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All-carbon fullerene oligomers and polymers have attract-
ed considerable interest from a wide range of scientific and
technological view points.!l The formation, structure, and
characteristics of fullerene oligomers, such as dimers and
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trimers, and fullerene polymers are of particular interest
because of their potential usefulness as molecular devices, and
in the fields of optoelectronics and nanotechnology. These
materials have been prepared under photochemical® or high-
pressure/high-temperature conditions,®! or by the action of
alkali metals upon fullerenes. Recently, it was found that the
solid-state mechanochemical reaction of Cg, with potassium
salts such as KCN, KOAc, and K,CO;, with highly reducing
metals, or with solid aromatic amines under ‘“high-speed
vibration milling (HSVM)” conditions, can successfully pro-
duce the fullerene dimer, Cy.> 9 Furthermore, the trimers
(Cig0), which include a variety of structural isomers, were also
found to be formed by this reaction.”

When Cy, was treated with 4-aminopyridine under HSVM
conditions, analysis of the reaction mixture with high-pressure
liquid chromatography (HPLC) using a Cosmosil SPBB
column and eluting with o-dichlorobenzene (0-DCB) showed
two small peaks (fractions A and B) corresponding to the
trimer (C,g). These peaks appeared after the major peaks for
Cg and the dimer (C,,y). Upon evaporation of the solvent, the
material giving rise to the Cq, peaks amounted to 4 % yield
based on Cy,. Further analysis and separation using different
HPLC conditions with a Cosmosil Buckyprep column and
eluting with toluene revealed that fraction A consisted of at
least three isomers (A1, A2, and A3), while fraction B was a
single component (Figure 1). The identity of C,q was estab-

N__+NHa {1 equiv)

Cso Ceo *+ Ci120* Cigo
(B0%)  (349%) {4 %)

HSVM

Figure 1. Elution traces for HPLC separation of Cg, isomers, with UV
detection at 326 nm. Left: Cosmosil SPBB column eluting with 0-DCB, and
right (inset): Cosmosil Buckyprep column eluting with toluene.

lished by solution-phase cyanation and observation of the
peak arising from the C,4(CN)~ ion by atmospheric pressure
chemical ionization (APCI) mass spectral analysis (negative
ion mode). APCI mass analysis of the Cyy, itself exhibited only
the fragment peak of Cg,.”

Unfortunately, the extremely low solubility of Cg in
ordinary solvents did not allow the chemical structure to be
determined by *C NMR spectroscopy. Such low solubility
also made it difficult to prepare single-crystal samples of Cyg,
for X-ray diffraction analysis. In the present study, however,
we successfully achieved structural identifications of the Cig,
isomers by direct visualization using scanning tunneling
microscopy (STM).
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Molecular imaging of pure Cy,
and its derivatives by STM has
been reported.® ! In general,
the STM observations of full-
erenes were conducted in an
ultrahigh-vacuum (UHV) envi-
ronment by using epitaxial
adlayers prepared by sublima-
tion. The sublimation technique,
however, can not be applied to
the preparation of Cyg, films,
because of the ready thermal
decomposition of Cyg, to Cg, as
observed in the mass spectral
analysis (APCI). Recently, we
found a simple preparation for,
and in situ STM observation of,
fullerene epitaxial adlayers, based on a “wet process” in which
the measurements were conducted under ambient condi-
tions.'* 1 The simple transfer of Langmuir films at the air-
water interface allowed us to prepare epitaxial adlayers of
fullerenes on Au(111) surfaces. The formed epitaxial adlayers
of Cy and Cy/C,, were found to be essentially the same as
those prepared by sublimation in UHV.l' I Therefore, we
attempted the application of this technique to the preparation
of the Cy4, adlayers for STM imaging.

The Langmuir films of each of the fractions A, A2, and B of
the C,g, isomers at the air—water interface were transferred
onto an intact Au(111) surface in a single step by passing the
Au(111) surface through the air-water interface. As in the
case of dimer C,,, 7-A isotherms of Cjg, revealed only small
surface pressures of less than several nm?>m~!. Because of the
lack of amphiphilicity, it seemed impossible to form an ideal
monolayer of Cg. In this technique, the Langmuir films were
used only to introduce materials at the monolayer level. After
the transfer, the sample was placed in an electrochemical
STM cell filled with 0.1m perchloric acid. The details of
sample preparation and the in situ STM observation techni-
que have been described.'* '3 The combination of the wet-
process preparation using transfer of Langmuir films to
Au(111) with in situ STM observation is advantageous, since
a more uniform sample surface is obtained than that given by
the casting of Cpjg, from the organic solution and STM
observation under air.

The surface morphologies of Cig
adlayers were completely different from
those of Cy. Figure2 shows typical
STM images of the C,g, adlayers (frac-
tion A2 and fraction B) and C, adlayer
on Au(111) surfaces. As mentioned
above, the image of Cg, revealed or-
dered molecular adlayers with hexago-
nal packing, although the films had
many disordered regions (Figure 2C).
In contrast, the C, fractions (Fig-
ure 2 A and B) gave entirely disordered
adlayers and no ordered region was
observed. The disordered adlayers are
probably caused by a stronger interac-
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Images A and B were collected with £,=0.36 and 0.38 V, E,
electrode (SCE), and , =0.38 and 0.9 nA, respectively. Image C was collected with E;=0.10V, E,
and /,=1.0 nA. There is no significant influence of sample potentials upon the observed images.

Figure 2. Typical in situ STM images for fraction A2 (A;16.5 x 16.5 nm?) and fraction B (B; 12.2 x 12.2 nm?) of
randomly adsorbed Cyq, adlayers and of a C4 epitaxial adlayer (C; 18.2 x 18.2 nm?) on Au(111) surfaces.

=—0.40 and —0.41 V versus saturated calomel
=—0.05V,

tip
tip

tion between Cyg, and the substrate (Au(111)). Submolecular
high-resolution STM images are expected to reveal the
structural differences among the C,q) isomers. The disordered
adlayer may facilitate the recognition of the isolated Cig,
isomers, which appear as several distinct structures lying flat
on the surface. These structures consist of three bright spots,
which correspond to each of the Cy moieties of Cg. The
shape of Cyg in fraction B appears quite different from that in
fraction A2 (Figure 2).

Fraction B (Figure 2B) was expected to contain an isomer
with significantly different structural characteristics from
other isomers, because it gave a single peak under the two
different HPLC conditions (Figure 1). Bright spots arranged
in a triangular shape can be clearly recognized in Figure 2B.

Figure 3 shows typical high-resolution STM images of the
Cig isomer in fraction B. It was found to have a cyclic
triangular shape. The triangular shape with high symmetry is
clearly attributable to the flat-lying “cis-2/cis-2/cis-2” isomer.
The observed distance between spots in the cyclic feature is
0.7-0.8 nm, which is obviously smaller than the intermolec-
ular distance, 1.0 nm, observed in the Cg, epitaxial lattice.
Thus the possibility of an accidental triangular assembly of
three Cy4 molecules on Au(111) lattices is clearly ruled out. No
other image, which could be attributed to other isomers, was
observed in fraction B.

Ab initio molecular orbital calculations of the total electron
energy (AE,,) using HF/3-21G afford information about the

"ois-2 / cis-2 / cis-2"
AFint = -4.1 keal mol-1

Figure 3. Typical high-resolution STM images of a C,g, molecule on Au(111) surfaces prepared from
fraction B, A) top view, 1.67 x 1.67 nm?, B) surface plot, and C) the chemical structure of the cyclic “cis-
2/cis-2/cis-2” isomer. The image was collected with E,=0.38V, E;,=—0.41 V, and /,=0.9 nA.
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" trans-4 "

" trans-3"

" trans-2"

AP, = +0.99

AF = +0.64
ol
keal mol-1

Figure 4. Avariety of high-resolution STM images (top view and surface plot, below) of C,5, molecules obtained from fraction A, and the chemical structures
of the corresponding isomers. The images were collected with E,=0.36 V and E;,=—0.28 V.

relative stabilities of the C.g, isomers. Of the expected
isomers, which include noncyclic isomers, the “cis-2/cis-2/cis-
2” isomer was found to be the most stable (—4.1 kcalmol~!
relative to the “e” isomer; Figure 4). STM images obtained
from fraction A exhibited mixed structures consisting of four
isomers, which possessed “noncyclic extended” structures
(Figure 4). Each Cg, molecule in the STM images appears as
three spots connected at specific angles. The observed fold
angles were approximately 90, 108, 120, and 144°, which can
be attributed to “e”, “trans-4”, “trans-3”, and “trans-2”
isomers, respectively. Neither the cyclic “cis-2/cis-2/cis-2”
isomer nor the noncyclic “cis” isomers with a fold angle of
less than 90° were observed.

The ratio of isomer content in fraction A was roughly
estimated by counting the observed shapes of more than
100 molecular features in STM images. This surface content
ratio should approximately reflect the content of each isomer
in the whole of fraction A. The content ratios for “e”, “trans-
4”7, “trans-3”, and “trans-2” isomers were found to be 58, 25,
13, and 4 %, respectively.

In addition, the STM image of fraction A2, which gave the
largest analytical HPLC peak among the peaks in fraction A
and was successfully isolated, indicated that this fraction is
composed of only the “e” isomer of C,g. This result is in
agreement not only with the isomer content in fraction A but
also with molecular orbital calculations which predict the
highest stability for this isomer of all the isomers with
extended structures. The AE,, values calculated by HF/3-
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21G for “trans-4”, “trans-3”, “trans-2”, and “trans-1” isomers
were +1.01, +0.64, +0.99, and +0.90 kcalmol~! relative to
the “e” isomer, respectively. On the other hand, the small
difference in the calculated AE, values among the isomers is
reflected in the observation of STM images, which indicated
that several isomers are simultaneously produced by the
HSVM treatment of Cg. Interestingly, the “trans-1” isomer
was hardly observed in fraction A. Statistically, the possibility
that Cg, will react at the “trans-1” position of C,y is 1/4 of the
possibility of reaction at other positions of C,,,, which gives
the “folded” isomers. This low probability may be one of the
reasons for the absence of the “frans-1” isomer.

In conclusion, we succeeded in the direct observation of
thermally and photochemically labile Cg, isomers by the
transfer of Langmuir films onto Au(111) surfaces. The
components of HPLC A and B peaks were clearly identified.
The content ratio of the isomers was also determined by STM
observation, which was in good agreement with the AFE,,
values obtained by molecular orbital calculations. Thus, STM
has, for the first time, been successfully applied to identify the
isomeric structures of Cg, trimers, which are difficult to
determine spectroscopically, as a result of their extremely low
solubility.

Examination of the unique electronic and spectroscopic
characteristics of these Ciq, isomers['’l is in progress to put
them to use in electronic and photonic devices.
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Transformation of Two As-Synthesized
Oxyfluorinated Compounds into the Zeotype
CHA Forms
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The numerous syntheses of templated inorganic open
frameworks in hydrothermal conditions!'! were the starting
point for the development of porous solids obtained by
calcination, with applications as molecular sieves, for adsorp-
tion or catalytic purposes. Indeed the structure-directing
agents, used during the synthesis of such compounds, are often
incorporated in the final structure. Upon thermal treatment
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(calcination), these template molecules can usually be re-
moved, along with other species, such as water molecules and
hydroxy groups. However, whereas the crystal structures of
as-synthesized solids are well characterized, those of calcined
solids, which are of crucial interest, are scarcely described, this
is because of their powder form and a result of the difficulties
of ab initio resolution from powder data.

Fortunately, in the last ten years, computational tools have
proved their efficiency for simulating the structures and
energetics of inorganic solids.”) Recently, we have successfully
investigated the dehydroxylation process and organic-tem-
plate extraction of two as-synthesized aluminophosphates,
namely AIPO,-14,P1 and MIL-34.™ Starting from the knowl-
edge of the as-synthesized structure only, all the atoms that
are known to be eliminated upon calcination are removed.
The so-modified AIPO,-14 and MIL-34 model frameworks
were then submitted to energy minimizations. This way, we
predicted the calcined AIPO,-14 structure in excellent agree-
ment with the experimentally calcined AIPO,-14,5 which had
already been obtained before our calculations. Above all, we
successfully anticipated the structures and energetics of the
calcined form of MIL-34, before it was actually experimen-
tally calcined. The cell parameters and atomic coordinates
predicted from the simulation were used to perform the
Rietveld refinement of the calcined sample powder pattern.
The present work aims at developing a computational
approach of the calcination process of fluorinated templated
structures.

Indeed, fluoride ions can belong to the framework or act as
template. In the continuously expanding number of synthetic
oxyfluorinated AIPOsP ° and GaPOs, which include three-
dimensional (3D) frameworks with very large pores such as
cloverite”! or MIL-31,®! fluoride ions may occupy one or two
vertices of the Al/Ga polyhedra in terminal or bridging
positions, such as in ULM-6! or CJ2F! respectively, or act as
anionic template, such as in cloverite,! GaPO,-LTA,"! and
ULM-18, where they are encapsulated in D4R cages (Fig-
ure 1).

Regarding calcination, fluorine anions are deemed to play a
specific role in the stabilization of the as-synthesized struc-
ture. This function is strongly related to their position in the
framework and their high electronegativity, which often leads
to strong hydrogen bonding and therefore a tighter amine —
framework interaction. However, the mechanisms involved at
the atomic scale during the calcination process are complex
and still not clearly elucidated.

Here, we present the first attempt to use a computational
approach to study the structural evolution during the dehy-
drofluorination process and template extraction of two
isotypic as-synthesized oxyfluorinated open-framework struc-
tures, an aluminophosphate UT-6, (AlsPcO,,F),-(CsH;NH),-
(H,0)5, and a gallophosphate GaPO-tric.CHA, (Gag-
P¢0,,F,)-(C,N,H),-(H,0).'!l As shown from their X-ray
diffraction (XRD) patterns, both structures adopt upon
calcination the CHA zeotype,['”! which correspond to the
chabazite structure.

Herein, the experimental structures of the as-synthesized
UT-6 and GaPO-tricl. CHA were taken as starting points for
our simulations. UT-6 and GaPO-tricl. CHA are isostructural
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