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JUN ONOE®", TOMONOBU NAKAYAMA?, AIKO NAKAO?,
YUICHI HASHI®, KEIVAN ESFARJANI®, YOSHIYUKI KAWAZOES,
MASAKAZU AONO?* and KAZUO TAKEUCHI?

3The Institute of Physical and Chemical Research (RIKEN), Hirosawa 2—1, Wako,
Saitama 351-0198, Japan, "Research and Development Center, Hitachi Tohoku
Software, Ltd., 2-16—10 Honcho Aoba-ku, Sendai 980-0014, Japan, “Institute for
Materials Research, Tohoku University, Katahira, Aoba-ku, Sendai 980-8527,
Japan and dDeparrment of Precision Science and Technology, Osaka Univer-
sity, Yamada-Oka, Suita, Osaka 565-0871, Jupan

(Received May 30, 1999; In final form July 1, 1999)

The nano-structure of Cg, photopolymers has been investigated using in situ Fourier-Trans-
form Infrared spectroscopy (FTIR), X-ray photoclectron spectroscopy (XPS), and scanning
tunneling microscopy (STM). The FTIR and XPS studies revealed that the Cg photopolymer
has a cross-linking via a [2+2] cycloaddition four-membered ring and formed a 2D rhombo-
hedral structure when the polymerization was saturated. Using STM, we have successfully
observed the direct real-space imaging of the Cg dimers and trimers in a Cgg monolayer sup-
ported on a clean semiconductor surface.

Keywords: Cgg photopolymers; nano-structure; FTIR; XPS; STM; tight-binding MD calcula-
tions
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INTRODUCTION

Recently. fullerenc polymers have been designated as a new-form of carbon materials.
Rao er al. first reported that Cgg molecules are polymerized in a Cgp film under
irradiation using an Ar ion Jaser or UV-vis lampl!l.  Since then, there have been many
reports on the synthesis of Cgy polymers using various kinds of methods such as (1)
photoirradiation! 1, (2) high pressure and high temperaturel2l, (3) alkali-metal dopingl3!,
and (4) mechanochemical reactions*l, In spite of the fact that Cgp photopoly mers
have been reported, their structural aspects such as cross-linking and polymer
configuration remain unsolved. In order to elucidate the cross-linking and configuration
of the Cqp photopelymers, we have examined the photoirradiated Cgp film in an
ultrahigh vacuum (UHV) chamber using in sifu high-resotution FTIR in combination with
theoretical IR calculations based on a tight-binding method(36]1, XPS!7-101 and
STMIW.i21, In this paper, our recent results on the nano-structure of Cgo

photopolymers obtained by these methods are presented.

EXPERIMENTAL

Ceo powder was placed into a quartz crucible.  Thereafter, the Cgg films were formed
on a sl substrate at 373 K by sublimation at 673 K for 1.5 h in an UHV chamber.
The thickness of the formed Cgq film was estimated to be about 100 nm. UV-vis light
from a 500 W mercury lamp (emission lines in the range 2-4 ¢V) was used for the
photopoly merization.  The intensity of this UV-vis light over a 50 mmo area was 3-4
W. Before and after the photoirradiation of the Cgg film on the Csl substrate, the
FTIR absorption spectra of the pristine and phototransformed Ceg films were measured
with the high resolution of 0.25 cm*! at room temperature.

For XPS measurement, after the Cey film deposited on a gold-coated stainless
steel substrate, this sample was taken out of the UHV chamber and introduced into the
XPS apparatus (MgKa=1253.6 ¢V). It was confirmed that there is no effect of
charge-up on the sample upon X-ray irradiation in the present experiments. The 500
W mercury (Hg) lamp was also used for the photopolymerization.

For STM measurement, an Ag-Si (111) substrate was prepared by depositing onc
monolaycr of Ag onto a clean Si (111) surfacel!3).  The STM obscrvations were

performed at room femperature in a pressure of less than 1 x10-1¢ Torr before and after
the photoirradiation of the Cop monolayer formed on the substrate.
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RESULTS AND DISCUSSION

Figure 1 shows the IR spectrum for the phototransformed Cgo film after a 26-h
irradiation at room temperaturel3l. 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 C12¢ dimer structure, we examined the theoretical IR spectra of several C;, 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] Cyap structure reproduces the present experimental IR spectra of the
photopolymerized Cg films better than any of the other dimer isomers(é].

Fig. 1. FTIR spectrum for the
| phototransformed Cqg film after 26-h
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irradiation using the 500W Hg lamp at
300 K.
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From XPS measurments, we obtained Fig 3 showing that the average number of
photopolymerized Cgp molecules increased with irradiation time and the
photopoly merization was saturated after about 350-h of photoirradiationl®l.  From the
result in Fig, 3, the saturation nurber of the [2+2] four-membered rings formed on a Ceg
molecule was estimated to be approximately 6. 'What does this value imply?  Based
on the fact that photopolymerization proceeds via the [2+2] cycloaddition ring
formation between adjacent Cgq moleculest”8l, two possible configurations can be
considered. One possible configuration is the 2D-rhombohedral structure and the other
one is the 3D-octahedral structure, as shown in Fig. 4. In these figures, the designed
atoms are those with intermolecular C-C bonds.  In the present study, the pristine Ceg
film was deposited on a Au-coated stainless steel substrate.  Previous work on Cgp film
growth by STM has shown Cgg to exhibit a preference for the formation of close-packed
hexagonal overlayers, a (111) fee structure, on gold surfaces such as a polycrystalline
gold substrate!!*151.  Consequently, it can be concluded that the 2D-rhombohedral
structure is preferable than the 31 octahedral structure for the Cqo photopolymer.

1 Fig. 3. The average number of [2+2]
e four-membered rings formed on a Cgg

. molcecule as a function of irradiation time.

Average number of [2+2] rings formed on

a Ceo molecule

o s = w4 0 e Fig, 4. Possible confipurations of Cgp
Time [ s
me (hl polymers with. six [2+2] cycloaddition
four-membered rings formed on a Cgg
molecule: (a) 21-rhombohedral and (b)

ID-octahedral  configurations.  The

designed atoms arc those including
{a) 2D-Rhombohedrat (b) 3D-Octahedral intermolecular C-C bonds.

Figure 5 shows the real-space imaging of the Cq monolayer on the Ag-Si(111) surface
after a 100-h photoirradiationt!2l,  Because the unreacted Cgp molecules can freely



Downloaded by [University of Haifa Library] at 12:24 16 August 2012

IN SITU FTIR, XPS, AND STM STUDIES OF THE NANO-STRUCTURE... 693

rotate in three dimensions at room temperature, these molecules were observed as a
white circle.  On the other hand, because photoply merized Cgp molecules could not
freely rotate, these molecules were observed as indicated by the open and closed arrows
inFig. 5.  One can see that the open and closed arrows represent the STM images of
the Cyg¢ trimers (a linear chain) and C;9 dimers, respectively.  From the STM images
of the unreacted Cgp molecules, the intermolecular distance was determined to be 1.016
nm which is in good agreement with that of 1.002 nm for the Cgp single crystailitl.
This indicates that the interaction between the Cgo molecules and the substrate is
comparable to that between adjacent Cgg molecules,  Accordingly, the effect of the
substrate on the Cgo photopolymerization was negligibly small. Using the
intermolecular distance between adjacent unreacted Cgo molecules as a reference, we
estimated the average Cgo-Cgo distance of the dimers to be 0.87 nm, which agrees well
with that of 0.91 nm for the dumbbell-shaped C|4¢ reported by Komatsuer a4, On
the other hand, the average distance of the C;gq trimers was found to be 0.92 nm,
indicating that the local structure of the trimers is somewhat different from that of the

dimers.

Fig. 5. STM image of a local nano-
structure of Cgy monolayer on \/3X\/3Ag-
Si(111) surface after 100 h of UV-vis
light irradiation. Open and closed
arrows indicate Cgy trimers and dimers,

respectively. Unreacted Cyy molecules

were observed as a white circle.

SUMMARY

We have elucidated the nano-structure of a photopolymerized Cgp film using in situ

FTIR, XPS, and STM.  Firstly, a comparison of the FTIR results with IR calculations
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indicated that the Cyy dimer has a relaxed structure (Dj), symmetry) via a [2+2)
cycloaddition four-membered ring.  Secondly, a change in the intensity of the C Is
shake-up satellite obtained by XPS showed that six [2+2] rings were formed on a Cgq
molecule when the poly merization was saturated. A possible configuration of the Cgg
photopoly mer was 21D rhombohedral.  Third, we observed direct real-space imaging of
the Cy5¢ dimers and Cygp trimers which were formed in a Cqg monolayer supported on a
Ag-Si (111) surface and obtained an intermolecular distance between adjacent Cgg
melecules of 0.87 nm for the dimer and 0.92 nm for the trimer.  This discrepancy in

the local nano-structure between the Cyyy dimer and C gg trimer was first observed

using STM.
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