
difference in circumferences, the distance be- 
tween s u l k  and molybdenum atoms in the 
nanotube is virtually equal to the corresponding 
distance in plate-like crystals of MoS, (21). The 
dihedral S-Mo-S angle is 63" and 66' for the 
inner and outer layers, respectively. For com- 
parison, in plate-like crystals, the dihedral angle 
is 81.5" (22). The close position of molybde- 
num and s u l k  atoms in neighboring layers 
perpendicular to the nanotube axis requires an 
extension of the unit cell along the tube axis by 
at least 25% to avoid overlap of the covalent 
radii. Considering such an extension, the dis- 
tance between the layers is 0.20 nm, corre-
sponding to the diffraction data. 

The unit cell of the hexagonal close-packed 
nanotubes within a bundle is 0.40 nm along the 
bundle axis and 0.96 nm perpendicular to the 
bundle axis. The closest s u l k  atoms on adja- 
cent nanotubes are separated by 0.35(1) nm, 
which corresponds approximately to their Van 
der Waals diameters. Iodine atoms are inserted 
in interstitial trigonal voids between the nano- 
tubes, creating one-dimensional rows along the 
bundle axis. The periodicity of feasible sites for 
iodine position along the bundle is 0.40 nm, 
which is slightly less than the Van der Waals 
distance for iodine (0.43 nm). 

High-resolution simulations (Fig. 2B, 
inset, and Fig. 3A, inset) using the symme- 
try operations of Group P6, (C,,)-No. 173 
are found in agreement with the observed 
high-resolution images. The unit cell con- 
tains 6 molybdenum atoms and 12 sulfur 
atoms. The electron diffraction pattern 
(Fig. 3C) is indexed using calculated inter- 
layer distances of the model structure. A 
comparison of the interlayer distances mea- 
sured by x-ray and electron diffraction with 
the calculated values is presented in Table 
1.  

The presence of C,, in the growth process 
was found to be essential, and the nanotubes do 
not grow in its absence, but the detailed growth 
mechanism is not clear at present. We remark 
on the fact that the (1,1,1) plane of C,, crystals 
shows a hexagonal pattern with the in-plane 
lattice parameter of 1.004 nm (23), which is a 
close, but not perfect, match to the nanotube 
crystal lattice shown in Fig. 2A. It is quite 
conceivable that C,, plays an active role in 
promoting growth at the tip of the growing 
nanotube. 

Table 1. Comparison o f  x-ray and TED diffraction 
results. Assignment fo r  a hexagonal Lattice: a = 
0.96(1) nm, c = 0.4 nm. 

Measured d Calculated d Assignment 
(nm) t 0.01 n m  (nm) (hkl) 
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Recentlv. laree-diameter armchair MoS, 
nanotubes 

,, 

were 
.. 
predicted on the basis oLf 

tight-binding 
(24) to be semiconducting with either a direct 
or an indirect bandgap, depending on their 
diameter and structure. Extrapolating these 
predictions to the (3,3) tubes discussed here, 
we can expect the indirect gap to close, giv- 
ing rise to a metal with a small, but finite, 
density of states at E,. However, the effect of 
confinement of electrons on the very narrow 
tubes is expected to give rise to energy level 
quantization for electrons hopping perpendic- 
ular to the tube axis which, because of the 
small diameters, may be expected to persist to 
unusually high temperatures. 

Because of their efficient growth proper- 
ties, the tubes may give rise to a new chalco- 
genide-nanotube technology based on their 
low-dimensional properties. The self-assem- 
bly into various regular geometrical shapes 
on different length scales appears to be a 
property unique to the MoS, SWNTs. The 
possibility of handling single tubes, such as 
was already demonstrated here, should facil- 
itate investigation of single-tube properties, 
including quantum effects, in more detail. 
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Probing the Structure of Metal 
Cluster-Adsorbate Systems 

with High-Resolution Infrared 
Spectroscopy 

K. Nauta, D. T. Moore, P. 1. Stiles, R. E. Miller* 

High-resolution infrared laser spectroscopy was used to obtain rotationally 
resolved infrared spectra of adsorbate-metal complexes. The method involves 
forming the bare metal clusters in helium nanodroplets and then adding a 
molecular adsorbate (HCN) and recording the infrared spectrum associated 
with the C-H stretching vibration. Rotationally resolved spectra were obtained 
for HCN-Mg, (n = 1 to 4). The results suggest a qualitative change in the 
adsorbate-metal cluster bonding with cluster size. 

The vibrational dynamics of molecules ad- 
sorbed on metal surfaces is of fundamental 
interest ( I )  and great practical importance to 
several fields, for example, catalysis (2, 3). 
Infrared (IR) spectroscopy has been widely 

Department of Chemistry University of North Caro- 
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used to study such processes (I), with the 
goal of understanding the associated mole- 
cule-surface interactions. Although studies of 
this type have provided important insights 
into the nature of the associated interactions, 
progress has been hampered because the the- 
oretical methods used to interpret the exper- 
imental data have trouble dealing with the 
large number of surface atoms (4). In most 
cases, this problem has been addressed by 
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approximating the surface with a cluster of 
metal atoms embedded in a semi-infinite sol- 
id (4). Ideally, ab initio calculations would be 
tested against experimental vibrational fre- 
quencies of adsorbate molecules on free met- 
al clusters of known sizes and structures. 
Unfortunately, rotationally resolved vibra-
tional spectra, which can provide detailed infor- 
mation concerning structure and bonding, have 
not previously been available for these systems. 
Data of this type would be particularly valuable 
given that the reactivity of metal clusters has 
been shown to be highly dependent on size, as 
illustrated by studies of magnesium clusters 
with methyl halides (5). However, these exper- 
iments did not provide direct structural infor- 
mation on these systems. We report here a 
general method for obtaining high-resolution 
(rotationally resolved) IR spectra of metal-ad- 
sorbate complexes, from which structures can 
be determined. 

The metal clusters of interest were formed 
in helium nanodroplets. Superfluid helium 
droplet spectroscopy (SHEDS) was demon- 
strated by the group of Scoles (6) and has 
undergone rapid development in a number of 
laboratories (7-9). It is now well established 
that the droplets cool by evaporation to a 
temperature of 0.37 K. Atoms and molecules 
are easily introduced into the helium by pass- 
ing the droplets through a pick-up cell ( lo),  
maintained at a sufficiently high pressure to 
ensure that these gas-phase dopants collide 
with and are captured by the droplets. The 
solvation environment inside the droplets is 
quite homogeneous and weakly interacting, 
which makes it ideal for spectroscopy (11). 
The superfluid nature of the droplets slows 
the relaxation processes that would other- 
wise broaden the corresponding spectra and 
prevent the observation of rotational fine 
structure. 

Neutral (neat) magnesium clusters have 
been the subject of considerable experimental 
(5, 12, 13) and theoretical (14-16) study. 
They were chosen here as a first case for 
study because of the relative ease with which 
magnesium can be volatilized and because it 
has no unpaired electrons, which makes the 
spectroscopy more straightforward. Although 
pure metal clusters have previously been 
grown in helium droplets (17, 18) IR spectra 
of adsorbed species on metal clusters have 
not been renorted. 

The apparatus used in the present study 
has been discussed in some detail elsewhere 
(19). The droplets capture one or more mag- 
nesium atoms in a small metal oven at about 
300°C (corresponding to an Mg vapor pres- 
sure of 10-5 torr). HCN is subsequently add- 
ed by passlng the droplets through a second 
pick-up chamber, so that the complexes of 
interest are formed. Given the fast cooling 
provided by the liquid helium, the metal clus- 
ters formed in the first pick-up region are 
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cold before the HCN is added. In previous 
studies of cluster growth in liquid helium 
droplets. we have shown that the resulting 
structures are consistent with this type of 
sequential addition of cold species (8 ,  20). 
The IR spectra of the HCN-magnesium clus- 
ters. corresponding to the excitation of the 
C-H stretch, were recorded w ~ t h  an F-center 
laser (21). Vibrational relaxation of the com- 
plexes by the liquid helium resulted in the 
evaporation of about 600 helium atoms, and 
the associated depletion of the droplet beam 
was measured with a bolometer detector (21). 
Two electrodes were positioned so that a 
large dc electric field could be applied to the 
laser excitation region. As shown previously 
(22, 23), the appl~ed field collapses the entire 
ro-vibrational band of a polar molecule into a 
single, intense peak (a  pendular spectrum). 
which aids in the detection and identification 
of species. 

At the low temperatures of the helium 
droplets, we expect that the magnesium will 
form weakly bound complexes with the HCN 
and leave the C-H stretch relatively unper- 
turbed. thus making the corresponding spec- 
tral search straightforward. The first spectra 
were recorded with an applied dc electric 
field and the oven at room temperature. Un- 
der these conditions, neat HCN clusters were 
grown in the droplets ( 8 ) ,as shown in Fig 
1A. This region of the spectrum, correspond- 
ing to the free C-H stretch, was then repeat- 
edly scanned as the temperature of the metal 
oven was ~ncreased. No substantial changes 
in the spectrum were obsened until the oven 
temperature was sufficiently high to evapo- 
rate magnesium, at which point the spectrum 
changed to that shown in Fig. 1B. We as- 
signed these features to complexes containing 
a single HCN molecule, bound to Mg clusters 
of different sizes. These assignments are jus- 
tified on the basis of the following consider- 
ations: (i) The dependence of the signals on 
the HCN partial pressure confimls that these 
complexes all contain a single HCN mole- 
cule, (ii) the strong field dependence of these 
peaks confirms that the associated complexes 
are polar, and (iii) at higher oven tempera- 
tures, the peaks assigned to larger magnesium 
clusters increase in intensity at the expense of 
the smaller ones. The bands associated with 
clusters contain~ng multiple HCN molecules 
are very weak in Fig. 1B because the condi- 
tions were reoptimized for the pick-up of a 
single HCN molecule. 

The next step in the assignment of the 
above spectra involved turning off the dc 
electric field, so that the rotational fine stmc- 
ture could be observed in each of the bands. 
The signals are considerably u.eaker in this 
case but still sufficient to obtain the spectra 
shown in Fig. 2 for the band assigned to 
HCN-Mg. This spectrum shows only P- and 
R-branches, consistent uith a linear (libra- 

tionally averaged) complex, as shown in the 
inset. This spectrum was fit to a linear mol- 
ecule energy level expression. y~elding the 
calculated spectrum in Fig. 2. The resulting 
ground vibrational state rotational constant is 
0.0285 cm--', and the vibrational orig~n is 
3309.35 cm ' .  This spectrum was obtained 
with the use of relatively large droplets 
(-8000 atoms) in an effort to reduce the 
effects of inhomogeneous broadening (24 ) .  
For smaller droplets, where the inhomogene- 
ities are greater (20, 25). we observed that the 
transitions near the vibrational origin were 
poorly resolved. 

The redshift of this band from the HCN 
v~brational orlgin in helium (26)  1s on11 1 80 
cm This small shift 1s consistent u ~ t ha 
"free" CH stretch, ~ndlcatlng that the Mg 
atom binds to the N-end of the HCN ( 8 ) T h ~ s  
structure is consistent wlth an ab initlo poten- 
tial [CCSD(T) 6-3 1 1 t +G(3df,3pd)] we 
have generated for HC'h-Mg (2 - ) ,  ~ ~ h ~ c h  
shows that the Mg binds more strongly at the 
N-end ( - 147 c m  I )  than at the H-end ( - 124 
c m  ' ). The calculated Mg to HCK center-of- 
mass distances are 4.5 and 5.4 A, for the N- 
and H-end minima, respectively. Comparison 
of the ab initio and experimental rotat~onal 
constants is complicated by the contribution 
made by the helium to the moment of inertla 
of the complex (28-30) and a quantitatnfe 
correction for this effect will require a con- 
siderable theoretical effort However, we 
have compiled a large database of rotat~onal 
constants for molecules and conlplexes in 
helium ( 3 / ) , and our experience indicates 
that, when the gas-phase rotat~onal constant 
1s smaller than about 0 25 cm '. the ratlo of 
the gas-phase and helium droplet constants 1s 
2.5 ? 0.5. The corresponding ratios based on 
the ab initio culculations for the magnesium 

(HCN with Mg, II A 1 

HCN only 

Wave number (cm-I) 

Fig. 1. (A) A pendular state spectrum of the 
free C-H stretch of linear HCN clusters [the 
labels corresponding to (HCN),] grown in liquid 
helium, with the magnesium oven at room 
temperature. (B) A pendular state spectrum 
obtained with the magnesium oven at high 
temperature. All of the numbered peaks corre- 
spond to complexes containing a single HCN 
molecule and the indicated number of magne- 
sium atoms. 
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bound to the N-end and H-end of HCN are 
-2.3 and -1.5, respectively, providing fur- 
ther evidence for the HCN-Mg structure. An 
interesting side note is that matrix-isolation 
studies of the reaction of Mg atoms with 
HCN reveal only the CNMg product and not 
MgCN (32). 

A zero field spectrum of the band we have 
assigned here to HCN-Mg, was also record- 
ed. This spectrum (27) has a strong 
Q-branch, consistent with the T-shaped struc- 
ture we obtained from ab initio calculations. 
This is a fairly asymmetric rotor and the 
corresponding spectrum is only partially re- 
solved. Nevertheless, our preliminary esti- 
mates of the rotational constants for this com- 
plex are in good agreement with the results of 
ab initio calculations, when the correction 
factor corresponding to solvation in helium is 
applied, and the adsorbate-metal cluster dis- 
tance is comparable to the calculated value 
for HCN-Mg. 

Figure 3 shows a rotationally resolved 
(zero field) spectrum corresponding to the 
HCN-Mg, pendular peak. This spectrum is 
consistent with a parallel band of a symmetric 
top, suggesting that the Mg, atoms are in a 
trigonal planar geometry, with the HCN 
along the threefold axis, as shown in the 
figure inset. The calculated spectrum in Fig. 3 
was generated with a prolate symmetric top 
Hamiltonian with A = 0.035 cm-' and B = 
0.0167 cm-', taking into account the C,, 
spin statistics associated with such a struc- 
ture. This assignment was checked with ab 
initio calculations (33), which gave a mini- 
mum (about -1050 cm-') with the HCN 
center of mass -3.6 A above the Mg, plane 
(see Fig. 3 inset). The calculated rotational 
constants for this minimum are A = 0.064 
cm-I and B = 0.043 1 cm-', corresponding 
to a gas-phaselhelium ratio of 2.6 for the B 
constants, which is again reasonable given 
the above discussion. 

Wave number (cm-I) 

Fig. 2. A rotationally resolved spectrum of 
HCN-Mg obtained in the absence of an electric 
field. The calculated spectrum corresponds to a 
fit to a linear molecule energy level expression, 
the intensities corresponding to a rotational 
temperature of 0.37 K. The rotational constant 
obtained from the fit is 0.0285 cm-I for the 
vibrational ground state, and the vibrational 
origin is 3309.35 cm-'. 

The theoretical studies on pure magnesium 
clusters have shown that many-body effects are 
extremely important. For example, calculations 
indicate that the Mg-Mg bond distance shrinks 
by 0.6 A in going from Mg, to Mg, (16). The 
effects of these changes are evident in our data 
on the HCN-Mg,, clusters. First, it is striking 
that the difference in redshift between the Mg, 
and Mg, complexes is greater than the differ- 
ence in redshift between Mg, and Mg, (Fig. 
1B). This result is contrary to our size-depen- 
dent studies of rare gas clusters with HCN and 
HF, where the sequential vibrational frequency 
shifts converge smoothly to limiting values 
(34). The spectra of the HCN chains also show 
a smooth dependence on cluster size, the "free" 
C-H stretch being less and less affected by the 
addition of subsequent molecules in the chain. 
We have preliminary data on HCN-Mg, that 
show an even more marked shift, emphasizing 
the nonadditivity of the interactions. 

Further evidence for this nonadditivity 
comes from comparing the rotational con- 
stants of the three complexes and correlating 
them to structural differences seen in the 
calculations. Our best estimates for the rota- 
tional constant of the HCN-Mg, complex 
indicate that, although it is substantially 
smaller than that for HCN-Mg, is it only 
slightly larger than that for the HCN-Mg,. 
The reason for this can be seen in the calcu- 
lated N-Mg distances for the complexes (35); 
in HCN-Mg and HCN-Mg,, this distance is 
-3.8 A, whereas in HCN-Mg,, it contracts to 
3.5 A, a difference of 0.3 A. This large 
change again emphasizes the fact that the 
interactions in these 'systems are strongly 
nonadditive and that the two-body interac- 
tions cannot be assumed to dominate. This is 
in agreement with the results of Higgins et al. 
(1 7) on spin-polarized alkali clusters, which 
indicate that 80% of the trimer binding comes 

Calculation W k  
I I 

3304.7 3304.8 3304.9 3305.0 3305.1 3305.2 3305.3 3305.4 
Wave number (cm-l) 

Fig. 3. A rotationally resolved spectrum of the 
HCN-Mg, complex. The calculated spectrum 
includes the nuclear spin statistics correspond- 
ing to the C,, symmetry of the complex. The 
simulated spectrum is based on a symmetric 
top calculation with A = 0.035 cm-' and B = 
0.0167 cm-' as rotational constants for the 
vibrational ground state, and the vibrational 
origin is 3305.04 cm-'. The A rotational con- 
stant was adjusted to fit the intensity of the 
Q-branch relative to the P- and R-branches. 

from nonadditive effects. 
At this point, it is certainly premature to 

suggest that this strong nonadditivity is the 
result of chemical interactions or indicative 
of the onset of metallic behavior. In fact, 
recent work on bare magnesium clusters by 
Thomas et a / .  (36), using negative ion pho- 
toelectron spectroscopy, shows that metallic 
behavior (closing of the HOMO-LUMO gap) 
is not observed until the size range Mg,,-,,, is 
reached. This would suggest that the effects 
we observed here are not directly related to 
the onset of metallic properties. Indeed, cal- 
culations by Scoles et (11. (37) on pure mag- 
nesium clusters indicate that nonadditive re- 
pulsion plays a crucial role. A detailed under- 
standing of these effects will clearly require 
f~~r ther  theoretical studies aimed at isolating 
the various contributions to the overall inter- 
action potential. 

The present results on the vibrational 
spectroscopy of molecules bound to metal 
clusters show that the nonadditive effects 
characteristic of bare metal clusters are also 
reflected in their interaction with adsorbates 
and that the systematic study of the adsorbate 
vibrational frequencies as a function of metal 
cluster size is a powerful approach for study- 
ing these effects. 
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On 25 October 2000, the Near Earth Asteroid Rendevous (NEAR)-Shoemaker 
spacecraft executed a low-altitude flyover of asteroid 433 Eros, making it 
possible t o  image the surface at  a resolution of about 1 meter per pixel. The 
images reveal an evolved surface distinguished by an abundance of ejecta 
blocks, a dearth of small craters, and smooth material infilling some topographic 
lows. The subdued appearance of craters of different diameters and the variety 
of blocks and different degrees of their burial suggest that ejecta from several 
impact events blanketed the region imaged at closest approach and led t o  the 
building up of a substantial and complex regolith consisting of fine materials 
and abundant meter-sized blocks. 

Data obtained during the early phases of with regolith (2) and contained hints that the 
NEAR'S orbital mission answered many first- regolith is complex. To better understand the 
order questions about the global and regional processes that have shaped the surface of 
characteristics of asteroid 433 Eros (1) .These Eros and determined the characteristics of its 
data confirmed that the surface is covered regolith, higher resolution images were 

needed. 
On 25 October 2000, the NEAR space- 
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Science Center, Rensselaer Polytechnic Institute, 110 views. About 250 images were obtained dur- 
8th  Street, Troy, NY 12180-3590, USA. 6U.S. Ceolog- ing the LAF through the camera's 950-nm 
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4"S, 45"W. Closest approach (19.9'S. 
27.S0W) occurred at an altitude of 6.43 km 
(with a resolution of about 1 m per pixel). 
The solar phase angle at closest approach was 
97" (4) .  The only con~parable data for airless 
bodies are images of the moon and the Mars 
satellite Phobos (5) .  

Our images reveal a complex surface 
marked by diverse el-idence of regolith. a 
dearth of small impact craters. and an abun- 
dance of positive relief features (PRFs), most 
likely ejecta blocks (Fig. 1).  The high-reso- 
lution images cover cratered terrains on Eros -
and do not cross into the two major depres- 
sions on the asteroid: the 9.4-km saddle 
Himeros and the 5.2-km crater Psyche ( I ) .  
The images show a subdued, gently undulat- 
ing surface characterized by abundant blocks 
and conspicuously degraded craters. Many of 
the degraded craters show ev~dence of infill- 
ing A novel feature is the occurrence of' 
smooth flat areas (hereafter referred to a5 

ponds) in the interiors of certain craters (Fig 
2). features that to our knouledge hate not 
been noted before in images of Phobos or ot 
Deimos ( 5 ) .No other asteroid has been 1111- 
aged at comparable resolution. The region of 
h~gh-resolution cokerage IS  crossed in a feu 
places by linear depress~ons ("groo\es"). 
which can be traced out in previous lowcr 
resolut~on images 

Color obserlations obtained durrng the 
LAF show no difference betn een the color s 

of blocks and those of the surrounding rego- 
lith Lower resolution Images had shown al- 
bedo and color differences associated \+it11 
steep slopes III certain legions espec~allt 
wthin  the crater Psyche and the saddle 
H~meros( 6 )  Two sets of three-color imager 
at 550 760, and 950 nm nere acquired during 
the low-altitude flyo\er ( ' )  One of the 'Ited. 
contains a large number of boulders and b e \  -
era1 sinooth pond deposits. Most boulders in 
the size range of 5 to 10 m sholv no color 
difference from the background regol~th. n 
finding consistent with results for larger boul- 
ders (-50 m) from earlier data obtalned dur- 
ing the 50-km orb~ t  ( 6 )  The ponds, on nlel- 
age, hate  a slightlq h~gher  560 760-nm t ~ t t o  
(0 69 \ersus 0 67) and a slightly lower 950 
760-nm ratio (0  94 tersus 0 95) but the dlt- 
ference 1s \e ly  small and ma! not be r1y111t- 
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