QUANTUM CHEMICAL INVESTIGATIONS OF THE GROWTH MODELS
OF SINGLE WALL CARBON NANOTUBES ON POLYHEN RINGS,
FULLERENES AND DIAMOND SURFACE

Lebedev N.G.", Zaporotskova L.V., Chernozatonskii L.A. @
Volgograd State University, ul. 2-ya Prodolnaya, 30, Volgograg, 400062, Russia
() Biochemical physics Institute of RAS, ul. Kosygina, 4, Moscow, 117334, Russia

Introduction

Since 1991, nanotubular form of carbon repre-
sent a subject of intensive theoretical and experi-
mental researches in view of prospective broadest
application them in many areas as various devices
and constructional elements for nanotechnology of
the near future, which list constantly grows [1, 2].

One of major tasks of the theory describing
properties of nanotubular structures is the devel-
opment the correct models of their formation and
growth. A lot of the factors influencing process of
nanotube formation, and a variety received of tubu-
lar structures has resulted in occurrence of a wide
set of models describing the mechanism of nano-
tube growth. All these models take for a basis the
certain attribute of nanotube structure. A row of
the models is in detail enough described in the re-
views [1, 2].

Results and discussion

A) Some models of single wall carbon nanotube
(SWNT) growth on various bases - growth precur-
sors - are considered in the paper. Within the
framework of MNDO method the absorption en-
ergy of atomic carbon (C), dimmers (C,) or trim-
mers (C;) on polyhen rings of cis- and trans-types
were calculated. The comparisons of absorption
total energies of nCs, nC, and 2 (C; + 4C,+C) for
cis- and trans-types rings have allowed to make the
following conclusions [3]:

1) Consecutive connection of 12C, is energeti-
cally more favorably for the formation of first two
hexagon layers of (6,6) and (6,0) SWNTSs than 8 Cs
or complex set 2(C;+4C,+C).

2) It is energetically more favorable to complete
the cis-deformed polyhen ring. As a result of it so-
called prismatic SWNT will grow.

3) From all above ways the 24 carbon atom
connections are energetically more favorable actu-
ally.

4) The comparisons of absorption energies have
shown that it is energetically more favorable to
complete SWNT of some height than the polyhen
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ring, as SWNT will attract carbon atom more
strongly than a polyhen ring.

B) We have also carried out MNDO-
calculations of the energy characteristics of (6, 6)
SWNT growth on open border of fullerene hemi-
sphere Cg. All basic structure (cluster), being the
growth precursor, contained 72 carbon atoms and
consisted of a fullerene hemisphere and two hexa-
gon carbon layers, last of which included 12
boundary carbon atoms with the unsaturated
bonds. The open border, on which carbon particles
adsorption took place, tested strong enough influ-
ence from spherical "cap". The geometrical pa-
rameters of basic system were optimized during
calculations. The inter-atomic distances rc.c of
open border of a hemisphere have appeared equal
1.42 A.

The following wvariants of SWNT origin on
fullerene basis were investigated:

3) consecutive absorption of 8 carbon trimmers
(nCs, n = 8) on open border of cluster;

4) consecutive absorption of 12 carbon dim-
mers (nCj,, n = 12) on open border of cluster.

From the calculation result analysis it is found
out that a real way of absorption variant 2 is the
parallel binding of C, particles. It has appeared
also that for (6, 6) SWNT growth on the fullerene
hemisphere basis the carbon dimmer (12 C,) con-
secutive biding is energetically more favorably.
This result is important enough because the fact of
dimmer formation during graphite evaporation is
more probable in comparison with formation of
more complex structures, which are trimmers Cs,
and these structural units are more stable.

As it has appeared most probable (favorable) is
triplet state of initial system. In this case not cou-
pled electrons are located in single atom of carbon,
therefore carrying of electronic density on
fullerene cup occurs without preliminary process
of electron unpairing, that obviously is energeti-
cally more favorable. On the other words the
paramagnetic state of carbon dimmers, depositing
on tube germ, increases efficiency of process of the
further growth of carbon nanotubes.



The carried out comparison of adsorption en-
ergy E,q at a choice of various SWNT growth pre-
cursor - carbon ring or fullerene hemisphere - fou-
nd out, that the last is more preferable with the
energy point of view.

We also have carried out comparative re-
searches of processes of (6, 6) SWNT growth both
at the presence of the catalyst and without it. We
investigated a row of catalysts influencing on of
SWNT growth kinetics: Si, K, Mg, Na, Li, Zn, Ca,
Al, Ga. The priorities in the chosen row of ele-
ments are determined. As the catalyst the silicon
was chosen as most effective element on the abili-
ties. By consecutive absorption of 12C, first two
hexagon layers of growing nanotube were built.

As it has appeared the catalyst essentially ac-
celerates SWNT growth that is reflected in a dif-
ference of sum absorption energies of dimmers on
fullerene hemisphere at the presence of the catalyst
(181 eV) and without it (160 eV). It has made
AE,4=20.6 eV.

C) To study the energy characteristics of carbon
NT origin process we have considered the elemen-
tary act of atomic carbon adsorption on (111) dia-
mond surface. As diamond surface model the crys-
tal fragment consisting of 3 surface layers of car-
bon atoms and containing 72 carbon atoms -
C36Cs6™ cluster, where C* - boundary carbon atoms
with one or two sp’ localized hybrid orbits (LHO),
has been chosen. If C* atom was boundary surface
atom, 2 LHO directed to the cluster neighbour at-
oms were included in orbital basis from it. If C*
atom was closed the cluster border in crystal vol-
ume, it brought in to basis only one LHO. C-C
bond length is equal 1.54 A. Diamond surface has
not been optimised in the process of calculation,
i.e. the rigid lattice approximation has been applied
to the surface. The surface fragment is evidently
represented in a fig. 1.

Fig. 1. (111) diamond surface cluster with
sorbed carbon atom.
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From the obtained results it is well seen that en-
ergetically more favourable is the adsorption proc-
ess of carbon monomers on a pure diamond sur-
face.

The basic energy characteristics of the given
processes, from which follows that most effective
adsorption process takes place on diamond surface
quantum dots modelled by adsorbed hydrogen,
lithium, sodium, potassium, beryllium atoms, are
obtained. For the adsorption of the considered car-
bon particles in a vicinity of alkaline metal atoms
(Li, Na, K) the process occurs without barrier (fig.
3a, 8a, 1la), in a vicinity of hydrogen atom the
activation energy is of 0.1 - 0.2 eV (fig. 3b, 8b,
11D) that is relatively small value.

Conclusions

So, carried out quantum-mechanical molecular
calculations in the framework of semiempirical
MNDO scheme the mechanisms of SWNT growth
on polyhene rings, fullerene hemispheres and (111)
diamond surfaces have shown that the given struc-
tures can act as synthesis precursor of ahiral (n, n)
and (n, 0) SWNT in process of more probable
binding of dimmers C,.
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Beenenue

Haunnas ¢ 1991 roma, HanoTyOynsipHBIE (hOp-
MBI yIJIEPOAA HMPEACTaBIAIOT IPEeAMET MHTCHCHUB-
HBIX TEOPETHUYECKHUX W MPAKTUYECKUX HCCIeI0Ba-
HUH BBUAY NPEANOIaraeéMoro HIMpOYaiIiero mpu-
MEHEHHUSI UX BO MHOTHX 00JacTsX B KayecTBe pas-
HOOOpa3HBIX YCTPOICTB M KOHCTPYKLIHOHHBIX 3Jle-
MEHTOB I HAaHOTEXHOJIOTMH HeNaneKkoro Oymy-
LIEro, MEpeYeHb KOTOPBIX IOCTOSIHHO pacTeT
[1,2].

OpmHoi W3 BaXKHEWIIUX 3a7a4 TEOPHH, OMHUCHI-
Balollell CBOWCTBAa HAHOTYOYJSIPHBIX CTPYKTYP,
ABJsIETCSl pa3pabOTKa KOPPEKTHBIX MOAETCH HX
obpazoBanusa u pocta. boipimoe konmuecTBo Ghak-
TOPOB, BIUSIOIIUX Ha Tpouecc (OPMHUPOBAHHS
HaHOTPYOOK, W pa3HOOOpasue MOoIydaeMbIX TyOy-
JSIPHBIX CTPYKTYp MNPHBEIO K BO3HUKHOBEHHIO
LIMPOKOTO Habopa Mojenel, OMHMCHIBAIOUINX Me-
XaHM3M pocTa HaHOTPyOOok (TyOynenoB). Bce
IpeayaraeMple MoJenu OepyT 3a OCHOBY OIpee-
JICHHBIM TpHU3HAK TMOJydYaroleicss HaHOTYyOyJIsp-
HOU CTpPyKTypbl. Psan Mozeneir HOCTaTOYHO MOJ-
pobHO ommcan B 0030pax [1, 2].

Pe3yabTaTthl 1 00cy:KIeHue

A) B pabote paccMOTpeHBI HECKOJIBKO MOJeIei
pocTa OIHOCIOWHBIX YTJIEPOTHBIX HAHOTPYOOK
(HT) ma pasnudHBIX OCHOBAHHSIX - IMPEKypcopax
pocta. B pamkax meroma MNDO 0Obutn paccunra-
Hbl 3Hepruu abcopOuum atomoB yriepoma (C),
mumepoB (C,) mmm tpumepoB yriepoga (Cs;) Ha
MTOJIMEHOBBIX KOJBIAX IMC- U TpaHC-TUMOB. Cpas-
HEHHs CyMMapHBIX dHepruit abcopbuuu nCs, nC, u
2(Cs+ 4C,+C) mst xorer] Uc- | TpaHC- TUTIOB TIO-
3BOJIMJIN CHIETIATh CJICTYFOIIHE BBIBOIRI [3]:

1) JInst oOpa3oBaHus MEPBBIX IBYX CIOEB T€K-
CaroHoB HaHOTPYOOK Tuma (6,6) u (6,0) sHEpreTH-
YEeCKH BBITOJIHEE TIOCIIe0BATEIbHOE MPUCOCIIHE-
aue 12-tu C,, uem 8-u C; mim crnokHoro Habopa
2(C5+4Cy+C).

2) Ouepretmuecku Ooyiee BBITOJHO JOCTpau-
BaTh IMUC-HCKAKEHHOE TIOJMEHOBOE KOJBI0. B pe-
3yJlbTare dSTOro OyJeT pacTd TaK Ha3bIBaeMBbIi
MIPU3MaTHYECKUH TyOyIIeH.
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3) 13 Bcex BbIIENEPEUHCICHHBIX CIIOCOO0B Ha
CaMoM JieJIe YHEPreTHYEeCKH 00Jiee BHITOJHBIM SIB-
JIIeTCS CTIOCc00 TprUcoeTMHECHHSI 24-X aTOMOB yTIIe-
pona.

4) CpaBHeHust sHepruii abcopOuum moxaszanm,
YTO HHEPreTHYECKH BBITOJHEE AOCTPauBaTh TyOy-
JICH HEKOTOPOH BBICOTHI, Y€M MOJMEHOBOE KOJBIIO,
TaKk Kak TyOyyieH OyAeT CUibHEee MPHUTATHBATH K
ce0e aToM yriiepona, Yem MOJIMEHOBOE KOJBLIO.

B) Hamm Ttaxke Obutn BemoigHEeHBI MNDO-
pacyeTbl JHEPreTUYEeCKUX XapaKTEPUCTHK pocTa
(6,6) HT nHa oTkpsITOl rpanuie noxycdepsl dyi-
nmepera Cgo. Best GasucHas ctpykrypa (kmactep),
SIBIISTIOINASICSL  TIPEKYPCOPOM  POCTa  HAaHOTPYOOK,
coJiepkana 72 aToma yriepoia M cocTosia U3 Io-
aycdeps! QyiuiepeHa U AByX IeKCaroHOBBIX yTJie-
POIHBIX CIIOEB, MOCIEOHUNA M3 KOTOPBIX BKIIFOYAI
12 KpaeBBIX aTOMOB YIJiepoJia ¢ HEeHACHIIEHHBIMH
cBsi3iMu. OTKpBITasi IpaHULA, HA KOTOPYIO IPOKC-
XOoaMia afcopOIus COeANHEHUH yIiaepoja, UCIbI-
TBIBaJIa JJOCTATOYHO CHIIHOE BIIUSIHUE CO CTOPOHBI
cepuueckorl «mankm». ['eomerpudyeckue mnapa-
MeTphl 0a3UCHOI CHCTEMBl ONTUMH3HPOBAINCH B
nporiecce pacuera. MeXaToOMHbBIE PACCTOSHUS Tc ¢
OTKPBITOH TpaHUIBl MOTyc(epsl OKa3aluCh paB-
HeiMu 1.42 A,

HccnenoBanuch cieayroniue BapuaHThl 3apOiK-
nennst HT Ha ¢QyuiepeHOBOM OCHOBE:

1) mocnemoBaTtenbHast abcopOIMs Ha OTKPHITOH
rpaHMLE KJIACTepa BOCBMU TPUMEPOB yIiIepoa
(nCs, n = 8);

nocienoBaTeNbHas abcopOLMs Ha OTKPBITON
rpaHMLEe KjacTepa IBEHaIIaTH JUMEPOB yTie-
pona (nC,, n = 12).

W3 ananusza pe3yibTaTOB PacdyeTOB BBHIACHEHO,
YTO peaNbHBIM CIIOcOOOM abcopOumu BapuaHTa 2
ABJISIETCS TapaJlIeIbHOE IPUCOCIUHEHUE CTPYKTYP
C,. Oxkazanocs Takxke, uro qua pocra (6,6) HT Ha
ocHOBe moirycepsl (yuiepeHa SHEPreTHYECKH
BBIFOJHEE IIOCIIE0BATEIbHOE IPUCOCINHEHUE yT-
neponubix auMepoB (12 C,). DToT pe3ynbTar aoc-
TaTOYHO Ba)K€H, T. K. PakT 0Opa3oBaHUs AUMEPOB
C, B mpouecce ucnapeHus rpadura 6onee Bepos-

2)



TEH 0 CpaBHEHUIO C 00pa3oBaHHEM OoJjee CIIOXK-
HBIX CTPYKTYp, KaKUMH SBIISIOTCS TpuMepsl C;, a
caMH{ 3TH CTPYKTYpHBIE €IMHUIIBI OoJiee CTaOHIIb-
HBL.

Kak oka3zanoch, Han0oJiee BEpOSTHBIM (BBITOJI-
HBIM) SIBJISIETCS TPHUILUIETHOE COCTOSIHUE MCXOIHOM
cUcTeMbl. B 3TOM ciyuae HecmapeHHBIE JIEKTPO-
HBI JIOKQJIM30BaHBl B OOJNIACTH OTIEIBHOTO aToMma
yIiaepoaa, MOdTOMY IMEpPEeHOC AIEKTPOHHOM TUIOoT-
HOCTH Ha (YJUIEPEHOBYIO KPBIIIKY IPOUCXOIUT
0e3 mpeaBapUTENHFHOTO IIpoIlecca paciaphuBaHU
9JIEKTPOHOB, YTO, OYEBHIHO, SIBJISAETCS JHEPreTH-
Yyecku OoJiee BBHITOJHBIM. T.e. mapaMarHUTHOE CO-
CTOSIHUE TUMEPOB YTIepo/ia, OCeNaONINX Ha 3apo-
IbIlIe TpyOKH, yBenuuuBaeT 3QQeKTUBHOCTh MPO-
Hecca JalbHEHIIEro pocTa YIJIEPOAHBIX HaHOTPY-
OOK.

IIpoBenennoe cpaBHenue E,s mpu BeIOOpE paz-
JWYHBIX TPEKYpPCOPOB pocTa TYOYJEHOB — yriie-
poIHOE KOMNbIO WiH monycdepa dymiepeHa — o0-
HapyXmIo, 4TO TIOCIeqHee SBJsieTcs Oonee mpe-
MOYTHTENLHBIM C YHEPTETHYECKON TOUKH 3pEHHUSL.

Hamu Ttakke OBLTM BBIIOJHEHBI CPaBHHUTEIb-
HBIE HCCIIEIOBAHUS TPOIIECCOB POCTa HAHOTPYOKH
(6, 6) Kak B IPUCYTCTBHH KaTajn3aTopa, Tak u 0e3
Hero. Hamu Obln ncciieioBan psii KaTaau3aTOpPOB,
BIUSIONINX Ha KHHETUKY pocTa HaHOTpYOOK: Si, K,
Mg, Na, Li, Zn, Ca, Al, Ga. OnpezeneHbl IpHOPH-
TETHl B BHIOPAHHOM psiIy JJIEMEHTOB. B kauecTse
Katanu3aTopa Obl1 BEIOpaH KpeMHMH, Kak HanOo-
nee 3GGEeKTHBHBIA MO CBOMM CIIOCOOHOCTSM 2ITe-
meHT. [lyTem mocienoBarensHOM abcopOruu 12-Ti
nuMepoB C, ObUIM BBICTPOEHBI MEpBBIC JBa T'eKca-
TOHOBBIX CIIOS PacTyIero TyOyJieHa.

Kak okazamoch, katanm3aTop CyIIeCTBEHHO yC-
KOpSIET pocT TyOylieHa, YTO OTpa)kaeTcsi B pa3Ho-
CTH CYMMapHBIX SHEpruii abcopOumuu TuMepoB Ha
norychepe dyiepeHa B MPUCYTCTBUM KaTaJlu3a-
topa (181 3B) u 6e3 Hero (160 3B). Ona coctaBuna
A E,5=20.6 3B.

O) s U3Yy4YEHUS SHEPreTUYECKUX
XapaKTEPUCTUK mpouecca 3apOKICHUA
yriepogHoit HT MBI Takke  paccMoTpenu
JJIEMEHTApHBIH  aKT  aAcopOLOuM  aTOMapHOTO

yrmepoga Ha (111) moBepxHocTH anmasza. B
KayecTBE MOJICNIM IMOBEPXHOCTH aiMasza Obul
BBIOpaH KPUCTAIUTMYECKUHN (PparMeHT, COCTOSIIUN
13 3-X TIOBEPXHOCTHBIX CJIOEB aTOMOB YTIIEpoAa U
comepkamuid 72 aromMa yriepoma — KiacTep
C3Cs6, rae C* - rpaHHYHBIC aTOMBI YIIEpOaa C
OMHOM WM JBYMS SP -THOPHIHBIMH ATOMHBIMH
opGuramsimu. Ecim atom C SIBISUICS TPaHHYHBIM
MMOBEPXHOCTHBIM aTOMOM, TO OT HETO B aTOMHBIN
0a3uc KiacTepa BKIIOYAIHCH 2 JIOKAaJTHM30BaHHEIE
rubpuaaeie opouramu (JII'O), HampaBIeHHBIE K
COCCIHMM BHYTPHUKIACTCPHBIM aTOMaM. Ecmm xe
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arom C  3aMblKal TpaHHIy KiacTepa B 0ObeMe
KpUCTa/Ia, TO OH BHOCHJI B 0a3HC TONBKO OIHY
JII'O. Hnuna C-C cBsi3u B KiacTepe IMoJjarajiach
paBHoii 1.54 A. TToBepxHOCTh anMa3a B IIpolecce
pacueta He ONTHUMM3HpOBalach, JJs  Hee
HCTIONB30BAIOCH NPUOIIKEHHE )KECTKON PELIETKH.
®parMeHT MOBEPXHOCTH HATIISIHO M300paKeH Ha
puc. 1.

Puc. 1. Mognens (111) moBepxHOCTH amMasa C
XeMOCOPOMPOBaHHBIM aTOMOM YTJIEPO/Ia.

W3 npuBeneHHBIX Pe3yIbTaTOB XOPOIIO BUIHO,
YTO HHEPreTUYECKH O0Jiee BBITOJHBIM SBIISCTCS
potiecc ajacopOIuy Ha YHCTOW MOBEPXHOCTH all-
Ma3a MOHOMEpa yTIepoia.

ITony4yeHsl OCHOBHBIC PHEPrEeTUUYECCKUE Xapak-
TEPUCTUKU JAHHBIX MPOIECCOB, M3 KOTOPHIX ClIe-
nyer, 9ro Hamboyiee 3(PQEKTHBHO TpoIecC ai-
copOIMu TPOTEKAaeT Ha KBAHTOBBIX TOYKAX IIO-
BEPXHOCTH alMaza — aToOMax BOJOpOJa, JHTHUSA,
HaTpus, Kamus, Oepwmumms. s amcopbumm pac-
CMOTPEHHBIX YTJIEPOJHBIX YACTHUIl B OKPECTHOCTHU
ATOMOB ILEJIOYHBIX METAJUIOB (JIUTHS, HATpUs, Ka-
JI¥sT) TIPOIIeCC MPOUCXOIUT 0e30aphepHBIM CIIOCO-
OoM, 11 aToMa BOJOPOJa BETMIMHA DHEPTHUHU aK-
tuBaimu coctaBisgeT 0.1 — 0.2 3B, 4uro sABAAETCA
OTHOCHUTEIHEHO MAaJIOH BEJTHYNHOM.

BpiBoabI

Wrak, npoBeieHHBIE KBAaHTOBOMEXAaHUYECKUE
MOJICKYJIIPHBIE pacueThl B paMKax IMOIYIMIIHPU-
geckoit cxembl MNDO MexaHW3MOB pocTa yTJe-
POIHBIX HAHOTPYOOK Ha TOJHMEHOBBIX KOJIBLAX,
nonycdepax ¢yjuiepeHa ¥ TOBEPXHOCTH aliMasa
MOKa3aJIH, 4YTO JIAHHBIE CTPYKTYPHI MOTYT BBICTY-
MaTh TPEKypCOpaMH IMOJYUCHHUS HEXHUPAIBHBIX
(n,n) u (n,0)-TyOyneHoB B mporuecce Oonee Bepo-
SITHOTO TpUcoeanHeHus (abcopouun) mumepoB C,.
Jlutepatypa
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