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(Received Muv 30, 1999; I n  fincrl,form July I ,  1999) 

The nano-structure of C,,, photopolymers has been investigated using in siru Fourier-Trans- 
form lnfrnred cpectroscopy (RIR),  X-ray photoelectron spcctroscopy (XPS), and scanning 
tunneling microscopy (STM). The FTIR and XPS studies revealed that the C6() photopolymer 
has a cross-linking via a [2+2] cycloaddition four-membered ring and formed a 2D rhomho- 
hedral structure when thc polymerization was saturated. Using STM, we have successfully 
observed the direct real-space imaging of the C,, dimers and [rimers in a C60 monolayer sup- 
ported on a clean semiconductor surface. 

Keyword.s: C ~ O  photopolymers; nano-structure; R I R ;  XPS: STM; tight-binding MD calcula- 
tions 
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INTIIODUCTION 

Recently. fullerene polymers have been designated as a new-form of carbon materials. 
Rao er ( I / .  lirst reported that Cb(l molecules are polymerized in a c60 film under 

irradiation using an Ar ion laser or UV-vis lamplll. Since then, there have been many 
reports on the synthesis of C60 polynicrs using various kinds of methods such as (1 )  

photoirradiationll I. (2) high pressure and high temperaturelzl, (3) alkali-metal dopingl3l. 
and (4) niechanochemical reactions141. In spite of the fact that C60 photopolymers 

have been reported, their structural aspects such as cross-linking and polymer 
configmation remain unsolved. In order to elucidate the cross-linking and confibwration 
of the C ' C , ~  photopolymers, we have examined the photoirradiated C60 film in an 

ultrahigh vacuum (IJHV) chamber usingin si f t ,  high-resolution FTIR in combination with 
theoretical I R  cuiculations based on a tight-binding methodrs.61, XPS17-lt)I, and 
STMIlI.I?I. In this paper, our recent results on the nano-structure of ('60 

photopolymers obtained by these methods are presented 

EXPERIMENTAL 

C,jn powder was placed into a quartz crucible. 'fhercnfter. the C ~ O  films were formed 

on il Csl substratc ,at 373 K by sublimation at 673 K for 1.5 h in an U H V  chanihcr. 
The thickness of'thc formed C b o  film was estimated to be about 100 nni. UV-vis light 

from a 500 W niercury lamp (cniission lines in the rang 2-4 cV) was used for the 
photopolymcrizotion. The intensity of this UV-vis light over a 50 mm$ arca was 3-4 
W. Before and tilicr the photoirradiation of the Cso film on the CsI substrate. thc 

F'I'IR absorption spectru of the pristine and phototransformed c60 films werc measured 

with thc high resolution of 0.25 em-! at room tcniperaturc. 
For XI'S measurement. alter the C~~~ film dcpositcd on a gold-coated stainless 

steel substratc, this sample was taken out of the IJIiV chamber and introduced into the 
XPS apparatus (MgKa=1253.6 eV). It was confirnied that there is no effect of 
charg-up on thc sample upon X-ray irradiation in the present experiments. The 500 
W niercury (Hg) lamp was also used for the photopolymerization. 

For STM nieasuretiient, illi Ag-Si ( I  11 )  substrate was prepared by depositing onc 
nionolaycr of Ag onto a clean Si ( I  1 1 )  surfacel'". The STM obscrvations were 
pcrformcd at room rmpcraturc in a pressure of less thm 1 x10-1" Torr before and aftvr 
the pliotoirraciiation of the c60 monolayer formed on rhc substratc. 
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RESULTS AND DISCUSSION 

Figure 1 shows the IR spectrum for the phototransformed C60 film after a 26-h 

irradiation at room temperaturel51. There are not only many new weak IR peaks but 
there is also peak splitting of the four intrinsic IR-active modes. In order to identify 
the Clzo dimer structure, we examined the theoretical IR spectra of several C120 isomers 

(see Fig, 2) using the TB-MD method, and compared these with the experimental IR 
spectrum shown in Fig. 1. It was found that the theoretical IR spectrum of the 
dumbbell [2+2] C120 structure reproduces the present experimental IR spectra of the 
photopolymerized c 6 0  films better than any of the other dimer 

Fig. 1. FTIR spectrum for the 
phototransformed C60 film after 26-h 
irradiation using the 500W Hg lamp at 
300 K. 

40 
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Fig. 2. Geometry of the nine possible 
C, 20 isomers. D
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From XPS ~ i i c ~ i s ~ ~ r m c n t ~ .  we obtaind Fig. 3 showing that the average number or 
photogolynierized C(;o molecules increased with irradiation time and the 
~~hotopolymcri7.atioii was saturated after about 350-h ofphotoirradiation18]. From thc 
result in Fig. 3, the saturation ntimbcr of the LZ+S] four-niaiibed r i n g  formed on a Cf,O 

niolecule was cstininted to be approxiniatcly 6.  ihsed 
on the fact that photopulvincrizntion proceeds via the [2+2] cycloaddition ring 
formation between adjacent Ceo riiolcculcs~7~*I, two possible configurations em be 

considered. Onc possible contibaration is the 2D-rlioniliohrxlral structure and the other 
one is the 31)-ocrahedral structure, 11s shown in Fig, 4. In thesc fibues, the designed 
atonxi ;ire those with intermolecular C-C bonds. I n  the prment study, the pristine Coo 
film was deposited on a Au-coated stainless steel substrate. Previous work on C ~ O  filni 
growth by STh4 has shown C,'~O to exhibit a prcfcrcnce for the formation of close-packcd 
hexagond ovcrlaycrs, n (,I I I )  fcc structure, on gold stufaces such as a polycrystalline 
gold substr:itclld.151. Consequently, it w n  be concluded that the 2D-rhomnbohedrd 
structure is prcfcrable than t!ie 31) octahedral structure for the C ~ O  photopolynier. 

What does this value ,hnply? 

Fig. 3. 'The average number of [2-t.21 
four-memhered rings fotiiied on a C ~ O  

molcculc BS a hincdon of irradiation timc. 

biLwrc 5 s h o ~ s  the ic:il-~pace imaging of the C ~ O  nionolayer on thc AeSi( l l1)  surface 
aiter a I00-h p hotairi diuttonlL?1 Beccaiisc thc unrcacted c60 molecules can freely 
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rotatc in three dimensions at room temperature, these molecules were observed as a 
white circle. On the other hand, because photoplymerized C60 molecules could not 

frcely rotate, tlicsc rnulccules were observed as indicated by the open and closed mows 
in Fig. 5. One can see that the open and closed mows represent the STM images of 
the Clg(1 trimers (a linear chain) and C120 dimers, respectively. From the STM images 
of thc unreactcd cf.0 molecules, the intermolecular distance was determined to be 1.016 
nm which is in good agreement with that of 1.002 nm for the c60 single crystalll11. 
This indicates that the interaction betwecn the c60 molecules and the substrate is 
comparable to tliat between adjacent c(j" molecules, Accordingly, the effect of the 
substrate on the c60 photopolymerization was ne&ibly small. Using the 
intermolecular distance between adjacent unreacted C60 molecules as a refcrencc, we 
estimated the aver%% c60-c60 distance of the dimers to be 0.87 nm. which agrees well 
with that of 0.91 nrn for the dumbbell-shaped Cl20 reported by Komatsu er al.r41, On 
the other hand, the average distance of the C180 trimers was found to be 0.92 nm, 

indicating that the local structure of the trimers is somewhat different from that of the 
dimcrs. 

Fig. 5. STM image of a local 11~10- 

structure of Chr) monulayer on dkd3Ag- 

Si(l I I )  surface aRer 100 h of LIV-vk 
light irradiation Open and closed 
arrows indicate L'ho trimers and dimers. 
respectively. Unreacted C(,U molecules 

werc observed as a white circle. 

SUMMARY 

Wc have elucidatcd the nano-structure of a photopolymerized C ~ O  film using in silu 

FTIR, XI'S, and STM. Firstly, a comparison of the FTIR results with IR calculations 
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indicated that tlic C(,,J dinicr has a relaxed structure (Dzl1 symmetry) via a [2+2] 

cycloaddition four-membered ring. Secondly, a change in the intensity of the C Is 

shake-up satellite obtained by XI‘S showed that six (2+2] r i n g  were formed on a Cl,0 

nioleculc when tlic polyrneriLation was saturated. A possible configration of the ChO 

photopolynier mas 21) rhombohedral. Third, we observed direct real-space imaging of 

the Ci20 dimers and C‘IR[J triniers which were formed in a C60 monolayer supported on a 

Ag-Si (I 1 I )  surlhcc and obtained an intcrniolccular distance between adjacent C(,<J 

moleculcs of‘ 0.87 mil for the dirner and 0.92 nm for the trimer. This discrepancy in 

the local nmio-structure between the ClzO dinier and C180 trimer was first observed 

using S’I’M, 
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