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We report the formation of highly incompressible, stable
Langmuir films of Cm at the air-water interface. The limiting
area per molecule calculated from the pressurearea ( n - A )
isotherms yields a radius of 5.6 f 0.7 A for the fullerene molecule
in the film.
The recently developed methodology for the macroscale
syntheses of Cm and C70has led to a number of studies of their
physical and chemical properties, as well as interest in possible
applications of these molecules.'J Ca molecules have been shown
by STM to be spherical and to stack in a close-packed array with
a lattice spacing of about 11
This structure is also supported
by X-ray powder diffraction data,Ia although the X-ray crystal
structure of osmylated c60 shows an average radius of 3.51 A.Ic
The intercluster spacing has been explained as the sum of the
diameter of the fullerene molecule and the outer-fringe distance
of the *-electron cloud extending outward from the m o l e ~ u l e . ~
Thin films of C, are also of interest. For example, conductive
films of c 6 0 and CT0can be produced by alkali-metal doping of
vapor-deposited fullerene filmse4 Electrochemical studies of thin
C, films on Pt microelectrodes have also been r e p ~ r t e d . ~
Although C60 is insoluble in water, it is not a self-assembling
amphiphilic molecule of the type usually used to form layers on
a film balance. However, recent studies have shown that rigid
films of roughly spherical hydrophobic molecules, e.g., tris(diphenylphenanthroline)ruthenium(II) perchlorate, can be formed
at the air-water interfacee6
To form films of the reported limiting molecular radius, 100
p L of a 0.05-0.1 mM solution of Cm in benzene was introduced
to about 400 cm2 of the air-water interface on a Lauda Model
P film balance and the benzene was allowed to evaporate for 10-15
min. A typical n-A isotherm is shown in Figure 1. The fully
compressed Cm monolayer films were remarkably rigid and
sustained high surface pressures (E> 65 mN/m); films could
be maintained at 35 mN/m for >2 h without any noticeable area
loss. The molecular radius calculated from pressure-area isotherms, 5.6 f 0.7 A, is near that found by STM and X-ray powder
diffraction. Films produced from larger sample sizes routinely
yielded limiting radii of 3.5 A and produced yellow crystallites
on the trough. These observations suggest the formation of bior multilayers of Cminstead of a single monolayer at the interface.
Such multilayers sustained n > 100 mN/m for -8 h without
collapsing. The behavior of monolayer and multilayer c60 films
was reproducible for a number of different samples, over the
( I ) (a) Kritschmer, W.; Lamb, L. D.; Fostiropoulos, K.; Huffman, D. R.
Nature 1990, 347, 354. (b) Ajie, H.; Alvarez. M. M.; Anz, S. J.; Beck, R.
D.; Diederich, F.; Fostiropoulos, K.; Huffman, D. R.; Kritschmer, W.; Rubin,
Y.;Schriver, K. E.; Sensharma, D.; Whetten, R. L. J . Phys. Chem. 19!30,94,
8630. (c) Taylor, R.; Hare, J. P.; Abdul-Sada, A. K.; Kroto, H. W. J . Chem.
Sot., Chem. Commun. 1990, 1423. (d) Haufler, R. E.; Conceicao, J.; Chibante, L. P. F.; Chai, Y.;Byme, N . E.; Flanagan, s.;Haley, M. M.; OBrien,
S. C.; Pan, C.; Xiao, 2.;Billups, W. E.; Ciufolini, M. A.; Hauge, R. H.;
Margrave, J. L.;Wilson, L. J.; Curl, R. F.; Smalley, R. E. J . Phys. Chem.
1990, 94, 8634. (e) Hawkins, J. M.; Meyer, A.; Lewis, T. A.; Loren, S.;
Hollander, F. J. Science 1991, 252, 312.
(2) (a) Johnson, R. D.; Meijer, G.; Bethune, D. S. J . Am. Chem. Soc. 1990,
112, 8983. (b) Allemand, P. M.; Koch, A,; Wudl, F.; Rubin, Y.; Diederich,
F.;Alvarez, M. M.; Anz, S. J.; Whetten, R. L. J . Am. Chem. Soc. 1991, 113,
1050.
(3) (a) Wilson, J. R.; Meijer, G.; Bethune, D. S.; Johnson, R. D.; Chambliss, D. D.; de Vries, M.s.;Huziker, H. E.; Wendt, H. R. Nature 1991,348,
621 (b) Wragg, J. L.;Chamberlin, J. E.; White, H. W.; Kratschmer, W.;
Huffman, K. Nature 1991, 384, 623.
(4) Haddon, R. C.; Hebard, A. F.; Roseeneinsky, J. M.;Murphy, D. W.;
Ducla, S. J.; Lynos, K. B.; Miller, B.; Rosamilia, J. M.; Fleming, R. M.;
Kortan, A. R.; Muller, A. J.; Eick, R. H.; Zahurak, S. M.; Tycko, R.; Dabbagh, G.; Thiel, F. A. Narure 1991, 350, 320.
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Figure 1. Pressure-area ( E A ) isotherm of Cm on water (Milli-Q) a t
25 O C .
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Figure 2. Pressure-area (11-A) isotherm for (a) pure eicosanoic (arachidic) acid; (b) mixed film of (1:l) Cm and eicosanoic acid during the
initial compression; and (c) the same film as in part b after '/1-h relaxation a t < I mN/m. Subsequent relaxation and recompression cycles
followed part c.

investigated temperature range, 5-35 OC.
Cox et al. have suggested some similarities between the electronic structures and projected molecular areas of Cm and triphenylene, based on their chromatographic retention on dinitroanilinopropyl-silica (5-pm diameter, 300-A pore diameter) columns.' We thus examined the polynuclear aromatic molecules
anthracene and 2-aminoanthracene at the air-water interface for
similar film formation. However, these did not form Langmuir
,
; e.g., 2-aminoanthracene
films comparable to those formed by C
films collapsed at 1 mN/m.6
The Cm molecules also form stable mixed films with eicosanoic
(arachidic) acid (AA) at the air-water interface. For films where
the ratio [AA]/[C,] was 1 in the spreading solution, the average
limiting molecular area was -28 A*/(molecule of AA), about
the same as that found in a pure AA film (Figure 2). This
suggests that there are no C, moieties at the air-water interface
at high pressures and that the Cm molecules were squeezed into
the AA film. Similar observations have previously been made
on mixed films containing molecules of very different sizes, e+,
mixed films of stearic acid and tri-p-cresyl phosphate, where the
smaller molecules determined the limiting area at high pressures?
That the C, films are pushed off the air-water interface into the
more hydrophobic environment created by the packed hydrocarbon
tails of the AA molecules is consistent with the hydrophobicity
of the fullerenes. The presence of Cm in the hydrophobic regions
of the compact AA films affected the strength of the resultant
composite films. While pure AA films broke at -45 mN/m, the
mixed films routinely survived II > 70 mN/m (Figure 2). The
mixed films appear to be solid at n > 40 mN/m. In contrast
to the pure Cb0 films, which showed no change in their n-A
(7) Cox, D. M.; Behal, S.; Disco, M.; Gorun, S.;Greany, M.; Hsu, C. S.;
Kollin, E.; Millar, J.; Robins, J.; Robbins, W.; Sherwood, R.; Tindal. P. J . Am.
Chem. Sot. 1991, 113, 2940.
(8) Adamson, A. W. Physical Chemistry OjSurjaces; J. Wiley & Sons:
New York, 1976; p 148.
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isotherms on relaxing and recompression, the mixed films showed
significant changes at II < 40 mN/m (Figure 2, b and c).
We were unable to transfer monolayer Langmuir-Blodgett
(L-B) films of Cso by vertical dipping onto a variety of substrates,
e.g., freshly cleaved, highly oriented pyrolytic graphite, polycrystalline Pt or Au, indium tin oxide on glass, or glassy carbon.
Attempts to transfer films with larger samples apparently led to
aggregation of the c 6 0 at the air-water interface, as discussed
above. Thus, independent of the substrate, films transferred at
-30 mN/m were not uniform but appeared visibly patchy with
yellow clumps interspersed with large domains of clean substrate
surface. Contact angle (e) measurements with water on c 6 0
patches showed them to be very hydrophobic (e 100'). Exposure of the immobilized CW on any of the substrates to 3:l
H2S04/H202,followed by copious water and EtOH washes and
drying in Ar, did not remove the Cso. Contact angles on the c 6 0
patches after such treatment were much lower (0 -25'), suggesting that the CW surface had oxidized and become more hydrophilic. This preliminary experiment suggests that films containing small amounts of C60. characterized by contact angle,
spectroscopic, or electrochemical measurements, might be useful
in studies of the chemical modification of c60.
The high surface pressures sustained by Cso monolayers at the
air-water interface suggest large attractive interactions between
the CW molecules with the formation of rigid films. Similarly,
the electrochemical studies of Csofilms suggest a high degree of
structural organi~ation.~
Although Cb0has been proposed as a
potential lubricant, the strong intermolecular interactions and film
stiffness suggest that this application of unmodified Cso is unlikely.
N
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Figure 1. Molecular structure of 3.
Scheme I
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Although the chemistry and pharmacology of morphine and
related opium alkaloids has been studied in great detail,' very little
is known about the photochemistry of this important class of
naturally occumng materiaku Herein, we report photochemistry
of codeinone derivatives that involves unique photoreactivity of
the benzodihydrofuran ring s y ~ t e m . The
~ photorearrangements
to be described are carried out by utilization of 366-nm ultraviolet
(1)Stork, G. In The Alkaloids; Manske, R. H . F., Ed.; Academic: New
York, 1960; Vol. 6,p 219.
(2)For reports of photochemistry of 7,14-~yclodihydrocodeinone,14methyl-C-nordihydrocodeinone,and related derivatives, see: (a) Bos, M.;
Fleischhacker, W. Liebigs Ann. Chem. 1981, 1994. (b) Bos, M.;Fleischhacker, W. Liebigs Ann. Chem. 1981,2002. (c) Bos, M.; Fleischhacker, W.
Liebigs Ann. Chem. 1982,I 12.
(3)For photorearrangements of thebaine, see: Theuns, H. G.; La Vos, G.
F.; ten Noever de Brauw, M. C.; Salemink, C. A. Tetrahedron Lett. 1984,
25,4161.
(4)(a) Schultz, A. G.; Napier, J. J.; Lee, R. J . Org. Chem. 1979,44,663.
(b) Schultz, A. G.; Ranganathan, R.; Kulkami, Y . S.Tetrahedron Lett. 1982,
23,4527. (c) Schultz, A. G.; Napier, J. J.; Sundararaman, P. J . Am. Chem.
SOC.1984, 106, 3590.
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irradiation and appear to offer a conceptually new approach to
opiate receptor photoaffinity labelingas
Codeinone (la) has been reported to be photostable)b6 and we
have found that irradiations at 366 nm in benzene or methanol
solutions result in recovery of la. By contrast, irradiation of
N-carbomethoxynorcodeinone ( l b ) in methanol (0.02 M, 20 h)
gave the rearranged methyl ether 2a in 90% isolated yield (Scheme
I).' In THF-H20 solution, l b gave the analogous alcohol 2b
~~~~

~

( 5 ) A significant constraint on workers attempting to characterize opiate

receptors by photoaffinity labeling techniques is that irradiation of receptor
sites with short-wavelength ultraviolet light (254nm) causes rapid destruction
of opiate binding activity; see: Glasel, J. A,; Venn, R. F. Lve Sci. 1981,29,
221.
(6)Tschany, P. Diplomarbeit, Univ. Wien 1979.
(7)For the isolation of a solvent (ethanol) incorporated photoproduct from
irradiation of dihydrobenzofuroquinolones, see: Kanaoka, Y . ;San-nohe, K.
Tetrahedron Lett. 1980,21,3893.
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