-vis absorptgpectra of the separated molecules). UV-vis
absorption spectra were also acquired on the solutind thin films by a JASCO-7850
spectrophotometer. FT-IR measurements were caoigdon in transmittance mode on an IR300
spectrometer from Thermo-Fisher Corp. The diffeedrgcanning calorimetric (DSC) measurements

were performed on a DSC-1 Star System from Mefitdedo (heating rate of 10°C/min undes fliow).

2.2 Synthesis of Dinaphthylpolyynes

We synthesized the dinaphthylpolyynes by reactgper(l)ethynylnaphthalide with diiodoacetylene
under the Cadiot-Chodkiewicz reaction conditiori,§3].

In a first stage we synthesized the copper sattiofnylnaphthalene by dissolving Cu(l) chlorideD(1.
g) in 30 mL of agqueous ammonia (30%) together witb g of hydroxylamine hydrochloride
(NH,OHeHCI). 1-Ethynylnaphthalene (1.5 mL) was then edldo this solution under stirring. We
collected a dark yellow precipitate of copper(lyetyinaphthalide by filtration in considerable yigtl8
9)-

After that about 6.0 g of 1-8C-1 (Warning! Acetylene diiodide is an irritant ambisonous) was
dissolved/suspended in 90 mL of decalin, it wasdferred in a 500 mL round bottomed flask and was
stirred with 100 mL of distilled water. Copper(fhgnylnaphthalide (1.8 g) was then added to the
reaction mixture together with 25 mL of tetrahydnain, 50 mL aqueous NH30% and 30 mL of
N,N’,N,N'-tetramethylethylenediamine (TMEDA). Theixture was stirred at room temperature for 2

days and after this process the decalin layer bect@ap orange. The reaction mixture was filterat wi



the aid of an aspirator to separate the black wesidrmed. The filtered solution consisted of tapers.
The organic layer was separated from the aqueges ky means of a separatory funnel. The resulting
crude solution contained dinaphthylpolyynes dissdlin decalin, together with a significant amouit o
free unreacted ethynylnaphthalene and other byyutsd These latter were removed from the crude
solution (as a dark red precipitate) by shakingsblaition with 4.0 g of CuCl dissolved in 100 mL of
aqueous NKI30% together with 3.0 g of NN®H<HCI.

The resulting orange solution was then characttigeHPLC, UV-vis, FT-IR and DSC.

2.3 DFT Simulations

We simulated the synthesized structures using atdndFT-LSDA (density functional theory in the
local spin density approximation), based on a plaaees basis, and pseudopotentials [34]. We relaxed
all atomic positions until the largest residualcmwas <8 pN. The ensuing structures and electronic

Kohn-Shan orbitals are depicted using a standathlization tool [35].

3. Results and Discussion

3.1 Synthesis and Identification of Dinaphthylpolgg

Previous work [32] demonstrated the great versatbi diiodoacetylene (&) as a building block for
the synthesis of symmetrically terminatedCCs through the Cadiot-Chodkiewicz reaction. The
synthetic approach adopted previously with coppemplacetylide and £, has been extended here to
the case of the copper salt of 1-ethynylnaphthaldseshown in Scheme 1, the resultspgCs are thus
terminated by the bulkier naphthalene groups.

Figure 1 reports the separation by elution throtighHPLC column of the products formed in the
Cadiot-Chodkiewicz reaction between diiodoacetyland 1-ethynylnaphthalene. The presence of well
distinct peaks at different retention times dem@iss the formation of products with different
molecular weights, in agreement with the formatidminaphthyl terminatedpCCs of different length

(according to the Scheme 1). The formatiors@ECs having more than three acetylenic units suggest



the formation of the labile asymmetric intermedi&@ea-C=C-I during the coupling reaction [32].
Without the formation of this intermediate, the giwotion ofspCCs longer than three acetylenic units
would be unjustified.

By using a low flow rate for the mobile phase i tHPLC it was possible to observe the regular
elution of all dinaphthylpolyynes, although a véong retention time was observed for the products
with higher molecular weight. Figure 1 shows th&em&on times of the dinaphthylpolyynes in the
HPLC column (as a function of the number of acetigleinits) in comparison to the diphenylpolynes
ones [32]. The retention times of both series ofetudes can be fitted by an exponential law oftipe
(see inset of Figure 1):

R = Ae®” (eq.1)

whereR; is the retention time in the columm,is the number of acetylenic units of ty#CC, andA

andB are two parameters whose values are reportedhle Ta

spCCs series [Amin] B
dinaphthylpolyynes | 3.0+ 0.3 0.53¢ 0.02
diphenylpolyynes 1.4+0.1 0.51+ 0.02

Table 1. Fitting parameters for the exponential describing the evolution & with n (eq. 1).

Remarkably, the longer retention times of dinaplblyynes in comparison to those of
diphenylpolyynes, (ascribable to their bulkier egrdups) seems to affect only the paramétaf the
exponential fit, which is almost double in the cadedinaphthylpolyynes in comparison to the value
obtained for diphenylpolyynes. In contrast, the agntsB obtained for the two series of chains are

comparable.

3.2 Electronic Absorption Spectroscopy




By using the diode array detector interfaced to ¢b&umn of the HPLC, we could record the
electronic absorption spectrum of each moleculacigs contained in the dinaphthylpolyynes mixture,
i.e. for each peak in Figure 1. Figure 2 shows#selting spectra. The presence of a regular fhithe
position of the absorption peaks as the molecutight of the species increases (i.e., the retettitioa
increases) supports the assignment to diphenylpesyyf increasing length. Indeed, it is well known
that the position of the electronic absorption geakspCCs is correlated to the number of acetylene
units [28-30,7]. The exact attribution of the difat spectra to the corresponding dinaphthylpolygne
furthermore possible by comparing the absorptioecsp with the one obtained by the group of M.
Nakagawa [28-30]. Remarkably, the position of tleakpat longest wavelength (longest wavelength
transition, LWT) of our spectra matches the valne®f. [28-30], corresponding to dinaphthylpolygne
with n=2-6, within a shift of about 3 nm. The presencehi$ shift has to be ascribed to the different
solvent used in our case (decalin) with respetitécone used in the past (tetrahydrofuran) [29].

Considering the different spectra in detail, they éharacterized by a complex structure, in whioh t
main regions can be identified. The region at highavelength (labeled as Reg. A in Figure 2a) is
related to the electronic transitions between tighdst occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO); the imygat lower wavelength (labeled as Reg. B in
Figure 2a) is related to transitions between othelecular orbitals (such as, for instance, thesitaoms
between the HOMO and LUMO+1 or the HOMO-1 and LUMM)region A in particular, a multipeak
structure can be identified that can be fittedresduperposition of several Gaussian components. Th
presence of several peaks can be attributed tdé-ridweck-Condon shifts of the main HOMO-LUMO
transition [28-30,7], i.e. the simultaneous occocee of the electronic transition and the excitatidn
vibrational modes of the molecule. In this framekyothe LWT peak of the electronic absorption
spectrum corresponds to the HOMO-LUMO transitiotheit the excitation of the molecule to a new
vibrational level, while the most intense transit{MIT) is the transition for which the startingdifinal
wave functions overlap more significantly (thuse tinansition has a higher probability to occur). As

shown in Figure 2a dinaphthylpolyynes have MITst thee always distinct by the LWT. This is a



characteristic ofspCCs terminated by bulky groups, and indeed has baeserved also for
diphenylpolyynes [32] and f@pCCs terminated by dendridic organic groups [3]tdad, in the case of
simple polyynes, the LWT and the MIT coincide [2].

Figure 2b shows the same spectra as Figure 2adtinn Reg. A), where the abscissa is expressed as
energy shift from the LWT. This means that the viewgth scale of each spectrum in Figure 2a was
first converted in energy scale (in ¢ranits), and then, the energy of the LWT peak wenracted from
it; as a result, in Figure 2b the LWTs of all spacire centered at 0 émThanks to this representation,
it is possible to observe that the energy shiftveen the peaks in region A is on the order of 12000
cmi?, which is consistent with the typical main vibcatal modes ofpCCs [36]. Furthermore, the value
of this shift decreases as the chain length ofdihaphthylpolyyne increases: this again is constste
with the behavior of the vibrational modesspCCs that are known to be softer (i.e., charactdrigea
lower energy) when the chain length is larger [28].a matter of fact, this behaviour was also olesbr
in Ref. [29], even if the Franck-Condon shifts measd in our case are slightly lower. Like for thnfts
of the LWT, this slight deviation can be relatedtte different solvent.

Figure 3 shows the evolution of the LWT of the #&leagic absorption spectra of the
dinaphthylpolyynes as a function of the number adtg@enic units i) in the chain, compared to the
same evolution for diphenylpolyynes [32] and hydnogerminatedspCCs (i.e., polyynes) [2]. In all
cases, a linear relation emerges between the LVdTtr@number of acetylenic units [7], as described
by the following equation:

LWT = a [h+ LWT, (eq.2)

where LWT, is the extrapolated LWT for a chain of “null” lehganda is the slope. Although other
groups have suggested that LWT for dinaphthylpagyavolves asWT = a Y2 + LWT, [28-30] our
data are more consistent with a linear dependeritte rw The fitting parameters of LWiTand a

obtained for the three seriesspfCCs in Figure 3 are reported in Table 2.

[ spCCs series la | LWT,




[Nnm/C; unit] [nm]
Dinaphthylpolyynes | 25.7+ 0.5 319.8:2.2
Diphenylpolyynes 35.3+ 0.8 256+ 3
Polyynes 23.0+ 0.5 1333

Table 2. Fitting parameters for the linear relati@scribing the evolution of LWT with (eq. 2).

Remarkably, the value of LWTor dinaphthylpolyynes at 319.8 is very close WT of the the B-
band of naphthalene at 313 nm [37-39] as well ash&o LWT of binaphthyl at 315 nm [37-39].
Similarly, the value of LW{ for diphenylpolyynes at 256 nm is close to LWTtleé B band of benzene
at 267 nm [37] and is very close to the LWT fortHgpyl at about 252 nm [37].

As suggested in Ref. [30], these observations atdithat the intercepts at0 correspond to the
LWT absorption of the end groups, while the additaf the acetylenic unit causes a red shift in the
LWT transition.

In order to better understand the observed behawiercarried out DFT-LSDA simulations of the
geometric and electronic structure of a free-stagaiaphthalene molecule and of dinaphthylpolyynes
with different chain lengths. Naphthalene molecudgibit a HOMO-LUMO gap larger than that of a
dinaphthylpolyynes of any length. Figure 4 (lefnpf shows the HOMO and LUMO wave functions
obtained for Ar-G-Ar, Ar-Cg-Ar and Ar-G-Ar. As can be observed, the HOMO and LUMO orbitsfls
the spCCs are hybridized with those of the terminationses their wave functions extend out from the
sp-chain region in the naphthyl region. Nevertheless,the chain length increases, the HOMO and
LUMO orbitals become more and more localized ondble chain backbone, indicating a diminishing
hybridization. At the same time, as the chain lengicreases, the computed HOMO-LUMO gap
decreases, and consequently the theoretical vatuibé absorption wavelength (LW, proportional
to the inverse of the computed HOMO-LUMO gaps) éases. Figure 4 (right panel) shows the
evolution of LWTper with n. Although the computed values for the L¥WF do not match the
experimental values for the LWT in Figure 3, thee@ll trend is in very good agreement. The

simulations reproduce the linear relation betwedTber and n observed experimentally, and the
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intercept atn=0 is not far from to the simulated LW#& for naphthalene, given the expected
underestimation of the HOMO-LUMO gap of DFT-LSDA.

It is also relevant to note that in the case ofyypwés thert and e orbitals (i.e., the HOMO and
LUMO orbitals) are completely localized on the aarbchain axis, and therefore, little or no
hybridization of those orbitals occurs with thentération groups. Nevertheless, the same lineatioala
between LWT ana is observed. This indicates that the slopef the linear relations in eq. 2 is not
simply a measure of the hybridization betweenstteectron state of the chains ame@lectron state of
the end groups but reflects a gap reduction iritrio§ the carbyne chain. The decrease in chain end-
group hybridization seems in fact a direct consageeof this intrinsic gap reduction, with a
corresponding movement “off-resonance” of the chi#®MO and LUMO levels relative to those of the

end groups.

3.3 Relative Yield of Dinaphthylpolyynes

We compute the relative yield(n) of dinaphthylpolyynes of different lengths from tinéensity of the
most intense transition in the electronic absomtgpectra (i.e., the MIT in Figure 2). We take

advantage of the molar extinction coefficiea{g) previously reported [29]. We use the following

relation:
T (N) AN,A)
__&n)  1(nA)
PO ) )
iz &) 13,4)

where lyit(n) is the intensity (i.e., the absorbance) of the MITthe absorption spectrum for the
dinaphthylpolyyne wittn acetylenic units (see Figure 2{n,/) is the value of absorbance measured in
the same spectrum at the wavelengtiind A(n,A) is the time-integrated intensity of the correspogd
peak in the HPLC spectrum acquired using the wagttel. Table 3 reports the average of the values
of C(n) obtained by applying eq. 3 to two different HPLg&stra, acquired at=350 nm (see Figure 1a)

andA=250 nm (not shown) respectively.
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n dinaphthylpolyyne| C(n)
formulas

2 Ar-C4-Ar 47+ 4 %

3 Ar-Cg-Ar 19.7+ 0.6 %

4 Ar-Cg-Ar 18.2+2.2 %

5 Ar-Clo-Ar 113212 %

6 Ar-Ci-Ar 4.1+0.3%

Table 3. Relative molar concentration of the dintplpolyynes (with Zn<6) in the solution.

Figure 5 shows the relative molar concentratiohef dinaphthylpolyynes in comparison to relative
molar concentration of the diphenylpolyynes sepiesluced using the same synthetic approach [32]. As
can be observed, for any chain length larger thar2 the concentration of dinaphthylpolyynes exseed
that of the diphenylpolyynes. Only at= 2 the concentration of diphenylpolyynes is higtian that of
dinaphthylpolyynes. These data suggest that ouhstin approach favors longer chains when bulkier
terminations are used as end groups (i.e., naphbtioylps) and shorter chains when the lighter phenyl
groups are employed. Nevertheless, in both ca$es,shortest chains are predominant, and the
abundance of the species with longer chains dezsesteadily with the increase of as normally
expected in the synthesis of mixtures of polyyr#ds [

In the calculation of the distribution of the ditdipylpolyynes produced by the Cadiot-Chodkiewicz
synthesis, we have neglected the presence of sidueg 1-ethynyl-naphthalene which is not deteated
the chromatogram shown in Figure 1a that was recbed 350 nm but was present and detected in the

chromatogram recorded at 250 nm (not shown).

3.4 Dinaphthylpolyynes in the solid phase

As previously discussedpCCs are interesting candidates for the developwieatnew generation of
nanoelectronic devices, where they could be usedadscular conductors or spin filters and spin galv
[19,20,22]. In order to produce similar devicessihecessary to introduspCCs in solid-state systems

and to ensure their stability in time. UnfortungtedoCCs are notoriously unstable structures, and, in
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particular, if they are terminated simply by hydeagor nitrogen atoms, they can be prepared only as
very diluted solutions; if they are deposited ais films, they undergo fast decay [2]. Furthermore,
spCCs are known to be highly reactive with oxygen,406, making the production of devices
containingspCCs quite challenging. Nevertheless, several growge able to demonstrate tspCCs
terminated by bulky end groups have remarkably érighability [3,4], so that in some cases everrthei
crystallization was achieved [4]. In order to stuldg possibility to use dinaphthylpolyynes in sedidte
systems, we have deposited droplets of the solati@inaphthylpolyynes in decalin on hard subssate
(made by CaF, ZnSe, and KBr depending on the cteization carried out), and we let the solvent
evaporate by placing the sample in a dryer. Theltieg film was then characterized by UV-vis and-FT
IR spectroscopies and by DSC.

In Figure 6, we compare the UV-vis spectra of thel solution of diphenylpolyynes in decalin (not
separated by the HPLC column) and of the film ol#tdiby the same solution after the evaporation of
the solvent. As it is possible to observe, the demstructure present in the solution’s spectrum
(corresponding to the overlap of the separate spedtFigure 2a) is radically lost in the driednfil
where three broad peaks (indicated by arrows infidnee) are still distinguishable on top of an
amorphous band. This indicates that during the @netion of the solvent, the dinaphthylpolyynes
undergo chemical reactions that do not completegtrdy the molecules, as indicated by the sunafal
spectral features in the UV-vis spectrum.

To gather more detailed information on the strietofr the “polymerized” polyynes, we carried out
FT-IR measurements on the samples. Figure 7 shdves RT-IR spectrum of the dried
dinaphthylpolyynes film measured in ambient cowdisi (i.e., the sample has been exposed to air) as
compared to the spectrum of pure naphthalene [Ad] pure 1l-ethynylnaphthalene. The figure also
shows the FT-IR spectrum of the dark precipitai@odéing on the bottom of the sealed flask contegni
the dinaphthylpolyynes solution after months of¢b&ition being stored at room temperature.

As can be observed, the FT-IR spectra of both ¢rgthaphthalene and of the dried

dinaphthylpolyynes exibit the vibrational modesitgb of naphthalene (as well as of the naphthyl
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group). For instance, we can identify in all theapa the CH stretching band at about 3060, dime in-
phase —CH- out-of-plane bending band at about #8Y(€H wagging) and a series of C=C stretching
bands (at about 1590, 1506 and 1390'cf42]. 1-ethynilnaphthalene is furthermore chaesized by
the triple bond=C-H stretching band at 3282 &nfv—c.1)), by the bending of theC-H at about 600 cth
(8-c.1y) and by the acetylenic stretching band at 2100 6rs-c) [43]. Remarkably, both-c.; andd-c.4

are no any longer detectable in the spectrum ofditied dinaphthylpolyynes, and the-c of 1-
ethynylnaphthalene at 2100 @ris replaced by a complex and relatively more iséeband at 2194 ¢t
with a series of sub-bands (at 2178, 2153 and 225 see left panel in Figure 7). Indeed, the position
of those bands is consistent with treCCstretching modes for isolated dinaphthylpolyyf&£3.

Thes observations indicates on one hand that tesaution of the dinaphthylpolyynes occurring
during their drying (as indicated by the modificatiof the UV-vis spectrum) is not altering sigrsitly
the dinaphthylpolyyne structure. In the FT-IR spact, we can indeed identify clearly the vibrational
modes of both the naphthyl terminations and t&€ Gtretching modes of thgpCCs, whose peaks do
not show any significant broadening in comparisothe case of naphthalene and 1-ethynilnaphthalene.

On the other side, the complete absence in thd dir@phthylpolyynes spectrum of the 4 andd-c.

n vibrational modes can be interpreted as the imidicahat the Cadiot-Chodkiewicz reaction of 1-
ethynylnaphathalene with diodoacetylene was comapdeid that the reaction products are essentially
constituted by dinaphthylpolyynes. The residualeanted 1-ethynylnaphthalene detected in the HPLC
analysis of the dinaphthylpolyynes (using the 2%0 wavelength) is thus a minor component not
detectable by FT-IR spectroscopy.

Finally, it is significant to consider the FT-IR esgirum of the dark precipitate in Figure 7. The
spectrum exibits four main broad bands, whose ipositare still consistent with the main vibrational
contributions observed for the dried dinaphthylgobs. We can distinguish two broad bands at about
3000 cm® and 750-800 ciy consistent with the CH stretching and CH waggifighe dinaphthyl
terminations, respectively [42], an intense banthi 1300-1600 cthregion that can be attributed to

C=C stretching modes, and a band in the 2000-2&0bregion, related to €C stretching modes. This
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indicates that the dark precipitate is the restithe polymerization of the dinaphthylpolyynes het
solution. Remarkably anyway, the polymerizationgess is only capable of inducing a broadening of
the vibrational bands, but it does not cause aifgignt depletion of thespCCs. Furthermore, the
obtained spectrum is very similar to the one meabwon the black precipitate obtained from the
solution of diphenylpolyynes in ref. [32]. The prad of the polymerization afpCCs terminated by
aromatic groups can then be considered the intéateestep between the isola#Cs molecules and a
solid made bysp-sp® carbon [16,5]. Remarkably anyway, both the drigwhphthylpolyynes and the
precipitate do not show any decay evolution dutirejr exposure to air (i.e., to oxygen). This iradés
that the high reactivity of thepCCs to oxygen observed in pusp-sp® carbon systems [16,40], is
strongly inhibited by the presence of the hydrogtemms in the aromatic terminal groups.

To gather further information on the stability ofedl dinaphthylpolyynes, we repeated the process of
vacuum drying of the solution at room temperatarej we recovered the dried dinaphthylpolyynes in
the form of a dark orange powder. This powder vhas ttharacterized in a DSC, using a heating rate of
10°C/min under a pNflow. Figure 8 shows the resulting DSC trace. B85°C can be observed a weak
endothermic peak, indicating the onset of meltprgbably for the shorter-chain oligomers. The pisak
then followed by a broad exothermal transition v@ithonset temperature at 143°C and a peak at 182°C.
The exotherm peak is quite broad, and the releasedyy is 442 J/g. This suggests the occurrenee of
decomposition reaction for the dinaphthylpolyynpsbably initiated by the longespCCs (that are

expected to be more unstable than the shorter[br#et) and then propagating to the shorter ones.

4. Conclusions

In conclusion, we have shown how the Cadiot-Chasliiz reaction can be successfully applied to
the synthesis of dinaphthylpolyynes. The key intiovaein this synthetic approach is the use of
diiodoacetylene, which simplifies the syntheticteoto long polyyne chains with taylor-made end ¢aps

thus indicating its general applicability in thenflyesis ofi,w-diarylpolyynes.
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HPLC analysis in conjunction with electronic absmmp spectroscopy enabled us to identify the
complete series of dinaphthylpolyynes with 2-6 gesic units. The length-resolved electronic
spectroscopy of the dinaphthylpolyynes indicategjether with the well-known reduction of the
HOMO-LUMO gap for increasing chain length, a noriad relation to the HOMO-LUMO gap of the
end groups. This opens interesting perspectivéisennterpretation of DIBs sin@pCCs terminated by
PAHSs could give rise (if present in the interstelfzedium) to peculiar absorption lines dependinti bo
to the chain length of thggCC and to the structure of the PAHSs.

By exploiting the observed independence of the mesatinction coefficient of thep*terminated
spCCs by the mass of the terminating organic groitpsias possible to estimate the relative molar
concentration of the dinaphthylpolyynes producetie Tobtained results indicate that the Cadiot-
Chodkiewicz reaction favors the synthesis of lorgfeins when bulkier terminations are used.

UV-vis and FT-IR spectroscopy show that by evapogatthe decalin solvent of the
dinaphthylpolyynes solution, a solid film can bgydsited where a relevant fraction §dCCs is still
present. Although a partial polymerization of theaghthylpolyynes has been observed, the obtained
film is stable at room temperature even when é@dgosed to air (i.e., to oxygen). By DSC, we chdcke
the thermal stability of the dried dinaphthylpolggn observing the onset of their decomposition unde
nitrogen for temperatures higher than about 140Hs moderately high thermal stability, togethethwi
the lack of reactivity at room temperature with gegr, makes dinaphthylpolyynes promising building

blocks for the integration &pCCs in all-carbon electronic systems.

ACKNOWLEDGEMENTS

Franco Cataldo thanks the ltalian Space Agencythersupport of part of this research (Contract
Number 1/015/07/0 - Studi di Esplorazione del SisteSolare). This work was supported by the

European Union through the ETSF-I3 project (Gragte®ment No. 211956, user project 164).

16



REFERENCES

[1] Wakabayashi, T.; Ong, A-L.; Strelnikov, D.; Ksghmer, WJ. Phys. Chem. B 2004, 108, 3686.

[2] Cataldo, F. (Ed.Polyynes: Synthesis, Properties and Applications: CRC Press: Boca Raton, FL,
2006.

[3] Gibtner, Th.; Hampel, F.; Gisselbrecht, J.Arseh, A.Chem. Eur. J. 2002, 8, 408.

[4] Szafert, S.; Gladysz, J.&hem. Rev. 2003, 103, 4175.

[5] Ravagnan, L.; Manini, N.; Cinquanta, E.; Oni@a; Sangalli, D.; Motta, C.; Devetta, M.; Bordoni,
A.; Piseri, P.; Milani, PPhys. Rev. Lett. 2009, 102, 245502.

[6] Yamaguchi, Y.; Colombo, L.; Piseri, P.; Ravagnh.; Milani, P.Phys. Rev. B 2007, 76, 134119.

[7] Maier, J. PChem. Soc. Rev. 1997, 26, 21.

[8] Eisler, S.; Slepkov, A.D.; Elliott, E.; Luu, TMcDonald, R.; Hegmann, F.A.; Tykwinski, R.R.
Am. Chem. Soc. 2005, 127, 2666.

[9] Luu, T.; Elliott, E.; Slepkov, A.D.; Eisler, SMcDonald, R.; Hegmann, F.A.; Tykwinski, R.R.
Org. Lett. 2005, 7, 51.

[10] Wahadoszamen, Md.; Hamada, T.; limori, T.: Bla&yashi, T.; Ohta, N. Phys. Chem. A 2007,
111, 9544.

[11] Murphy, A.R.; Fréchet, J.M.Chem. Rev. 2007, 107, 1066.

[12] Friend, R.H.; Gymer, R.W.; Holmes, A.B.; Buaghes, J.H.; Marks, R.N.; Taliani, C.; Bradley,
D.D.C.; Dos Santos, D.A.; Brédas, J.L.; Légdlund; Bhlaneck, W.RNature 1999, 397, 121.

[13] Wong, W.Y.Phys. Chem. Chem. Phys. 2007, 9, 4291.

[14] Wang, X.Z.; Wong, W.Y.; Cheung, K.Y.; Fung, K; Djuri A.B.; Chan, W.K.Chem. Soc. Rev.
2007, 36, 759.

[15] Whittaker, A.G.; Kinter, P.LScience 1969, 165, 589.

[16] Ravagnan, L.; Siviero, F.; Lenardi, C.; Pis&i; Barborini, E.; Milani, P.; Casari, C.S.; La8si,

A.; Bottani, C.EPhys. Rev. Lett. 2002, 89, 285506.

17



[17] Ravagnan, L.; Piseri, P.; Bruzzi, M.; Migli§,; Bongiorno, G.; Baserga, A.; Casari, C.S.; Li
Bassi, A.; Lenardi, C.; Yamaguchi, Y.; Wakabaya3hj Bottani, C.E.; Milani, PPhys. Rev. Lett. 2007,
98, 216103.

[18] Jin, C.; Lan, H.; Peng, L.; Suenaga, K., I§ins.Phys. Rev. Lett. 2009, 102, 205501.

[19] Standley, B.; Bao, W.Z.; Zhanh, H.; Bruck, lJau, C.N.; Bockrath, MNano Lett. 2008, 8, 3345.

[20] Li, Y.; Sinitskii, A.; Tour, J.M.Nature Mater. 2008, 7, 966.

[21] Deng, X.; Zhang, Z.; Zhou, J.; Qiu, M.; Tarig,J. Chem. Phys. 2010, 132, 124107.

[22] Zeng, M.G.; Shen, L.; Cai, Y.Q.; Sha, Z.D.ngeY.P.Appl. Phys. Lett. 2010, 96, 042104.

[23] Herbig, G.HAnNnu. Rev. Astron. Astrophys. 1995, 33, 19.

[24] Snow, T.PSpectrochim. Acta, Part A 2001, 57, 615.

[25] Jochnowitz, E. B.; Maier J. Rnnu. Rev. Phys. Chem. 2008, 59, 519.

[26] Bréchignac, P.; Pino, T.; Boudin, Bpectrochim. Acta, Part A 2001, 57, 745.

[27] Allamandola, L.J.; Hudgins, D.M.; Bauschlichir, C.W.; Langhoff, S.RAstron. Astrophys.
1999, 352, 659.

[28] Akiyama, S.; Nakasuiji, K.; Akashi, K.; NakagaywM. Tetrahedron Lett. 1968, 9, 1121.

[29] Nakasuiji, K.; Akiyama, S.; Akashi, K.; NakagayM. Bull. Chem. Soc. Jpn. 1970, 43, 3567.

[30] Nakagawa, M.; Akiyama, S.; Nakasuiji, K.; Nistdto K. Tetrahedron 1971, 27, 5401.

[31] Cataldo,FFullerene Sci. Technol. 2001, 9, 525.

[32] Cataldo, F; Angelini, G.; Ursini, O.; Tomasisikl.F.; Casari, C.SJ. Macromol. Sci. A Pure
Appl. Chem. 2010, 47, 739

[33] Cadiot, P.; Chodkiewicz, W. i@hemistry of Acetylenes: Viehe, H. G. (Ed.), Marcel Dekker:
New York, 1969; pp 597-647.

[34] Giannozzi, P; Baroni, S.; Bonini, N.; Calandkk; Car, R.; Cavazzoni, C.; Ceresoli, D.;
Chiarotti, G.L.; Cococcioni, M.; Dabo, |.; Dal CotsA.; de Gironcoli, S.; Fabris, S.; Fratesi, G.;
Gebauer, R.; Gerstmann, U.; Gougoussis, C.; Kokaljl.azzeri, M.; Martin-Samos, L.; Marzari, N.;

Mauri, F.; Mazzarello, R.; Paolini, S.; Pasquarefig Paulatto, L.; Sbraccia, C.; Scandolo, S.;

18



Sclauzero, G.; Seitsonen, A.P.; Smogunov, A.; UniRariWentzcovitch, R.MJ. Phys.: Condens.
Matter. 2009, 21, 395502. See also http://www.quantum-espresso.org.

[35] Kokalj, A. Comp. Mater. ci. 2003, 28, 155. See also http://www.xcrysden.org/.

[36] Tabata, H.; Fujii, M.; Hayashi, S.; Doi, T.;akabayashi, TCarbon 2006, 44, 3168.

[37] Friedel, A.; Orchin, MUltraviolet Spectra of Aromatic Compounds: J. Wiley & Sons: New York,
1951. Spectra N°161 and N°303.

[38] Gillam, A.E.; Stern, E.S.; Jones, E.RAh Introduction to Electronic Absorption Spectroscopy
in Organic Chemistry: Edward Arnold Publishers: London, 1954.

[39] Perkampus, H.HJV-VIS Atlas of Organic Compounds: Wiley-VCH: Weinheim, 1992.

[40] Casari, C.S.; Li Bassi, A.; Ravagnan, L.; 8iei, F.; Lenardi, C.; Piseri, P.; Bongiorno, G.;
Bottani, C.E.; Milani, PPhys. Rev. B 2004, 69, 075422.

[41] NIST Mass Spec Data Center, S.E. Stein, diretinfrared Spectra” itNIST Chemistry
WebBook, NI ST Sandard Reference Database Number 69: Eds. P.J. Linstrom and W.G. Mallard:
National Institute of Standards and Technologyitligasburg MD 2008, 20899. See also
http://webbook.nist.gov.

[42] Srivastava, A.; Singh, V.Bnd. J. Pure App. Phys. 2007, 45, 714.

[43] Lin-Vien, D.; Colthup, N.B.; Fateley, W.G.; &sselli, J.GThe Handbook of Infrared and Raman
Charateristic Frequencies of Organic Molecules: Academic Press: S. Diego, 1991.

[44] Johnson, T.R.; Walton, D.R.Metrahedron 1972, 28, 5221.

19



Scheme 1. Chemical structures of the dinaphthyipay synthesized with the Cadiot Chodkiewicz

reaction between copper(l)-ethynylnaphthalide aiatidacetylene.
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Figure 1. HPLC analysis of the dinaphthylpolyynesarded at 350 nm. For each observed peak, the
retention time and the corresponding number ofyEm@t units ) is indicated. Inset: comparison of
the retention time of dinaphthylpolyynes and dipteolyynes [32] as a function of the number of
acetylenic units componing thgpCCs. In both cases the mobile phase in thec@umn was

acetonitrile/water 80/20 vol./vol, and the presaused was 105 bar.
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Figure 2. (a) The electronic absorption spectréhefdinaphthylpolyynes series (AxAr, n=2-6) as

recorded by the diode array detector of the HPL®.dach spectrum the longest wavelength transition

(LWT, inversely related to the HOMO-LUMO gap) ar tmost intense transition (MIT) are indicated.

(b) The electronic absorption spectra of the ditiagpolyynes series (Ar-£-Ar, n=2-6) represented as

a function of the energy shift from the LWT (exes in crif). The distance between the peaks in the

absorption spectra is consistent with the phonarggnof the optical C-C stretching mode of #pe

carbon chain.
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7.2 Combined experimental and theoretical vibrational
study of dinaphthylpolyynes

As shown in the previous section, under the C-C reaction conditions, I was able to pro-
duce a solution containing dinaphtylpolyynes Ar-Csg,,-Ar with n = 2 : 6. In the following
paper I propose a general picture for the study of the vibrational properties of end-capped
spCCs based on the results obtained by combining MWRR and infrared spectroscopy
with DFT-LSDA calculation of dinaphtylpolyynes. In particular I show how this class
of molecules is characterized by a Raman active mode bearing the strongest Raman in-
tensity which shows displacement pattern localized near the chain center. This so called
Raman-a mode (R-) occurs in the range of 1950 — 2300 cm ™! and is characterized by
its strong dependence on spCCs length, red-shifting almost uniformly as this length in-
creases. On contrary the most intense IR dipole active modes of the dinaphthylpolyynes
involve two main patterns: one (named IR-«) characterized by a displacement distinctly
localized at the chain center is present ubiquitously for all dinaphthylpolyynes; another
one (named IR-() with a bilobed pattern occurs from n > 5. The IR-a mode vibrates
at a frequency almost independent the length of the chains while the IR-( red-shifts
uniformly as the chain length increases, such as in the case of the R-a mode. Although
the IR-a mode is always present, it carries the main intensity only up to n = 5, while
it becomes very weak starting from n = 5, where the IR-3 mode ”steals” most of the
dipole intensity.

As a consequence I demonstrated how MWRR and IR spectroscopies (complemented
by DFT calculations) allows to propose a paradigm for the full identification of general
spCCs-containing compounds: MWRR spectroscopy allows the identification of different
chain lengths, while IR allows distinguishing families of chains with different terminations
(if present).
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ABSTRACT:

We perform a systematic investigation of the resonance and vibrational properties of naphthyl-
terminated sp carbon chains (dinaphthylpolyynes) by combined multi-wavelength resonant Raman
spectroscopy (MWRR), ultraviolet-visible spectroscopy, and Fourier-transform infrared
spectroscopy (FT-IR), plus ab-initio density functional theory (DFT) calculations. We show that
MWWR and FT-IR spectroscopy are particularly suited to identify chains of different lengths and
different terminations, respectively. By DFT calculations we further extend those findings to sp
carbon chains end-capped by other organic structures. The present analysis shows that combined
MWRR and FT-IR provide a powerful tool to draw a complete picture of chemically stabilized sp

carbon chains.

KEYWORDS: sp-carbon chains, Raman spectroscopy; Infrared spectroscopy; ab-initio

calculations.



1. Introduction

The interest about sp carbon chains (spCCs) as building blocks for carbon-based nanoelectronics
is very recent [1,2], spCCs have been considered for a long time as objects relevant only for
astrochemistry [3-6]: this is due to their high reactivity and instability supporting the opinion that
only conditions as those typical of circumstellar and interstellar clouds could allow the presence of
large quantities of linear carbon chains acting as intermediates for the formation of either fullerenes
or poly-aromatic hydrocarbons (PAHs) [7,8].

In the last decade, an increasing amount of experimental evidences have demonstrated that spCCs
can be mass produced in standard laboratory conditions, and, more surprisingly that spCCs can
coexist with other carbon allotropic forms [9-10], with spCCs being stabilized by different end-
capping groups and in particular by graphene terminations [11-13]. Graphene-terminated spCCs
exhibit remarkable magnetic properties, sensitivity to axial strain and rectifying performances
potentially enabling their use as spin-filters and spin-valves in magnetic nanodevices [14-17]. End-
capped spCCs stabilized by different terminations have also been proposed as building blocks of
hydrogen-storage materials [18-19].

Despite the increasing amount of theoretical work dealing with end-capped spCCs, relatively few
experimental studies elucidating the structural and functional properties (chain length, bonding
nature, electronic structure) are available. Vibrational and optical spectroscopies can provide
information about the physical and structural properties of end-capped spCCs, but the identification
of the spectroscopic signatures of specific structures is, until now, an open issue.

Recently we demonstrated the possibility to produce efficiently spCCs of different lengths
terminated by naphtyl groups (dinaphthylpolyynes) [20]. These compounds represent a family of
chemically stabilized a,w-diarylpolyynes of high interest for several reasons: on one side, they are
potentially useful in optoelectronic applications being promising building blocks for the production
of sp-sp* carbon systems for nano-electronic devices; on the other side, they constitute the simplest
examples of spCCs terminated by PAHs that could be identified in the interstellar medium
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(naphthalene is indeed one of the simplest and most abundant PAHs).

Here we present a full vibrational characterization, both experimental and theoretical, of
dinaphthylpolyynes [20]: our approach combines multi-wavelength resonant Raman (MWRR) and
Fourier-transform infrared (FT-IR) spectroscopic characterization, with density-functional theory
(DFT) modeling. Thanks to the combination of these approaches we obtain an overall description of
the vibrational properties of dinaphthylpolyynes thus providing a complete framework for the

interpretation of vibrational data of end-capped spCCs.

2. Methods

2.1 Synthesis and chromatographic characterization of dinaphthylpolyynes

The synthesis of a series of dinaphthylpolyynes (in short represented as Ar-C,,-Ar, with Ar =
naphthyl group and » = number of acetylenic units of the chain) was obtained, as described in detail
in ref. [20], by reacting copper(I)-ethynylnaphthalide with diiodoacetylene under the Cadiot-
Chodkiewicz reaction conditions [21,22]. The obtained molecules are dissolved in
decahydronaphthalene, and were characterized by high-performance liquid chromatograph (HPLC)
analysis using an Agilent Technologies 1100 station with Cg column (using acetonitrile/water 80/20
as mobile phase at a flow rate of 1.0 ml/min). The HPLC station was also equipped with a diode
array detector, allowing recording the ultraviolet-visible (UV-vis) absorption spectra of the
separated molecules present in the solution [20]. The UV-vis absorption spectrum of the whole

solution was also acquired by using a UV-vis Jasco 7850 spectrometer.

2.2 Multi-wavelength Raman and Infrared characterization

MWRR spectroscopy characterization of the dinaphthylpolyynes solution was performed by using
seven different laser wavelengths produced by an Ar ion and a He-Cd laser (Spectra Physics,
BeamLok series 2065-7 and Kimmon, IK5352 R-D series, respectively). The wavelengths used
were 514.5 nm, 496.5 nm, 488.0 nm, 476.5 nm, 457.9 nm and 363.8 nm for the Ar ion laser, and
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441.6 nm for the He-Cd laser. For each wavelength, bandpass clean-up filters (MaxLine filters from
Semrock) were used in order to remove spurious plasma lines produced by the lasers.

MWRR spectra were acquired by using a single-grating spectrometer (Acton SP-2558-9N with a
1200 groves/mm grating, blazing 600 nm) equipped with a liquid nitrogen cooled CCD camera
(Roper-Princeton Instruments Spec10:400B/LN) and notch filters in order to remove the Rayleigh
scattering (StopLine from Semrock). Thanks to this setup the spectra were recorded in a unique
acquisition window (typically comprised between 1000 cm™ and 2500 cm™), repeating 100 times a
60 seconds acquisition. By this approach it was both possible to obtain spectra with high signal to
noise ratio (by averaging the different acquisitions) and to detect any possible degradation of the
solution induced in time by the laser irradiation. Furthermore, this setup allows us to switch from
one laser wavelength to the next in a very short time interval, simply by changing the bandpass and
notch filters, and moving the monochromator grating.

Fine calibration of the Raman shift of the acquired spectra was achieved by using the approach
proposed by N.C. Craig and I.W. Levin [23]. After each measurement, a spectrum of the plasma
lines produced by the lasers was collected by removing the bandpass clean-up filter in the optical
system. The accurately tabulated plasma line positions allowed us to correct any possible offset or
non linearity of the monochromator and to control the uncertainty on the wave-number axis within
1 cm™ for all excitation wavelengths used (also checked by measuring the G-band position at 1581
cm’' in the spectrum of a highly oriented pyrolytic graphite sample).

The infrared spectrum of the dinaphthylpolyynes solution was acquired in transmission mode by a
Perkin Elmer FT-IR/F-FIR (far infrared) Spectrometer “Spectrum 400” with a Universal Attenuated
Total Reflectance (UATR) attachment and liquid N, cooled Mercury Cadmium Telluride detector
operating in the range 750-2500 cm” with a 2 cm™ resolution. The spectrum of the pure
decahydronaphtalene was also acquired and then subtracted from the spectrum of the whole

solution in order to remove its infrared features.



2.3 DFT simulations

We simulate isolated (gas phase) dinaphthylpolyynes with n=2-8 acetylenic units within the
framework of DFT [24,25] in the local spin-density approximation (LSDA).

We use the QUANTUM ESPRESSO package [26], based on a plane-wave basis (40 Ryd kinetic
energy cutoff) and ultra-soft pseudo-potentials [27,28].

We relax the atomic position until the largest residual force and energy difference are smaller than
8 pN and 10~ Ryd, respectively. Starting from the relaxed position, we then compute the molecular
vibrational modes, plus their infrared intensities and non resonant-Raman cross-sections, using
density-functional perturbation theory [26]. The computational details are similar to those validated
and used, e.g., in Refs. [1, 20] for the simulations of the structure and vibrational properties of
spCCs terminated by Cy, graphene nanoribbons (NR) and CH,.
3 Results and Discussion

3.1 Raman-active modes

Figure 1a reports the electronic absorption spectrum of each molecular species contained in the
dinaphtylpolyynes mixture, measured by using the diode array detector interfaced to the column of
the HPLC. Table 1 reports the relative molar concentration C(n) of the individual components, as

estimated by means of the Lambert-Beer law [20].

n | dinaphthylpolyyne C(n)
Formulas

2 Ar-Cy- Ar 47+ 4%

3 Ar-Cg-Ar 19.7 £ 0.6 %

4 Ar-Cg-Ar 182 x22%

5 Ar-Cyo-Ar 113+12%

6 Ar-Cip-Ar 41x£03%
n>6 Not detected

Table 1. Relative molar concentration of the dinaphthylpolyynes (with 2<n<6) in the solution
[20].

One can clearly observe typical multi-peak structure in the optical absorption spectra due to



Franck-Condon satellites of the main electronic transition [20, 29-32]. The wavelength of the purely
electronic transition, i.e. the longest-wavelength transition (LWT), shifts linearly with the number
of acetylenic units, due to the hybridization of the molecular orbitals of the spCCs with those of the
terminations [20].

Figure 1a also reports (as vertical lines) the positions of the individual laser wavelengths used for
MWRR spectroscopy. As can be observed, the two laser lines at longer wavelength (514.5 and
496.5 nm) do not match any absorption line of the spectra shown, while from 488.0 nm downwards,
at least one absorption peak is crossed. At 363.8 nm, all the dinaphthylpolyynes peaks are crossed.

The matching of the laser wavelength with the energy of an electronic absorption of a molecular
species has important consequences for the obtained Raman spectra [33]. Indeed, although Raman
scattering occurs for any excitation wavelength, when the energy of the incident photon matches the
energy of an optical absorption peak (i.e. an electronic transition) of a species present in the
solution, a strong enhancement of the Raman intensity corresponding to this particular species
occurs [34]. In contrast, resonance does not affect the position of the Raman peaks (i.e. the
vibrational frequency) but only their intensity [32, 34].

Figure 1b shows the Raman spectra obtained on the dinaphthylpolyynes solution using the 7
excitation wavelengths: all the spectra are characterized by a multi-peak structure. In particular,
seven of those peaks (indicated as P1-P7 in Figure 1b, and summarized in Table 2) are present in all

spectra at the same wavenumber, but with different intensities.



Peak Raman shift  [Dinaphthylpolyynesas
label signment

P1 1957 £ 4

P2 1980 + 3

P3 2005 £ 2  |Ar-Cie-Ar (?)

P4 2029 £ 6 |Ar-Cis-Ar (?)

PS5 2057 £ 6 Ar-Cpp-Ar

P6 2090 =3 |Ar-Cyio-Ar

P7 2129 +2  |Ar-Cg-Ar

Table 2. Assignment of the experimental Raman peaks to dinaphthylpolyynes of different lengths.

Considering for instance the peak P5 in Figure 1b, its intensity remains substantially unchanged
when acquired with the 514.5 nm and 496.5 nm laser wavelengths, while it becomes much stronger
at 488.0 nm, and reaches its maximum intensity at 476.5 nm. It then drops in intensity at 457.9 nm
and increases again at 441.6 and 363.8 nm. The electronic absorption spectra of Figure la clarifies
that this behavior follows exactly the evolution of the optical absorption of Ar-C,-Ar. It is thus
possible to attribute, based on its resonant behavior, the peak P5 to Ar-Cj,-Ar. Following the same
approach, also the peaks P6 and P7 have resonant behaviors that can be clearly attributed to Ar-Cjo-
Ar and Ar-Cg-Ar respectively. Also the peaks P1, P2, P3 and P4 show resonant behaviors, which
however do not correspond to any of the dinaphthylpolyynes identified by HPLC. In particular their
intensity indicates that they are due to species resonating already at 514.5 nm, and thus at a
wavelength exceeding that of the LWT of any of the identified species.

In order to obtain a better understanding, absorption spectroscopy measurements were repeated on
the whole solution, before being separated in the HPLC column. Figure 2 shows the resulting
spectrum, compared to the sum of the individual spectra, reported in Figure 1a, of the single-n Ar-
Cy,-Ar molecules (weighted with the relative molar concentration of Table 1). The sum of the
spectra, although significantly broader, reproduces accurately the spectrum of the whole solution.

However as highlighted in the inset of Figure 2, an extra weak peak (between 490 and 530 nm) is
8



present in the whole-solution spectrum, that is absent in the sum spectrum. This peak must be
related to the dinaphthylpolyynes with n>6, as for instance Ar-Ci4-Ar and Ar-Cie-Ar, that are
contained in extremely low quantity in the solution and that were thus not identified by HPLC [20].
Indeed, considering the linear evolution of the LWT observed for the dinaphthylpolyynes with n=2-
6, one would expect for =7 a LWT centered at about 500 nm, while for »=8 a value for LWT of
about 525 nm [20], consistently with the position of the observed peak. Remarkably, the resonant
evolution of P4 for the 514.5 nm, 496.5 nm and 488.0 nm laser lines in Figure 1b follows nicely the
evolution of this weak absorption peak. Indications of the presence of dinaphthylpolyynes with n>6
in the solution are furthermore supported by the DFT simulations. Indeed, as typical for sp linear
carbon chains, the Raman active mode of the dinaphthylpolyynes bearing the strongest Raman
intensity shows a displacement pattern localized near the chain center (for more details about the
pattern of longitudinal atomic displacements, see figure reported in the supplementary materials
[35]). This so-called Raman-a mode (R-a) [1, 36] occurs in the range 1950 + 2300 cm ' and is
characterized by its strong dependence on the spCC length, red shifting almost uniformly as this
length increases (see Figure 3a). The attribution based on the resonant behavior of PS5, P6 and P7 to
the alpha mode of dinaphthylpolyynes Ar-Cy,-Ar with n = 6, 5 and 4 respectively is also supported
by the simulated frequencies, which match the experimental peaks within 15 cm™' (i.e. 1%, see
Table 2). Furthermore, the simulations support the attribution of the peaks P1 - P4 at smallest
Raman shifts to #>6 dinaphthylpolyynes.

None of the P1-P8 peaks in the Raman spectra can be associated to n = 2 and 3
dinaphthylpolyynes (i.e. Ar-C4-Ar and Ar-Ce-Ar), even though, altogether, they represent almost
70% of the spCCs present in solution (see Table 1). Only in the Raman spectrum acquired with the
363.8 nm laser line four peaks (P8-P11 in Figure 1b, not present in the other spectra) are clearly
identifiable: these peaks have positions compatible with the vibrational spCCs modes of Ar-C4-Ar
and Ar-Ce-Ar. The absence of these peaks in the other spectra can be understood by considering
the computed non-resonant Raman cross section for the R-a. modes shown in Figure 4a. Indeed, the

9



Raman cross section grows rapidly with the increasing chain length, being for example 20 times
larger for n = 6 than for n = 2. Figure 5 shows the comparison between the experimental Raman
spectra recorded using the 514.5 nm laser line (which is non-resonant for the dinaphthylpolyynes
with n = 2-6) and the spectrum obtained by summing the simulated non-resonant Raman spectra of
the dinaphthylpolyynes weighted by their relative molar concentrations (Table 1). The experimental
and simulated spectra display a remarkable agreement. In particular, the simulated spectrum
confirms that the Raman peaks from chains with n = 4-6 dominate over those relative to n =2 and n
= 3. The simulations also predict the small spectral features P5’ and P6’, thus attributed to
secondary Raman active modes (weaker than the main a modes).

In the simulated spectrum of Figure 5b we include the contributions of n = 7 and 8 spCCs. Those
peaks (indicated as dashed peaks in Figure 5b) were introduced by assuming arbitrary relative
molar concentrations of 1% and 0.5% respectively (since n =7 and 8 were not detected by HPLC).
On one hand, their positions are consistent with the positions of P4 and P3, on the other hand their
observed intensity is most likely enhanced by resonance: indeed, as previously discussed, Ar-Cis-
Ar and Ar-Cjs-Ar are expected to have electronic transitions matching the 514.5 nm laser line (see
also Figure 2). Following the same reasoning, P1 and P2 might be related to even longer
dinaphthylpolyynes (as for example Ar-C;s-Ar and Ar-Cy-Ar) that although present in negligible
concentrations in the solution (far below the detection limit of the HPLC), appear in the Raman
spectrum due to their extremely large Raman cross sections, further enhanced by resonance.

Likewise, we identify the P8-P11 peaks with the simulated vibrational modes of Ar-C4-Ar and
Ar-Cg-Ar because they can be observed only when using the 363.8 nm excitation line (Figure 1b) to
match the optical resonance (Figure 1a) and therefore to compensate for the small cross-sections of
these short chains.

In summary, by combining electronic absorption spectra recorded during HPLC, MWRR and
DFT-LSDA simulations it is possible to fully and coherently describe the mixture of spCCs of
several lengths. In particular we can identify the vibrational modes of the different species present
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in the system, whose position is strongly dependent on the chain length. Furthermore we
demonstrate that Raman spectroscopy with long excitation wavelengths is highly sensitive to long
spCCs (rather than to short chains), due to their larger non-resonant cross sections, further enhanced
by selective resonant absorption associated to their smaller HOMO-LUMO gaps. As the laser
wavelength is shifted toward the UV, shorter spCCs becomes progressively resonant, with their R-a
peaks becoming the dominant features of the spectra. This resonance mechanism gives a chance to
the R-a peaks of the abundant n = 2 and n = 3 spCCs to become visible despite their extremely

small Raman cross sections.

3.2 Infrared-active modes

Figure 6a shows the FT-IR spectra measured on the dinaphthylpolyynes solution. Similarly to
MWRR, a multi-peak structure can be clearly identified, which is distributed on a much narrower
wavenumber interval (about 100 cm™ compared to the 250 cm™ interval of Raman).

The peak positions agree well with the IR frequencies of dinaphthylpolyynes with n = 1-6 as
measured by K. Nakasuji et al. in ref. [31]. Nevertheless, the small separation between the different
peaks in Figure 6a (below 20 cm™) makes their precise assignment to the dinaphthylpolyynes of
specific chain length quite problematic. The DFT-LSDA simulations help us understand the small
dispersion of the IR modes. The displacement patterns of the most intense IR-active modes of the
dinaphthylpolyynes involve two main patterns: one (named IR-a) characterized by a displacements
distinctly localized at the chain center is present ubiquitously for all dinaphthylpolyynes; another
one (named IR-B) with a bi-lobed pattern occurs from n > 5. As shown in Figure 3b, the IR-o mode
vibrates at a frequency almost independent of the length of the dinaphthylpolyynes (with the
exception of the n = 2 chain), while the IR-p red-shifts uniformly as the chain length increases, like
in the case of the R-a mode. Although the IR-a mode is always present, it carries the main intensity
only up to n = 5, while it becomes very weak starting from n = 6, where the IR-3 mode “steals”
most of the dipole intensity (see Fig. 4b). Nevertheless, for n > 6 the intensity of the IR-a mode
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remains relevant, bearing approximately 20% of the intensity of the C=C modes for n = 8. As
illustrated in Figure 4b (IR-o. for n=6 is less than 10™), the cross section of the most intense IR
mode (the IR-a up to n = 5, and the IR-B for n > 5) increases exponentially like the R-a mode,
showing that also IR spectroscopy is much more sensitive to long chains than to short ones.
Unfortunately, while Raman spectroscopy, taking advantage of optical resonance, can be tuned to
enhance the response of one molecular species, this cannot be done with IR spectroscopy.

Figure 6b shows the simulated IR spectrum obtained, as in the case of Raman in Figure 5b, by
summing the simulated IR spectra of the dinaphthylpolyynes weighted by their relative molar
concentrations. It must be noted that, in order to match the experimental spectrum in Figure 6a, a
global 50 cm™ red-shift of the simulated isolated-molecule spectrum was required. Although shifts
of this entity between the simulated frequencies and the experimental one are common (see for
example ref. [36,37]), this circumstance becomes surprising when considering the very good
agreement of the simulated Raman modes with experiment, with no need of any shift (Figure 5).
Nevertheless, one can understand this by considering that, contrary to the R-o mode, the most
intense IR modes have wide bond displacement near the chain termination (i.e. at the naphthyl
groups). As a consequence, it is likely that the interaction between the dinaphthylpolyynes and the
solvent (attenuating the motion of the chain termination) induces the observed softening of the IR
active modes much more than the R-a mode, which are localized near the chain center. Similar
effects have been observed by many authors also for other systems both in solution and in the solid
state [37-41]. Although the solvent-induced shift need not be uniform for dinaphthylpolyyne of
different lengths, and also considering the frequent tendency of LDA to overestimate the vibrational
frequencies [42-44], the overall agreement between the shifted simulated spectrum in Figure 6b and
the experimental one in Figure 6a is good.

In particular, we ascribe the accumulation of the components in the 2150-2200 cm™ interval to the
lack of dispersion of the IR-a mode and the weak dispersion of the IR-B as a function of the chain
length.
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3.3 From dinaphthylpolyynes to general properties of end-capped spCCs

In order to verify the general validity of the observed behavior for the Raman and IR modes on
dinaphthylpolyynes, we also carried out DFT-LSDA calculations of spCCs end-capped by other
carbon based structures: Cy, graphene nanoribbons (NR), and CH; [1]. Figure 7 shows the resulting
simulated R-o and IR-a frequencies as functions of the number of acetylenic units. Figure 7 also
reports the bond-length alternation of the chains (BLA, see definition in ref. [1]) and the length of
the first bond between the chain and the terminating structure (FBL).

Figure 7 clarifies that the BLA and FBL values allow to characterize precisely the nature of
the different spCCs. Specifically, the BLA measures of the overall degree of dimerization of the
spCC. As discussed in Ref. [1], although the BLA is maximum for “ideal” polyynes (having
alternating single-triple bonds) and negligibly small for cumulenes (having all double bonds), its
value is not only affected by the nature of the chain termination (being inversely related to the order
of the bond between the chain and the terminating group), but also by the chain length and, for sp*
terminated chains, by the chain torsion [1]. Indeed, as shown in Figure 7, for each termination type
the BLA decreases progressively with increasing x. In contrast, the FBL provides a direct indication
of the bond strength between the terminating group and the chain, and its value is almost
independent of the chain length.

Consider now the n-dispersion of the R-a and IR-a modes: the general validity of the trends
of dinaphthylpolyynes discussed in the Sect. 3.1 and 3.2 appears clear. Indeed, the linear n-
dispersion of the R-a mode and the approximate n-independence of the IR-a mode (for n > 2) are
observed for all kinds of termination. Remarkably, as shown in Figure 7, the evolution of the R-a
and IR-o modes follows, respectively, the dispersion of the BLA and FBL values.

Note that the R-o frequency depends only weakly on the nature of the terminating group,
but, similar to the BLA, it is dominated by the strong dispersion with n. Conversely, the frequency
of the IR-o. mode (for n > 2) correlates to the value of the FBL and, in turn, to the nature of the

13



chain termination. Those observations strongly indicate that Raman and IR characterization can
provide complementary information: Raman identifies the presence of spCCs of different length
within a given family (i.e. with a specific terminating group), while IR distinguishes between

different families of spCCs compounds regardless their length distribution.

4. Conclusions

We performed an experimental and theoretical characterization of the vibrational properties
of Naphthyl-terminated spCCs, by combining MWRR and FT-IR spectroscopies with theoretical
DFT-LSDA modeling. One R-a mode dominates the Raman spectra of dinaphthylpolyynes, while
the IR spectrum contains one dominant IR-a dipole-active mode up to #n=5, plus a second IR-f3 from
n>5 onwards; both R-a and IR-f red shift as the chain length increases, while IR-a is almost
unaffected by the chain length. As a consequence the non-resonant Raman spectrum of a mixture of
terminated spCCs of different lengths covers almost uniformly the whole frequency range of sp
carbon (1900-2300 cm™), while, due to the length-independence of IR-0, the IR spectrum exhibits
an accumulation of components around a single frequency, here 2200 cm™ for dinaphthylpolyynes,
with only few weak features far from this frequency.

We demonstrated that resonance effects can be exploited with MWRR spectroscopy for the
identification of the detected peaks as R-a modes of dinaphthylpolyynes of specific lengths. Raman
spectroscopy is far more sensitive to long chains rather than short ones, due to: (i) the rapid increase
of the non-resonant Raman cross section with chain length and (ii) the onset of resonant
enhancement already with the long-wavelength (visible) excitation line following the decreasing
HOMO-LUMO gap with increasing chain length [20,45].

Due to the weak n-dispersion, no complete assignment of the individual peaks to specific IR-a
and IR-B modes was feasible. Nevertheless, DFT calculations indicate that the IR modes, much
more than Raman ones, are strongly affected by the chain termination groups, rigidly shifting to
lower wavenumbers as the strength of the terminal bonds increases.
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The combined characterization of end-capped spCCs by MWRR and IR spectroscopy
(complemented by DFT calculations) allowed us to propose a paradigm for the full identification of
general spCCs-containing compounds: MWRR spectroscopy allows the identification of different
chain lengths, while IR allows distinguishing families of chains with different terminations (if
present). The combination of the two techniques represents therefore a very powerful tool for the

characterization of complex carbon-based materials [46-49].
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Figure 1 (a) UV-vis absorption spectra of dinaphthylpolyynes of different chain length measured by
using the diode array detector interfaced to the column of the HPLC. Vertical lines represent the
excitation wavelengths (i.e the laser lines) used for MWRR spectroscopy. (b) MWRR spectra of the
whole solution obtained using 7 different excitation wavelengths, whose value in nm is indicated at
the right.
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Figure 2 Comparison between the UV-vis spectrum of the solution containing the mixture of
dinaphthylpolyynes with different chain length (black solid line) and the weighted sum of the
spectra recorded on the individual dinaphthylpolyynes separated by HPLC from the same solution
(blue dashed line). Inset: a blowup of the 450-550 nm region, with several excitation lines used for
the Raman experiments, and the peak assignments.
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Figure 3: The DFT-simulated frequencies of the (a) Raman and (b) IR active modes of
dinaphthylpolyynes. The intensities are normalized to the most intense mode in the 1900-2300 cm™
window.
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Figure 4: (a) Non-resonant Raman cross sections of the R-a mode of dinaphthylpolyynes as a
function of the chain length; (b) the dipole intensity of the IR-a and IR-f modes of
dinaphthylpolyynes (IR-o for n = 6 is less than 10™).
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Figure 5: (a) Experimental Raman spectrum measured using the 514.5 nm excitation wavelength.
(b) Simulated Raman spectrum obtained by combining the DFT spectra of Fig. 3(a) with the
computed non-resonant cross-sections of Fig. 4(a), weighted by the measured concentrations.
Arrows indicate the correspondence between experimental and computed peaks.
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Chapter 8

3p—sp2 pure carbon film

In the recent past the sp-sp? pure carbon material has been continuously studied since
its identification by L. Ravagnan et al in the 2002 [31]. This system can be synthesized,
as discussed in details in sec[3.1and by producing pure carbon clusters with a PMCS
cluster source and depositing them with the SCBD technique.

Form the vibrational point of view, Raman spectroscopy provided the first iden-
tification of the presence of sp hybridization in the amorphous sp? matrix. The first
description proposed for the presence of spCCs in this amorphous pure carbon system
was based on the identification of two main components constituting the C band in the
Raman spectrum of the sp-sp? pure carbon material, one related to cumulenic-like chains
and the other related to polyynic-like chains.

Beyond the vibrational analysis, reactivity and conductivity measurements have been
carried out to better understand the presence and stability of spCCs [70,(71}|59, 86,
60]: polyynic-like and cumulenic-like species are present and stabilized in all-carbon
metastable structures and, under He, No, and Hs exposure, the amount of spCCs reduces
with an exponential decay with time constants depending upon the type of the gas.

From the transport properties point of view, it has been demonstrated how the pres-
ence of sp?-terminated cumulenic-like chains affect the electrical transport mechanism of
the system through a self-doping mechanism by pinning the Fermi level closer to one of
the mobility gap edges; cumulenic-like spCCs, stabilized in the sp? matrix, and used to
tailor the electrical properties of the material by controlling their density, can be thought
as building blocks in carbon based nano-electronic devices [19,20%21].

Although the huge effort devoted to the study of stabilized spCCs, till now it is
not present in the literature a general framework for the interpretation of the physical
and chemical properties of end-capped spCCs. The most explored way to fix this lack
of comprehension is to try to characterize chains from their spectroscopic signature,
nevertheless the assignment of the electronic and vibronic signatures of specific structures
is, until now, an open issue.

In this section I present a complete study, both experimental and theoretical, of the
vibrational properties of the sp-sp? pure carbon films. I apply the model developed
for dinaphthylpolyynes to this more complex system in order to provide a complete
description of the physical and chemical properties of the carbyne-rich pure carbon film
through a clear identification and assignment of the vibrational features presents in the
Raman and infrared spectrum related to spCCs with different lengths and terminations
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8.1 Modeling the vibrational properties of sp> and sp?
terminated spCCs

The results obtained for dinaphtylpolyynes suggests that it is possible to provide an ex-
haustive characterization of sp-sp? systems by combining different spectroscopical tech-
nique with theoretical modeling. Ab-initio total-energy and phonon calculations have
been performed on a selected range of model structures sampling significantly the in-
finite variety of 3D arrangements of spCCs bridging graphitic fragments in different
hybridization states.

In particular I show that spCCs can be stabilized effectively by termination on
graphitic nano-fragments, and that in the resulting structures the carbon chain can
be torsionally stiff, due to the broken axial symmetry with staggered m bond. Then has
been explored how the structural, vibrational, and electronic properties of such chains
are affected by the nature and geometry of the termination. In particular, we show
that sp? bonding to graphitic fragments and graphene nano-ribbons (NRs) produces re-
markably stable structures, with cumulenic-like chains displaying a non-negligible bond-
length alternation (BLA), thus making meaningless the traditional categories of polyynes
(dimerized chains) and cumulenes (un-dimerized chains).

Theoretical calculation details and technicalities are exhaustively described in the
dedicated chapter [6] within the Methods part [[I}
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Ab-initio calculations within Density Functional Theory combined with experimental Raman
spectra on cluster-beam deposited pure carbon films provide a consistent picture of sp-carbon
chains stabilized by sp® or sp? terminations, the latter being sensitive to torsional strain. This

unexplored effect promises many exciting applications since it allows one to modify the conductive
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Post-silicon electronics has seen the recent opening of entirely new perspectives along the
way of carbon-based devices. By proper nanoscale design, entirely carbon-made transistors
have been realized [1]. Future applications have been devised, including bio-nanotechnology
ones such as devices for fast DNA reading [2]. Even considering only well-demonstrated
applications, the potential of carbon-based electronics is undoubtedly enormous, as testified
by the realization of non-volatile memories based on two-terminals atomic-scale switches [3]
and bistable graphitic memories [4]. Specifically, these structural memory effects have been
explained by the formation of carbon chains made by a few aligned sp-hybridized atoms
bridging a nanometric gap [3].

In this context, the production of pure carbon nanostructured films with coexisting sp
and sp? hybridization [5, 6] opens the exciting possibility to tailor complex carbon-based
nanostructures with linear chains made of sp-hybridized C atoms connecting graphitic nano-
objects. However, despite several theoretical studies devoted to sp carbon nanowires [7, 8, 9,
10] classified either as cumulenes (virtually conducting, characterized by double C-C bonds)
or polyynes (large-gap insulators with alternating single and triple bonds), the implications
associated with the nanoscale geometrical manipulation of hybrid sp+sp? carbon systems
are still largely unexplored.

In this Letter we show that sp nanowires can be stabilized effectively by termination
on graphitic nanofragments, and that in the resulting structures the ~ 1 nm-long linear
atomic chains can be torsionally stiff, due to the broken axial symmetry with staggered
m-bonds. This stiffness is rich of consequences. We explore here how the structural, vibra-
tional and electronic properties of such chains are affected by the nature and geometry of the
termination. In particular, we show that sp? bonding to graphitic fragments and graphene
nanoribbons (NRs) produces remarkably stable structures, with cumulene-type chains dis-
playing a non-negligible bond length alternation (BLA), so that the traditional categories
of polyynes (alternating single-triple bonds, yielding a large BLA) and cumulenes (double
bonds, negligible BLA) appear too simplistic for the description of these systems. Torsional
deformations are found to affect the BLA, electronic gap, stretching vibrational frequencies
and spin magnetization of the chains.

We study these effects in realistic nanostructures, including carbon chains bound to
graphitic fragments. We perform all calculations within Density Functional Theory in

the Local Spin Density Approximation, using a plane-wave basis as implemented in the
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FIG. 1: (Color online) A few representative structures involving an 8-atoms sp-bonded carbon
chain terminated on sp? carbon fragments [(a-e): NRs; (f): Cgg]. Either edge termination [(a-d),
sp2-like] or termination on an internal atom of the fragment [(e-f), sp3-like] is possible. Binding
energies (with respect to the uncapped straight chain plus fully relaxed sp? fragments) and BLA

are reported.

ESPRESSO [11] suite [24].

Figure 1 displays a few of the studied systems involving either sp? or sp® bonding of a sp
nanowire with an sp?>-type fragment. The chosen end-capping nanostructures include planar
graphitic fragments and closed-cages clusters (here, Cqyg, the most curved fullerene). These
structures are intended to represent typical interfaces present in the nanostructured films
produced by cluster-beam deposition [12].

The nature of the terminal bonding turns out to be crucial in determining the structure
and electronic properties of the wire. An sp-kind termination produces remarkably stable
cumulene-type structures (between 7.9 and 13 eV for the formation of the two new bonds),
characterized by a BLA between 5 and 9 pm [25]. The computed binding energy should
be compared with the energy-per-bond of 2.1 eV that we obtain for a lateral attachment
of the same chain to the ribbon edge, and with the formation energy of graphene edges
[13, 14]; moreover, it is much larger than the reported binding energies of carbon chains
inside nanotubes [15]. Figure 1 also shows that the mere value of the BLA does not allow
one to distinguish between carbon chains which would be traditionally classified as cumulenic
(a-d) or polyynic (e-f) according to their terminations.

For the sake of comparison we also consider standard cumulenes and polyynes, in the form
of isolated carbon chains stabilized by hydrogen terminations. Polyynes, which can be seen

conceptually as acetylene molecules with longer alternating triple/single-bond carbon chains



(C,Haz), have been synthesized up to a considerable length (n = 20) [16, 17] in liquid and solid
matrices, and also with different stabilizing end-groups. Their electronic and vibrational
properties as isolated species have been characterized extensively, mainly by electronic and
Raman spectroscopy [17, 18]. On the other hand, cumulenes C,,oH, can be seen as C,, sp
chains terminated by CH, groups, yielding all double C=C bonds, and can be ideally thought
as ethylene molecules lengthened by extra carbon atoms. Cumulenes are more elusive and
less well characterized than polyynes, due to their fragility. Recently, short cumulenic chains
have been synthesized in their basic forms, butatriene and hexapentaene [19]. In fact,
cumulenic chains are often produced in conjunction with more complex terminations than
simple CHy units, including CPhy, i.e. 1,1 diphenyl ethyl (DPE) groups [20], which we also
simulate.

As one could infer from elementary valence bond or tight-binding considerations, depend-
ing on the number n of carbons being even or odd, sp*-terminated cumulenes assume a Dy,
(planar) or a Doy (staggered) ground-state geometry respectively, due to the alternating ori-
entation of the m bonds along the chain [19]. Similarly, chains bonded to sp? structures are
affected by the relative orientation of their terminations. Indeed, a memory of the orienta-
tion of the bonds of the terminating sp? carbon propagates along the sp-hybridized chain, so
that even-n chains tend to relax to a configuration where the termination sp? planes coincide,
while odd-n chains tend to keep their terminations at a twist angle # = 90°. As a conse-
quence, despite their purely one-dimensional nature, sp>-terminated carbon chains display
a non-vanishing torsional stiffness, no matter if they are straight or bent as in Fig. 1c,d. In
contrast, ideally polyynic chains (i.e. those terminated at a sp? site, with a pure single-triple
bond alternation) are almost completely free to rotate around their axis, but suffer from an
obvious frustration when the number of atoms is odd since the long-short bond alternation
must swap at their middle [21]. Importantly, in nanostructured cluster-assembled carbon
characterized by a complex three-dimensional arrangement of graphitic fragments and sp
chains [5, 6], a large number of the chains binding to sp? structures are not free to relax
their terminations to the preferred angular geometry, and must hence be expected to be, in
general, strained torsionally.

Since the simulation of carbon-only structures such as graphene NR bridged by chains
allow us to investigate few relative angular arrangements only, we extend our study also

to chains with simpler saturating ligands, namely CH, and DPE. The latter turns out to
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tions.

reproduce better the behavior of a large (potentially semi-infinite) graphitic fragment, which,
at variance with CHgy, shares with the chain only a fraction of its unsaturated p, electron,
which is partly delocalized over an extended aromatic sp? structure.

Figure 2 summarizes the influence of different end groups on the BLA and, for sp? termi-
nation, the torsional strain energy and the Kohn-Sham electronic gap of even-n chains as a
function of #. Interestingly, largely strained chains undergo a magnetic instability, turning
spin polarized. The reason is the quasi-degeneracy of two m-bonding/antibonding electronic
levels near the Fermi energy illustrated by the closing of the gap, Fig. 2b. Remarkably,
in even-numbered chains of all considered lengths, no matter if CHy- or DPE-terminated,
the switching to a spin-polarized configuration takes place at the same twist angle 6, ~ 79°,
highlighted in Fig. 2 [26]. This 6, invariance implies that the energy gap A and the exchange
splitting of the electrons near the Fermi level scale in the same way.

Calculations show that the BLA of the sp?-terminated chains varies substantially with



the nature of the termination itself [10]. The length of the extremal bond (i.e. the one
connecting the last sp carbon with sp?/sp3-hybridized ligand), which correlates with the
BLA, is minimal in the case of a simple CHy termination, but increases substantially in DPE-
terminated chains, assumes even larger values in NR-terminated wires, and is maximum for
polyynic-type terminations, see Fig. 1 and Fig. 2c. The torsional barrier is consistently
smaller for NR terminations, as indicated by the cross at § = 90° in Fig. 2a.

In the light of the above results, chain-termination details are expected to influence the
vibrational properties as well. The latter offer an invaluable opportunity to check if the the
considered structures are representative of those present in nanostructured cluster-assembled
films, for which Raman spectra are the main experimental evidence of the presence of linear
carbon chains. In fact, in previous works some of us showed that the Raman fingerprint of
carbyne chains in sp-sp? carbon is characterized by a broad feature, where 2 components C1
and C2 peaked at 1980 and 2100 cm™! respectively can be recognized [5, 6]. Traditionally
these features were attributed generically to cumulenes (C1) and polyynes (C2). We hence
calculate the phonon frequencies and eigenvectors of the structures exemplified in Figs. la
and 1f, plus CHs- and DPE-terminated carbynes of several lengths, using standard Density-
Functional Perturbation Theory [11][27]. As a benchmark, our theoretical C-C streching
modes of polyynes C,Hy (n = 8 — 12) match the experimental frequencies [18] to within
40 cm™L.

Beside several bending and long-wavelength stretching modes, whose low frequency falls
in the same range as the vibrations of graphitic and diamond-like carbon material, short
linear carbon chains display a few characteristic Raman-active stretching modes in the range
1800 = 2300 cm™!. One mode, sometimes named the a-mode in the literature [18], shows
a displacement pattern localized near the chain center, and usually bears the strongest
Raman intensity [18]. Since the displacements at the chain ends are less than 10% of those
of the central atoms, the frequency of the a-mode is almost unaffected by the mass of the
termination (e.g. calculations for CgHy and CgHy with 1000-times increased hydrogen mass
give frequency shifts of less than 1 cm™!).

The stretching frequencies of sp chains turn out to be influenced by: (i) the type of
termination (sp? vs. sp?); (ii) the chain length, with even/odd alternation effects; (iii) for sp?
termination, the relative orientation of the termination themselves, with effects of torsional

strain. The calculated frequencies of the high-energy Raman-active modes display a clear
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the same material after 2 days exposure to He, 100 Torr (black line). The underlying Gaussians
report the empirical analysis of both spectra, resulting in 5 components at frequencies separated
by approximately 80 cm™!. The individual components display different decays, beside becoming

narrower and undergoing a ~ 10 cm™! blueshift.

distinction between sp? and sp®-terminated chains, as shown in Fig. 3. Only even-numbered
chains are reported, since odd chains lack o modes, and have in general much smaller Raman
cross sections [28].

Figure 3c displays the in-situ Raman spectrum of an sp-sp? nanostructured-carbon (ns-C)
film [5] in the carbyne region, measured using the 488 nm line of an Ar™ laser and acquired

with very high signal-to-noise ratio. The spectrum of the as-deposited material is compared



to that obtained after exposure of the film to He in order to promote sp chain decay [22].
Clearly, a description in terms of two peaks only cannot account for the complex structure
and decay observed. In particular, the C, component at the highest frequency (peaked at
2260 cm™') can be attributed uniquely to short polyynic chains, as it is higher than any
cumulenic o mode (see Fig. 3a), while the other components can be related both to polyynes
and cumulenes of different chain length. Asillustrated in Fig. 3c, after He exposal, individual
components have different evolutions during the C band decay, and in particular the peaks
at lower energy, corresponding to longer chains, decay faster than the higher-energy ones
(i.e. shorter chains). Furthermore, the C, peak does not shift during the decay nor change
its width, while all lower peaks are blue-shifted by ~ 10 ecm~! and narrowed by ~ 7 cm™!.
Indeed calculations, summarized in Fig. 3b, show that the high-frequency stretching modes
of torsionally-strained CH,-terminated chains are affected quite strongly by the twist angle,

with a redshift up to ~ 100 cm™'.

However, since chains with smaller torsional barrier
(such as those bound to DPE and nanoribbons) show smaller redshifts, this effect evaluated
for CH,-terminated chains should be considered as an upper limit for realistic pure-carbon
nanostructures.

The observed blue shift of the peaks accompanying the decay can then be explained
if each peak is related to a particular family of cumulenes, having all the same length but
different strain: the more strained chains, having softer Raman modes, decay faster than the
others, resulting in a net blue shift and narrowing of the peak. A faster decay of torsionally
strained vibrationally red-shifted cumulene-type is indeed to be expected due to their higher
total energy (Fig. 2a). On the contrary, no torsional strain applies to polyynes, and this is
why the C, peak does not shift.

In summary, we performed ab-initio total-energy and phonon calculations on a selected
range of model structures sampling significantly the infinite variety of three-dimensional
arrangements of linear carbon chains bridging graphitic fragments in different hybridization
states. Theoretical results suggest that sp-carbon chains are stabilized in particular by
bonding to the edges of graphitic nanofragments, and allow us to interpret the nontrivial
features and decay of experimental Raman spectra of cluster-beam deposited pure carbon
films. Moreover, the data for sp?-terminated chains point towards a rich phenomenology
driven by even/odd alternation effects and by the effects of torsional strain. The latter

modifies the electronic states near the Fermi level, suggesting the possibility to control the



nanowire conductance[21], optical properties, and spin magnetization, purely by twisting its
sp? termination, e.g. by coupling terminating graphene sheets with micromachined torsional
actuators [23]. Linear carbon chains bridging graphene nanogaps, recently proposed as an
explanation of the conductance switching in two-terminals graphene devices [3, 4], could
hence acquire an important role in future carbon-based electronics.

We acknowledge support by the Italian MIUR through PRIN-2006025747 and by the
European Union through the ETSF-13 project (Grant Agreement No. 211956 / ETSF User

Project No. 62).
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We use the C.pz-rrkjus.UPF ultrasoft pseudopotential from Ref. [11] with a wavefunc-
tion/charge cutoff of 30/240 Ry, and relax all atomic positions until the largest residual
force is < 2 x 10™* Ry/ag (8 pN). In the case of periodic graphene NRs, we adopt supercells
with three hexagonal units along the periodic direction and at least 7 A of vacuum separating
periodic images in the two other directions, optimizing the lattice constant until the stress
tensor drops below 2 x 1075 Ry/aj. We sample the Brillouin zone with at least 13 k-points
in each periodic direction and only £ = 0 in non-periodic directions. Numerical details are
similar to those validated and used, e.g., in Ref. [14].

The BLA measures the degree of dimerization and, excluding the terminal bonds, can be
defined as % E?i1(d2j—1 + dy—(2j-1))/Me — Z;Lil(dgj + dn—2j)/no|, With d; = |7 —Fiq1|, ne =
(n+2)/4, and n, = n/4 (integer part).

Odd-numbered chains show a reversed behavior, with high-spin states near the energetically
unfavorable planar geometry 6 ~ (0°.

All phonon calculations start by fully relaxing all degrees of freedom except, in the case of
torsionally strained C,(CHz)s systems, the angular coordinates of the H atoms around the
molecular axis.

For the simplest structures (CHa-terminated chains) we also compute Raman intensities.
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Linear chains made by a single row of sp-hybridized
carbon are predicted to display fascinating mechano-
electronic properties connected with their termination
and stabilization inside realistic carbon structures. The
present work describes how the computed vibrational
properties of cumulenic and polyynic carbon chains al-
low one to interpret the carbynic features observed in
Raman spectra of cluster-assembled sp — sp? films. The
overall picture is consistent with the measured decay of
the sp components induced by air or oxygen exposure.

1 Introduction Fullerenes, nanotubes, and graphene
are examples of the wide class of structures based on
sp?-hybridized carbon. Carbon atoms can also show an
sp hybridization, and hence form linear structures. Lin-
ear atomic chains made by a single row of sp-hybridized
carbons, known as Carbynes, are indeed the most one-
dimensional among all conceivable carbon nanostructures.
In the last years, the possibility to use them as conducting
bridges between metallic leads, or even between sp? or sp®
carbon fragments, has been suggested [1]. The basic as-
sumption is a possible delocalization of 7 electrons along
the chain, allowing for charge transport.

However, as we show below, this one-dimensional 7
electron delocalization differs substantially from that ob-
served in aromatic compounds, based on sp?-hybridized
carbons.

The electronic properties of carbon atomic chains attached to
the edges of graphitic fragments can be controlled by a relative
twist of the terminating planes.

Copyright line will be provided by the publisher

Traditionally, finite carbynes are classified as polyynes
or cumulenes, according to the nature of their bonding: the
first ones display a sequence of single and triple bonds —
and acquire a substantial bond length alternation— while the
second ones have all double bonds, all of about the same
length.

Until recently the “carbyne” scientific community had
a small interaction/superposition with the community of
people studying sp? carbon systems, such as fullerenes
and graphene. Works suggesting the relevance of carbynic
chains in graphene-based devices appeared very recently
[2]; in particular, carbynes were suggested to form bridges
across nanometric gaps in graphene. This conjecture was
advanced in order to explain the reversible conductance
switching observed in two-terminal graphene devices [2,
3]

Copyright line will be provided by the publisher
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Figure 1 A few representative structures involving an 8-atoms
sp-bonded carbon chain terminated on sp? carbon fragments [(a-
e): NRs; (f): Cao]. Either edge termination [(a-d), sp°-like] or
termination on an internal atom of the fragment [(e-f), sp3—like] is
possible. Binding energies (with respect to the uncapped straight
chain plus fully relaxed sp? fragments) and BLA are reported.

On the other hand, the coexistence of sp? and sp hy-
bridization in Carbon has been demonstrated since 2002,
based on Raman spectroscopy. In particular, the experi-
mental group of Ref. [4,5] uses supersonic cluster beam
deposition to produce nanostructured carbon films with a
clear signature of sp-bonded carbon, as demonstrated by
measuring in situ the Raman spectra.

The carbynic Raman peak, sometimes identified as “C-
band”, is due to the stretching of the sp bond and appears
around 2000 cm™?!, being well separated from the lower
structures associated with the stretching of the sp® and
sp? carbon-carbon bonds. The C-band, however, is found
to decay with time and with exposure of the sample to
oxygen, with the sp component almost disappearing after
3 days [6]. More recent low-noise, high-statistics experi-
ments have allowed one to disentangle, from a purely em-
pirical analysis of the experimental data, the presence of
at least five different components building up this carbynic
peak, each with a different decay rate [6]. Moreover, 4 out
of 5 components also display a blueshift and a narrowing
during the decay. Another relevant experimental finding is
the reduction of the electrical conductance of the sample
associated with the decay of the carbynic Raman peak.

2 Theoretical methods In order to gain more insight
in the physics of such sp+sp? systems, we performed a set
of ab-initio total energy calculations '. We carried out ab-
initio calculations within the Density-Functional theory in
the local-density approximation (DFT-LDA) with a plane-
waves package [8] using default ultrasoft pseudopotentials,
and wavefunction/charge cutoffs of 15/120 Hartree. We
relax the atomic positions until the largest residual force
is less than 10~* Hartree/a, (8 pN). We compute the vi-
brational properties within density-functional perturbation

! These calculations were part of an user project of the ETSF

[7].
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Figure 2 Successive minimization steps for the attachment of a
Cg chain to nanoribbon edges. (a): the chain starts 2.1 A from the
zigzag edge; (b): the chain starts 1.1 A from the zigzag edge; (c):
the chain starts 2.9 A from the armchair edge.

theory [9]. Non-resonant Raman intensities were obtained
by numerically evaluating second derivatives of the atomic
forces with respect to the electric field [10].

3 Results In the following we present theoretical and
experimental results. The calculations are aimed i) to iden-
tify the most stable structures and geometries; and ii) to
compute the Raman frequencies and intensities for a se-
lection of realistic structures. Computed Raman spectra
are compared with measured spectra of cluster-assembled
sp — sp? carbon films.

3.1 Structure and energetics First of all, we notice
that there are essentially two ways to terminate a linear
chain on an sp? graphitic fragment: either the chain con-
nects perpendicularly to the surface of the fragment (or the
surface of a fullerenic cage), by means of an “interface”
atom having the sp® hybridization, like in the examples
shown in Fig. le-f, or the chain can be attached to an edge,
like in Fig. la-d. In the latter case the “interface” atom is
also sp?. The first remarkable result of total energy calcu-
lations is the large binding energy which is obtained in this
second case, especially for the attachment to a zigzag edge.

Figure 2 shows the result of a geometry optimization
for a linear chain put in the vicinity of the edge of a
graphene fragment or nanoribbon, ending in different lo-
cal minima according to the initial conditions. For an 8-
atoms long chain, if the initial distance is large enough the
chain bends, and attaches its two ends to the edge (Fig. 2);
if the distance is smaller, the chain makes multiple bonds
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Figure 3 Individual bond length in a Cg chain with different
terminations.

and the nanoribbon grows, possibly incorporating defects.
Remarkably, the energy gain per new bond is much larger
in the first case than in the second.

‘We made several simulations for systems of this kind,
including chains from 4 to 14 atoms, with full geometrical
relaxation of the structures. Figure 1 shows a set of typi-
cal results for the 8-atoms chain. Besides the binding en-
ergies, we also report the bond length alternation (BLA),
expressed in picometers.

The BLA should in principle be a criterion to distin-
guish polyynes (with single and triple bonds) from cumu-
lenes (with double bonds). Naively, one would expect that
sp3-terminated chains are polyynes, while sp?-terminated
ones are cumulenes. As we demonstrate below, the situa-
tion is quite more complex and the nature of the bonding
along the chains is non trivial.

Recently, nice experimental observation by transmis-
sion electron microscopy [11,12] have shown such linear
carbon chains attached to graphene edges. The experimen-
tal geometries, as shown in figures 1 and 4 of Ref. [12], are
very similar to those predicted to be the most stable ones by
our DFT calculations, e.g. the straight chain between two
zigzag edges and the “handle” structures realized by bent
chains. However, present TEM images cannot discriminate
between double bonds and single/triple ones, hence theo-
retical results are necessary to understand if the chains have
a polyynic or cumulenic character.

Considering again our prototypical 8-atoms chain at-
tached to the zigzag edges of graphitic nanofragments, we
show in Fig. 3 the computed bondlenghts along the chain
(black), compared with those of a pure polyyne (blue) and
a pure cumulene (red). The alternation is clearly interme-
diate between the two limiting cases: the chains attached to
a graphene edge have hence a mixed polyynic-cumulenic
character.

Another intriguing aspect of carbynes terminated on an
edge of an sp? fragment comes from the breaking of the
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Figure 4 Total torsional energy (a), Kohn-Sham electronic gap
(b), and bond-length alternation (c) as a function of the twist angle
6 for representative even-numbered sp-carbon chains with differ-
ent terminations. Open/filled symbols refer to the low/high-spin
electronic configurations.

chain axial symmetry, since sp? termination defines a spe-
cific termination plane.

This point can be clearly illustrated in the case of a
purely cumulenic chain. It is well known that the equilib-
rium geometry of hydrogen-terminated cumulenes (C,,H4)
is either planar or staggered, according to the number of
carbons being even or odd. This is simply due to the al-
ternating orientation of m-bonds along the chain. In fact,
long cumulenes turn out to be easy to bend, but they are
rotationally stiffer.

We can hence expect that sp®-terminated chains are
free to rotate around their axis, and can be classified as
polyynic, while chains which are sp?-terminated on a
graphitic edge, instead, are affected by the relative angular
orientation of their terminal groups.

In a disordered material a large fraction of the edge-
terminated chains will probably be torsionally strained.

3.2 Effects of torsional strain Figure 4 shows the
result af explicit calculations of the effects of torsional
strain, performed on a representative set of our optimized
structures. The latter include pure cumulenes, chains ter-
minated on a double phenilic unit, and chains connecting
nanoribbon edges and fullerenic cages. We report total en-
ergies, HOMO-LUMO gaps, and bond-length alternation

Copyright line will be provided by the publisher
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Figure 5 The pattern of longitudinal atomic displacements of the
Raman active o mode of an untwisted C14 chain.

as a function of the twist angle for a set of even-numbered
chains, having then their ground-state geometry in the pla-
nar configuration. Full symbols refer to spin polarized con-
figurations, while empty symbols are used for non spin-
polarized ones. By forcibly twisting the chain termination,
and letting all other degrees of freedom to relax, the to-
tal energy undergoes a substantial increase, which is larger
for shorter chains and for chains having a more pronounced
cumulenic character. The total energy increase is accompa-
nied by a small increase of the BLA and by a substantial
reduction of the HOMO-LUMO gap, which would become
exactly zero in the Dy, configuration due to the degeneracy
of the 7-bonds oriented in the two orthogonal planes con-
taining the molecular axis. Moreover, beyond a certain an-
gle the system undergoes a magnetic instability, switching
to the spin-polarized configuration (which for even num-
bered chains is favored in the Doy geometry).

3.3 Raman spectra In the light of these results, we
expect chain termination details and geometry to influence
the vibrational properties of the chains. We focus, in par-
ticular, on their Raman signature, associated with the high-
frequency sp C-C stretching modes, and perform ab-initio
phonon calculations for a set of our optimized structures.
‘We concentrate on the so called “alpha mode”, which is
known to possess the strongest Raman activity and has a
typical displacement pattern as shown in Fig. 5. Since the
eigenvector of this mode goes to zero on the chain ends,
its frequency does not depend on the mass of the chain ter-
mination, and in fact we verified that no changes appear
by imposing fixed or free boundary conditions. In fact, the
frequency of the alpha mode clearly depends on three fac-
tors: the chain lenght, the type of termination (sp? or sp®),
and, for sp2 termination, the relative orientation of the ter-
minating planes.

Figure 6a shows the frequency of the alpha mode as
a function of the chain lenght. A first remark is that at
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Figure 6 (a) The computed frequency of the Raman a-mode
(horizontal scale for carbon chains of different length n (verti-
cal scale) and with different terminations. (b) The softening of
this mode for CHx-terminated chains as a function of twist an-
gle 6 (vertical scale). (c) Experimental Raman spectra for pristine
cluster-assembled sp-sp? film (grey line) and for the same mate-
rial after 2 days exposure to He, 100 Torr (black line). The un-
derlying Gaussians report the empirical analysis of both spectra,
resulting in 5 components at frequencies separated by approxi-
mately 80 cm ™. Individual components display different decay
rates, beside becoming narrower and undergoing a ~ 10 cm ™!
blueshift.

fixed lenght the chains with an sp? termination are sys-
tematically redshifted by about 50 cm™!, with respect
to sp>-termination. From Fig. 6a one can also conclude
that any spectral feature above 2200 cm~! must come
from sp3-terminated chains, since the highest mode of
sp?-terminated chains, that is found in the 4-atoms chain,
remains below this value. Figure 6b focuses on the effects
of the torsional strain: the frequency of the alpha-mode of
sp?-terminated chains is shown as a function of the twist
angle. The Raman mode shows a clear softening in the tor-
sionally strained configurations. One can hence predict that
a system containing a mixture of strained and nonstrained
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chains will display broadened peaks, each associated with
one family of sp?-terminated chains.

The picture coming out from the calculations turns out
to be consistent with the experimental findings of in-situ
Raman characterization of cluster-assembled sp — sp? car-
bon films [4,5]. Figure 6c¢ displays the spectra acquired
with the 514.5 nm wavelength of a Ar laser® on the pris-
tine samples and after 2 days’ exposure to He (100 Torr).
Several components can be identified in the spectra, behav-
ing consistently with the attribution to sp carbon chains of
different lengths. Indeed individual components are char-
acterized, on one side, by faster decays of peaks at lower
Raman shift (i.e. longer chains are more reactive), on the
other side the redshift and the narrowing of each individ-
ual component is consistent with the expected faster de-
cay of the more strained chains (which are also more reac-
tive, as illustrated in Fig. 4a). Remarkably, the absence of
shift observed for the highest frequency peak is consistent
with the fact that no torsional strain effects applies to the
sp3-terminated chains, which can rotate freely around their
axis.

Moreover, the presence of strongly strained, and hence
small-gapped chains (here an odd-numbered chain forced
to stay in the planar geometry) can explain the higher elec-
trical conductance of the samples immediately after depo-
sition and is consistent with the observed decay. The con-
ductance properties of carbyne-bridged sp? structures are
being studied actively[13-15].

4 Conclusions In conclusion, we have seen that car-
bon linear chains can be substantially stabilized by sp? ter-
mination on the edge of graphitic fragments: this finding
is in nice agreement with the structures recently detected
by transmission electron microscopy. The nature of the sp
bonding along the chain is nontrivial, since in most cases
C-C bonds cannot be classified as either purely double or
a pure sequence of single-triple bonds. Moreover, when
the chains are sp?-terminated, a memory of the orienta-
tion of the termination plane propagates along the chain,
through the sequence of 7-bonds, making the system sen-
sitive to torsional strain. The theoretical picture coming out
from the calculations is consistent with the experimental
Raman spectra measured in cluster-deposited carbon films,
and with the observed time decay of the sp-related Raman
peaks.

Our calculations also suggest that several other proper-
ties of sp?-terminated carbon chains are likely to be influ-
enced by torsional strain, e.g. electrical conductivity, opti-
cal spectra, and magnetic properties.
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8.2 Multi-wavelength resonant-Raman and infrared
spectroscopy of sp-sp’ pure carbon film

8.2.1 Multi-wavelength resonant-Raman characterization
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Figure 8.1: Setup used for the in-situ Raman spectroscopy

In-situ Multi Wavelength Resonant Raman (MWRR) spectroscopy measurements
have been carried out after the deposition of the pure sp-sp? carbon cluster, produced
by a PMCS cluster source, on a Calcium Fluoride (CaF3) substrate. The setup used
for Raman measurements is sketched in fig. Once the cluster beam exits from
the source and focalized by the aerodynamical focusing system, its central part, selected
through a 3 mm skimmer, was then allowed to enter a second differential vacuum chamber
(evacuated with a turbo-molecular pump in 10~ mbar) equipped with a translating
MakTex thickness monitor, mounted perpendicular to the beam axis. Then the cluster
beam apparatus is connected, through a Vaqtec gate valve, with the UHV transportable
deposition chamber (evacuated by an Ionic pump in 10~% mbar) equipped with a CaFy
window on the beam axis which acts as a substrate. After the deposition process it is
then possible to close the gate valve, preserving the vacuum in the transportable chamber
by means of the ionic pump, and to move the deposition/analysis chamber to the optical
laboratory for the Raman measurements.

MWRR spectroscopy was performed by using four different laser wavelengths pro-
vided by an Ar ion and a He-Cd laser (Spectra Physics, BeamLok series 2065 — 7 and
Kimmon, IK5352 R-D series, respectively). The wavelengths used were, respectively,
514.5 nm, 488.0 nm and 363.8 nm for the Ar ion laser, and 325 nm for the He-Cd laser.
For each wavelength, bandpass clean-up filters (MaxLine filters from Semrock) were used
in order to remove spurious plasma lines produced by the lasers.

MWRR spectra were acquired by using a single-grating spectrometer (Acton SP-
2558 — 9N with a 1200 groves/mm grating, blazing 600 nm) equipped with a liquid ni-
trogen cooled CCD camera (Roper-Princeton Instruments Specl0 : 400B/LN) and notch
filters in order to remove the Rayleigh scattering (StopLine from Semrock). Thanks to
this setup the spectra were recorded in a unique acquisition window (typically comprised
between 1000 cm~! and 2500 cm~1), repeating hundreds acquisitions one minute long
for the visible laser wavelengths and four minutes long for UV laser wavelengths. Thanks
to this approach it was both possible to obtain spectra with high signal to noise ratio (by
averaging the different acquisitions) and to monitor any evolution in time of the sample
spectra both related to the structural reorganization of the sp-sp? system and induced
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by the laser irradiation.

Fine calibration of the Raman shift of the acquired spectra was achieved by using
the approach proposed by N.C. Craig and I.W. Levin [87] and used for the analysis
of the MWRR spectra of dinaphthylpolyynes (see sec. . After each measurement,
a spectrum of the plasma lines produced by the lasers was collected by removing the
bandpass clean-up filter in the optical system. Since the plasma lines positions are
precisely tabulated, this allowed us to correct any possible offset or non linearity of the
monochromator and to reach an uncertainty on the wave-numbers axis below 1 cm™!
for all stimulating wavelengths used (also checked by measuring the G band position at
1581 em~! in the spectrum of a highly oriented pyrolytic graphite sample). After this
calibration process, the MWRR spectra of the sp-sp? sample are normalized with the
intensity of the G peak.

The Raman spectrum of sp-rich amorphous carbon has been deeply studied since the
first identification of the vibrational band of sp carbon by L. Ravagnan et. al [31] in 2002.
The spectrum of sp-sp? is composed by two main components: the well known broad D-G
band (1200-1600 cm~1), related to the vibrational frequency of amorphous sp? matrix [9)],
and the C band located in the frequency range of triple and double bonds of sp carbon at
1900-2300 cm~!. The first description of the C band was based on the identification of
two sub-components, the first one located at ~ 1900 cm™! and the second one at ~ 2100
em™! [31]. These two features have been attributed to cumulene-like (sp? terminated)
and polyyne-like (sp* terminated) chains respectively. Indeed, polyynics triple bonds are
shorter than cumulenics double bonds, thus vibrational modes of sp> terminated spCCs
are expected to be at higher frequency with respect of those of sp? terminated ones. By
the way, this picture does not provide any quantitative analysis about the length and
termination distributions of spCCs embedded in the sp-sp? films.

Thus, it is promising to follow the procedure used for the vibrational characterization
of dinaphthylpolyynes, that is to perform resonance Raman measurements by using
different laser wavelength, both in the visible and in the ultra-violet frequency range.
Indeed in [88] I demonstrate that Raman spectroscopy with long excitation wavelengths
is highly sensitive to long spCCs (rather than to short chains), due to their larger non-
resonant cross sections, further enhanced by selective resonant absorption associated
with their smaller HOMO-LUMO gaps [89]. As the laser wavelength is shifted toward
the UV, shorter spCCs become progressively resonant, with their R-a peaks becoming
the dominant features of the spectra. This resonance mechanism gives a chance to the
R-a peaks of most abundant shorter spCCs to become visible despite their extremely
small Raman cross sections.

By varying the incident photon energy it is in principle possible to activate the
resonance effect of chains with different length, thus paving the way of clearly identify
and assign the features present in the Raman spectrum of sp-sp? pure carbon films. In
fig. I report resonance Raman spectrum of the sp-sp? pure carbon film obtained
by using the four different laser wavelength. As reported in the left panel of fig. [B2]
the MWRR spectra show the typical features of amorphous carbon. The broad band
at 1300 — 1600 cm ™! is due to the sp? amorphous matrix vibrations and is composed
by two sub-components: the D peak (the small shoulder in fig. at ~ 1300 cm~1)
is related to normal modes of disordered domains and its blueshift as a function of the
excitation energy is due to the double resonance effect [90]. The G band, is related to the
bond stretching of all pairs of sp? carbon atoms in both rings and chains and follows the
same trend of the D peak due to the activation of the resonance of sp? structures with
different size, whose energy gap is roughly inversely proportional to their dimension
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Figure 8.2: superimposed in-situ resonant Raman spectra of the sp-sp? pure carbon film
obtained with the four different excitation energy reported in the legend.

(Eq ~ L%) || The smaller is the structure, the more confined are 7 and 7* thus
leading to the opening of a small gap. On the contrary, the larger is the cluster the
more extended is the graphitic structure, thus recovering the half-metallic character of
highly ordered graphite. As a consequence, by using photons with increasing energy, the
G peak becomes sharper and can shift even beyond its expected value of 1581 cm ™! due
to the the excitation of those sp? configurations with wider gap and stiffer Raman active
modes .

The C band obtained using the four different wavelengths is reported in the right
panel of First of all one can note how, by using photons with increasing energy, the
C band shifts to higher frequency losing intensity in the region around 1900 cm~! and
gaining intensity around 2200 cm ™! (as indicate red arrows in fig. [8.2 ). Furthermore,
by switching to UV radiation, it can be clearly observed, in the 1900 — 2200 cm~!
spectral range, the activation of many sub-components, silent in the visible spectra, that
don’t follow any trend reported for dinaphthylpolyynes. As was oreviously shown for
dinaphthylpolyynes, resonance effects can be exploited with MWRR spectroscopy for
the identification of the detected peaks as R-o modes of dinaphthylpolyynes of specific
lengths due to the matching between the HOMO-LUMO gap of the spCCs and the energy
of the laser wavelength (see. sec and ) Therefore, the dynamics affecting the C
band can be interpreted as due to the activation of the resonance effect for chains with
decreasing length, increasing energy gap and stiffer Raman active modes.

Having interpreted the blue-shift of C band and the structuring of the UV Raman
spectra as a result of the activation of the resonance of spCCs with decreasing length, then
it is relevant to fit the C band with different sub-components, each representing an spCCs
family with a certain length, as previously done in the case of dinaphthylpolyynes .

Despite what happens for crystalline solids where the vibrational features are repre-
sented by Lorentzian curves, in the case of amorphous sp-sp? pure carbon film, gaussian
curves are the best choice. Indeed this is a poly-dispersed material in which many dif-
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ferent species are present (i.e., chains with different length and termination), each one
characterized by small structural and morphological deviations from the most stable iso-
mer. Thus gaussians can take into account the random distribution of the vibrational
modes related to spCCs with the same length but, for instance, bended, suffering com-
pressions/elongations and torsions because of the constraints induced by the amorphous
nature of the sp? matrix.

The fitting procedure is based on the iterative y? minimization setting the same
width for all the gaussians (in principles all spCCs families have the same probability of
being deformed) leaving their intensities and positions as free parameters. In-situ spectra
have been fitted together with the spectra acquired both leaving the sample in vacuum
conditions and during the gas exposure in order to follow the decay processes of the
different sub-components. As previously discussed I was able to collect Raman spectrum
during one whole week, thus obtaining a very high signal/noise ratio which allows the
precise fitting of the visible Raman spectra. On the contrary, for UV Raman spectra I
had to use very low incident laser power in order to prevent samples photo-degradation
(because of highly energetics photons), and thus these spectra are characterize by a
lower signal/noise ratio. Furthermore, always concerning UV spectra, I had to use a
greater number of Gaussian in order to acceptably minimize the x2. Unfortunately, the
high number of free parameters of such a fitting curve made the minimization procedure
poorly consistent.

Let us focus our attention on what happens to the C band when leaving the sample
in UHV (10~7 mbar) for an entire week. As can be observed in fig. the overall decay
is not uniform for all the Gaussian sub-components, the width of each curve does not
vary and a small blue-shift characterize the first four components lying below 2200 cm ™.
These observations suggest that the leading phenomenon responsible for the chains decay
is a process based on their cross-linking, leading to the reduction of the overall amount
of spCCs, with, nevertheless, a faster decay of longer chains than shorter ones. Indeed,
longer chains, which are expected to be characterized by an higher interaction volume
and less stability with respect of shorter ones, have Raman features in the low frequency
region of the C band, where indeed a faster decay is observed. Because this effect is
tightly bonded to the spCCs density, as the latter drops below a certain threshold these
cross-linking processes have a very small cross-section (i.e., they will proceed on longer
time scale) and, as a consequence, almost the 50% of the spCCs survives. The same
trends have been found in the polymer degradation, where polymeric chains covalently
interact forming different structures [93,94]; in the case of spCCs, they graphitize after
these cross-linking processes. For more details see [95].

By comparing experimental MWWR. spectra of the sp-sp? sample, both maintained
in-situ and during an He exposure, with theoretical modeling it is possible to gain fur-
ther information about the correlation between the C band behavior and the structures
of spCCs. Ab-initio DFT-LSDA calculations show that, as already demonstrated for
dinaphthylpolyynes (see sec, the most intense Raman active mode is the R-a one.
This mode shows a bond displacements localized near the chain center, and, since the
displacement at the chain ends are less than 10% of those of the central atoms, the
frequency of the R-a mode is almost unaffected by the mass of the termination [96}97].
The stretching frequencies of sp chains turn out to be influenced by (i) the type of termi-
nation (sp® vs sp?), (ii) the chain length, with even or odd alternating effects, and (iii)
for sp? termination, the relative orientation of the termination themselves, with effects
of torsional strain.

The results summarized in fig. show that the calculated frequencies of the high-
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Figure 8.3: (top) evolution of the gaussian components used for the fitting of the Raman
spectra during one week long in-situmeasurements; (bottom) evolution of the position
(a) and width (b) of the different gaussian sub-component.

energy Raman-active modes display a clear distinction between sp?- and sp>-terminated
chains: therefore, the decomposition of the C band in five gaussians sub-components
related to different spCCs families is compatible with the one obtained with the fitting
of the experimental Raman spectra. Indeed, once fixed the length, the chains with
an sp? termination are systematically redshifted by about 50 cm ™!, with respect to sp*-
termination. In addition, as reported in the right panel of fig. one can state that any
spectral feature at higher wavenumber than 2200 cm ! must come from sp>-terminated
chains, since the highest mode of sp?>-terminated chains, that is found in the 4-atom
chain, remains below this value. In particular, the component at the highest frequency
(indicated as C; in fig. peaked at 2260 cm~! ) can be attributed uniquely to short
polyynic chains, as it is higher than any cumulenic R-a mode . In table I
report both experimental and calculated R-a modes for both sp?- and sp>-terminated
carbon chains with different lengths.
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Figure 8.4: (left panel) the computed frequency of the Raman amode (cm~! (horizontal
scale common to all panels) for carbon chains of different length n (vertical scale) and
with different terminations. (b) The softening of this mode for CH2-terminated chains as
a function of twist angle 6 (vertical scale). (c¢) Experimental Raman spectra for pristine
cluster-assembled sp-sp? film (gray line) and for the same material after 2 days exposure
to He, 100 Torr (black line). The underlying gaussians report the empirical analysis of
both spectra, resulting in five components at frequencies separated by approximately
80 cm~!; (right panel) total torsional energy (a), electronic gap (b), and bond-length
alternation (c) as a function of the twist angle 6 for representative even-numbered sp-
carbon chains with different terminations. Open (filled) symbols refer to the low-(high-
)spin electronic configurations.

spCCs | fitted peak position [em™']  calculated frequency [cm™]

C+NR 2158 2185
Ce-NR 2107 2134
Cs-NR 2058 2060
C10-NR 1931 1950
Ca-Cao 2307
Ce-Cao 2251 2261
Cs-Cao 2240

Table 8.1: center of the experimental fitting gaussian compared with calculated R-«
modes

As illustrated in fig. c), during He exposure, individual components have differ-
ent evolutions during the C band decay and, in particular, the four peaks at lower
wavenumbers, corresponding to longer chains, decay faster than the higher-energy ones
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Figure 8.5: ”C” band detail of the acquired resonant Raman spectra, both in-situ and
after an exposure to He-Os mixture (20%), by using four different laser wavelength: (a)
514.5 nm, (b) 488.0 nm, (c) 363.8 nm and (d) 325 nm

(i.e., shorter chains). Furthermore, the C; peak does not shift during the decay or
change its width, while all softer peaks are blue-shifted by 10 cm™! and narrowed by
7 ecm~!. By summarizing DFT-LSDA calculation reported in (b)7 I can say that
the high-frequency stretching modes of torsionally strained CH2-terminated chains are
affected quite strongly by the twist angle, with a redshift up to 100 cm~!. However,
since chains with smaller torsional barrier (such as those bound to biphenyl groups and
nano-ribbons) show smaller redshifts, this effect evaluated for CH2-terminated chains

should be considered as an upper limit for realistic pure-carbon nanostructures.

The observed blueshift of the peaks accompanying the decay, very small in the in-
situ case, quite huge during gases exposure, can then be explained if each component
is assigned to a particular family of cumulenes, having all the same length but different
strain: the more strained chains, having softer Raman modes, decay faster than the oth-
ers, resulting in a net blueshift and narrowing of the peak. A faster decay of torsionally
strained vibrationally redshifted cumulene-type chains is indeed to be expected due to
their higher total energy (right panel of fig. (a)). On the contrary, no torsional strain
applies to polyynes because of their axial symmetry, and this is why the C, peak does
not shift.

It is interesting to notice how He, although it is a non-reactive gas, boosts the decay of
spCCs. This indicates that, as previously suggested, if one can wait for long time (namely
months or even years) leaving the sample in UHV conditions, can recover the same result
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Figure 8.6: (top) decay of the gaussian components used for the fitting of the Raman
spectrum during He-Oy exposure; (bottom) evolution of the position (a) and width (b)
of the different gaussian sub-component.

obtained with the He exposure. Remarkably, in the latter, the spCCs decay is accelerated
by (i) the compression of the film, resulting in a net diminution of the film volume and
the consequent increase of the spCCs density, and (ii) by the gas penetration in porous
film which provides, through collisions, enough energy to overcome the potential barrier
for the activation of the metastable spCCs decay.

In order to better understand these results and to confirm the proposed picture, it
is interesting to consider what happens to the C band if one exposes the samples to
reactive gases, as for instance a mixture of He and Oy at 20% (He-O; in the following).
As reported fig. [B:5 for all the excitation energy, during the exposure it is the low
frequency region 1800 — 2000 cm ™! which suffers the faster decay; furthermore it can
be noticed that in the UV Raman spectra of the exposed samples ((c) and (d) in fig.
, some sub-components, almost hided in the in-situ spectra, are now more sharply
defined.

As reported in fig. during oxygen exposures the the four components below 2200
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Figure 8.7: structures obtained with nudged elastic band calculation by reacting O
molecules with spCCs both sp? and sp® terminated

sp?, both the intensity lowering and the blueshift are more prominent than in the in-situ
and He cases. The component at higher frequency seems to be again the most stable
one, since it decays less than the other four, does not shift and preserve its width. I can
conclude that although the chemical reactions induced by oxygen is capable of breaking
the C-C bond. No matter how long are spCCs, longer and strained chains preserve higher
reactivity with respect of shorter ones. Indeed when spCCs react with Os molecules, the
decays of all the sub-component have different yield: longer chains are less stable than
shorter (95% of longest chains decays in contrast of the 85% of the shortest one) but the
latest experience the higher increase of their decay as compared to the He exposure case
and this can be explained by the chemical nature of the reactions with oxygen (reducing
the difference between the decay of long and short chains).

For what concerns oxygen exposure, recently G. Moras et al. demonstrated
that by exposing spCCs to Oz molecules one obtains the progressive cleavage of carbon
chains due to C-C bond breaking and the following O atoms passivation of the dangling
bonds. As shown in fig. 05 molecules undergo chemisorption on the central bonds of
the cumulenic-like spCCs: after Oy adsorption, the reaction proceeds with the concerted
breaking of the O-O and C-C bonds thus forming two shorter carbon chains terminated
by a graphitic fragment at one side and with an oxygen atom at the other side. This
oxygen-induced cleavage of the chains is an exothermic reaction in all the investigated
systems in ref. : the energy gain ranges between 1.96 and 5.80 eV and, as expected,
is larger for the more strained chains. As a consequence, during He-O5 exposure, the
difference between the four sub-components decay rates, can be addressed not only to
the different stability of shorter chains in comparison of longer ones, but also to the
formation of short chains as a consequence of the long spCCs cleavage. Remarkably, the
results obtained by G. Moras et al. are consistent with the picture provided by
the combined experimental-theorietical study presented in this section.

Despite of what happens with dinaphthylpolyynes, for the spCCs embedded in the
sp-sp? system it is not possible to univocally define an HOMO-LUMO gap, since it is
strongly related not only to the chain length but also to the chains distortion. As a
consequence, it is not possible to correlate the optical absorption with the enhancement
of the Raman signal. Furthermore, it is extremely difficult to theoretically determine to
which electronic transitions is correlated the activation of the Raman resonances; indeed,
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apart from the very simple case of dinaphthylpolyynes, for an amorphous sp-sp? solid it is
not obvious what transitions have the best wavefunctions superimposition, i.e. which are
the electronic transitions responsible for the activation of the resonance-Raman effect.

Nevertheless by combining MWRR spectroscopy with DFT-LSDA calculations it is
possible to provide a quite accurate analysis on the presence and stability of spCCs
embedded in the sp-sp? pure carbon film. The Raman spectra acquired with different
wavelength, both in-situ and during gases exposures, show that resonance effects can be
exploited with MWRR, spectroscopy for the identification and assignment of the peaks
whose superimposition give rise to the C band. The observation of the blue-shift of
the C band as the photon energy increases, combined with analysis of the decay of its
sub-components, allow to assert that each component below 2200 cm ™! can be assigned
to sp’>-terminated spCCs with different lengths (namely form the Cy4 to the Cjo) while
the features at 2260 cm ™" is related to sp3-terminated spCCs.
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Figure 8.8: Setup used for the in-situ infrared spectroscopy

8.2.2 Infrared characterization

Infrared spectroscopy experiments have been performed within a collaboration between
the ”Surface and thin films” group, leaded by Professor P. Rudolf (”Zernike Institute
of advanced materials” of the University of Groningen), ”CIMaINa” ( Interdepartmen-
tal Center for Nanostructured Materials and Interfaces), leaded by Professor P. Milani
(Physics Department of the University of Milan) and the Materials Science Department
of the University of Milan-Bicocca. The cluster beam apparatus, previously described in
sec[3.1] was moved from Milan to Groningen laboratories and connected, through UHV
chambers, to the UHV mid-infrared spectrometer present at the Prof. Rudolf’s labo-
ratory. The set-up used for in-situ infrared spectroscopy is sketched in fig. With
respect to the Raman set-up, described in sec[8:2.1} the second chamber is equipped with
a 2 mm pin hole mounted on the ending flank on the beam axis, just before the gate
valve which connects the cluster beam apparatus with the infrared spectrometer. The
in-situ Infrared spectroscopy characterization of the samples was performed in transmis-
sion mode by a Brukker IF 66/v FT-IR (Fourier transform infrared/far infrared) spec-
trometer, equipped with liquid N2 cooled MCT (Mercury Cadmium Telluride) detector
operating in the range 700 — 5000 cm~! with a 2 em™! resolution. The spectrometer is
interfaced with the UHV (10~® mbar) deposition chamber evacuated by a turbo pump.
Samples were deposited on a CaFy substrate located inside the deposition chamber and
mounted with an angle of 45 degree with respect both of the Infrared beam and the
cluster beam. As for Raman the measurements, we acquired tens of Infrared spectra for
each sample, each of which was obtained by averaging 256 acquisitions (c.ca 4 minutes
for a single spectrum ) in order to get the highest signal to noise ratio. In the post-
processing step I remove the background provided by the sp? matrix optical absorption
by fitting it with a 3rd order polynomial curve. The background signal is originated by
the optical absorption of the sp? matrix, thus it increases as a function of the sample
thickness and mainly affect the short wavelength part of the infrared spectrum (3.5-1
,um In this spectral region, this background has a dependence on the energy typ-

ical of the empirical Tauc model [100] for which a(F) (E_E#)Q, where a(FE) is the
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Figure 8.9: in-situ infrared spectrum and UV-Vis spectra acquired in transmission mode
(here converted in absorption units) by depositing sp-sp® pure carbon cluster on a CaF,
substrate; the black rectangle highlights the fitting region used for the evaluation of the
Tauc gap.

the imaginary part of the dielectric function (i.e., absorption coefficient). Within this
approximation I was able to extract the optical gap of thesp-sp? material, confirming
the 0.6 eV value obtained in previous work concerning amorphous carbon [101]. In fig.
is reported an in-situ IR spectrum of a cluster assembled sp-sp? pure carbon film
obtained by using the apparatus showed in fig. [8:8] In the frequency range between
1000 — 1600 cm~* lies the well-known broad component of amorphous sp? carbon [102]
related to dipole active modes whose carriers are the antisymmetric # C=C stretching
frequencies of graphitic domains located at 1238 and 1543 cm~! [103]. With respect
to the Raman spectrum, in the infrared one it is not possible to distinguish between
vibrational modes related to ordered and disordered structures, thus this broad band
can be addressed to the vibrations of the sp? structures present in the material, both
rings, chains and all the other possible configurations that sp? carbon can form.

More interesting is the feature present in the frequency range between 1900 — 2300
cm ™!, which can be addressed to the infrared active modes of spCCs. This is, to our
knowledge, the first identification of the infrared features of spCCs embedded in a pure
carbon solid. Despite the C band of Raman spectrum reported in the previous section,
the infrared one is characterized by the presence of three sharp components between
2150 and 2300 cm ™!, and a broader shoulder ranging from 1900 to 2100 cm~!. In order
to understand the origin of such sharp vibrational features, I perform the fit of the
infrared C band, by using the same procedure proposed in the previous section; then I
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Figure 8.11: longitudinal displacement patterns of most intense dipole active modes. (a)
The IR-a modes for the Ar-Cqp-Ar molecule and (b) the IR-8 mode for the Ar-Cqao-Ar
molecule.

compared the parameters of the fitting curves with DFT-LSDA calculated infrared active
modes. It is remarkable to underline that the displacement patterns of the infrared active
modes preserve their form when ranging from dinaphthylpolyynes to spCCs terminated
by graphitic fragments. Thus, since it is not possible to directly calculate infrared cross
section for pure carbon sp-sp? metallic structures (due to the limitation of the used
DFT implementation), then I am able to identify the nature of the IR-a modes of the
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Figure 8.12: (a) - (d) trend of R-a modes, IR-ae modes, BLA and FBL as a function of
length for different end-capped spCCs

spCCs terminated by graphitic fragments by comparing their longitudinal displacement
patterns with the ones of dinaphthylpolyynes. As a reminder, in fig. are reported
the longitudinal displacement patterns of the IR-a mode of the Ar-Cig-Ar and the IR-3
of the Ar-Cyg-Ar dinaphthylpolyynes. By considering the simulations summarized in fig.
[B-12] it is clear how the Bond Length Alternation (BLA) and Final Bond Length (FBL)
values allow to precisely characterize the nature of the different spCCs. Specifically, the
BLA is a measures of the overall degree of dimerization of the spCCs and its value is only
weakly affected by the nature of the chain termination, as it is dominated by the chain
length and, for sp?>-terminated chains, by the chain torsion. The evolution of the R-a
modes with the chains length follows the n-dispersion of the BLA and, as a consequence,
the Raman spectrum of both the dinaphthylpolyynes solution and the sp-sp? system
cover almost uniformly the whole range of sp hybridized carbon atoms (1800 — 2300)
cm~ L

In contrast, the FBL provides a direct indication of the bond strength between the
terminating group and the chain, thus representing a clear marker of the chains termi-
nation; furthermore its value is almost independent of the chain length and therefore,
as can be seen in fig. [8:I2] once fixed the termination, FBL values have a very weak
n-dispersion: by varying the termination, FBL rigidly shifts going from highest value for
sp>-terminated spCCs, sharing strong single ¢ bond with the end group, to the lowest
related to pure cumulenic spCCs, characterized by softer double bonds at their extremes.
Remarkably, IR-a modes follow a dispersion similar to the one of FBL (differently than
the R-o modes that follow the BLA one), and this confirms those finding obtained for
dinaphthylpolyynes [88], that is the accumulation of all the frequency around a fixed
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Figure 8.13: matching between the experimental infrared features with calculated ones.

value (in that case induced by naphthalene). From these results I can conclude that
the frequency of the IR-a mode correlates to the value of the FBL and, in turn, to the
nature of the chain termination.

In fig[8.13] I show the comparison between the experimental infrared C band and cal-
culated IR-« frequencies for two different graphitic terminations (sp-terminated spCCs
and sp3-terminated spCCs) and for different chains length (from the C4 to the Ciq
for sp?-terminated spCCs and from the Cy to the Cg for sp3-terminated spCCs). The
mismatch observed between experimental and simulated modes can be addressed to ten-

spCCs | fitted peak position [em™'] calculated frequency [cm™!]

C+NR 2127 2138
Co-NR 2214
Cs-NR 2195 2206
Ci10-NR 2195
Ca-Cao 2211
Co-Cao 2245 2282
Cg-Cao 2287

Table 8.2: center of the experimental fitting gaussian compared with calculated IR-«
modes
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dency of the LSDA to overestimates (up to &~ 20% and more) cohesive energies and
bond strengths in molecules and solids. This leads to the undervaluation of the bond
lengths with the consequent overvaluation of the vibrational frequencies. As a conse-
quence, since IR-a modes are highly sensitive to the length of the terminating bond, this
peculiarity of LSDA reflects in a more important way in evaluating the bond strength
and, consequently, the frequencies of infrared active modes.

Remarkably it can be noted that, regardless this systematic error strictly related to
the DFT-LSDA framework, it is possible to correlate calculated and measured infrared
spectra by assigning the three sharp gaussian component to specific spCCs families. The
most intense band peaked at 2127 cm ™! is nicely in good agreement with the calculated
frequency (reported in table of the IR-a mode of the sp?-terminated-Cy; spCCs
(reported as P1 in ﬁg. Furthermore, the Gaussian peaked at 2195 cm ™! can be
provided by the superimposition of the IR-o modes of Cg, Cg and Cig sp?-terminated
linear carbon chains (reported in fig[8.13] as P2, P4 and P5). For what concerns the
broad shoulder at lower frequency, two possibilities can be considered: first of all Raman
inactive modes can turn on and become visible also in the infrared spectrum due to the
distortion induced by amorphous matrix spCCs to the relaxed configuration. However,
one has to take into account that in order to overcome the complementarity of IR and
Raman active mode, it is necessary to break the centro-symmetric nature of sp?- and sp3-
terminated chains and thus very huge distortions have to be considered. More probably
it can occur that some spCCs, in the sp-sp? cluster assembled film, can present two
different terminations, i.e. one sp? and the other sp3, thus breaking the centro-symmetric
form and the IR/Raman complementarity. However, to consider this explanation, more
theoretical efforts about the nature of spCCs terminated by two different end-group
geometry are needed. More concrete at this level of knowledge, although the calculated
frequency are not yet available, the broad feature can be tentatively assigned to the
superimposition of the red-shifting IR-3 active modes of sp?-terminated C,,-spCCs, with
n>12 [88].

Then, as can be seen in fig. and in table the IR-a mode of the sp*-terminated
Cg Cg (P6 and P7 peaks) are responsible of the absorption peak at 2245 cm~*. Although
this assignment is quite clear, the IR-a mode of the shortest chains of this family (Cy) is
far from all the other two frequency; I remark that in the previous section I assigned the
highest frequency component in the Raman spectrum of the sp-sp? film to sp3-terminated
chains, no matter what is the length. This fact suggests that in this material only a few
percent of spCCs have an sp® terminations and thus, the infrared contribution of the
polyynic-like C; (P3 peak) is hided by the ones of the more abundant sp-terminated
chains.

However, as in the case of the Raman spectra, I am aware of the fact that the most
important source of inaccuracy in precisely matching such broad experimental features
and calculated frequencies is due to the large varieties of different configurations that
spCCs can present in the sp-sp? system and that cannot be simulated. Indeed, for
instance, I am considering only even chains and ignoring odd chains, since the latter
are expected to be less stable [97], I am neglecting mixed sp?- sp3-terminated spCCs
and finally I am not taking into account the effect of stress and strain induced by the
constraint imposed by the amorphous sp? matrix which can affect the infrared active
modes by acting on the final bond lengths and thus to the final bond strength.

Remarkably, also considering these clarifications, I can conclude that it is possible to
provide an interpretation of the infrared C band by assigning the three sharp component
present in the infrared spectrum of the sp-sp? pure carbon material: the most intense at
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2127 cm~! is provided by the IR-a mode of the C; sp?-terminated spCC; the features
at 2195 cm ™! is the superimposition of the IR« modes of sp?-terminated chains with a
length up to 10 sp carbon atoms while the last peak at 2245 cm™! can be assigned to
sp® terminated spCCs. Finally, by considering the results provided by the vibrational
study of dinaphthylpolyynes reported in sec[7.2] it is also possible to tentatively address
the broad shoulder to sp?-terminated chains longer than 12 sp carbon atoms.

8.2.2.1 Reactivity of the sp-sp? pure carbon film

In the recent past the reactivity of the sp-sp? has been studied by following the evolution
of the C band intensity in the Raman spectrum as a function of time and of the D-G
band intensity [70L71]. Since Raman effect is characterized by the resonance effect and
it is not sensitive to the products of chemical reactions, these studies could only explain
the dynamics of the C band, but it could not provide any information about the chemical
reactivity of the film.

On contrary, by using infrared spectroscopy, it is not possible to exploit resonance
effect in order to enhance the signal of spCCs with different electronic configurations,
but it is rather possible to precisely follow the chemical reactions path and provide
informations about the products of such reactions.

I focused the attention on the reactivity of the sp-sp? films with oxygen. The data
were acquired performing infrared absorption spectroscopy of a sample firstly maintained
in UHV conditions and then exposed to a mixture of He and Oxygen at 20% (He-Oq
in the following) at a pressure of 500 mbar. The spectra have to be normalized to the
intensity of the DG area in order to be compared. Indeed the injection of the gas mixture
through the leak valve causes the whole increasing of the intensity of the spectra making
them incomparable. As a consequence the reported intensity cannot be used for the
quantitative analysis by evaluating the area under the different spectral features. In fig.
B.14] T report the last in-situ spectrum acquired few second before the gas exposure is
started and the spectrum acquired after the exposure and restored the vacuum. In this
way I remove all the volatile species that can give rise to spurious spectral features (COq
in particular).

As can be noted, the He-O5 exposure produce modification both to the DG band and
to the C band. For what concerns the amorphous sp? features, it occurs the reaction
between the graphitic domains and oxygen which mainly induces the graphitization
process, as highlighted by the increase of the component at 1550 cm~! and the sharpening
of the D shoulder (1200 cm™1), as was already observed in previous work by means of
Raman measurement [70}/71]. It is also possible to notice an increase of the feature at
1730 cm ™!, whose carriers are the C=0 functional groups. As a consequence this effect
can be related also to the oxidation of the graphitic matrix [103},/102].

Regarding the infrared C band, it can be noted a remarkable evolution. As shown
in details in fig. BI5] the first effect of He-Oy exposure is the net diminution of the
components at low frequency, i.e. the ones between 1850 and 2100 cm~'. This fact
is consistent firstly, with the assignment made in the previous section of this broad
shoulder, and then with what I observed in the Raman spectrum during the oxygen
exposure (see sec7 that is this frequency range arise from the vibrational features
of long chains which are characterized by an higher total energy with respect of shorter
ones, i.e. they are less stable [96]. I highlight that, by combining calculated infrared
active modes with the fitting parameters, I assign these spectral region to spCCs longer
than 12 carbon atoms, exactly the same findings I obtained with MWRR, spectroscopy.
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Figure 8.14: in-situ infrared spectrum compared with the one acquired after the exposure
of the sample to a mixture of He-Os.

Furthermore it is intriguing what happens to the component peaked at 2127 cm™!:

as reported in fig. it suffers a weak blue-shift and intensity increase during the He-
O5 exposure. This observation is quite surprising since by Raman measurements it was
observed a net diminution of all the components, no matter what is the chains length.
In order to understand this behavior it is useful to remind the the results obtained by
G. Moras et al. regarding the reactivity of linear carbon chains with oxygen: during the
He-O2 exposure Og molecules cleave spCCs by breaking the C-C bonds leading to the
formation of both shorter and oxidized chains. This process can go on leading to ulterior
cleavage steps of the spCCs and then providing the progressive shortening of the chains
and the production of COs molecules. These reactions are once again exothermic as the
energy gain is, for spCCs composed by 3 — 5 carbon atoms, of 4.1 — 5.9 eV. In addition,
this combustion process can go further as long as the two carbon atoms involved in the
reaction are sp-hybridized, since the associated energy barrier is about 0.6 eV [98,99].

As a consequence the blue-shift of the peak at 2127 cm ™! towards the IR-o mode of
the sp?-terminated C4 (2138 cm~1) chains and its growing intensity have to be addressed
to the formation of C4 chains due to the cleavage of longer (less stable) sp-terminated
spCCs. Then, since in the infrared spectrum of the exposed sample the features of
gaseous CO5 molecules are not present, it means that all these molecules produced during
the combustion of progressively shorter chains, are evacuated by the turbo-molecular
pump of the deposition/analysis chamber.
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Figure 8.15: fit of the in-situ infrared ”C” band compared with the fit of the one after
the exposure of the sample to a mixture of He-Os.

Although this picture is quite intriguing, it cannot be exhaustive: as a matter of
fact, the weak increasing of the C4-spCCs is not sufficient to justify the almost complete
disappearance of the broad shoulder. It is possible to understand these observations by
considering the big difference of the infrared cross-sections, characterizing chains with
different length (it grows exponentially with n): the decrease of the intensity accompa-
nying the spectral feature related to long chains is much more evident than the intensity
gain provided by the increasing amount of short chains. Unfortunately, as discussed
in the section dedicated to the computational methods, I am not yet able to provide
infrared intensities for metallic system as the ones under consideration.

On the other hand, it is interesting to consider in details the calculations, as reported
in table of the vibrational modes of spCCs terminated with a graphene nano-ribbon
on one side and with an oxygen atom on the other side. First of all, the centro-simmetry
of the system is lost and thus some modes become both Raman and IR active; secondly
these spCCs have vibrational modes which have different bond displacement patterns
with respect of those of IR-a and IR-8. In particular 1; modes, present for both Cyg,
Cg and Cg chains, is characterized by wide displacements for the C=0 bond and almost
zero displacement for all the other bonds. Remarkably these frequencies match very well
with the feature at 1730 cm ™!, which experiences the most important increase during
the He-Os exposure, thus indicating that an oxidations process of sp carbon chains is
occurring; furthermore, also the highest frequency modes at ~ 2300 cm™! presents a
huge displacement for the C=0 bond, if compared with all the C=C sp bond of the
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spCCs | v [em™] vy fem™'] w3 fem™] vy fem™!] w5 [em™]
NR-C4-O 1730 2129 2292 - -
NR-Cg-O 1747 2081 2142 2304 -
NR-Cs-O 1758 2036 2083 2181 2311

Table 8.3: Calculated vibrational modes of oxidized sp?-terminated spCCs. A clear dis-
tinction between Raman and infrared-active modes is not possible, because cross-sections
calculation for metallic sytem is not implemented in the Q-E package. Furthermore, these
structures are not centro-symmetric and thus it is not possible to discriminate between
Raman and infrared-active modes from their longitudinal displacement patterns.

chains, and their frequency is in good agreement with the experimental features at the
highest frequency (2245 cm™!). It is interesting to notice that the latter, during the
exposure, also increases its intensity, thus suggesting again the formation of oxidized
spCCs.

I can conclude that, by using infrared spectroscopy, I was able to clearly identify
spCCs with different terminations by assigning each sharp component to a particular
chain family, sp?- and sp3-terminated ones. Although further theoretical efforts are
required to unambiguously assign the broad shoulder at 2000 cm™!, a tentative as-
signment can be proposed by extending those findings obtained on the IR-3 modes of
dinaphtylpolyynes and therefore assign this broad component to the superimposition of
most intense IR active modes of C,-spCCs, with n > 12.

By exposing the samples to a He-Os mixture, I am able to identify the reaction
process occurring as O, molecules interact with sp-sp? material: (i) the cleavage of spCCs
by the progressively C-C bond breaking, leading to the formation of shorter chains (in
particular Cy) (ii) the formation of sp?>-terminated oxidized spCCs, as indicated by the
increasing of the features at 1730 cm~' and at 2245 cm —'. Finally, at the present
knowledge, it is not yet clear who are the carriers of the component at 2195 cm ~'. The
matching of calculated IR-ov modes of sp?-terminated C,-spCCs, having 6 < n < 10,
with this spectral feature is quite accurate, nevertheless the very weak effect affecting
this component during the Oy exposure is not compatible with its assignment to sp?-
terminated chains of this length. By following the results provided by G. Moras et al
[98199], spCCs composed by 6, 8 and 10 atoms should undergo to chemical reactions with
oxygen as longer chains do. In order to address this component, further theoretical efforts
are needed, in particular calculations (running while I'm writing this thesis) of infrared
intensities of a simplified system, that is oxidized CHs-terminated spCCs (referred in the
literature as ” cumulenones” [104]). The patterns of bond displacements will be compared
with the one of graphitic-terminated spCCs in order to find which are the most intense
infrared active modes of the oxidized sp?-terminated chains. Then a more accurate
assignment of the IR features characterizing the exposed spectrum will be possible.

8.2.3 Summary

In the following I just summarize all the achieved results in this chapter devoted to the
study of the vibrational properties of sp-sp? carbon;

e thanks to the high signal to noise ratio of the Raman spectrum I was able fit the C
band with five gaussian sub-components and to precisely follow their in-situ decay.
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Each sub-components show a peculiar decay rate, in particular the lower frequency
components decay the less with respect of higher frequency ones;

remarkably if the film is exposed to He, then the decay process is accelerated and
the first four sub-components, not only loose the great part of their intensity, but
also blue-shift and narrow. The highest frequency component, C, peak at 2250
cm ™!, decay the less with respect of all the other and does not shift nor narrow;

if the film is exposed to an He-O, mixture, then all the effects observed with He,
the blue-shift and the narrowing of the first four gaussian, are enhanced;

by comparing ab-initio DFT-calculated most intense Raman active modes (R-«)
with experimental multi-wavelength resonant Raman spectroscopy both in-situ and
during gases exposures, [ was able to unambiguously assign each component of the
C band to spCCs having different length. In particular the four components lying
below 2200 cm ™! are addressed to sp?>-terminated chains composed by n carbon
atoms with n = 2,4,6,8,10,12. The C, peak is assigned to sp>-terminated spCCs;

remarkably calculations show how sp?-terminated spCCs are torsionally stiff, thus
their properties suffer the distortion imposed by the constraint of the amorphous
sp® matrix. In particular these spCCs turn spin-polarized if torsionally strained,
their total energy increases (they are less stable) their gap tends to an absolute
minimum and their R-a modes red-shift as a function of the torsion angle. The lat-
ter clearly explain the behavior of the four components below 2200 cm ™! observed
during gases exposures, that is for each chain length torsionally strained chains
(with softer R-av modes) decay faster than relaxed ones providing the centering
of the sub-components at the frequency of the relaxed structures and the narrow-
ing, related to the decay of all the unstable isomers. On contrary sp3-terminated
spCCs are not affected by torsional strain due to their cylindrical symmetry and
as a consequence the C, peak does not present any blue-shift and narrowing;

by characterizing with infrared spectroscopy the sp-sp? carbon film I observe an
intense band, in the spectral region typical of sp carbon, composed by three sharp
peak and a broad shoulder. This is the first identification of the infrared features
of a pure carbon material containing spCCs;

by comparing ab-initio DFT-calculated most intense infrared active modes (IR-«)
with experimental infrared spectroscopy of the sp-sp? carbon film maintained in
UHV condition, I was able to tentatively assign each component to spCCs having
different terminations, namely sp?- and sp>-terminated chains;

by combining the infrared spectrum of the sample exposed to a mixture of He-Oo
withe theoretical calculation of the spCCs reactivity with oxygen present in the
literature [98.199], I was able to propose a model for the interpretation of the ex-
perimental data: O5 molecules progressively cleave, through exothermic reactions
sp*>-terminated chains. As oxygen breaks the central C-C bond, the resulting two
shorter chains finds new graphitic fragments or an oxygen atom which saturates
their dangling bonds. As a results the cleavage of long chains leads to the formation
of both graphitic-stabilized shorter and/or oxidized chains. In order to clarify this
point, further theoretical simulations of both infrared-active modes and reaction
patterns, are needed.



Chapter 9

Conclusions and prospectives

The most relevant result I obtained in this Thesis is the identification of the different
spCCs families embedded in the sp-sp? pure carbon film by clearly assign their vibrational
features.

In order to interpret the broad band of sp carbon in the vibrational spectra of the
sp-sp® system, I developed a combinatory approach based on multi-wavelength reso-
nant Raman (MWRR) and infrared (IR) spectroscopy combined with with structural,
electronic and vibrational ab-initio density-functional theory (DFT) simulations. This
approach allowed to obtain a complete vibrational description of a benchmark system,
the dinaphtylpolyynes solution, and then to build a general framework for the interpre-
tation of vibrational properties of spCCs embedded in the amorphous sp? matrix.

I synthesized dinaphtylpolyynes of different length by reacting Copper(I)-ethynylnaphthalide
with diiodoacetylene under Cadiot-Chodkiewicz conditions. The use of diiodoacetylene
simplifies the synthetic route to long polyynes chains with taylor-made end caps, thus
indicating its general applicability in the synthesis of a,w-diarylpolyynes.

DFT simulations of dinaphtylpolyynes showed how, for each chain length, there is
a Raman active mode (R-a mode) which bears almost the whole intensity, has the
longitudinal displacements almost zero at the chains extreme and red-shifts as the chain
length increases. This trend of the R-a modes is strictly related to the dispersion of
the Bond Length Alternation (BLA), i.e. a measure of the chains dimerization: once
fixed the chemical species used as end-group, the BLA decreases as the length increases.
For what concerns infrared active modes, simulations show how up to the Cyg chains
the most dipole active mode is the IR-a one which present a node at the chain center.
Remarkably this mode follows the trend of the the Final Bond Length (FBL), i.e. the
length of the terminating bond and a measure of the bond strength. Indeed, once fixed
the chemical species used as termination, the FBL value doesn’t shift with chains length.
For chains longer than 10 sp carbon atoms, the main intensity in the IR spectra is bared
by a bi-lobbed mode, the IR-( one, which follows the same trend of the R-a one, that
is it red-shifts for progressively longer spCCs.

The resonance effect of dinaphtylpolyynes was exploited by combining Uv-visible
absorption with MWWR, spectroscopy and, by comparing experimental results with
calculated Raman active modes and non-resonant cross sections, I clearly assigned the
vibrational features present in the Raman spectrum to dinaphtylpolyynes with different
length. Then, regarding infrared spectrum, I observed in the experimental spectrum an
accumulation of vibrational features around a central frequency and few weak component
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far from the latter, thus reflecting the IR-a and IR-3 trends as a function of the chains
length.

This novel approach show that, in a poly-dispersed system where different chains
families are present, by Raman spectroscopy it is possible to distinguish spCCs with dif-
ferent length, while by infrared spectroscopy it is possible to discriminate spCCs families
with different end-groups.

The framework developed for the study of dinaphtylpolyynes was then applied to the
characterization of the vibrational properties of the sp-sp? pure carbon film. This system
has been synthesized by producing sp-rich sp? carbon cluster with the PMCS source and
depositing them onto a substrate by using the SCBD technique.

MWWR experiments were performed on the sp-rich pure carbon material both main-
taining the sample in UHV conditions and exposing it to gases mixtures. In-situ mea-
surements show a blue-shift of the whole C band and, by using Uv excitation wavelength,
the pop up of many components silent with visible photons. As for dinaphtylpolyynes,
what occurs by increasing the photon energy is the activation of the resonance effect of
progressively shorter chains characterized by wider energy gap. By fitting at the same
time the C band of the in-situ and the gas-exposed visible spectra, I was able to identify
five gaussian sub-components and to follow their trend. I found that each component is
characterized by a peculiar decay rate, more precisely it is progressively slower for the
high frequency sub-components. Furthermore, MWRR spectra of He exposed samples
show a blue-shift and the narrowing of all the first four components below 2200 cm ™!
and these two effect are further enhanced by the exposure to O2 molecules.

For the assignment of these five sub-components I performed simulation of the struc-
tural properties of spCCs end-capped by either sp? and sp® pure carbon fragments.
Those calculations demonstrated that this anchoring sites, which model the stabiliza-
tion of carbon chains inside an sp-sp? cluster, induce quite stable structures, that is the
binding energy is about ~ 10eV for graphene nano-ribbon and ~ 8 eV for Cayy.

Surprisingly, while sp?-terminated chains, as expected, are dimerized as they present
an alternation of single and triple bonds (i.e., they are polyynic-like chains with a BLA~
12 pm), sp*-terminated chains, although they are expected to be undimerized with all
double bonds with equal length, show a small but finite BLA (~ 6 pm) . This is
a remarkable finding since show that the traditional categories of polyynes (alternating
single-triple bonds, yielding a large BLA) and cumulenes (double bonds, negligible BLA)
are adequate only if H-terminated chains are considered, while it is too simplistic for the
description of spCCs end-capped by bulky groups.

Furthermore, from simulations, I was remarkably able to demonstrate that sp*-
terminated chains present torsional stiffness. As a consequence, if an axial strain is
applied, then many effects occur: (i) the energy gap decreases as the torsion angle in-
creases and find an absolute minimum at an angle of 79°, (ii) the ground state turns
spin-polarized at the same angle, (iii) the total energy monotonically increases as a
function of the torsion angle (torsionally strained cumulenic chains are less stable than
relaxed ones) and (iv) the R-a modes red-shifts as the angle increases. On contrary,
sp3-terminated chains are not affected by axial torsion, as they present a cylindrical
symmetry due to the single and triple bonds along the chain axis.

By combing experimental spectroscopic data with simulation I demonstrated how
it is possible to clearly describe the C band of the Raman spectrum of the sp-sp? pure
carbon film in terms of spCCs families having different length. The four sub-components
below 2200 cm ™!, emerged from the fitting procedure, were addressed to sp?-terminated
spCCs with different length, indeed: (i) the calculated R-o modes frequencies is system-
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atically lower by ~ 50 cm™! than the one of the sp3-terminated chains, (ii) is always
lower than 2200 cm~!, (iii) becomes ”softer” if the chains are forcedly twisted. As a con-
sequence the blue-shifting and the narrowing can be explained due to the decay of less
stable, torsionally strained C,,—sp?-terminated chains, with n = 2 : 12, which induce
the gaussians sharpening and centering to the frequency of the relaxed (more stable)
chains for each length. On contrary, the last features at 2245 cm ™' is addressed to sp3-
terminated chains, as the related gaussian doesn’t shift and doesn’t narrow during the
decay, reflecting their insensitivity to axial torsion.

I interpreted the speed up of the sub-components decay noted by exposing the sp-sp?
sample to He both to the compression of the film, induced by the gas injection, and
to the gas diffusion in the porous film. In the first case a temporary spCCs density
increasing occur providing the enhancement of the cross-linking processes probability.
In the second case, the scattering of the He atoms with sp chains probably transfers
enough energy to activate the graphitization process.

By exposing the film to a mixture of He-O4 I observed that all the components decay
almost completely, thus suggesting that oxygen-induced reactions are the responsible of
the decay. Remarkably the decay rates of each sub-components preserve some differences,
thus indicating that shorter carbon chains somehow are less sensitive to oxygen-induced
chemical reactions

Another relevant result I provide in this Thesis is the first identification of the infrared
spectrum of a pure sp-sp?> pure carbon material. With respect of the Raman one, the
infrared C band present three well-defined features at , 2127 cm ™', 2195 cm ! and 2245
cm™! plus a broader shoulder between 1900 and 2120 cm~!. I explained the presence of
such sharp peaks by addressing each component to spCCs having different terminations.
Indeed simulations of pure carbon structures confirm those finding bout IR-a obtained
for the dinaphtylpolyynes, that is it does depend on the end-group and does not on the
length, thus reflecting the trend of the FBL.

By comparing the experimental spectrum with simulated vibrational modes it was
possible to address the most intense component at 2127 cm™' to the sp?-terminated
C, chain, the one at 2195 cm™! to sp?-terminated C,, (with n = 6 : 10) and the last
one at 2245 cm~! to sp*-terminated C,, (with n > 6). For what concerns the broad
shoulder, I proposed its tentative assignment to the superimposition of the IR-5 modes
of sp?-terminated C,, (with n > 12). Indeed, as shown for the benchmark system, IR-3
modes shift as the chains length increases and thus can be responsible of the infrared
broad features observed between 1900 and 2120 cm ™.

The component at highest frequency present in the infrared spectrum, the one at
2245 cm™1, is assigned to sp*-terminated C,, (with n > 6). The IR-a mode of the Cy
chains belonging to this family is in the frequency range of sp?>-terminated chains and
it is not detectable as sp3-terminated chains represent only few percent of the whole sp
carbon structures embedded in the sp? matrix.

Infrared spectrum of the sp-sp? system exposed to He-O, mixture show intriguing
trends. Firstly I observe an huge decay of the broad shoulder, thus enforcing the assign-
ment of this features to long sp?-terminated spCCs. Furthermore, the more surprising
effect is the blue-shift and the increasing of the component at 2127 cm~'. Thanks to
the simulations proposed by G. Moras et al., I explain this two effects with the progres-
sive spCCs cleavage due to exothermic energy-favored reactions with oxygen molecules,
which leads to the production of COs molecules, shorter and shorter chains down to
the sp’-terminated C4 chains and also oxidized sp?-terminated spCCs. As a result the
amount of the shortest spCCs increases and consequently increases also the related in-
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frared feature. The blue-shift has to be addressed to the progressive approaching of
this peak to the IR-a mode of the C4 chain. The enhancement of the infrared features
located at 1730 and 2245 cm™! is tentatively addressed to the formation of oxidated
sp*>~terminated spCCs of different length.

The results obtained in my Phd Thesis represent a powerful tool for the description
of the presence and stability of spCCs embedded in a pure carbon material by providing
an easy way for their identification from their vibrational features. Nevertheless, fur-
ther efforts are necessary, both theoretical and experimental, for the comprehension of
their influence in determining the physical and chemical properties of the macroscopic
material, as for instance chemical reactivity, non-linear optical and magnetic properties.

From the theoretical point of view it is necessary to model the chemical reaction be-
tween spCCs and reactive gases, in particular with oxygen, atomic hydrogen and atomic
nitrogen. Indeed, the comprehension of the oxygen reactivity will help in the interpre-
tation of the related infrared spectrum and provide informations about their instability
in ambient conditions, thus clarifying their possible use in actual devices. From the as-
trochemical point of view the reactivity of spCCs is intriguing because it can open new
prospectives in the study if the interstellar medium. As previously discussed, spCCs are
supposed to be the building blocks of many different structures already observed in the
ISM, as for instance PAHs and amino acids, and therefore it is interesting to study how
they interact with the other abundant elements present in the ISM, namely H, N and O.
Then recently isolated not-terminated spCCs present in the ISM have been proposed as
building blocks also for fullerenes and nanotubes. It is thus clear how fascinating and in-
triguing are gas-phase infrared measurements of sp-sp? carbon cluster. Indeed with such
experiments it will be possible to get data directly comparable (UHV conditions, diluted
and isolated system) with astrophysical ones about the pure carbon structures (very
small carbon grains, carbon soot, fullerenes, nanotubes, etc etc) production, presence
and stability in the ISM.

For what concerns dinaphthylpolyynes, they represent a very good candidate for
being both the building blocks for PAHs and the product of the photo-degradation of
larger organic compound due to X-ray and Uv irradiation and thus it would be interesting
to study these processes in the laboratory and compare the results with astrophysical
ones.

Regarding the more applicative fields, despite the inclusion of spCCs in actual devices
is far from being at hand, in the literature many theoretical works have been carried out
about the magnetic properties of end-capped carbon chains. In this framework spCCs
were proposed as spin-filters, spin-valves and switches in nano-electronics and spintronics
devices. Remarkably in the present day and at my knowledge, there are not present in the
literature any experimental works about the magnetic properties of sp-rich system. By
remembering the theoretical results I obtained about the spin-polarization of torsionally
strained sp?-terminated chains and by considering the fact that in the sp-rich pure carbon
film many spCCs suffer distortions because of the constraints imposed by the amorphous
matrix, the characterization of magnetic properties of the sp-sp® emerges as a fascinating
and intriguing step which could pave the way for the inclusion of low-dimensional carbon
materials in nano-electronic and spintronic devices.
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Abstract

About ten years ago the synthesis of random carbon schwarzites by supersonic cluster beam deposition has

endowed the rich sp® carbon family with its three-dimensional member. Its reluctance to grow as a three-

periodic minimal surface according to topological and physical predictions still prevents schwarzites from

being a hot topic, although spongy carbon is already having countless applications. Understanding the links

between topology and quantum structure, possibly with the help of large-scale quantum molecular dynamics

simulations should trace the route to the synthesis of periodic schwarzites. In this perspective, after a brief

account on the growth and characterization of spongy carbon, we review the elementary topology of

schwarzites, their stability and growth conditions as derived from pure topological arguments, the electronic

structure and the electron-phonon interaction of the smallest periodic schwarzites and what can be learnt by

the topological monitoring of quantum molecular dynamics.

You see things and you say “Why?”
But I dream things that never were and I say “Why not?”

(George Bernhard Shaw, Back to Mathusalem)



1. Introduction

The investigation of new sp’-bonded carbon architectures, marked by the discovery of
fullerenes [1] and nanotubes [2], and more recently by the synthesis of spongy carbon [3-5] and the
isolation of single graphite layers (graphene) [6-10], is opening fascinating perspectives for
nanostructured carbon as a novel all-purpose material [11]. The early observation of
superconductivity in alkali metal-doped fullerenes [12], field-emission [13], and supercapacitance
[14] from arrays of nanotubes, the extraordinary transport [9,10,15], electrical [16] and electro-
mechanical [17,18] properties of graphene, and the unconventional magnetism of spongy carbon
[19,20] are just a few examples of the vast areas of application of the most versatile among
elemental materials. While fullerenes, nanotubes, and graphite layers aggregate through
comparatively weak van der Waals forces, spongy carbon constitutes a fully covalent highly-
connected three-dimensional (3D) form of sp* carbon, which combines many valuable properties of
fullerenes, nanotubes and graphene with a robust 3D architecture. Triply periodic minimal surfaces
[21,22] have been theoretically suggested as possible model structures for spongy carbon, which has
since termed schwarzite, after the name of the mathematician Hermann Schwarz [23] who first
investigated that class of surfaces.

Schwarzites synthesized by supersonic cluster beam deposition (SCBD) [4,24] are
characterized by a nanometric porosity and, as suggested by numerical simulations of the TEM
images [5], by the structure of a random schwarzite [21] which grows in the form of a self-affine
minimal surface [25,26]. Thus, besides offering appealing technological perspectives, this novel
material shows intriguing aspects of differential geometry and topology.

It is somewhat surprising that carbon schwarzites, despite their very interesting structural
properties and viable applications in efficient supercapacitors [27] and field emitters [28-30], did not
receive yet much attention. It is therefore convenient to spend first a few words about the growth
method of carbon schwarzites by SCBD (Section 2), also because their growth and structural
properties appear to be closely related to their topological features. After introducing some
elementary concepts on the topology of sp> carbon forms, and illustrating the class of three-periodic
P- and D-type schwarzites and the effects of self-affine distortion (Section 3), it is shown (Section 4)
that the stability and growth of sp® carbon in the form of random schwarzites, rather than as
nanotubes or fullerenes, is actually determined by simple initial topological conditions [5]. The
surface minimality has direct implications on the growth kinetics, which may present a quasi-
deterministic character. It is also shown that, unlike fullerenes where abutting five-fold rings are

unfavoured, in schwarzites seven-fold rings tend to aggregate thus preventing the formation of



crystalline three-periodic structures. A calculation of the free energy of schwarzites including the
entropic vibrational and configurational contributions allows to estimate the average porosity in
thermal equilibrium as a function of the deposition energy (Section 5). The existing calculations of
the electronic structure and electron-phonon interaction of the smallest schwarzites, and the possible
links between certain topological features and the electronic properties, are discussed in Section 6.
Finally the predictions of relevant structural, thermal and electronic properties based on quantum
molecular dynamics simulations are briefly discussed in Section 7. The reader should be advised that
present review is restricted to the small class of schwarzite structures which are accessible to
quantum simulations and ab-initio calculations and may help understanding some features observed
in spongy carbon. The vast number of sp> forms and fantastic structures which can be generated by
complex mathematical algorithms and their intriguing topological aspects, though absolutely
relevant for the analysis of the spongy forms of carbon and the future construction of regular

architectures, are not discussed here, being found in the other chapters of this volume.

2. The birth of random schwarzites

Nanostructured sp® carbon-based solids represent a class of materials where the surface
curvature and the structural organization on the nanometric scale, ranging from less than 1 nm to a
few hundreds of nanometres, dramatically influence the mechanical, chemical and physical
properties [31]. Porous carbon networks are of great importance in many areas of science and
technology including catalysis, energy storage, chromatography, gas and liquid purification and
molecular sieving [32,33]. The high specific surface area, chemical inertness and large pore volumes
are the important parameters for these applications. The complexity of the carbon structure makes
the control of the pore size and structure a difficult technological problem. Many synthetic
techniques have been proposed for the production of meso- and macroporous carbon [32-35], but
more intriguing is the creation of nanoparticles with a specific surface curvature which can be used
to control the porosity of the material.

Total energy calculations show that carbon schwarzites are in general more stable than
fullerenes with a similar absolute value of the Gaussian curvature [21,22,36]. Nevertheless
schwarzite-like materials have not been observed during carbon-arc synthesis of fullerenes and
nanotubes, suggesting that a new technique should be implemented for the production of such exotic
carbon structures. An effective production technique for random carbon schwarzites was found to be

a bottom-up approach based on the assembling of sp? nanometric clusters. This was achieved by



means of the Supersonic Cluster Beam Deposition (SCBD) of carbon clusters produced by a Pulsed
Microplasma Cluster Source (PMCS) [37,38] and assembled onto a substrate.

The source chamber consists of a ceramic cavity hosting along a vertical axis two cylindrical
electrodes separated by a gap a few millimeters wide. One of the electrodes, the cathode, is made of
graphite and constitutes the target of a pulsed helium beam, which is injected into the source
chamber through a solenoid valve along a horizontal axis. On the opposite side of the horizontal axis
there is a nozzle which allows for the supersonic molecular beam expansion outside the source
chamber into vacuum. The helium pulse directed against the graphite cathode is ionized, after a fixed
delay of a few hundreds microseconds, by an intense pulsed discharge (V ~ 750 volts). The helium
plasma ablates the cathode surface removing carbon atoms via sputtering; then cluster aggregation
occurs at low temperature (T ~ 100 K) in the high pressure region in front of the cathode. These
particular thermodynamic conditions allow for the formation of full sp® fullerene-like carbon clusters
with a mass distribution peaked around 600 atoms/cluster [39]. Since in the supersonic cluster beam
the spread in the kinetic energy per atom is much smaller than the atom binding energy, the clusters
reach the substrate with their initial morphology and size distribution, thus leading to the synthesis of
nanostructured pure sp’ carbon films under controlled conditions [24,39,3]. It should be noted,
however, that the carbon atoms impact the substrate surface with a translational kinetic energy of 0.1
to 0.4 eV/atom.

The film growth via SCBD can be viewed as a random stacking of particles as for ballistic
deposition. The resulting material is characterized by a low density as compared to that of films
assembled atom by atom and it shows different degrees of order depending on the scale of
observation [24,39]. The characteristic length scales are determined by the deposition energy, the
cluster dimensions and by their fate after deposition: Carbon cluster beams are characterized by the
presence of a finite mass distribution and by the presence of isomers of different stability and
reactivity. Once on the substrate, stable clusters can survive almost intact while reactive isomers can
coalesce to form a more disordered phase [39,40]. A transmission electron microscope (TEM)
analysis of nanostructured carbon films shows that, at this scale, the morphology is reminiscent of
the precursor clusters [41,42]. TEM micrographs show the presence of an amorphous matrix with
small closed shell particles and bundles of graphene sheets (Fig. 1). Large onion-like and tubular

particles have also been observed..



Fig. 1: TEM micrograph showing closed graphitic particles and graphene sheets dispersed among amorphous material

(adapted from Ref. [41])

In the case of cluster assembling one should recall that, due to finite cluster mass distribution,
relatively large clusters are somehow ‘‘diluted’” among small particles. Large clusters can act as
seeds for the formation of nodular defects, which evolve like isolated structures protruding from the
average thin film surface. Depending on the initial density of defects, there is a critical film thickness
where the nodular structures start to merge. These defects have a profound influence on the evolution
of the surface morphology. Roughness, scale invariance, and spatial correlation of the
film surface depend on the cluster precursor size and film thickness.. In general the surface spatial
correlation and its dependence on the film thickness show the characters of a fractal self-affine
growth [43]. The surface corrugation can be described by a function A(r,?) expressing the height of
the surface at position r with respect to the average surface plane, when the film has a thickness .
For a steady deposition rate, ¢ can be interpreted as a time coordinate. At a given ¢ the height-height

correlation function is defined as

w(r,t) E\/<[h(r+r’,t)—h(r’,t)]2> )

v

where the average is taken over all the surface positions r’. For an isotropic surface this function



only depends on the distance r E\r\ and grows with 7 as long as it is smaller than a correlation
length &, then it saturates to a value w(oo,¢) which defines the surface roughness for a thickness z.

Self-affinity is characterized by two power-laws [43]

w(r,t) x r%, r<<§&, )

w(oeo,t) o tF 3)

which express a scale invariance in the directions normal and parallel to the growth direction
through the roughness exponent a and the growth exponent B, respectively. The evolution of the
roughness during deposition and the extension of spatial correlation on the surface plane turn out to
be peculiar of the particular growth mechanism and largely independent of the nature of the physical
system. In other words the growth mechanisms can be ascribed to certain universality classes with
well defined exponents o and f. In SCBD experiments growing nanostructured carbon described in

this chapter the exponents derived with atomic force microscopy (AFM) [44] are

o =0.66+0.02, B =0500.03. ()

These exponents can be ascribed to the class of processes described by the Kardar-Parisi-Zhang
(KPZ) equation with spatially correlated noise (see [43], Chap. 22). They roughly agree also with the
renormalization-group results for the isotropic growth model within the quenched noise regime
([43], Chap. 10).

Scale invariance is seen to extend over up to 3 decades in the thicker films. This allows to
compare the results of molecular dynamics simulations, which necessarily are performed on the
nanometric scale, to experiments made on a larger length scale. An example is shown in Fig. 3,
where the calculated AFM image for a film obtained from a molecular dynamics simulation is
compared to the AFM image of a real SCBD carbon film [25]. The morphology of the surface looks
very similar in the two images, although the are obtained on length scales which differ by more than
two orders of magnitude.

The typical correlation lengths ¢ for films assembled by small clusters range from 50 nm to 7
nm. The lowest value refers to film where the density of nodular defects is low and their coalescence
has not taken place. These films are very uniform and flat. Apart from isolated nodules, large
structures are not present and consequently the correlation length closely reflects the size of the basic

morphological units. As long as the morphology develops and larger and larger features appear,



correlation length increases. A similar behavior is seen for films assembled by large clusters and it is

observed at considerably lower thickness.

a) Small clusters b) Large clusters
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Fig. 2: The surface roughness of SCBD carbon films depends on the average size of the precursor clusters.

It is defined by the height-height correlation function w(r,¢) which grows with the distance r as r® for r
much smaller than a correlation length &, and reaches a saturation value w(o,t) for r >> £ . The latter grows

with the film thickness t as t. Experiment gives a roughness exponent a = 0.66 +0.02 s% and a growth

exponent 3 =0.50%0.03 = % .

(b)

(a)

Fig. 3: Visual comparison of the simulated AFM image on the nanometric scale (a) with an experimental

AFM image at the scale of 200 nm (b), as reported by Lenardi et al. [42] (adapted from Ref. [25]).



By adding a metal catalyst during the cluster formation, either by bubbling the He gas stream
with a metallic precursors through a liquid metal-organic compound prior to the injection into the
PMCS (Fig. 4(a)) or by using mixed cathodes, it is possible to control to some extent the cluster
formation inside the source and the composition of the supersonic beam so as to obtain fairly pure
schwarzitic structures (Fig. 4(b)). The metal-organic molecules in the buffer gas are cracked by the
electric discharge, thus providing metal atoms and highly reactive radicals to the condensing carbon
cloud. By using Molybdenum (V) isopropoxide Mo(OCs;H7)s in isopropanol and Cobalt (II)
methoxyethoxyde Co(OCH,CH,OCH3) in 2-methoxyethanol as catalysts and PMCS in the standard
operational mode, it was possible to obtain spongy schwarzite-like carbon films like the one shown
in the TEM picture of Fig.5. The material looks like a free-standing film made by several
interconnected undulated foils (fig 1b). In high resolution scanning electron micrograph (fig. 1c), the
contrast created by secondary electrons shows that voids are present in the bulk of the sample
indicating that the material has a complex three-dimensional porous structure. The structure of
spongy carbon consists of thin carbon layers (1-2 nm thick) interconnected to form a network with
overall thickness up to micrometers. A crucial role is played by the metal-organic catalyst whose
concentration and dispersion seem to determine the final curvature and morphology of the material

[16].

He gas line
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Fig. 4 Catalytic growth of carbon schwarzites can be obtained either by passing the carrier He gas through a
bubbler containing a metallorganic compound (a) or by using a mixed electrode containing the needed
amount of catalytic metal nanoparticles. (b) A schwarzites grows from a molybdenum catalyst nanoparticle,

apparently as a self-affine structure with pore diameters increasing with the distance from the catalyst.



Fig. 5: A transmission electron microscope (TEM) image of a random carbon schwarzite obtained by
supersonic cluster beam deposition with a deposition energy of 0.1 eV/atom [4]. Raman and near-edge x-ray
absorption fine structure (NEXAFS) spectra indicate a pure sp2 bonding structure, suggesting a single, highly

connected graphene sheet with an average pore diameter in the range of 100 nm.

The formation of the spongy carbon is assisted by the presence of metal catalyst
nanoparticles, as clearly appears in Fig. 4(b). The size, concentration and dispersion of catalyst
nanoparticles are believed to determine the final morphology and curvature of the material. By
comparing the material obtained with mixed cathodes with that obtained with metal-organics, it has
been verified that the presence of large catalyst concentrations (several percent) in the form of
relatively large clusters favours the production of carbon nanoparticles, whereas a finely dispersed
catalyst at a low concentration drives the growth to the formation of spongy networks. Generally, the

physical vapour deposition of carbon nanostructures uses mixed cathodes, which gives a high local

concentration of catalyst particles. By changing the metallic precursors, it is also possible to control the



porosity of the material. For example, cobalt leads to networks of narrower pores than those formed
with molybdenum. The spongy carbon obtained in this way consists of a fully sp” three-dimensional
structure, as confirmed by Raman and near-edge x-ray absorption fine structure (NEXAFS)
spectroscopy [4]. The TEM images (Fig. 5) suggested a topological structure like that of random

schwarzites [21], characterized by a porosity in the range of 10 nm and by surface minimality.

Fig. 6 The carbon schwarzite fcc-(Cgq), obtained from a tiling with carbon hexagonal and heptagonal rings of
a three-periodic D-type minimal surface [23]. The unit elements of a D-type schwarzite are centred at the sites
of a diamond lattice. Each unit cell contains two elements and each element is made of 12 heptagons and
any number h (= 1) of hexagons. Here h = 28. This is the smallest schwarzite with non-abutting heptagons
(equivalent to Cgp which is the smallest fullerene with non-abutting pentagons and has h = 20). Ab-initio
calculations show however that, unlike fullerens where abutting pentagons are less stable, in schwarzites

abutting heptagons are more stable, which favours non-periodic schwarzites.

3. Schwarzite topology



The aim of this section is to show how topology alone can help one to predict the structure
and some relevant physical properties of sp® carbon on the mesoscopic scale from parameters which
are supposed to be known on the atomic scale, such as the bond strengths and the surface stiffness
constants. A basic question is whether a graphite sheet can be transformed into a surface
characterized by a negative Gauss curvature everywhere through the creation of a sufficient number
of negative disclinations, which occur wherever a 6-membered ring is replaced by a larger ring. A
special case of negative Gauss curvature occurs when the mean curvature is zero everywhere, which
corresponds to a minimal surface. The conjecture that a minimal surface is particularly stable has
stimulated much theoretical work on hypothetical graphite sheets (graphenes) with the structure of a
periodic schwarzite (Fig. 6) [44-46]. Similar theoretical sp” carbon structures like polybenzenes [47],
hollow graphites [48,49] and plomber’s nightmares [36], which have been investigated theoretically,
can be assigned to the general family of schwarzites.

From the topological point of view graphenes like fullerenes, graphite sheets, nanotubes and
schwarzites are described as a polygonal tiling of the surface, where each vertex corresponds to a
carbon atom, each edge to a covalent bond and each polygon to a carbon ring. Moreover each atom
has a three-fold coordination. The surface covered by the polygonal tiling of carbon rings is
characterized by its connectivity or order of connection k. According to Hilbert [50] the order of
connection is the number plus one of the closed cuts which can be made on the given surface without
breaking it apart in two pieces. The surface topology can be alternatively characterized either by the
Euler-Poincaré characteristic y or by the genus g, which are related each other and to & by the

equations
) 1 X
x=3-k=2(-g), g—‘*z(k—l)—‘l—*z- Q)

For example a sphere, or the equivalent projective plane with one point at infinity, is split into two
parts when cut along one single closed line and therefore k=1 (g =0, x = 2) (Fig. 7(a,b)). A simple
(one-hole) torus, or a plane closed by cyclic boundary conditions, can be cut along two closed lines
without splitting it in two pieces, whereas a third cut would split it apart, so that k=3 (¥ =0,g=1)
(Fig. 7(a,c)). Similarly for an n-hole torus k£ = 1 + 2n, y = 2(1-n) and g = n (Fig. 7(e)). Thus the
genus represents the number of “holes” (or “handles”) of a generalized torus. The notion of

connectivity includes one-face surfaces, corresponding to even values of k& (semi-integer g, odd y):



the M&bius ring has k=2 (g = '/, x = 1) (Fig. 7(f)), the Klein bottle k=4 (g ="/, x=-1) (Fig. f(h)),

and so on.
a) by 1=2 k=1g=0
c) =0 k=3 g=1 e) 1=-2 k=5 g=2 g
h) %=-1 k=4 g=3/2
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Fig. 7: Surfaces of different topology supporting sp2 carbon. A graphene sheet (a) can be closed assuming
either the topology of a sphere (fullerenes: b) or of a one-hole (-handle) torus (a nanotube with a cyclic
boundary condition or a toroidal fullerene: c). The element of D-type schwarzite (d) after being closed on itself
(brokel lines) is topologically equivalent to a two-hole (-handle) torus (e). In principle a closed sp2 carbon form
can extend over a one-face surface, like a Mobius ring (f) or a Klein bottle (h). Each form is identified by its
Euler-Poincaré characteristic y or equivalently by the connectivity k or genus g (see text). Within the
restricted class of sp2 carbon with only 6-, 5- and 7-rings, the tiling of these forms require a prevalence of 5-
(7-) fold rings for positive (negative) x. For the Mobius ring the saturation of all bonds implies a minimum tiling

with seven 5-rings and one 7-rings (g).



While fullerenes are represented by a closed surface topologically equivalent to a sphere (k =
1), uncapped nanotubes, graphene sheets and schwarzites are open surfaces with an infinite
extension in one, two or three dimensions, respectively. However sp® surfaces characterized by a
periodic atomic structure can be reduced to a closed surface by applying cyclic boundary conditions.
In this way uncapped nanotubes and graphene become topological equivalent to an ordinary (one-
hole) torus (k = 3) (Fig. 7(a,b,c)). On the other hand periodic infinite surfaces like schwarzites would
have an infinite connectivity. However, similarly to the procedure for crystalline lattices in solid
state physics, cyclic boundary conditions may be applied on a finite portion of the periodic surface,
so as to make k, g and ) finite and linearly dependent on the actual number of unit cells. It is
therefore convenient to define the corresponding parameters for the unit cell, kc.n, geen and Xeen-
Their values are obtained by closing the portion of surface contained in the unit cell on itself as
implied by the cyclic boundary conditions, and the number g..; of handles generated by the closure
operation gives Yeen = 2(1- Geenr ) and keen = 2 eenr + 1.

For a three-periodic surface having the periodicity of the simple cubic lattice (P-type gyroid
[21], Fig. 8(a)) the unit cell contains one element, whereas the one having the structure of the
diamond lattice, (D-type gyroid [21], Fig 8(b)) has two elements per unit cell. The two elements may
differ just for an inversion operation (as in diamond) or have a different size (as in the sphalerite
lattice), but they are topologically identical since they coordinate the same number (four) of
neighbor elements. In this case the closure operation may be applied to a single element (Fig. 7(d)),
which gives g.= 2 (= -2 and k. = 5), equivalent to that of a two-handle torus (Fig. 7(e)). Note
that for both D- and P-type gyroids gcen= 3 (Xeett = Xer = -4 and keenr = ke = 7). It is important to
remark that the genus of a cell (e.g., a simulation cell, which may contain several unit cells of the
lattice) is always less than the genus per element times the number of elements contained in the cell
due to the internal connections.

The polygonal tiling of a surface is subject to Euler’s theorem linking the numbers of atoms
(v), of bonds (e) and of rings (f) to the connectivity by the equation [50], also known as Poincaré’s
formula:

v—e+f=x

=3-k=2(1-g) ©

Note that for the three-fold coordination implied by sp® hybridization

e=%v @)



For periodic schwarzites it may be convenient to refer all quantities in Eq. (6) to the unit cell, or to
the unit element, when a comparison is needed to closed sp® forms like fullerenes and capped
nanotubes, whereas for the statistical arguments of the Sections Eq. (6) shall refer to a large number
of unit cells with cyclyc boundary conditions. By calling f, the number of n-membered rings

(hereafter called n-rings) and inserting Eq. (7) into (6) it is found

6x=,6-nf, . ®)

Note that this conditions on the numbers of different rings is independent of the number of 6-rings,
which can therefore be any natural number (except 1).

Hereafter we shall restrict to the class of sp” structures with only 5-, 6- and 7-rings (5-6-7
class), unless the cases to schwarzites with 8- or 9-rings are explicitly stated. From the pure
topological standpoint the extension to other possible structures with larger or smaller rings is indeed

straightforward. For 5-6-7 structures it is
fr=fs ==6x. (8)

For fullerenes () = 2) with no 7-rings the well known result fs = 12 is obtained. For open nanotubes
and graphene sheets f5 = f7: in perfect structures this number can be zero, whereas in defective
graphene or nanotubes 5- and 7-rings always occurs in pairs, e.g., through the Stone-Wales
transformation which converts four adjacent 6-rings into two 5-7 ring pairs. For D- and P-type
schwarzites with no 5-rings f; = 24 in each unit cell ( f; = 12 per element for the D-type
schwarzite) (Fig. 8(a,b)) . The smallest D-type schwarzite in this class has twelve 7-rings per
element and no 6-ring, which makes 28 atoms per element, to be compared with the smallest
fullerene Cyo. This schwarzite, denoted fcc-(Cas):, together with the fullerene Cy, are examples of
platonic tiling, made of only one kind of polygons. Larger D-type schwarzites of the 6-7 class are
obtained by adding 6-rings and have the formula fcc-(C,,), where m = 28 + 2fs (f¢ =1) is the number
of atoms per element, while the simple-cubic P-type schwarzites of the 6-7 class shall be denoted by
sc-C,, with m = 56 + 2fs . Schwarzites as well all fullerenes with two kinds of polygons are examples
of archimedean tiling.

Equation 8 holds also for odd values of y, i.e., for a steric distribution of bonds and rings

lying on a one-face surface, e.g., a Mobius ring (y = 1, Fig. 7(f)). In this case f5- f7=6. An



example of tiling is shown in Fig. 7(g), where the two edges 1-2 are supposed to be joined and a
bond 3-4 is added. With the rule that adjacent rings have only one edge in common, the bond
distribution of Fig. 7(g) yields fs=7and f; = 1.

D-type schwarzites of the 6-8 class have, according to Eq. (7), six 8-rings per element and the
general formula fcc-(Cy), with [ = 16 + 2fs (fo =1). The smallest (platonic) form has 16 atoms per
element. The polybenzenes studied by O’Keeffe e al [47] belong to this class and are obtained by
inserting one 6-ring in each plane normal to a three-fold {111} axis. Another example, obtained by
the insertion of three 6-rings in each plane normal to a {111} axis — altogether 24 6-rings to give fcc-
(Cea)2 — is briefly discussed in Sec. 6. According to Eq. (7), also schwarzites of the 6-9 class can
exist, the smallest of which is made of four 9-rings and 12 atoms per element. The general formula is
Jee-(Cj)a with j =12+ 2fs (fs=1). To our best knowledge no specific study on the stability of these
structures is available.

The minimal gyroid surfaces which support the above schwarzite structures can be
analytically described by the Weierstrass-Enneper representation in the complex plane [52,53]. The
P- and D-type gyroids are just two special cases, where one can be continuously transformed into the
other by the Bonnet transformation [52]. Thus the simulations of TEM images with deformed P- or
D-type gyroids, discussed in the next Section, can be easily extended to any intermediate case
obtained by a bonnet transformation. The shapes of P- and D-type gyroids (Fig. 8(a,b)) are well

approximated by the lowest terms of a Fourier expansion as

cosx+cosy+cosz=0, )

cosx cosycosz+sinxsinysinz=1, (10)

respectively, where the coordinates x, y, z are in units of some conventional length, say ap = 1 nm.

The spongy carbon structures like those shown in Figs. 4(b) and (5) are examples of random
schwarzites, which can be obtained from a numerical simulation, as done, e.g., by Lenosky et al
[21,22]. Another method to generate images of apparently random schwarzites is to simulate their
growth processes by applying to a three-periodic gyroid surface a continuous scale change along the
growth direction (z axis), so as to mimic the observed self-affinity. This can be done for a P-type
schwarzite by introducing in Eq. (9) a scaling factor z so as to give a distorted surface obeying the

equation

1-B
cos(xz_ﬁ )+ cos(yz_ﬁ )+ cos( z

1-/3)=0’ (11)



with ="'/, taken from experiment. A comparison of a portion of the TEM image of Fig. 5 with a
portion of the surface given by Eq. (9) plotted with a contrast and field depth similar to that of the
TEM image is shown in Fig. 9; a similar comparison between another portion of the TEM image and
a small part of two compenetrating distorted D-type schwarzites is shown in Fig. 10. A visually
similar image could be obtained with a single D-type surface with a longer field depth. There is a
clear visual resemblance between the experiment and the distorted P-type simulation, whereas the
comparison with the image of the compenetrating D-type surfaces is less convincing. The latter,
however, shows certain quasi-circular features which are seen in the TEM image but not in the P-

type simulation.

e

Fig. 8: The tiling with 6- (light grey) and 7- (dark grey) rings of the unit cell of a P-type (a) and D-type (b)
schwarzite, both having 216 atoms per unit cell. The 7-rings are 24 per unit cell in both cases. The unit cell of
the D-type schwarzite is made of two identical but inequivalent elements, containing twelve 7-rings each,

joined in the staggered position as atoms are in the diamond lattice (adapted from Ref. [21]).

A brief discussing on whether the scale distortion preserves minimality is in order. The

minimality condition for a surface represented by the equation x = x(y,z) is fulfilled when [51]
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1/2) P-type schwarzite, Eq. 11 (a) and of a

Fig. 9: Comparison between a portion of a distorted (3
random carbon schwarzite as observed by TEM (b). The contrast of the simulated image has been

chosen so as to give a field depth comparable to that of the TEM image (from Ref. [4]).

Fig. 10: Comparison between a portion of two compenetrating distorted ( = 1/2) D-type schwarzites (a)
and another portion of a random carbon schwarzite as observed by TEM (b). The contrast of the
simulated image has been chosen so as to give a field depth comparable to that of the TEM image. A
similar correspondence would be obtained with a single distorted D-type surface with either longer field
depth.



which corresponds to a vanishing mean curvature at any point of the surface. The transformation in

Eq. (11), defined by
w=xz P, y=y P 2Py (13)

is seen to violate Eq. (12) by terms of order 3 /z because
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whereas the principal curvatures decrease like z+. Thus for < 1 the minimality condition is slowly

recovered in the distorted schwarzite model at sufficiently large z.
4. Schwarzite stability

Once established the forms of pure sp? carbon which are allowed by topology, the second
general question is under which conditions schwarzites, rather than to nanotubes or fullerenes, are
produced in a catalyzed SCBD experiments. To answer this question one needs first to consider the
total energy of a curved single-walled sp” carbon as a function of its geometry. In a previous study
[5] it has been suggested that a good approximation to the total energy of sp” carbon surfaces is

provided by the Helfrich’s form for membranes and foams [54,55,52]:

E=fAdA(y+;<H2-fK), (16)

where A4 is the (portion of the) surface which the total energy refers to,

1,1 1 1
H=—(—+—), K=
2R R, RiR,

an

are the mean and gaussian curvatures, respectively, with R; and R, the principal radii of

curvature, y = 2.82 eV/A? is the energy for unitary flat surface (a graphene sheet) [56], k and i are



stiffness constants associated with cylindrical and elliptical/hyperbolic deformations of the surface,
respectively.

There is an important link between the topological features of the sp” structures and the
geometry of the supporting surfaces, established by one of the greatest results of differential
geometry, the Gauss-Bonnet theorem [51]. A corollary of this theorem states that for any closed
orientable surface S of genus g for which a representation of class r > 3 exists the surface integral

of the Gaussian curvature K is given by
JiK dA=2my . (18)

Minimal surfaces are characterized by R; = -R; at all positions, and therefore the their total energy of

a schwarzite is readily obtained from Eq. (18) as

Econw =7A+2mxK . (19)

Density functional (DF) calculations for single-walled nanotubes of variable radius [56,57], and Ce
[56] yield for all structures about the same stiffness constants: k¥ = 3.1 eV and k¥ = 1.7 eV . Other
calculations for graphene [17,58] and nanotubes [59] give k ranging from 2.80 to 2.92 eV.
Consistently a value of ¥ = 1.5 eV can be extracted by means of Eq. (19) from the available
calculations of the cohesive energy of schwarzites [21,36,47,60]. This shows that the Helfrich’s form
for the total energy approximately holds also for all forms of pure sp” carbon with universal values
of the stiffness constants.

The total energy expressed by Eq. (16) has the important property, if i is constant, of having
a stable local minimum for a minimal surface, since for k > 0 the integral on H* is always positive
unless H = 0, while the integral over the Gaussian curvature K is, according to Gauss-Bonnet
theorem, independent of any small continuous deformation of the surface. Thus sp® carbon taking the
shape of a minimal surface like schwarzites are stable forms (up to effects of the contour where
may change, as discussed below). If the negative disclinations yielding a negative Gauss curvature
are exclusively due to heptagons, the number of disclinations Ny, is fixed by the Euler-Poincaré
characteristic as N; = 6(2-y) independently of the length scale of the surface [61].

For a free-standing surface the stiffness constants k¥ and k¥ exclusively depend on the
electronic structure associated with the sp® hybridization, but they can be modified locally at the
edges of the carbon surface or along the line where it docks at the substrate or, more significantly, at

a catalyst nanoparticle. It is argued that such local values of k and i« , and the initial values of the



curvature radii as determined by any local geometric constrain may give general indications about
whether the growth process of sp’ carbon will preferentially lead to fullerenes, nanotubes or
schwarzites. A local energy minimum implies a relationship between the ratios of the curvature radii

and of the stiffness constants:

B2k (20)
R2 K

The surface deformation energy densities for (spherical) fullerenes (R; = R; = R), nanotubes (R; =R,
R,—> ) and schwarzites (R; = -R; = R) are (k - i )/R’, k /4R’ and i /R, respectively, and therefore
for any given R; the values of Kk and k define three different topological domains: schwarzites are
favored for k < Yik, nanotubes for Yax < k < %k and fullerenes for k& > %k (Fig. 11). In each
domain the surface energy minimum lines are K = k for spherical fullerenes, K = kK /2 for nanotubes
(Fig. 11, broken lines) and k¥ =0 for schwarzites. The calculated values of ¥ and « (Fig. 11, red
cross) fall in the nanotube/graphene domain close to the surface energy minimum, and are therefore
more likely to occur.

It should be remarked that the local values of ¥ and x, either at the surface termination into
vacuum, where the growth takes place by cluster addition, or at the contact with a catalyst, are likely
to be different from the calculated values for the free-standing structures. One should consider that
the local change in the electronic structure, e.g., a & bond-charge depletion or accretion, can
substantially modify x . The charge redistribution produced by a catalyst depends on the actual size
of catalyst nanoparticles, which may explain why the growth of schwarzites supersedes that of
nanotubes when metallorganic precursors are used. In this case the metallic particles are in general
very small and highly dispersed. Another important remark is that once the growth has started in one
domain it is very unlikely that the system jumps into another domain since this would require, for
topological reasons, a prohibitive reshuffling of bonds. For example, jumping from the fullerenes
(schwarzite) to the nanotube domain implies the annihilation of twelve 5- (7-) membered rings,

which makes the energy hills between valleys rather high.
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Fig. 11: The stability regions of sp? carbon surfaces as functions of the two stiffness constants. The broken
lines indicate the minima of the surface energy for quasi-spherical fullerenes and nanotubes. The minimum

surface energy for schwarzites would occur at K = 0.

According to this picture an initial ¥ < Yk at the catalyst-carbon contact line determines
the growth of a schwarzite, which continues despite the gradual change of the ratio k¥ /k. It may be
thought that during the sequential addition of fragments to the edge of the growing schwarzite atoms
adjust so as to fulfill as much as possible the minimality condition R; = -R, , which means to keep as
close as possible to the bottom of the surface energy valley. Would the local properties H = 0 be
exactly fulfilled at each addition of material, the growth could be viewed in this particular case as a
deterministic process with the minimum production of entropy. This descends directly from the
beautiful Euler theorem linking an extensive property, such as the area of a surface, to an intensive
one, the differential conditions H = 0 (i.e., Eq. (12)), and may apply to any other physical problem

whose total (free) energy minimum can be represented by the area of a minimal surface.



Fig. 12: Two abutting 7-rings (a, dark polygons) are separated by a re-shuffling of bonds at the cost of the
creation of a 5-7 ring pair (b,c; dark-green pair of polygons). This occurs within a small schwarzite region with
no change of its contour. When two 5-7 ring pairs generated in two different regions get adjacent they can
annihilate each other through a Stone-Wales transformation, leaving four 6-rings. The net result is a migration

of a 7-ring.

These arguments only tell about the topology of the growing structures with no information
about shape, order and symmetries. This requires a thermodynamic approach where the appropriate
thermodynamic potential is considered. The ordering depends very much on the mutual interactions
between rings of different sizes. In fullerenes abutting 5-rings are not favored; it may be said that
they repel each other, which makes the single isomer of Cgp with no abutting 5-rings particularly
stable, beautifully ordered and highly symmetrical. On the other hand total energy calculations on
schwarzites [60,62] show that the bond energy between two 7-rings is €77 = -5.107 eV, between a 6-
and a 7-ring &7 = -5.181 eV and between two 6-rings & = -5.587 eV. Thus the separation of two
abutting 7-rings costs 0.332 eV and therefore abutting 7-rings are favored. Figure 12 shows a small
region of a schwarzite where some re-shuffling of bonds leads to the separation of two initially
abutting 7-fold rings with no change of the contour. This costs the formation of a 5-7 ring pair.
However two 5-7 ring pairs formed in two different regions of the sample which become adjacent
can annihilate through a Stone-Wales transformation leaving four 6-rings. The net result is a
separation of two 7-rings. This process, however, is energetically less favored than the coalescence

of two separated 7-rings, which may explain why random schwarzites seem to be more likely than



well ordered three-periodic structures. The bond re-shuffling implies however a change of

configurational entropy, which requires some further discussion.
5. Thermodynamics

As a simple example, the configurational entropy associated with all possible distributions of
a fixed number f; of 7-rings in a schwarzite of given y can be estimated for a restricted class of
schwarzites, for example for the D-type ()., = -2). The number of possible configurations is given by
the number of isomers within this restricted class. The calculation for the smallest D-type
schwarzites ((Cas)2 to (Ca0)2) has been approached in Ref. [62] by adapting to schwarzite elements
the spiral sequencing method originally developed for fullerenes by Manolopoulos, Fowler et al [63-
69] for the enumeration of isomers and spectral analysis. The results for small schwarzites can be
extrapolated to larger samples by means of some simple combinatorial argument subject to the
further restriction that the D-type elements are connected by six-atom necks, so that an isolated
element only contains 6- and 7-rings. This is clearly a crude approximation with retains however a
tutorial value and is worth discussing here. For a D-type element of fcc-(C,,), with fs,.,= (m-28)/2
and f7,e;= 12, the number We(fs,.;) of isomers per element grows like the number of combinations of
7- and 6-rings (the latter being fs,;+ 2 for including one half of the four necks), divided by the
number of permutations of the four necks, by the number (3) of possible ways of closing the element
on itself (Fig. 7(d)) and by 2, since the distinction between the internal and external surfaces of a

schwarzite (extroversion isomery) is irrelevant. This gives

1

Wel(f6,el)z( (21)

14+ fo 1
144

12

For example, for fs,; = 2, 4, 6 Eq. (21) gives Welfs,r) = 12, 128, 874 which compare fairly well with
the exact figures 11, 125 and 893 [62].

Consider now a D-type schwarzite of N elements closed by cyclic boundary conditions. It has
has a Buler-Poicaré characteristic x = -2(N —1) and a total area 4 = N(f ,4¢ +1247), where 4,
is the area of an n-ring. The total number of configurations is then W =(We,)N , which gives an

entropic contribution

1
Sc/kB=an=(1+5‘X‘)anel(fé,el)' (22)



By introducing via the Gauss-Bonnet theorem, Eq. (18), the average Gauss curvature
K =2my/ A (23)

and assuming a constant area and temperature 7, the corresponding (configurational) Helmholtz free

energy per unit area can be written via Eq. (19) as

.711’1 Wel (f() el) . (24)
Soe1de +124; ’

Lo oy +k[R]-

Since the mean pore radius R =G -2 depends on the number of 6-rings, one can obtain R at

thermal equilibrium by setting (3F, / df¢ ;) 47 = 0, which gives for large fs; and B =1/kgT:
foer ~exp(BrK/3), R =~(4g/4m) > exp(Bric/6). (25)

These equations show that for increasing temperature R decreases which means that the porosity
increases. The present equilibrium description can hardly adapt to the SCBD process, unless it is
assumed that at the spot hit by the beam there is a defined average temperature proportional to the
flux and to the energy per atom. Although the travelling clusters in the supersonic beam are very
cold, at the impact on the surface their translational kinetic energy shares among all degrees of

freedom. Thus the vibrational contribution to the free energy has to be added. This amounts to [70]

i—kB%T%[x-co'[hx<—lr1(25inhx~)] X —lﬂhw (26)
A f6,elA6+12A7 b= J J J74 J 72 J’

where 7iw; are the phonon energies of an element. Since only sums over the whole phonon spectrum

are of interest in the present discussion, the same average set of frequencies is used for all elements,
and the four elements coordinated by the central one are assumed to be rigid. The last condition
ensures a finite energy for all the acoustic modes of the whole schwarzite, whose branches are
replaced by the respective top energies. This treatment of the acoustic modes is similar to a Debye
approximation, which works quite well in the calculation of thermodynamic functions at comparably

high temperatures as in the present case.
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Fig. 13. Mean radius (on a logarithmic scale) of the pores of a d-type schwarzite with a random distribution of
the twelve 7-rings per element calculated as a function of the dimensionless parameter K 3 =ik /k,T

temperature from the Helmholtz free energy including both configurational and vibrational contributions

(curve) or the configurational contribution only (straight line). When phonon contributions are included the
mean radius shows a minimum of about 15 nm for T’ = K / 2k, and a rapid increase above this temperature.

According to molecular dynamics simulations this behaviour can be interpreted as due to a rapid

graphitization that schwarzite undergoes above 3500 K, before melting. This temperature corresponds to K

= 0.6 eV which is less than one half of the ab-initio value but falls into the schwarzite domain (Fig.11).

The phonon spectrum has been calculated for the smallest D-type schwarzites with a simple
nearest-neighbour force constant model with radial and shear force constants [71], which are taken
the same for all bonds and equal to those of graphite [72]. In this case the dynamical matrics can be
block-diagonalized into three adjacency matrices [65,66,68,71] whose eigenvalues give the phonon
energies for the different polarizations. Model force constants for sp® carbon given as functions of
the bond length are available for a more precise calculation of the phonon energies [73] This

however is not needed at the level of approximation adopted in this discussion.



Figure 13 displays the mean pore radius calculated as a function of the dimensionless

parameter K3 =k /k,T from the Helmholtz free energy including both configurational and

vibrational contributions (curve) or the configurational contribution only (straight line). When the

phonon contributions are included the mean radius shows a minimum for 7" = i / 2k, corresponding

to about 15 nm, and a rapid increase above this temperature. According to molecular dynamics
simulations described below this behaviour can be interpreted as due to a rapid graphitization that

schwarzite undergoes above 3500 K, before melting. This temperature corresponds to kK = 0.6 eV

which is less than one half of the ab-initio value but falls into the schwarzite domain (Fig.11). It is
also noted that the experimental schwarzite shown in Fig. 5 has pore radii in the range of 100 nm,
which corresponds to a formation temperature of 500 K for € = 0.6 eV or 1170 K for ¥ = 1.4 eV.
Both values are reasonable in view of the fact that the incident energy per atom, initially associated
with one translational degree of freedom, is subsequently distributed over the three vibrational
degrees of freedom of each atom. For the present example the vibrational contribution was
calculated for a single element size corresponding to m = 36 [71]; for consistency a larger element
should have been used so as to have a mean curvature radius corresponding to the minimum R .
Nevertheless the molecular dynamics simulations of the thermal evolution of a three-periodic
schwarzite qualitatively confirm the present analysis.

In principle the present model can be extended to the case of self-affinity It si found [26] that

mean Gauss curvature decreases for increasing thickness 7 as [26]

1+ﬁt—2ﬁ
1-

\1?\ = \1?0 , (27)

and K, is the average initial Gauss curvature. Thus for the quasi-equilibrium growth regime

discussed above the mean pore radius from the pure configurational part, Eq. (25), is corrected by a

factor /(1= B)/(1+ )P =P 143,

6. Electronic structure and electron-phonon interaction

Like nanotubes, schwarzites are either metals or insulators, depending on the topological
structure and element size. Tight-binding calculations of the band structure have been performed for

the smallest D-type schwarzites fcc-(C,,), of tetrahedral symmetry (m = 28, 36 and 40) [60,74,75].



More recent ab-initio calculations of the electronic band structure of fcc-(Cag), are also available
[76]. The structure of fcc-(Cas), exists in two enantiomers of opposite chirality (Fig. 14(a,b)), having
however the same band structure (Fig. 14(c)). As also seen in the density of electron states (DOS)
(Fig. 14(d)), rather large gaps occur between the valence as well as between the conduction bands.
The Fermi level (Er) crosses the lowest conduction band, which confers to fcc-(Cag), a metallic
character. The DOS’s of the next tetrahedral schwarzites fcc-(Csg)2 and fee-(Cao)2 as obtained by
tight-binding calculations [60] are displayed in Fig. 15. The occurrence of many sharp peaks in the
DOS of both schwarzites is indicative of rather flat bands due to the existence of localized electronic

states within each element, notably at the 7-rings.

Table I: Cohesive energy per atom (Ec.), density, bulk modulus (B), bond strength (b) and
conductive property for the smallest D-type schwarzites with tetrahedral symmetry, as compared to fullerite
and diamond [60,74,75].

D-type Econ Density B b
schwarzite (eV/atom) (g/cm®) (Mbar) (Mbar A%
fce-(Cag)a -7.66 1.33 1.58 16.12 metal
fce-(Cse) -7.71 1.05 1.26 16.20 insulator
fee-(Cao) -7.92 1.60 1.92 16.25 metal
fullerite -7.99 1.71 0.14 - insulator
diamond -8.36 3.52 4.42 16.71 insulator

There is an interesting alternation in the conducting properties: while fcc-(Cas): is metallic,
the next one, fce-(Cse)2, having four 6-rings per element, is an insulator and fcc-(Cao)2, With six 6-
rings per elements, is metallic. For increasing m larger and larger portions of the surface acquire a
graphene-like structure with, however, a slight negative Gaussian curvature, similar to graphene
subject to a shear strain. The effects of a shear strain on the electronic structure of graphene have

been theoretically investigated in a recent paper by Cocco et al [77], who show that a shear strain



opens a gap at the Dirac points, with the intriguing consequence that a band-gap engineering based
on the application of suitable stress field would be possible [77]. The data of Table I show that
schwarzites are particularly stable, with a cohesive energy per atom which rapidly increases in
absolute value, tending for large m to that of diamond and graphite. The density is comparatively
low and oscillating with m, but must tend to zero for m — oo as expected for a two-dimensional

surface filling a three-dimensional space.
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Fig. 14: (a,b) The two enantiomers of the D-type schwarzite fcc-(Cyg), made of only 7-rings,here shown in the
conventional cubic cell with four formula units. The chirality is evidenced by the directions of three bonds and
the lack of mirror symmetry with respect to the (110) plane. The two enantiomers have the same electronic
band structure (c) obtained from an ab-initio calculation [76]. Comparatively large gaps occur between
valence as well between conduction bands, as also seen in the density of electron states (DOS). The Fermi

level (Ef) cuts the lowest conduction band, which confers to fcc-(Cog), @ metallic character.

The search of superconductivity in exotic carbon forms, e.g., in clathrates [78], has
stimulated an ab-initio study of the vibrational structure and of the electron-phonon coupling in fcc-
(Cyg)2 of the 6-7 class and fcc-(Cea) of the 6-8 class [76]. Figure 16 shows the calculated phonon
density of states at the I'-point of fcc-(Cag), with indications of the even-symmetry optical modes

which mostly contribute to the electron-phonon interaction. Their electron-phonon coupling is



explicitly indicated in meV units (if larger than 2 meV). It appears that the largest contribution
comes from phonons which deform the narrow necks joining two neighbour elements. Here the
Gauss curvature is the largest, which support the conjecture made for clathrates [78] that a larger
Gauss curvature should favour superconductivity. The calculation yields however a discouraging A =
0.116 for the overall electron-phonon coupling parameter, which is quite smaller that that of doped
fullerenes. Nevertheless it is conjectured that doping, by shifting Er to regions of much higher
density of states, could increase A up to a factor five [76]. For comparison a similar analysis has been
carried out for the schwarzite fcc-(Ces)2 of the 6-8 class, which has larger and much less curved
necks due to the insertion of 6-rings. The structure and the ab-initio electronic bands are shown in
Fig 17(a,b) [76]. The first important difference with respect to the schwarzites of the 6-7 class is the
disappearance of gaps. This is attributed to the appreciable conjugation which is allowed by the
even-ring structure and removes the localization effects seen in 6-7 class schwarzites. The resulting
metallic solid has however a comparatively low density at the Fermi level (Er), and the resulting

electron-phonon interaction is even smaller than in fcc-(Cag)s.
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Fig. 15: Density of the electronic states (DOS) of the D-type schwarzites fcc-(Css), (a) and fcc-(Cse)z (b) a
tight-binding calculation [60]. As seen from the position of the Fermi level (Eg), the former schwarzite is an
insulator with a gap of 1.34 eV, the latter is a metal. The presence of many sharp peaks in the DOS is
indicative of bands of states strongly localized within each element. The insets show the element atomic

structures.
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Fig. 16: The ab-initio density of phonon states at the T'-point (zone center) of fcc-(Cgs),. Some of the phonon
peaks are labelled by the corresponding calculated values of the electron-phonon coupling (in meV units), if

larger that 2 meV (adapted from [76]).
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Fig. 17: The fcc-(Ces4)2 belongs to the class of schwarzites made of 8- and 6-rings and has, according to Eq.
(8), six 8-rings per element (a). The appreciable conjugation which is allowed by the even-ring structure
removes the localization effects seen in schwarzites of the 6-7 class: no gap is found in the band structure (b),
the resulting solid is metallic with a comparatively low density at the Fermi level (Eg), and the electron-phonon

interaction is small.



7. Quantum molecular dynamics simulations

Thanks to the development of efficient tight-binding molecular dynamics (TBMD) methods
[79], there have been also a few TBMD simulations of the growth and temperature evolution of low-
coordinated carbon structures from cluster assembling, aiming at clarifying the conditions for
schwarzite formation [80-85,3]. In particular it has been investigated how the size distribution of
clusters, their density and kinetic energy are effective in the growth of sp® schwarzitic material rather
than mixed sp’-sp’ carbon or less-coordinated forms like carbynes [85-87]. Here we briefly discuss
just one particular simulation which shows the useful information which topology can provide in the

molecular dynamics of a complex structure.

Fig. 18: The cell with periodic boundary conditions made of 32 unit cells of the D-type schwarzite fcc-(Css), for

a tight-binding molecular dynamics simulation [84,85].

A D-type fcc-(Cse)o, represented in Fig. 18 inside a simulation cell of 32 unit cells (64
elements) with cyclic boundary conditions, is gradually heated from room temperature to 4250 K.

The evolution is monitored through the topological connectivity (Fig. 19(a)), evaluated over a



subunit of five unit cells (10 elements). As shown in Fig. 19(b), the initial connectivity of the subunit
is k=19 and is slowly reduced by increasing the temperature down to 16 due to some bond breaking
and reshuffling. Just above 3800 K the connectivity drops to 3, thus signalling a rapid graphitization
of the schwarzite. It would be quite hard to visualize what looks to be a topological phase transition
by just examining the simulation snapshots. On the contrary the change of connectivity, as derived
from Eq. (6) by counting at each time the numbers of bonds and rings, constitutes a sort of
topological order parameter which allows to monitor the phase change from an ordered schwarzite to

a disordered graphite-like material.
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Fig. 19: (a) Tight-binding molecular dynamics simulation of the graphitization of the schwarzite fcc-(Csg)2 (Fig.
14). The evolution for increasing temperature is monitored by the connectivity of a subunit of 8 elements (4
molecules) (b). Since 9 handles are required to close the 8-element subunit on itself (by joining the
corresponding numbers in b)), the low-temperature connectivity is 19. The graphitization occurs slightly below
4000 K, where the connectivity suddenly drops from k =16 to the graphene value k = 3, thus depicting a
topological phase transition (adapted from [84,85])

Further examples of TBMD simulations illustrating the dependence of the output on the
temperature variation protocol can be found in Refs. [80,81]. A mixture of large clusters (Csg
fragments) dispersed in a gas of C, dimers, under a gradual increase of temperature from 1500 to
3500 K starts coalescing until they form a single connected cluster. The structure, reminding a
random schwarzite, shows the formation of some 7-ring associated with a negative Gaussian
curvature. For comparison the cluster coalescence a constant temperature of 3500K leads instead to a

graphite-like structure dominated by 6-membered rings. Other simulations starting from a gas of



only carbon dimers yield open tubular structures with the corresponding connectivity k = 3. It is
hoped that larger and larger-scale quantum simulations will help finding a viable route to the new

world of crystalline schwarzites.

8. Conclusion

Although schwarzitic carbon sponges did not know the glamour of the ordered forms of sp*
carbon, they have nevertheless led to important applications, some of which have been mentioned in
the introduction. Countless examples may be found in the literature, ranging from the engineering of
SCBD carbon-based composites [86] to biological applications, one for all the recent demonstration
of interfacing live cells with nanocarbon substrates [87]. The path towards low-dimensional carbon
for nanotechnologies has now reached the still poorly known world of pure carbon chains, carbynes,
which were looked for since the time of fullerene discovery [1]. The recent production of carbynes
by SCBD [88,89] and from graphene [90] is calling for new theoretical investigations [91]. However
the real challenge for possible developments on more fundamental questions is, in our opinion, the
synthesis of ordered three-periodic schwarzites or even supported planar architectures formed by
two-periodic schwarzites, eventually obtained by joining nanotubes, as it would be made by a nano-
plomber. Such a new class of ordered sp® carbons would represent a natural extension to curved
highly connected two-dimensional spaces of what has been learnt from and about graphene [6-10].
The fascinating mutual implications linking graphene and Dirac fermion physics would be greatly
enriched by the exploration of periodic curved carbon surfaces once their topology can be designed
and controlled.

Another intriguing aspect related with the growth of minimal surfaces is the one-to-one
correspondence between global and local minimal conditions which may allow for a deterministic
growth along the valley floor of the energy landscape. In principle any global thermodynamic
potential which can be represented as a surface integral has minima which can be determined from
local conditions, and allows for a deterministic growth process.

Carbon, as the most versatile element of the periodic table, keeps stimulating the ingenuity of
versatile scientists. The invention of new possible sp* structures by means of powerful mathematical
tools, like, e.g., those recently investigated by Diudea [92] (Fig. 20), as well as the great excitement
started with the isolation of a single graphene sheet [6-10], now raised to the rank of paradigm
linking distant areas of physics, suggest that fantasy joined to the rigorous thought are the lifeblood

of science.



Fig. 20: A few examples of nanoporous carbon allotropes designed by Mircea Diudea [92] by septupling map

operations
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