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EBETRFERERIES FRED FERAF —REFFEINMH ER
FER1EET 2 5 A, 451 a0 % Y — ¥R 88 (light-emitting diodes(LEDs))1-2, X ST E L2
& it (light-emitting electrochemical cells)3, 15 3% FE & & B& (field-effect
transistors)4-6, % — #R 8 (photodiodes)?, AR5 #E Bt (solar cells)8, E REF 51
(solid-state lasers)? &, HEIENRER X BB LNER RE ARENX_
BT ISE R TR (LA B R (K IRES B, B ES (lifetime>10000h), 3 3 %5 B
EEETRXE 105 ZE F M ZE (external quantum efficiency) Al =& 9%'1, i
EREFEREBYEL EZRUEFZED FER CHABRNERER EL
BURES FRAERUENRE HLTAEERAENS FEERKEERRIB
57 & (inert matrix)), 2 #& 55 — B2 2% &8 (excited state)E & #&(ground state), iR
¢ Kasha R Al 2 BRERAKHERTHRES FHERRYS B2 FREADT
A BRERE ASHE FEHBEAMERBERES FEEBANEL 1316 FHitt, 5 7/

MERMATRERAYNETANEERE,



REHES FHEFREE REENEFHBELREZERAESE T Hickel &
HERERNEEFNBEZARNEEE FEXEFERANE
(electron-correlation effects) AR B FiE BB 7 F {4 AE B BN E EEN
Z B3 (many-body effects) iR BB D FHEREE,) TEXEEAERER
NEIEEREN BRERMEEREKERE F{LE IS L Pariser-Parr-Pople (PPP)
BEES FRBASZERERELEKEFEHFTFHEIABERE
(self-consistent field) A EZFTEH R EANEEA AN E FEBHEEMEBER
FEREEEH. MEFEANREAREEENREI EAENBAEE UERER
ERIBEAEFHABENZH(polyene)n T AHl, HE E 1 (Hickel,
PPP)SEREF LVERS BB 75 T8, EFEANELHH AT R PATA
& F#H R (electronic configuration), S ##2#8 H VK KR AT A Slater 175 R &K

SWHERREENEERMAERNETEABRKEEN 2 FEE, MBRATRA

S

ES BB EL &8 (singlet ground state), H¥I B M A Ag ;MK E X 7 &
(one-photon allowed)# &R A &R R A1 — B E FH &S IEREE (highest
occupied molecular orbital( HOMO))12 Bt & K #Y & R # i3 (lowest
unoccupied molecular orbital(LUMO)), ¥ #8114 & Bu ; Ht ¥ B A Ag FEN
F A A #(one-photon forbidden) Bl REREE &R LL 1Bu B EEE S, Bl & —EE
FH HOMO B ZE LUMO+1 5 HOMO-1 2Bt ZE LUMO = H HOMO =Rt

BEFE LUMO HFER 1Bu BESHREE BR MRAKEFENIEFERE



RERGELETANGER, ZRETENREEABFZHE FlUR AEEER
(configuration interaction(Cl)) 5%, 8 —HE FENAZEE FHEARBHNKRMEES
MK, AL ED FmsE, EEFHE HOMO £ LUMO+1 LA & HOMO-1 £ LUMO
REE7HE HOMO £ LUMO ZBEFHESELFERNIERIER 2Ag B
FRB1BUBFEEER AL 2H ) FERERKERNEBE BT TER
&, B Kasha RAITTH, ZH 0 FHBARERERR EXABRXBEMEHERE
FHRE/EA, BRI A LR R ERE4E A 75 5%, T K I AT EXA FY B K 4H (basis set) &
FEEEFERER KN URRERT AR BRHRBAELERNR AR
A ERN A LR EHRE/EA (single configuration interaction(SCI)),
EEMNERBAMEENBER EEN G EARTERE —3(size consistent),

ERERELBTIRREN D T8 FARFEASF EZMENRENIRRM A

fmii

EABEEENR,

i

B ERE LRSS EEREER EFTRS A 28
MABEBERNG EFMAEHRNE —EHEEA 1BuBF2A0 B EXFE
ERABRMBAOHNEVRERE ST EENBRE EMRSN D FREEAHIIL
BREERNTE,

EREY TEERSHEERNEMES E, B FEE (exciton model)E2iE 2
TRl (supermolecular approach) 5%, #iEMBERZEAELLE, B2 FIELA
ERLEBERN BALATEREES FERK—ES 7 FIUES FREEEE

B K2 ¥ EEEIEEFC(delocalized) 7 #, ERRE 5 7E S 1% E 188 F (local



exciton) B8 E A # % B F (charge-transfer (CT) exciton)— 2 & R ;& F 1%
BARERESHMTNER BABS FIEUSETBNEZRESHN FHENE
BHTEMERER BR EENFEREZAITZREMERTFEEDH RIET
LAIE HE NS B 3 RE A IR B B8 R bt R P A& R A 8 59 75 7% (variation) B 7 XE & FIT £
RNEEE, S EMER T, MEFTEEME T (matrix element) sy 7] FI A 8 —
FRTS R4 R IR, L5 £ A molecules in molecules(MIM) 5 3%, ERI A &
RENRBEA T EE SR ESH FRERERH T EAEEN B R, E v AR
BIABFEED FHRERZIBAENERAREE D FHBREBNERA D,
EERWMX A RMMNAEBFLELE REEMREFHEFERNRD FL
EREBHTEREMEECHBREEMO AN EMEECHBEAWEE
2FH 1Bu B RMAR ., EREMEEEHRETEREARAERES F1F
nAHERESES —EETHBERICEEABERSE M S —EERHEEH
BiRE L EAESRNERATZERERNIHEE MY T EMERKERS, #
RETEBHTNELESERBARENRD BETENEA LARERNE
8, BlnEX —BE R ABREEMNRGERN, THERNEBHTHELESX

AN AN, o 1§ B ERE R O R,



DFREBOBRESHE,RMARZHEE D T 2RE (aggregation) 5 F
REFXNAEBME (face-to-face) RE,EHRMNRERFTHEMN H-aggregate, Z/H
D FHREZEMS 2-30 units ,LLER unit EWRREFWEE, 7 FERE
BMERMRE 25107 2B LREERMEANERS 1.33A K 1454,

Lo FRENBBEFTE L RMRAFXEH PPP REIFES MIM1E LUK
SCI My it HAEENR ERNERRA EHELTRESIENBREER
MEHFEN-RIENBEIARBAMENES., PPPEETHRE -5
FHD FRETRTIARFRENEEES:

Yn=¥ng r (1)

o RERFr LN PzEE, v, ABRBRSEAEAMBHNERRY AREHERX
UEEFEARTRA:
Fvn= EnVn (2)

H F A Fock Fa KB 18 (Hamiltonian)4EfE | E, &% n @2 FEUSIREER, FIY

BT RTA:
Fre= 0 (112)Prg 4 8Pss-Z) o ©)
Fr,s = hr,s '(1/2)PF73913 (4)

LENTAZrs RRTRRETH Pz 813, 0. B8 BOEBEE (effective
ionization energy), Us & # k& 2 (resonance integral), Prs &§#&%(bond order),

Zs BIRFEfi(atomic charge), gs REFHEFED . UL ELEREFHBNESD



(hs REBEFED, gs REETE D) TR ABERZLE R (effective nuclear
charge, Z),[R F &7, fatee, EF B E HRMAFH BERERNEFHEL TR
FHE ELEMRA Hida RBERELEE 2 UHBESH EFRAERRERE
RFERAAUMATELRES. BRKERIAFAA Slater RAUFEMER FER
AIFRRFArRRAE Pz SUBMNE FHEAITES SENGERRENAER

EFfERRETHEE ISRER—

ERFRAWMEIH AR
H.r = -exp(0.342Z+0.555Z+0.758) (5)
Hrs = KSrs(Rir +Rss) (6)

Hrs = Wolfsberg-Helmholtz FERIEEL, K B —F 8 (=0.46) MEEES
(overlap integral) &5t A X A:

Srs = exp(-0.1112Rs+0.1339)ZZs +(0.0449Rs-0.3759) (Zi+Zs)

-0.8627Rs+2.0631) (7)
Ris BT ERF 2 BHERE,
EFRINMEEA:

o.r= exp(0.1542,+0.250Z+1.662)

(8)

5= €%/(Restfrs) (9)

R Ag ENFFEEIMataga-Nishimoto AR, H A frr= €24, frs=



2frefssl/(frrtfss)e A EMMEEFTARNEER LN PPP ERBLETRE EHAKM
ZFELRE PPP HENEREMABBRENAXNMGHEEFRD AASHAR
HAFMERFENERRS . UBEMN ARG Fock AEMEFTE R EMEEH
BRERERCHBEASE—HERRED FHE,BEER FRHATAR
BETRNEFARNETY FHEREBRENGTE, FASCIHEHRES 73
BENRENBIRTAEEERREENRE:

FN=2Cn/1Yy (10)
HA—MB5D FREPERER E /R B RIS (spin-orbital coupling) T =1R
SR B, HIEIE K (selection rule) T 7 FHXBEMELEN R E LI ERE At
BRERHNBRTHAEBHENREEESASENEN RMNERD FHMEE
BERERAERE HPERER 'V B Vi RTHBERSZ FOE i1 B
ZF 2, NRRTENBREREE, MEEABERARBCyRABRESHELE
RACERREREREMS, BREH R ATRRM:

SCi = AECi (11)
AERKRHERHE T FEHBEAENEE MR ERBERERESHERT
A R

Si;y = Wisi2| H| "Yitsi2) -Eo

Bzo- Eir-  iniz| i1izy  +2  iziz| f2in) (12)

Sy - g pin 2 i i) (13)



Eo AEREREE, E/EoATED FEEKE

¢ ik =00y(1y2(1r2y 1)y (2)dndr (14)
EXTA1)XEB L zero-differential overlap (ZDO) BRI &E{t A:
< |J|k|> =ZsVi,er,st,rVI,sg,s (1 5)

LENBEAUFEE -2 FHBRER E8ES FERBK—ED TETHER

A EEAB S FIELUSEE FA MM 5% €5 FRERERERATURTA:

Nfaa... 1o, 1\fab, .. 1{bda,..
Add,m Aaa,bb Aaa,ab Aaa,ba

bb,aa bb,bb bb,ab bb,ba
A A A A

ah,aa ah,bb ah,ab ah,ba
A A A A

ba,aa ba, bb ba,ab ba,ba
A A A A

LA a,b 2 BINERARHN D FM L) KERTEERRANZEEHBERE, A2 ]
APPLD 5 ES 5y ¥ NEBBAVAEREVE FI B, Asbab J; Ababa B F RN BRHEKIEE
MEEEAERE RSN AZERBRNBEERE ANRYAREMTRTA:
ALy=0132-813j2- < jiiz| ii2>  +2 C jaiz| join) (16)
@.jqg =RsVip,Njg,sUrs (17)
H(6)(17)XTH(16)R W GAERBERED FRNKEBER, HEMBREER
BIBRERE A YIS EEMNER R A Brillouin B AIEHBREETSHE
ERERELRS, RAFEHED FIRHNASRESE D TR B
RERFH EH LB B A AR Aveea [z Abbb R BIRIHER IE X1t IR E 2 TR

E:d

fm

 ELHBRNHB IR TIEESCABARNREES



\Fay=3Cn, 1Y a8 | 1F by =3y 51Y bby

(18)

BB % ERERERE A B UER U EREBHABHYERSR, 0 U

llljaN... lq]bM... lll]abp... lq]bar...

a ex
AE U Ulo act
Uex AEb
U= yab-abd yabba
Ucr, loc
Ubtl,db Uba, ba

ARES FHBREENIEER(ERTFERET, 2 FENERZERREMFT U
MREFETT), 3 B ARG AU B ER T T AE D FATRTE IR
REF SR RACFERRBRGE MECAE D FREBNAERER EB/S
ERBT —ESENERENEFT BRI, Uaa K Ube SEERH AR T A
F(11)(12)(13)(14) NI 15, 4B fE Uab.ab Ubaba (R AR T AT (12)(14) NEH, HR
HWARTAB(14)(16)(17)NE H, 2k U Y ¥ A %8 Ay 58 fE T o] LAfE

(N (14)(16)(17)(18)XE i, BH TAIEMERE T, &EM U EX{LAITESE D
FREEEHBRETEAHTRETERATAENLE 2 FEATRANEFZ
BNWEETEsREETRI RMSLEAED FHMEHEEG)(NESR EEW
fhity FEBRSEEEFRINESLSE N ED FHE Pz ERRE z HER,
ENDFRFzHERS G SEF D FRANEARS MREESHARD TH
EERSINZH REARMLES MIM ST EREREED 7Rt E&ERMA L, Sk

RRE—H. RN, 5 FERME 2A LAK EMEEBEREREFEAN



RE A ABRRFESELNEE RMFAEFED FIERMA 25A LEAZE,
S\ 2B EME, Brillouin BT ERAR U B, bR 258 U EEES FEE
EERAEL CREHARMVFERREE ZREARS LTS HRARNR
= AR RMETENGTEEEBSE

i R BA Y 5

2

—BHB EASRTRAN S FRERARBRTRAN S FRERESERS
BHTFHEED FTE—EECHBRELINER E—EEEHBERERENHS
F A8 f5F B B {8 4B 4E (transition-dipole moment)R/NABIK W RERE, MHSD
FTEEHRENERH T LARERE RE— ESHENRESEND FHERIE
B EREBRTNLAES, 2 FREARUR S FREERMMILR M
FDFH 4 units B, B9 FREIBERE/ MR 3.2A B, —EEEUBEUSHERH
FRE EXFENERBR A SHEBEFHEMET HA WRE S FHE
—EHBEREBETFE AT TFNERM MEE D FENERENEEINE -2
FHRER, SHRENEMFBNEREBH F2LEBREE.

FoEEEYREHEE —AEEHRBERANTE ARES X AFEE
EBREEERAUFRKEERSR, AE-—THR E_EEECHBRENERER
BFomNESERE—AEERREE MAUASHEBRH B TRARESLS

XS F-EERYRECRE - EECHREEC ETERRFOLAREER



ERo FREBROMEMNSHNESIENRE _AERHRERZHER/
B 24 units B I EERERENHREES AN ETERH T(>90%)BEE
BAELHER, AE= JURAERIEAENHREE) FTRESRHERNVER
HME 2 HRE R, ATETHRE-HE-MNWRREMEEEHHRFRER
EHRRFZBNERDTER, BlUCS=0 (9 F>EH 0=0), ,HEM(a),E—EE
EHEEREZHREREENERNERA FHRVERLNEL, EREBEB
12 units B, F—EERYRBATHHFNER THEIE —. 7 FRES 4
units B, 7E0 FREIIER/ N 3.25A, ENEB A FHEAE —EERBYRENE
E5R. Mo FRES 8units B, 0 FRIER/ NP 2.75A LEERMFHEER
BRHFEEEEE(ATH 12 units BERIEBH FRBUEAEL). EMBENERD
EESHFRENEBH LN LANER. LBEEMNb),2RHE-[EER
HEENENEBR o7 HERE —EECHREE THEBE-—SREBATL
PISBITRHNVEEEYS. FEe LR TURERE— BE_SFENRESD T
FRVERER A ENERH N LAESNER T EATHH FRERNEB R
RERNGE MMECENREERALERELBENER. ATEE—D
TR —B% RAEES FHERB FENERSD U=0 ATERED 71
FEEEHBRECRE_AECHBECEEMFEERERHF TRNULEY
REM(b)E_EERHBFELE 058, LEFHNEEZE 428 units ZE,H

BED FHESCERHBRERNFERAD U HES 75— EERHEEN



EREBRTHHARTAME S —EEBHBERA N, AHE —EERHE
R EBK. RTERATHRESRTHRENEBHE TFRFRENEREER,
URE=ZHRBAENRIEREBEMFE 2 units WZHFED F b0 F& 2 EERR

EETRE—E IEEE-SHE. ERMZKREARIE TEEL EE
N ETEBH THREND EEHARFH0 T2, E9 FEERM P
AA B EREBHFHEEREERF M N EERAESR FHEENERE F2

& FRILEE (exchange energy) BIARE], (12)XMHER —EEAE FRHMEE, E

]

BAMENE) FNSEERHBERTSREE M) FTRASREBHTHNE
FREVBECHRE FRBEN BB BESDER LA LNRFHEES B
PPP model fEf zero-differential overlap (ZDO)MIE LM EELERIAT, —
RS ZDO ERMIELS ERKIIN, BEEMTURREEE =NBETE
RERED FeERSNCEEHBERNREFRUNRESR FEETERH
FRENEFRBENZRFNER. ZHARENRFAEFHBRE LAERE, Uaeb
RBERES N ZHRETECEREBE HABSEEERIE MMRD, L]
Bf EWTEBHFREEEMRNEMMEN EEMARNEBZ2 EEEND TRE,

HERM RN D FEEHESEE R HBREKE,

& A

ZRENARER REEENMEEEHBEERENERDE, EfR



BREATLEORNNESE EN-—RATFTEARRELARN D F LEREBHT

ik

BONB—BRMNEE-—TEERPAES TREESS FHEEREEE LA,
ERYREEUENERAF AT AS —AERHRERE —AERHRER
RENTEEERARERERENS FEHEARSEES LN ERERH T EL;
MAAERE - EECHRES AN TERERRA/ES FEHSRFENKE
FRARESHATFHERNEBRTCETRBREEE FELSHIINERERH
FTREFTRS FEERNLEEEBANEBRENVERE D FREBRDT

EnAERRATENHTFREREERENMRD EERERH FrEEMREERHE
mmEmREkEHRENEME - FAEEHRCEEEEBANENFTEERL
M5 FEERE(<2.5R), AN ELNFREMANELERSESLINERTEBH
FREZESHNAE ANESEH S FENERTRREZMUKRSBENH

O FRESKALD FTEARANE TG IR BEFSETERH T EEREN
o FERAHENERM. SN BMARRSHI FTEHEHER E2 FREENE

AT HEERE_FAECHBRENERRARKENEBRH FHLAED FIE

HRRNUERPENER ERNEERS/RB A ERKENNE,

SE Rk
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Self-Organization of Triple-Stranded Carbon

Nanoropes

C.-J. Sut, D. W. Hwang*, S.-H. Lint, B.-Y. Jin *, and L.-P. Hwang* T
*Department of Chemistry, National Taiwan University

fInstitute of Atomic and Molecular Sciences, Academia Snica, Taipe, Taiwan,
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Novel self-organized carbon nanoropes consisting of three helically coiled
multi-wall nanotubes with aremarkable constant pitch over several microns
wer e grown by the lanthanide oxide-catalyzed decomposition of gaseous
acetylene on aluminophosphate (AlPO4-5) support. Direct characterization by
the stereo transmission electron microscope and scanning electron microscope
has convincingly shown that these three strands entwine with each other
helically, which are presumably kept together by both the spontaneous curvature

and van der Waals (vdW) attraction.

Recently, there has been intensive interest in the structure and morphology of
carbon nanofibers prepared by the catalytic decomposition of gaseous hydrocarbon
using various transition metals such asiron, cobalt, nickel, and some of their alloys
(1-5). These nanofibers were generally whisker-like tubular structures with diameters
controlled by the size of the small metal particles. In addition to the straight tubes,
several intricate shapes and structures including helices, cones, tori and rings have
been identified (6-10). At higher structural level, strong inter-tube van der Waals
(vdw) attraction can generate at least two kinds of self-organization among
nanotubes: firstly, nanotubes can bunch together and leads to the rope formation (10);

secondly, upon the ultrasonic irradiation, the nanotubes may be self-folded into ring



configurations (11) and stabilized by vdW attractions. However, to our knowledge, no
observation of the self-organization among helically coiled nanotubes has been
reported yet. In this work, we report for the first time the preparation and
characterization of the novel triple-stranded helically coiled carbon nanoropes by the
high-temperature decomposition of gaseous acetylene via the microporous
aluminophosphate (A1PO,4-5) support (12, 13) and rare earth metal oxide (PrgO11) as
the catalyst. The microstructure and composition of the nanoropes were characterized
by transmission electron microscope (TEM), scanning electron microscope (SEM),

energy dispersive X-ray (EDX), and selective area diffraction (SAD).

The triple-stranded carbon nanoropes were synthesized using the AIPO4-5
supported PrgO;; catalyst, which was prepared by the impregnation method. 0.1 g
PrsO11 fine powder was dissolved in 10 ml distilled water and stirred for 10 min at
343 K. One gram of microporous AlPOs—5 with the template was then slowly added
into the solution. The mixture was ground to fine grey powder (100 mesh) after
drying in an oven at 393 K for 8 hours, and the resulting catalyst was used
immediately. A ceramic boat containing 100 mg of catalyst was placed inside a quartz
tube located in the central part of atubular electric furnace. The catalyst was heated at
arate of 30 K/min from room temperature to 473 K in air and retained at 473 K for 3
hours. The gas mixture (N2 = 100 ml/min, C;H, = 10 ml/min) was introduced for
about 3 minutes before the sample was brought to the desired reaction temperature
(973 K)) at arate of 30 K/min, and the reaction was allowed to proceed at 973 K for
another 2 hours. Afterward, the acetylene gas flow was stopped, and the reactor was
cooled down to room temperature in flowing nitrogen (100 ml/min) for 14 hours. The
reaction product was finally collected as fine black powder from the ceramic boat.
The microstructure of carbon nanoropes was studied with the aid of TEM (Hitachi
H-7100, 120 kV and JEOL JEM-2010, 200 kV/, equipped with 1SIS 300 Energy
Dispersive X-ray analyzer) and SEM (Hitachi S5000, 20 kV) after sonicating the



samplesin ethanol for 1 hour and dispersing adrop of solution over holey carbon

grids.

The product prepared by this method was found to contain large numbers of
irregularly curved nanofilaments with various complicated shapes and forms (Fig. 1).
Among these nanofilaments, the most striking finding was that the nanoropes, as
showninareaA and B of Fig. 1, appeared to consist of three helices entwining with
each other. A rough estimation from these nanoropes we have found that the width of
each strand is about 10 to 30 nm. The pitches and diameters for the triple helices vary
significantly. An analysis showing the distribution of pitches and diameters of many
TEM imagesis summarized in Fig. 2 where the solid line depicts the theoretical
prediction of the optimal ratio of pitch (p) and diameter (2r) for a single-stranded
helix (14). Therefore, it is convenient to distinguish triple-stranded nanoropes
according to the ratio of their pitch and diameter, or equivalently, the pitch angle of
the helix, 6 = arctan (p/2dr). The computer graphsin Fig. 2 are three representative
model structures for type | (6 < 450), optimal (6 = 450) and type Il (6 > 450)
triple-stranded nanoropes with the same arc-length for the central lines, respectively.
The pitch and diameter of atypical type | nanorope as shown in Fig. 3 are found to be
140 nm and 80 nm, respectively, which leadsto p/2r » 1.8 (6 = 300). Typell
nanorope such as the representative one in Fig. 4 has a high pitch angle with alarger

ratio, p/2r » 4 (6 =520).

The pitches and diameters of the triple helices of both types are relatively
uniform throughout the total length of the nanoropes ranging from 1 to 10 # m. The
number of repeated unitsin atriple helix can be as high as about 40 units, despite the
fact that the detailed conformation for each pitch (Fig. 3) still shows some minor
fluctuations. These small fluctuationsin triple-stranded carbon nanoropes might
originate from the intrinsic curvature associated with the growth. The intrinsic
curvature, however, has a stronger influence on the morphology of the single-stranded

filaments, e.g. carbon filamentsin area C of Fig. 1. Hence, the entropic effect



dominates in the growth of single-stranded carbon filaments and results in
conformation disorder with many complicated shapes. Unlike the single-stranded
filaments, the existence of strong non-directional vdW interaction between tubesin
the triple-stranded nanoropes may have important implications for their geometry,
thermodynamic stability, and formation mechanism. As can be seen in Fig. 2, most of
the triple helices belong to type | nanoropes with low pitch angles. Since the low pitch
triple helices appear to have larger vdW adhesive energy due to larger contact area
among different strands, it is proposed that the vdW adhesive energy is the major
factor for the stability of triple-stranded nanorope. However, additional work will be

necessary for a detailed understanding of the underlying physics.

It should be noted that the synthesis of triple helicesis quite sensitive to the
reaction temperature. Only within a narrow temperature range from 968 K to 978 K
have the triple-stranded coils been observed by the current method of preparation. In
addition to the temperature effect, the existence of the template (TEA, triethylamine)
in the zeolite is also critical for the growth of triple helices. No triple helix has been
found when the template in the zeolite support is removed. This suggests that the
thermal decomposition of the template in the zeolite may play a subtle role in the
formation of the nanofilaments with size large enough to form the triple helices.
However, within the detection limit of approximately 1%, the EDX analysisin TEM
indicated that the nanoropes contain neither trace of rare earth metal Pr nor nitrogen
element. It is also confirmed from the SAD data that thereis no inclusive Pr crystal in

the nanoropes.

The contrast in TEM depends on the number of e ectrons scattered: the more
atoms arein aregion, the higher is the contrast. The images obtained from TEM are
close to the 2-D projections of the viewed objects, while there are also contributions
from out of focus regions. Another possible structure, which may give rise to asimilar
TEM image asin Fig. 3, isatriple-stranded braid, since both the triple-stranded helix

and the triple-stranded braid exhibit a similar 2-D projection. Therefore, the SEM and



stereo TEM were chosen to distinguish these two possible 3-D structures. Fig. 5
shows the SEM micrograph of an individual type | nanorope with a pitch angle about
25[1. The SEM micrograph was taken with an el ectron microscope operated at 20 kV.
The greater depth of field of SEM provides much more information about the
three-dimensional structure of the nanoropes. In fact, the micrograph in Fig. 5
indicates that the nanorope is a left-handed triple-stranded helix. This 3-D structureis
also confirmed by the stereo TEM techniques, where two TEM stereograms with a
tilted angle 7° apart were taken for the nanorope in Fig. 3. The 3-D appearance of the
sampl e object can be observed by superimposing the stereo pair, and thus visualize
the relative depths of three strands in the nanorope. In conclusion, both types of
techniques have shown that the entwisting nanoropes are indeed triple-stranded
helices instead of braids, which is consistent with the fact that we didn’t observe the
existence of side view of abraid in al TEM images. However, the possibility of
forming carbon nanobraids cannot be completely excluded. Using the stereo TEM and
SEM, we were also able to identify some right-handed triple helicesin addition to the
left-handed ones. This indicates that the nanoropes are a racemic mixture of two chiral

forms.
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Figurelegends

Figure 1. A typical TEM figure showing three types of carbon nanofilaments
grown by the lanthanide oxide-catalyzed decomposition of acetylene on the
AIPO4-5 support. Type | and Il carbon nanoropes are marked as A and B,
respectively. Carbon filaments in the area C mainly consist of irregularly
curved single-stranded carbon nanotubes with an average width about 10 nm.

White area in the figure is a mixture of carbon black and AIPO,-5 zeolite.

Figure 2. Pitch versus diameter of triple-stranded carbon helices. The dots in
the figure stand for the measurements of pitch as a function of diameter of
typical nanoropes observed in the current work. The solid line corresponds to
the optimal ratio of pitch and diameter ( p/2r=08 , or 6=450) for single-stranded
helices in the absence of vdW interaction predicted theoretically by Ou-Yang et
al (14). The computer graphs in the figure are three representative model
structures for type I, type Il and optimal triple-stranded nanoropes with the
same arc-length for the central lines, respectively (15). Most of triple helices
observed belongs to type | nanorope with low pitch angle, indicating that it is

easier to grow low pitch triple-stranded helices.

Figure 3. The TEM micrograph for typical type | nanoropes. The pitch and
diameter for the nanorope in the figure are about 140 nm and 80 nm,

respectively, which leads to a low p/2r ratio about 1.8 (6 = 300).

Figure 4. The TEM image for the representative type Il nanorope. The pitch
and the diameter are about 480 nm and 120 nm, respectively, which leads to a

large ratio (p/2r » 4) and a high pitch angle (6 » 52 [0).



Figure 5. The SEM micrograph of an individual type | nanorope. The pitch and
the diameter are about 150 nm and 110 nm, respectively, which leads to a low
pitch ratio about 1.36. The SEM micrograph was taken with an electron

microscope operated at 20 kV.
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Fig. 5
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