plastic deformation of a Au surface passi-
vated by a self-assembling monolayer film.
The shear-stress value of ~1 GPa agrees
remarkably well with the 0.74-GPa figure
calculated for the intrinsic Au lattice (12).
It has long been recognized that an adhe-
sive interaction between probe and sub-
strate in indenter experiments can have a
dramatic effect on the measured contact-
deformation results (13). The interaction
gives rise to an enhanced production of
defects in the high-stress region near the
edges of the contact area, which results in
plastic deformation under reduced loading.
The effect has been dramatically illustrated
by recent model calculations (10). Further-
more, it is known that oxide and carbon
contamination films of greater than ~5-nm
thickness on metal surfaces can cause large
changes in indenter behavior (14). Howev-
er, these films can produce such effects as a
result of their own mechanical properties.
In contrast, one monolayer of molecules,
interacting with one another through van
der Waals forces, is not expected to support
significant levels of shear stress. Thus, it is
the monolayer film’s ability to passivate the
interfacial adhesion interaction that is pri-
marily responsible for our being able to
measure plastic shear-stress thresholds near
the theoretical limit.

Passivating films, such as the alkanethi-
ols used here, that are stable under high
loads can be important in surface mechan-
ical property studies of materials and show
great potential for aiding in understanding
the role of the interface in defect produc-
tion and migration. These attributes are, of
course, in addition to the function of pas-
sivating films as highly breakdown-resis-
tant, surface-specific lubricants.
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CeoHo: Synthesis of the Simplest Cg,
Hydrocarbon Derivative

Craig C. Henderson and Paul A. Cahill*

The reaction of Cg, with BH,:tetrahydrofuran in toluene followed by hydrolysis yielded
CgoH,- This product was separated by high-performance liquid chromatography and char-
acterized as the addition product of H, to a 6,6-ring fusion (1a1b isomer). The 'H nuclear
magnetic resonance (NMR) spectrum of the product remained a sharp singlet between
—80° and +100°C, which suggests a static structure on the NMR time scale. Hydrolysis
of the proposed borane addition product with acetic acid—d, or D,0 yielded C4,HD, and
its 3J,,, coupling constant is consistent with vicinal addition. The observation of a single
CeoH, isomer is in complete agreement with earlier calculations that indicated that at most
2 of the 23 possible isomers of C,, would be observable at equilibrium at room tempera-
ture. These results suggest that organoborane chemistry may be applied to further func-

tionalization of fullerenes.

The synthesis of macroscopic amounts of
Cgo has generated much interest in the
physical and chemical properties of this
spherical molecule (1). Fully characterized
synthetic derivatives of Cq, have largely
been limited to the epoxide, CsqO (2),
C¢CR, fulleroids (3) and related com-
pounds, osmate esters (4), polybrominated
derivatives (5), and organometallic com-
pounds, including several iridium (6) and
platinum (7) complexes. The dihydride de-
rivative is somewhat different from many
known derivatives because the hydrogen
atoms would, in principle, be free to add to
any two carbon atoms.

We had previously studied C4oH, com-
putationally to gain insight into which, if
any, of the 23 isomers of CqoH, would be
preferentially populated at equilibrium at
room temperature (8). A nomenclature sys-
tem (8) was devised for enumerating these
isomers (it appears in slightly revised form
in Fig. 1), in which Cg, is composed of
eight layers, labeled a, b, c, d, d’, ¢/, b/,
and a’, in a manner that emphasizes the
symmetry of this molecule. Each carbon
atom in a given layer is then labeled nu-
merically to identify it uniquely. Addition
of functional groups, such as H, addition to
a 6,6 or 6,5 ring fusion is then identified by
the carbon label, for example, 1a,1b-CqoH,
or la,2a-CgoH,, respectively. Semiempiri-
cal calculations suggested that the lalb and
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laZc isomers of CgH, have the lowest
heats of formation, with the laZc isomer
(1,4 addition across a 6-ring) having a heat
of formation 3.8 kcal/mol higher in energy.
Similar calculations on the 143 isomers of
C,oH, indicate that four isomers, lc2c,
lalb, la2c, and 1d10d’, have the lowest
heats of formation (9).

The synthesis, separation, and charac-
terization of Cg,H, appeared reasonable,
given these computational results. Methods
of reducing C, to yield polyhydride mix-
tures have been published (10), and several
other standard reduction approaches are

Fig. 1. Structure of the observed 1at1b isomer of
CeoH, showing the proposed nomenclature
system for addition products of Cg,. A similar
system for C,, includes an “e" equatorial layer.
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well established in organic chemistry (11).
Of these, the reaction with borane followed
by hydrolysis might provide access to fur-
ther functionalization through the interme-
diate Cg,(H) (BH,). Addition of one to two
equivalents of BH;:tetrahydrofuran (1 M)
to Cg, in dry toluene (10- to 100-mg scale,
1 mg/ml concentration) at 5°C for 45 min,
followed by slow warming to room temper-
ature and hydrolysis with acetic acid or
water, yielded a single isolable and soluble
product in 10 to 30% yields that was sub-
sequently shown to be CgoH,.

Typical high-performance liquid chro-
matography (HPLC) traces of Cg, and
CgoH, separated on a “buckyclutcher” col-
umn (12) are shown in Fig. 2. Unreacted
Cgo and traces of C;, were cleanly separated
from the C¢,H, product. Collection of the
tail of the Cg, peak and reseparation at
lower concentration yielded both Cg, and
C00, which was identified by its electronic
spectrum (2). Similar reseparation of the
CeoH, tail yielded C4H, and a compound
tentatively identified as 2a,2b-dihydro-C,-
1a,1b-epoxide (13).

Negative-ion fast atom bombardment
mass spectrometry (FAB MS) confirmed
the molecular composition of the isolated
product as CyoH,. Only C4H,™, C4H™,
and Cg,~ were observed under these very
mild ionization conditions as shown in Fig.
3. Positive-ion FAB MS vyielded a similar
peak pattern and was used for high-resolu-
tion measurements that verified the compo-
sition  (calculated mass for CgH,:
722.01565; observed, 722.01500). Elemen-
tal analyses of CgH, indicated that the
hydrogen content was high, indicating that
this product, like Cg,, retains toluene or
hexane or both even after extended vacuum
drying.

The presumed intermediate compound
is C4o(H) (BH,), which is formulated as the
product of vicinal addition of H-BH, to a
Cgo double bond (6,6 ring fusion). Reso-
nances for 'H or !'B nuclei could not be
obtained on unhydrolyzed reaction mix-
tures by NMR spectroscopy, possibly be-
cause of the asymmetric environment of the
quadrupolar ''B nucleus, which would lead
to rapid relaxation of both nuclei.

A sharp singlet resonance-(0.5-Hz full
width at half maximum) at 8 5.93 ppm in
the 'H NMR spectrum was observed imme-
diately upon hydrolysis of the reaction mix-
ture. This chemical shift is downfield of
chemical shifts for both difluorenyl (3 4.81
ppm) and triphenylmethane (8 5.57 ppm).
The low-field chemical shift is thus consis-
tent with known compounds if the elec-
tron-withdrawing effect of the fullerene is
taken into account. This resonance re-
mained a sharp singlet in toluene-dg be-
tween —80° and +100°C, which suggests a
static structure on the NMR time scale.
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Because isomerization was not detected by
NMR spectroscopy at high temperatures, the
possibility remains that the observed isomer
is a kinetic product with a high energy
barrier to rearrangement and not a thermo-
dynamic product. When the presumed inter-
mediate borane was hydrolyzed with D,0, a
mixture of CgoH, and C;,HD was observed
by 'H NMR spectroscopy (Fig. 4). The
magnitudes of the D-H coupling (V) of
2.4 Hz and the "DH(D) upfield shift of 1.75
Hz (8.7 ppb) are consistent with vicinal, cis,
hydrogen substitution (14), that is, n = 3.
These observations are inconsistent with
intermolecular exchange of H(D) on the
NMR time scale, but intramolecular rear-
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Fig. 2. Results of HPLC of CgH,, 50:50 hex-

ane:toluene eluent, “buckyclutcher” stationary
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Fig. 3. Negative-ion FAB mass spectrum of
CgoHa m/e, mass-to-charge ratio; amu, atomic
mass unit. The peaks at higher mass are due to

the natural abundance of 3C.
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rangements cannot be ruled out (15). Only
the lalb and la2a isomers of C4H, have
vicinal hydrogens, and the la2a isomer is
virtually eliminated on the basis of the com-
putational results. The isolated material was
therefore identified as a single product, the
lalb isomer (16).

The electronic absorption spectra of Cg,
and CgH, in hexane are shown in Fig. 5.
Relative to Cg, slight blue shifts in the
absorption maxima are observed. These
ultraviolet absorptions tail through the vis-

" ible region and give rise to the yellow to

brown color of this material in solution.
The infrared absorption spectrum of Cg,H,
is complex because of the lower symmetry
of this derivative but shows sharp structure
in the region from 500 to 600 cm™!. A

-weak C-H stretch is observed at =2900

cm™!, and the main C,,H, C-C vibrations
are shifted slightly from those in Cg, (cor-
responding Cg, absorbance): 1426 (1429),
1178 (1181), 860.0, 575.5/574.0/566.0
(576), 552.0/550.0/545.5, 531.5, and
526.5/522.5/517.0 (527) cm™'.

61 6.0 59 58 57 56 55 54 58
ppm
Fig. 4. The '"H NMR spectrum of a mixture of
CegoHz and CgoHD showing the 3DH(D) shift (8.7
ppb) and 3J,,5 coupling (2.4 Hz). (Inset) The
CeoHo 'H NMR spectrum.
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Fig. 5. Electronic absorption spectra of CgoH,
(curve a) and Cg, (curve b) in hexane. The
absorption maxima for CgH, are at 207.5,
254.0, and 324.0 nm; corresponding values for
Cg, are at 208.5, 257.0, and 328.0 nm.



Buckminsterfullerene dihydride, CqH,,
has been synthesized, isolated in pure form,
and characterized as the lalb isomer. As the
simplest hydrocarbon derivative of Cq, this
molecule provides fundamental information
regarding the structure of C, derivatives.
The results are entirely consistent with the
thermodynamic isomer predicted from
semiempirical calculations on the 23 possi-
ble CgoH, isomers. The presumed borane
intermediate, Cq,(H)BH,, may provide a
route to further functionalization of C¢, and,
in a similar fashion, higher fullerenes.
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Fabrication and Properties of
Free-Standing C4, Membranes

C. B. Eom, A. F. Hebard, L. E. Trimble, G. K. Celler,
R. C. Haddon

Van der Waals forces that bind C,, molecular solids are found to be sufficiently strong to
allow the reproducible fabrication of free-standing C4, membranes on (100) silicon wafers.
Membranes, 2000 to 6000 angstroms thick, were fabricated by a modified silicon micro-
machining process and were found to be smooth, flat, and mechanically robust. An
important aspect of the silicon-compatible fabrication procedure is the demonstration that
Cg, films can be uniformly and nondestructively thinned in a CF, plasma. Young’s modu-
lus and fracture strength measurements were made on membranes with areas larger than
6 millimeters by 6 millimeters. It may be possible to use C,, membranes for physical

property measurements and applications.

The description of a simple technique to
produce macroscopic amounts of Cg, mole-
cules (1) has stimulated numerous investi-
gations into how these molecules can be
assembled into solid forms. Crystals (1-3)
and films (I, 4), for example, have been
obtained by the sublimation of pure Cg, at

AT&T Bell Laboratories, Murray Hill, NJ 07974.

controlled temperatures. These insulating
molecular solids have a spherical, close-
packed, face-centered-cubic (fcc) structure
with a lattice constant of 14.1 A (2) and
van der Waals bonding between the mole-
cules. There is ample space in the crystal
structure (26% open volume for close-
packed spheres) to accommodate guest at-
oms that, by donating electrons into the Cq,

SCIENCE ¢ VOL. 259 ¢ 26 MARCH 1993

REPORTS

molecular bands, can induce conducting (5)
or superconducting (6) behavior. In addi-
tion, each molecule has degrees of freedom
that allow the molecules to tumble indepen-
dently at gigahertz rates at room temperature
(7, 8). These remarkable properties alone
provide ample motivation to consider novel
ways to form and process Cy, solids.

In this report, we describe the fabrica-
tion and characterization of free-standing
Cgo membranes supported at the edges by
(100) oriented Si frames. Membranes have
been made with thicknesses in the range
2000 to 6000 A and areas larger than 6 mm
by 6 mm. At first sight, it is remarkable that
a van der Waals molecular solid, in which
all the molecules are independently rotat-
ing at room temperature, should be robust

"enough to hold together as a free-standing

membrane. An estimate of the magnitude
of the cohesive forces can be obtained from
the heat of sublimation found with the
Knudsen technique, 1.65 eV per Cq, (9).
The density of molecular bonds for close-
packed Cg, molecules with a nearest-neigh-
bor separation of 10 A on the (111) plane
of the fcc lattice is 1.16 X 10 cm™2,
which, if we ignore near-neighbor correla-
tion effects, at 1.65 eV for each Cy;—Cy,
bond, gives an energy density of 310 ergs/
cm?. If we assume that this energy falls to
zero when the surfaces are separated by, say,
a molecular diameter (10 A), then the
specific cohesive force can be calculated as
(310 ergs/cm)/1.0 X 107 cm = 3.1 x 10°
dynes/cm?. Typical van der Waals specific
adhesion forces for chemically inert films
are approximately 10° dynes/cm? (10).
Thus, in a very approximate comparison, it
is not unreasonable to expect that these
forces, which are sufficiently strong to give
rise to robust adhesion, should likewise be
strong enough to give robust cohesion in a
free-standing membrane. The observation
that Cg, films on substrates such as glass
survive the Scotch Tape adhesion test (4)
supports this line of reasoning.

In this report, we describe our fabrica-
tion procedure, which makes good use of
conventional Si processing techniques. An
important component of this procedure is
the use of a CF, plasma to remove a Si;N,
etch-stop layer without damaging the Cg,
film. Then we demonstrate that such plas-
mas can also be used to uniformly thin a Cg,
film without damaging the remaining film.
Characterization of the membranes by
x-rays and bulge testing provides informa-,
tion about the structure and mechanical
properties such as Young’s modulus, inter-
nal stress, and fracture strength. We con-
clude with a discussion of how these mem-
branes might be used in investigations of
physical properties or in applications such
as gas atom or ion filters and masks for x-ray
lithography.
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