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In contrast, cyclooctane desorbs molecularly from Pt(111) and
does not undergo dehydrogenation or ring contraction. All of the
C; alkenes except COT give multiple low-temperature H, de-
sorption peaks and one high-temperature H, desorption peak near
620 K. Auger electron spectroscopy indicates that heating a
saturation coverage of any of the C; alkenes to 800 K leaves about
15% of a monolayer of carbon, or about !/, of the amount of
carbon generated by heating a saturation coverage of ethylene
on Pt(111).'34

The similar temperatures at which benzene is formed from the
different C; alkenes suggest that these reactions proceed via a
common intermediate. One possibility is that the first step in the
conversion of cyclic CgHg..,, alkenes to benzene is dehydrogenation
to COT. Support for this suggestion has been obtained from
high-resolution electron energy loss spectra (HREELS) of 1,5-
COD and COT on Pt(111): at 220 K (which is above the
multilayer desorption temperature), both molecules retain their
tub-shaped structures and are bound to the surface in an »* fashion
(Figure 2).'2° By 370 K, however, both 1,5-COD and COT
react to form the same species on the surface. In the vcy region,
only one peak, at ~3005 cm™, is observed in the HREEL
spectrum. This band and those at 890 and 480 cm™ are consistent
with the presence on the surface of a planar, dianionic n8-COT
ring.'62!.22

Upon further heating, the most significant reaction channel is
decomposition of the #®-COT molecules to benzene and acetylene.
Subsequently, the acetylene rapidly converts to surface acetylide
(—~C==CH)), as shown by the presence of peaks at 3090 (vcy) and
832 cm™' (Bcy) in the HREEL spectra of a surface which was
flashed to 560 K.2* At least two mechanisms could account for
the formation of benzene and acetylene from the 7%-COT inter-
mediate: (1) rearrrangement to bicyclo[4.2.0]octa-1,3,5-triene?
followed by a [2 + 2] cycloreversion reaction to give acetylene
and benzene or (2) complete decyclization of COT to four
acetylene molecules, some of which then cyclotrimerize to
benzene. We have distinguished these possibilities by carrying

(11) For example, 1,5-COD and 1,3-COD both give two desorption fea-
tures: the first, at 405 K, consists of COT, while the second, at 445 K, consists
of benzene. In contrast, cyclooctene on Pt(111) gives three separate TPD
features: the desorbing flux consists of a mixture of COE and 1,3-COD
between 325 and 380 K, a mixture of COT and benzene between 380 and 450
K, and benzene exclusively above 450 K. On a polycrystalline Pt foil, COT
and 1,5-COD give a benzene TPD peak at 455 K.

(12) For mass spectra of all of the C¢ and C; hydrocarbons, see: Atlas of
Mass Spectral Data; Stenhagen, E., Abrahamsson, S., McLafferty, F. W,
Eds.; Interscience: New York, 1969; Vol. 1. No C, or C,; decomposition
products were detected for any of the compounds studied.

(13) Heating platinum surfaces dosed with Cs and Cg alkenes generally
leaves about ?/; of a monolayer of carbon. See: Rodriguez, J. A.; Campbell,
C. T. J. Catal. 1989, 115, 500-520. Campbell, J. M.; Seimanides, S.;
Campbell, C. T. J. Phys. Chem. 1989, 93, 815-826. Rodriguez, J. A;
Campbell, C. T. J. Phys. Chem. 1989, 93, 826-835. Henn, F. C,; Dalton, P.
J.; Campbell, C. T. J. Phys. Chem. 1989, 93, 836—846.

(14) Weinberg, W. H.; Deans, H. A.; Merrill, R. P. Surf. Sci. 1974, 41,
312-336.

(15) Hitchcock, A. P.; Newbury, D. C,; Ishii, L; Stohr, J.; Horsley, J. A,;
Redwing, R. D.; Johnson, A. L.; Sette, F. J. Chem. Phys. 1986, 85,
4849-4862.

(16) Maslowsky, E. Vibrational Spectra of Organometallic Compounds;
John Wiley & Sons: New York, 1977; p 528.

(17) Hendra, P. J.; Powell, D. B. Spectrochim. Acta 1961, 17, 913-916.

(18) Powell, D. B.; Leedham, T. J. Spectrochim. Acta 1972, 284, 337-341.

(19) Lippincott, E. R,; Lord, R. C.; McDonald, R. S. J. Am. Chem. Soc.
1951, 73, 3370-3385.

(20) For 1,5-COD, there is a weak peak at 1650 cm™ that suggests that
a small amount of n*-alkene is also present on the surface.

(21) Lehwald, S.; Ibach, H.; Demuth, J. E. Surf. Sci. 1978, 78, 577-590.

(22) Benzene could also be present on the surface at this temperature. This
surface species cannot be benzene alone, however, because both C¢ and Cs
hydrocarbons are seen to desorb from the surface above this temperature.

(23) Bent, B. E. Ph.D. Thesis, University of California, Berkeley, CA,
1986.

(24) This process finds precedent in the photochemical and thermal
chemistry of COT. See: Yu, C. F.; Youngs, F.; Bersohn, R.; Turro, N. J.
J. Phys. Chem. 1985, 89, 4409-4412. Dudek, D.; Glanzer, K.; Troe, J. Ber.
Bunsenges. Phys. Chem. 1979, 83, 776-778. Dudek, D.; Glanzer, K.; Troe,
J. Ber. Bunsenges. Phys. Chem, 1979, 83, 778-797.

out a crossover experiment. A mixture of COT and COT-ds was
coadsorbed onto a Pt(111) surface, and the benzene that desorbed
between 400 and 530 K was analyzed by IDMS. No benzene-d,
or benzene-d, was found to be present; instead, the desorbed
benzene consisted almost exclusively of the -d, and -d; isoto-
pomers.2® The lack of crossover rules out the complete decy-
clization mechanism but is consistent with the rearrangement/
cycloreversion pathway.

Further studies of the reactions of cyclic and bicyclic hydro-
carbons on Pt(111) surfaces are underway.
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(25) Although this mechanism has precedent on palladium and on alu-
mina-supported platinum surfaces, acetylene decomposes on Pt(111) without
producing any benzene. See: Kesmodel, L.; Dubois, L. H.; Somorjai, G. A.
J. Chem. Phys. 1979, 70, 2180-2188, and references therein. Lambert, R.
M.; Ormerod, R. M. Mater. Chem. Phys. 1991, 29, 105-115. Lambregts, M.
J.; Munson, E. J.; Kheir, A. A.; Haw, J. F. J. Am. Chem. Soc. 1992, [ 14,
6875-6879.

(26) Some benzene-ds was formed that resulted from COT-d, impurities
present in the sample of COT-d;.
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Large transition-metal clusters and colloids deserve notice for
different reasons. They may serve as objects for the study of
quantum size effects and the formation of metallic states,' and
they are ideal candidates for catalytic processes.> Established
methods for the preparation of large metal clusters and colloids
on various supports®® lead to a more or less broad size distribution.

Y Universitat Essen.

!National Center for HREM, Lund.

$Kamerlingh Annes Laboratory, University of Leiden.

+ National Center for HREM, Delft.

I Gorlaeus Laboratory, University of Leiden.

(1) (a) Schmid, G. Chem. Rev. 1992, 92, 1709. (b) Wang, Y.; Herron,
N. Phys. Chem. 1987, 91, 257. (c) Bawendi, M. G.; Steigerwald, M. L.; Brus,
L. E. Annu. Rev. Phys. Chem. 1990, 41, 477. (d) Kortan, A. R.; Hull, R,;
Opila, R. L.; Bawendi, M. G.; Steigerwald, M. L.; Carroll, P. J; Brus, L. E.
J. Am. Chem. Soc. 1990, 112, 1327. (e) Schmid, G. Mater. Chem. Phys.
1991, 29, 133. (f) Schmid, G. Endeavour 1990, 14, 172. (g) Simon, U,;
Schmid, G.; Schén, G. Proceedings of the MRS Spring Meeting; San Fran-
cisco, CA, Spring 1992,

(2) (a) Davis, S. C.; Klabunde, K. J. Chem. Rev. 1982, 82, 153. (b)
Schmid, G. Aspects Homogeneous Catal. 1990, 7, 1. (c) Schmid, G.; Kipper,
R.; Hess, H.; Malm, J.-O.; Bovin, J.-O. Chem. Ber. 1991, 124, 1889.

(3) (a) Tsai, K.-L.; Dye, J. L. J. Am. Chem. Soc. 1991, 113, 1650. (b)
Allongue, P.; Souteyrand, E. J. Electroanal. Chem. 1990, 286, 217. (c)
Weber, R. S.; Peuckert, M.; Dalla Betta, R. A; Boudard, M. J. Electrochem.
Soc. 1988, 135, 2535. (d) Shimazu, K.; Weisshaar, D.; Kuwana, T. J.
Electroanal. Chem. 1987, 223, 223. (e) Shimazu, K.; Uosaki, K.; Kita, H.;
Nodasaka, Y. J. Electroanal. Chem. 1988, 256, 481.

0002-7863/93/1515-2046304.00/0 © 1993 American Chemical Society



Communications to the Editor

10 nm

Figure 1. Mixture of Pd7/8 cluster particles.

A recent example is the synthesis of nanoscale platinum clusters
in glassy carbon, showing a size range of 6-30 A.” In contrast,
ligand-stabilized clusters are provided with the advantage of being
predominantly uniform. The largest ligand-stabilized cluster with
satisfactory characterization was described by Moiseev et al. in
1985% and in a modified version by us.” It is formed when Pd(II)
acetate is reduced by hydrogen in acetic acid solution and in the
presence of appropriate ligands, followed by the careful addition
of oxygen to coordinate free surface atoms. The yields of the
cluster with the idealized formula Pdss phen;Os004,0 (phen =
phenanthroline) in our synthesis is below 10%. In search of the
other 90% of the palladium, we now found a mixture of mainly
two different clusters with diameters of 31.5 and 36,0 A. Ina
typical experiment, a solution of 2.32 g of Pd(OAc), (1.03 X 107
mol) and 0.25 g of phen-H,0 (0.13 X 102 mol) in 800 ml of acetic
acid is treated with gaseous hydrogen under vigorous stirring at
room temperature. In the course of 10~12 min, 2.4 moles of H,
per mole of Pd is used, and 0.65 mole of O, per mole of Pd is then
needed to cover uncoordinated surface Pd atoms by oxygen. It
is assumed that a part of the hydrogen is dissolved in the Pd
particles and is removed then by the reaction with oxygen. There
is no indication (NMR) that the final products contain hydrogen.
The black reaction mixture is centrifuged at 4300 revolutions per
minute. Repeated washing with acetic acid and drying under
vacuum gives 1.157 g of the air-stable cluster mixture (90.7%).
It is soluble in a water—pyridine mixture (10:1). The filtrate of
the centrifugation contains the Pds, cluster, which can be isolated
by addition of the 3-4-fold amount of benzene, followed by
centrifugation at 5000 revolutions per minute.

By studying the particle size distribution in several electron
micrographs, the sizes found were approximately 31.5 and 36.0
A, while about 10% were smaller or bigger. Atomic resolution
images, recorded at electron acceleration voltages of 300 and 400
kV and at a structural resolution of 1.6 A, show that most of the
clusters are crystalline with an almost cuboctahedral shape. The
number of (111) planes of atoms are most frequently 15 and 17
(cf. Figure 1). Using the terminology of full-shell clusters, these

(4) (a) Bruce, J. A.; Murahashi, T.; Wrighton, M. 8. J. Phys. Chem. 1982,
86, 1552. (b) Dominey, R. N.; Lewis, N. S.; Bruce, J. A.; Bookbinder, D.
C.; Wrighton, M. S. J. Am. Chem. Soc. 1982, 104, 476. (c) Stalder, C. J.;
Chao, S.; Wrighton, M. 5. J. Am. Chem. Soc. 1984, 106, 3673, (d) Bartag,
D. E.; Kazee, B.; Shimazu, K.; Kuwana, T. Anal. Chem. 1986, 58, 2756. (e)
Kost, D. M.; Bartag, D. E.; Kazee, B.; Kuwana, T. Anal. Chem. 1990, 62,
151. (f) Andres, R. P.; Averback, R. S.; Brown, W. L_; Brus, L. E.; Goddard,
W. A, I1I; Kaldor, A.; Louie, S. G.; Moscovits, M.; Peercy, P. S.; Riley, S.
J.: Siegel, R. W.; Spaepen, F.; Wang, Y. J. Mater. Res. 1989, 4, 704,

(5) Breitscheidel, B.; Zieder, J.; Schubert, U. Chem. Mater. 1991, 3, 559.

(6) (a) Cardenas-Trivino, G.; Klabunde, K. J.; Dale, E. B. Langmuir 1987,
3,986. (b) Klabunde, K. J.; Li, Y. X.; Tan, B. J. Chem. Mater. 1991, 3, 30.

(7) Pocard, N. L.; Alsmeyer, D. C.; McCreary, R. L.; Neenan, T. X.;
Callstrom, M. R. J. Am. Chem. Soc. 1992, 114, 769.

(8) Vargaftik, M. N.; Zagarodnikov, V. P.; Stolyarov, 1. P.; Moiseev, 1.
I.; Likholobov, V. I.; Kochubey, D. 1.; Chuvilin, A. L.; Zaikowsky, V. I.;
Zamaraev, K. L.; Timofeeva, G. [. J. Chem. Soc., Chem. Commun. 1985, 937.

(9) Schmid, G. Polvhedron 1988, 7, 2321.
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Figure 2. Cluster of palladium with 17 (111) layers of atoms. The outer
layers are marked with arrows, showing the cuboctahedral shape of a
cubic close packed structure. The HREM image is recorded along [110].
The cluster is supported on amorphous carbon.

numbers correspond well with seven-shell, Pd7, or eight-shell, Pd8,
clusters. The images of the clusters show that the structure is
most of the time the cubic close packed (fcc) type, as in the bulk
metallic Pd, but structural defects occur frequently.

Figure 2 shows a single eight-shell cluster particle with an
almost perfect cuboctahedral shape.

The elementary analysis'” of a microscopically investigated
sample (30% Pd7, 62% Pd8) together with model studies enabled
the calculation of idealized formulas for the two cluster types:
Pd 4 sphengO 100 (Pd7) and Pd,s;pheng,O 00 (Pd8). How-
ever, as these cluster molecules are only available as a mixture,
these formulas are burdened with a portion of uncertainty.
Nevertheless, the experimental analytical values agree well if the
microscopic evaluation is accepted. Attempts to separate Pd7 from
Pd8 by means of ultracentrifugation failed as did attempts by
chromatographic methods.

Not only HRTEM but also X-ray powder diffractions prove
the fcc structure of the clusters. The 111, 200, 220, 311, and 222
reflexions can be observed, and their positions agree well with those
of bulk palladium.

Solutions of Pd7/Pd8 are well suited to prepare heterogeneous
catalysts with metal particles of two different but very similar sizes.
TiO, adsorbs the cluster molecules up to 5 wt % spontaneously
from a water—pyridine (10:1) solution. BET measurements of
the undoped, 1% doped, and 5% doped TiO, show that the original
distribution of the micropore radii (7.6-35 A) is reduced con-
siderably with 1 wt % of Pd7/Pd8 and has almost completely
disappeared with 5 wt % of the cluster material. +-Al,O, is much
less suited as a support, as only 0.3 wt % of the cluster material
is adsorbed.

A novel method for catalyst preparation uses aqueous solutions
of Pd7/Pd8 to hydrolyze Ti(OC;H,); in 2-propanol. TiO,nH,0
is precipitated together with molecularly dispersed Pd7 and Pd8.
A content of 1.1 wt % as a maximum is possible. This catalyst
is almost as active as if the same amount of cluster molecules were
adsorbed on the surface. It may be advantageous, if it is stressed
mechanically, e.g., by vigorous stirring. If the surface is damaged,
then new active surfaces are continuously reformed.

Preliminary experiments with Pd7/8 on TiO, and Al,O; show
these materials to be powerful catalysts in various olefin hydro-
genation reactions. Diolefins like 1,3-cyclooctadiene or dicyclo-

(10) Analytical data calculated (found) for a microscopically investigated
mixture of 30% Pd,45s(Cy3HgN1)egO) 123 and 62% Pdags7(C1oHgN2)siO 12 C,
4,71 (5.14 £ 0.03); H, 0.27 (0.42 £ 0.05); N, 0.91 (0.84 £ 0.02); O, [0.03
(9.98 £ 0.21); Pd, 84.08 (83.62 £ 0.11)
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pentadiene can be semihydrogenated selectively. 1-Hexyne is
transformed to 1-hexene with 98% yield.

All hydrogenation processes are definitely heterogeneously
catalyzed, as no case has been observed where the filtered products
showed catalytic activities. The activities of repeatedly used
catalyst samples turned out to be absolutely constant.
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Rates of electron transfer (ET) between molecule-based donors
(D) and acceptors (A) are known to depend strongly on DA
separation distance, for both Franck-Condon (solvent reorgani-
zation) and electronic (orbital overlap) reasons.! Distances are
often fixed, therefore, by linking D and A (covalently) with
molecular bridges.> If the bridge structure is flexible, however,
a range of distances can still result.’ Recently we reported on
ET from a photoexcited donor (Re(CO);(bpy)(py)* (bpy is
2,2’-bipyridine, py is pyridine)) to an electron acceptor (nitro-
benzene, NB), where the two are connected by a flexible crown
ether-based link (see assembly 1).* The initial experiments were

QrSoreond
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PFg O

performed in nitromethane as solvent, and the results were con-
sistent with reactivity from a single conformational form. We
now report experiments in methylene chloride as solvent which
clearly demonstrate the existence of two structural forms. The
two are interrelated by intramolecular folding and can be reversibly
interconverted via changes in temperature. Importantly, the two
forms exhibit marked differences in ET reactivity.

The likely existence of two structural forms was initially in-
dicated by variable temperature kinetics measurements. Figure

NO2 1

(1) See, for example: (a) Isied, S. S.; Vassilian, A.; Wishart, J. F.; Creutz,
C.; Schwartz, H. A.; Sutin, N. J. Am. Chem. Soc. 1988, 110, 635. (b)
Brunschwig, B. S.; Ehrenson, S.; Sutin, N. J. Am. Chem. Soc. 1984, 106,
6858. (c) Sutin, N. ACS Adv. Chem. Ser. 1991, 228, 25.

(2) Representative work: (a) Paddon-Row, M. N_; Oliver, A. M.; War-
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(3) See, for example: Cooley, L. F,; Larson, S. L.; Elliott, C. M.; Kelley,
D. F. J. Phys. Chem. 1991, 95, 10694.
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Figure 1. Logarithm of rate constant for intramolecular electron transfer
(Py — NB; see Scheme I) vs inverse temperature in deoxygenated
CH,Cl, as solvent. (Data point in parentheses was omitted from the
low-T fit.)
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Figure 2. Proton NMR (top) and 1-D NOE (middle and bottom) spectra
for 1 (aromatic region) and CD,Cl, at 298 and 263 K (600-MHz Bruker
spectrometer).

1 shows an In rate/inverse temperature plot for intramolecular
redox quenching of the Re!'py fragment of 1 by pendant NB.’
Notably, the plot is biphasic with a transition temperature of ~280
K. From the high-temperature slope, AHgr* is 1.4 kcal mol™';
from the high-T intercept, the preexponential factor Agris 3 X
10%s™'. In contrast, from the low-T measurements, AHgr* and
Agt are 9 keal mol™ and 2 X 10'2 57!, respectively. Despite the
kinetic differences, however, no shift in steady-state emission
energy (or bandwidth) with temperature was seen.®
Confirmation that the biphasic kinetics are related to a tem-
perature-dependent, secondary structural change was obtained
by 1-D NOE in CD,Cl, (Figure 2).” At 263 K, irradiation of

(5) Rate constants were obtained* by comparing luminescence lifetimes for
1 with those for an equivalent assembly featuring a redox-inactive pyridine
moiety in place of nitrobenzene (assembly 3 in ref 4) and by ascribing the
differences to an intramolecular ET decay pathway. Representative data: T
= 299.5 K, 7(1) = 680 ns, 7(3) = 820 ns, kg = 2.5 X 10°s™}; T'= 298 K,
7(1) = 750 ns, 7(3) = 900 ns, kg = 2.2 X 10° s} T = 260 K (1) = 860
ns, 7(3) = 920 ns, kgr = 7.6 X 10*s”',

(6) UV absorption spectra were also unchanged in energy, although a very
slight increase in extinction accompanied cooling. No unusual changes were
seen in the vicinity of the transition temperature.
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