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Adsorption of C60 on nickel clusters at high temperature
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The adsorption of C60 on nickel clusters has been studied in a flow-tube reactor at temperatures between 823
and 1073 K. Saturation coverages of C60 have been determined for Ni2–Ni72 and show a size dependence
consistent with C60 adsorption on essentially spherical Nin clusters. There is no evidence for C60 decomposi-
tion. The configuration of the adsorbed C60 molecules appears to change from tetrahed-
ral→octahedral→cubic→less symmetrical arrangements as metal cluster size increases. An RRK modeling of
the first C60 that binds to the nickel clusters yields a binding energy in excess of 2.06 eV. The binding energy
appears to decrease with decreasing metal nuclearity of the binding site, with binding to atop sites on the Nin

clusters being relatively weak. It is argued that electron transfer to the C60 ligands is limited by charging of the
central Nin core and that this may provide a way of controlling the extent of electron transfer to the adsorbed
molecules.@S0163-1829~99!03720-0#
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I. INTRODUCTION

The interaction of C60 with metals has been the subject
many investigations. C60 has been adsorbed on met
surfaces1 and metals have been adsorbed on individual60

molecules,2 as well as on surfaces of solid C60.
3,4 These wide

ranging studies have been possible, in part, because o
incredible stability of the C60 molecule. Isolated in the ga
phase at 1273 K, C60 has a 15-min lifetime for
decomposition.5 At higher temperatures, decomposition wi
loss of C2 ~Refs. 6–8! or even thermal ionization occurs.9,10

When metals are adsorbed on individual C60 molecules, it is
found that in some cases the entire molecule can be co
with metal2 while in other cases metal adsorption leads
destruction of the C60 cage.11 At higher temperatures, inser
tion of metal atoms~including Ni! into the C60 lattice is
observed.12

The adsorption of C60 on metal surfaces shows a wid
variety of behaviors. While the C60-surface interaction was
once believed to be van der Waals, most recent studies fi
to have both covalent and polar character, and the bindin
often strong enough to cause adsorbate-induced sur
reconstruction.1 Charge transfer from metals to C60 mol-
ecules varies from negligible for C60 adsorbed on Pt~111!
~Ref. 13! to more than six electrons for KnC60 compounds,14

showing the incredible versatility of the C60 molecule to
adapt itself to specific environments. There is interest
finding methods to control the charge transfer as a mean
altering the electronic properties of the C60. As we will argue
below, adsorbing C60 on metal clusters may be one way
providing that control.

There have been a few studies of the interaction of60
with metal clusters. Clustering of C60 around Au clusters ha
been reported in the deposition of Au on a film of C60.

3

Recent studies of the adsorption of C60 molecules on smal
clusters of V,15,16 Co,17 Sc,16 Ti,16 and Cr,16 have been re-
PRB 590163-1829/99/59~20!/13431~15!/$15.00
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ported using a pulsed laser vaporization technique for ge
ating both the metal clusters and C60. Clusters containing up
to five metal atoms were studied in most cases. In th
experiments a vaporized plume of metal in a helium car
gas was passed through a vaporized plume of C60, followed
by rapid cooling to room temperature. An unknown aspec
these experiments~or at least one not discussed by the a
thors! is the degree to which the observedMn(C60)m species
are a consequence of kinetics-dominated metal-C60 collisions
in the gas stream~including C60 condensation! rather than
equilibrium adsorption that reflects the energetics
C60-metal bonding. Clear differences in the product spec
for different metals suggest that some sampling of the bo
ing energetics was being made.

In the present study we examine the adsorption of60

molecules on nickel clusters from Ni2 through Ni72 isolated
in the gas phase. In contrast to the earlier cluster studies
adsorption is studied in a flow-tube reactor~FTR! at high
temperature. A controlled temperature environment perm
us to more readily distinguish adsorption dominated by
netics processes from equilibrium C60 adsorption. Our obser
vation of equilibrium C60 adsorption/desorption is, as far a
we are aware, the first demonstration that C60 can be des-
orbed from a nickel surface intact. Previous attempts to
sorb C60 by laser heating have resulted in metal desorption
C60 decomposition instead.18 These results suggest a low
rate of decomposition on nickel clusters than on bulk nic
surfaces. The probable origin of this difference will be d
cussed below.

In Sec. II we give experimental details regarding the hig
temperature flow-tube reactor and the operating conditi
for cluster formation and C60 addition to the nickel clusters
In Sec. III we give the experimental results for adsorption
C60 on both pure Nin clusters and the cluster oxides NinO,
and in Sec. IV we discuss what these experiments are te
us about the nature of the Nin(C60)m and NinO~C60!m species.
13 431 ©1999 The American Physical Society
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II. EXPERIMENT

Nickel clusters are made by laser vaporization of isoto
cally pure nickel (58Ni or 60Ni) into a stream of helium gas
held between 55 and 75 Torr pressure. The nickel targe
formed by electroplating nickel onto a 0.560-cm-diam co
per rod. The aluminum block housing the target rod and la
entrance port is the same as that used earlier for chem
probe studies.19 The flow tube and source for C60, fabricated
of stainless steel, is a second assembly that attaches t
aluminum block via a stainless steel flange. A schematic
the entire source/flow tube is shown in Fig. 1. The len
~10.6 cm! and inner diameter~3 mm! of the flow tube as well
as the nozzle aperture~1 mm! are the same as used in pr
vious studies.20 The flow tube is wrapped with coaxial hea
ing wire and three layers of Ta heat shields. The C60 sample
is located within a side arm, also heated with coaxial hea
wire surrounded by heat shields, attached to the middle
the flow tube. The C60 is placed in a cylindrical cup made o
graphite, quartz, or stainless steel and heated by radia
from the side arm. The cup is supported by a 0.159-cm
encapsulated chromel-alumel thermocouple that also
vides an accurate measure of the cup temperature. Heliu
passed through the side arm to transport the C60 into the flow
tube reactor~FTR!, the portion of the flow tube that is down
stream of the C60 entrance port~see Fig. 1!. The FTR and C60
sample can be independently heated to 1320 K. Tempera
differences of up to 500 K can be maintained between
nozzle and cup. Besides the thermocouple supporting the60
cup, thermocouples are placed at the upstream, center,
downstream~nozzle! regions of the flow tube. Unless othe
wise stated, the temperatures quoted in this paper refer to
temperatures of the nozzle. The aluminum block housing
target rod can be cooled by passing either water or liq
nitrogen through a brass block attached to the base of
aluminum block. In most experiments the aluminum blo
was maintained at room temperature. The reaction time
the clusters in the FTR is;0.4–0.6 ms.

The clusters pass out of the nozzle at the end of the F
and are collimated by a 3-mm-diam skimmer. The nozz
skimmer distance is increased from the normal distance
1.3 to 5 cm to reduce plugging by the C60. After passing
through a differential pumping chamber, the clusters p

FIG. 1. Schematic of the high-temperature cluster source/fl
tube reactor.
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into a third chamber where they are ionized either by an A
~6.42-eV photon energy! or F2 ~7.89-eV photon energy! ex-
cimer laser and mass analyzed in a reflection time-of-fli
~TOF! mass spectrometer with a resolution of;1000. Mul-
tiphoton processes are minimized by keeping the laser
ences low.

Because of the high nozzle temperature and the large
and mass of the C60 ligands, the Nin(C60)m clusters acquire
considerable translational energy in the nozzle expansio21

The large ligands result in increased numbers of cluster
collisions, and thus reduced slippage in the nozzle exp
sion, producing translational energies higher than would n
mally be found for other cluster species of comparable ma
Since the axis of the mass spectrometer is perpendicula
the cluster beam, deflection plates within the mass spectr
eter redirect motion initially along the cluster beam axis
motion along the mass spectrometer axis. Mass spectra
measured in 20-ms segments, taken with deflection plate s
tings that direct the appropriate mass range to the detec

The mass spectra of C60 adsorbed on nickel clusters loo
quite different from those of other molecules adsorbed on
same clusters. In the case of N2, for example, the entire
Nin(N2)m

1 cluster distribution for a givenn generally fits on
a single 20-ms segment. In contrast, because of the high60
mass, each element of the Nin(C60)m

1 distribution generally
appears in a different 20-ms segment. This makes it difficul
to determine accurate values ofm̄, the average value ofm,
used in constructing uptake plots (m̄ vs lnPC60

, wherePC60

is the C60 pressure in the FTR!.22 A more serious limitation,
however, is the rather limited range of C60 pressures that can
be used in these experiments. The limitation is not the te
perature achievable in the C60 cup, but the combined nee
for high C60 vapor pressure and low cluster temperature
order to achieve a saturated coverage of C60 on the clusters.
If the vapor pressure of C60 transported into the FTR is too
high for the FTR temperature, C60 condenses on the walls o
the FTR and plugs the nozzle.

A necessary, but not sufficient, condition to obtain a sa
ration coverage of C60 on Nin is that the adsorption reactio
must be in thermodynamic equilibrium~excluding C60 con-
densation, which is not of interest here!. The conversion
from kinetics-dominated adsorption to equilibrium adso
tion occurs when the rate of C60 desorption from the cluster
within the FTR becomes equal to the time the clusters sp
in the FTR.23 At equilibrium, the rate of desorption equa
the rate of adsorption, so we can write the conversion c
dition as (ssnv)2150.57 ms, wheres is the cluster-C60 col-
lision cross section,s the sticking probability,n the C60 den-
sity, v the cluster-C60 relative velocity, and 0.57 ms is th
approximate time the clusters spend in the FTR at 873
Assumings5100 Å2 and s51 at an FTR temperature o
873 K, we obtain a C60 pressure of 1.0 mTorr. This agree
well with the observed conversion pressures for most s
tems studied.24 The highest C60 pressure used in the prese
experiments was nominally 18 mTorr, or more than an or
of magnitude higher than the conversion pressure. The60
pressure was determined from the mass of C60 initially
placed in the cup, the length of time before it was exhaus
and the measured flow velocity through the FTR.25 A C60
pressure of 18 mTorr permits nozzle temperatures as low

-
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PRB 59 13 433ADSORPTION OF C60 ON NICKEL CLUSTERS AT . . .
;823 K, below which significant C60 condensation occurs in
the FTR.

In Fig. 2 we show mass spectra~single 20-ms segments of
the entire mass spectrum! at three different temperatures o
the C60 cup and a nozzle temperature of 923 K. Ionizati
was with an F2 laser. At a cup temperature of 855 K~the
bottom spectrum!, each Nin cluster shows a large number o
Nin(C60)m

1 peaks characteristic of adsorption dominated
kinetics. As the cup temperature is increased, the spe
begin to simplify and at 1013 K~the top spectrum!, corre-
sponding to nominally 18 mTorr C60, single Nin(C60)m

1

peaks are seen for most clusters and the adsorption rea
is clearly in equilibrium. Under these conditions all the Nn
clusters from Ni9 through Ni21 appear to have become sat
rated at Nin~C60!6. It must be reiterated that saturation is n
guaranteed by the appearance of equilibrium adsorpt
Higher pressures are often necessary to adsorb more we
bound molecules. However, since the accessible C60 pressure
range is so small with the present experimental configu
tion, it is not possible to raise the C60 pressure to test fo
further adsorption. The presence or absence of satura
can, in an approximate way, be tested by the tempera
dependence of the C60 coverage. A coverage that is insens
tive to a large change in cluster temperature for the sa
pressure of C60 can be assumed to be saturated.

The assignment of peaks in the mass spectra is com
cated by the approximate mass overlap of the Nin(C60)mO1

and Nin125(C60)m22
1 peaks for the58Ni isotope and the fac

FIG. 2. Mass spectra of Nin(C60)m
1 at a nozzle temperature o

923 K and three temperatures of the C60 cup, 855, 905, and 1013 K
corresponding to increasing C60 pressure in the FTR. The thre
spectra illustrate the conversion from adsorption dominated by
netics to one dominated by equilibrium processes.
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that cluster oxides are always present to some extent in
cluster distribution. While these two species are 6 amu ap
apparent mass shifts due to the different numbers of60
molecules adsorbed on the clusters result in an inability
resolve the two peaks in the mass spectra.26 To help in peak
identification, mass spectra were taken with both58Ni and
60Ni. Since the mass of C60 is equal to 12 times the mass o
60Ni ~in the absence of13C), the Nin(C60)m

1 peaks in the
60Ni spectra form a single series of peaks that is coincid
~aside from slight broadening due to the ligand-depend
mass shifts! with the series of bare cluster peaks Nin

1. All
oxide peaks will fall outside this series of peaks. This
illustrated in Fig. 3, where we show 20-ms segments of the
mass spectra for both58Ni and 60Ni. A comparison of the
spectra clearly show that the small peaks on the right sh
der of the larger peaks are indeed cluster oxides and
there is an abrupt change in the C60 coverage on the oxide
clusters at Ni24.

It is important in studies of cluster reactivity that clust
growth terminates and the clusters thermalize prior to
addition of reagent gas. Otherwise, the clusters may b
high temperature~higher than the temperature of the FTR
the point where reagent gas is added! and decomposition of
the cluster-reagent adduct may occur.@In the present experi-
ments decomposition of cluster oxides with an adsorb
layer of C60,NinO~C60!m , is observed at nozzle temperatur
above 1073 K.27# It has been previously determined that
room temperature and 20-Torr He pressure, cluster growt
terminated by the time the clusters reach a point 4 cm do
stream of the target rod.20 Cluster growth terminates becaus
diffusional loss of metal atoms to the wall of the flow tub
depletes the atom density sufficiently that no further co
sions between the clusters and the residual atoms occu
temperatures other than room temperature, the ratio ofP/T,
the pressure in the flow tube divided by the temperature
kept constant in an attempt to keep the diffusional loss a
constant rate and ensure a termination of cluster growth
stream of the entrance port of the FTR. Increasing the hel
pressure above the nominal pressure causes cluster grow
continue past the reagent port and can yield mass spe

i-

FIG. 3. Mass spectra of Nin(C60)m
1 for both the58Ni and 60Ni

isotopes, illustrating that the shoulders on the most intense p
are indeed cluster oxides. The nozzle temperature was 964 K
the C60 cup temperature was 1013 K.
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with unusual distributions of products or peaks associa
with decomposition of the cluster-reagent adduct. In
present experiments no unusual peaks were observed a
nominal temperature and pressure conditions, but a 50%
crease in helium pressure in the FTR produced a large n
ber of new peaks corresponding to less completely satur
clusters. It is not known whether these species are the re
of decomposition, but their presence is clearly related
cluster growth beyond the C60 reagent port. The complet
absence of these species at the nominal pressure and
perature conditions is a good indicator that under these
erating conditions, cluster growth and thermalization of
clusters to the temperature of the FTR are indeed comp
before addition of the C60 reagent gas.

Three different cup materials were used in the pres
study. Most experiments were done with a graphite cup,
quartz and stainless steel cups also yielded the same
spectra. Two sources of C60 were used. One from MER
Corporation28 ~99.51%! and the other from Hoechst AG
~Ref. 29! ~gold grade!. Both samples produced the sam
mass spectra.

III. RESULTS

In Fig. 4 we show a composite mass spectrum assem
from 20-ms TOF segments recorded with a nozzle tempe
ture of 823 K and a nominal C60 pressure in the FTR of 18
mTorr. Actually, a small degree of nozzle plugging was o
served at this temperature, suggesting some C60 condensation
on the walls of the FTR and a C60 pressure somewhat lowe
than 18 mTorr. The spectrum includes clusters ions fr
Ni4~C60!4

1 through Ni72~C60!12
1. This spectrum shows th

highest degree of C60 saturation that we have observed f
the Nin1C60 system.

As can be seen in Fig. 4, the peaks naturally fall in
groups associated with a specific number of C60 molecules
adsorbed on the clusters. Using the notationa(b-c), wherea
is the number of C60 molecules on the cluster andb-c is the
range of nickel clusters that adsorb ‘‘a’’ C 60 molecules, the

FIG. 4. A composite mass spectra from Ni4~C60!4 through
Ni72~C60!m formed from eleven 20-ms segments. The nozzle tem
perature was 823 K and the nominal C60 pressure was 18 mTorr
The peak labeled with an asterisk is an impurity in the C60 sample.
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groupings for significant peaks in Fig. 4 are 4~4–5!, 5~6–8!,
6~9–16! and 6~22–23!, 7~17–22!, 8~23–30!, 9~31–42! and
9~46–48!, 10~43–60!, and 12~61–72!. The group of peaks in
Fig. 4 between Ni60~C60!10 and Ni61~C60!12 includes some
clusters with 11 adsorbed C60 molecules, but most of the
signal in this region corresponds to NinO~C60!11 species.
Spectra similar to that shown in Fig. 4, but differing in th
coverage level for some clusters, are observed at temp
tures up to 1073 K. The peak labeled with an asterisk in F
4 corresponds to an impurity in the C60 vapor that appears
with every sample of C60 we have used and is present wh
no nickel clusters are being generated. Its intensity is roug
a factor of 1000 lower than that of C60. When the C60 sample
is depleted, this peak also disappears. Its mass is app
mately 3750 and its composition is unknown.30

At F2 laser fluences roughly twice those used in Fig.
additional peaks begin to appear in the mass spectra. S
of these peaks can be identified as Nin(C60)m

1 species that
result from multiphoton desorption of C60 from the saturated
clusters. It is of interest that desorption of C60 can actually
result from laser heating of nickel clusters, since pulsed la
excitation of C60 on Ni~111! to reach surface temperatures
high as 2000–3000 K shows Ni desorption, but no C60
desorption.18

Mass spectra essentially identical to those in Fig. 4 w
obtained with ArF laser ionization for nickel clusters larg
than ;13 atoms, although the ionization efficiency w
smaller. Unless otherwise stated, the results presented
were recorded with F2 laser ionization. A mass spectrum i
the region of 13 atoms is shown in Fig. 5 for both F2 and ArF
laser ionization. Reducing the ArF laser fluence by a fac
of 5 yielded a factor of 5 reduction in ion signal and a ma
spectrum identical to the ArF spectrum in Fig. 5, implyin
one-photon ionization. The lower energy photons of the A
laser ionize thesaturatedNin(C60)m clusters withn>10. For
n,10, some cluster oxides, NinO~C60!m , were ionized, but
no Nin(C60)m clusters were ionized other than Ni3~C60!2. Ni6
is particularly interesting, as its appearance in the mass s
tra shows an unusual dependence on C60 coverage. Ni6 has
an ionization potential greater than 6.42 eV,31 and cannot be

FIG. 5. A comparison of mass spectra for F2 and ArF laser
ionization in the size region corresponding to onset of Nin(C60)m

ionization with the ArF laser.
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FIG. 6. The coverages of C60 observed at
three different nozzle temperatures, 823, 923, a
1023 K, with the C60 cup at 1013 K.
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ionized by the ArF laser. Ni6C60 and Ni6~C60!3 can be ion-
ized, while Ni6~C60!2 and Ni6~C60!5 cannot ~although both
can be ionized by the F2 laser!. Ni6~C60!4 is not seen with
either laser, most likely due to a rapid adsorbate-indu
transition from Ni6~C60!3 to Ni6~C60!5. The significance of
the unusual ionization behavior of Ni6 will be discussed in
Sec. IV.

In Fig. 6 we present a plot of the highest C60 coverages on
the nickel clusters vs cluster size at 823, 923, and 1023 K
a fixed cup temperature. Anm value is included in the figure
if the Nin(C60)m

1 intensity is greater than 10% of th
Nin(C60)m21

1 intensity.
In Fig. 7 we show mass spectra in the lowest mass reg

In the lower spectrum, recorded at a cluster temperatur
873 K, peaks corresponding to atomic nickel, the nic
dimer, and the nickel trimer are seen, each binding two60
molecules. At 1073 K~upper spectrum!, the atomic nickel
peak disappears and a new peak appears corresponding
pentamer oxide bound to two C60 molecules. Small peak
corresponding to Ni4~C60!2

1 and Ni4O~C60!2
1 also are seen

The appearance of the monomer, dimer, and trimer speci
somewhat unexpected. With no C60 present, the smalles
Nin

1 cluster that is seen is Ni5
1. Small clusters diffuse rap

idly to the wall of the flow tube at the relatively low helium
pressures used in these experiments, and by the end o
FTR there is a negligible density of these species. This d
not mean, however, that the corresponding Nin(C60)m spe-
cies would not be observed. When the small Nin clusters
adsorb C60 in the FTR, their size dramatically increases a
their diffusional loss decreases. The question then is whe
the Ni2~C60!2

1 and Ni3~C60!2
1 ions result from saturation o

Ni2 and Ni3 or whether they arise from fragmentation pr
cesses, either one-photon or two-photon absorption or po
bly induced directly by the adsorption of C60 on larger clus-
ters. The fluence dependence of the Ni2~C60!2

1 and
Ni3~C60!2

1 species is consistent with one-photon adsorpti
In order to resolve this question, the aluminum sou

block was cooled to 153 K, while the nozzle temperature w
held at 873 K and the FTR pressure was the nominal 65 T
appropriate for this temperature. This has the effect of
d
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creasing the helium density in the region of the target r
thereby decreasing the diffusional loss of metal atoms in
upstream part of the flow tube. Under these conditions
with a cool C60 cup, species as small as Ni2

1 were observed
in the mass spectra,32 suggesting that Ni2~C60!m and
Ni3~C60!m ions arising from adsorption on the nascent ba
Ni2 and Ni3 clusters should clearly be seen in the mass sp
tra. With the cold source block and the C60 pressure at 18
mTorr, the Ni2~C60!2 and Ni3~C60!2 species were seen as th
only reaction products of these clusters. In fact, these spe
were observed at an order of magnitude lower C60 pressure,
where Ni4 has already saturated at Ni4~C60!4. Thus, we con-
clude that both Ni2 and Ni3 saturate with the adsorption o
two C60 molecules.33

The increase in C60 coverage is not always a smooth fun
tion of cluster size. This can be seen particularly clearly
Fig. 8, where we show a mass spectrum in the region
Ni8~C60!m through Ni12~C60!m recorded at a nozzle tempera
ture of 923 K and a nominal C60 pressure of 18 mTorr. The
spectrum is clearly bimodal for Ni9–Ni12, showing

FIG. 7. Mass spectra in the low mass region at nozzle temp
tures of 873 and 1073 K and a C60 cup temperature of 1013 K.
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Nin~C60!4
1 and Nin~C60!6

1 peaks with no intervening
Nin~C60!5

1 peaks.~Most of the peaks between these tw
groups are cluster oxides.! Similar jumps in coverage ar
observed at various temperatures for Ni23–27(6 – 8) and
Ni61–64~10–12!. Ni12 has the most unusual C60 pressure de-
pendence of any cluster studied. While there is a clear bi
dal distribution at 923 K and 18 mTorr pressure, with on
two peaks present in the cluster distribution, at 823
Ni12~C60!4

1, Ni12~C60!5
1, Ni12~C60!6

1, and Ni12~C60!7
1 are

all present in the mass spectrum~see Fig. 4!.
The jump from Nin~C60!4 to Nin~C60!6 that is seen in Fig.

8 implies that some structural change is occurring as a c
sequence of adsorbing C60. This can occur within the Nin
cluster itself or in the distribution of C60 molecules on the
surface of the cluster or both. The occurrence of such a ju
is perhaps of even greater interest for Ni13, since Ni13 is
expected to form as a closed shell, with one atom at
center and 12 atoms outside in one of several possible
rangements. The spectrum analogous to Fig. 8 for Ni13 is
shown in Fig. 9. In this case, the C60 adsorption energies ar

FIG. 8. Mass spectra for Ni8~C60!m through Ni12~C60!m , illus-
trating the jump in coverage from four to six C60 molecules. The
peak labeled with an asterisk is an impurity in the C60 sample.

FIG. 9. Mass spectra demonstrating the apparent jump in c
erage from Ni13~C60!4 to Ni13~C60!6. The nozzle temperature wa
973 K and the C60 cup temperature was 903 K. The Ni13~C60!m

peaks are shaded black.
o-

n-

p

e
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sufficiently high that equilibrium adsorption is seen only a
ter the adsorption of six C60 molecules. The product distri
bution in Fig. 9 is a reflection of the kinetics of adsorption
a C60 pressure just below saturation at Ni13~C60!6. The dis-
tribution shows significant peaks at Ni13~C60!4

1 and
Ni13~C60!6

1, and a very small peak at Ni13~C60!5
1. While a

distribution of products in this case can become bimo
without implying a structure change,34 the smallness of the
Ni13~C60!5

1 peak suggests that the 4→6 transition observed
for Ni9–12 is probably also occurring for Ni13. It should be
noted that analogous experiments on Con clusters show the
same series of Con~C60!4→Con~C60!6 transitions, and the
conversion of Co13~C60!4→Co13~C60!6 occurs under equilib-
rium conditions.35

Nickel cluster oxides are always present in the clus
distribution to some extent. The C60 coverage levels for the
NinO~C60!m clusters are not always the same as those for
Nin~C60!m clusters. This is illustrated in Fig. 10, where w
show a 20-ms segment of the mass spectrum with a noz
temperature of 973 K and a nominal 18 mTorr C60 pressure.
From Ni24 through Ni31, pure clusters and cluster oxides a
sorb eight C60 molecules. For Ni32, however, the bare cluste
coverage level has abruptly increased by one to Ni32~C60!9,
while the Ni32O cluster has not changed its C60 coverage.
~The small peaks on the shoulder of the cluster oxides
cluster dioxides.! This difference continues through approx
mately Ni40 before the ninth C60 molecule begins to appea
on the oxide cluster. In Fig. 11, we show a comparison of
C60 coverage for the bare and oxide clusters at 823 K an
nominal C60 pressure of 18 mTorr.

IV. DISCUSSION

A. Saturated clusters

There are a number of questions about the nature of
Nin(C60)m species observed in these experiments. Ba
questions of geometry include~1! do the nickel clusters tha
are initially formed upstream of the FTR remain intact in t
Nin(C60)m species or do the clusters decompose and ref
as a matrix of metal and C60 similar to the alkali-C60 mate-

v-

FIG. 10. Mass spectra illustrating the different coverage lev
on Nin(C60)m and the NinO~C60!m clusters. The nozzle temperatur
was 973 K and the C60 cup temperature was 1013 K.
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rials discovered earlier;36 ~2! if the nickel clusters are intact
are they liquidlike or solidlike;~3! are the C60 molecules
intact when adsorbed on the Nin clusters or have they de
composed;~4! if the nickel cluster is solidlike and decompo
sition does not occur, do the C60 molecules bind to specific
sites on the metal cluster or to the cluster as a whole,
similarly does the metal cluster form bonds to specific s
on the C60, or is the C60 molecule free to rotate on the su
face of the cluster similar to the partial orientational ord
observed in the room temperature C60 solid;37 ~5! if the Nin
clusters remain intact following C60 adsorption, what hap
pens to their geometrical structure as a consequence of
adsorption; and~6! are saturation coverages obtained at 8
K or can additional molecules adsorb at higher C60 pres-
sures? There are additional questions regarding the elect
character of these species. Assuming the Nin is intact, ~1!
what is the degree of charge transfer from Nin to C60 as a
function of C60 coverage,~2! does ionization cause remov
of an electron from the metal cluster or from C60, and ~3!
what are the bond strengths of C60 to the nickel clusters as
function of coverage? Some of these questions can be
swered from the present experimental results, while so
will require additional studies.

In Fig. 12 we show the Nin(C60)m saturation levels ob-
served at 823 K and a plot ofaR2 vs cluster size, wherea is
an arbitrary constant andR is the distance from the center o
the Nin cluster to the point of contact between C60 molecules
adsorbed on the cluster’s surface~see the Appendix!. 4pR2

is an effective area associated with packing C60 on the sur-
face. The metal cluster radius is determined from the str
tureless packing model38 and the C60 radius is taken as 5.0 Å
half the molecular spacing in bulk C60.

39 The curveaR2

follows closely the observed level of C60 adsorption, demon-
strating that adsorption is indeed occurring on essenti
spherical nickel clusters.

We next consider the issue of C60 decomposition. As
mentioned earlier, C60 in the bulk phase only decomposes
temperatures of 1270 K or above, demonstrating its inhe
stability. In contrast, decomposition on the Ni~110! surface

FIG. 11. A comparison of the C60 coverage on the nickel an
nickel oxide clusters vs cluster size. The nozzle temperature
823 K and the C60 cup temperature was 1013 K.
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has been observed at temperatures as low as 760 K,13 clearly
indicating a catalytic effect of the metal surface on the d
composition rate. On Ni~111! it has been reported18 that the
thermal decomposition lifetime is about 60 s at a surfa
temperature of 850 K or only 27 K above our lowest te
perature. These results demonstrate that C60 decomposition
depends on the crystal face and thus decomposition on ni
clusters may occur at quite a different rate.

There are several arguments against decomposition oc
ring on the nickel clusters, at least at the low end~823 K! of
the temperature range studied here. While C60 decomposes a
these temperatures on a Ni~110! surface, the time scale of th
present experiments~;0.5 ms! is 1024– 1023 times that of
the surface studies, making decomposition less likely. Wit
1013 preexponential factor for the rate of a unimolecular d
composition process, a 100-s time constant for decomp
tion at 760 K would yield a 7-s time constant at 823 K and
4-ms time constant at 1073 K, still well above the 0.5-m
time scale of the cluster experiments. In addition, as will
discussed below, the cluster-C60 interaction is likely weaker
than that on the Ni surface, especially under saturated c
ditions, further reducing the probability for decompositio
Thus, decomposition is unlikely at 823 K and may not
occurring over the entire 823–1073 K range of temperatu
studied here. This is consistent with the observation of m
tiphoton desorption of C60 at high fluences of the F2 laser,
which implies that undecomposed molecules are on the c
ters’ surfaces. The decrease in coverage at 1073 K at
nominal C60 pressures of 18 mTorr for essentially all cluste
also implies the equilibrium adsorption and desorption of C60
molecules from the cluster surfaces, without decomposit

An attempt was made to desorb a single C60 molecule
adsorbed on Nin by adjusting the C60 pressure to produce
low level of coverage, which included NinC60 and the bare
Nin clusters, and then heating the FTR to desorb the C60. @As

as
FIG. 12. A comparison of the experimental C60 saturation levels

and a best-fit plot ofaR2, whereR is the distance from the center o
the ~assumed! spherical nickel cluster to the point of contact b
tween the adsorbed C60 molecules anda is an adjustable constan
~see the Appendix!. The good agreement between the calcula
and experimental coverages demonstrates that the C60 molecules are
adsorbing on essentially spherical Nin clusters.
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mentioned above, attempts to desorb C60 from Ni~111! by
laser heating were unsuccessful.18# No significant change in
the NinC60

1/Nin
1 ratio was observed with increasing tem

perature up to 1073 K, indicating no desorption of C60. This
suggests that either the C60-Nin bond strength is quite strong
or decomposition had indeed occurred and the product
decomposition also do not desorb. If decomposition does
occur, then the fact that the desorption lifetime is grea
than 0.5 ms~the time the clusters spend in the FTR at 10
K! can be used to estimate a rough lower bound toE, the
C60-Nin bond strength. Using the traditional 131013s21 fre-
quency factor40 in an RRK analysis, the bond strength can
obtained from the relation (0.531023)215131013exp
(2E/kT). This gives 2.06 eV for the C60-Nin bond strength,
implying a rather strong interaction with the cluster. T
frequency factor of 131013 is, however, somewhat arbitrary
and thus it is difficult to assign an error limit to this value

There are other indications of strong C60 adsorption on
bulk nickel surfaces. Valence photoelectron spectra of C60 on
Ni~110! show substantial broadening of the C60 valence
bands that are consistent with a strong interaction.41 The ob-
servation of significant electron transfer from the Ni~110!
surface to adsorbed C60 ~Ref. 42! and the above-mentione
decomposition of C60 on Ni~110! at relatively low tempera-
ture are also indicative of a strong interaction. In spite of
strong interaction, equilibrium adsorption/desorption of C60
on nickel clusters can be observed, at least at high temp
ture and at the higher coverage levels, suggesting that t
modynamic measurements of C60 adsorption, analogous t
measurements of N2 adsorption on nickel clusters,43 may be
possible and could provide an accurate measure of the60
adsorption energy.

While the melting point of bulk nickel is 1726 K, meta
clusters often melt at considerably lower temperatures.44 If
the nickel clusters in Nin(C60)m were actually liquidlike, a
continuous increase inm with increasing cluster size, withou
jumps in the coverage level by more than one molecu
should be expected. Instead there are frequent jumps in
erage by two C60 molecules~see, for example, Fig. 8! that
are only consistent with solidlike nickel clusters that bi
C60 molecules to specific sites on the clusters’ surfaces.
jumps in coverage can, in principle, result from changes
the nickel cluster structure or changes in the distribution
C60 ligands on the surface of the cluster. In either case,
energy barrier to the transition can lead to bimodal distri
tions of product species, as is observed experimentally.
energy barrier, however, is not required to yield a bimo
distribution. Consider, for example, four C60 molecules ad-
sorbed on sites of type ‘‘a’’ converting to six molecules ad
sorbed on sites of type ‘‘b,’’ which have a smaller adsorption
free energy. If the free energies are such that Nin(C60)6
~‘‘ b’’ ! is more stable than Nin(C60)4 ~‘‘ a’’ !, but Nin(C60)5
~‘‘ b’’ ! is less stable than Nin(C60)4 ~‘‘ a’’ !, then the observed
transition will be from Nin(C60)4

1 to Nin(C60)6
1 with very

little Nin(C60)5
1 appearing in the mass spectra.

Changes in the metal cluster structure have been use
explain bimodal distributions seen with nitrogen22,45 and
ammonia46 adsorption on small nickel clusters. In the prese
case, however, the observed bimodal distributions are m
likely a reflection of changes in the configuration of the C60
of
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molecules~possibly coupled with changes in the Nin cluster
structure!. It is difficult, for example, to explain a discontinu
ous change in coverage by two molecules occurring ove
range of sizes~e.g., from Ni9–13 or Ni23–27) as arising from a
structural change in the bare clusters, as this would requi
cluster sizeindependentbarrier to transformation. A reorga
nization of the ligands, however, might be expected to per
over a range of cluster sizes if it is due, for example, to
overall size of the Nin core. The sequence of coverage leve
at 4→6→8 observed at some temperatures suggests a
quence tetrahedral→octahedral→cubic arrangements of th
C60 molecules~see Sec. IV C for specific examples!. The fact
that these same jumps in coverage are also observed fo
balt clusters35 is further evidence that they reflect reorgan
zation of the C60 ligands.

We can only speculate on the general question of60

mobility based on surface studies. Low-energy electron
fraction measurements42 on Ni~110! at temperatures betwee
630 and 660 K show density fluctuations over the surfa
that are attributed to a relative lack of mobility in compa
son to other metal surfaces, yet another indicator of a str
C60-Ni bond. While our temperatures are somewhat high
the curvature of the clusters’ surfaces would be expecte
inhibit C60 mobility, and this coupled with the observe
jumps in coverage suggests that the C60 molecules are prob-
ably not very mobile, at least on the ms time scale.

The issue of the orientation of the C60 molecules on the
nickel clusters is not addressed in an obvious way in
present experiments. Recent x-ray photoelectron diffrac
studies47 have shown that on copper and aluminum surfac
C60 adsorbs in a fixed orientation at room temperature. S
eral configurations were reported, including one with a s
fold face of C60 directed toward the surface, one with a
edge bond between a sixfold and fivefold face toward
surface, and one with a single atom toward the surface,
though the molecule-surface registry was not known. Bin
ing of the fivefold face of C60 to an atop site has also bee
observed on Ag~111! and Au~111!.48 In view of these results,
it is likely that C60 may have a number of bonding configu
rations with the nickel clusters. However, due to the high
temperatures in our experiments, the assumption of a fi
orientation of the C60 molecule on the surface may not b
valid.

We consider finally the question of electron transfer to
adsorbed C60 molecules. In general, electron transfer appe
to vary considerably on metal surfaces. Platinum, for
ample, has a negligible degree of electron transfer,13 al-
though the interaction of C60 with the surface is quite strong
indicating considerable covalent bonding. In contrast, on
surfaces,49 significantly more than six electrons are tran
ferred to each C60 molecule. For Ni~110!, measurements o
the shift in the infrared-active vibrational modes of C60 ~and
their correlation with the C60 charge state! have demon-
strated a more intermediate level of electron transfer fr
the metal to C60 of 261 electrons per C60 molecule.42

The direction of electron transfer on Ni~110! is in agree-
ment with several observations regarding ionization of
Nin(C60)m clusters. A transfer of electrons from a metal clu
ter to an adsorbed molecule generally results in a decre
ionization efficiency and an increase in the cluster ionizat
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potential.50 In the case of Nin(C60)m , both of these effects
are observed. With F2 laser ionization the measured ioniz
tion efficiency of Nin(C60)m is roughly a factor of 2 lower
than that of the bare cluster, in spite of the fact that
photon energy is above the C60 ionization potential~IP!, and
the IP’s of the saturated clusters are clearly higher than th
of the bare clusters@with the ArF laser, Ni5 and Nin : n>7
can be one-photon ionized; for the clusters saturated w
C60, ionization only occurs for Nin(C60)m : n>10 ~see Fig.
5!#.

Since both the rates of decomposition43,44and the binding
geometries47 of C60 can be different on different faces of
solid metal surface, the degree of electron transfer from
nickel clusters to C60 may vary considerably from cluster t
cluster~where structure changes are frequent! and even as a
function of C60 coverage, because the strong cluster-60

bond may induce structural changes. In addition to these
fects, there should be a general decrease of charge tra
with decreasing cluster size due to charging of the Nin core.
On a metal surface the metal acts as an infinite sourc
electrons. Thus, every C60 molecule adsorbed on a bulk N
surface may receive two electrons from the metal. A sm
nickel cluster, however, may not be able to transfer m
than a few electrons total to all the adsorbed molecules
fore the localized charging prevents further electron trans
Thus, a nickel cluster saturated with C60 might have consid-
erably smaller electron transfer per C60 molecule than does
the bulk surface. This would be expected to result in wea
C60 binding to the nickel clusters as compared to nickel s
faces, and a decreased rate of decomposition. This effect
obviously increase with decreasing cluster size.

This charging of the central Nin cluster provides a unique
way of controlling the electron transfer to the adsorbed m
ecules. If the Nin(C60)m species are sufficiently stable, w
can envision preparing monodispersed samples
Nin(C60)m , where the specific size of the Nin cluster corre-
lates with a specific degree of electron transfer to the
sorbed C60. Small clusters would have relatively little elec
tron transfer~due to charging of the Nin core!, and as cluster
size increases, the electron transfer would approach the
value of roughly two electrons per C60 molecule. Thus, by
varying the cluster size, we could vary the optical and el
tronic properties of the adsorbed C60. By using other metals
and alloys it may be possible to expand the range of elec
transfer even further.

The Nin charging due to C60 adsorption can have a sub
stantial effect on the coverage dependence of the elec
transfer. If a single C60 molecule is adsorbed on a Nin clus-
ter, electron transfer will probably be at a maximum, sin
the bare Nin cluster is electrically neutral. If the electro
transfer is sufficient, ionization of the resultant spec
Nin

d1(C60)
d2 may occur preferentially from the negative

charged C60 molecule and the IP of the Nin
d1(C60)

d2 spe-
cies may be lower than that of the neutral Nin cluster. In-
creasing the coverage~assuming the same underlying Nn
structure! will result in a further increase in the charge on t
Nin core and a decreasing electron transfer per C60 molecule
due to this charging. Thus the IP of the Nin

d1(C60)m
d2 spe-

cies will probably increase with increasingm following the
adsorption of the first C60 molecule. If the cluster structur
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changes with C60 adsorption, the pattern of IP changes m
become more complex, with cluster size, cluster structu
and C60 coverage interacting in a complex way.

The unusual coverage dependence of the Ni6~C60!m
1 ion

signal probably results from one or more of the above
fects. The observation that Ni6C60 can be ionized by 6.42-eV
photons ~while Ni6 cannot! can be explained either by
change in structure of the Ni6 cluster that lowers its IP, or by
there being sufficient electron transfer that ionization can
cur directly from C60 rather than from the Ni6 core. At the
coverage level of Ni6~C60!5, the total electron transfer to in
dividual C60 molecules may be insufficient to allow ioniza
tion from the adsorbed C60, and the IP again rises above 6.4
eV. The failure to ionize Ni6~C60!2 and the ease in ionizing
Ni6~C60!3 may reflect changes in the Ni6 structure with in-
creasing coverage that affects both the cluster IP and ex
of electron transfer. Ni6~C60!4, as was mentioned above,
not seen with either the ArF or the F2 laser and likely reflects
a rapid adsorbate-induced transition from Ni6(C60)3 to
Ni6(C60)5.

In summary, the Nin(C60)m species observed in these e
periments appear to have solid Nin cores with C60 molecules
adsorbed to specific sites on the surfaces of the clusters,
likely without decomposition. The C60-Nin bonds for the ini-
tial adsorbed molecules are apparently quite strong and
eral bonding configurations of the C60 molecules to the clus-
ters are likely present. At the high temperatures of
present experiments, relatively free rotation of the C60 on the
surface of the Nin cluster cannot be ruled out. Electron tran
fer is clearly from the nickel clusters to the adsorbed C60
ligands, although the charge actually transferred is expe
to be a strong function of coverage and cluster size.

B. Cluster oxides

The presence of an O atom either within the nickel clus
or on its surface frequently alters the uptake of C60. Since its
nominal negative charge state O22 is roughly the same as th
charge transferred to C60 adsorbed on nickel surfaces, an
atom might be expected to replace a C60 molecule on the
surface of the nickel cluster. For Ni9-Ni15, the cluster oxides
do saturate with one fewer C60 molecule than do the pure
clusters, suggesting that an O atom is occupying a C60 bind-
ing site. For Ni6-Ni8, the cluster oxides actually saturate wi
two fewer C60 molecules. For NinO with n<22, the C60 satu-
ration levels are either unchanged or lowered compared w
the pure clusters. Abruptly at Ni23, however, the reduction in
coverage caused by the O atom is reversed. An oxygen a
on the clusters from Ni23–28 actually increases the C60 cov-
erage on the cluster@i.e., the presence of the O atom shif
the NinO~C60!m distribution to higherm#, although the final
saturation level at eight molecules is unchanged. This is
size region where a transition between six to eight adsor
molecules is occurring, and the presence of an O atom on
cluster appears to facilitate that transition. One possible
planation for this effect is that the O atom withdraws neg
tive charge that would otherwise be on the C60 molecules.
While this would tend to weaken the directed C60-Nin bond,
it would also reduce the repulsive forces between the60
molecules in the rather congested cubic configuration~see
below!. It is this latter effect that may stabilize the cub
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configuration of C60 molecules. For clusters larger than 2
atoms, the effect of the O atom on coverage is smaller, so
times causing a small increase in C60 coverage and some
times causing a decrease.

C. Cluster structures

In this section we will speculate on the possible structu
of the nickel clusters that form the core of the Nin(C60)m

species, taking into account the C60 coverage levels observe
experimentally at 823 K and a nominal C60 pressure of 18
mTorr. We will not discuss every cluster, but limit ourselv
to representative examples for each value ofm. Our purpose
here is to demonstrate that in most cases the C60 coverages
observed at 823 K represent saturation coverages.

It should be realized at the outset that the C60-Nin bond
strength is much greater than the typical energy differen
between the lowest energy isomers of a given Nin cluster.
For example, Wetzel and DePristo51 have calculated the low
est energy isomers of Ni24–55and found that for 21 out of the
32 clusters the two lowest energy structures differ by l
than 0.1 eV. While smaller clusters often show larger diff
ences, they are generally only fractions of an eV. As a res
we cannot assume that the structures of the metal cores o
Nin(C60)m species bear any relationship to the lowest ene
bare cluster isomers. The lowered energy due to the C60 ad-
sorption may easily cause a rearrangement of the metal c
This is analogous to the surface reconstruction that is o
seen when C60 is adsorbed on bulk surfaces.1

In modeling the Nin(C60)m species, we will assume C60 is
a sphere 10.0 Å in diameter, the spacing observed in b
C60,

39 and the nickel atoms within the Nin cluster are sphere
separated by the nearest-neighbor distance in the room
perature bulk solid~2.49 Å!. Binding is expected to occu
between bridge or threefold sites on the metal cluster and
edges or sixfold faces of C60. We do not consider binding
between the C60 and possible fourfold sites on the met
cluster due to poor symmetry matching. Binding to atop s
on Nin is expected to be weak or not occur at all. As d
cussed below, such binding would often produce covera
in excess of those observed experimentally.

Ni2, Ni3. Both Ni2 and Ni3 saturate with the adsorption o
two C60 molecules. In the case of Ni2~C60!2, sideways or end
on binding to the dimer is possible. A Ni-C60-Ni-C60 linear
structure would seem unlikely, since the Ni2~C60!3 species
would then be expected, but is not observed. Nikaji
et al.15 observed V2~C60!3 at room temperature and attribute
it to a linear C60-V-C60-V-C60 structure. Nagaoet al.16 also
observed Sc2~C60!3 and Ti2~C60!3 and proposed similar struc
tures for these species. In view of these results, the abs
of Ni2~C60!3 is somewhat surprising, since the Ni2 bond
strength~2.042 eV! ~Ref. 52! is actually weaker than the V2
bond strength~2.753 eV!.53 It is possible that at high tem
peratures a C60 is lost from a linear C60-Ni-C60-Ni-C60 spe-
cies. Kurikawaet al.17 observed Co2~C60!4 and, based on
chemical probe experiments, suggested for the structu
Co2 dimer confined within a distorted tetrahedron of C60
molecules. Nagaoet al.16 observed Cr2~C60!3 and Cr2~C60!4
and proposed for Cr2~C60!3 a bent structure and for Cr2~C60!4,
the same structure proposed for Co2~C60!4.
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In the case of Ni3, the metal structure is either linea
bent, or triangular if the cluster remains intact. In a triangu
configuration, binding two molecules above and below
plane of the triangle to threefold sites competes with bind
three molecules in bridging positions in the plane of the
angle~this produces no overlap of the C60 molecules!. Since
only two C60 molecules are adsorbed, the bond strength
two threefold sites would have to exceed the bond stren
of three bridging C60 molecules. Although the evidence from
the larger clusters suggests that binding to threefold s
does exceed that for bridge bonding, a 50% increase se
unlikely. Thus, we believe that Ni3 is probably in a linear or
bent configuration in Ni3~C60!2 with the C60’s bound to the
end atoms. In the case of V,15 a V3~C60!4 species was ob-
served and rationalized in terms of a linear chain analog
to the V2~C60!3 species. For Co3~C60!4 ~Ref. 17! and
Cr3~C60!4,

16 a metal trimer encapsulated within a distort
tetrahedron of C60 molecules was proposed.

Ni4, Ni5. Both Ni4 and Ni5 saturate with the adsorption o
four C60 molecules. The two most likely structures for a
intact nickel core of Ni4~C60!4 are the tetrahedron and th
square planar structure shown in Fig. 13. In both cases
C60 molecules can be accommodated by the cluster with
significant ligand overlap. In the case of the square pla
structure, staggering the four C60 molecules would result in a
larger C60-C60 separation. Other, more open structures
possible such as a ring structure suggested for V4~C60!4,

15

but in keeping with the general observation of a central Nn
core surrounded by adsorbed molecules, we will not cons
these structures for Nin clusters larger than the trimer.

There are two Ni5 structures that can support adsorpti
of four C60 molecules, the trigonal bipyramid and the squa
pyramid. Other structures were considered, including a p
nar structure, but in all cases some overlap of the C60 mol-
ecules occurred. The square pyramid can actually sup
five C60 molecules if a C60 can be bound to the apex atom
shown in Fig. 14. The failure to observe Ni5~C60!5 suggests
that atop binding is relatively weak in comparison to bindi
to bridge or threefold sites.

Ni6, Ni7, Ni8. Ni6-Ni8 all saturate with the adsorption o
five C60 molecules. The lowest energy isomer for bare Ni6 is
a perfect octahedron.54 To adsorb five C60 molecules on this
isomer at least one must be bound to an atop site. This st
ture is shown in Fig. 15~left! with the C60 that is bound to
the atop site~the upper nickel atom! left off. Two C60 mol-
ecules are bound to bridge sites in the plane of the figure~left
and right! and two are bound to threefold sites just below t
plane~top and bottom!. Six C60 molecules can be bound t

FIG. 13. Two structures for Ni4~C60!4.
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the Ni6 octahedron if four molecules bind to bridge sites in
plane and two to atop sites above and below the pla
Again, the absence of this structure points to the weaknes
atop binding.

A Ni6~C60!5 isomer without atop binding can be obtaine
with Ni6 in a hexagonal structure~trigonal prism! as shown
in Fig. 15~right!. Although the energy of the bare hexagon
Ni6 structure may be as much as 0.66 eV higher55 than the
energy of the bare octahedral structure, the absence of
binding may be sufficient to favor this structure when sa
rated with C60.

Structures for Ni7~C60!5 and Ni8~C60!5 can be easily de-
rived from the hexagonal structure in Fig. 15 by adding o
and two nickel atoms to the unoccupied fourfold site
Ni7~C60!5 can also be obtained with a capped octahedron
the Ni7 core, without C60 binding to any atop nickel atoms
The capped octahedron, along with the pentagonal bip
mid, are two of the lowest energy Ni7 isomers.56

Ni9-Ni13. Adding three nickel atoms to three fourfol
sites on the Ni6 trigonal prism@see Fig. 15~right!# forms the
tricapped trigonal prism, which has been determined
Stave and DePristo54 to be the most stable Ni9 structure. This
readily gives a Ni9~C60!5 species analogous to Fig. 15~right!.
Experimentally, however, the clusters between Ni9 and Ni13
first show a preliminary saturation at four C60 molecules fol-
lowed by a structure change leading to adsorption of t
additional molecules. Ni13~C60!6 appears to be particularl
stable, showing no change in coverage with a 200° chang
temperature. At the lowest temperature and highest C60 pres-
sure, a seventh C60 molecule begins to be adsorbed~see Fig.
4!. These changes in the adsorption on Ni13 are relatively
easy to explain. The bare Ni13 cluster has been shown t
form as an icosahedron.54 The high symmetry of the icosa
hedron allows for a number of symmetrical configurations

FIG. 14. A possible structure of Ni5~C60!5.

FIG. 15. Two structures for Ni6~C60!5. Left: octahedral~one C60

left off!. Right: hexagonal.
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C60 molecules on the surface of the cluster. Four molecu
can adsorb in a tetrahedral configuration, binding to threef
sites, and six C60 molecules can adsorb in an octahedral co
figuration on bridge sites. These are shown in Fig. 16~left
and middle!. Experimentally, the initial change from four t
six molecules likely reflects a transition between these t
structures. If this is correct, then threefold sites give stron
adsorption of C60 than do bridge sites.

Besides the tetrahedral and octahedral configuration
Ni13~C60!8 species can be formed where the eight C60 mol-
ecules are bound in a cubic configuration, again on three
sites@Fig. 16 ~right!#. In the left and center models, the siz
of the nickel balls is scaled as indicated earlier. For the cu
geometry these dimensions give some overlap of the60
molecules, so the Ni13 cluster is expanded by 20% to give th
figure on the right, which shows no overlap. Such an exp
sion might, for example, arise from the net positive cha
on the Ni13 cluster as a result of electron transfer to the C60
ligands. The adsorption of two additional C60 molecules to
give Fig. 16~right! is clearly not complete at the 18 mTo
and 823 K conditions of the experiment, as only the adso
tion of a seventh C60 molecule is seen. However, this adsor
tion may involve a rearrangement of the C60 ligands to the
cubic geometry. The Ni13~C60!8 species may never actuall
form due to excessive repulsive forces between the C60 mol-
ecules. At higher C60 pressures, condensation of C60 on top
of the first adsorbed layer may occur before the eighth60
molecule can complete the cubic arrangement.

Possible structures of Ni9 and Ni11 can be derived from
the Ni13~C60!6 structure by removing pairs of adjacent nick
atoms. The structure in Fig. 17 shows the Ni9 structure after

FIG. 16. Ni13~C60!4, Ni13~C60!6, and Ni13~C60!8. Left: tetrahe-
dral; middle: octahedral; right: cubic.

FIG. 17. Possible structure of Ni9~C60!6 ~one C60 molecule re-
moved!.
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removing two pairs of nickel atoms from the front and ba
of the Ni13 icosahedron~the front C60 has also been remove
in order to view the Ni9 cluster!. The resulting Ni9 isomer
has only one fewer Ni-Ni bond than does the most stable9
isomer~the tricapped trigonal prism! calculated by Stave an
DePristo.54 Bonding between the Ni9 cluster and C60 can
occur with two carbon atoms on opposite sides of a sixf
face of C60 binding to the two outlined atoms in Fig. 17. N
C60 overlap occurs. A reasonable Ni9 structure for the initial
saturation level at Ni9~C60!4 is the tricapped octahedron
where all four C60 molecules can bind to threefold sites wit
out overlap.

Ni14-Ni16. The special stability of the Nin(C60)6 satura-
tion level is quite clear from Ni13 through at least Ni16.
Structure for these species can be obtained from
Ni13~C60!6 structure by adding additional nickel atoms to t
threefold sites that lie at the center of each triangle of60
molecules@one such site is visible in Fig. 16~center!#. These
atoms do not interfere with the C60 bonding to the six bridg-
ing sites on the Ni13 cluster. Eight nickel atoms, in principle
could be added to give Ni21~C60!6; however, only a few are
apparently added before a structural rearrangement occu

Ni24-Ni27. At 923 and 1023 K there are clear transitio
between adsorbing six to adsorbing eight C60 molecules. At
923 K, adsorption of eight molecules begins at Ni24 and per-
sists until Ni30, and at 1023 K, adsorption of eight molecul
begins at Ni26 and persists until Ni31. There are no Nin(C60)7
species in this temperature range. The most compact arra
ment of eight C60 molecules that leaves room in the cen
for the Nin cluster is a cube. In this size range a reasona
candidate for the Nin structure is the bcc cube shown in Fi
18 ~left! for 27 atoms. The same cluster covered with eig
C60 molecules is shown in Fig. 18~right!. With the eight C60
molecules located at the eight corners of the cubic struct
there is no overlap. A possible bonding configuration
shown in Fig. 19, where three of the four nickel atoms at
corners of the cube bind in bridging positions to edge s
on C60. The smaller clusters that occur with saturation
eight @beginning at Ni24~C60!8# can be formed by removing
atoms from the centers of the faces of the cubic structur

The next closed shell of C60 molecules occurs at 12
Twelve C60 molecules can be adsorbed on Ni55 in its most
stable, icosahedral geometry,46,52 but only if they are bound
to the 12 apex atoms. By removing the 12 apex atom
43-atom cluster in the form of a pentagonal dodecahed
results. Twelve C60 molecules can be placed on the 12 pe
tagons of this cluster with the ligands just touching. Ho

FIG. 18. bcc Ni27 and Ni27~C60!8.
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ever, saturation of these two clusters occurs with the ads
tion of only ten C60 molecules. In the case of Ni55, the
weakness of atop binding is probably the limitation. In t
case of Ni43, the structure obtained by removing the 12 ap
atoms from the 55-atom icosahedron is likely too unstabl57

In the absence of a highly symmetrical configuration
acceptable binding sites, the saturation coverage may be
duced considerably from the hypothetical closed-pac
limit. If the C60 binding is restricted to bridge and threefo
sites on the 55-atom icosahedron, the highest coverage
we have found is Ni55~C60!10, in agreement with the experi
mental result. In Fig. 20, we show one such configuration
ten binding sites. In Fig. 20 the faces of the icosahedron h
been stretched out to view the cluster. The small figure to
lower right corresponds to a mirror image of the five faces
the back side of the cluster. The white and gray circles r
resent the atoms on the surface of the 55-atom icosahe
~the gray circles are the 12 apex atoms!. The outer ten circles
on both figures correspond to the same atoms. The b
circles represent threefold binding sites for C60 and the black
rectangles represent bridge sites. There is no overlap of
adsorbed C60 molecules. Other arrangements of the ten si
are also possible, but we have not found more than ten s
sites.

The fcc cuboctahderon also forms a closed shell at
atoms; however, we have been unable to place ten C60 mol-
ecules on this cluster without C60 binding to at least two atop
sites.

FIG. 19. Possible bonding configuration.

FIG. 20. C60 binding on the 55-atom icosahedron.
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A similar analysis of the 71-atom capped icosahed
shows that 12 C60 molecules can readily be placed on th
cluster in bridge and threefold sites, in agreement with
observed saturation level of Ni71~C60!12, and we have not
found configurations with more than 12 molecules.

It might be noted that 32 C60 molecules can be placed o
the Ni309 icosahedral cluster~four shells surrounding a cen
tral atom! in a closed-packed arrangement. Twenty of t
molecules can be placed in the centers of the 20 faces o
icosahedron on threefold sites, forming a pentagonal dod
hedron of C60 molecules, while the remaining 12 molecul
would sit atop the 12 apex nickel atoms. Due to the expec
stability of the Ni309 cluster58 and the apparent preference f
binding to threefold sites, the Ni309~C60!20 species~without
the molecules on the apex sites! might be expected to be
especially stable. The present experiments did not investi
clusters in this size range.

From the above discussion, we draw three conclusio
~1! C60 binding appears to be weaker to atop sites than
bridge and threefold sites on the nickel cluster. If this we
not true, saturation levels would frequently be higher th
those observed experimentally;~2! the coverages that are ob
tained with C60 bound to bridge and threefold sites on re
sonable Nin structures are in excellent agreement with t
experimentally determined saturation levels. We believe
at a temperature of 823 K and the nominal C60 pressure of 18
mTorr, the clusters, in most cases, have saturated cover
of C60; and ~3! the pattern of jumps in coverage 4→6→8
and probably the 10→12 jump reflect changes in the con
figuration of the C60 ligands as a result of the increasing si
of the central Nin cluster.

V. SUMMARY

The adsorption of C60 on nickel clusters has been studie
from Ni2 through Ni72 over a temperature range from 823
1073 K. At the lowest temperature, the adsorption leads
saturation coverages of C60 on essentially spherical nicke
clusters. At the highest temperature, equilibrium adsorp
is apparent and the coverage decreases. There is no evid
for C60 decomposition. The first C60 molecule that binds to
the nickel clusters appears to have a binding energy in ex
of 2.06 eV. The C60-Nin bond strength appears to increa
with increasing metal nuclearity of the binding site, wi
binding to atop sites being particularly weak. The number
C60 molecules adsorbed on the clusters at saturation app
to be governed largely by the number of C60 spheres that can
be packed around the small nickel clusters. The packing
pears to change from tetrahedral to octahedral to cubic
finally to a less symmetric packing at larger cluster sizes
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APPENDIX

When covering a spherical nickel cluster with a group
C60 spheres, it is necessary to calculate the effective are
the nickel surface occupied by a C60 sphere. This is illus-
trated in Fig. 21. The ‘‘surface area’’ of the Nin cluster oc-
cupied by a single C60 molecule can be best referenced to
spherical surfaceS that passes through the contact points
the adsorbed C60 molecules~at a distanceR from the center
of the cluster!. The areaAC60

of the surfaceS occupied by a

single C60 molecule is that portion of the surfaceS that in-
tersects one of the C60 spheres. Withg5RNin

/RC60
, R2

5RC60

2 (2g1g2) and the areaAC60
is given by

AC60
52pR2S 12

A2g1g2

11g D .

As g→`, A→pRC60

2 , as it should for a flat surface. 4pR2 is

the effective area of the metal surface that the C60 spheres sit
on. The fractional area occupied by spheres close packe
a flat surface isp/(2))50.907. Close packing spheres o
another sphere, however, is generally not possible, resu
in a packing fraction that is usually less than 0.907. T
packing fraction is related to the quantitya in Fig. 12 by

aR25packing fraction3S 4pR2

AC60
D .

The packing fraction is;0.7 for the largest clusters studie
here (a50.14 in Fig. 12!.59

FIG. 21. Schematic of two C60 molecules bound to a nicke
cluster.
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