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Abstract

Besides graphite andiamond, the solid allotropes of carbon in?sand sp hybridization, the possible
existence of a third allotrope based on thp-carbon linear chain, the Carbyne, has stimulated researchers
for a long time. Me advent of fullerenes, nanotubes and graphene has opened new opportunities and
nurtured the interest in novel carbon allotropes including linear structures. The efforts made in this
direction produced a number of interestirggp-hybridized carbon molece$ and nanostructures in the form

of carbonatom wires. We here discuss some of the new perspectives opened by the recent advancements

in the research osp-carbon systems.

1. Introduction

The last 30 years have seen carbon materials and nanostrscplaginga relevantand increasingole in

science and technology. The discovery of fullerenes, nanotubes and conductive polymers and the advent of
graphene are somexamplesof fundamental milestonesThe existence of other exotic forms of carbon and

the foreseen potential of developing novel systems maké th LISNA 2R ¢ KS SNIs 2F O
proposed by A. Hirsch in 20%01In fact, anong carbon materials, the case of tliet | Odjlckrop&

consisting of sfnybridized carbon atoms found agsificant interest in the past and its importance is
expectedto increa® progressively in the future, in view ofcent theoretical predictions and@chievements

of new hybrid spsp? materialsdeveloped and investigateih the last ten year$?l,

Following the commentary by Hirschn iFigure 1we report the roadmap of the most relevant
nanostructuredn the field of spcarbon.The history of carbon materialhasbeen enligitenedby a number

of Nobel prizesuch aghose awarded to R. Curl, Kroto, andR.Smalleyfor the discovery of fullereneis



1996 to A. Heeger A. MacDiarmidand H. Shirakawdor conducting polyacetylen& 2000¢ and to A.
Geim andK.Novoselov foresearch ongraphenein 20107 . It is interesting to notice thathe serendipitous
discovery of fullerenen 1985was indeed stimulated by sgarbon, sinceH. Kroto was truly looking for
short linear carbon chainglevantfor astrophysics and astrochemistry research investigating the presence

of carbon aggregdas in the intersellar mediun.

1985

FIG.1: The path ofsome of themost relevant spand spsp? carbon nanostructuresliscovered and/or

fabricated

While the research adp-carbon actually dates back to the end of the IXX cenftoicysing on the quest for

a new carbon allotrope called carbyneecent achievements and the research on graphene pushed the
interest on spcarbon agpossiblenovel nanostructureslnitially, linear carbon chains of increasing lengths,
carbon rings, cages, sheets and other kind of carbon clusters have been investigated by different®authors
1 ysually in relationship with other forms of carbon matésiasuch as fullerenes carbon nanotubes,
nanostrutcured sp/sp carbon films to obtain information on their structure, stability, spectroscopic
signature and evolutiorin time. Both experimental and theoretical/computational investigatiomere
presented ad started to reveal the interesting properties of these carbon clustdicare recently in both
chemistry and physiceommunities sp-carbon wires (CAWSs}ktarted to attractas systems of potential
interest also fo future application in molecal electronics These systems started to be considered indeed

as possible alternative to other polyconjugated systems from one hand, and to graphite/graphene/CNT on



the other hand.By employingboth chemical synthesis or physical preparation techniquesgrdifit
strategies have been developed to produtirear carbon chain®f possibly different lengthswhile
spectroscopic measurements by means of different techniques were carried out to characterize the
structural, vibrational and the electronic propertiesf these systemi$ 4. Parallel to experimental
investigations, many computational works focused on the prediction of the properties-cdirgpnchains
further revealing the interesting behaviour and the promising projesrof thesesystemg(e.g. €e Table 1

and related references)Similaly to other polyconjugated materials, carbon atom wires showed a
tunability of the electronic properties with chain length asttucture, but the most significant problems
were found in the high reactivity of thessystems, due to the fact that sfarbon atoms tend very easily to
react and crosslink to form $por sp-carbon systemsThis is also the reason why very long chains cannot
be easily obtained and it is currently one of the main challenges for organic chemists devoted to the
synthesis of sggarbon systemsAn important milestone in these grounds $haeen settled by the
employment of sp? carbonend-groups to cap sgarbon chains, acting as spacers between the different
molecules reducing the possibility of crosslinkimgd succeeding in thfabrication of stable systerd3.
Thanksto the advances in the coridlled syntheg of properly endcapped carbon chains, many other
potentialities were revealed in addition to the stabilization of the chains, since it became soon evident how
the proper choice of the end groups could affect significantly the structure of théosmins, tining
related electronic, optical and spectroscopic properti@ these basis, in tlse recentyears, the proper
molecular design of interesting systems based on CAWSs revealed new strategies to tune to a very large
externt the properties of interest for p@ntial applications in differentield of nanoscienceThese included

their integrationwith other carbon systems such as graphemehe creation of mixed sp/sp® systems

such as graphynes, graphdiynes, yhi@monds or extended 3D structures based @AWs. From now on,

new perspecties open forsp-carbon, where, in addition to the development of new systems and
molecular structures, the integration with other systems, the processing of these materialswa wofe
applicationsthe exploration of suitable, scalable production techniques and related application will attract

the interest of more and more researches working in different fields of nanoscience and materials science.



Despite the advances and the potentialities reveailedhe last years in the fieJctarbyne is still strongly

debated, also due to some misunderstandings and different opinions on the definition of carbyné'fself

In this paper, waliscussthe significant and lasachievements obtainedh the researcton linear carbon
which can be considered the starting point for the next future stapthe investigation of sjgarbon
systems.In particular,starting from the ideal case of carbyne, we review its properties in the general
framework of polyconjugated aterials, summarizing the relationship between the infinite chain and finite
length polyynes synthetised in the paamtdtrying also to shed some light dhe controversialdefinitions
which can be found in the literaturdy outlining how the electroniad optical properties can be tuned by
the molecular structure, we then give a general overview of the last results, where
synthetic/preparatioricharacterization techniques have been driven not only to the productiorend
investigationof long, stablesystems but also to a rational tuning of their behaviour based on molecular
design approachesalso supported by firsprinciples simulationsShowing that finite carbon wires with
stability at ambient condition can be producede proposepossiblefuture directionsof research in this
field. Finally, recalling also the last results in the field of hybrigs®psystems, the future directions in

science and technology and possible applications of C#a&ed materials are suggested.

2. The outstanding propdies of carbyne

In thefield of sp-carbon systems a special role has beayetl by the s | f f SR d@vibseddiritighS ¢
generated and still generataaany controversie€¥l. The most shared definitiodescrikes carbyneasthe

ideal onedimensional infinite linear chain formeshly by covalently bonded sp carbon atorognstituting

the building unit of a possible third solid carbon allotropesidesgraphiteand diamond In contrast, the

term "bulk carbyne" is usetb descibe the solidstate material obtained when infinite sp carbon ateare
packed in a crystal phasé few papers focused in the past on the structural characterization of bulk
carbynel®”8 put its existence has been then questioned, due to the higitivity of the chains and their
tendency to crosslink to form 3por sp carbon. Carbynelike crystals formed by chains packed in a
honeycomb lattice and named 2@dered kinked carbyne chains have been proposed by M. Guseva, V.

Babev and cavorkers (and ewen patented) The material is produced by ion assisted condensatibn



carbon.However, the proposed structure inclusiep? kinks separating the chains to reduce the enétyjy
21 The formationof carbyne crystalby laser ablation in liquidsas beenrecently proposed byPan et al.
22 Such paper stimulatedriticism and discussion, including those of Kratud Buseclshowing that the
presence of gold as a stabilizer in the material was at least underestim&lefLirther workis needed to

shed light on bulk carbynehich is a still open and interesting research topic

Moving back to carbyne as the ideal 1D infinite linear chain$atisl be noticed that & graphene is the
ultimate 2Dcarbon systenmade by isolating a single kxyout of graphite, carbyne represents the ultimate
1D systenwith a diameter of one only atom (sdégure 3. Contrary to the other two allotropes, where
indeedit is possible to obtai extended systemsuitably described by an infinite 2D or 3D crystdsothe
production of single sp carbon chaingong enoughto be reliably approximated by an infinite onis
challenging. The longest chains (up to 6000 atoms and 600 nm in lédgtitified up to now have been
recentlydetected insidedouble wallcarbon nanotube&4. It is long enough to be modelled with the ideal
carbyne although interacting with the surrounding nanotube cade= [bngestwire in isolated form has
been syntheised byRR.Tykwinski andwW.A.Chalifoux, reachintgengths of more than40 carbon abmg*9,
Due to the very high reactivity of smarbon, the stabilization of such long chais indeed animportant
result, but it is anyway far from the case of an infirsiestem In truth, DFT calculations on model ch&ihs
revealed that thetransition from finite length chins ruled by engffects to achain ruled byPeierls
distortion (that is following the behaviourf@n ideally infinite 1D systenoccurs for chains having more
than 50 carbon atoms. This length is just a bit longer tham maximum dimension obtained lmpntrolled
chemical synthesis and thus we should expect that in the next future chemists could be able to iggnthes

even longer chainm isolated form approaching a system which can be truly considered as a carbyne.



FIG.2: Thestructure of ideal arbyne with the two possible configurations: cumulene (top) and polyyne

(bottom)

A further distinction for carbynés based on the twgossible forns: the termh-carbyne has been used to
describe a bond length alternated structure characterize by alternatimgjugatedsingle and triple CC

bonds; on the other hand -carbynedenaes an infinite chain characterized by-atjual double bondsThe

former is also called "polyyne" in the literature while the latter "patymulene” or just "cumuleneas

sketched in Fig..Z'he first case can be described as an infinite-dimeensional gystal with a basis of two

carbon atoms showing a Bond Length Alternation (BLA-+»y with  and £ bond distance of the single

and triple bonds respectively, see Figura)3The second case can be described as a monoatomic sp carbon
chain where althe CC bonds are equal having a double character (=C=C=), corresponding thus to BLA=0.
¢tKSasS (g2 aidaNHzOGdzNBa ¢g2dzZ R O2NNBALRYR G2 |y Ayad
truly metallic systems when BLA=0 (polycumulene), revealing thal wnnection between molecular

structure (BLA) and electronic properties (Band Gap) which is peculiar of polyconjugated molecules

Due to Peiers distortion and in direct connection to other polyconjugated molecules, the only stable form

possible ish-carbyne for an infinite chainEven if carbyne isan ideal system a number of



theoretical/computationalworks focused on the simulation afuch an interesting systennvestigatng its
properties. Theoretical predictions points towardsxceptional propelies making cagme a promising
champion materialln Table 1we reportsome of the outstandingroperties predicted foit, as presented

in works by different authos?%3Y, The effective surface of a carbyne network was estimated to exceed
13000 ni/g, four times larger than the theoreticatalue of graphené®. Carbyne appears to be the
strongest materialever consideredwith a very high value of th¥oung modulus(up to 32 TPaand a
specificstiffness ofabout 10 N m/Kg which is much higher thaall the other materials, including CNT
graphene and diamon#ll. Thermal conductiity has been recently estimated to reach extremely high
values 200 kW/m K- 80 kW/m Kfor cumulenes and polyynes at room temperatuvegll above the best
values of graphene(5 kW/m/K) and nanotubes (3.5 kW/m/Ksuchsuperhigh thermal conductivity is
attributed to high phonon frequencies and long phonon mean free path allowing ballistic themamapbrt

up to the micronscalé®®. Electronic properties are even more relexain factcumulene is expected to be

a metal while polyyne a semiconductaith large electron mobilities and peculiar conductance behayiour
including ballistic transporven with spin polarizatidf?*®3234, The molar absorptivity has been measured
for long polyynes showing an increase with the chain length. For a polyyne of 20 carbon atoms the

experimental value reaches5x1@ I/mol/cmBY,

TABLHE.: Summary of some relevant properties predicted or measured for carbyne and related systems

Property Value (cumulene/polyyne Ref
Effective surface 13000 ni/g [26]
Young Modulus 32TPa [27]
Thermal conduction | 200 kW/m K- 80 kW/m K [28]

Electron mobility > 10 cm?/V's [29]
Electronic behaviour Metal/Semiconductor [30]
Optical absorption 7.5x1G I/mol/cm [31]




Indeed it is a peculiarelectron conjugatiorthat makescarbyne sch an interestingystem In fact sincehe

chain is formed by sparbon atomswith highdegree of -electron delocalization, the electronic behaviour
strictly depends on the conjugation properties of these carbon atagush behavioudirectly llows the
caseof many other polyconjugated molecules (polyacetylene and oligoepek/thiophenes, polycyclic
aromatic molecules etk In these grounds, similarly to polyacetylearnd following the general behaviour

of 1-D metalsand as already mentiong above the infinite carbyne is affected by Peierls distortion that
makesthe cumulene metallic geometry unstabbgainstan alternated, semiconducting structure as the
equilibrium geometry. This is indeed what has been found by pseudopotential DFTatiaitgjlwhere an
optimized alternated structure with nemero band gap has been obtai®™. Moreover, constraining the
value of BLAesults ina modulation of the gap, confirming a zero value for BLA=0 and an increasing gap for
increasing BLA. This trendas been also found by using other theoretical approaches, imgud
semiempirical Huckel theddj". Despite its ideal nature, infinite carbyne is still widely investigated as a
system where the properties can be tuned by a variety of phemaea, suchas mechanical strali,
dopind®¥, intermolecularand environmental interactio®!. Moreover, althoughin the model carbynét is
common to consider that the onset of Peierls distortion would favour polyyne structure against cumulene
it has been recentlpbservedthat zeropoint vibrations can overcome the alternation effect making also

cumulenea stable structurg®!.
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FIG.3: ab) the bond length alternation (BLA) as the parameter to describe the structure of a finite wire
andDFT compute®LA values for carbon atomic wires having polyjkeand cumulendike structure(the

red line refers to uncapped.Chains, the orange one to vinylidemapped chains Reproducedwith
permissionfrom Ref. 3(Royal Society of Chemis{2016). ¢) Evolution of the band gap for finite wires for
increasing length (i.e. number of carbon atonRgproduced with permissioinom Ref. 3 (Royal Society of
Chemistry, 2016)) Calculated optical spectra forteirminated polyynes with length rangirfigpm 4 to 12

carbon atoms.

As a final note, weomment on the use dfhe terms "polyyne" and "cumulene” in the literaturkrdeed,
polyyne is commonly used to generally define finite, sHenigth sp carbon chains synthetised with
different endgroups but which arenyway characterized by an alternated -/bond pattern; on the
other hand cumulenealefines shorlength sp carbon chaicharacterized by a more equalized structure
which approaches (but never reaches) the ideal =C=C= bond palieen if this is the more used and

assessed terminology, wWeave to say thait camot be considered completely corredself. Adopting



indeed the terminology of polymer science and chemistry, a "pulr" is very long macromolecules
obtained by the polymerization of thousands chemical units, such that the molecule can be considered
indeed as infinite. On the other hand, molecules obtained biyngdd number of units are nhamed "oligo
mers'. According to these rules, poeljne and polycumulenes would be indeed the correct named to
describe theh- andi - forms of infinite carbyne, while oliggne and oligecumulene would be a better
choice to namdfinite length chains depending on the valué tbeir BLA However, also in this casnd
considering thafinite-length chains never display a BLA which is exactly zgroducinganyBLA values to
distinguish between these two classes would be anottlerse of arbitrarinessHowever, mn the following

to avoid any confusionwhile discussing finitdength chains, we prefer to adopt theost widespread

definition, callindinite chains apolyynes or cumulenes bas@gst on their degree of BLA.
3. Carboratom wires as finite carbyndike systems

In the last 10 yearanore and more attention has been paid to-sgrbon chains, not only in connection
with the general family of carbon cluster, bas a family of materials otieir own. This interest has been
stimulatedby the possibility to prepare and characterize different kinds of fildtegth carbonatom wires
of different lengths.While many different techniquesucceeded in producing sm@marbon systems, their
identification in conplex carbon materials with differentiybridization states is notrivial. Raman
spectroscopy has emerged ame of the techniques of choice for unambiguous identification and
investigation of sgarbort*449. Indeed, as for carbonbased nanomaterials ihading nanotubes and
graphene Ramanprovides peculiar structural informationsuch as the tube diameter and the number of
layers in graphene. While the Raman fingerprint of-cgrbon systems is in the 13A®00 cm' region,
Raman features of sparbon fal in a spectral regior(i.e. 18062300 cmt) completely uncovered by signals
from other carbon systemdn Figure 4ome examples of Raman spectra of someabon based systems
is shown in comparison with $garbon. Graphite, amorphous carbon, carbomaotbes and fullerene
have all firstorder Raman features below 1600 gnwhile sprich carbon films, Herminated polyynes,

phenytterminated polyynes showands in the 18062300 cm! range Sizeselected pofynes show gpeak



position downshifting for increasing wire length, allowirgize detection according to the frequency

postion of the main peak (see e.g. Rét).

size selected polyynes
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FIG.4: Raman spectra of sgp’ carbon and carbon atom wires {pblyynes, diphenyl polyynes and size
selected polyynes. The spectra of other garbon systems (microcrystalline graphite and amorphous
carbon aC) and nanostructres (fullerite C60 and single wall carbon nanotube SWCNT) are shown for

comparison.

Hydrogencapped polyynes are particularly simple andinteresting system, syntheed by F. Cataldoby

means of the submerged arc technigaed by other authors usingaser ablation in liquidéseeRef.®l and



references thereip Chains of different lengths were producealith typical lengths of about 10-12 sp-

carbon atomssometimesreaching 2822. These chains have been characterized byMi$Vspectroscopy,

Raman and SERS spectroscopy:? IRnd different computational investigatienfocused on the
interpretation and prediction of these propertigsee Ref& 14 and referencesherein). In this context,
theoretical works usually analysed hydrogespped polyyne in terms of the parent infinite carbymes

shownin Figure3, finite-length hydrogenrcappedpolyynes hag an alternated structure witla predicted

value d BLA in the mge 0.:0.2 A, with a decreasing value for increasing length of the chain, as
straightforwardly expected due to the increase ‘oklectron conjugationwith the length of the system

This structural variation is followed by a lowering of the HOMIMO gap and the modulation of the
absorption bands in UV/Vis spectra, as also experimentally observed. This is again a peculiarity showed by
most of the polyconjugated materials amwdhich can be interpreted on the basis of the infinite carbyne

model, wherea decreasing BLA parallels a decrease of the band Fgamn a theoretical perspectivehée

closingof the electronic gap cannot be pushed to the limit of the cumulene chain just by incgetisn

f SyadkK 2F GKS OKIFIAYY F2NJ t2y3ISNI FyR f2y3ISNI-OKI AY
f SY3dK OKIFIAY O0SKF@A2dz2NE (G2 GKS NBI fcanoulelbeth th¢ S 0 S|
structural and electronic behaviour (for dha of almut 52 sp carbon atoms or mdfé). It shoud be noted

that these phenomenahave been further discussed also in connection with transition states of long

cumulenes which would show Peierls distortion as a result of the formafidiradical speies2.

Parallel to the investigation and interpretation of the electronic properties/spectra, a similar modulation
was observed also in the vibrational properties of these systems, and in particular iRtimean spectfy’
, where the connectiometween BLABandGaph/ibrationalfrequency(collective CC stretching modesn
be followed to get valuable information, extending further the simple spectra assignment and structural

characterization

The theoretical paper by Kertesz atl?l mentioned above not only clarified in details-electron
delocalization properties of finitteength spcarbon chains, but also helped in changing the perspective

usually adopted in the interpretatioof finite-length conjugated molecule®peninga new point of view



for the investigation of polyyre Indeed, finitelength polyconjugated moleculebave been usually
described as systems weBt Awas induced by Peierls distortion, assuming that this distortion, defined for
an infinite 1D chain, is effective also for yeshort chain lengths. In R&F it is demonstrated that Peierls
distortion becomes effective only in very long chains, and thus the alternated pattern found in shorter ones
should be described by other causes. Inddadshort finite chainsit is not Peierls distortionwhich affects

BLA but the peculiar choice of the egtups terminating the chain. As an example, in hydreggmped
molecules, the terminalCHbonds are not conjugated and aétrue¢ single bondsThis feature forces the

next CC bond to have a triple character, the next tmée single and so omalong the chainin a domino
effect. The alternated structure of hydrogeapped polyynes is thus a direct consequence of H
terminations balanced by electron delocalizatiam the sp carbon atomdAccording to this perspective,
many possibilitiescouldopen to tune the structural,electronic, vibrational and optical properties of carbon
atom wires by means of a proper choice of the ggrdups.An example in this ground is fod in Ref,
where finitelength chains possibly displaying a cumulenic structure are computationally investi¢rated.
this work, uncapped cumulenic, €hains (also experimentally observed in inert gas atmosptetd and
vinylidenecapped chains hee been modelled by DFT computations, showing indeed an almost equalized
(cumulenic) geometry (BLA < 0.05 A) together with a-megligible Raman activity. This paper clearly
demonstrated that the structural trend in CC bond lergth a consequence of thiermination in short
chains: considering as an example vinylidene groups,t¢iexistence of two single CH bonds on the last
sp? carbons of the chain, implies that this carbon will form a double bond with the next sp carbon and the
latter one is forcedo form again a double bond with the next atom in the chain and so on, thus obtaining a

=C=C=C= cumulenic structure on thecapbon chair(seeFigure §“4 49,
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connectivity of the enejroups in spcarbon chains. The red sphereepresent a general functional group.

Thanks to this perspective, new opportunites open for which the tuning of the
insulating/semiconducting/metallic behaviour and optical properties (with all related consequences for
possible technological applications) can be obtained by a proper molecular design of thgroempd

paving the way to a true moleculangneering of CAWsas discussed in the next section

4. The role of endgroupsin carbon atom wires stability and tunability of properties

Starting from the prototypical case of hydrogeapped polyynesas confined systemsother kinds of
carbon atomwires have been then produced Wifferent techniqueswith varyinglengths andend-groups.
The main challenge fgrhysical and chemicalnthesisis indeed the bottoraup fabricationof carbynelike
systemsby creating longer and longer molecgl@pproaching step by step the infinite chain liniithe
largest difficulty in such goalis the high reactivity of the chain and its tendency to crosslink and transform
in more stable carbon forl#47. This was evident from works focused on the investan of
transformation reaction under specific conditidtis®. Such problem has bearsedin the pastas the main
argument against sp-carbon wires andto neglectthe possible existence of a carbyne allotrope.q.

intermolecular interactions betweerhe chain would easily promote crosslinkiagd the system turns out



to be unstablg. Any srategy to improve stabilityseemed to be mandatorfor a reduction of crosslinking
effects This approach can be also motivated by the fact thay veng chains wexr foundin the core of
CNT, demonstrating that the occurrence of long sp carbon chain could be possilaleprotected
environment?* %9, even no information are available up to our knowlegde on the scalabilittuch a
strategy for the production ofmacroscopic quantitie®f materials Vacuumand low temperature have
been shown to favour stability in a sp? cluster assembled filmand recently the use of a ionic liquid
permitted to stabilize the films at ambient conditidf For isolated CAWsa liquid environment can
ensure stability by preveirig wire-wire interactions as long as the concentration is low enough. Of course
stability in dried conditions in air and the possibility to make a coating or a film are mandatory when
looking for applicatins. One proposed strategy was based on the use of Ag nanoparticles as stabilizing
agents. Stabilization obtained by adding Ag nanoparticles to a solutiont@itihated polyynes was so
effective that a stable solid made of carbon atom wires embedded solia Ag nanoparticles assembly
showed stability at ambient conditions for several mon{eee Figures). The use ofCNT as a protecting
cageis at present the best way to achieve very long and stable wires. For isolated CAjseral
approachto increase the stabilitypy reducing intermolecular forces while keeping control on molecular
length and geometryras been proposed byyRwinski and Chalifolf® %53, Large endgroupscan promote

a significant sterical hindrance between neighbourat@ins,so thatusing the end groupas spacerso
keepthe spcarbon domains far apart one from the otheould significantlyprevent crosslinkingeactions
(see Figure 6-¢c). Thanks to this approach, the longest-cgrbon chain produad up to now could b
syntheszedwith a total number of44 carbonatoms.In these grounds, the group by Tykwinski and a few
other research groups have been able to produce many differentskaficend-capped polyynesas also

reviewed ina couple opaper$>® >,
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Another very promising chemical method to isolate linear carbon chains has been proposed in the last
years by using rotaxination: the sp domsiof finite-length chainsare indeed surrounded by rotaxane
macrocycle acting as a protecting cage, making-gndps no longer needed for stabilizatiokVhile
employing controlled chemical synthesighe resulting shielding is similar to the embedding inside

nanotube and different papers report recently very interesting results in these gréuitd

Apart fromrotaxination in most of thepapersmentioned aboveend groups have bedmoweveradopted

to stabilize the chain, to increadatermolecular distances or toest different chemical strategies and
synthetic protocols to control the peculiar chain terminaitso In other words, end groups have been used
as tools to obtain stable systems and less attention was paid to their possitdein modulating

significantly theelectronic and optical properties.

In these grounds, a step further was doafter the prepaation of a few interesting polyyrsesuch as
diphenytcapped, naphtyl-cappedand bisdiphenytcapped polyynes by Cataldo et!®&%%, as shown in
Figure?. In these cases, indeed, -sprbon carbon chains have be¢erminated by sp-conjugated end
groups.Such systems proved to be stable without any solvent in ambient conditindsin some cases
even against ozonoly$8. In additionto a very appealing stabilitthey represent model systems for a

bottom-up approach towards a graphemgre-graphene syem.
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FIG.7: (ad) Linear spcarbon chains capped with $§gnd-groups of increasing conjugatiom) phenyd

terminated polyyne (diphenyl polyyne); b) bis(diphenyl)polyyne; c¢) raphipolyyne; d) polyyne



terminated by coronene(ef) DFT computedond length alternation (BLA) and HOMOMO gap as a
function of the wire éngth (i.e. n° of Carbe@arbon units) for the systems depicted in the figuigh)
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permission from Reb4 (American Chemical Society, 2017

In fact,the observation byHRTEM of spcarbon chains connecting twgrapheric domain&” opened the
possibility todesignpure carbon materials tere interconnection btween graphene and carbon atom
wires could pave the way to applications fan allcarbon nanoelectronic€n this basisRivelino et al also
carried out a preliminar computatia investigation of dcoronenecapped polyynsas modes$ of a mixed
graphene/CAW syster®. The chemical connection between sp and*spnjugated domains could by
principle affect the degree of-electron conjugation, possibly promoting a nsignificant delocalization of
charge on the whole molecule, increasing the conjugation leagth modifying significantly both BLA and
the electroric gap. In view of the investigation of hybrid spfspaterials a better evaluation of these
effects was mandatory. Moreover, a first experimental and computational investigation about diphenyl
capped polyyne®? revealed that these systems can underdmme transfer effect when interacting with

the metal substrate in SERS measurements,, asda result of this charge transfea more cumulenic
geometry is induced on the chain, affecting also its electronic behaviour. Such a result has been neither
obsewed nor predicted for hydrogenapped polyyngerevealing that it is a peculiarityesulting fromthe
adoption of sp-conjugated enehroups. Due to the tendency to an increase™eélectron delocalization

with increasing dimension of the conjugateystem it is thus interesting to verifyf isp’-conjugated
terminations of increasing dimension up to graphene should be able to modulate significantly the structure
and electronic properties of the sparbon chainThis has been done in a very recent paiferby carrying

out DFT calculations on differently ewdpped polyynshaving different lengte As reported irFigure?,

BLA and HOMQUMO gap are significantly affected while passing from hydregpped todiphenyt
capped chain butncreasingfurther the dimension of the spconjugated end groupbrings negligble

modificationof BLA andh very small effect of the electronic gap. These results revealed that the dimension



of the endgroups does not affect to a large extent the implicit structure and electronic behaviour of the sp
chains unless a proper chemical connectivity is promoted betwehe chain andyraphenc domains as
described belowIn addition to endgroup effecténcreasing the sgarbon chain length shows the usual,
non-negligible effects on botBLA and gaplhe previous cases demonstrated that a strategy to modulate
signifiantly the structure and the related electronic/optical properties of CAWSs, should be found
elsewhere with respect to themploymentof large sp-conjugated enegroups. A strategy in these grounds
was proposed agaiby Tykwinski and eworkers:quite shortsp-carbon chains have been terminated by an
sp’-carbon connected to two substituted phenyl grolf$?, creating a chemical connectismilar to that
presented by ideal vinyilidereapped molecules. In thisase, thanks to thesend groups gee Figureb),

the spcarbon chains is forced to display a cumulenic equalized geometry. This is indeed what has been
demonstrated by DFT calculat®mwhere a very low value of BLA and HOMIMO gaps were predicted

for mesity-capped and terbutytliphenytcappedcumulene§? g KA OK | NB S E I YAY Bdz@ Ay
end groupsThese results revealed that a proper chemical design of thegeodps, possibly supportelly

a preliminar conputational design, is very promising strategy to obtain systems basedC#Wé where a
controlled tuning of the structure and the insulator/semiconductor/alic transition is exploitedn these
grounds, oming back to grapheneire-graphene systems, it is the specific chemaainectivitybetween

the spcarbon atom and graphenthat would tune the wire structure rather than the extensiand the
conjugation extensiomf the sg domains. lnleed many authors have shown that a single bond between
the wire and graphene will drive the chain to an alternated structure while a ddutre ould induce a
cumulenelike system in agreement with the findings described above for fidgegth cumulenesAfter

the last results the development of new chemical/physical preparation techniquéise related
characterization properties and thenderstanding of fundamentaphysicochemical propertiesa new
consciousness has been gained on how to deal with these matarialglerto optimize their behaviour

and to design them in view of possible future applications in nanotechnology and maseigise.

Recentlynovel systems related to CAWs gathered more and more interest and are prgmbgjto play a

very significant role in the general field of carbon nanostructures and technology. Graphynes (GY) and



Graphdiynes (GDY) are indeed hybridspp carbon systems presenting a weliganized and regular
arrangement of the sp/spatoms with respect to amorphous films. In these systeimdeed an extended
2D crystal is formed where %$parbon hexagosare interconneted by means of sparbon chais having
different lengths(i.e. in GY and GDY linear links are made of 2 anecdrbpn atoms, respectivelyJhese
systems have been firshvestigated tleoretically in 19873 as modification of graphene but have then
gathered a significant attentiom the last decadé " in view of very promising applicationand their
peculiar electronic structure involving the occurrence of Dirac déheBsuallyanalysed asgyraphene
derivatives rather tha extended systems based on-sarbon chainsthey can be considered as crystals
made by units of sgarbon wires terminated by an aromatic ?sgroup. In fact synthetic bottomup
approaches have been successéard the group of Haley in particular has been very adtiveynthessing

2D molecules asubfragments of GDY of different topology and dimengisee Figure §f79.



FIG.8: Structures of sisp? molecular fragments of graphyne (a) and graphdiyne of increasing sibe (b
model €) the red spheres represent kierbutyl substitued phenyl groups.he structure of extended 2D

graphyne and graphdiyne is reported in (e) andré$pectively.

A variety of many other finitelimension fragmerg of GDY or other systems possessiltgp longer sp
carbon intercomecting chains have been syntimd® and charaatrized, including hybrid sp/$gystems
Even if a very large number of theoretical and computational works focused on the strueieconic
and spectroscopic propertiesf GY, GDY and related system, up to our knowledge none of them adopted a

perspetive which consideredhese sgtems as derivation of CAWs.0oBably many other information on



