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of the circle shown in Fig. 3A. However,
because the tip would have to be moved
from one cluster position to the next, con-
trolled by the microprocessor, this method
would be much slower (approximately by a
factor of 10) than cluster production during
scanning. Although 400 Cu clusters were
produced during a very short time, there
was no indication of Cu depletion at the tip
as all clusters are nearly identical in size
(height h = 0.6 nm, FWHM = 3.5 nm).
This result suggests that the Cu reservoir at
the tip is continuously refilled as a result of
permanent Cu deposition from solution (tip
potential E;, = =30 mV versus Cu/Cu*").

Continuous structures can also be gen-
erated with microprocessor-controlled clus-
ter formation by placing the Cu clusters
very close together so that they can contact
each other. For example, we have produced
nanometer-sized “conducting wires” with a
FWHM of 3 to 4 nm and a length of several
hundred nanometers on Au(111) (19).

In addition to precisely positioning in-
dividual Cu clusters with identical
heights, it is also possible with this system
to vary the size of the deposited clusters in
a controlled manner within certain limits.
This can be done by varying the extent of
the tip approach with the external z pulse,
which controls the amount of Cu trans-
ferred from the tip to the Au surface (Fig.
5, A and B). In general, the cluster height
increases with increasing z-pulse height,
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Fig. 5. (A) Cross section of six Cu clusters in a row
on Au(111) in 0.05 M H,80, + 1 mM CuSO,,
which demonstrates the variation of cluster height
with the z-pulse height. The corresponding tip dis-
placement Az is shown in the figure. Pulse duration
of At =10ms; Egyppe = +10MV; By = —50mV;
I+ = 2 nA. (B) Mean cluster height, as derived from
15 experiments, as a function of the tip displace-
ment ‘Az used to generate the Cu clusters. The
dotted lines indicate the height of a Cu monolayer.
E, =+10mV, =-=50mV, ;= 2nA
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but, above a tip displacement of Az =~ 1.2
nm, the cluster height did not increase
further and holes appeared in the surface
instead. This result suggests that the tip
displacement became too large and the tip
struck the substrate.
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Five-Coordinate Hydrogen: Neutron Diffraction
Analysis of the Hydrido Cluster Complex
[H,Rh,5(C0),,1°"

Robert Bau,* Mary H. Drabnis, Luigi Garlaschelli,

Wim T. Klooster, Zuowei Xie,f Thomas F. Koetzle,*
Secondo Martinengo”

Pentacoordinate hydrogen atoms were identified by single-crystal neutren diffraction
analysis of [N(CH,),ls[H,Rh,5(CO),,]. The hydrogen atoms are located in square pyra-
midal cavities of the Rh,; cluster, in positions almost coplanar with the Rh,, faces on the
surface of the cluster. They are slightly displaced inward, toward the central rhodium
atom of the cluster, with average H-Rh(central) and H-Rh(surface) distances of 1.84(2)
and 1.97(2) angstroms, respectively. This result shows that hydrogen, which normally
forms only one bond, can be attached to five other atoms simultaneously in a large metal

cluster.

In the late 1970s, it was shown by neutron
diffraction (1-3) that H atoms could exist in
the interstitial sites of metal cluster com-
pounds such as [HCo4(CO),5]7, [HRug-
(CO),ql7, [HNi,(CO),, P, and [H,Ni,,
(CO),,J*~. The H atoms were found to be
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either six-coordinate (pg-H), located at the
centers of metal octahedra (1, 2), or in triply
bridging positions (p,-H) on the interior faces
of metal octahedral cavities (3). Here we re-
port an example of pentacoordinate hydrogen
(ps-H) found in the square pyramidal cav-
ities of the cluster complex [H,Rh,;-
(CO),, P~

The [H,Rh,5(CO),,]*~ anion, first report-
ed in 1975 (4), is a member of a family of
clusters, [H Rh;5(CO),, ]9~ (x = 1 to 4),
whose members are interconvertible by means
of a series of acid-base equilibria (4-9). The
Na salt of the title anion was prepared by
refluxing a mixture of Rh,(CO),, and NaOH
in isopropanol under an atmosphere of H,,

followed by addition of Na,CO, (8). It was
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then converted to the tetramethylammonium
salt by metathesis with [N(CH,),ICl. Slow
recrystallization from a mixture of isopropanol
and methyl ethyl ketone yielded crystals of
[N(CH;) J5[H,Rh,3(CO),,J CH,COC,Hs)
just large enough for neutron diffraction. A
small crystal was first used for a preliminary
x-ray diffraction analysis (10) to obtain the
atomic positions of the non-H atoms. Neu-
tron diffraction data were collected at 15 K on
a crystal with volume 1.8 mm? over an 11-
week period at the Brookhaven High-Flux
Beam Reactor (11-13). Difference-Fourier
maps, phased by the non-H positions, readily
revealed the two hydridic peaks, as well as
those corresponding to the H atoms of the
tetramethylammonium ions and the methyl
ethyl ketone solvate molecule. The structure
was refined to a final agreement factor of R(F)
= (.12 for 2678 reflections with I > 3o(I)
(14).

Molecular plots of the [H,Rh ;-
(CO),,’~ anion (Fig. 1) and its H,Rh,
core (Fig. 2) show that the two H atoms are
located in two of the six square pyramidal
cavities of the cluster (Fig. 3). The two
hydridic atoms are almost coplanar with the
four basal (surface) Rh atoms of each square
pyramidal cavity, slightly displaced toward
the central atom of the cluster, Rh13 (Fig.
2B). In both cases, the axial Rh13-H dis-
tance (see Table 1) is slightly shorter [av-
erage, 1.84(2) A] than the four surface
Rh-H distances [average, 1.97(2) A] (the
number in parentheses is the error in the
last digit).

The mean Rh-H distance (averaged
over all 10 bond lengths) is 1.95(2) A,
which, given the average covalent radius of

1.35 A for Rh [taken as half of the Rh—Rh

Fig. 1. A view of the [H,Rh,;(CO),,J°~ cluster
complete with all CO groups. The 13 Rh atoms are
arranged in a hexagonal close-packed motif,
forming a closed polyhedron that can be de-
scribed as a truncated trigonal prism, with one
additional Rh atom at the center. The cluster is
surrounded by 12 terminal CO ligands (one on
each surface Rh) and 12 bridging CO groups.
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distance in Rh metal (I5)], leads to an
effective radius for H of 0.60 A in
[H,Rh,;(CO),,J>~. This radius is compara-
ble to the value of 0.53 A estimated (1) for
the radius of H in [HCo4(CO);s]~ but is
significantly larger than the normal H co-
valent radius of 0.37 A (half of the H-H
distance in H,). This result suggests that
there is in fact an excess of space for the H
atoms in the square pyramidal cavities of
the Rh; cluster. Compared to other Rh—-H
distances accurately characterized by neu-
tron diffraction (Table 2), one sees a steady
increase of Rh—H distance with increasing
H coordination number, an observation
that may reflect a decrease in metal-H bond
order along the series u;-H > p,-H >
ps-H > ps-H (16).

A legitimate question to ask at this point
is why the H atoms are not disordered. In
principle, the two H atoms could be delo-
calized over the six available square pyra-
midal sites, leading to a net occupancy of
one-third of a H atom in each cavity. How-
ever, this was not the case, because the

Fig. 2. (A) The H,Rh, ; core in [H,Rh,4(CO),J*~,
showing the two interstitial H atoms. The black
lines represent Rh—-Rh bonds bridged by CO Ii-
gands, whereas the gray lines indicate Rh-Rh
bonds without CO bridges. (B) Alternative view of
the H,Rh,; cluster, emphasizing the near copla-
narity of the two H atoms with the surface atoms
of the cluster. There is a very slight inward dis-
placement of the H atoms toward the central Rh
atom.

arrangement of bridging CO groups (Fig. 1)
effectively reduces the point group symme-
try of the Rh,; cluster from D, to C, and
creates four inequivalent types of Rhg cav-
ities. In their original x-ray diffraction stud-
ies on [PPh;(CH,Ph)];[H,Rh,;(CO),,]
(Ph = C¢H;) and [(PPh;),N],[H;Rh,;-
(CO), 4], Albano and co-workers postulated
positions for the H atoms based on an anal-
ysis of the sizes of the square pyramidal
cavities (5, 6). Arguing that H-filled cavi-
ties should be slightly larger than empty
cavities, they correctly deduced the H po-
sitions that we find in the present study
(17). Our results also show that the occu-
pied holes are slightly larger [average Rh—
Rh = 2.78(1) A] than the unoccupied holes
[average Rh—Rh = 2.75(1) Al, here just
detectable at the 3o level (18).

From our results, analogies can be drawn
with studies of chemisorbed H on metallic
surfaces. The location of the H atoms in the
square pyramidal cavities of [H,Rh;-
(CO),,)’~ resembles the filling of fourfold
hollows on a Rh(100) surface. It is generally
accepted that these high-coordination sites
are the most energetically favorable posi-
tions for chemisorbed H atoms on surfaces
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Fig. 3. (A) Plot of the environment around H1,
including the CO ligands. This cavity is situated on
the noncrystallographic mirror plane of the Rh,,
cluster and is the only one that has just one bridg-
ing CO group. (B) Plot of the environment around
H2, including the CO ligands. The ligands in (B) are
arranged differently as compared to those in (A).
This is one of two cavities in the Rh, ; cluster that
have two bridging CO groups.
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of fourfold symmetry (19). Although the
detailed geometry of this particular arrange-
ment [H on Rh(100)] has not yet been
determined (20, 21) by structural tech-
niques such as low-energy electron diffrac-
tion (LEED) or He atom scattering, vibra-
tional studies (from electron energy loss
spectroscopy) support the assignment of H
atoms in fourfold hollows (22). Theoretical
calculations (23) predict that the H atoms
are close to being coplanar with the layer of
Rh atoms but are displaced by about 0.38 to
0.65 A above the Rh(100) plane. Our re-
sults are consistent with the main features
of this conclusion, although we find the
displacement of the H atoms to be in the
opposite direction. This difference may be
due to the fact that in our case we have a
carbonyl-covered “surface.”

Another parallel can be drawn between
our system and solid-state metal hydrides.
The H atoms in the [H,Rh,5(CO),,]¢~%~
clusters are fluxional, a phenomenon highly
reminiscent of the well-known mobility of
H atoms in bulk metal hydrides (24). The
solution 'H nuclear magnetic resonance
(NMR) spectrum of the title anion shows
that the H atoms are mobile (25) on the
NMR time scale at room temperature (7,

Table 1. Selected distances and angles in [H,Rh,4(CO),,1°~

deviations are in parentheses.)

% TRt Ltk g

8). There is evidence that the H atoms do
not move onto the surface of the Rhj;
cluster during this exchange, allowing the
conclusion that migration of H atoms must
take place in the interior of the cluster itself
(7, 8). The mechanism by which the H
atoms “hop” from site to site is not resolved
yet, although it would seem that the most
obvious route is a path through the tetra-
hedral cavities of the cluster.

The factors that determine whether or
not a H atom enters a cavity are not yet
fully understood. The presence of an in-
terstitial vacancy does not necessarily
mean that a H atom will automatically fill
it. For example, a neutron diffraction anal-
ysis on [H4OSIO(CO)Z4]2_ shows the four
H atoms on surface sites (two edge-bridg-
ing and two face-bridging), even though
an octahedral cavity is vacant and available
(26). In [HCo4x(CO),5]~ the H atom is in-
terstitial (1), but in the isoelectronic com-
pound [HRh(CO),5]™ it is not, preferring
instead to be on a surface (terminal p,-H)
position (27). The fact that the H atom in
[HRhy(CO),5]™ is not interstitial is puzzling,
because our work clearly shows that there is
no a priori reason why H atoms would avoid
octahedral Rhg or pseudooctahedral Rhs

. (Atomic notation is as in Fig. 1. Standard

Distances (angstroms)

Rh1-H1 1.928(23) Rh8-H2 1.920(23)
Rh3-H1 1.964(25) Rh9-H2 1.961(24)
Rh4—H1 2.046(23) Rh10-H2 1.938(23)
Rh5—H1 2.026(25) Rh12-H2 2.014(24)
Rh13-H1 1.827(21) Rh13-H2 1.861(22)
Angles (degrees)
Rh1-H1-Rh3 93.6(10) Rh8-H2-Rh9 89.9(10)
Rh1-H1-Rh4 175.9(11) Rh8-H2-Rh10 173.2(12)
Rh3-H1-Rh4 88.9(10) Rh8-H2-Rh12 89.5(9)
Rh1-H1-Rh5 91.6(10) Rh8-H2-Rh13 93.1(10)
Rh3-H1-Rh5 173.7(12) Rh9-H2-Rh10 92.0(9)
Rh4-H1-Rh5 85.7(9) Rh9-H2-Rh12 174.0(12)
Rh1-H1-Rh13 92.1(10) Rh9-H2-Rh13 95.5(10)
Rh3-H1-Rh13 92.2(10) Rh10-H2-Rh12 87.9(10)
Rh4-H1-Rh13 91.1(9) Rh10-H2-Rh13 93.3(10)
Rh5-H1-Rh13 91.2(10) Rh12-H2-Rh13 90.5(10)
H1-Rh13-H2 130.8(11)
Table 2. Variation of the Rh—H distance with hydrogen coordination number.
H Rh—H
Compound* coordination distance Reference
number (A)

[Rh,H(,-H)o L1 1 1.536(2) ©8)
RhH,(CsMe,)(SIEt,), 1 1.581(3) 29
[RhyHy(pp-H)o L2+ 2 1.754(2) 28)
Rhs(py-H)s[POCH )5l 2 1.765(11) (80)
[Rh,(ng-H),(CsMeg) 17 [BF 1~ 3 1.859(6) 31)
[Rh5(g-H),(CO),,l 2 5 1.948(21) This work

*L = 1,4,7-trimethyl-1,4,7-triazacyclononane; Me = methyl; Et = ethyl.
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cavities. Clearly, additional structural inves-
tigations are needed before we can fully ap-
preciate the behavior of H atoms in metal
clusters.
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Probing Single Molecules and Single
Nanoparticles by Surface-Enhanced
Raman Scattering

Shuming Nie* and Steven R. Emory

Optical detection and spectroscopy of single molecules and single nanoparticles have
been achieved at room temperature with the use of surface-enhanced Raman scattering.
Individual silver colloidal nanoparticles were screened from a large heterogeneous pop-
ulation for special size-dependent properties and were then used to amplify the spec-
troscopic signatures of adsorbed molecules. For single rhodamine 6G molecules ad-
sorbed on the selected nanoparticles, the intrinsic Raman enhancement factors were on
the order of 1074 to 10®, much larger than the ensemble-averaged values derived from
conventional measurements. This enormous enhancement leads to vibrational Raman
signals that are more intense and more stable than single-molecule fluorescence.

Recent advances in ultrasensitive instru-
mentation have allowed the detection,
identification, and dynamic study of single
molecules in low-temperature solids (1-3),
in room-temperature liquids (4, 5), and on
dielectric surfaces (6-9). This capability
opens many opportunities for scientists in
various disciplines such as analytical chem-
istry, molecular biology, and nanostructured
materials (10-12). Current methods for
probing single molecules, however, are re-
stricted to a few basic principles. These
mainly include laser-induced fluorescence
with near-field, far-field, and evanescent-
wave excitation, frequency-modulated opti-
cal absorption at low temperatures (I, 2),
and electrochemical detection of redox-ac-
tive species (13). We report a methodology
based on surface-enhanced Raman scatter-
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ing (SERS) (14) for studying single mole-
cules adsorbed on single nanoparticles at
room temperature. By coupling single mol-
ecules to nanoparticles, we demonstrated
that nanometer-sized particles can amplify
the spectroscopic signatures of single mole-
cules enormously and that the size-depen-
dent properties of nanostructures can be
examined at the single-particle level.
Single-molecule detection by SERS is
expected to extend and complement fluo-
rescence studies. Except in low-temperature
solids (15), fluorescence measurements do
not provide detailed molecular information,
and photobleaching often limits the num-
ber of photons obtainable from a single
molecule. These problems could be over-
come with the use of Raman spectroscopy,
which is capable of providing highly re-
solved vibrational information and does not
suffer from rapid photobleaching. However,
Raman scattering is an extremely ineffi-
cient process, and its cross sections
~107%° cm? per molecule) are about 14
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orders of magnitude smaller than those of
fluorescent dyes (~107'¢ cm? per mole-
cule). To achieve single-molecule detec-
tion sensitivity, the normal efficiency of
Raman scattering must be enhanced 10'4-
fold or more. We demonstrate that such
enormous degrees of signal amplification
can be obtained by exploiting the surface-
enhanced Raman effect and the resonance
enhancement effect. Recently, Kneipp et
al. (16) reported similar magnitudes of
surface enhancement and detected single-
molecule Raman signals with near-infra-
red laser excitation.

An unexpected finding during this
work was that a very small number of
nanoparticles exhibited unusually high
enhancement efficiencies. These particles
emitted bright, Stokes-shifted (toward
longer wavelengths) light and are called
“hot particles.” To screen for these hot
particles in a heterogeneous Ag colloid
solution, we incubated an aliquot of the
colloid with rhodamine 6G (R6G) mole-
cules for an extended period of time (~3
hours) at room temperature. The colloidal
particles were immobilized on polylysine-
coated glass surfaces because of the elec-
trostatic interactions between the nega-
tive charges on the particles and the pos-
itive charges on the surface (17). Other
methods using organosilane and thiol
compounds are also available for immobi-
lizing and dispersing colloidal particles on
surfaces (18). Morphological studies by
transmission electron microscopy and
atomic force microscopy (AFM) showed
that the colloid was a mixture of hetero-
geneous particles with an average particle
size of about 35 nm and a typical concen-
tration of ~10'! particles/ml. With wide-
field laser illumination, about 200 to 1000
immobilized particles were examined in
one field of view or a 100 pm X 100 pm
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