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This review provides a discussion of the current state of research on linear carbon structures and related materials based

on sp-hybridization of carbon atoms (polyynes and cumulenes). We show that such systems have widely tunable
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properties and thus represent an intriguing and mostly unexplored field for both fundamental and applied science. W >
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discuss the rich interplay between structural, vibrational, and electronic properties focusing on recent advances and the

future perspectives of carbon-atom wires and novel hybrid sp-sp*-carbon architectures.

1 Introduction

Carbon is a chemically versatile element that can adopt
different hybridization states to produce a wide variety of
allotropic forms, molecules, and nanostructures. sp-, spz-, and
sp3-hybridized atomic orbitals give rise to linear, planar and
three-dimensional organization in carbon-based molecules,
(e.g., respectively alkynes, alkenes, and alkanes) as well as in
condensed matter (isotropic and anisotropic structure of
diamond and graphite, respectively). A crystalline solid made
of sp-carbon is absent as a third allotropic form of carbon,
whose existence is questionable or even considered impossible
for stability reasons. Low-dimensional carbon structures
comprise quasi-zero- and quasi-one-dimensional (quasi-0-D
and quasi-1-D) 1-D systems such as fullerenes, carbon clusters,
nanodiamond, and nanotubes, as well as graphene as a two-
dimensional (2-D) system. In the last 30 years carbon
nanostructures have indeed played a leading role in
nanoscience and nanotechnology.l’2 Fullerenes, nanotubes,
and graphene demonstrate that carbon can form a wide
variety of structures whose properties are strongly related to
structural issues such as dimensionality, hybridization, chirality
and topology. Such structures are based on sp3-, spz-, or mixed
spz-sps-carbon hybridization as shown in the ternary diagram
of Fig. 1. Following this classification, the sp-vertex is occupied
by linear nanostructures and molecules in the form of carbon-
atom wires (CAWSs). Other possible novel structures that have
been predicted can be placed along the lines connecting sp-
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Figure 1. Ternary diagram for carbon nanostructures according to their hybridization
state. Adapted with permission from C.S. Casari Istituto Lombardo (Rend. Scienze)
2012, 146, 17-35 [elSSN 2384-986X].

with spz- and sp3-carbon, namely hybrid systems of sp-sp2
carbon (e.g., graphyne and graphdiyne) and sp-sp3 carbo
(forms of ‘superdiamond’ such as yne-diamond).1

Importantly, sp- and spz-hybridized carbon systems can sustai -
n-conjugation, which is the basis of the metallic properties of
graphene and carbon nanotubes. Graphene is a zero-ga.
material with outstanding electronic and optical properties for
advanced technological applications (e.g., extremely higa
electron mobility, ambipolar conductivity related with Dirac’s
cones, and optical transparency).®”
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Please do not adjust margins



mailto:carlo.casari@polimi.it

Nanoscale
by the interest in 1-D and 2-D nanoscale sp-carbon
W structures.”! Nowadays the occurrence of sp-hybridized
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Figure 2. The two possible structures of the ideal infinite carbon-atom wire (carbyne):
equalized structure with double bonds (cumulene, top) and alternate single-triple
bonds (polyyne, bottom).

Opening a band gap in graphene requires additional strategies
such as the exploitation of confinement effects, as it happens
in graphene nanoribbons. In carbon nanotubes the electronic
properties, including the semiconducting behaviour, are
dominated by topological issues defined by the choice of the
chiral vector and can thus be tuned to some extent.® However
the control of the chirality is still an open issue, which makes it
difficult to tune the electronic properties of these systems.

As graphene is today considered the ultimate 2-dimensional
(2-D) system (1l-atom-thick) showing peculiar electronic
properties, CAWs represent a true 1-D system (1-atom-
diameter) that might display either semiconducting or metallic
properties due to m-conjugation effects.”® In fact, in an
extended linear sp-carbon system forming a CAW, the
semiconductive/metallic behaviour results from the trade-off
between Peierls distortion (which favours semiconductivity)
and endgroup effects, which can stabilize metallic structures.
Hence, sp-hybridized CAWSs are intriguing systems with
structure-, length-, and endgroup-dependent properties. The
model CAW can show two distinct structures: =C=C=C=C= or -
C=C-C=C-C= (see Fig. 2). In real systems, finite length effects
and endgroups play a fundamental role and drive the system
to a specific degree of bond length alternation: the terminal
groups affect the overall wire configuration, with an
increasingly larger effect in shorter wires.® Control of the
electronic properties (gap, conducting character) by tuning of
the wire structure may thus open new perspectives for the
realization of nanoscale cables and devices, as shown by
theoretical predictions but not yet fully assessed by
experiments.g’11

Since the first understanding that diamond and graphite were
made of the same “substance” (experimentally demonstrated
by S. Tennant in 1796)12 scientists have been looking for novel
carbon allotropes, including linear forms of sp-hybridized
carbon. The claims of the discovery of a new allotrope based
on sp-hybridized carbon, named carbyne, (the mineral form
found in a meteor crater in Germany was called Chaoite) date
back to the 19605,13"16 but were never confirmed even after
intense debates following some criticisms in the
1980s.””" In the same years astrophysics studies focused on
the possible presence of linear carbon in the interstellar
medium, and such studies led to the discovery of fullerenes by
Kroto, Smalley and curl.?® Recently, new achievements and the
ground-breaking results on graphene have again driven
attention to CAWs and sp-spz-hybrids (e.g., graphyne) as novel
1-D and 2-D systems. Hence, the general skepticism about the
existence of a third solid allotrope of carbon has been replaced

raised
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carbon has been suggested in many carbon-based mater:
and structures, in carbon-metal moieties, embedded i
matrices, after laser irradiation of polymers, in free carbo:
clusters, in pure :;p—sp2 systems, in liquids,
nanotubes (CNTs) and connecting graphene
addition, synthetic strategies allow us to produce long ana
stable sp-carbon with controlled length ani
termination.®® Theoretical investigations have predicted a
number of interesting vibrational, electronic, and transpo ¢
properties that can be tuned by controlling the wire length ana
endgroups. This includes carbon wires connecting metal leads,
graphene, and nanotubes as device prototype:;.?ﬂ"47

inside carko»

22-35
sheets. L

wires

Here we review the present state of research on carbon-atoi
wires based on both experimental and theoretical results, wit’
particular focus on the structure-dependent properties. Th.
review is organized as follows. We start by discussing
structure of the ideal model system (i.e., infinite wire as a 1-D
crystal), the related m-conjugation effects and the change
electronic properties as a result of the wire length and
termination. Then we will review synthesis techniques tow_.
CAWSs and strategies to improve stability. We will discuss th
present understanding of the structure of CAWs that mainl
results from Raman and surface enhanced Raman scatterin
(SERS) characterization of selected CAW systems. Electren' -
and transport properties are then discussed within the
perspectives of the use of CAWs in advanced nanotechnolog ¢
applications.

2 Structural, vibrational, and electronic propertie ,
of carbon-atom wires

To discuss the structure of CAWs it is better first to clarify the
existing nomenclature of sp-carbon since it is rather diversified
and not fully settled. In the past, the name carbyne was u.. '
to indicate the solid form of sp-carbon while Chaoite or white
carbon has been used for minerals or solid samples found or
synthesized in Iaboratory.13 More recently, the name carbyr >
has been adopted to indicate the infinite sp-carbon wire as a
model system. Similarly, carbynoid structures has been used to
indicate finite systems or moieties comprising sp-carbon 1
amorphous systems. Different names have been adopted to
name the isolated systems, e.g., linear carbon chains, carbc »
monatomic chains or carbon atomic chains. Here, we will refer
to all these systems as carbon-atom wires — CAWs. Whe
needed, the distinction between ideal (infinite) and real (finite)
CAWSs will be stated.

2.1 The ideal infinite wire: interplay between electronic and
vibrational properties

Despite the apparent simplicity of a system composed by sp
hybridized carbon atoms arranged in a linear (or almost linca.,
geometry, the physico-chemical properties of CAWS are *

This journal is © The Royal Society of Chemistry 20xx
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from trivial, as discussed in the following section. As a first 200 ) ' : ' '
approximation, the physical properties of CAWS can be sl

interpreted on the basis of the model of an infinite chain of

carbon atoms (carbyne). This ideal model allows investigation 150 L

of CAWs following a convenient solid-state physics approach, —

similarly to other polymeric molecular materials.**>* On these g 195 L

grounds, even if some endgroup effects will necessarily go =

beyond the infinite chain model, we will show that the § 1.00 -

properties of finite length sp-carbon wires can be still E

discussed with reference to this simple model.>** When % 0.75 -

needed this somehow restrictive approximation can be Eé

relaxed. Y ooso -

Contrary to “classical” o-bonded polymers (e.g., polyethylene),

due to m-conjugation and electron-phonon coupling, the D25

connection between finite and infinite wires is not

straightforward in CAWSs. In fact, starting with the infinite oo r g ; ; ; i

structure, two arrangements of the C atoms within the unit L5 0400 <005 000 005  0d0 D45
. . BLA (A)
cell are possible (Fig. 2).
Figure 4: Potential energy surface of an isolated infinite linear carbon chain as a
[ function of BLA, as obtained by periodic boundary conditions calculations,” showing

W the occurrence of Peierls distortion (instability of the equalized, cumulene-like
! geometry) and the stabilization of the two possible (and equivalent) bond alternated

(polyyne-like) structures.

One structure consists of equivalent (equalized) double bonds.
This is referred to as polycumulene (or simply cumulene) and .
can be described as a 1-D crystal with a monoatomic unit cel.
The other arrangement is characterized by a sequence
alternating triple and single bonds (polyyne).The polyyne forr
corresponds to a 1-D crystal with a unit cell containing tw-
carbon atoms. Cumulene is a metal since the conduction ban¢
is half filled (one carbon atom contributes with one electro
for each of the two 2p orbitals). In polyynes, however, th~
-1 0 1 k double unit cell provides two electrons in each orbital an'
Wavevector (units of 2rt/c) results in a half Brillouin zone. Hence, the valence band i-
completely filled by electrons while the conduction banc

v

- --------- K - - separated by the band gap opened at the edge of the Brillouin
_QEQ_H_QEQ_& zone, is empty thus leading to a semiconductor (Fig. 3). Duc -0
n-electron delocalization, the CC bond lengths of the infinite
polyyne are not exactly those of an ordinary triple and a single
CC bond (e.g., that of acetylene or ethane). Actually the trip' :
bonds are slightly longer than in acetylene (ca. 1.2 A) and the
single bonds are slightly shorter than in ethane (ca. 1.5 A).
useful parameter to define the wire structure is bond lengt .
alternation (BLA), which is the difference in bond lengths fo.
adjacent bonds (typically measured at the centre of th:
molecule). BLA is non-zero in polyyne,56 and it is ideally zero

for cumulene. As in the case of a linear metal and othe,
polyconjugated materials (e.g., polyacetylene), CAWSs are
affected by Peierls distortion,57’58 which states that cumulen .
is unstable upon a change in BLA and undergoes a transition tc
Wavevector (units of t/c) the alternated, polyyne-like configuration that corresponds t

minimum energy. This is illustrated in Fig. 4 by the potentir

Figure 3. Sketch of the two possible geometric arrangement of the infinite CAW (i.e., energy curve plotted as a function of BLA, as obtained b
')
carbyne) with the corresponding band structure according to a solid-state physics . . 59
quantum chemical calculations.

approach: equalized double-bond structure (polycumulene, top), alternate quasi

v

-2 -1 0 1 2k

simple-quasi triple bonds (polyyne, bottom). The band filling reveals the metal and
semiconducting character of cumulene and polyyne, respectively.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3
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Figure 5: a) Band structure of a carbon atomic wire for cumulene (BLA = 0) and for
different values of BLA in A (ideal polyyne with optimized geometry shows a BLA =
0.038 A); adapted with permission from ref. 54, copyright 2006 by the American
Physical Society. b) band gap as a function of the BLA. The wire structure and definition
of BLA as ry-ry is also shown.

BLA significantly affects the electronic structure of the sp-
carbon chain, driving the transition from a metallic to a
semiconducting system, which influences both the optical and
vibrational properties. This transition is illustrated by the
electronic band structure of ideal CAWs as a function of BLA
(Fig. 5) resulting from DFT pseudopotential calculations.> As
required by Peierls distortion, the equilibrium geometry has
BLA # 0, corresponding to a finite band gap. The band gap
widens for increasing BLA, while it decreases for smaller BLA.
In the limit of small BLA, m-electron conjugation is enhanced,
i.e., the electrons are more effectively delocalized along the
chain, until the metallic character is actually reached in
cumulene (BLA = 0). As a consequence of Peierls distortion,
only polyyne chain represents the minimum energy
configuration leading to a well-defined BLA value (i.e.
corresponding to optimized geometry). Other cases obtained
by imposing a different geometry may represent convenient
models to investigate the effects of modulating the BLA. In
fact, when relaxing the infinite chain approximation, we will
that endgroup effects, transfer, and
photoexcitation processes, etc. are all effective ways of
modulating the BLA. Hence, real systems (finite length CAWSs)
can be correlated with the appropriate model of an infinite
chain possessing the same BLA. The possibility of inducing, by
means of chemical or physical processes, an effective
modulation of the molecular structure that can control the
electronic properties is very appealing from the point of view
of the possible applications of CAWs in technology.

Due to the well-known electron-phonon coupling that exists in
all m-conjugated systems, it is reasonable to expect that
changes in BLA might also significantly influence the
vibrational properties of CAWSs. This motivates the use of
vibrational spectroscopy (IR and Raman) as a sensitive method
for characterization of sp-carbon wires (see Section 2.3).

In order to discuss the vibrational structure of CAWs, it is
useful to refer to the limiting case of the infinite linear carbon
chain. Considering cumulene first, the description of its
phonon dispersion is elementary and constitutes a classical

see charge
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textbook example for introducing the concept of phonons in a
monoatomic infinite chain as a 1-D crystal.60 Cumulene
displays only acoustic phonon branches (one longitudi.
acoustical, 1LA and 2TA, respectively), and the system woul~’
not present any optical activity.57’60 The polyyne cas:
corresponds to a homo-atomic chain with different benA
strengths so that the unit cell is composed by two atoms. As'
result, there are three acoustic and three optical phonon
branches (Fig. 6). In other words, upon moving from cumuler :
to polyyne the major effect is the appearance of opticai
phonon branches. This matter has been considered in tk :
literature to exclude the possibility that cumulene-like sp-
carbon wires might not be observed by Raman or Ik
spectroscopy. While this is certainly true for infinite cumulenc,
for finite length CAWs this selection rule must be relaxec,
since endgroups play a role, i.e., BLA is affected by th
terminal endcapping groups, and the spectroscopic behaviot
of finite-length cumulenes will deviate from the infinite chai.
model.**

c/2 A

_QV

-1 0 1

Wavevector (units of rt/c)

Figure 6: Sketch of the phonon dispersion branches of a bond equalized
(cumulene, top) and alternate (polyyne, bottom) infinite wire (i.e., carbyne as 1-D
crystal).

This journal is © The Royal Society of Chemistry 20xx
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Figure 7: Phonon dispersion relation for wires as a function of BLA. (a) Longitudinal
Optical (LO) and longitudinal acoustic (LA) phonon dispersion branches of an infinite
polyyne (adapted with permission from ref. 55, copyright 2008 AIP Publishing LLC). (b)
comparison between phonon dispersion of a carbon-atom wire with (green line) and
without (blue line) nearest neighbour approximation.

The phonon dispersion of the longitudinal optical (LO) branch
has been computed for polyynes with varying BLA by means of
a tight-binding model that couples the vibrational force field
(i.e., the dynamical matrix) to the expected changes of the
electronic structure.®® This approach corresponds to solving
the vibrational dynamics of the CAW subjected to a constant
external force that sets the BLA as desired. As shown in Fig. 7,
the LO branch depends dramatically on BLA: the phonon
wavenumber at g = 0 ranges from 1200 to more than 2000 cm”
! for increasing BLA in the range 0.038-0.142 A

The over bending of the phonon dispersion and the softening
of the phonon in the vicinity of g = 0 is due to long-range
vibrational interactions along the chain®>%? (i.e., the inclusion
in the harmonic potential of interactions beyond the nearest
neighbour approximation).57 The strength of long-range
interactions increases as the system approaches the structure
of cumulene, and the electronic structure evolves from
semiconducting to metallic. In fact, similarly to graphite63 and
carbon nanotubes,ﬁ‘"65 cumulene is affected by a Kohn
anomaly54 that makes the phonon dispersion divergent at the
I point (in reciprocal space of polyyne).

As shown in Fig. 7b, which depicts the acoustic phonon branch
of cumulene, if one considers only nearest neighbour
interactions in the harmonic potential, one can fit only the
frequencies close to the I' point, where the Kohn anomaly
effects are negligible. This approximation breaks down at the
first Brillouin zone boundary, which shows that the Kohn
anomaly is due to effects beyond the nearest neighbour
approximation may require
anharmonicity.11 It is important to note that by taking the
description of cumulene with a translational unit comprised of
two carbon atoms (Fig. 7a), the Kohn anomaly is found at g =
0, otherwise it is found at the Brillouin zone boundary (Fig. 7b).
To gain better insight into the vibrational properties of CAWs,
it is worth introducing some additional theoretical details,
which are based upon theories introduced to deal with the
vibrational spectroscopy of m-conjugated polymers.se'70 In this
field, Raman spectroscopy certainly plays a major role (see for
instance refs. 71-75 and refs. therein). The Raman spectra of m-

and also inclusion  of

This journal is © The Royal Society of Chemistry 20xx
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conjugated polymers are usually dominated by intense Raman
lines, which are related to BLA oscillation. These lines show
sizeable frequency and intensity dispersion with chain leng
For increasing chain length the Raman signal associated wit’
BLA oscillation shifts to lower wavenumbers and become
more intense. This behaviour has been rationalized by me-r-
of two theories, the “amplitude mode theory” (AMT)”® and tt
“effective conjugation coordinate” (ECC) model.”*”* These two
approaches are rigorously related one to the other (see Mila |
et aI.55’71). According to the ECC model, the normal mode
associate to the most intense Raman line has been named tf :
“ECC mode” and it has found applications in the interpretation
of the Raman spectra of many different mn-conjugatea
oligomers and polymers. Unlike oligomers and polymers, &s
well as forms of carbon (e.g., graphite, diamond, fullerene ,
nanotubes), Raman analysis of sp-carbon chains has bee
investigated only recently in detail. Since polyynes/cumulene
are m-conjugated systems, the concepts developed in the AM *
or the ECC model can be applied successfully. For infil
polyyne, the LO phonon at g = 0 can be regarded as a
stationary wave in which the CC bonds r; and r, simultaneo
oscillate out-of-phase in the entire crystal. Hence the nuclear
displacements associated with the LO phonon can be regar_ _
as a collective BLA oscillation corresponding to the ECC modc
The frequency associated to this phonon can be analyticall-
determined in terms of bond stretching forc
constants,54’55’57’76 effectively demonstrating the role of len¢ -
range interactions in determining the marked frequencv
decrease in the phonon dispersion (at g = 0) as BL.\
approaches zero. This calculation can be conveniently carried
out by adopting the infinite chain model with a unit cell ¢r
length ¢ containing two carbon atoms and by following
Wilson’s GF method”? generalized to periodic systems:

G(O)F(OIL(0) = L(OIA(®) (1)

where 8 = gc, G is the kinetic energy matrix, F collects th-
valence force constants, L describes the normal mo.

displacements along the (e.g., CC
stretchings) and A is the diagonal matrix that collects the
phonon frequencies (A;= w,z) at a given O (the index i labels tk »
different phonon branches). The following solution is obtained
for the LO phonons in correspondence of g = 0247t

internal coordinates

Ky+ky
F o e—
m R 2

+ Yol + 3 — 2f15] (2)

In Equation (2), Fx is defined on the basis of several terms: k
and k, are the diagonal stretching force constants relative t »
the two bonds (r;, r,) within the cell, and the various f, terme
describe interaction stretching force constants at increasir -
distances (n) along the chain. The variables f{* and fJ' are
associated to the interactions between equivalent bonc:
belonging to different cells; f{% describes the interaction
between non-equivalent bonds at distance n. Equation (I)
demonstrates that m-conjugation effects in CAWs are
qualitatively similar to those occurring in other m-conjugated
systems. For instance, it has been verified that the sequenci  *

J. Name., 2013, 00, 1-3 | 5
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the interaction stretching force constants involving a given CC
bond and a sequence of bonds along a path made by
consecutive CC bonds have alternate signs in polyynes,ss’ﬁz’73
similarly to polyenes and graphene.52’67'69’74 As a consequence,
the sum in Eq. (2) has a negative value. This provides a m-
conjugation-dependent contribution that lowers the phonon
frequency with respect to the value given by the diagonal force
constants k;, k,. This decrease of Fg for increasing m-
conjugation is responsible of the frequency dispersion of the
intense Raman line associated to the ECC mode, which
matches the behaviour at g = 0 shown in Fig 7a.

The physical origin of this phenomenon is the electron-phonon
coupling typical of these systems, even in presence of m-
electron delocalization. A simple model based on Hickel
theory (i.e., tight binding restricted to m-electrons) can be
introduced to better quantify these effects,”>"" leading to
the following formulation of the matrix elements of the F
matrix of CC stretching force constants:

9B\ 2

IM; are the bond-bond polarizabilities and 0B/dr is the electron-
phonon parameter, with B the hopping integral of Hiickel
theory. This model allows relating the electronic and
vibrational properties, predicting the observed modulation of
the electronic bands and phonon dispersion branches (Fig. 8),
also in a good agreement with quantum chemical
calculations.”® The model also allows for introduction of the
correlation that exists among BLA, LO phonon wavenumber,
and band gap in CAWs, which formally defines the connection
between structural, electronic, and vibrational properties.71
The infinite chain model provides a reliable interpretation of
experimental data and captures the main trends observed for
the electronic and vibrational properties, thus offering a useful
unified framework for the understanding of real systems.

2200 T T T

— Band Gap

2000 -

1900 |

1800 -

LO phonon wavenumber (cm™")

1700

L 1 I L

0.14 0.16 0.18 0.2

1600 i i
004 0068 008 041 0.12

BLA (A)
Figure 8: Correlation between the LO phonon wavenumber (ECC mode) and bond
length alternation BLA for different values of the electronic band gap, as obtained on

the basis of Hiickel theory applied to the linear infinite carbon chain.®"*

6 | J. Name., 2012, 00, 1-3

However, the use of periodic boundary conditions along the
chain axis has a non-negligible influence on the spectroscopic
selection deviations of the chain structure fr
Iinearity,75 endgroup effects,®7’®
(cumulene vs. polyyne) in long C, wires require relaxing th-
infinite chain model, as described in the next section.

rules:

and Peierls distortio’

2.2 Finite length sp-carbon systems: BLA and n-electron
delocalization

Moving from ideal (i.e., infinite chain) to real (i.e., finite lengtk’
structures, endgroup effects play a leading role: the chemic'
nature of the endgroups influences the overall structure of th_
chain, increasing or decreasing BLA and, thus, modulating th-
energy gap and vibrational properties of the chain. Th~
possibility of actually tuning the electronic properties and th.
conducting character by proper functionalization could be the
key point for future technological applications, such as tk »
realization of nanoscale cables and devices that have been
proposed in theoretical studies.” "’

CAWs of increasing length show a decreasing BLA as a resul -
increasing rt-conjugation.54’73’7&81 However the BLA = 0 limit
(cumulene) is not reached due to Peierls distortion. In thic
framework, the alternate (polyyne-like) structure found i
most of the synthesized sp-carbon wires®® has been usually
interpreted as the result of Peierls distortion, as also reporte {
for other classes of m-conjugated materials. However, such an
interpretation is prone to some criticism due to the fact thz:
Peierls distortion is an effect that can be defined just for tt :
infinite chain, not for relatively short CAWs for which the en.
functional groups are certainly stronger agents in determinin
BLA (see below).

A detailed computational analysis on long uncappe .
cumulene-like C, wires clearly demonstrates that Peierls
distortion becomes effective only in very long chains (n > 52,
where it can overcome the BLA decrease driven by m-electror.
delocalization.®" As a result of the balance between m-electror
C, wires possess
cumulene-like structure (determined by endgroup effects) for
n < 52. Longer C, wires exhibit an alternated, polyyne-like
structure due to the onset of Peierls distortion. This provide 3
the evidence that Peierls distortion may be rigorously defined
just for an infinite chain and might not effectively explain the
molecular structure observed in short CAWSs. For these wire 3
the presence of endgroup effects is essential®®® and the
carbon chain structure is mainly determined by the chemic. !
nature of the endgroups, as highlighted by the values of BLA
and CC bond lengths reported in Fig. 9 for a few series of sj -
carbon molecules.® In hydrogen endcapped wires, the CH
single bonds require the presence of a triple bond on th:
adjacent CC linkage, so that a single bond is formed on the
next CC and so on, thus inducing a polyyne-like structur: .
However, a vinylidene endgroup (i.e., =CH,) induces a Cc
double bonds at the termini of the sp-chain, resulting in .
more equalized cumulene-like structure.

delocalization and Peierls distortion,

This journal is © The Royal Society of Chemistry 20xx
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Figure 9: (a) structure of the considered wires (from left to right): uncapped, vinylidene-, phenyl- and H-endcapped; (b-c) Bond length and bond length alternation (BLA) as a
function of the number of carbon atoms for different types of wires. (d) bond lengths in long wires (i.e., 30 carbon atoms) with different terminations.. Data are from DFT

calculations. Adapted with permission from ref.8

Hence, for the same number of C atoms in the sp-chain,
vinylidene endgroup results in a substantially smaller BLA with
respect to hydrogen endgroups. Clearly, this behaviour
facilitates the design of new sp-carbon compounds with
tunable properties by means of a proper choice of the
endgroups and synthetic approach.An example of this
approach is represented by the recent work by Tykwinski et
al.®® where long cumulene-like CAWs (up to 9 C=C bonds)
have been obtained by rational chemical synthesis. It should
be noted that in finite-length wires, the cumulene-like
geometry does not correspond to the ideal case with BLA = 0.
Finite cumulenes are systems showing small BLA values, which
are markedly different from those found in polyynes. A further
demonstration of the significance of finite length effects is
given in Fig. 9d, which shows the bond lengths of quite long
wires (30 carbon atoms) with different endgroups: CAWs still
display very different CC bond lengths and BLA. Hence for
these CAWs it is primarily the chemical nature of the end-caps
that determines structure, not the length of the chain.
However, for fixed endgroups, BLA decreases with chain length
until
expected by increasing m-conjugation.
Based on the concepts illustrated above, a strict one-to-one
correspondence between the infinite wire (i.e., carbyne) and
finite-length CAWs cannot be established. However, due to the
variance in BLA observed in CAWs as a function of length
and/or endgroups, finite CAWs should be related to different
reference wire models possessing the same BLA as their finite
counterpart. For instance, considering the electronic
properties of finite CAWSs, it becomes straightforward to
suggest that by increasing chain length (or by the proper
choice of endgroups), the sp-chain will be characterized by a
smaller BLA values, leading to a smaller optical gap and a
larger wavelength of the associated absorption band. This has
been observed in many different CAWSs, which also
demonstrates the importance of spectroscopy as an quick and
effective method for characterizing the structural properties of
these systems. However, the absorption wavelengths
observed in finite wires should be considered with care before
extrapolating the electronic properties of the infinite polyyne.
This is due to the fact that different finite-length CAWs are
potentially associated to parent systems with different BLA.

it reaches an asymptotic lower limit, as generally
54,61,73,78-81,84

This journal is © The Royal Society of Chemistry 20xx

Extrapolation procedures have been discussed in some work
34,83

2.3 Finite length sp-carbon systems: molecular vibrations and
Raman spectroscopy

Parallel to the case of the electronic properties, where fine
length CAWs can be put in correspondence with an infinite
chain model sharing the same BLA (see Section 2.2), a'.
analogous correlation should also be worked out for thc
vibrational properties of CAWSs. The Raman spectra c.
hydrogen-endcapped polyynes show a similar pattern a.
polyenes, namely a very intense line that corresponds to U
ECC mode,75'86 and this has been also named “a-line” in th-
literature.®” A second minor band (B-line) is often observec:
notably in shorter H-endcapped polyynes.54 These Ramar
signals fall in the 1800-2300 em™ spectral region. Throug
theoretical analysis and first-principles calculations it has beer
possible to assign the a- and B-lines to different collectiv
stretching vibrations of CC bonds (i.e., BLA oscillatior
modes).87 This spectral region turns out to be specific for si
carbon: no other carbon nanostructure shows any Raman
signal in this region (Fig. 10).

a) . ||
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o
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Figure 10: (a) Experimental Raman spectra of carbon solids and (b) carbon-based
nanostructures.
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In fact, the Raman spectra of spz-based carbon nanostructures
show a maximum frequency of about 1620 cm™ that
corresponds to the maximum in the phonon dispersion of
graphite. All the other features appearing above 2400 cm ™t are
due to Il order Raman scattering, including the 2D peak whose
intensity and shape is peculiar in graphene.

Similarly, the Raman peak of diamond at 1332 cm™® represents
the highest frequency in the phonon density of states. Hence,
the Raman modes of CAWs appear in a spectral region where
no other carbon systems show characteristic peaks.

Based on the results predicted for ideal carbynes‘l’ss’62 and the
general properties of polyconjugated molecules, the red shift
of the most intense ECC Raman line observed when increasing
the chain length has been qualitatively and quantitatively
interpreted as a manifestation of large electron-phonon
coupling. To this aim, DFT calculations on finite length CAWs
proved to be very  helpful for the spectroscopic
characterization of these systems. 35,59,61,73

A first interpretation of the Raman spectra of real sp-carbon
wires can be carried out by taking into account the infinite
chain model which allows to interpret the a- and B-lines on the
basis of the LO phonon dispersion branches of carbyne, where
the semiconductive-metallic transition (as BLA - 0) involves
the appearance of a Kohn anomaly at I in the case of a
cumulene-like chain.>*>*>>%6%73

As mentioned above (Section 2.2), collective CC stretching
vibrations of CAWs involve stretching of triple and single
bonds, which give rise to Raman and IR signals in the range of
1800-2200 cm™*, depending on the length of the chain.?®7>7%%7
In order to classify the CC stretching vibrations of finite chains
by establishing a correspondence with the LO phonon of the
infinite polyyne, it is useful to adopt a procedure successfully
employed in the past for the study of the vibrational dynamics
of crystalline polymers.‘lg'50 This procedure consists in selecting
the suitable value of phonon wavevectors (g) for which the
vibrational wavenumbers of the oligomers can be placed as
discrete points on the phonon dispersion curves of the
corresponding carbyne (with proper BLA). It has been shown
that these discrete g values are given by the formula:*®”?

T . .
94 = c(N+1)]' j=1,2,3,... (4)

where N is the number of unit cells which can be devised in
the finite chain (oligomer).48’50 Provided that endgroup effects
have a limited influence on vibrational dynamics (which is
often an accurate approximation for long enough oligomers),
the procedure yields an accurate description of the normal
modes which can be related to a given phonon branch.

In Fig. 11 this procedure has been applied to the longitudinal
vibrations of the hydrogen-endcapped polyyne containing
seven triple bonds.” The vibrations of the molecule have been
put on the (LO, LA) phonon dispersion of the infinite polyyne.

8| J. Name., 2012, 00, 1-3
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Figure 11: a) LO and LA phonon dispersion curves (full lines) obtained by using the DFT
computed vibrational force field of a finite-length (7 triple bonds) Hydrogen-endcappe !
polyyne.73 Black dots represent how the vibrational frequencies for this wire can be
located on the phonon dispersion branches (see discussion in the text). For
comparison, the phonon curves obtained by removing all long-range interactions (f,
terms in eq (1)) are reported as dashed lines. Reprinted with permission from ref. 73,
copyright 2007 American Chemical Society. b) The same LO plot has obtained on the
basis of IR and Raman measurements carried out for a long polyyne endcapped with
super-trityl groups (super-trityl = tris(3,5-di-t-butylphenyl)methyl).”®

The phonon dispersion was computed by using Wilson’s
approach (eqg. 1,2) and by considering the force field F taker
from the oligomer (i.e., considering the central triple bond ¢~
the finite chain as the reference 0-th cell of the polymer anc
interactions up to the edge of the molecule). In nor
conjugated polymers the oligomer-polymer correspondenc
can be established by considering just one oligomer lon
enough to minimize endgroup effects.

All longer oligomers can be related with that phono’
dispersion. In contrast, each m-conjugated oligomer
characterized by a different degree of conjugation (hencr
different BLA). In principle, this implies that each oligome *
possesses a different force field and leads to a different
oligomer-derived phonon dispersion. From the experiment:'
point of view, IR and Raman measurements carried out for a
long super-trityl -endcapped polyyne have provided several C ©
stretching signals (Fig. 11).76 The assignment of these IR and
Raman features by DFT calculations allows drawing the
corresponding phonon dispersion relation.”® This shows 1

This journal is © The Royal Society of Chemistry 20xx

Page 8 of 21



Page 9 of 21

the relationships qualitatively follows theoretical
expectations,m’73 and it exhibits the behaviour represented in
Fig. 7 (left panel). In other words, the properties of finite-
length CAWs can be related to that of the carbyne possessing
the appropriate BLA for phonon dispersion branches. This
model has been successfully adopted to give an interpretation
of the Raman spectra of hydrogen-endcapped CAWs of
increasing Iengths‘:“l’73 and long polyynes (containing up to 20
conjugated triple bonds) endcapped with bulky groups.76

The strong Raman line (ECC mode) that is found on the LO
dispersion corresponding to j = 1 for long wires is essentially
equivalent to the g = 0 phonon.s‘”s’76 In finite polyynes, IR
modes are observed for values j > 1, and these can be simply
considered as higher “harmonics” of the Raman active j = 1
mode (see Fig. 11).75’76

The dependence of the vibrational properties on BLA makes
the interpretation of the Raman spectra a non-trivial issue,
requiring the support of numerical simulations. Chain
conformation effects on the Raman spectrum have also been
studied both experimentally and theoretically.75’76’79'88 These
works show that first-principles calculations can be helpful to
elucidate the connections among structural, vibrational, and
electronic properties of sp-carbon chains. Yang et al.® and
Tommasini et al.” have analysed the relationship between BLA
of hydrogen-endcapped polyynes and their Raman response,
by means of DFT calculations.

The connection between the properties of finite-length CAWs
and the ideal infinite polymers was characterized in different
works by using DFT calculations®®”® or tight-binding models,
3562, 7185 reconciling the approaches usual found in the Physics
and Chemistry communities. The same methodologies were
applied to the characterization of new synthetic series
polyynes bearing suitable endgroups.75’89

The subtle problem of the existence of cumulene-like species
and their detection by means of vibrational spectroscopy has
been also addressed.®’ This case is particularly interesting
since it shows the inherent limits of the infinite chain model. In
the literature, in fact, the possibility of observing cumulene-
like wires by Raman spectroscopy has been contrasted by
some authors<<not sure how to fix this, since I’'m not sure
what you meant to say>> based on the assumption that, as in
model cumulene, they do not possess any optical phonon
branch. However, Raman signatures of the existence of
cumulene-like species have been suggested for mixed sp/spz—
carbon nanostructures.””#%° This supposed controversy can
be solved by relaxing the “carbyne perspective”. At difference
with a model system (i.e. 1-D crystal) for which only phonons
at I could possess Raman activity, for finite wires also
vibrations located on the LO branch at different points of the
first Brillouin zone can be Raman active. This may happen as a
result of endgroup effects, which constitute a perturbation
over the strict periodic boundary conditions scheme
introduced above.

This journal is © The Royal Society of Chemistry 20xx
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Figure 12: Calculated Raman spectra of cumulene-like C, chains of different lengths
Bands are marked with labels indicating the number of nodes of the associated atoi...
displacements. Reprinted with permission ref. 61, copyright 2009 John Wiley and S~-

The Raman spectra of several cumulene-like wires (C,) have
been predicted by means of DFT calculations,61 anc,
interestingly, many vibrational transitions show non negligible
Raman intensity, which demonstrates the possibility .
detecting finite length cumulene-like wires by means of Ramarn
spectroscopy. The reason for this behaviour lies in 1.,
interplay between the activation of out-of-I normal modes an
the molecular parameters governing Raman activity.71 Th?
originates in cumulenes a detectable Raman signal for LC
modes other than ECC, as shown in Fig. 12. The Rama.
intensity of a given line is related to the square of th-
derivative of the polarizability tensor with respect to th
associated normal mode Q. This parameter can be written i
terms of bond contributions as follows:

885 = iaa%*l—ik (%)
k i
L, is the eigenvector describing the normal mode Qi on the
basis of internal valence coordinates (CC stretching, R;) an
d0/dR; are polarizability derivatives with respect to th.
individual CC stretching (R;) along the chain.” In a cumule
the da/dR; parameters are all very similar due to the simile
character of all the CC bonds. The ECC mode describes the ir.
phase shrinking (Li < 0) and stretching (L1 > 0) of adjacer .
CC bonds (R; and Ry,;): therefore, almost equal da/dR; in the
sum of Eq. 5 are weighted by L;, values of opposite sign. Th?
results in a vanishing sum, implying that the ECC mode has .
small Raman intensity. This result is consistent with the infinit
carbyne model. However, the infinite chain model cannot tak
into account the fact that other LO modes (out of ) have -
different L, vector than the ECC mode.

This implies that the sum in Eq. 5 can have a non-negligibl
value and the associated Raman lines may be detectable, a
shown in Fig. 12 and described in ref. 61. Thus this discuss’

about cumulenes has a twofold meaning. On one hand. ’

J. Name., 2013, 00, 1-3 | 9
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demonstrates the possibility of the spectroscopic detection of
cumulene-like wires; on the other hand it reveals that in finite
CAWs (real systems), phenomena
straightforwardly understood by only relaxing the infinite
chain approximation. Based on the above discussion, it should
be clear that endgroup effects might influence the overall
properties of sp-carbon wires, i.e., by modifying the molecular
structure (BLA) that affects the electronic and vibrational
properties. Therefore, by selecting endgroups one can
modulate the properties of the chain, which might be probed
by spectroscopy thanks to the evolution of the distinct marker
bands observed in the Raman (or IR) spectra. In this context,
Raman spectroscopy, supported by first-principles simulations,
to be a

some can be

proves powerful non-invasive characterization
technique that can provide valuable information on the
molecular properties of sp-carbon systems and can be useful in
nanotechnology application scenarios.

In Section 4 we introduce a few recent case studies in which
vibrational spectroscopy provides to be particularly insightful
to characterize sp-carbon systems with peculiar and not
standard behaviour. For specific systems, we will show that
Raman spectroscopy allows the identification of CAWs with
different lengths, and we will highlight the observance of
peculiar intra- and intermolecular effects.

3. Synthesis and preparation of sp-carbon
systems: a brief overview

Today, many techniques can be found in the literature for the
synthesis of sp-carbon systems. The different techniques are
based on both physical and chemical strategies mainly in a
bottom-up approach.zz’gz’93 Techniques based on physical
vapour deposition methods depend on the production of a
carbon vapour or plasma that is rapidly quenched to induce
clustering of carbon atoms in out-of-equilibrium conditions.
The carbon vapour can be produced by arc discharge or laser
ablation, and the quenching can be accomplished by the use of
inert gas molecules or liquids. We mention supersonic cluster
beam deposition (such as the pulsed microplasma cluster
source — PMCS developed by P. Milani and co—workers),94 laser
vaporization methods”>*® and femtosecond laser ablation of
graphite.97 These techniques typically produce solid samples in
the form of thin films on substrates. The deposited material is
usually composed of sp—sp2 moieties where sp-wires are mixed
in a mainly spz—amorphous carbon matrix (sp-content up to
40% has been estimated in some cases).gs'100

Laser ablation (with both fs and ns pulses) of solid carbon
targets or suspensions (e.g., fullerenes, nanodiamond)
produces solutions of isolated wires in the form of polyynes
with an even number of carbon atoms.’®'* An easy-to-use
and cost-effective technique for the synthesis of polyynes in
solution is the arc discharge in liquids developed by F.
Cataldo.'® This technique also allows one to control the chain
termination by selecting suitable solvents.’®

10 | J. Name., 2012, 00, 1-3
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Figure 13: Sketches representing several known physical methods adapted to
synthesize linear sp-carbon wires. Reprinted with permission from C.S. Casari Istitu.
Lombardo (Rend. Scienze) 2012, 146, 17-35 [eISSN 2384-986X].

Chemical synthesis has been often used to synthesize systems
in solution. Two approaches are often pursued. The firs.
employs a polymerization strategy, as has been reviewed by
Kudryavtsev.los'106 These syntheses are based on, for example,
dehydropolycondensation of acetylene, polycondensatiol.
reactions of halides, dehydrohalogenation of polymers, e._
chemical carbonization of poly(vinylidene halides). In thes-
cases, the resulting sp-carbon wires can be efficiently forme:'
in a single step, but the products are polydisperse due to the
nature of the synthetic protocol. Furthermore, solution stat
characterization of the resulting product is often challenging.
The second approach targets molecules with defined lengt
and endgroup constitution, typically via the dimerizatior
reaction of ethynyl groups (Glaser reaction),’” with define
length and specific endgroups, and salient examples can be
found in reviews by Szafert and Gladysz,93 Jevric and Nielse
and Chalifoux and Tykwinski.lo&log In these cases, a
homologous series of molecules can be made and studied as a
function of length, allowing prediction of properties c.
carbyne, as well as molecules that are not yet synthetically
assessable.

Polyynes can also be formed on a surface, such as th:
formation of Pt-endcapped wires has been observed by TEN.
on graphene where Pt atoms act as nucleation sites ¢,
additional carbon atoms.'™® TEM has been used to obtain wires
suspended between graphene sheets in a top-down approacl .
The electron beam has been controlled to selectively remove
carbon atoms from a graphene layer until a single atomic chai .
connecting two separate graphene edges was obtained anc
imaged.111 Other top-down methods are based on pulling
carbon nanotube or graphene in order to form a wire ¢
predicted by theoretical studies.

Stability is a key issue in the synthesis of wires (Caution: tf
isolation of sp-carbon wires in the solid state should always "~
done with extreme care, since explosions are possibl~

This journal is © The Royal Society of Chemistry 20xx
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especially in the case of H-terminated po/yynes).21 Cross-linking
reactions of polyynes in the solid state play a lead role in
reorganization processes of sp-wires towards amorphous sp’-
carbon. To overcome this problem, one possibility is to
stabilize already formed wires. Some strategies of this kind
have been proposed so far. H-Terminated polyynes produced
by submerged arc discharge reduced
stability,%’112 while mixing the solution with silver colloids
results in a prolonged stability even in the solid state. In fact,

in water show

by simply drying the solution one can obtain a solid sample

(e-g.
nanoparticles in which wires display stability under ambient

a thin film) consisting of an assembly of silver

conditions for several weeks." A similar system of wires
stabilized by silver be also used to produce a
nanocomposite, as showed by Hayashi and co-workers using

can

poly(vinyl alcohol) as a polymeric matrix.’** An alternative
strategy consists in designing and incorporating endgroups at
the termini of the wire during the synthesis, for example
sterically bulky groups, in order to prevent intermolecular
wire-wire interactions and subsequent cross-linking. Stable
samples in powder form have been produced,115 as a chief
example Chalifoux and Tykwinski synthesized long wires (44
carbon atoms) stabilized by bulky endgrou ps.36

Polyynes are typically easier to produce than cumulenes
probably due to a higher stability, and nowadays polyynes up
to 20 carbon atoms and more can be produced in solution
even as size-selected samples.zz‘zg‘75 Step-wise syntheses offer
the possibility of different terminating groups.93 On the other
hand, cumulenes are more difficult to produce and there are
far fewer reports of their synthesis and study in the literature.
Cumulene-like structures have been observed together with
polyynes in a pure sp—spz—carbon cluster-assembled system.
78 It has been observed that the cumulene fraction has a
higher tendency to undergo transformation to spz—carbon
structures, confirming a reduced stability toward oxygen
exposure and high 98,116,117 Different
terminations that can be provided by the amorphous carbon
network can produce cumulene or polyyne structures,
respectively.88 Short cumulenes can be synthesized in a similar
way by playing with termination-induced electronic
arrangement. Such strategy has been discussed in the review
by Cadierno et aI.,118 and the synthesis of cumulene wires was
reported by Cataldo™® and more recently by Tykwinski and co-
workers®® which described cumulenes wires up to 8 sp-
carbon atoms produced by means of stepwise chemical
synthesis. In all of these systems, the choice terminal groups
for the cumulene is fundamental for multiple reasons. For

temperatures.

example, aromatic endgroups can strongly couple with the sp-
chain, which then propagates through the wire structure. On
the other hand, bulky endgroups are necessary in order to
prevent intermolecular interactions among wires, and thus
avoiding cross-linking reactions and conversion into
amorphous spz—carbon, as discussed also for polyynes.

This journal is © The Royal Society of Chemistry 20xx
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4. Raman, IR and SERS spectroscopy of carbon
wires: recent investigations
4.1 Raman and SERS spectroscopy of carbon wires

structure of CAW
depends on the length of the wire. This is important w-e~

As mentioned above, the vibrational

dealing with the Raman active modes associated to C
stretching vibrations. DFT calculations of the Raman response
of differently endcapped CAWSs clearly show the marke {
dispersion of the strong Raman active mode associated to the
BLA oscillation as a function of the number of sp-carbon ator s
7586120 g sp-chain length dependence can be
observed in Fig. 14 for the case of phenyl-endcapped polyynes.

in the chain.

The wavenumber of the characteristic Raman modes (BLA
oscillation) sensibly decreases for increasing sp-chain length .
DFT calculations® and experiments89 also show that the
Raman intensity of these BLA-oscillation modes (ECC mode;,
promptly increases with chain length, and it is sensitive to thc
coupling with m-conjugated caps, as it has been rece ..
reported for cumulene-like systems.leAIthough the correct
Raman intensity behaviour as a function of chain length is ..c.
described very accurately by DFT methods, by summing up the
contributions from each chain length (weighted by tl.c
in the sample), one can obtain

reasonable representation of the experimental spectra i
hydrogen-endcapped polyynes86 and phenyl-endcappe.’
polyynes.79 This approach allows the interpretation of *-:

abundance however,

main Raman features of the spectra of CAWs samplec
containing a distribution of chain lengths. Amongst the wire
investigated in detail by Raman spectroscopy we mention
polyynes terminated with hydrogen, metal atoms, phenyl an |
naphthalene groups, as well as systems with bulkier endgroups
such as those synthesized by Tykwinski and coworkers.

H-capped

'
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Figure 14: Left panels: Experimental Raman and SERS spectra (1064 nm) of phenyl-
endcapped polyynes on silver nanoparticles, as the SERS-active medium. Lines show
theoretical position of peaks as a function of wire length according to DFT calculation «
the Raman modes (PBEO/cc-pVTZ).79 Right panel: BLA values as a function of wire
length for neutral and charged phenyl endcapped (Ph-endcapped) polyynes. BLA valu: ;
of neutral H-endcapped polyynes are also shown for comparison.
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Hydrogen termination results in limited stability over time and
the wire show transition towards spz-carbon structures as a
12 Bulkier endgroups
provide higher stability to CAWs. As an example, phenyl-
endcapped polyynes (Ph-C,-Ph) up to n =
ambient conditions even in a solid film when the solvent is

. . . 1
consequence of cross-linking reactions.
12 are stable at

completely removed.”” The Raman spectrum of samples of
phenyl-endcapped polyynes with a distribution of chain
lengths is characterized by well-resolved peaks in the 2050-
2250 cm™” region. As depicted in Fig. 14, these features can be
traced back to the distribution of sp-chain lengths in the
sample. DFT calculations of the Raman spectra of phenyl-
endcapped polyynes of selected lengths show a significant red
shift of the ECC mode for increasing chain lengths, consistently
with the increase of m-conjugation.

SERS is commonly employed to increase the sensitivity of
Raman spectroscopy by many orders of magnitude sometimes
reaching the single molecule level. It is based on the local
enhancement of the electromagnetic field due to a resonance
with surface plasmons present in metal nanoparticles. In
addition to this enhancement (i.e., electromagnetic SERS
effect) there is also the possibility that the investigated system
forms a complex with the metal nanoparticles due to charge
transfer resulting in an additional enhancement that is usually
called chemical SERS effect. In the case of hydrogen
endcapped polyynes, we observed an enhancement factor of
10° with respect to normal Raman response.86 A peculiar effect
is observed when hydrogen- and phenyl-endcapped polyynes
interact with noble metal nanoparticles (i.e., silver and gold),
such as those considered for SERS to increase the sensitivity of
the Raman technique.79 We observe that the SERS spectrum is
quite different from the Raman spectrum. A red-shift of the
main Raman feature is accompanied by the appearance of new
spectral features at lower wavenumbers (i.e., below 2000 cm
1), as shown in Fig. 14 for the case of diphenyl polyynes on
silver nanoparticles. Similar spectral changes (i.e., from Raman
to SERS) are also observed in the case of gold nanoparticles for
different excitation wavelengths ranging from NIR to blue
(1064—719158 nm), suggesting that it is not a resonance-activated
effect.

4.2 Charge transfer effects in CAWs

The spectral changes occurring upon interaction with metal
nanoparticles, which are observed when comparing Raman
with SERS (see above), suggest a chemical SERS effect with
total enhancement factors up to 10° (observed for hydrogen-
endcapped polyynes).86 A charge transfer between the metal
and the carbon wire has been invoked to explain these
remarkable spectral changes.79 In fact, by comparing ECC
Raman frequencies calculated on neutral and charged CAWs a
relevant softening of the Raman modes and an increase of the
intensity is observed for charged wires, as reported in Fig. 14.
For instance, for a CAW of n = 8 carbon atoms, a decrease of
about 100 cm™ upon charging the wire is predicted, both by
adding or removing one electron. These theoretical predictions
indicate that, upon charge transfer, new Raman peaks would
appear in the spectra at lower wavenumbers and with a higher
Raman intensity, than found for neutral wires. By evaluating
the energy required for the formation of the two possible

12 | J. Name., 2012, 00, 1-3

charged configurations one can determine the direction of the
charge transfer. The configuration with a positively charged
metal and negatively charged wire turns out to
energetically favoured. Since charge transfer alters th-
electronic properties of the wire, effects on the structure ar:
also expected, due to the characteristic and strong electror
phonon coupling that exists in t-conjugated systems.71 Charg :
transfer induces a decrease of BLA in the sp-carbon chain (Fig.
14), indicating that the wire evolves from alternated (polyyne¢ -
like) to more equalized (cumulene-like) wire configuration
upon charge transfer. The reduction amounts to more tha
30% for a singly charged wire and more than 60% for a doubly
charged wire, reaching a lower value of 0.04 A for 12 carbon
atoms. Recently synthesized show a.

experimental BLA value as low as 0.038 A at the central bonc .

82
cumulenes

in the longest cumulene (formed by 9 C=C bonds). Th’
compares well with the asymptotic BLA value of anioni
phenyl-endcapped polyynes (Fig. 14) that can be thu
considered to essentially possess a cumulene-like structi
Finally, it is important to remark that for finite-length wires
the ideal cumulene structure with BLA = 0 A is not realistic

to the influence of the endgroups. The endgroup effects are
stronger in shorter wires (see Fig. 9, where the BLA of fi ...
cumulene-like systems is reported).

4.3 Vibrational spectroscopy of excited states

Another case demonstrating the existence of cumulene-like
species can be found in ref. 117 where IR spectroscopy h: »
been used to explain sp-carbon wires with cumulene-likc
induced by external effects, in particular th.
occurrence of photo-generated species trapped in a forbidde:.
electronic state. In Fig. 15, IR spectra after photo excitation ar .

geometry

reported. After photo irradiation at low temperature, a new
band at about 2130 cm: appears in the IR spectrun,
suggesting the photo generation of a new molecular species
with particular vibrational and, hence, structural properties
increasing the temperature, this ba. '
disappears, demonstrating that the process is reversible and
should not be ascribed to any kind of degradation or

Furthermore, by

transformation of the system. DFT calculations revealed the *
this feature can be ascribed to molecule trapped in either the
S, or T, excited state and which possesses a strong cumulene-

117
These resul 3

like character with a very small value of BLA.
demonstrate the possibility of observing and detecting
cumulene-like CAWs and are among the first where th»
occurrence of these systems have been indeed established bv
means of experimental measurements. These experimen s
demonstrate the coupling between electronic and vibrational
properties and verify the importance of investigating th :
excitation dynamics of sp-carbon wires, which are
characterized by subtle and delicate phenomena involvir ;
different excited states. This latter point has been recentiy
demonstrated by means of state-of-the art experiment .

. 121
techniques.

This journal is © The Royal Society of Chemistry 20xx
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Figure 15: IR spectra of adamantyl endcapped C;; polyyne embedded in a PMMA
matrix: before and after UV irradiation with a 325 nm line recorded at 78 K. The
evolution of a new feature (associated to photo generated cumulene-like species) is
evident. Adapted with permission from ref. 117, copyright 2011 AIP Publishing LLC.
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Figure 16 Molecular structures of cumulenes: tBuPh[n] (left) and Mes[n] (right); n = m

+ 2 indicates the number of cumulated double bonds in the carbon chain.

4.4 The peculiar Raman response of cumulene-like systems

Long cumulenes have been recently synthesized in the
Tykwinski group,82 thus offering opportunity to compare
molecular characteristics to the other sp-carbon wires. The
cumulene-like systems are composed of 3, 5, 7 and 9
cumulated C=C bonds, and they are endcapped with aryl
moieties (see Fig. 16). X-ray diffraction studies reveal that the
BLA of these aryl endcapped cumulenes is substantially lower
than that of a polyyne of comparable chain length, which is
also substantiated by DFT calculations.?° However, the
structural data as a function of wire length reveal a trend
which appears to reach a limit before a cumulene-like
structure with BLA = 0 is achieved.® This could indicate the
onset of Peierls distortion, similarly to what has been reported
by Kertesz on uncapped sp-carbon wires.®® Since the
endgroups contribute to m-conjugation, however, a definitive
explanation would require specific theoretical investigations,
which are still lacking. Raman spectroscopy120 of these long
cumulenes has shown the direct implication of aryl groups to
m-conjugation along the sp-chain through the unusually strong
ECC Raman features, which are typical of bond-alternated
(semiconductive) structures. Still, the observed low frequency
of the ECC Raman signals indicates a system characterized by a
low BLA (see Fig. 17). Compared with polyynes of similar chain
length and termination,”® cumulenes display a significantly less
selective Raman signal, characterized by CC stretching lines
attributed to the sp-chain (ECC) and to endgroups (Fig. 17). At
a first glance, this different behaviour may be due to a
decrease of the Raman intensity of ECC modes in cumulenes
compared to the endgroup modes, in contrast to the
behaviour of polyynes for which ECC modes are strong and
dominate over endgroup modes.*®

This journal is © The Royal Society of Chemistry 20xx

However, a closer comparison of experimental dati
normalized with respect to the weak CH stretching signals (Fig.
17) reveals that the ECC signal of cumulene tBuPh[7]
comparable to that of a polyyne with similar chain length,
SP[4] and the phenyl modes of the cumulene are significa. ¢
stronger than those of the polyyne, which are barely obser:~
as shown in Fig. 17.

DFT calculations reveal that the frontier orbitals of cumulenes,
as expected, are delocalized over the sp-chain, but als,
significantly involve the aryl moieties of the endgroups. This
behaviour is not observed in adamantyl endcapped polyyne ,
Ad[n] for which, in fact, we do not observe strong Ramar
modes of endgroups compared to the modes of the wire. 1.. .
interesting interplay of aryl groups with the cumulene chai

may offer opportunities for the fine-tuning of the molecule

properties of cumulenes by proper chemical functionalization.

Ring stretching
Al !
=
=]
.E' Ring
S breathing
= - -
=t
[7]
=g e
\!U tBuPh[7] | !
N L SP[M4] |
500 1000 1500 2000 2500 3000

Wavenumber (cm'1)

Figure 17 Experimental FT-Raman spectra of polyyne SP[4] (black) and cumulene
[7]tBuPh, (red) normalized with respect to the aliphatic CH-stretching region .The
structure of polyyne SP[N] is shown in the inset, the structure of tBuPh[N] is shown in
Fig. 16. Adapted with permission from ref. 120, copyright 2014, American Chemical
Society.
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5. Potential applications, novel structures and
future perspectives

As described in the previous sections, the structural tunability
of CAWSs implies that mechanical, electronic, and optical
properties can be modulated to a wide extent, thus making
these systems quite appealing for applications. Some efforts
aimed at investigating the characteristics of sp-carbon systems
have adopted advanced pump-probe techniques121 in order to
characterize the dynamical evolution of electronic states and
electrical measurements to assess the transport properties.
The unusual behaviour of CAWs still deserves a complete
rationalization and will surely represent a fertile ground for
future investigations.

5.1 Optical and mechanical properties

CAWSs should be ideal systems to investigate the nonlinear
optical (NLO) properties of 1-D conjugated systems. This
hypothesis was first explored by two different methods. First,
the non-resonant molecular second hyperpolarizabilities (Yele)
for the CAWSs endcapped with silyl groups (TIPS[n]) were
determined using the differential optical Kerr effect (DOKE),122
and y-values show a power law increase as a function of length
(n) (Fig. 18).123"124 This power law behaviour was stronger than
theoretically predicted for polyynes, and it was higher than
that reported for polyenes and polyenynes. The second
method evaluated the NLO behaviour based on the vibrational
contribution to the second hyperpolarizability (y,;,) for
adamantyl endcapped CAWSs (Ad[n]), using the quantitative
Raman spectra and the Raman scattering intensities that
correspond to the polyyne.lzs’uG It was quite remarkable that
the v,y values showed very similar behaviour with respect to
chain Iength.89 It has been shown that the nature of the
endgroups is negligible for longer CAWs in the two series
based on UV/vis spectroscopy,127 and it was thus reasonable to
conclude that the origin of the NLO behaviour in both cases
derived primarily from the sp-hybridized carbon chain."?®

1072 : ; . ; ;
joriie o
>—Sr-|EF;SI—<
P
10 @ Yo TIPSIA] .
= o Yy, Adln]
s 10 ¢ e 3
* o
10 | e :
o
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n

Figure 18 Experimental y (®) and electronic %, (O) values for TIPS[n] and Ad[n]
polyynes, respectively, as a function of chain length (semi-log scale). The dashed line is
a power-law fit to both datasets and it is meant only as a guide to the eye.

The combined linear and nonlinear optical results from these
studies implied that polyynes might function as ideal

14 | J. Name., 2012, 00, 1-3

2 which has motivated other studies of

130,131

conjugated systems,’
the NLO behaviour of sp-carbon containing systems,
including optical limiting application:;.132

According to their structure and bond coordination CAWs ca 1
be expected to show very good mechanical properties. sp
Hybridization should ensure an extremely high tensile strent..
that may outperform nanotubes and graphene. In recent yeai
some papers have focused on theoretical calculations of
mechanical properties of these systems, as 1-D wires wil1
extraordinary properties.la}136

5.2 Transport properties

The interest in CAWSs as conducting or functional wires comes
from a wealth of theoretical studies pointing out the unique
electronic and conductance properties of isolated system .
Pioneering theoretical investigations by Lang and Avour.,
showed an oscillatory behaviour with the number of carbc .
atoms of the conductance properties of wires contacted by
gold leads.>*® In particular even-numbered wires are predic .
to display lower conductance than odd-numbered wires. Thi<
is related to the density of states (DOS) behaviour at the Fe...n
level that is higher for even-numbered wires due to different
population of the HOMO level and the mixing with mc.c
states of the electrodes. Odd-numbered CAWSs show constar
conductance behaviour with wire length. Conductivity value
are close to the theoretical maximum of 2G, where G
2e’/h=77 pS (equivalent to a resistance of 12.9 kQ) is *-
quantum of conductance, according to Landauer formula.”
For even-numbered wires the conductance increases with th.
number of carbon atoms indicating that the perturbation of
the metal leads is more pronounced in short systems.
relevant charge transfer from the metal to the chain i<
considered to play an effective role in the conductance as
sort of doping effect that add electrons to the partially filled
HOMO level in even-numbered wires, while it contributes t »
the LUMO of odd-numbered wires that have a completely
filled HOMO level.”**®

Larade et al. have predicted a transport regime characterizea
by negative differential resistance for CAWs connected to Al
electrodes.”® The effect of strain and doping on the transpor .
properties of infinite cumulene wires has been addressed b,

7

Tongay et al.™ Considering an electrode-wire-electr__._
configuration where metallic CAWs are used as electrode,
unstrained wires show quantum-ballistic transport with <
constant conductance of 2G, for electron energy in a wid .
range around Fermi level, while the application of a strai.
produces the appearance of an oscillatory behaviour ¢
conductance values as a function of electron energy. Yakobso.
and coworkers have investigated the bandgap dependence o

mechanical strain pointing out a strain induced metal-to

insulator transition. On one hand, they show that in a fre-
unstrained chain the zero-point vibrational energy overcome -
the barrier for the Peierls transition allowing the existence of »
long cumulene chain with metallic character. On the othe -
hand, they underline that strain can be used to modify s::ch
effect to favour polyyne form with insulating behaviour.””***

This journal is © The Royal Society of Chemistry 20xx
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While polyyne-like wires are expected to display metallic-like
conductance when chemisorbed on metals like gold,130
recently, graphene sheets or nanoribbons have been also
considered as contact electrodes.**"*** In particular graphene-
wire-graphene systems are appealing as a pure carbon-based
model for nanoscale-devices in which the linear energy
dependence of the conductance in graphene can lead to a
unique behaviour. Zanolli et al.™ showed that wires
connected with graphene edges with zigzag or armchair
structure show magnetic properties and spin-dependent
transport. In general the magnetization is strongly related to
the chain structure. No magnetization is observed in even-
numbered wires while odd-numbered wires show a net
magnetization due to the local presence of uncompensated
charge. In any case, the occurrence of spin polarization
appears to be an intrinsic property of the wire that does not
depend on the magnetization of the contacts.

Only a few studies have reported on the experimental
transport properties of CAWSs. The reason can be mainly due to
the difficulty to have CAWSs with controlled properties. The
conductivity of disordered sp—spz—carbon systems has been
measured in situ as a function of the polyyne and cumulene
content showing the contribution of sp-carbon to the electrical
conductivity of the whole system.98 Moving to single molecule
transport Wang et al. firstly reported a measurement of the
conduction of single CAWs by means of the STM-break
junction method."® Such method is based on using the STM
metal tip and a metal substrate as the two contacts of a
molecular junction. By changing the tip-to-substrate distance,
molecular junctions are repeatedly formed and broken. A
plateau in the current-distance curve (at a given bias) indicates
the molecular conductance. The same measurements can be
performed by applying a mechanical strain that can induce
formation of a wire bridging two fragments (i.e., the so called
mechanical-break junction method). A comparative study with
both the techniques was conducted by Moreno-Garcia et al.
on wires with different Iengths.m’145 The measured
conductivity is much lower than the one predicted by ballistic
conductance and this has been explained by the complex
interaction between the terminations and the contact leads.
Pt-endcapped polyynes have been explored experimentally in
single molecule junctions. This work shows that vibronic
features can be detected as satellites to the electronic
transitions, which are assigned to longitudinal modes of the
wires by theoretical studies.'*®

By shrinking a carbon nanotube under a TEM to induce
narrowing, Yuzvinsky et al.
function of the tube diameter. Just before breaking, they
observed a negative differential resistance, but no information
on the nature of the connecting carbon chain was given.147 In
this context, the detailed and systematic investigation of the
conducting properties of CAW-based systems is an almost
unexplored field. A few representative examples are reported
in Fig. 19.

measured conductance as a

This journal is © The Royal Society of Chemistry 20xx
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Figure 19 Transport properties measurement of single CAWs: (a—c) Production by TEM
technique and in situ measurement of wires suspended between graphene flakes
(reprinted with permission from ref. 150, copyright 2013, American Chemical Society):
(d—f) graphene-based memristor device based on mechanically—induced formation and
breaking of wires (Reprinted with permission from ref. 146, copyright 2013, American
Chemical Society).

A memory device based on forming and breaking wires k-
mechanical stress of graphene has been reported.148 Recenuy,
F. Banhart and co-workers reported the measurements of
transport properties in single CAWs suspended betwee’.
graphene edges.7'149'150 The system was fabricated in a TEN.
starting from graphene and in situ characterized. In particulz
by measuring wires under strain they were able to observe <
change indicating a metal-

semiconductor transition.® Such experimental results are i-

in current-voltage curves

agreement with theoretical predictions, as discussed before.

5.3 CAWs integrated with spz-carbon

Some possible systems where CAWs are integrated with sp -
carbon nanostructures are depicted in Fig. 20. The formation
of an atomic junction between carbon nanotubes has bee
observed at the end of a shrinking procedure made by
mechanical puIIing.151 CAWSs have been observed in the core
carbon nanotubes (both single and multiple-wall), a.
evidenced by TEM pictures of carbon nanotubes with regions
showing apparently an odd number of walls one of which lay-
on the tube axis.”® Carbon nanotubes act as a protecting cag -
for CAWs thus permitting the observation of long wi~=-
probably up to hundreds of carbon atoms. Hydroge~
endcapped CAWSs produced by laser ablation in liquids are abi
to fill the inner core of both multi- and single-wall carbo~
nanotubes. The tube protection allows processing the systet
at high temperature to promote formation of long wires.'
Graphene has been considered as a natural termination fc -
CAWs, either to have a pure carbon system with stable
endgroups or as carbon-based electrodes for ideal device se
up. Graphene can induce well-defined wire organization
depending on the type of bonding site provided for CAW :
anchoring, i.e., spz—sites are likely to promote cumulene-type
while spa—sites will induce polyyne-like organization. This can
be used for the interpretation of the Raman spectrum of sp-
spz—amorphous carbon moieties where additional torsional
and bending effects must be taken into account.®

J. Name., 2013, 00, 1-3 | 15
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Figure 20 Examples of carbon atomic wires integrated in spz—carbon nanostructures: a)
CAW in the core of a carbon nanotube; b) CAW suspended between two graphene
edges; c) CAW vertically grown from a graphene flake and d) sp—spz—architecture
comprising stacked graphene planes kept separated by CAWs. (Panel a) is reprinted
with permission from ref. 29, copyright 2003 by American Physical Society. Panels c)
and d) are reprinted with permission from ref. 155, copyright 2011 by American
Physical Society.)

A system built from two graphene edges connected by a CAW
has been investigated by numerical simulations for unveiling
transport properties, as discussed above. Such an architecture
is not only intriguing for theoretical predictions, but it has
been recently realized and imaged by a TEM-based
approach.7‘31‘”°’111 CAWs between graphene domains have
been realized but, even with TEM images showing the atomic
structure of the chain, no evidence of either cumulene or
polyyne structure was given.111 New insight into the structure
of CAWs has been recently provided indicating a possible bond
alternation in wires suspended between graphene edges.31
The possibility to produce CAWSs by pulling a graphene flake
was theoretically investigated showing that the formation of
polyyne-like wires at the graphene edge are favoured by the
presence of dimers and topological defects.”*"™* The
perpendicular growth of CAWs connecting graphene sheets
has been theoretically considered, toward producing carbon
atomic pillars on graphene layers and even stacked layers kept
separated by wires of selected lengths (see Fig. 20).155A
bottom-up route to CAWs connected to graphene is
represented by wires endcapped by coronene molecules as
shown by numerical simulations.”®  The computational
investigation of CAWs bonded to moieties
conjugated spz—carbon atoms was carried out in the case of
phenyl- naphthyl-endcapped polyynes,79’157’158
demonstrating that these systems should show
chemical/physical phenomena deserving investigation.
The occurrence and structure of CAWSs as local defects of
disordered carbon clusters were studied by simulating the
rapid quenching of carbon vapours.100 On the other hand, the
coagulation of CAWs in sp—spz—networks has been observed as
we“.23,159

containing

and
new
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5.4 sp-spz-hybrid architectures: graphynes and related novel
structures

A number of intriguing structures can be conceived L,
combining sp- and spz—carbon atoms, including 2-D crysta
such as graphynes and graphdiynes (see e.g., the review L,
Ivanovskii). 180 such structures have been first outlined in 1_8.
by Baughman, Eckhardt and Kertesz.*®! One simple example :
given by using linear -C=C- bonds to connect spz—carbor‘
hexagons thus producing the so-called y-graphyne or 6,6,t
graphyne (see Fig. 21). Another possibility is to construct »
honeycomb structure made by linear bonds only (bot\
cumulene-like and polyyne-like), as a sp-carbon counterpart cf
graphene, called a-graphyne or 18,18,18-graphyne. The
nomenclature is based on three numbers indicating the
number of carbon atoms in the smallest ring, in the next rin z
that is connected to the first one by a linear -C=C- bond, and in
the ring that is in ortho-position with respect to the previot ;
two rings, respectively. According to this, a-graphyne is
18,18,18-graphyne while y-graphyne is 6,6,6-graphyne. The --
carbon content can vary from 75% in a-graphyne, to 66.67%
12,12,12-graphyne (B-graphyne), 55% for 6,6,12-graphyne,
and down to 50% for 6,6,6-graphyne.

Similar systems, graphdiynes, can be obtained by replacing .
single acetylenic linkage with a double one (i.e., -C=C-C=C-).
The 6,6,6-graphdiyne structure has been reported by Haley ¢ .
al." as the most stable structure with diacetylenic units.
According to theoretical predictions such systems should sh.
appealing electronic, optical, and mechanical properties. Th
presence of linear bonds should result in an increase of th-
Poisson’s ratio and decrease of in-plane stiffness with respec*
to graphene, while the bending stiffness is comparable. As i
the case of single wires, graphyne shows a tunable gap wher
the system is under strain. The electronic properties have bee
computed for different structures showing the presence ¢
Dirac’s cones in K and K’ points for 18,18,18-graphyne, as .-
occurs in graphene. 12,12,12-Graphyne shows Dirac’s cones in
a low symmetry point along the I'M direction, as outlinec v
Goerling and co-workers.'®®

~

Figure 21 Structure of y-graphyne (6,6,6-graphyne)

This journal is © The Royal Society of Chemistry 20xx
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They have also shown that Dirac’s cones can occur in 2-D
systems in the presence of hetero-atoms (e.g., 6gy,6,12 and
6(H,), 14,18-graphyne derivatives) and even with rectangular
structure, as the 6,6,12-graphyne, pointing out that hexagonal
symmetry (as in the case of both 18,18,18- and 12,12,12-
graphyne) is not required for the existence of Dirac points (see
Fig. 22).1831%% As 3 result of such a peculiar electronic
properties, high charge carrier mobility has been predicted for
these systems, comparable to graphene (n = 3x10° cmZV_ls_l).
6,6,12-Graphyne should show a mobility value for both
electron and holes at least along one direction that could
outperform graphene (i.e., about 5x10° cm?V's" for
electrons). The vibrational properties have been calculated by
Popov and Lambin for a-, B-, and y-graphynes to focus on
Raman active modes and on the predicted Raman spectrum.
185 Zone centre phonons below 1000 cm™ are related to
bending modes, stretching modes appear at about 1000 cm™
while stretching vibrations involving single and triple bonds are
expected in the 20002200 cm™ spectral region as in CAWs.
All the Raman-active modes are in-plane. For example, in a-
graphyne the G-mode-like phonon is reduced to about 1000
em™ with a softening of about 50% with respect to the G
mode in graphene or graphite (1582 cm'l). Starting from
graphyne and graphdiyne as hybrid sp—spz—counterparts of
graphene, a number of novel structures can be considered
such as graphyne nanoribbons, nanotubes and fullerene-like
cage structures (see e.g., review of ref. 160). For nanoribbons
the energy gap increases with decreasing the ribbon width
while nanotubes are expected to show
metallic/semiconducting behaviour depending on the chirality
as for conventional spz—carbon nanotubes. ®®*%®

Theoretical results indicate a great potential for such systems,

however, experimental works dealing with synthesis,
characterization and application are still lacking.
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Figure 22 a) Electronic structure and b) density of states of 6,6,12-graphyne. The

structure in the direct space is represented in c). The two different Dirac’s cones
appearing along the 'M directions are represented in d) and e). The unit cell in the

reciprocal space is schematized in f). Reprinted with permission from ref. 163,

copyright 2012 by American Physical Society.
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Figure 23 Simulated Raman spectra of different types of graphyne systems. Reprint
with permission from ref. 165, copyright 2013 by American Physical Society

A work reported the synthesis of extended graphdiyne filrr ;
even though there is no direct evidence of the ordered
structure of the system.165 On the contrary, sp—spz—carbCI
molecular building blocks for extended graphyne and
graphdiynes have been produced by Diederich and cc-

170,171 162,172-174

workers, by Haley and co-workers and by othe
175

groups.

Very recently conductivity measurements have bee .

performed on model sp—spz—molecules (i.e., carbo-benzene anc
carbo-n-butadiene) at the single molecule level by means c.
the scanning tunnelling microscopy break junction method."
Such systems can be considered as fundamental buildin,
blocks of extended a-graphyne systems even though they have
been endcapped with suitable anchoring groups to be
connected with metal electrodes (i.e., the tip and .
substrate). In the case of carbo-benzene results show single
molecule conductance of about 100 nS that is very high with
respect to similar molecular fragments. As an example suc
reported value is larger than a molecular fragment mimicking
graphene (i.e., hexabenzocoronene) showing, with the same
technique, a conductance of 14 nS on a shorter distance (1.}
nm instead of 1.94 nm). The reason for this performance is to
be ascribed to the macro-aromatic ring that provides a rigi 1
planar conformation, as supported by the comparison with
other molecular fragments with a different degree «(f
conformational rigidity.176

A network of wires decorated by calcium atoms has bee
proposed as efficient material for H storage, as a result ot
numerical calculations.”” Possible architectures compris :
wire-graphene system and a 3-D network of wires joined by
sp3 links to form a diamond-like lattice.

While it is clear that theory predicts great potential for sp-sp’
hybrids in nanotechnology applications, experimental resu..
are obviously still needed. A few recent experiments confi- .
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the peculiar properties of such systems at least at the level of
molecular fragments, thus underlining that there is still a lot of
work to fill the large gap between theory and experiments.

6. Conclusions and outlook

In this review we have discussed sp-carbon nanostructures to
underline the striking properties expected and, in some cases,
observed in these systems. Carbon-atom wires are true 1-D
systems with strong structure-property relationships that
allow tuning of optical and electronic behaviour of these
materials over a broad range of desired applications. Even
though the existence of carbyne as the “third carbon allotrope’
is still controversial, sp-carbon nanostructures and molecules
synthesized in stable forms and
subsequently structure and, hence,
functional properties of CAWSs can be designed by playing with
wire length (i.e., number of carbon atoms) and endgroups. This
opens the possibility to provide a new library of nanoscale
systems with properties ranging from metallic through
semiconducting to insulating. Such systems are appealing for
many aspects of carbon science and have a great potential in
fields such as nano/molecular electronics and optoelectronics,
as functional molecules, nanoscale structures and as
assembled systems and molecular materials, just to name a
few. In addition, the great interest in the properties of
graphene has driven the attention to hybrid sp—sp2
architectures such as graphynes and graphdiynes. These 2-D
materials and their molecular counterparts could show
properties that might even be superior to graphene (e.g.,
charge carrier mobility, variable bandgap, multiple Dirac’s
cones, and behaviour as a topological insulator) as outlined by
theoretical predictions. In this framework, there is also an
obvious synergy between CAWSs and graphene technologies,
through the integration of sp-carbon segments with graphene
structures, such as wires bridging graphene edges or
suspended between graphene planes.

The seemingly limitless potential of sp-carbon-based nanoscale
systems has been suggested in many theoretical works, while
we have only scraped the surface of discoveries in the
experimental realm. There is, thus, a lot of work still to be
done in order to unveil the potential of this “new” player in
the vast family of carbon-based materials.

can now often be
investigated. The
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