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Abstract

Linearsp-hybridized carbon chains have recently been proposed as one-dimensional nanos-

tructures for electronic applications, and as intermediate products in many nanoscale processes.

However, their synthesis and observation is affected by their degradation upon oxygen expo-

sure. Carbon chains consisting of alternating single and triple bonds (polyynic) are reported to

be more stable than those consisting of double bonds (cumulenic), but the details of the degra-

dation mechanism are still unknown. We use density functional theory to show that adsorption

of O2 on carbon chains anchored to carbon substrates can cause their cleavage through the

collective scission of O–O and C–C bonds, yielding separate CO-terminatedchains. Further

O2 attack progressively shortens them causing CO2 formation. While the shortening process

has general validity, the cleavage step of the reaction is exothermic for cumulenic chains only.

Perturbations of the ideal structure, such as bending of the chains or modifications to the struc-

ture of their termination, affect the oxidation mechanism and can make the cleavage reaction

exothermic for polyynic chains as well. These results contribute to the interpretation of the

available experimental results and reveal atomic-scale details of the oxidationprocess, thus al-

lowing predictions on the chemistry of nanostructured carbon surfaces and suggesting possible

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

Keywords: carbynoid nanostructures, carbon allotropes, oxidation,density functional theory

Introduction

Alongside thesp2- andsp3-hybridized allotropes, a one-dimensionalsp-hybridised form of car-

bon1–3 is currently receiving increasing attention for its potential electronic applications4–6 and

its precursor role in many nanoscale processes. For example, carbon chains have been observed

or hypothesized to form during the transmission electron microscopy imaging of graphene,7,8 the

preparation9 and fracture10 of carbon nanotubes, the formation of nanostructures in carbon plas-

mas,11,12 the growth of amorphous carbon films,13,14 and the mechanical polishing of diamond

surfaces.15 Although the existence ofcarbyne, a solid entirely composed ofsp-hybridized carbon,
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has long been disputed,1,3 chemical16–21 and physical22–27 routes have been designed to obtain

partially carbynoid structures.

It is not surprising that the main issue in both the synthesisand the observation of these struc-

tures is their extreme chemical reactivity.28 Carbon chains in cluster-assembled carbon films29

tend to undergo cross-linking to form a more stablesp2 phase even in ultra high vacuum. Moreover,

exposure to O2 leads to their fast disappearance through chemical routes that have not yet been

clarified. The degradation of carbynoid structures consisting of alternating single and triple bonds

(polyyne19) is slower than that of chains consisting of double bonds (cumulene19), and a small

fraction of the polyynic structures is reported to survive air exposure.29 A detailed understanding

of the underlying degradation mechanisms would aid the search for stabilization procedures during

the chemical synthesis of carbyne-like structures. The latter often relies on end-capping groups or

reaction byproducts that protect the chains from the contact with other chains and with air.29,30 In-

deed, relatively long (up to 44 C atoms) polyynes that are stable in normal laboratory conditions21

were synthesized using complex, sterically large end-capping groups.17–21

The degradation mechanisms that affect the synthesis of carbon chains can play a role in the

material processes where their presence has been reported.For instance, some of us recently pro-

posed that oxygen-induced degradation of carbon chains that form during mechanical polishing of

diamond15 and wear of amorphous carbon31 contributes to the removal of carbon from the sur-

faces. Also, residues of the chemical reactions which degrade the carbon chains upon air exposure

may determine the chemical termination of the underlying carbon substrate,e.g., graphene8 or

nanotube10 edges and carbon surfaces obtained by vapor deposition.13,14

In this work, we use density functional theory (DFT) simulations to shed light on the mecha-

nisms leading to the degradation of carbynoid structures inpresence of O2. First, we demonstrate

that the O2-induced cleavage reaction hypothesized by Sowaet al.32 in the case of cyclic carbon

clusters in the gas phase is possible on energetic grounds. This lifts some inconsistencies in the

original energetic estimates and establishes the viability of DFT for the systems under considera-

tion. The reaction proceeds through the chemisorption of O2 on cluster C–C units followed by the
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concerted breaking of the O–O and C–C bonds, which cleaves thecyclic carbon chain.

Next, we investigate whether the same cleavage mechanism ispossible for supported carbon

chains. We find that this is energetically and kinetically viable for double C–C bonds of cumu-

lenic chains but it is not generally valid for polyynic structures, in agreement with experimental

results.17–21,29However, the mechanical and electronic properties of the carbynoid structures, and

in turn the details of their oxidation, are influenced by the chains’ bending33 and by the structure

of their terminations.30,34,35For instance, modifications to the relative orientation of the terminal

groups of a cumulenic chain or to the number of atoms composing a polyynic chain introduce

perturbations to the ideal orientation of theπ orbitals or to the triple/single bond alternation, re-

spectively. We observe that bending strain facilitates thecleavage reaction, making the cleavage of

triple bonds at polyynic structures possible. Perturbations of the ideal cumulenic or polyynic bond

structure, instead, do not seem to influence the energetics of such reactions. Bonds withπ orbitals

are still favorable sites for oxygen adsorption and, in somecases, for C–C bond cleavage.

Finally, we show that oxygen-terminated supported chain fragments resulting from the cleav-

age reaction, independently of the structure of their anchoring sites, undergo an oxygen-induced

shortening process. The latter proceeds through the cleavage mechanism introduced above and the

formation of CO2. These atomic-scale details allow predictions about the chemical structure of

carbon chains that survive oxygen exposure and about the chemical terminations of surface sites

where degraded chains were anchored.

Methods

DFT calculations

The spin-polarized DFT calculations were performed using agrid-based real-space implementa-

tion of the projector augmented wave (PAW) method36,37(as implemented in the GPAW code) and

the PBE generalized gradient approximation38 to the exchange and correlation functional. Addi-

tionally, a post-TPSS39 correction to the PBE energies was used for the oxidation of cyclic carbon

4



clusters in the gas phase. This is able to improve the bindingenergy of the O2 molecule (5.38 eV,

where 5.23 eV is the experimental value) with respect to the overestimated 6.35 eV obtained with

the PBE functional. All DFT calculations were performed using a 0.2 Å grid spacing and about 5 Å

vacuum surrounding the clusters. A maximum force thresholdof 0.025 eVÅ−1 was used during

the geometry optimization simulations using the fast inertial relaxation engine (FIRE) algorithm.40

The charges were obtained by means of the Bader analysis.41

Calculations of the potential energy barriers

The potential energy barriers for the adsorption of O2 to the cyclic cluster in the gas phase and

for the shortening of the supported oxygen-terminated chains were performed through constrained

geometry optimization simulations. In the former case, thedistance between the O–O and C–

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

atoms of the breaking C–C bond, or the C and O atoms involved in the formation of the second

C–O bond between O2 and the chain. In all other cases, the barriers were calculated through an

improved tangent estimate in the nudged elastic band (NEB) method.42

Reaction rate estimate

The estimation of the reaction rates for the OC10O
+ −−→ OC+

9 + CO and OC+
9 −−→ C+

8 + CO re-

actions were obtained using the RRKM transition state theory in the classical limit.43 Within the

latter, the reaction rate is expressed as

k(E) =

(

E−E0

E

)s−1

s

∏
i=1

νi

s−1

∏
i=1

ν‡
i

, (1)

where E is the energy available for the reaction (i.e. the total, kinetic plus potential energy of

the unfragmented cluster, measured with respect to its minimum potential energy),E0 is the the

energy barrier,s is the number of vibrational modesνi of the cluster, and ‡ indicates the vibrational
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frequencies of the transition state. We calculated the vibrational modes using our DFT setup and

used the post-TPSS-corrected values forE andE0. A lower bound estimate for the detachment rate

of the second carbonyl group was made by assuming that the first CO fragment has zero kinetic

energy.

Results and discussion

Gas phase cyclic clusters

Sowaet al.32 reported cross sections for the reaction of mass-selected carbon cluster cations with

O2. In particular, in the case of C+n clusters withn≥ 8, which are expected to be monocyclic,44

this reaction yields almost exclusively C+
n-2 as its detectable product at low collision energies. As

a consequence, the authors propose an oxidation mechanism starting with the concerted addition

of O2 to a double bond of the C ring, with an activation barrier of a few tenths of eV. This should

lead to the exothermic opening of the ring, causing the formation of a linear OCnO+ cluster with

an estimated internal energy of about 4 eV plus the collisionenergy. In order to reach the final

C+
n-2 product, the linear OCnO+ must lose both CO terminal groups. However, each of these bond-

breaking reactions is estimated to require about 4 eV and theavailable internal energy is therefore

not sufficient for their detachment.32 The energy landscape for the proposed reactions is sketched

in Figure 1 (black line).

In order to solve this inconsistency, we investigate this mechanism on the C+10 cyclic clus-

ter through spin-polarized DFT calculations,37 using the PBE generalized gradient approximation

(GGA)38 and the TPSS meta-GGA39 exchange and correlation functionals. The barrier for the

concerted addition of O2 to a C–C bond of the carbon ring is determined through a series of con-

strained geometry optimizations for different, fixed values of the distance between the centers of

the C–C and O–O bonds. To avoid spin-flipping during this procedure, we constrain the system to

be in a doublet spin state. Indeed, the ground state of C+
10 being a doublet state,44 the adsorption

reaction can occur on the doublet potential energy surface regardless of the spin state of the ad-
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sorbing O2 molecule,45 therefore allowing for a possible triplet-to-singlet transition of the O2 spin

state.

Our calculations confirm that both the chemisorption of O2 to a C–C bond and the subsequent

breaking of the C–C bond are exothermic reactions with a negligible associated energy barrier.

Crucially, using the PBE functional, the potential energy of the resulting OCnO+ linear product

is 8.57 eV lower than the energy of the reactants,i.e. more than two times the value proposed in

Ref. 32. In agreement with the estimates in the latter, we find that the detachment of the first and

second carbonyl groups requires 4.00 and 4.47 eV, respectively. Taking into account some collision

energy, and the fact that there is no efficient way to dissipate the considerable internal energy of the

OCnO+ cluster in the dilute gas phase, this makes the loss of the twocarbonyl end groups possible

(Figure 1, red line). Furthermore, using a post-TPSS correction to the PBE energy,39 which is able

to correct the PBE overestimation of the O2 cohesive energy (see Methods section), we find that

the energy gain caused by the ring cleavage is even larger. This results in the C+8 +2 CO products

being 0.99 eV lower in energy than the C+
10+O2 reactants (Figure 1, green line).

We estimate the time needed for the detachment of the two carbonyl groups using the RRKM

transition state theory in the classical limit43 (see Methods section). This yields a∼10 ps time for

the detachment of the first carbonyl group and a lower bound of∼0.1µs for the detachment of the

second one. While these time-scales are too long for DFT-based molecular dynamics simulations,

they are compatible with the experimental time-scales.

Supported carbon chains

A more effective way to dissipate the internal energy of the cluster after its cleavage, such as the

coupling with a substrate, would probably prevent the terminal carbonyl groups to detach from

the cleaved carbon chain. The cleavage process could however still occur through the same route

described above. We investigate this possibility with the same DFT approach used in the gas

phase, this time opening the carbon ring and anchoring the resulting linear cluster to a substrate.

The presence of a substrate is modeled by terminating the carbon chain with hydrogen atoms and
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fixing the positions of the terminal carbon and hydrogen atoms during the simulations. The validity

of such a model is tested against adsorption results obtained on a periodic acene model substrate

and is justified by the fact that the oxygen adsorption on the carbon chain depends locally on the

chemical characteristics of the adsorption site, as explained below.

The geometrical and chemical properties of these linear chains depend on the structure of the

anchoring sites on the substrate. The positions of the anchoring sites determine the curvature and

the internal strain of the carbynoid structures. More importantly, the hybridization and orienta-

tion of the anchoring carbon atoms dictate the chemical structure and electronic properties of the

chain.34 For instance, a CH2-terminated carbon chain has a cumulenic character. A chainwith CH3

or phenyl terminations has a polyynic structure if it is even-numbered, while it has a “defective”

structure, which deviates from the ideal cumulenic/polyynic classification, if it is odd-numbered.

Moreover, the electronic properties of cumulenic chains are strongly influenced by the relative

orientation of the terminal groups, since it determines theorientation of the staggeredπ orbitals.34

To take this complex scenario into account, we investigate the viability of the oxygen-induced

cleavage reaction presented above for the gas-phase clusters on the model systems depicted in

Figure 2. We focus on C8 supported clusters and then test the validity of our resultsfor longer

chains. Polycumulenic (Figure 2a) and polyynic (Figure 2b)straight chains are considered, where

the positions of the atoms are relaxed before fixing those of the terminal carbon and hydrogen

atoms. A qualitative representation of the differently oriented double bonds of a cumulenic chain

and of the triple and single bonds forming a polyynic chain isprovided by the Electron Localization

Function (ELF)46,47 isosurfaces in Figure 2c,d. The cumulenic chain (Figure 2c)is characterized

by a series of elongated bilobal isosurfaces, oriented as theπ orbitals,i.e. each isosurface is rotated

by 90◦ with respect to the adjacent ones. For the polyynic structure (Figure 2c) instead, the ELF

isosurfaces have a cylindrical shape, centered on each bond. They are localized at the C–C bond

center for single bonds, while delocalized towards theπ orbitals at triple bonds. Perturbations

of these structures are also taken into account. By rotating one of the two terminal CH2 groups

of the cumulene structure of Figure 2a by 90◦ (Figure 2e), an axial torsion and a modification
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of the electronic structure are induced34 (e. g. the spin state changes from singlet to triplet35).

The alternation of single and triple bonds of the polyyne chain of Figure 2b is not affected by

torsional effects but is perturbed by adding one carbon atomto the chain instead (Figure 2f). The

ELF isosurfaces for the perturbed systems are shown in Figure 2g,h. The effect of the curvature

is studied for both cumulenic and polyynic chains, and different curvatures are enforced by using

two sets of positions for the fixed H atoms. The first set of H positions is obtained by optimizing

the geometry of the chain and the terminal H atoms, while keeping the positions of the terminal

C atoms fixed (Figure 2i). In the second, more strained, configuration (Figure 2j), we use the H

positions provided by the geometry optimization of a cleaved chain, composed by two separated

fragments. In both cases, the distance between the two fixed Catoms is chosen so that the chain

can be placed on an acene model system used to investigate therole of a more realistic substrate

(Figure 2k). In this case two hydrogen atoms are used to saturate the carbon dangling bonds below

the chain in order to prevent the chain to link to the substrate. As a consequence C10 is used instead

of C8, since the latter would be too strained by the presence of thetwo hydrogen atoms.

The DFT energies of the local potential energy minima relevant to the adsorption of O2 on

the supported systems of Figure 2 and their oxygen-induced cleavage are summarized in Figure 3.

Here, the energy of the carbynoid structure with a non-adsorbed oxygen molecule in its ground

state is taken as the reference zero energy for each investigated system (see the example in Fig-

ure 3a for a straight cumulenic chain, where the spin polarization density isosurfaces indicate a

triplet spin state for O2). It is important to note that, while the cleavage reaction can potentially

occur as in the gas phase case (see Panels a-e in Figure 3) whenO2 adsorbs on C–C bonds of

cumulenic chains and on triple bonds of polyynic chains, thesame reaction is not possible when

single C–C bonds are “attacked” by O2. In the latter case, upon O2 adsorption we observe just one

possible potential energy minimum configuration (Figure 3f), where the oxygen molecule splits,

resulting in a new CO bond and an epoxide group. Firstly, this configuration cannot lead to the

cleavage of the C–C single bond, since this would be an endothermic reaction. Secondly, the ad-

sorption reaction is exothermic for bended chains only (by 1.14 eV), and the adsorption on the
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adjacent triple C–C bonds would be in all cases energeticallyfavorable (see Figure 3).

Oxygen chemisorption

We first analyze the results obtained for the adsorption of O2 on cumulenic structures (black sym-

bols in Figure 3). O2 chemisorbs at C–C double bonds with the O2-containing plane aligned with

the π orbitals (see ELF isosurfaces in Figure 2c). A first local energy minimum configuration is

depicted in Figure 3b: a C–O bond forms and the O–O bond length is stretched to 1.35 Å. This is

a superoxo state, where one electron is donated by the carbonatoms to one of the twoπ∗ orbitals

of the O2 molecules. This causes the O2 spin state to change from triplet to doublet, while the total

spin state of the system remains a triplet. The energy of thissuperoxo configuration is however

higher than the energy of the system before the adsorption, suggesting that this could be a transi-

tion configuration leading to a lower energy chemisorbed configuration, as observed for aluminum

and silicon surfaces.48,49 One can already observe that chains with a larger flexibility, like that in

Figure 2i, can more easily accommodate the deformations induced by the oxygen chemisorption,

therefore resulting in lower energies.

The donation of a further electron to the remaining partially occupied O2 π∗ orbital leads to a

singlet peroxo chemisorbed state, where another C–O bond forms and the O–O bond length further

increases to about 1.5 Å (Figure 3c). This chemisorbed reaction is exothermic with an associated

energy gain ranging from 0.58 to 1.69 eV, depending on the curvature and flexibility of the carbon

chain. The same chemisorbed configurations and similar energies are obtained for triple bonds

on polyynic C8 chains (red symbols in Figure 3 plot). The main difference here is that O2 can

favorably adsorb on two perpendicular planes, corresponding to the twoπ orbitals of the triple

C–C bond. As mentioned above, although the energy gain upon chemisorption depends on the

flexibility of the chain, the chemical details of the chemisorption reaction depend on the chemical

characteristics of the adsorption site only. As a matter of fact, the involved charge transfer is

localized on the oxygen atoms and the two carbon atoms at the adsorption site, the charge on the

rest of the carbon atoms not being significantly perturbed bythe reaction. As a further evidence, we

10



obtain the same local minimum geometries on a C10 chain anchored to a periodic acene structure

(Figure 2k) and the calculated energies (red triangles in Figure 3) are similar to the energy values

obtained for the H-terminated C8 structures. The energies of analogous configurations on C9, C12

and C20 chains are reported in the Supporting Information.

Chain cleavage

For both double and triple bonds, the breaking of the O–O bondof the chemisorbed O2, charac-

terized by the filling of theσ∗ antibonding orbital (see Supporting Information), is an exothermic

reaction leading to another local energy minimum (Figure 3d). However, while the energy gain

ranges between 0.95 and 1.25 eV in the double bond case, it is larger (ranging between 2.17 and

3.07 eV) for triple C–C bonds. The energy minimum configurations described so far describe a

possible exothermic reaction path leading to the chemisorption of O2 at double and triple bonds

of cumulenic and polyynic supported chains, and to the consequent rupture of the O–O bond.

Analogous configurations were observed during DFT-based molecular dynamics simulations of

O2 adsorption on aluminum and silicon surfaces.48,49

We next investigate whether the breaking of the C–C bond at theadsorption site is an exother-

mic reaction as in the gas-phase case. Crucially, as visible from the plot of Figure 3, this is true

for double C–C bonds but not in general for triple bonds. Our calculations show that the cleavage

of the chain at a double C–C bond, resulting in two CO-terminated chain fragments (Figure 3e),

is accompanied by an energy gain ranging between 1.38 eV, forthe least strained configuration of

Figure 2i, and 3.20 eV, for the most strained chain of Figure 2j. A lower value is obtained for the

least strained C10 of Figure 2k. However, the rupture of a triple C–C bond is in general an endother-

mic reaction, unless the chain is sufficiently strained, as in the case of the structures in Figure 2j

and Figure 2k, where the C–C bond breaking is accompanied by a 0.24 eV energy gain. This can

be understood from the bonding structure of the cleaved chains: While the newly formed C–O

double bond is compatible with the bonding structure of a cumulenic chain, it perturbes the ideal

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

structure.

As mentioned before, changing the relative orientation of the terminal CH2 groups of a cu-

mulenic chain with respect to the ground state orientation35 perturbes the ideal stacking of theπ

orbitals, introducing a torsional strain and changing the spin state of the system. This is the case

of the structure depicted in Figure 2e. As visible from the ELF isosurfaces (Figure 2g), the C–C

bonds close to the terminal groups of the chain retain their double bond character whereas the

central one does not. Polyynic chains are not affected by this torsional strain but adding a carbon

atom to a even-numbered, CH3-terminated chain similarly perturbes its single/triple bond alterna-

tion (Figure 2f) and the two resulting central bonds are neither single nor triple bonds (Figure 2h).

The results for the adsorption and cleavage at these non-ideal bonds are represented as green sym-

bols in Figure 3. Although we were not able to find a stable peroxo configuration in both cases,

the superoxo structure is more stable than in the double and triple bond cases. An energy gain of

0.84 eV upon O2 adsorption is obtained for the structure in Figure 2f. Moreover, both the the O–O

and C–C cleavage reactions are exothermic, with a larger energy gain for the perturbed cumulenic

case.

Reaction kinetics

The energetic analysis just presented allows us to discriminate between possible and impossible

reaction sites on supported carbynoid structures but givesno information about the kinetics of the

energetically viable reactions. The calculation of reaction barriers for all possible chain configu-

rations is out of the scope of this work. Yet, it is instructive to perform this kind of calculations

for some of the structures considered before to investigatethe kinetic viability of the proposed ad-

sorption and cleavage reactions. A main difficulty here is that, as in the gas phase, the system can

undergo a triplet-to-singlet spin transition during the chemisorption reaction. Following the same

approach used for the gas-phase clusters, we avoid spin-flips in the evaluation of the chemisorption

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

systems of Figure 2a and Figure 2i. The resulting systems aredepicted in Figure 4a,c and the ELF

isosurfaces (Figure 4b,d) on the central C–C bond look qualitatively intermediate between those

of a double and a triple bond. As the energetics of O2 chemisorption on double and triple C–C

bonds is similar (see Figure 3), we use this bond to measure a typical value for the chemisorption

potential energy barrier.

The potential energy barriers along the path leading to the chemisorption of O2, and to the O–O

and C–C cleavage are plotted in Figure 4 for the model systems in Panels a (black line) and c (red

line). The minimum energy paths were determined with he Nudged Elastic Band (NEB) method.42

In both cases the energy barriers for the chemisorption process are compatible with room temper-

ature oxidation reactions. The barrier leading to the superoxo configuration (Figure 3b) is 0.47 eV

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

the second case only. In all cases, the reaction yielding theperoxo configuration (Figure 3c) is

exothermic and the associated energy barriers are 0.42 eV and 0.10 eV. Overcoming a small bar-

rier (0.21 eV for the black curve, and a negligible one for theother case) leads to the rupture of

the O–O bond. This configuration is however more stable than the fully cleaved one (Figure 3e).

Also the triple bonds discussed above show a stable broken O–O adsorption configuration, where

sufficient strain restores an energetically favorable configuration with a broken C–C bond. Com-

paring the black and red curve, one can see that the curvatureof the chain helps to stabilize the

C–C cleaved doublet chain as well.

However, the two, O–O and C–C, bond breaking reactions leadingto the chain’s cleavage

occur on the singlet potential energy surface and thereforecan be calculated using a model system

in the singlet spin state. We therefore compare the curves obtained for the doublet case in the

configuration of Figure 2i, with analogous cumulenic and polyynic structures. The potential energy

curves are depicted in green (cumulene) and blue (polyyne).The behavior of the potential energy

during the cleavage reactions of the doublet system is intermediate between the singlet double

and triple bond cases. In the case of the exothermic cleavage(cumulenic chain, green curve), the
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barriers for the O–O and C–C breaking are 0.29 eV and 0.34 eV, respectively (i.e. much lower

than the potential energy gained up to that stage of the cleavage process). This indicates that the

exothermic cleavage reactions are not limited by the kinetics.

Chain shortening and CO2 formation

In general, this cleavage reaction is driven by the formation of very strong C–O bonds and has

sizeable associated energy gain. This is however smaller than in the gas phase and surely insuf-

ficient to cause the detachment of the terminal CO groups, since it is readily dissipated through

the substrate. Consequently, we investigate the adsorptionof additional O2 on the CO-terminated

supported chains. Our calculations reveal a possible path for their progressive shortening, which

proceeds through the chemisorption of O2 and the subsequent formation of CO2 as shown in Fig-

ure 5a-d, following the same O–O and C–C concerted bond-breaking process discussed above.

On both CH2- and CH3-terminated C4O fragments, the O2 chemisorption yields a peroxo con-

figuration and is exothermic. The adsorption energies are similar in the two cases (1.36 eV and

1.21 eV,i.e. in the same energy range as the peroxo state of Figure 3). Similarly, the combined

O–O and C–C cleavage produces a CO2 molecule via the reaction CnO+ O2 −−→ Cn-1O+ CO2,

which is exothermic with energy gains of 4.72 eV and 4.79 eV. Moreover, on the acene substrate

of Figure 2k the above reaction withn=2−5 is characterized by a gain in potential energy rang-

ing between 4.10 and 5.88 eV. As long as both the atoms involved in the cleaving C–C bond are

sp-coordinated, the reaction has an associated potential energy barrier of about 0.6 eV.

The C atom connecting the chain to the surface is eithersp2- or sp3-coordinated. Therefore,

we study the energetics of this shortening reaction for the last C–C bond of the chain, where one

of the C atoms is a surface atom, using the models systems in Figure 5e and Figure 5f for thesp2-

andsp3-coordinations, respectively. In both cases the C(s)CO+ O2 −−→ C(s)O+ CO2 reaction,

where s labels the C atom belonging to the surface, is exothermic, with a potential energy gain

of 4.76 eV (sp2) and 4.03 eV (sp3). However, while the potential energy barrier for the reaction

is about 0.65 eV in thesp2-coordination case (Figure 5g-i), we found a minimum of 2.5 eV in
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the sp3-coordination case. This suggests that the shortening mechanism presented here can lead

to different terminations of anchoring surface atoms, depending on the structure and coordination

of the terminal sites. For instance, in the model systems considered here,sp2-coordinated surface

C atoms are O-terminated, whilesp3-coordinated surface sites could be temporarily terminated

by OCO2 (Figure 5j), as the chemisorption of O2 in a superoxo configuration is exothermic. The

oxidoperoxidocarbonate radical in Figure 5j can be saturated by hydrogen (Figure 5k)50 and further

chemical reactions in air lead to COO– or COOH terminations.

Conclusions

In conclusion, we presented a multi-step reaction for the cleavage and shortening of carbynoid

structures in presence of O2. This reaction was previously hypothesized for the cleavage of cyclic

carbon clusters in the gas phase.32 The chemisorption of O2 molecules on C–C bonds of carbynoid

structures triggers the breaking of the O–O and C–C bonds, resulting in the cleavage of the chain

and the formation of two O-terminated fragments. Consecutive O2-induced C–C bond breaking

reactions shorten the O-terminated fragments up to their complete disappearance, producing CO2.

Although this shortening mechanism is generally valid for O-terminated chain fragments, be-

cause the character of the C–C bond next to the O atom is mainly determined by the C–O bond,

the formation of the fragments through O2-induced chain cleavage is not. We find that both O2

chemisorption and C–C cleavage are exothermic and kinetically viable reactions in the case of

double bonds of cumulenic chains. While the overall oxidation reaction that leads to the formation

of two O-terminated chains is exothermic in all cases, the O2 chemisorption is not favorable at

single bonds of polyynic structures, and C–C cleavage is not exothermic for triple bonds unless

the chain is sufficiently strained. These results are compatible with recent works17–21which report

the synthesis of polyynic chains that are relatively stablein presence of moisture and oxygen21 if

terminated by complex end-capping groups.

The scenario proposed here is in agreement with the experimental analysis of Casariet al.,29
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where the existence of a cleavage process shortening cumulenic and polyynic chains is hypothe-

sized. Their work shows that cumulenic chains are rapidly destroyed upon oxygen exposure, while

the degradation of polyynic chains is slower. However, in contrast with the previously mentioned

polyynes, that are synthesized in solution, only a small percentage of the polyynic chains survive

the exposure to air. A reason for this could be that, in general, carbon chains obtained by cluster

deposition or observed in material processes can be expected to be mechanically strained or “non-

ideally” terminated. Indeed, the electronic and mechanical properties of the carbynoid structures

are strongly influenced by the structure of their terminations34 and by their bending:33 If displace-

ments of the carbon atoms are allowed by the strain on the chain, the chemisorption, which requires

the distortion of the chain structure, is usually easier. Also, as previously mentioned, increasing the

bending of supported carbynoid structures (i.e. their curvature) facilitates the rupture of the C–C

bond at the adsorption site so that even the cleavage of polyynic chains at triple bonds becomes

exothermic.

Electronically “non-ideal” cumulenic and polyynic chainswere modelled by rotating the ter-

minating groups or adding an additional C atom to the chain, respectively. The model systems

investigated here indicate that the O2-induced cleavage mechanism is exothermic also in these

non-ideal cases as long as the C–C bonds are not single bonds. However, these “anomalities” af-

fect the chemisorption configuration and the spin of the system, and might in turn have an effect

on the reaction kinetics. For instance, we were not able to find a local minimum with a peroxo

configuration in the potential energy surface of some of these structures. Moreover, the perturbed

cumulene structure of Figure 2e has still a triplet spin state after O2 chemisorption and O–O bond

breaking, possibly affecting the kinetics of the C–C bond breaking that leads to a singlet spin

state.45 These aspects deserve a deeper and systematic study since the knowledge of such effects

might help developing techniques to stabilize carbynoid structures in presence of oxygen.

Besides revealing details about the oxidation of carbynoid structures, this study casts light on

the degradation of carbon chains that spontaneously form during many nanoscale material pro-

cesses, such as the mechanical polishing of diamond surfaces,15 the wear of amorphous carbon,31
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and the growth of amorphous carbon films by chemical vapor deposition14 or by cluster-beam

deposition.22 These structures, whose existence is postulated by atomic-scale simulations or de-

tected experimentally in ultra high vacuum, disappear whenexposed to air. The knowledge of the

atomic-scale details of the degradation mechanism can leadto predictions on the chemical struc-

ture of these carbon substrates. For example, both oxygen- and carboxyl-termination of the sites

anchoring the chains to the carbon substrate are possible asa result of the oxygen-induced short-

ening process. Here, the specific termination is fully determined by the coordination and geometry

of the anchoring site.
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Figure 1: Schematic representation of the potential energylandscape for the O2-induced cleavage
of the C+

10 cluster as estimated by Sowaet al.32 (black line) and as calculated in this work (red and
green lines). The insets show the system configurations corresponding to each potential energy
local minimum represented in the plot.
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Figure 2: Model systems of supported carbynoid structures:(a) straight cumulenic C8; (b) straight
polyynic C8 (the two different bonding structures are visible from the Electron Localization Func-
tion (ELF) isosurfaces in Panels c and d); (e) system of Panela perturbed by rotating one of the
terminal CH2 groups by 90◦; (f) system of Panel b perturbed by adding one carbon atom to the
chain; (g,h) ELF isosurfaces for the structures in Panels e and f; (i,j) curved structures with differ-
ent curvatures imposed by varying the positions of the terminal H atoms; (k) C10 chain supported
by a periodic acene structure.
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Figure 3: Potential energy minima along a possible reactionpath (Panels a-e) leading to the
chemisorption of O2 on supported carbynoid structure and to the cleavage of the latter. The three
sets of colors refer to chemisorption at double (black), triple (red) and "hybrid" (green) C–C bonds.
The latter are obtained by perturbing the ideal cumulenic orpolyynic structure through the rotation
of a terminal CH2 group or the addition of one C atom (see text for details). Thelegend refers
to the structures shown in Figure 2, while the= and≡ symbols refer to double and triple C–C
bonds, respectively, as adsorption sites. The reaction path includes the configurations depicted in
Panels a-e (here a straight cumulenic chain is used as example): (a) non-adsorbed triplet O2 (the
blue isosurfaces represent the spin polarization density); (b) superoxo chemisorbed state; (c) per-
oxo spin-paired chemisorbed state; (d) broken O–O bond; (e)cleaved chain. Panel f shows the
configuration obtained upon O2 chemisorption at a single C–C bond.
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Figure 4: Potential energy barriers calculated with the NEBmethod for the O2 adsorption on a
supported carbon chain, and the consequent cleavage of O–O and C–C bonds. The black and red
curves refer to the model systems of Panels a and c, respectively. These model systems are similar
to those in Figure 2a and i, but a hydrogen atom has been added to obtain a doublet spin state.
The corresponding ELF isosurfaces for ELF=0.8 are plotted in Panels b and d. The blue and green
curves represent the potential energy surface for the O–O and C–C bond breaking reaction in the
case of a polyynic and a cumulenic chain, having the structure of Figure 2i. The numbers reported
on the plot are the values of the energy barriers in electronvolts.
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Figure 5: O2-induced cleavage yields shortening of the CO-terminated chains and formation of
CO2 (a-d). The C atom connecting the chain to the underlying C surface, can be eithersp2- (e) or
sp3-coordinated (f). Fixing the positions of the three lower C atoms in panels e and f and of their
H terminations, we find that a further concerted O–O and C–C bond breaking is possible in the
sp2 case (g-i). The same reaction is not kinetically viable for thesp3-coordination case instead (j),
leading to temporary OCO2H termination (k).
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