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Introduction

The mechanism for carbon nanotubes (NTs)
and fullerenes formation from graphite under
conditions of its high temperature sublimation is
one of the most intriguing problems of carbon
chemistry to be solved. In the scientific literature
[1] the mechanism hitherto discussed for graphite
transformation into fullerenes includes its decom-
position in plasma followed by small clusters (C,,
Cy etc.) formation, which are somehow grouped
into clusters C,y, Cy etc., and then into fullerene
itself. An approach suggested in [2, 3] for carbon
NT formation seems inconclusive.

Results and discussion

Mechanism of carbon NT and fullerene forma-
tion is based on the graphite edges structure sug-
gested here (Fig.1).

their rounded ends (so called caps). On the other
hand, GT could be considered as oblong caps.
Their breaking results in NT.

Caps are forming spontaneously, it is an ex-
perimental fact. Despite of additional structural
strain the “capped” nanotubes are more stable,
than opened ones, i.e. this process is energetically
favourable. If it is so, GTs can arise similarly.

Like nanotubes, GTs can be of A- and Z-
structure. A-GTs are forming by an electrocyclic
binding of benzyne or biradical fragments of an
armchair-shaped edge, while Z-GTs are forming
by recombination of the radical carbon centers on
the zigzag edge of the graphene layer (Fig. 2).

Fig.1. Suggested graphite edges structure.

There are some curvings in this structure
which will be further referred as graphene troughs
(GTs). Fullerenes and NTs are to form from them
much easier than from classical completely planar
graphite structure, because curvation of graphite
layers and their further connection are energeti-
cally unfavourable, even in an electric arc.

Our main idea of the mechanism for fullerene
and NT formation from graphite in plasma occurs
without graphite decomposition into the above
mentioned small fragments (C,, Cyq etc.). Fullere-
nes are the product of breaking from nanotubes
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Fig.2. Catalyst graphene layer zipping.

A natural question arises: can two adjacent
graphene layers form GTs? — The answer is: they
can scarcely form GTs in such a way. In this case
a graphene layer curve could have too small cur-
vature radius, corresponding to rather thin nano-
tubes like (3,3) or (5,0). To obtain such nanotubes
is near to impossible owing their very large strain.
However the connection can arise with the layer
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next but one, i.e. between layers divided by an
intermediate layer with a free edge. Then the
curvature radius of the GT obtained will corre-
spond to the nanotubes (5,5) which observe ex-
perimentally.

There is one reason more making to connect
graphene layers next but one: carbon atoms in
adjacent graphene layers are known to be shifted
relatively each other by 0,12 nm, while carbon
atoms in the layers next but one are ranging ex-
actly in front of each other. Hence it follows this
indispensable condition for GT formation.

Not only one-, but also two-, three-, etc. multi-
walled NTs are known. They are the result of in-
teraction through an odd number of intermediate
layers (Fig. 3). Eventually multi-walled GTs and
NTs can form.

Fig.3. Multi-walled GTs formation.

Geometry optimization of connected graphene
layers has shown that the intermediate layer which
does not include in GT generation, is necessary
for “strapping” the connected layers (Fig. 1, 3).
Given such a layer the interlayer distances remain
almost the same as in the case of stacks of incon-
nected graphene layers. Removal of the “strap-
ping” layer leads to straightening folded graphene
layers without following NTs formation (Fig.4).

Fig. 4. Straightening a folded graphene single-
walled layer in the absence of “strapping” layers.

This result confirms the importance of the inter-
mediate layer for stabilizing the whole stack of
graphene layers connected by GTs.
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The next stage of the high temperature process
is the nanotubes formation. A catalyst can act as a
zipper lock (Fig. 2). Moving along the free gra-
phene edge it forms a GT, then it “cuts” GT off,
zip up free edges of GT yielding a nanotube and a
new graphene trough. Having performed its func-
tion, the “strapping” intermediate layer is shifting
off or destructing.

Thus, we see that the fullerene and nanotube
formation does not need a complete atomisation
of graphite and following self-assembling spheri-
cal or tubular clusters. The following alternating
processes take place in plasma with the obligatory
participation of “strapping” intermediate layer
with a free edge: graphene layer edge curving,
zipping it with the next but one (three, five etc.),
GT cutting off, NT zipping and the new GT form-
ing etc.

Probably, a catalyst inhibits fullerene forma-
tion due to blocking NT caps, therefore graphite
yields entirely NTs in the catalyzed process.

The suggested here mechanism is confirming
by the formation of fullerenes via nanotubes pyro-
lysis in the absence of a catalyst [4]. There was
detected formation of mostly fullerenes Cg, Cro
and minor amounts of Cy4, Crs, Cs, and Cgy4 as in
the case of graphite sublimation.

Conclusions

1. Fullerenes and NTs formation from graphite
in plasma can be described without involving
graphite decomposition into small particles (like
C,, Cy etc.) and further self-assembling them.

2. Fullerenes form from caps of NTs, while
nanotubes arise from troughs of zipped graphene
layers.

3. The participation of the intermediate “strap-
ping” layers is necessary for formation of carbon
mono- and multi-walled nanotubes.
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Beenenne

Bompoc o Mexanunsme o0Opa3oBaHMS YTIEPOJ-
HbIX HaHOTpYOOK (HT) u ¢ymnepeHoB u3 rpaduta
B YCIIOBHSIX €r0 BBICOKOTEMIIEPAaTypHOH cyOianma-
LMY B HACTOsILEEe BpeMs SIBISCTCA OJHOW U3 Hau-
Ooyiee MHTPUTYIOIMX W TPEOYIOMIUX peIICHUS
mpobieM xuMuu yriepozaa. B HayuHol nurepaty-
pe [1] oOcyxmaroTcs MeXaHW3MBI IIPEBPAIICHHS
rpaduta B pymiepensl. OHE BKIIIOYAIOT €T0 pac-
majg B miasMe ¢ oOpa3oBaHHEM HEOOJIBIIMX Kila-
ctepoB (C,, Cy ¥ T.IL.), KOTOpPBIE HEMTOHATHBIM 00-
pazoM TpymmupyroTcs B KiaacTepbl Cyy, Cyo ¥ T.II., @
3aTeM U B caM ¢yiuieped. [logxon, mpennosxeHHbIH
[2, 3] mst oOpazoBanus yrieponaasrx HT, kaxercs
HEyOCTUTEITHHBIM.
Pe3yabTaTthl u 00cy:x1eHue

Mexanu3m oOpazoBanusi yraepogubix HT u
(yJuIepeHOB OCHOBBIBACTCS Ha NpellaraeMon HU-
XKe CTPYKType Kpasi TpaduToBBIX cioes (puc.1).

Puc. 1. Ilpeanaraemast cTpykTypa kpaés rpadura.

B 310l CcTpyKType yKe HMEIOTCS HEeKue 3a-
KpYTJIEHUs, KOTOpPBIe MBI OyaeM Ha3bIBaTh rpade-
HoBbIMH kenobkamu (1K), dymnepenst 1 HT u3
HUX JOJDKHBI 0Opa3oBBIBaTHCA HAMHOTO JIerde,
HEXEIU U3 KJIACCUYECKOH, MONHOCTHIO TIaHAPHOH
CTPYKTYpHl TpaduTa, TOCKONBKY HWCKpHBICHHE
rpadUTOBBIX CIIOEB M WX MOCIEAYIOIIAsi CLIMBKa
MIPENICTABIAIOTCS DHEPTeTUYECKH HEBBITOHBIMU
JlaXke B DJIEKTPUUECKOM JyTe.

Hama rnaBHas maes MexaHuzma oOpa3oBaHUs
¢ymrepenoB u HT u3 rpaduta B miiazme 00XoauT-
cs 0e3 ero pacraga ¢ oOpa3oBaHHUEM yKa3aHHBIX
BhIlIe MaNbiX GparmMenToB (C,, Cip u T.11.). Dyrute-
PEHBI SBISIFOTCS MPOAYKTAMH OTPHIBA OT HAHOTPY-
00K 3aKpyrJICHHBIX KOHIIOB (TaK Ha3bIBAEMBIX
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konmaukoB). C apyroit ctoporsl 2K mMoxHO pac-
CMaTpuBaTh Kak IMpOJOJIroBaThle Koimadku. Mx
JOEeCTPYKIHS JaeT HAaHOTPYOKH.

Konmauku o6pa3yroTcsi caMOIpOu3BOIBHO, 3TO
JKCIIepUMEHTANBHBIA (hakT. HecMoTpss Ha momod-
HUTEIFHOE HAIPSDKEHUS CTPYKTYpBI, 3aKpbITas
KOJIITAYKaMU HAHOTPYOKa OKa3bIBAETCS YCTOWYH-
BEE€ OTKPBITOM, TO €CTh 3TOT IPOLECC SIBISIETCS
SHEPreTUYECKH BBITOAHBIM. Eciu 3710 Tak, To 1 K
MOTYT IOJTy4aThCsl TOAOOHBIM 00Pa3OM.

Kax u HanotpyOku, 2K moryt umerp A- u Z—
ctpoenne. A-I"K oOpa3yroTcst myTeM 3IeKTPOITHK-
JMYECKOTO COCTUHEHUS NeruApOOCH30IbHBIX WIIH
OMpajuKambHBIX  (PparMEHTOB  KPECIOBHUIHOTO
Kpasi, Torna kak Z-IJK BO3HUKalOT B pe3yJibTare
pEeKOMOMHAIINY PaUKAIBHBIX YTIEPOIHBIX IEH-
TPOB 3Ur3aroo0pa3HOro Kpas TIpadeHOBOrO CIIOS

(puc. 2).

A-TK

Z-I'K
Puc. 2. Katanurudeckas civBka rpa)eHOBBIX
CIIOEB.

Bo3HukaeT ecTecTBEHHBIM BOMPOC: MOTYT JIH
obpazosatk [ K nmBa cocemHUX Tpad)eHOBBIX CIIOS?
— OrtBer TakoB: Bpsja nu. B 3ToM ciydae BO3HHK
Obl U3rub rpa)eHOBOTO CIIOSI CO CIUIIKOM MAJIbIM
PaanyCcoM KpPWBHU3HBI, COOTBETCTBYIOIIUM JIOBOJIb-
HO TOHKHM HaHOTpyOkam Tuma (3,3) wiu (5,0). Usz-
3a OONBIIUX CTPYKTYPHBIX HAIpPsDKEHUH Takue
HaHOTPYOKH, KaK M3BECTHO, MOJIYYHUTH MOYTH HE-
BO3MOXXHO. OJIHAKO CIIMBKA MOXET BO3HHKHYTH
yepe3 OMH CJIOH, TO €CTh MKy CIOSMU, pa3jie-
JICHHBIMH TPOMEKYTOYHBIM CJI0€M CO CBOOOJ-
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HBIM KpaeM. Torja paanyc KpUBH3HBI 00pa3oBaB-
merocst K Oymer cooTBEeTCTBOBATH HAHOTPYOKam
(5,5), koTopbie HAOIIOAAIOTCS PKCIIEPUMEHTAIBHO.

Ectp eme onmHa mpuymHA, 3acCTaBISIONIAs CO-
eIUHATBCS HE coceqHHE rpad)eHOBBIE CIIOW, a ue-
pe3 OAWH: M3BECTHO, YTO COCENHHE TpadeHOBEHIC
CJIOM CABMHYTHI APYT OTHOCUTENHHO Japyra Ha 0,12
HM, TOTJIa KaK aToMbl yTJepoaa B CJOAX depe3
OIIMH JIeKaT TOYHO JpyT HampoTuB npyra. Orciona
U cJlelyeT 3TO HeoOXOIMMoe YCIOBHE o0pa3oBa-
Hus K.

W3BecTHBI HE TOJNBKO ONHO-, HO U JIBYX-, TPEX-
u Boobuie MHorocrennsie HT. Onu o6pasyioTcs B
pe3ynbTaTe B3aMMOAEWCTBUS Yepe3 HeUeTHOE YHC-
JI0 TIPOMEXKYTOUYHBIX ciioeB (puc. 3). B xoHeuHOM
cdyeTe MOTYT TONy4YuThcsi MHorocteHHble [0K u
HT.

Puc. 3. O6pazoBanne mHOrocTeHHBIX [ K.

OnTuMu3amus TeOMETPUH COCIUHEHHBIX Tpa-
(hbeHOBBIX CJIOEB IMOKa3ana, YTO MPOMEKYTOUHEIE
CJIOW, He yJacTByIoIue B oOpazoBannu 1K, He0O-
XOOUMBI JUIA “‘CTArMBaHUS’’ COCOUHEHHBIX KEI00-
kamu cioéB (puc. 1, 3). Ilpy ux HaIM4uu Mex-
CJIOMHBIE PACCTOSHUSL OCTAIOTCS MTOYTU TAKUMHU K€,
KaK U B CITydae CTOIOK HECOCAMHEHHBIX rpad)eHo-
BBIX CIIOEB. Y aJeHHE “‘CTATHBAIOIINX  CIIOEB Be-
IeT K pachpsMIICHHIO H30THYTHIX TpageHOBBIX
cnoés; HT BozHukats He OynyT (puc.4).

Puc. 4. Pactipsimiierne Ciiox)eHHOTO TpadeHOBOTO
MOHOCJIOS] B OTCYTCTBHUE CTATHBAIOIINX CIOEB.

OTOT pe3ynpTaT MOATBEPXKIAeT 3HAYSHHE IMpoMe-
JKYTOYHOTO CJIOS JUIS CTaOWIIM3allid BCEW CTOIKH
rpadeHOBBIX CIIOEB, COSAMHEHHBIX )KeT00KaMHU.

Crnenyrommii  3Tan  BBICOKOTEMIIEPATYPHOTO
nporecca — obpazoBanne HaHOTpyOOk. Kartammsa-
TOp 3MI€Ch WTPAET POJIb 3aMKa 3aCTEXKHU-MOIHUU
(puc. 2). /[Iurascp BIoib CBOOOIHOTO Kpas Tpa-
¢denoBoro cnost, o obpazyer 'K, 3arem “oTpesa-
er” 'K, cumBaet cBoboansie kpast [ K, gaBas HT
U HOBBI Tpad)eHOBBIN XeN000K. BhIMONTHUBIINI
CBOIO POJIb “‘CTATUBAIOIINNA’ CJIOW, CIABUTACTCS JIH-
00 ToBepraeTcs JeCTPYKIIHH.

Takxum o6pazomM, aist 0Opa3oBaHus (PyiIepeHoB
u HT ne Tpebyercs nonHoM aToMu3auuu rpaduta
U TIOCNEeAyIomel caMocOOpKU CEepHYecKuX HIH
TpyOuaThIX KiacTepoB. B mmasme mpoucxomsr ta-
KH€ depemyloIInecss IMPOIEcCh C 00g3aTeTbHBIM
y9aCcTHEM  TPOMEXYTOYHOTO  “‘CTSATHBAIONIETO”
CJIOSl CO CBOOOJIBIM KpaeM: 3aKpyTJIeHHe Kpas Tpa-
(eHOBOTO C€JI0s, COCMHEHHNE €TO CO CIOEM uepes3
onuH (TpH, NATh U T.1.), oopeska K, cmmBka B
HAHOTPYOKy, 0Opa3oBaHWE HOBOTO rpadeHOBOTO
xKeso0Ka 1 T.1I.

Bo3moxHO, Karanu3zatop WHTHOHUpYeT o0pa3o-
BaHHE (YIUIEPEHOB B pe3ylbTaTe OJOKHPOBaHUS
konmnaukoB HT, BciencTBue 4yero B KaTaluzupye-
MOM mpouecce rpadur odpasyet Tonbko HT.

[loaTBepxaeHNEM MpeagaraeMoro MexaHu3Ma
CIIyX)HUT oOpa3zoBaHue (YUICPEHOB B PE3yJIbTATE
muponmza HT 6e3 xarammzaropa [4]. Ilpm sTom
OBLTO OTMeYeHO 00pa3oBaHHE B OCHOBHOM (yJure-
peHoB Cgo, Cr9 1 HeOOMBIUX KOIHUECTB Cr6, Crg,
Cgz 11 Cgy, KaK ¥ IpU CyOIMMAIK rpadura.
BpIBoabI
1. O6pazoBanue ¢yiiepeHoB u HT u3 rpadura B
IUTa3Me MOJKHO OIHMCaTh, HE MpHUBIEKas K pac-
CMOTpEHHIO pacnaj rpaduTa Ha Majble YacTHIIbI
(Cy, Cip ¥ T.11.) ¥ UIX TIOCIIEAYIOIIYI0 CaMOCOOPKY.
2. OymaepeHsl 00pa3yoTes M3 KOJMAYKOB HAHOT-
pyOOK, a HAaHOTPYOKH BO3HUKAIOT M3 JKEIOOKOB,
COEIUHSIOMUX TpaeHOBBIE CIIOM.

3. lns oOpa3oBaHUs YIIIEPOIAHBIX OJHO- U MHOTO-
cteHHbIX HT o00s3aTenpHBIM SBISETCS yYacTHe
MIPOMEKYTOUHBIX “CTATUBAIOIIUX’ CIOEB.
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