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Abstract The collislon．induccd reactioll of Na+io工1 with ncutral C鲫vapour wr水

inves堍atcd at the e11c。gy ra“ge of 10 to 15(J cV The deposit甜丘lIrls wcre studit’(1 Vi r、

Jaser dcso’ption tjmc—of_丑igh}ma88印ectf吣copy(TOFMs) The fragm衄t prod∽拈

of c60 with even mlmher of carbon atoⅡls，8ll幽as c吉(n=58，56，54)，an‘1 addⅥ‘’t

produc氓such脚c音(t仁62，64，66，68)were obserwd in til8 positivcly吐a‘ged T()F

mass sI)ectra． The cndohedral fullerene ioIl of Na@c矗was detectetl whn c0111sion

cncrEic8 arc above 20 e、， Be8ides，no nc卫ative endohedraI fuIIcrelle was dctccted．tllI，

pr(】d11cts appe盯ing in positively clIarg刚mas8 spectra werc also obserVed in th(‘IltjE—

atively clIarg甜ma8s 8pcc”a． IIl addition，a sclles of products with odd n¨mhcr c)i

曲．rbon atoms．sudl as Ci(礼=53，55，57，59，61，63，65，67)，also appearcd，hut tllt、

intensltics of their signals were Ilot稿h1曲as that of even mImhered． FiIl a11y．it h

interesting to矗nd that心e dep08ited hlms are iIlsolllable in toluene，benzeIlc or wakr

TllciI F011rier trans量orm iⅡfrarcd(FTIR)spcctra seeIn lmc thos8 pllotopolymerize(1

ones．Somc of the reaction s曲emes afo proposed to cxplain the expcnmen￡a】rcs u】沁

Keywords C60}Carbon c11lster，Endohcdral fullercncl Ion collisioIll TOF mass sI川一
tra
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1 INTRoDUCTIoN

Colhsion between C60 and a variety of ions or atoms are becoming now a new branch

0f clusteT Tesearch，The越m is to gain bettef undeTstan出ng of the behavioT of tks novel

materjal，not oIlly for theoreticd inVestigation，but also for future applica“ons． 1t ls

possibIe to form new compounds when ato血c or moleclllar substituents are attached to

C60 cage surface，or wheⅡcarbon atDms iⅡthe cage are r叩laced or djsplaced by ejective
ions．On the otherhand，the cavity in C60 with di锄eter of～0．55 nm is la‘ge enough t()

trap an atom or sfnaU molecllle insid el“，or even幽e cage wjll open aⅣindow to forIn an

endohedral site for contailling an atom，which may or may not be bound to the interior

surface of the C60 cage．例

weiske et n2．【3】and Ross and c“ahan【4】suggested that He@c矗endohed『a1 coH卜

plex formed iII c荔+heuum collisions at ener舀es of tens electronvolts．M@c6(】denotcs
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M(ion)nletal mside the C6D cavity．This conclusion has been con矗rmed by further cx

per洫ents from both groups whicll suPport an endohedral structure for the compkx
mU

carnpbell et口2．17l studied the collision energy dependence of c磊+Ne i。n coulsio工ls a11(】

observed that the appearance energy is about 9 eV for Ne@c晶． Kleis盯etⅡf 18 HlsI

reported that He atom could be。叩tured by negatjVely charged C60 By using a nlahH-

seIected ion beam of gujded—ion be枷tandem mass spectrometer，W孤efⅡf r8pc)I Lc【i

their results of threshold energy in Ne++C6u reactjonI引．It is interesting to nnd t11aI

di仃erent thTesh01d锄er昏es were repoTted foT the colhsion systems of c吉)+Ne(9eV)t 7l

cⅦd Ne++coo(～20eV)，H Anders咖’s铲oup repofted sy5tematjc studjes《endohedI；l】

complex forrnation and fragmentation in M++C60／C7【】(M=Li，Na aIld K)system 11【l¨J

The insertion of Li+aIld Na+to fj。fm the endohedraJ fLi@C60]+and【Na@CG(J11．These

species were observed at appearance energies of～6 and～18eV，respectively They—s()

published bTief reports on the出emistry of C+[1 2|，O+【13】and N+[14】ioIl comsion wltll

C6u Recently，TeUgmann and co—wokers【1 5】repoTted that when monolayers of CG(I fiIlll

exposed to an intense beanl of Lr ion。f 30 eV kinetic energy，about 27％of tlle a出am

coIlt缸ning endohedral C60 were produced．

h this paper w8 present some of the new results on the c01hsicm or C6(I IleLttra【

V8pour with Na+i。n be锄，whjch was generated hom a sohd ion source Mass．L。一

charge ratio fm／z)of the d印osjted n】111 was measured with a TOFMS．』n ad(jⅢo¨

to the expected Na@c矗endohedral fulkrene，we also obt ained odd nuⅡ1bered clusters

of C55，C57，C59，C61，C63，etc．，in the negatively charged mass spectnun Sin】il：u

to photochernjcal polymerized fhUerene，it is found that the deposited矗1m is tolueI【f1

in801uble and beheved to be a p01ymer

2 EXPERIMENTAL

Home made C60 powder with a p11rity higher than 99．5％was used in this experiInell L

as a deposition s011rce after bakiIlg a vacu蛐of lO一4 Pa at 573—673 K for 10肌nutes an(1

then at 523 K for a few hours to remove s01vent The neutral Cen yapour was geDerated

from an oven，whi cll was made of a brass cvlinder with a sm出l h01e The substrate

of silicon wafer wag set in the vacuum chaHlber The ion beam was Droduced n onl

thermionic emission of a speci“s01id amali ion sdurce provided by SPECTRA—MAT、

IILc．，USA．T上lrou曲a siI印ly designed accelerator and Einzellens，the ion beam was

accelerated丘om 10 eV to 150 eV，wllich c01lld be chan雎able continuouslv． The beam

current could be as lligh as 2 pA a_Ild was measured with an证teErated circuit IneteI

By simultaIleously heating both C60(about 623K)and ion souce under lo一4 Pa，t№
collision of Na+ion and C60 vapour was carried out just befofe the deposition and i11

front of the substrate surface C01usion products were deposited on the sibcon substI atc

and then kept in the vacuum chamber for measurement later The deposjtjon T砒e or(1，m

7apour was about 0．1 nm／s，whjch was monitored by a quartz—crystal thickness ImIer，
and the fIux ratio between C60 and ion beam was abdut 1：1．The typica上thjckIless of the
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6hn was about 300m．
Mass aIlalysis is done with a laser desorption妇ne—of_丑ight mass spectronle—

ter(ToFMs)Argon ion laser(488 or 514nm)was used to produce plasma，which has a

pulse width of 5ns and a power of 15 w／cm2．Both positive cllarged aIld n。gatiVe chcⅥge(1

i叫s could be generated and detected by the TOFMS

3 RESUI用S AND DISCUSSIoN

3．1 PositiVely-charged ion spectrum

When the Na+ion c01lision with neutTal C60 vapour
at the impact energy 40 eV，

the positive charged j咖spectrum js shown in Fjg．1a，which shows the dlstrjbutjon of the

fuuerene cations from c矗to c嘉，while Fig．1b shows the details of the neighborhood。f

the m／z=744 Mllltipk peaks in eacll m／z are due to the presence of the¨C i80t。pe AL

10w comsion energies，the spectra shaw that the donlinant product is c品，in part resulted

from ch缸ge transfer reaction and in part reslllted fr。m the laser desorption of the nel】

tral C60，with which the comsion has not h叩pened It is found the endohedr砒^lllerene

product of Na@c盏is presented obViously The spectra show that there is no eVidence of

any s远nmcant intensity for fragment products(e．g．c58，c56)or substitutional products

(8 g． c59Na+)． From Fig．2 we can see that the Na@c荔ion8 appears aboVe～20 eV

This behaviof is nmch similar to the results of Anderson【。】They observed the insertion

of the Na+to fonn endohe出al础erene species of Na@c南with the appeaTance e11ergy

of～18 eV The relative intensity of the peak rises rapidly，as the impact energy is iI卜

creased At the same tiIne the t}agment products，such as C56，C58，and the hlgher mass

products，such as c62，c641 appears graduauy．The Na@c磊sign“reaches the h培hest
ar。und the collision energy of■50 eV．nlrther increase in collision energy}the intensity

of Na@c矗signal is decreased伊adu“ly Higher mass pr。ducts disappeared as coⅡisj。n

energy exceeded～60 eV．With Mgher resolution and sensitiVity，still no substjnltional

products，such as c59Na+，0r higher mass adduct products，such as Nac毛，Nac高were
observed

The dondnant products iIl the spectrum is the contribu“on from c矗 In all Gases，

charge transfer reactjon is endoergic reac“on：

Na++c60—_÷c品+Na △H=2．47eV

where ionization potential(IE)of C60 is taken to be 7．61 eV．It seems that it is n()L

reasonable to consider the charge transfeT reaction being responsible for the low energy

c南production But at higher comsion energy，c矗is黼rmatively the dolllinant product

from charge tr姐sfer reaction．The product of c矗is also available in c孝induced ch叮ge

transfer reaction：

c}+c60—，c矗+c2 △口=一4．52eV
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Thjs exoe’gjc reactjon is entire】y possjble even at low c01lision energies，which cm】se

the preseDtatjon of the adducts fbT功ation，such as c玉，c矗． As the c011isjon energy js

increased aboVe 60 eV，these adducts products disappeared，and are replaced by a serleH

of c盖一2。pro“cts．

720 7“ 768 7啦 日16 840

Ma锚

Fig．1a Time—of_mght mass spectrum of p08i乞ivcly—chargcd ions，sllowing the distrihlltioIl r)f-}

fullereⅡe cations

j

粤
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Fig·1b Time—of-night ma8s 8pectrum of positively．charged ion8，8howi“g t11e dctail of tll E：

neighbouhood of endohedral Na@c矗
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F19．2 D8pendence of tlle output of thc cndohcdral full哪ene Na@c矗with colllsi()Il州lI·I oy

The endohedrd fuu盯ene of Na@C矗is clearly observed ill Fig．1a and F妞lb It js

weU known that C60 mokcule consists of 60 carbon atoms，co皿ecting each other witll

single C-C bond or double C=C bond．The bond length for 6—6 double bond an(1 5—6

single bond are 0．140nm and 0．145m，respectively The 6—6 bond is harder to open

because it is shorter at equilibrium The ionic radius ofNa+is～0．12nm，sⅡghtly larzcI'

than the radius of 6一membered ring．According to theoretic胡calclllationl2 J of a CⅢ1“wil】，

dow”mechaIlism，a large 9·meInbered ring could be opened with O．248 nm m dlametel

by breaking a 5—6 bond on C60，though which an atom or small m01ecule may pass TI

is reasonable to suggest that energetic Na+ions would be able to open such window by

energy traIlsfer Consequently，the Na+ion is caught int。a fulkrene cage，pr。ducillg a

Na@c矗endohedral compound．Recently，d6 i砸￡tD molectIlar dynalIljcs sirnulations【16]

came to a similar conclusion that the bond breal【in叵after the bo血bardment mav make

the iⅡsertion of Na十ion easier and after the msertion of Na十ions though the largelv

opened hole，the origiIlal C60 cage is reconstructed after annealing．We also observed lJll(，

usual series of c品一2n丘agmentation products．Tllis is presumed that some aInoullts of

the c01lision energy is transferred to the c南product and changed jt to the excned statn

When deexcited，the decoInposition products were obtajIled：

Na++c60—，c蔚+Na一_c品一2。+nc2+Na (n=1，2， )

TUs pattem of fra掣nentation is usually 0bserved iII aⅡM++C00 collision system

∞

∞
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∞
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一——————一一一————一⋯一It was somewhat surprising that no deconlposi“on reactions，such as the 8enes。f

C2一loss pToduct8

Na@c南一_Na@c品。。+nc2 (n=l，2， +)

were observed in Na++C60 system Anderson reported that at higher coUision ene。gles，

the hot[Na@c60]+appears to relax by 10sing c2 units and yieldiIlg[Na@co¨_。¨]4 It 8

presurned that the lif色times ofthe series ofrrletastable fragment produc￡s offNa@cGl J 2，，?+

are not long 8nough to be detected in 01lr cas8

3．2 Negatively—charged ion spectrum

h1 order to elucidate the reaction scheme，the negatively—charged thne—of Hjght maHs

sDectra were obt ained in the same collisi吼energy range From F培3 we can see t11P

distribution of negatively—charged carbon cluster jons Besjdes the distributioIl of eVeTl

numbered carbon clusters(c二：n=54，56，58，60 etc)appeared as usual，the djgtribu“。n

of odd nuⅡlbered carbon clusters(c：：n=53，55，57，59 etc) were obtained，alth。ugh

the jntensi“es of odd numbered clusters were s培血疗cantly feduced relative￡o that o}J

served for the even nuII】_bered．Also mIlltiple peaks in each m／z耵e due to the presencc

of the 13C isotaDe Simil艄results have been observed血our preVious experirnents。f m。

C60 mm impacted with high energy K十jon beam．[1叫In contrast to the behaVjor of the

positively—cha。ged spectrum，it is quite strange that why there is no detectable contl i

bution flom endchedral fhllerene to adduct products in the nega“vely—charged spectrA

of TOF，and why the odd Inagic nu加ber was oIdy observed in the negative】y—char铲d

colUsion Droducts．

612 636 660 708

Ma鲳

F酶3 Time一谗night mass 8pectrum讲negatively—ch龃ged ion8，出owhlg thc o∞1tan∽¨fⅢ1

nuInbered c：(n=55，57，59，6l，63)

一]m一士研c里uI
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110 siInplify the anaIysis，、^陀designed our experiment to aⅡow observation oI the

ne只atively—charged ions formed only within the C60 deposition 61m in the same expeI—

imental apparatus without the coⅡision of Na+ion beam The 8p8ctrllm shows thaI

the distribution is nearly identical to that measured previously from positively charged

ion laser desorption t血e．of．flight mass spectra and no odd numbered c艄bon cluster has

been observed． Thjs suggests that the appearance of odd nllrllbered carbon cluster iIl

negatively—charged spectrum does n。t result from the 1aser desoTption，but more probahly

from the boⅡlbard工nent of Na+ions This negatively—charged spectrllIll wa8 postulated L(1

tesult from the contribution of丘agment products(e，昏c晶，c晶，etc)and substitutiona【

products(e．g．c59Na一)，sinmltaneously The behaviour of fragment products is alInos‘

the s枷e as that in the positively．ch缸ged spectrum．While these substitu“onal products

are metastable and sequentiaUy dissociated by the loss of Na and C2：

c59Na一+—_÷c晶一2。+nc2+Na (n二o，l，2，’)

The 10ng ufetimes 0f charge transfer ion／molecllle coujsion aⅡows for geoIlletric

changes from a not so stable io工lic duster structure to the more stable neutrai struc虮lre，

wllicll is detectable ill the TOF spectra． It seems that the substitution出reactioll iIl

negatively—cllarged situation is easier to emerge than in positiVely-charged．Since a carbon

atom is so small，the average nearest IleiShboIing C—C bond on the C∞surface is 011ly

0143m，andtheioIlic radius ofs。dium atomis O．12nIn．Therefore，Na+can be expected

to substitute for a carbon atom on the C60 cage surfaceⅥ厂e speculated this could m

part explain why oIlly the odd nu埘_bered clusters were observed iIl negatiVely—charged

mass sDectra．

3．3 SoluaIbility and polynlerization

It is weU known that the pristine C60 is soluable in toluene to produce a purplo

liqtlid When we try the soluab丑jty in toluene，benzene 0r water for the C60 d印osltioI‘
mm砒er imDacted with Na+ion beam，it has been foluld血soluable after i姗ersed for

several days TOF spectra and F011rier transform infr甜ed(FTIR)transIIlission spectra

of pristine C60矗h and that impacted with Na+ions were carried out to compare their

dif|erences．There aI℃no obviously difFerences-in the TOF spectra．For FTIR studies，

矗lms(～300 m)were deposited on KBr sllbstrates．Fig．4 shows a typical FTIR spectntm

at room temperatllre．Group theory for an isolated C60 molecule predicts that four(4FI．1)

lines(Flu(1)，527．1 cm～1；Fl。(2)，570．3 cm一1；Fl。(3)，1169．1 cm一1；Fl。(4)，1406 9 cm一1)
of irLtrarnokcular vibra土ion“丘equencies缸e IR active As c孤be seen in the F啦4，fbuT

strong peaks in FTIR trans血ssion spectrm甜e observed，in good agreement with t11e

4 lines for p11re C60．Besides，the additional 5 lines appeared and are in good agreemeIlt
with the work of Ra0【l8J on phototraIlsformed C6n矗lnl，whjch is due to photoinduced

polymerization of C60 fmns．It is illdicated that the icosahedral symmetry of the CG¨

nlolecllle has iIIdeed been 10wered． Based on the siInilarity of the主r spectra and Flg d，
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we proposed tha七the C∞polymer could also be formed 1lnder the low ene。gy Na{ l 01

bombardInent

1600 200 1000 800 600

％venumber把m’1)

Fig．4 FTIR spectruⅡl of a deposition 6lm produccd from a C60。印our impacte(1 with N，l+㈨l

2+2 cycloaddition is a weU kno眦photocheIllical or t王lermal mechanism leadi儿z

to the covalent atta，chrrlent of adiacent m01ecllles．Photochermcal 2十2 cycloaddition of

two molecllles A and B has been fbund to be叠enerallv active血a variety of cases Thc

mecharLism involves the recoIm#沮ration of double bonds on A and B：if carbon doubIe

bonds(C=C)，one on A and the other on B，afe oriented paraUel to one another．and

separated by 1ess than～O 42啪，then by photocheIllic“assistance both these double

bonds盯e broken and reform as f011r．sided rin岳．In our case，the additionaI Na+ions are

used iIlto prepar血g one C60 molecule tllrough energy transfer in the lowest excited trjp】er

state，which Hmst have a sumciently long 1滟time，and this excited C60 Tnolecule reacts

with the adjacent molecule(c。，n：56，58，62，64 etc．)w虹ch T锄ains in the former sin91et

state．These reqllirements c011】d be met血the∞llisjon of C60、rapour w“h ene。getjc Na+

ion be锄．The adjacent C6【)molecllles can adopt fav01lrabk orientations，which w011l(1

口romote the 2+2 cvcloaddition reaction．

4 CoNCLUSIoN

The react主on 0f neutral C60 Vap。ur impacted wjth energe“c Na+jon beam was jI卜

Vest培ated．For the systems presented i工L thjs papeT，endohedral fuuerene Na@c矗was
obserVed obViously Charge transfer reaction appeared to be qmte e伍cient in positiveIy

一】∞一8cme8D《
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charged spectrum Probably because C60 is an electron“ch system with low loIliza—

tion energy(～7 6l eV)，when couision with positiVe Na+ion，one would expect efHcienI

electron capture by the ato血c ions．

Substitutional products were obserVed in negatively—charged spectnllTl for c011is】011_

induced reaction of Na十with c60，yield试g a series of c59—2。Na一(n二0，1，2· )pIoducts

by C2 10ss Consequently，the C59—2nNa～always loses the Na atom during decompositl。11，

suggesting that Na center is rather unstable．Therefore，a series of odd numbered cluster

appeaTed in negatively—charged TOF spectra FTIR studies of deposited C60 nl工n yielde(I

similar results to those found for photochemical transformation 0f C60 films It seems

that Na+ion—induced collision with c60 1eads to th8 polymerization of c击)nlolecule witll

2+2 cycload山tion reaction．

F0r c。n矗mation of the endohedral Na@c矗，f【lrther ExAFs study is needed
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