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Endohedral metallofullerene molecules of the type Ng@@re deposited on thin films ofggand investigated

with an ultrahigh vacuum scanning tunneling microscope (UHV-STM). The as-deposited Nd@ Cbserved

to form well-ordered two-dimensional close-packed structures. These structures are transformed to very stable
ring-shape clusters of (Nd@§), after they experienced a strong electric field of the scanning. The ring-
shape clusters have a shape of a hexagonal polygon, consisting of either 6 or 12 molecules, and this points
to the formation of covalently bonded Nd@Gupramolecules.

Introduction

Endohedral metallofullerenes were proposed and produced
soon after the discovery ofsg! =8 A variety of experimental
methods have shown that a group-3 metal<Msc, Y, La) or
lanthanide metal atom can be encapsulated in a fullergpe C
molecule to make an endohedral metallofullerene M@C?

The M ion is found to have a valence 6f3, indicating the
transfer of three electrons to the carbon cage, and to be located
off-center?~13 Because of these, M@gis expected to have

a permanent dipole momekt. The net charge on the metal
ion was found to change little when M@£%oses or accepts

an electron, implying that the endohedral metallofullerenes are
composed of a positively charged kernel metal and a negatively
charged cagé* Thus, many expect that the3 charged metal
ions make endohedral metallofullerenes molecules behave like
Li atoms, in which case, two electrons are paired with each
other and the_remaining one gives _ris_e_ to a sing_ly occupied Figure 1. STM image of Nd@G, molecules (bright spheres) on a
molecular orbital (SOMO). An ab initio calculation of an  crystalline G, substrate. The scale is provided by noting that the lattice
isolated La@@; molecule showed that the SOMO is delocalized constant of G substrate is 1.0 nm. Tunneling current is 30 pA, and
over the carbon cag€.Nevertheless, available experimental bias voltage is 2.0 V (applied to the sample).

evidence has shown that the intermolecular interaction of
of either 6 or 12 Nd@¢g; molecules. The high stability of these

endohedral metallofullerenes is primarily a dipeliipole .
interaction with no strong chemica[I) bondsyinvol\ﬂépgﬁ P rings suggests that the Nd@@nolecules are covalently bonded
together analogous to the case of CH in benzene.

Our previous STM studié%'”have revealed that endohedral
metallofullerene Nd@§; molecules form well-ordered two-
dimensional close packing while they are deposited on a
substrate of g films (overlaying a freshly cleaved HOPG The preparation of the Nd@g&samples and the setup for
surface). This suggests that an intermolecular force at play istheir in-situ study with an UHV-STM have been described in
a dipole-dipole interaction, which is relatively weaker than that our previous publication®!® The purity of the samples as
of a covalent bonding. In this Letter, we report a STM-tip measured by mass spectrometry is over 99.9%. Briefly, the
driven transition of Nd@g; molecules from the close-packed experimental procedure is to deposit in an UHV chamber at a
configurations to ring structures that have never been reportedlow rate the Nd@g; molecules onto a crystalline g film
before. We find that the relatively weakly bound close-packed overlaying a freshly cleaved HOPG substrate. The sample is
structures are reconfigured by the high bias-voltage of the STM later transferred to another UHV chamber for STM character-
tip during scanning. When this voltage exceed a critical value ization without breaking the vacuum.
of about 4 V, we observed mainly ring-shaped clusters consisting Images taken at a scanning bias voltage of 2.0 V, with the
positive potential applied to the sample, are consistently
* Corresponding author. Present address: Department of Physics andreproducible and show well-ordered configurations. Figure 1
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Figure 3. Four STM images scanned over the same area obtained
Figure 2. High-resolution STM images of two rings. Top figure is in  sequentially in time showing the motion of a ring. Tunneling current
two dimensions, while the bottom one is in three dimensions. Tunneling is 30 pA, and bias voltage is 2.0 V (applied to the sample).

current is 30 pA, and bias voltage is 2.0 V (applied to the sample).

12 molecules. In other words, no ring of other numbers, for
is increased above a critical value, both positive and negative example, five or seven, has ever been seen. Moreover, all rings
relative to the sample, these configurations are changed dramatiare complete, and no partial rings seem to exist. Unlike the
cally while the underlying & lattice exhibits no discernible  close-packed Nd@4z configurations of dimers or trimers, the
disturbance. The lowest bias voltage to incite the reconfigu- rings cannot be reconfigured by the scanning tip even on when
ration is 2.5 V. This phenomenon indicates that the N@@C  the bias voltage is raised higher. The attempts to reshape the
molecules are sensitive to the external electric field applied by rings back to dimers or trimers have never succeeded. The rings
the tip. It is known that the electric field around a sharp tip is can survive a bias as high as 4.5 V, which is the limit for
highly inhomogeneous, and the strongest field is at the apex of obtaining stable STM images for our setup.
the tip. Therefore, a reconfiguration will occur once the electric  The rings can be moved by the tip as a whole unit without
field of the tip is strong enough to overcome the forces that changing their structures. Figure 3 shows such a ring-moving
bind Nd@G, molecules together. At a typical tip-to-sample  process. The four images 1, 2, 3, and 4 correspond to the same
distance of 1 nm, the electric field near the tip apex at 2.5-V area scanned sequentially in time. The first scan shows a 12-
bias will be over 2.5« 10° V/m. In such a field, the Nd@& number “big” ring, a 6-number ring, and 2 interconnected rings.
molecules having a dipole moment of 4 D will have a dipole  An extra Nd@G, molecule is seen to occupy the center of the
energy of about 180 meV. This energy is much larger than the «bjg” ring. While scanning the second image, a bias pulse of
cohesive energy of Nd@gestimated from the dipotedipole 4.0 V was applied accidentally when the tip was over the “big”
attraction picture. Thus, the electric field between the tip and ring, and this pulse lasted 0.1 s. As a result, only the upper
sample is capable of provoking a reconfiguration. On the other part of the “big” ring is seen in the second image, while the
hand, this dipole-dipole energy is smaller than that of a typical  other rings are unchanged except that an extra Ngi@®6lecule
covalence bond. So, the tip-induced reconfiguration implies has filled the hollow center of the six-number ring. Parts 3
the absence of strong covalent chemical bond among theand 4 of Figure 3 are images taken by scanning at 2.0-V bias,
Nd@G, molecules in the as-deposited phase. It should be notedang the two are almost identical. However, one can see that
that the inhomogeneous field of the tip aﬁectgd little if at all the “big” ring moves upward and loses the extra center molecule,
the nonpolar & molecules, and so, theeElattice was not  \yhile its ring-shape structure remains unchanged. From this
disturbed by this electric field. We find that further increasing group of images, we learn that (1) the center site of the rings
the bias voltage to 3.2 V will lead to the formation of ring-  easily gains or loses a molecule, (2) the rings are weakly coupled
shape clusters. Such features have never been observed befokg the underlying G substrate, and (3) molecules within a ring
the application of high bias scanning. These ring-shape clustersare pound to each other tightly.
appear repeatedly after the_tip reconfiguration on all the samples  Eciimates show that the simple dipeldipole interaction
deposited with Nd@§z, while they are totally absent on the  ;4re cannot explain the stability of the rings. Suppose that

samples without Nd@¢3. the molecules within a ring are bonded by a dipatépole
interaction. The calculated total dipole energy for a six-number
ring has a value less than 270 meV. This means that a tip-to-
Figure 2 shows high-resolution images of two such ring-shape sample bias of about 3.7 VV would be able to break up the ring.
clusters. Clearly evident is a hexagonal polygon formed with But this is contrary to the experimental observations. Also, there
six Nd@G; molecules. The ring has an inner diameter of 1.0 are other considerations that suggest a different type of
#+ 0.2 nm, an outer diameter of 30 0.2 nm, and a height of  intermolecular interaction for the rings: (1) the NN length
1.2+ 0.5 nm. The nearest-neighbor (NN) distance in aring is between Nd@#g> molecules within a ring is only~0.9 nm,
0.9 nm on average, and this is shorter than the 1.2-nm NN lengthmuch shorter than the equilibrium distance expected for van
observed for the close-packed structures before reconfiguration.der Waals interactions<1.2 nm); (2) the rings are very stable
Our STM observations reveal that rings always consist of 6 or and can be dragged across the surface without changing their
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structures; (3) the rings always consist of 6 or 12 molecules, scanning by the STM tip. Each of these rings consists of 6 or
which implies 6 as a magic number; (4) the rings prefer to have 12 molecules. The ring molecules is actually a hexagonal
a hexagonal shape. Perhaps the open-shell SOMO charactepolygon of 3.0 nm in outer diameter. Their stability under
of the M@ G, molecule$® may induce covalent bonding among  strong external fields, small intermolecular distane®.0 nm),

the Nd@G, molecules. A covalent bond picture would explain and preferred shape indicate an interaction distinct from the
well the salient features of our experimental observations. The simple dipole-dipole attraction. Charge transfer among the
short intermolecular distance is consistent with the charge molecules is likely to occur and will result in a covalent bonding
transfer between molecules, and the high stability with the strong that gives rise to the observed supramolecular rings (Ngf@C
intermolecular binding. The magic number, the completeness

of the rings, and the preferred spatial configurations are typical Acknowledgment. The work is supported in part by grants,
characters of covalent bonded structures. Furthermore, theHKUST 637/94P and HKUST 601/95P, awarded by the
saturated nature of the covalent interaction permits the addition Research Grants Council of the Hong Kong Government.

or removal of an extra molecule at the center site of the rings
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