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Chemical and thermal stability of carbyne-like structures in cluster-assembled carbon films
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Nanostructured carbon films consisting ofsp chains~polyynes and polycumulenes! embedded in ansp2

matrix are grown using supersonic carbon cluster beam deposition in ultrahigh vacuum at room temperature.
All the specimens have been analyzed byin situ Raman spectroscopy. The use of different excitation wave-
lengths~532 and 632.8 nm! confirms the presence of distinct carbynoid species. Chemical stability of thesp
species has been studied by exposing the as-deposited films to 500 mbar of H2, He, N2, and dry air. Gas
exposure produces an exponential decay of the carbynoid fraction slightly affecting thesp2 component.
Helium, hydrogen, and nitrogen do not chemically interact with thesp chains whereas oxygen reacts with the
carbynoids species causing their fast and almost complete destruction. The films have been also thermally
annealed at 20°, 100°, 150°, and 200 °C. The amount of carbynoid species is rapidly and strongly reduced at
temperature larger than room temperature. The relevance for material science and interstellar chemistry of the
production of a bulk form of carbon wheresp andsp2 hybridizations coexist is addressed.

DOI: 10.1103/PhysRevB.69.075422 PACS number~s!: 81.05.Uw, 61.46.1w, 78.30.Na, 81.05.Zx
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I. INTRODUCTION

The combination ofsp3, sp2, and sp hybridized atoms
can give rise to a large number of carbon allotropic for
and phases, however only carbon solids based on allsp3

~diamond! andsp2 ~graphite, fullerene! are well known and
characterized.1 In addition there are innumerable transition
forms of carbon wheresp2 andsp3 hybridization bonds co-
exist in the same solid such as in amorphous carbon, ca
black, soot, cokes, glassy carbon, etc.2–4

Solids based onsp hybridization, although subject of in
tense experimental efforts, seem to be the most elusive o
different carbon families.5 The existence of linear chains o
carbon atoms linked by alternating single and triple bon
~polyyne! or double bonds~polycumulene! with stabilizing
molecular complexes at the end of the chains, has been
ognized in interstellar molecular clouds and can be ar
cially produced by different chemical routes.6–8

Polyyne and polycumulene are very fragile and reacti
exposure to oxygen and/or water completely destroys th
species.5,9 Isolated carbon chains have been extensively s
ied only in the gas phase10–12or by means of matrix isolation
spectroscopy at very low temperature.13–15The high reactiv-
ity of unsaturatedsp chains and their tendency to underg
chain–chain cross-linking reaction causing the evolution
wards asp2 phase7 generated a deep skepticism about
possibility of assemblingsp carbon chains to form a solid.5

Despite their fragility, the existence of an elemental c
bon solid formed solely bysp chains known as ‘‘carbyne’
has been proposed by many authors and it has been su
of controversy.16 Several results have been published mai
on the crystallographic characterization of this hypotheti
material, however no compelling evidence of the existe
of carbyne solid has been provided so far.5

sp chains synthetic routes are based on the high pres
0163-1829/2004/69~7!/075422~7!/$22.50 69 0754
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and high temperature modification of carbon-based solid17

or on chemical strategies aiming at the elimination of su
stituents from a linear organic molecule to end the nak
linear carbon backbone.7,18 This latter strategy includes cata
lytic dehydropolymerization of acetylene,19 dehydrohaloge-
nation of chlorinated polyacetylene,19 air promoted coupling
reaction of dicopper acetylide,20 electrochemical reductive
carbonization of poly~tetrafluoroethylene!.9

The material obtained with the ‘‘chemical’’ approach
formed by carbon chains separated by reaction byprod
~for example alkali metal fluoride! preventing cross-linking
reaction between adjacent carbynic chains and decomp
tion in a reactive environment.9 These systems are concept
ally similar to the matrix-isolated ones where polyyne
polycumulene species are kept isolated and protected f
chain–chain and chain–moisture interaction.21

Recently we have shown the possibility of growing a pu
carbon solid containing a significant amount of carbyno
structures by supersonic carbon cluster beam depos
~SCBD! at room temperature in an ultrahigh vacuu
~UHV!.22In situ Raman spectroscopy has confirmed the pr
ence of polyynes and polycumulenes in a nanostructuredsp2

matrix. Thesesp hybridized linear carbon structures a
metastable even in UHV at room temperature. When expo
to oxygen, the carbon network structure rapidly evolves
wards a more common mainlysp2 amorphous phase, with
only a small residual amount ofsp linear aggregates.23

Polyyne chains appear to be more stable under oxygen
posure than polycumulenes.22

A deeper understanding of the stability ofspcarbon struc-
tures and of their role in the nanostructured carbon netw
~abundance, stabilization mechanisms, interconnectiv!
would provide a new insight in the physics and chemistry
linear carbon chains and it would address the long sou
opportunity of combining carbon building blocks with diffe
©2004 The American Physical Society22-1
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FIG. 1. Mass distribution of
the cluster beam measured by
reflectron TOF/MS. The masse
are expressed as number of carb
atoms per clusters. As shown i
the enlarged windows cluster
with both odd and even number o
carbon atoms can be observed.
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ent hybridization to produce new forms of carbon with t
lored structural and functional properties.1,24

Here we present a Raman spectroscopy characteriza
of sp carbon chains embedded in a nanostructured car
thin film deposited by SCBD. The evolution ofsp carbon
chains when exposed to different inert or reactive atm
spheres~He, N2 , H2, and dry air!, or when annealed in
vacuum at various temperatures up to 200 °C has been
lowed by monitoring the variation of the Raman peaks as
ciated to polyynes and polycumulenes in order to achi
detailed information about the chemical and thermodyna
cal stability of these species.

II. EXPERIMENTAL SETUP

Nanostructured carbon thin films containing carbyno
species were grown in UHV conditions by the depositi
apparatus CLARA~Cluster Assembling Roaming Apparatu!
described in detail in Ref. 25. CLARA consists of three d
ferentially pumped vacuum chambers equipped with a pu
microplasma cluster source~PMCS! ~Refs. 26,27! and a lin-
ear time-of-flight mass spectrometer~TOF-MS!.

The PMCS produces a pulsed beam of carbon clus
seeded in helium with a mass distribution with an appro
mately log-normal shape peaked around 600 atoms/clu
and extending up to several thousands atoms~Fig. 1!. The
kinetic energy of the clusters is roughly 0.3 eV/atom. Hi
resolution TOF/MS characterization andin situ x-ray photo-
emission spectroscopy indicates that no contaminants~oxy-
gen, nitrogen, hydrogen! are present in the beam and on t
deposited films.28

Cluster-assembled films were prepared and character
by Raman spectroscopy in a small UHV chamber connec
to CLARA, where a substrate on a holder intercepts the c
ter beam. Clusters have been deposited on a silicon subs
kept at room temperature up to a thickness of 200 nm, e
mated by means of a quartz microbalance rate measurem
The deposition rate was typically 4 nm/min. The excitati
light was the 532 nm line of a frequency-doubled Nd-Yag
the 632.8 nm line of a He–Ne laser. Backscattered light w
analyzed by a Jobin-Yvon T64000 spectrometer in tri
grating configuration and detected by a liquid nitrog
cooled CCD camera. Spectral resolution is below 3 cm21.

The substrate temperature has been varied after the
deposition up to 350 °C by means of a tungsten he
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mounted on the sample holder. The final temperature ca
reached in a few minutes and it can be kept constant wi
62 °C by means of an electronic controller.

The deposition chamber was also equipped with a pr
sion leak-valve and a capacitance manometer in order to
low the introduction of pure gases after the deposition an
careful control of their pressure.

III. EXPERIMENTAL RESULTS

A. Raman characterization of the as-deposited films

Raman spectra of cluster-assembled carbon films gro
in ambient conditions are characterized by the presenc
the so-calledG andD bands in the 1300–1600 cm21 spec-
tral region.29 Their position and shape can be related to
degree of structural disorder of the film and to the distrib
tion of bond lengths and angle distortions.30 A weak feature
in the 2000–2200 cm21 spectral region is also present.23

This feature can be interpreteda posteriori as due tosp
chains protected from oxidation by thesp2 carbon matrix
~see Fig. 2!.

A peak at 2100 cm21 dramatically increases in intensit
in the in situ spectrum~we will refer to it as ‘‘C’’ peak!, as

FIG. 2. Raman spectra of cluster-assembled carbon films gr
at room temperature. The two spectra were collectedex situ~gray!
and in situ in UHV conditions ~black!. For the in situ spectra we
show the two fitting curves of the carbyne peak, identifying t
polycumulene~left! and polyyne~right! contributions.
2-2
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CHEMICAL AND THERMAL STABILITY OF CARBYNE - . . . PHYSICAL REVIEW B 69, 075422 ~2004!
shown in Fig. 2, whereasG and D bands undergo sma
changes fromex situto in situ deposition.

TheC peak has a remarkably strong intensity and appe
to be structured and composed of a main broad peak at a
2100 cm21 and a weaker shoulder centered arou
1980 cm21, as evidenced by a two-Gaussian fit~see Fig. 2!.
The peaks at 2100 and 1980 cm21 can be assigned to th
vibrational frequencies of the C–C bond in both polyyi
and polycumulene chains respectively.5,9,31 The relativeC
peak intensity of the as-deposited carbon, expressed by
ratio between its integrated intensity and theD –G band in-
tegrated intensity (I C

rel5I C /I D,G) is roughly 45%.
An accurate quantitative determination of thesp content

with respect tosp2 is not possible by Raman spectroscopy30

since the actual Raman cross section of linear chains
rings embedded in the carbon amorphous network is
known. Nevertheless, the integrated intensity of the carb
peak I C

rel is directly related to the carbyne amount in t
network and was thus chosen as the main parameter rel
to their evolution. Owing to the amorphous character of
material, Gaussian fitting functions have been chosen for
analysis of Raman peaks.

In Fig. 3 we report the Raman spectra of the clust
assembled material immediately after deposition in UH
conditions, obtained with different excitation wavelengt
~532 nm and 632.8 nm!. Using an excitation wavelength o
632.8 nm we observe aG peak shift towards a lower fre
quency~roughly 30 cm21) and anI D /I G increase with re-
spect to the case in which a 532 nm wavelength is used.
reflects the typical dispersion behavior forG andD features
in mainly sp2 amorphous carbon.32 I C

rel is smaller at 632.8
nm in agreement with the observation on polymeric carb
reported in Ref. 9. By varying the laser excitation ener
also the relative polycumulene/polyyne intensity ratio var
and it is larger at 632.8 nm than at 532 nm.

FIG. 3. ~Color online! In situ Raman spectra of cluster as
sembled carbon films obtained with different excitation wav
lengths: a frequency-doubled Nd-Yag~532 nm! and a HeNe~632.8
nm!. In the inset: dispersion of polycumulene peak~solid circles!
and polyyne peak~solid triangles!.
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B. Gas exposure

The sp chains are metastable and have the tendenc
undergo cross-linking reactions to form thesp2 phase.7 In
order to characterize thespmetastable decay we have mon
tored thesp chain stability through the evolution of theC
peak intensity, either keeping the sample under UHV
several days~at a pressure of about 2•1029 Torr) or expos-
ing it to different atmospheres (H2, He, N2, and dry air!. In
the case of UHV conditions, we have observed a slow
crease of the intensity of both the two components of theC
peak and small changes in the shape of theG andD bands.
The temporal evolution ofI C

rel is well described by an expo
nential decay plus a constant:I C

rel5R01R1e2t/t ~see Fig. 4!.
This provides an estimate of the characteristic decay t
constant and of the residual nonreacted fraction of carbyn
structures. A characteristic decay time of the order of 22
resulting in a reduction ofI C

rel to a 29% of the as-deposite
value has been observed~see Table I!. It is worth noting that
this residual intensity is almost one order of magnitu
greater than the intensity measured inex situsamples, and
that it remains stable even after 18 days from the deposit

In order to characterize the effect of gas exposure
polyynes and polycumulenes, we have monitored the ev
tion of I C

rel in films exposed to the different gases at t
pressure of 500 mbar. Figure 5 shows the temporal evolu
of the Raman spectrum of a film exposed to N2. Similar
spectra have been obtained for helium and hydrogen ex

-

FIG. 4. Decay behavior of the relativeC peak intensity as a
function of UHV residence time and different gases exposure tim

TABLE I. Fitting parameters for the exponential plus a consta
decay of the relativeC peak intensities under exposure of differe
gases.

R0 t ~h!

UHV 28.860.5% 2263
H2 12.060.8% 1163
He 14.160.3% 2.060.1
N2 13.060.2% 1.060.1
dry air 3.660.2% 0.5860.03
2-3



u
D
er
n
fe
s

t

nt
te

ur
ca
n

e
u
h

,
ca
is
-
gh
o

is
d
lly
e

in
e
f

o

ne
ir

uch
no

r-

er-
r
s of
ral

be
can
ith

ile
wo

res

, it
We
res-

5
po

als

ple

nts.
ring
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sure indicating that the evolution of the polyyne and polyc
mulene peaks is substantially similar for all these gases.
air induces a different behavior that will be discussed lat

The intensity of theC peak decreases readily following a
exponential law and reaching an asymptotic value after a
hours from gas injection~Fig. 4!. Table I presents the result
of the analysis of the evolution ofI C

rel , fitted with an expo-
nential decay: the time constantst and the percentageR0 of
the nonreacted fraction ofsp chains for the different gas
exposures are shown, together with the parameters of
metastable decay in UHV as discussed above.

The gas exposure slightly affects thesp2 component of
the carbon network. Since these changes are not releva
for the C band, I C

rel can be considered a reliable parame
when following thesp component evolution.

Qualitatively the same behavior is observed for expos
to helium and molecular hydrogen, the analysis of the de
time constants and theR0 for hydrogen, helium, and nitroge
shows that the values ofR0 varies from 12% to 14% for the
three gases, whilet is substantially different (tN2

51 h,

tHe52 h, tH2
511 h). The relative intensity of the polyyn

and the polycumulene components remains substantially
changed during the peak evolution and only a small blues
is observed for both peaks.

This indicates that exposure to a different atmosphere
the same pressure, mainly affects the kinetics of the de
while the fraction ofsp chains surviving the gas exposure
independent of the specific gas.t values are found to de
crease with increasing mass of the gas molecule: the hi
the mass, the faster the decay. Thet trend does not seem t
be directly related to the gas molecule size.

A different interaction mechanism is expected and it
observed when the cluster-assembled films are expose
dry air, since oxygen is known to readily react chemica
with carbon chains.7 Figure 6 shows the evolution of th

FIG. 5. Raman spectra of a 200 nm thick sample exposed to
mbar of molecular nitrogen after different exposure times: as de
ited ~A!, after 50 min~B!, 2.5 h ~C!, 18.5 h ~D!, and 44.5 h~E!.
Gaussian fit of the two components of the carbyne peak is
reported.
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Raman spectrum during exposure to dry air. As reported
Table I, theC peak decay is faster for dry air than for th
other gas (tair>0.6 h, with a partial pressure of oxygen o
100 mbar!, and the corresponding asymptoticI C

rel value is
significantly smaller (R0>3% –4%) and comparable t
what observed inex situmeasurements.

The relative intensity of the polyyne and polycumule
contributions to theC peak is not constant during dry a
exposure. In the right panel of Fig. 6 theC peak evolution is
shown in detail: the polycumulene peak decreases m
more rapidly, and roughly 15 h after air injection there is
remaining detectable signal from polycumulenic chains.

C. Thermal stability

In order to investigate the thermal stability of linear ca
bon chains, we have characterizedin situ the C peak evolu-
tion in Raman spectra of thermally annealed films at diff
ent temperatures~up to 200 °C) under UHV conditions. Fo
each temperature, starting from RT we have taken a serie
Raman spectra at fixed time intervals for a period of seve
days.

In Fig. 7 we report theI C
rel evolution as a function of time

at RT, 100 °C, 150 °C, and 200 °C. This evolution cannot
fitted by a simple exponential decay; a better description
be obtained by using a sum of two exponential decays w
different time constants:I C

rel5R01R1e2t/t11R2e2t/t2. The
first time constant is of the order of tens of minutes, wh
the second is of the order of hours. The values of the t
decay constantst1 and t2 and the asymptotic valueR0 are
reported in Table II.

We observe threshold effects at different temperatu
both for the slow decay constantst2 and in the fraction of
surviving carbynes after the thermal treatmentR0. This has a
value of roughly 29% after the metastable decay at RT
drops at 15% at 100 °C remaining constant up to 150 °C.
observe another drop to 8% at 200 °C. This suggest the p

00
s-

o

FIG. 6. Left panel: Raman spectra of a 200 nm thick sam
exposed to dry air at different time; as deposited~A!, after 50 min
~B!, 2.5 h~C!, 15 h~D!, and 70 h~E!. Right panel: evolution of the
corresponding carbyne peak and Gaussian fit of its two compone
The arrow underlines the blueshift of the carbyne peak occur
during its decay.
2-4
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ence of two activated processes with energy barriers situ
between 25 and 40 meV.

On the other hand,t2 abruptly decreases when passi
from 100 to 150 °C annealing, while only a small decreas
observed at 200 °C, when a new energy barrier is pres
ably being overcome. In the range 100–150 °C, instead,t2
decrease suggests that the temperature only affects the d
kinetics.

IV. DISCUSSION

Up to now it was widely accepted that polyyne chains c
be stabilized in structures where a large interchain distanc
maintained by interdispersing foreign materials.7 Moreover
polycumulene structure have been predicted to be so fra
that the synthesis of a material containing this type ofsp
chains has been considered extremely difficult if n
impossible.5

Our experiments provide several novel aspects to the
nario of sp chains production and assembling. In clust
assembled films polyynes and polycumulenes can surviv
an sp2 carbon matrix at room temperature if oxygen is a
sent, moreover they can survive a landing process where
kinetic energy per atom is of several fraction of an eV.22

The presence of the different carbonsp species is con-
firmed also by the behavior of Raman peaks at different
citation wavelength. So far, the only reported studies of
carbynoid peak dispersion behavior were performed by K
ner et al.9 for carbynoid chains obtained by carbonization
PTFE by alkali metals, and by Akagiet al.33 Kastneret al.

FIG. 7. Decay behavior of the relativeC peak intensity during
temperature treatment of the sample.

TABLE II. Asymptotic value and exponential decay times o
tained by double exponential plus constant fit of the relativeC peak
intensities for different thermal annealing of the sample.

R0 t1 ~min! t2 ~h!

20 °C 29.060.9% ••• 2165
100 °C 14.960.5% 27.062.1 18.362.2
150 °C 15.560.3% 1664 6.560.9
200 °C 7.660.3% 1263 6.161.2
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observed a shift of the C–C peak~attributed to polyyine
chains! from 1960 to 2080 cm21 when the excitation energy
changes from 1.9 to 3.1 eV. This dispersion effect in con
gated systems is explained in terms of a correlation betw
conjugation length and electronic structure and attributed
a photoselective resonance process.34 Akagi et al. report a
dispersion of the polyyinic peak~observed at higher frequen
cies, roughly 2100–2150 cm21) of 60 cm21/eV. We were
able to observe a similar dispersion behavior for both sp
tral contributions (70–80 cm21/eV for the polycumulene
peak, 60 cm21/eV for the polyyne peak as shown in the ins
in Fig. 3!. Moreover, both Akagiet al. and Kastneret al.
observed an enhancement of theC peak intensity, relatively
to the G1D intensity, of an order of magnitude or mor
when changing the excitation source in the same interval.
also observe an enhancement of the overallC peak, but with
a larger increase of the polyyne peak with respect to
polycumulene peak. This represents a further indication
the different electronic structure of the two components
the carbynoid peak.

The interaction with H2 , N2, and He causes a decrease
the carbynoid species. Since the decay times are relate
the mass of the gas molecules or atoms, we suggest tha
gas action is simply mechanic and that the gas species hi
sp chains causing the rearrangement of the metastable
cies.

Cluster-assembled carbon film are very porous with
pore diameter peaked at 3–4 nm, as shown by adsorp
desorption isotherm analysis.35 The gases used in our exper
ments have a molecular or atomic size much smaller than
average pore size, so it is reasonable to assume that
equally diffuse in the mesoporous film network and inter
with the same amount of linear carbon structures. This
plains the similarR0 value observed for the three gases. T
time required to reach the asymptotic value ofI C

rel is affected
by the momentum transferred from the molecule to the fi
network during collisions, hence by the mass of the gas m
ecule. We note that H2 does not seem to chemically intera
with sp chains.

A different behavior is observed for the interaction wi
oxygen where a chemical reaction takes place. In this c
we observe a much faster decay and a stronger shortenin
thespchains, as shown by a higher blueshift of the carby
Raman peaks, indicating that a sort of chain cleavage is
ing place causing the shortening of polyynes and polycum
lenes ~see Fig. 8!. Both theoretical36 and experimental
observations33 suggest that the vibrational frequency of ca
bon chains should increase with decreasing length. Mo
over, we also observe that the cumulenic fraction is co
pletely destroyed by oxygen exposure, whereas so
polyyne chains survive. This confirms the theoretic
predictions31 that cumulenic chains are less stable with
spect to oxygen, and also explains why their contribution
previous ex situ Raman spectroscopy studies was not o
served.

During exposure to all the gases, a blueshift~up to
60 cm21) and narrowing of theG peak, and an increase i
the I D /I G relative intensity were detected. These chang
~stronger in the case of oxygen!, although not dramatic, seem
2-5
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to indicate a small trend towards ordering of thesp2 phase.30

An increase of theD component and a blueshift and narrow
ing of the G band are also visible in the evolution of th
Raman spectra as a consequence of thermal treatm
While sp2 phase changes during heating are certainly a
related to the onset of an ordering~graphitization! process
due to annealing, similar changes need an explanation in
case of exposure to oxygen and other gases.

In Fig. 9 we show the correlation betweenG peak posi-
tion andI C

rel . It can be observed that the decreasing of theI C
rel

corresponds to a shift of theG peak towards higher frequen
cies indicating a slight ordering of thesp2 network. This
indicates that a crosslinking mechanism,5,18 proposed for the
breaking of both polyynic and polycumulenic chains, is ta
ing place leading to the formation of ordered hexagonalsp2

graphitic domains.
Carbynoid systems obtained from perfluorinated hyd

carbons have shown to decay faster when heated althou
systematic characterization of the effect of thermal annea
has not been provided.9 We observe that moderate therm
heating in UHV conditions strongly affects the decay beh

FIG. 8. Blueshift of the polyyne peak for different gas exposu

FIG. 9. Blueshift of theG peak versusI C
rel for different gas

exposure.
07542
ts.
o

he

-

-
h a
g

-

ior of the sp chains in nanostructured carbon. Thesp phase
seems to be very sensitive to temperature variations eve
a small range. The presence of two very different dec
times may suggest that the faster one is related to struc
rearrangements induced by temperature gradients.
slower one should be related to accelerated cross-linking
cesses. Two different activation energies should corresp
to these two regimes.

Considering the formation and deposition process of c
bon clusters by PMCS, it is reasonable to assume that
carbynoid species are formed in the cluster source prio
deposition. The picture coming out from our observations
characterized by relatively fragilesp chains that are quite
surprisingly able to survive deposition at kinetic energies
atom well above the thermal energy measured to induce
sp rearrangement andsp2 formation.

One possible mechanism for the stabilization ofspchains
in the carbon matrix may be the formation of joints betwe
the chain ends andsp2 island adatoms. Jarrold and co
workers have reported the observation of ball-and-ch
dimers formed by fullerenes linked byspchains obtained by
laser desorption of fullerene films.37 The same type of con
nections could be formed in our films, rich of fullerenelik
fragments,38 thus allowing the stabilization of the carbyno
species. Different type of stabilization sites could be pres
in our films since we observe a metastable decay of the
bynoid population.

The landing process and the heating process are ta
place over two very different time scales. The landing p
cess takes place on a short time scale and the kinetic en
can be efficiently dissipated among a huge amount of
grees of freedom of the substrate and of the cluster its
especially for large clusters.39 On the other hand the therma
heating is a process where vibrational modes are statistic
populated: the time scale of the process is such that
modes leading to rearrangement can be efficiently popula

Our results address also another relevant aspect of ca
clusters that is the shape and the hybridization of the pre
sor aggregates. As we have shown, we are depositing
ticles in a mass range where fullerenelike shape andsp2

hybridization should be predominant.40,41 However an accu-
rate analysis of the mass spectra shows that the contribu
of odd clusters is not negligible~Fig. 1!. This suggests tha
nonfullerene-type of clusters could be more aboundant t
expected even for relatively large clusters. Another possi
ity, supported by the studies of Jarrold and co-workers37 is
that fullerene like clusters can form complexes with the pr
ence ofsp chains.

In any case the survival ability of polyyne and polycum
lenes upon landing indicates that they are somehow p
tected by the aggregate where they have been formed, li
kind of ‘‘cushion’’ capable of absorbing and dissipating th
deposition energy and to prevent the cross-linking reactio

V. SUMMARY AND CONCLUSIONS

Our experiments show unambiguously that a pure car
film rich of sp linear chains can be formed by assembli
carbon clusters at room temperature under ultrahigh vacu

.
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CHEMICAL AND THERMAL STABILITY OF CARBYNE - . . . PHYSICAL REVIEW B 69, 075422 ~2004!
Polyyne and polycumulene species are present and stabi
in all-carbon metastable structures without the need of
eroatom terminal groups. Under He, N2, and H2 exposure
the amount ofsp species reduces with an exponential dec
with time constants depending upon the mass of the gas.
the investigated gases no chemical interactions have b
observed.

Oxygen chemically reacts with polyynes and polycum
lenes causing an almost complete degradation of these
cies. Thermal treatments at moderate temperatures also c
a substantial reduction of thesp contents favoring cross
linking reactions. Threshold effects are observed at differ
temperatures suggesting the presence of activated rearra
ment processes.

The existence of a form of solid carbon where carbyn
species can coexist withsp2 hybridization has important im
plications for the achievement of a deeper understandin
the processes leading to the formation of carbon cluste40

*Email address: pmilani@mi.infn.it
1Nanostructured Carbon for Advanced Applications, NATO ASI

Series, edited by G. Benedek, P. Milani, and V.G. Ralchen
~Kluwer Academic, Dordrecht, 2001!, Vol. 24.

2M.V. Geis and M.A. Tamor, ‘‘Diamond and diamondlike carbon
in Encyclopedia of Applied Physics~VCH, Veinheim, 1993!,
Vol. 5.

3J. Robertson, Mater. Sci. Eng., R.37, 129 ~2002!.
4Carbon Black: Science and Technology, edited by J.B. Donnet

R.C. Bansal, and M.J. Wang~Dekker, New York, 1993!.
5Carbyne and Carbynoid Structures, edited by R.B. Heimann, S.E

Evsyukov, and L. Kavan~Kluwer Academic, Dordrecht, 1999!.
6H.W. Kroto, J.R. Heath, S.C. O’Brien, R.F. Curl, and R.E. Sm

ley, Astrophys. J.314, 352 ~1987!.
7L. Kavan, Chem. Rev.~Washington, D.C.! 97, 3061~1997!.
8T. Henning and F. Salama, Science282, 2204~1998!.
9J. Kastner, H. Kuzmany, L. Kavan, F.P. Dousek, and J. Kue

Macromolecules28, 344 ~1995!.
10R.J. Lagow, J.J. Kampa, H.C. Wei, S.L. Battle, J.W. Genge, D

Laude, C.J. Harper, R. Bau, R.C. Stevens, J.F. Haw, and E. M
son, Science267, 362 ~1995!.

11T. Pino, H. Ding, F. Guethe, and J.P. Maier, J. Chem. Phys.114,
2208 ~2001!.

12M.C. McCarthy and P. Thaddeus, Chem. Soc. Rev.30, 177
~2001!.

13W. Kraetschmer, N. Sorg, and D.R. Huffman, Surf. Sci.156, 814
~1985!.

14A.K. Ott, G.A. Rechtsteiner, C. Felix, O. Hampe, M.F. Jarro
R.P. Van Duyne, and K. Ragavachari, J. Chem. Phys.109, 9652
~1998!.

15J. Szczepanski, J. Fuller, S. Ekern, and M. Vala, Spectroch
Acta, Part A57, 775 ~2001!.

16A.G. Whittaker, Science229, 485 ~1985!; P.P.K. Smith and P.R
Buseck,ibid. 229, 487 ~1985!.

17R.B. Heimann, Diamond Relat. Mater.3, 1151~1994!.
18L. Kavan and J. Kastner, Carbon32, 1533~1994!.
19Yu.P. Kudryavtsev, R.B. Heimann, and S.E. Evsyukov, J. Ma

Sci. 31, 5557~1996!.
20F. Cataldo and D. Capitani, Mater. Chem. Phys.59, 225 ~1999!.
07542
ed
t-

y
or
en

-
pe-
use

nt
ge-

d

of
,

for the synthesis of novel carbon allotropic forms a
nanomaterials,1 for the chemistry of the interstella
medium.12

The production of a solid consisting ofsp2 andsphybrid-
ized atoms support the theoretical prediction by Baughm
et al.24 about the existence of a layered carbon phase c
taining sp2 andsp atoms dubbed graphyne.

Carbyne-containing carbon clusters may also be the
hicle for providing sp chains to different reactions takin
place in the interstellar medium even for conditions cons
ered, up to now, unfavorable for the survival of nakedsp
chains.8

ACKNOWLEDGMENTS

We thank L. Kavan, F. Cataldo, and T. Wakabayashi
insightful discussions. This work has been supported
MIUR under project FIRB ‘‘Carbon-based microstructur
and nanostructure.’’

o

-

i,

.
n-

.

r.

21L. Kavan, Carbon5Õ6, 801 ~1998!.
22L. Ravagnan, F. Siviero, C. Lenardi, P. Piseri, E. Barborini,

Milani, C.S. Casari, A. Li Bassi, and C.E. Bottani, Phys. Re
Lett. 89, 285506~2002!.

23E. Barborini, P. Piseri, A. Li Bassi, A.C. Ferrari, C. Bottani, and
Milani, Chem. Phys. Lett.300, 633 ~1999!.

24R.H. Baughman, H. Eckhardt, and M. Kertesz, J. Chem. Phys.87,
6687 ~1987!.

25E. Barborini, F. Siviero, S. Vinati, C. Lenardi, P. Piseri, and
Milani, Rev. Sci. Instrum.73, 2060~2002!.

26E. Barborini, P. Piseri, and P. Milani, J. Phys. D32, L105 ~1999!.
27P. Piseri, A. Podesta`, E. Barborini, and P. Milani, Rev. Sci. In

strum.72, 2261~2001!.
28E. Magnano, C. Cepek, M. Sancrotti, F. Siviero, S. Vinati,

Lenardi, P. Piseri, E. Barborini, and P. Milani, Phys. Rev. B67,
125414~2003!.

29P. Milani, M. Ferretti, P. Piseri, C.E. Bottani, A. Ferrari, A. L
Bassi, G. Guizzetti, and M. Patrini, J. Appl. Phys.82, 5793
~1997!.

30A.C. Ferrari and J. Robertson, Phys. Rev. B61, 14095~2000!.
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