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Abstract

Linearsp-hybridized carbon chains have recently been proposed as onesiimaimanos-
tructures for electronic applications, and as intermediate products in maagcee processes.
However, their synthesis and observation is affected by their degradgiimn oxygen expo-
sure. Carbon chains consisting of alternating single and triple bonds/(pojyare reported to
be more stable than those consisting of double bonds (cumulenic), butt#ile déthe degra-
dation mechanism are still unknown. We use density functional theory te tfad adsorption
of O, on carbon chains anchored to carbon substrates can cause theagel¢harough the
collective scission of O—O and C—C bonds, yielding separate CO-termioasgds. Further
O, attack progressively shortens them causing, @®@mation. While the shortening process
has general validity, the cleavage step of the reaction is exothermic fodenimahains only.
Perturbations of the ideal structure, such as bending of the chains oreatidifis to the struc-
ture of their termination, affect the oxidation mechanism and can make thegkeagaction
exothermic for polyynic chains as well. These results contribute to the ietatjun of the
available experimental results and reveal atomic-scale details of the oxigabioess, thus al-
lowing predictions on the chemistry of nanostructured carbon surfackesuggesting possible

new directions for the study of the chemical stability of carbynoid structures

Keywords: carbynoid nanostructures, carbon allotropes, oxidatiensity functional theory

| ntroduction

Alongside thesp?- and sp*-hybridized allotropes, a one-dimensiosgthybridised form of car-
bon'~2 is currently receiving increasing attention for its potehelectronic applicatiorfs® and
its precursor role in many nanoscale processes. For exasglaon chains have been observed
or hypothesized to form during the transmission electroecrasicopy imaging of grapherle the
preparatiofl and fracturé® of carbon nanotubes, the formation of nanostructures inaraplas-
mas!!1?the growth of amorphous carbon filmd14 and the mechanical polishing of diamond

surfacest® Although the existence afarbyne a solid entirely composed sp-hybridized carbon,
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has long been disputed® chemical®?1 and physicad®=2’ routes have been designed to obtain
partially carbynoid structures.

It is not surprising that the main issue in both the synthasdthe observation of these struc-
tures is their extreme chemical reactivi§.Carbon chains in cluster-assembled carbon fifins
tend to undergo cross-linking to form a more stagfephase even in ultra high vacuum. Moreover,
exposure to @ leads to their fast disappearance through chemical rob&shave not yet been
clarified. The degradation of carbynoid structures coimgjsif alternating single and triple bonds
(polyyné®) is slower than that of chains consisting of double borasr{ulené®), and a small
fraction of the polyynic structures is reported to surviireexposure?® A detailed understanding
of the underlying degradation mechanisms would aid theckdar stabilization procedures during
the chemical synthesis of carbyne-like structures. Theraften relies on end-capping groups or
reaction byproducts that protect the chains from the comtib other chains and with af®°In-
deed, relatively long (up to 44 C atoms) polyynes that afglsia normal laboratory conditioR$
were synthesized using complex, sterically large end-icagpgroups! /21

The degradation mechanisms that affect the synthesis bbrgarhains can play a role in the
material processes where their presence has been repeoeitstance, some of us recently pro-
posed that oxygen-induced degradation of carbon chain$atma during mechanical polishing of
diamond® and wear of amorphous carbncontributes to the removal of carbon from the sur-
faces. Also, residues of the chemical reactions which diegtfae carbon chains upon air exposure
may determine the chemical termination of the underlyindpea substratee.g, graphené or
nanotubé® edges and carbon surfaces obtained by vapor deposith.

In this work, we use density functional theory (DFT) simidas to shed light on the mecha-
nisms leading to the degradation of carbynoid structurggesence of Q First, we demonstrate
that the Q-induced cleavage reaction hypothesized by Setl.®? in the case of cyclic carbon
clusters in the gas phase is possible on energetic grourtds.liffs some inconsistencies in the
original energetic estimates and establishes the viglfiDFT for the systems under considera-

tion. The reaction proceeds through the chemisorption,adi©cluster C—C units followed by the



concerted breaking of the O-O and C-C bonds, which cleavesyifie carbon chain.

Next, we investigate whether the same cleavage mechanipossble for supported carbon
chains. We find that this is energetically and kineticallgtble for double C—-C bonds of cumu-
lenic chains but it is not generally valid for polyynic sttues, in agreement with experimental
results}’-21.2%However, the mechanical and electronic properties of theyrmid structures, and
in turn the details of their oxidation, are influenced by thains’ bending® and by the structure
of their terminations’®-343%For instance, modifications to the relative orientationhaf terminal
groups of a cumulenic chain or to the number of atoms compaosipolyynic chain introduce
perturbations to the ideal orientation of thmorbitals or to the triple/single bond alternation, re-
spectively. We observe that bending strain facilitatestbavage reaction, making the cleavage of
triple bonds at polyynic structures possible. Perturlmetiof the ideal cumulenic or polyynic bond
structure, instead, do not seem to influence the energédtstgh reactions. Bonds wittt orbitals
are still favorable sites for oxygen adsorption and, in scases, for C—C bond cleavage.

Finally, we show that oxygen-terminated supported chaigrrents resulting from the cleav-
age reaction, independently of the structure of their anobaites, undergo an oxygen-induced
shortening process. The latter proceeds through the geasachanism introduced above and the
formation of CQ. These atomic-scale details allow predictions about tlemital structure of
carbon chains that survive oxygen exposure and about threicaketerminations of surface sites

where degraded chains were anchored.

M ethods

DFT calculations

The spin-polarized DFT calculations were performed usimgidbased real-space implementa-
tion of the projector augmented wave (PAW) metBde (as implemented in the GPAW code) and
the PBE generalized gradient approximafi®to the exchange and correlation functional. Addi-

tionally, a post-TPS% correction to the PBE energies was used for the oxidation diccyarbon
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clusters in the gas phase. This is able to improve the bineineggy of the @ molecule (5.38 eV,
where 5.23 eV is the experimental value) with respect to tleeestimated 6.35 eV obtained with
the PBE functional. All DFT calculations were performed gsir0.2 A grid spacing and about 5 A
vacuum surrounding the clusters. A maximum force thresbblel.025 eVA 1 was used during
the geometry optimization simulations using the fast iaerélaxation engine (FIRE) algorithr?.

The charges were obtained by means of the Bader anéfysis.

Calculations of the potential energy barriers

The potential energy barriers for the adsorption gft@the cyclic cluster in the gas phase and

for the shortening of the supported oxygen-terminatednshakere performed through constrained

geometry optimization simulations. In the former case, dl#tance between the O-O and C-

C bond centers was constrained. In the latter case, we eoredrthe distance between the C

atoms of the breaking C—C bond, or the C and O atoms involvedaridrmation of the second
C—O bond between £and the chain. In all other cases, the barriers were catmithrough an

improved tangent estimate in the nudged elastic band (NEB)adé?

Reaction rate estimate

The estimation of the reaction rates for the QC* — OCg + CO and OG — Cg + CO re-
actions were obtained using the RRKM transition state theotie classical limit3 Within the

latter, the reaction rate is expressed as

: (1)

k(E) = (EEEO)“EV;

Vi

where E is the energy available for the reactios. (the total, kinetic plus potential energy of
the unfragmented cluster, measured with respect to itshmim potential energyky is the the

energy barriersis the number of vibrational modesof the cluster, and 1 indicates the vibrational
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frequencies of the transition state. We calculated theatitmal modes using our DFT setup and
used the post-TPSS-corrected valuesH@andEy. A lower bound estimate for the detachment rate
of the second carbonyl group was made by assuming that th&€frfragment has zero kinetic

energy.

Results and discussion

Gas phase cyclic clusters

Sowaet al.®2 reported cross sections for the reaction of mass-seleatte cluster cations with
O,. In particular, in the case of Cclusters withn > 8, which are expected to be monocyctit,
this reaction yields almost exclusively;G as its detectable product at low collision energies. As
a consequence, the authors propose an oxidation mechataidimgswith the concerted addition
of O, to a double bond of the C ring, with an activation barrier oéa tenths of eV. This should
lead to the exothermic opening of the ring, causing the ftionaof a linear OGO ™ cluster with
an estimated internal energy of about 4 eV plus the colligioargy. In order to reach the final
C., product, the linear O@* must lose both CO terminal groups. However, each of these-bond
breaking reactions is estimated to require about 4 eV anduaigable internal energy is therefore
not sufficient for their detachmenf The energy landscape for the proposed reactions is sketched
in Figure 1 (black line).

In order to solve this inconsistency, we investigate thiciamism on the  cyclic clus-
ter through spin-polarized DFT calculatiofSusing the PBE generalized gradient approximation
(GGA)3® and the TPSS meta-GGA exchange and correlation functionals. The barrier for the
concerted addition of ©to a C—C bond of the carbon ring is determined through a sefiess
strained geometry optimizations for different, fixed valwé the distance between the centers of
the C—C and O-0 bonds. To avoid spin-flipping during this pidoce, we constrain the system to
be in a doublet spin state. Indeed, the ground state;gh€ing a doublet stat the adsorption

reaction can occur on the doublet potential energy surfegardless of the spin state of the ad-



sorbing Q molecule?® therefore allowing for a possible triplet-to-singlet tsétion of the G spin
state.

Our calculations confirm that both the chemisorption gft®@a C—-C bond and the subsequent
breaking of the C—C bond are exothermic reactions with a giedgi associated energy barrier.
Crucially, using the PBE functional, the potential energyhaf tesulting OQO™ linear product
is 8.57 eV lower than the energy of the reactanés,more than two times the value proposed in
Ref. 32. In agreement with the estimates in the latter, we fiatithe detachment of the first and
second carbonyl groups requires 4.00 and 4.47 eV, respictiaking into account some collision
energy, and the fact that there is no efficient way to dissifia considerable internal energy of the
OC,O™ cluster in the dilute gas phase, this makes the loss of theanwonyl end groups possible
(Figure 1, red line). Furthermore, using a post-TPSS ctiareto the PBE energy? which is able
to correct the PBE overestimation of thg €ohesive energy (see Methods section), we find that
the energy gain caused by the ring cleavage is even larger.r@$ults in the § +2 CO products
being 0.99 eV lower in energy than thg & O, reactants (Figure 1, green line).

We estimate the time needed for the detachment of the two@ogkigroups using the RRKM
transition state theory in the classical liffi{see Methods section). This yields-d0 ps time for
the detachment of the first carbonyl group and a lower bounddot us for the detachment of the
second one. While these time-scales are too long for DF Tebaséecular dynamics simulations,

they are compatible with the experimental time-scales.

Supported carbon chains

A more effective way to dissipate the internal energy of thuster after its cleavage, such as the
coupling with a substrate, would probably prevent the taahcarbonyl groups to detach from
the cleaved carbon chain. The cleavage process could host@Veccur through the same route
described above. We investigate this possibility with thene DFT approach used in the gas
phase, this time opening the carbon ring and anchoring ghdtireg linear cluster to a substrate.

The presence of a substrate is modeled by terminating thewcahain with hydrogen atoms and



fixing the positions of the terminal carbon and hydrogen atdaring the simulations. The validity
of such a model is tested against adsorption results olot@ne periodic acene model substrate
and is justified by the fact that the oxygen adsorption on #rban chain depends locally on the
chemical characteristics of the adsorption site, as exgthbelow.

The geometrical and chemical properties of these lineanshdepend on the structure of the
anchoring sites on the substrate. The positions of the aimghsites determine the curvature and
the internal strain of the carbynoid structures. More ingnatty, the hybridization and orienta-
tion of the anchoring carbon atoms dictate the chemicattira and electronic properties of the
chain34For instance, a Citerminated carbon chain has a cumulenic character. A ehigirCH,
or phenyl terminations has a polyynic structure if it is evermbered, while it has a “defective”
structure, which deviates from the ideal cumulenic/polgystassification, if it is odd-numbered.
Moreover, the electronic properties of cumulenic chaires sirongly influenced by the relative
orientation of the terminal groups, since it determinesifientation of the staggeredorbitals 34

To take this complex scenario into account, we investigageviability of the oxygen-induced
cleavage reaction presented above for the gas-phaserslostehe model systems depicted in
Figure 2. We focus on gsupported clusters and then test the validity of our redaltsonger
chains. Polycumulenic (Figure 2a) and polyynic (Figure bdight chains are considered, where
the positions of the atoms are relaxed before fixing thoséneftérminal carbon and hydrogen
atoms. A gualitative representation of the differentlyeated double bonds of a cumulenic chain
and of the triple and single bonds forming a polyynic chapr®vided by the Electron Localization
Function (ELF}647 isosurfaces in Figure 2c,d. The cumulenic chain (Figurd®characterized
by a series of elongated bilobal isosurfaces, orientedess tinbitals,i.e. each isosurface is rotated
by 90° with respect to the adjacent ones. For the polyynic streciiigure 2c¢) instead, the ELF
isosurfaces have a cylindrical shape, centered on each Gdwy are localized at the C—C bond
center for single bonds, while delocalized towards therbitals at triple bonds. Perturbations
of these structures are also taken into account. By rotatiegod the two terminal Ckgroups

of the cumulene structure of Figure 2a by’9E&igure 2e), an axial torsion and a modification



of the electronic structure are inducéde. g. the spin state changes from singlet to trigtet
The alternation of single and triple bonds of the polyyneicltd Figure 2b is not affected by
torsional effects but is perturbed by adding one carbon atotine chain instead (Figure 2f). The
ELF isosurfaces for the perturbed systems are shown in &gg/h. The effect of the curvature
is studied for both cumulenic and polyynic chains, and d#ifé curvatures are enforced by using
two sets of positions for the fixed H atoms. The first set of Htpwss is obtained by optimizing
the geometry of the chain and the terminal H atoms, while ikegetne positions of the terminal
C atoms fixed (Figure 2i). In the second, more strained, cordigon (Figure 2j), we use the H
positions provided by the geometry optimization of a clebekain, composed by two separated
fragments. In both cases, the distance between the two fix@dr@s is chosen so that the chain
can be placed on an acene model system used to investigatddghe a more realistic substrate
(Figure 2Kk). In this case two hydrogen atoms are used toaatthre carbon dangling bonds below
the chain in order to prevent the chain to link to the substras a consequenceg {s used instead
of Cg, since the latter would be too strained by the presence dafitbdydrogen atoms.

The DFT energies of the local potential energy minima reieva the adsorption of ©on
the supported systems of Figure 2 and their oxygen-induleadage are summarized in Figure 3.
Here, the energy of the carbynoid structure with a non-dsstboxygen molecule in its ground
state is taken as the reference zero energy for each inaestigystem (see the example in Fig-
ure 3a for a straight cumulenic chain, where the spin pa#dn density isosurfaces indicate a
triplet spin state for ©). It is important to note that, while the cleavage reactian potentially
occur as in the gas phase case (see Panels a-e in Figure 3)Qytagsorbs on C-C bonds of
cumulenic chains and on triple bonds of polyynic chains,sta@e reaction is not possible when
single C-C bonds are “attacked” by, Qn the latter case, upon &dsorption we observe just one
possible potential energy minimum configuration (Figurg @fhere the oxygen molecule splits,
resulting in a new CO bond and an epoxide group. Firstly, thigfiguration cannot lead to the
cleavage of the C—C single bond, since this would be an endotteeaction. Secondly, the ad-

sorption reaction is exothermic for bended chains only (liyt V), and the adsorption on the



adjacent triple C—C bonds would be in all cases energetitaltyrable (see Figure 3).

Oxygen chemisor ption

We first analyze the results obtained for the adsorptionoé®@cumulenic structures (black sym-
bols in Figure 3). @ chemisorbs at C—C double bonds with the-€ntaining plane aligned with
the 1T orbitals (see ELF isosurfaces in Figure 2c). A first localrggeninimum configuration is
depicted in Figure 3b: a C—O bond forms and the O—O bond lesgttiétched to 1.35 A. This is
a superoxo state, where one electron is donated by the catbors to one of the twar* orbitals

of the O, molecules. This causes the €pin state to change from triplet to doublet, while the total
spin state of the system remains a triplet. The energy ofsiiygeroxo configuration is however
higher than the energy of the system before the adsorptigyesting that this could be a transi-
tion configuration leading to a lower energy chemisorbedigaration, as observed for aluminum
and silicon surface$®4° One can already observe that chains with a larger flexiblikg that in
Figure 2i, can more easily accommodate the deformationsceulby the oxygen chemisorption,
therefore resulting in lower energies.

The donation of a further electron to the remaining pastiatcupied Q " orbital leads to a
singlet peroxo chemisorbed state, where another C—O bom$fand the O—O bond length further
increases to about 1.5 A (Figure 3c). This chemisorbed inraist exothermic with an associated
energy gain ranging from 0.58 to 1.69 eV, depending on theature and flexibility of the carbon
chain. The same chemisorbed configurations and similaigesseare obtained for triple bonds
on polyynic G chains (red symbols in Figure 3 plot). The main differenceehis that Q can
favorably adsorb on two perpendicular planes, corresponth the twort orbitals of the triple
C—C bond. As mentioned above, although the energy gain up@misbrption depends on the
flexibility of the chain, the chemical details of the chenng@mn reaction depend on the chemical
characteristics of the adsorption site only. As a matteraot,fthe involved charge transfer is
localized on the oxygen atoms and the two carbon atoms at$w@tion site, the charge on the

rest of the carbon atoms not being significantly perturbetthbyeaction. As a further evidence, we
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obtain the same local minimum geometries on,g €hain anchored to a periodic acene structure
(Figure 2k) and the calculated energies (red trianglesgnréi 3) are similar to the energy values
obtained for the H-terminatedgGtructures. The energies of analogous configurations€G

and G chains are reported in the Supporting Information.

Chain cleavage

For both double and triple bonds, the breaking of the O-O lmfrtle chemisorbed £) charac-
terized by the filling of thes* antibonding orbital (see Supporting Information), is anteermic
reaction leading to another local energy minimum (Figurg 3dowever, while the energy gain
ranges between 0.95 and 1.25 eV in the double bond caseargerl(ranging between 2.17 and
3.07 eV) for triple C—C bonds. The energy minimum configuraidescribed so far describe a
possible exothermic reaction path leading to the chemisorpf O, at double and triple bonds
of cumulenic and polyynic supported chains, and to the aqnesat rupture of the O—O bond.
Analogous configurations were observed during DFT-basel@cutar dynamics simulations of
0, adsorption on aluminum and silicon surfad@g?®

We next investigate whether the breaking of the C—C bond adbkerption site is an exother-
mic reaction as in the gas-phase case. Crucially, as vigible the plot of Figure 3, this is true
for double C—C bonds but not in general for triple bonds. Olouwations show that the cleavage
of the chain at a double C-C bond, resulting in two CO-termohatein fragments (Figure 3e),
is accompanied by an energy gain ranging between 1.38 el)édeast strained configuration of
Figure 2i, and 3.20 eV, for the most strained chain of FigyréAdower value is obtained for the
least strained ¢, of Figure 2k. However, the rupture of a triple C—C bond is ingyahan endother-
mic reaction, unless the chain is sufficiently strainednathe case of the structures in Figure 2j
and Figure 2k, where the C—C bond breaking is accompanied B4ae¥ energy gain. This can
be understood from the bonding structure of the cleavedhshaivhile the newly formed C-O
double bond is compatible with the bonding structure of awemic chain, it perturbes the ideal

single/triple bond alternation of a polyynic structure.viéwer, for sufficiently strained chains, the
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release of strain energy can compensate the energy inaeade the perturbation of the bonding
structure.

As mentioned before, changing the relative orientationhefterminal CH groups of a cu-
mulenic chain with respect to the ground state orient&figrerturbes the ideal stacking of tie
orbitals, introducing a torsional strain and changing thie state of the system. This is the case
of the structure depicted in Figure 2e. As visible from theFE&osurfaces (Figure 2g), the C-C
bonds close to the terminal groups of the chain retain theubte bond character whereas the
central one does not. Polyynic chains are not affected lsyttinsional strain but adding a carbon
atom to a even-numbered, Giterminated chain similarly perturbes its single/triptend alterna-
tion (Figure 2f) and the two resulting central bonds arehsgisingle nor triple bonds (Figure 2h).
The results for the adsorption and cleavage at these nahbdeds are represented as green sym-
bols in Figure 3. Although we were not able to find a stable yemonfiguration in both cases,
the superoxo structure is more stable than in the doublerge bond cases. An energy gain of
0.84 eV upon Q adsorption is obtained for the structure in Figure 2f. Merzpboth the the O-O
and C—C cleavage reactions are exothermic, with a largeggigain for the perturbed cumulenic

case.

Reaction kinetics

The energetic analysis just presented allows us to discataibetween possible and impossible
reaction sites on supported carbynoid structures but giwesformation about the kinetics of the
energetically viable reactions. The calculation of reactharriers for all possible chain configu-
rations is out of the scope of this work. Yet, it is instruetiso perform this kind of calculations
for some of the structures considered before to investitat&inetic viability of the proposed ad-
sorption and cleavage reactions. A main difficulty here &,ths in the gas phase, the system can
undergo a triplet-to-singlet spin transition during thewtisorption reaction. Following the same
approach used for the gas-phase clusters, we avoid sparisflihe evaluation of the chemisorption

energy barriers by constraining the total spin of the sydtethe doublet state and using an odd
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number of terminal H atoms. In order to do so, we add a hydregem to the cumulenic model

systems of Figure 2a and Figure 2i. The resulting systemdepieted in Figure 4a,c and the ELF
isosurfaces (Figure 4b,d) on the central C—C bond look quiidly intermediate between those
of a double and a triple bond. As the energetics gfo@emisorption on double and triple C-C
bonds is similar (see Figure 3), we use this bond to measyy@eat value for the chemisorption

potential energy barrier.

The potential energy barriers along the path leading tolteentsorption of @, and to the O-O
and C—C cleavage are plotted in Figure 4 for the model systerRanels a (black line) and c (red
line). The minimum energy paths were determined with he Kddgastic Band (NEB) methatf.

In both cases the energy barriers for the chemisorptiongssoare compatible with room temper-
ature oxidation reactions. The barrier leading to the sugeconfiguration (Figure 3b) is 0.47 eV

and 0.34 eV for the black and red curves, respectively. Hewethe reaction is exothermic in

the second case only. In all cases, the reaction yieldingp¢inexo configuration (Figure 3c) is

exothermic and the associated energy barriers are 0.42 @¥3.40 eV. Overcoming a small bar-

rier (0.21 eV for the black curve, and a negligible one for dlleer case) leads to the rupture of
the O—O bond. This configuration is however more stable thariully cleaved one (Figure 3e).

Also the triple bonds discussed above show a stable brokénhddsorption configuration, where
sufficient strain restores an energetically favorable goméition with a broken C-C bond. Com-
paring the black and red curve, one can see that the curvattihe chain helps to stabilize the

C—C cleaved doublet chain as well.

However, the two, O—O and C-C, bond breaking reactions leadirtbe chain’s cleavage
occur on the singlet potential energy surface and therefamebe calculated using a model system
in the singlet spin state. We therefore compare the curvesrda for the doublet case in the
configuration of Figure 2i, with analogous cumulenic and/goic structures. The potential energy
curves are depicted in green (cumulene) and blue (polyyfrtey.behavior of the potential energy
during the cleavage reactions of the doublet system isnradrate between the singlet double

and triple bond cases. In the case of the exothermic clegecageulenic chain, green curve), the
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barriers for the O—O and C—C breaking are 0.29 eV and 0.34 speontively (.e. much lower
than the potential energy gained up to that stage of the afgaprocess). This indicates that the

exothermic cleavage reactions are not limited by the kiseti

Chain shortening and CO, formation

In general, this cleavage reaction is driven by the fornmatdvery strong C—O bonds and has
sizeable associated energy gain. This is however smaberiththe gas phase and surely insuf-
ficient to cause the detachment of the terminal CO groupse siris readily dissipated through
the substrate. Consequently, we investigate the adsorptiadditional G on the CO-terminated
supported chains. Our calculations reveal a possible pattihéir progressive shortening, which
proceeds through the chemisorption of &d the subsequent formation of €&s shown in Fig-
ure 5a-d, following the same O-O and C-C concerted bond-inrgadtocess discussed above.
On both CH- and CH;-terminated GO fragments, the ©chemisorption yields a peroxo con-
figuration and is exothermic. The adsorption energies andasiin the two cases (1.36 eV and
1.21 eV,i.e. in the same energy range as the peroxo state of Figure 3)la8ynthe combined
O-0O and C—C cleavage produces a,Qf@lecule via the reaction ©+ O, — C,, ;0+ CO,,
which is exothermic with energy gains of 4.72 eV and 4.79 eWrddver, on the acene substrate
of Figure 2k the above reaction witie2—5 is characterized by a gain in potential energy rang-
ing between 4.10 and 5.88 eV. As long as both the atoms indatvéhe cleaving C—C bond are
sp-coordinated, the reaction has an associated potentiedyebarrier of about 0.6 eV.

The C atom connecting the chain to the surface is eipéror sp>-coordinated. Therefore,
we study the energetics of this shortening reaction for aise C—-C bond of the chain, where one
of the C atoms is a surface atom, using the models systemgimeé®e and Figure 5f for theg?-
and sp*-coordinations, respectively. In both cases the C(sya®, — C(s)O+ CO, reaction,
where s labels the C atom belonging to the surface, is exothewith a potential energy gain
of 4.76 eV &) and 4.03 eV §p°). However, while the potential energy barrier for the react

is about 0.65 eV in thep?-coordination case (Figure 5g-i), we found a minimum of 25ie
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the sp*-coordination case. This suggests that the shortening amésih presented here can lead
to different terminations of anchoring surface atoms, delpey on the structure and coordination
of the terminal sites. For instance, in the model systemsidened heresp?-coordinated surface
C atoms are O-terminated, white’-coordinated surface sites could be temporarily termihate
by OCG, (Figure 5j), as the chemisorption of,@h a superoxo configuration is exothermic. The
oxidoperoxidocarbonate radical in Figure 5j can be satdray hydrogen (Figure 5RY and further

chemical reactions in air lead to COMr COOH terminations.

Conclusions

In conclusion, we presented a multi-step reaction for tle@awdge and shortening of carbynoid
structures in presence of,OThis reaction was previously hypothesized for the cleavafgryclic
carbon clusters in the gas pha®élhe chemisorption of ©molecules on C-C bonds of carbynoid
structures triggers the breaking of the O—O and C-C bondsltiresin the cleavage of the chain
and the formation of two O-terminated fragments. Conseeu@iinduced C—C bond breaking
reactions shorten the O-terminated fragments up to thempéete disappearance, producing £O

Although this shortening mechanism is generally valid fete@minated chain fragments, be-
cause the character of the C—C bond next to the O atom is magtdyrdined by the C-O bond,
the formation of the fragments through-thduced chain cleavage is not. We find that both O
chemisorption and C-C cleavage are exothermic and kinlgticeable reactions in the case of
double bonds of cumulenic chains. While the overall oxidat®action that leads to the formation
of two O-terminated chains is exothermic in all cases, thecklemisorption is not favorable at
single bonds of polyynic structures, and C-C cleavage is xathermic for triple bonds unless
the chain is sufficiently strained. These results are coimigatith recent work$’~2which report
the synthesis of polyynic chains that are relatively stableresence of moisture and oxyceénf
terminated by complex end-capping groups.

The scenario proposed here is in agreement with the expetarenalysis of Casast al, 2°
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where the existence of a cleavage process shortening coimaled polyynic chains is hypothe-
sized. Their work shows that cumulenic chains are rapidsgrdged upon oxygen exposure, while
the degradation of polyynic chains is slower. However, intcast with the previously mentioned
polyynes, that are synthesized in solution, only a smakigtiage of the polyynic chains survive
the exposure to air. A reason for this could be that, in géneaabon chains obtained by cluster
deposition or observed in material processes can be expieche mechanically strained or “non-
ideally” terminated. Indeed, the electronic and mechdmuoaperties of the carbynoid structures
are strongly influenced by the structure of their terminatté and by their bending? If displace-
ments of the carbon atoms are allowed by the strain on the divea chemisorption, which requires
the distortion of the chain structure, is usually easiesoAls previously mentioned, increasing the
bending of supported carbynoid structures.(their curvature) facilitates the rupture of the C-C
bond at the adsorption site so that even the cleavage of piclyghains at triple bonds becomes
exothermic.

Electronically “non-ideal” cumulenic and polyynic chaingre modelled by rotating the ter-
minating groups or adding an additional C atom to the chaspectively. The model systems
investigated here indicate that the-idduced cleavage mechanism is exothermic also in these
non-ideal cases as long as the C—C bonds are not single bondever, these “anomalities” af-
fect the chemisorption configuration and the spin of theesystand might in turn have an effect
on the reaction kinetics. For instance, we were not able thdiftocal minimum with a peroxo
configuration in the potential energy surface of some ofdlstsictures. Moreover, the perturbed
cumulene structure of Figure 2e has still a triplet spinestdter G chemisorption and O—O bond
breaking, possibly affecting the kinetics of the C—C boncdakineg that leads to a singlet spin
state*® These aspects deserve a deeper and systematic study sifcethledge of such effects
might help developing techniques to stabilize carbynaidcstires in presence of oxygen.

Besides revealing details about the oxidation of carbynwictiires, this study casts light on
the degradation of carbon chains that spontaneously fomnmglmany nanoscale material pro-

cesses, such as the mechanical polishing of diamond seffatee wear of amorphous carbdh,
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and the growth of amorphous carbon films by chemical vapopsiépn'* or by cluster-beam

deposition?? These structures, whose existence is postulated by arale-simulations or de-

tected experimentally in ultra high vacuum, disappear wdguosed to air. The knowledge of the
atomic-scale details of the degradation mechanism canttepcedictions on the chemical struc-
ture of these carbon substrates. For example, both oxygehearboxyl-termination of the sites
anchoring the chains to the carbon substrate are possilaleessilt of the oxygen-induced short-
ening process. Here, the specific termination is fully deteed by the coordination and geometry

of the anchoring site.
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Figure 1: Schematic representation of the potential enlrgyscape for the Qinduced cleavage
of the C, cluster as estimated by Sownal.3? (black line) and as calculated in this work (red and
green lines). The insets show the system configurationggmonding to each potential energy
local minimum represented in the plot.
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Figure 2: Model systems of supported carbynoid structyegsstraight cumulenic £ (b) straight
polyynic C; (the two different bonding structures are visible from thedion Localization Func-
tion (ELF) isosurfaces in Panels ¢ and d); (e) system of Papelrturbed by rotating one of the
terminal CH, groups by 90; (f) system of Panel b perturbed by adding one carbon atorheto t
chain; (g,h) ELF isosurfaces for the structures in Panetsddq(i,j) curved structures with differ-
ent curvatures imposed by varying the positions of the teafil atoms; (k) G, chain supported
by a periodic acene structure.
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Figure 3: Potential energy minima along a possible reagbiath (Panels a-e) leading to the
chemisorption of @ on supported carbynoid structure and to the cleavage ofttex.| The three
sets of colors refer to chemisorption at double (blackpleér{red) and "hybrid" (green) C—C bonds.
The latter are obtained by perturbing the ideal cumulenodyynic structure through the rotation
of a terminal CH group or the addition of one C atom (see text for details). [Egend refers
to the structures shown in Figure 2, while taeand = symbols refer to double and triple C-C
bonds, respectively, as adsorption sites. The reactidnipeliudes the configurations depicted in
Panels a-e (here a straight cumulenic chain is used as exani@) non-adsorbed triplet,(ithe
blue isosurfaces represent the spin polarization dengliysuperoxo chemisorbed state; (c) per-
0X0 spin-paired chemisorbed state; (d) broken O-O bondgléalved chain. Panel f shows the
configuration obtained upon, @hemisorption at a single C—C bond.
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Figure 4: Potential energy barriers calculated with the N&B&hod for the @ adsorption on a
supported carbon chain, and the consequent cleavage of @3-O-2C bonds. The black and red
curves refer to the model systems of Panels a and c, resplgciiihese model systems are similar
to those in Figure 2a and i, but a hydrogen atom has been addsutdin a doublet spin state.
The corresponding ELF isosurfaces for ELF=0.8 are plottdekinels b and d. The blue and green
curves represent the potential energy surface for the O-edCa&€ bond breaking reaction in the
case of a polyynic and a cumulenic chain, having the straattiFigure 2i. The numbers reported
on the plot are the values of the energy barriers in electitgwv
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Figure 5: Q-induced cleavage yields shortening of the CO-terminatedinshand formation of
CO, (a-d). The C atom connecting the chain to the underlying @sar can be eithesp?- (€) or
sp*-coordinated (f). Fixing the positions of the three lowertGnas in panels e and f and of their
H terminations, we find that a further concerted O—O and C—Qlliwaaking is possible in the
sp? case (g-i). The same reaction is not kinetically viable Fardp®-coordination case instead (j),

leading to temporary OC{ termination (k).
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