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A series of giant metal-cluster compounds, each composed of a gold core and a glutathione (GSH) adsorbate
layer, have been prepared from Au(I)SG polymers and separated by gel electrophoresis, using methods reported
in a recent Letter]. Phys. Chem. B998 102 10643-6]. Identification of the separated compounds by core

mass is accomplished through laser desorption mass spectrometry of matrix-diluted films. Three principal
compounds have core masses of ca. 4.3, 5.6, and 8.2 kDa (in the ran@®6#0 Au atoms), and show
structured optical absorption spectra with clear optical absorption onsets near 1.7, 1.3, and 1.0 eV, respectively.
Each of these shows unusually strong chiroptical activity in the metal-based electronic transitions across the
near-infrared, visible, and near-ultraviolet regions, whereas neither the crude (unseparated) mixture nor its
higher molecular weight components possess such strong optical activity. The location and strength of the
optical activity suggest a metal electronic structure that is highly sensitive to the chiral environment imposed
by the glutathione adsorbate groups, if indeed the gold core is not inherently chiral. Mechanisms that could
account for the observed optical activity are discussed, but the mere presence of strong chiroptical effects in
this metallic-cluster system places these novel compounds in a special class of molecular substances. Previously
known giant metal-cluster compounds (and nanocrystals) have not been reported to exhibit significant optical
activity. With these results, there emerges a rather complete picture of the evolution of optical and electronic
properties of thiol-based gold cluster compounds (or self-assembled monolayer passivated gold nanocrystals)
from 20 to 1000 Au atoms (0-73.2 nm core diameter).

dictated by the symmetry of the lattice structure of the metal,

The striking electronic and optical properties of nanometer- as Well as its shape (morphology) and the surface structure and
scale metal crystallitesas colloids or giant clusters and cluster Ponding. Usually, one has found or assumed these structures to
compounds-arise mainly from the electrons in orbitals of the e either fragments of the bulk crystal lattice or symmetrically
partially filled conduction band, i.e., from electronic states that adjoined or twinned combinations of such fragments (e.g., fcc-
are delocalized throughout the metal nanostructiéen the derived truncated octahedrar truncated pentagonal-decahe-
diameter of such nanocrystals is reduced to the order of thedr&’). Such considerations would rule out the possibility of
metal's Fermi wavelength~0.5 nm for Au), then quantization  topologically interesting structures, such as those possessing a
of these orbital energy levels is important even under ambient helical or chiral character. However, calculations performed by
conditions, with profound consequences for optical, electronic, Wetzel and DePrist#, which have found experimental sup-
charging, and transport phenomena, such as the “Coulombport!!indicate that the 39-atom Ni cluster prefers a lows)(
staircase” response in single electrorficst the same time, symmetry that would give rise to optical activity. Similarly,
catalytic and electrocatalytic activity is enhanced, in the long- metal nanowires of sufficiently small diameter (less than six
known catalytic metals such as platindmgr can emerge atoms in diameter) have been predicted to preferentially assume
dramatically, in the case of gofdEnhanced optical properties  helical structures with close-packed surface layéfmalogous
include intense color or iridescence in transmission and reflec- low-symmetry (or “reduced-symmetry”) structures are already
tion, and strong nonlinear or electrooptical effettegse form established for the case of semimetallic (graphitic) carbon, i.e.,
the basis for applications including colorimetric probes and larger chiral fullerené$ and carbon nanotubés.
sensor$.Finally, at sufficiently small metallic cluster sizes, the In the case of small Au nanocrystals and their large and giant
continuous optical spectra, including the broad “collective cjyster compounds, comprising some-ZD0 or so atoms, the
resonances” (plasmons), give way to discrete electronic transi-stryctural evidence has been interpreted as being consistent with
tions among quantized levels, each associated with a delocalizedsryctures of the simpler variety, in particular the cylindrical-

orbital 1.7

type Dsn) truncated decahedPf,with compact metal cores

The actual form of the conduction-band orbitals, and hence gjightly dilated by interactions with the weakly binding adsorbate
the optical and electronic properties derived therefrom, are groups. The optical spectra of these recently isolated Au:SR
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unoccupied conduction band orbita®. These new compounds
present a timely opportunity for detailed exploration of electronic
and spectroscopic phenomena in very small metallic particles.

In a recent brief Lettet® we reported that very small gold
nanocrystals (giant clusters) can be obtained in robust hydro-
philic forms when the adsorbate monolayer is assembled from
the sterically demanding GS group, where GSH denotes the
ubiquitous tripeptide glutathione{glu-cys-gly, Scheme 1). In
these Au:SG compounds, the gold core is restrictec 105
nm diameter, but appears to retain the metalli® Abaracter,
as evidenced by the AuvAu bond length (0.29 nm), and the
tripeptide is adsorbed intact and exclusively via the cysteine
sulfur functionality. Electrophoretic separations revealed a
particularly abundant component, whose total molecular weight
of 10.42 kDa total is consistent with the composition&8G)1.
This compound forms a molecular crystalline solid, in which
the 0.9 nm cores are arranged as a bcc lattice with a 2.0 nmFigure 1._ Photogr_aph of PAGE separation. Sevc_an bands were s_eparated
nearest-neighbor distance. Separately, Templeton&thalve by the high density (HD) gel and are labeled in order of mabillty (

- o - being most mobile). Starting point is indicated by the dashed line at

developed methods for the hydrophilic Au:tiopronin system and top.
have reported many properties of the mixtures of these cluster
compounds. The recently developed preparation and isolation
of the hydrophilic Au:SR cluster compounds can be envisioned
as an extension of the previously separated Au:SR=R
n-alkane) cluster compounds and SAM-passivated gold (and
silver) nanocrystal homologués?and many of their interesting 1ot cancel. Thus, only through rigorous separations could

properties can be directly compared. the quantum-size effects (electronic level quantization, size-
The polyelectrolyte character of the Au:SG cluster compounds dependent emergence of HOMQUMO gap, and optical
facilitates the use of characterization methods adopted from activity in Au transitions) for these compour,1ds be realized.
molecular biology, including gel electrophoresis separations, andrperefore, the nomenclature adopted for the purpose of this
matrix-assisted laser desorption and electrospray ionization MaS$enort is a numbering system based on the electrophoretic
spectrometry. Through employing these methods, one obtainsy,qpijity of the cluster compounds, i.e., the separated compounds
robust compounds, the smallest of which show striking quantum- simply referred to as compourttis5, with 1 being the most
size effects, i.e., evidence for electronic level quantization and ,qpile compound. Naturally, it may élso turn out that further
the emergence of a HOMELUMO gap in the near-infrared separation efforts could resolve additional, minor components,
visible spectral regions. Furthermore, because the GS adsorbate, yhich case the interesting features revealed herein would be
are obtained from the natural product (L,L configuration), one oy en further enhanced. For example, the CD may be further
can obtain additional information regarding the optical electronic ¢nhanced by the resolution of a partially racemic mixture.
bands observed, by means of circular dichroism. Specifically, A. Identification of Au :SG Giant Cluster Compounds 1
the large and giant gold cluster compounds prepared with the Eleétrophoretic Mobilitieé A photograph of a typical hig.h-

gsggliltetgr?(lj ?SZEL@SG)QLUSSQF gc?tivri]g/ \./e surprisingly large density (HD) gel separation is shown in Figurg 1. _ngen dark
bands, or components of the mixture, are readily visible under

normal illumination. Under these conditions, the first five bands
are sharply defined and the last two are rather diffuse. The use

The giant gold:glutathione (Au:SG) cluster compounds have of the low-density (LD) gel reverses the situation (Figure S1,
been prepared, isolated, characterized, and further investigatedSupporting Information). Repeated electrophoretic separation

by methods described fully in the Appendix (Methods Section). of individual components confirmed the distinct mobility of each
In contrast to the results on the electrophoretically separatedof the seven components, which are quantified in Table 1, and
compounds shown below, preliminary measurements carried outhas also been used occasionally to reduce the “tailing” from
on mixtures (crude or partially separated) invariably gave quite the intense third band into the less-intense fourth and fifth bands.

inferior results. Specifically, the optical absorption spectra of
crude mixtures were rather featureless, and the strong chiroptical
effects seen for the separated compounds are diminished in the
CD spectra of the mixture, as opposite signed CD amplitudes

Results
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TABLE 1: Characteristics of Au:SG Cluster Compounds — T T T T T

band mobilit} % yield core madykDa) optical gap(eV) Au:SG
1 1.00 1.7 4 1.7 = = = Au:S(n-hexyl) 2
T 0.93 6.0 1.7 -
2 0.87 325 6 1.3
2 0.80 7.3 ~7 13
3 0.71 7.7 8 1.0
4 0.53 35 9 <0.8
5 0.42 9.8 14 <0.8

a Relative to band 1?2 As determined by MALDI-MS ¢ Determined
from onset of optical absorption (see Figure 2Petermined from MS
of LD gel separation.

T
5
1 v 1 ' 1 7 v 1 vV 1>
10 15 20 25 30 35 40
7 Photon Energy (eV)
— Figure 3. Comparison of optical spectra derived from clusters (with
'E the same approximate core mass ©6.6 kDa) prepared using
© 31 glutathione (solid line) ana-hexanethiol (dashed line). The spectra
s have been multiplied by wavelength squared and offset to facilitate
s comparison in this spectral region.
© 2 by the structure of the gold core, whereas the mobility is very
sensitive to the number of charged surface groups (carboxylates).
For this reason, it seems best to refer to the seven components
14 as compound§, 1, 2, 2, 3, 4, 5, where the primes refer to the
lower-mobility, surface-unsaturated variants of their unprimed
1 counterparts. In the following, though, most attention is devoted
0 to the higher-mobility compoundk 2, and3.

10 15 20 25 30 35 Spectroscopic Matching to Hydrophobic Au:SR Compounds.
Photon Energy (eV) The AL_J-core sizes of the Au:SG cluster compounds e>§tend the
core-size range of the Au:SR compounds to smaller sizes than
Figure 2. Optical properties of separated Au:SG cluster compounds previously achieved (using R hydrophobicn-alkanesy?16
in the NIR_-V|S|b|e region. Unprimed (primed) numerals refer to solid Figure 3 shows a comparison of the spectra from comp@und
(dashed) lines. .
and from a Au:Sg-hexyl) cluster compound that has ap-
Table 1 also gives the percent yield of these components, proximately the same core mass, as measured by laser desorption
determined gravimetrically, from a preparation optimized for mass spectrometry (see Supporting Information and Figure S2).
bands of intermediate mobility. Once isolated and purified from This low yield compound €1% of total cluster yield) was
the electrophoresis buffers, the resulting cluster compounds arehighly unstable relative to larger Auisbexyl) compounds,
stable, exhibiting unchanging optical spectra and mass spectragdegrading under nitrogen within a day. The absorption spectra
when stored as powders for periods of many months underfor the two species are essentially identical in all respects
normal ambience. (position and intensity of transitions throughout the entire
2. Spectroscopic IdentificatioBpectroscopic Differentiation  spectrum). In addition, the optical spectrum obtained for
of Au:SG Compoundd-he near-IR/visible optical absorption compound3 is very similar to that of the previously described
spectra for the first five bands are displayed in Figure 2. The 8 kDa Au:S(-hexyl) cluster compourfd (Figure 4), which is
spectra are highly structured, showing clear absorption onsetthe smallest hydrophobic Au:SR compound of appreciable
energies at 1.7 eV (two highest-mobility components), 1.3 eV stability to be isolated. The close agreement of these “matched”
(next two), and 1.0 eV, as summarized in Table 1. (The final pairs of spectra suggest common molecular identities (i.e., core
two components do not show absorption onsets at energies aboveomposition and structure), regardless of their respective R
0.8 eV.) The inherent colors observed in the electrophoresis groups, preparation methods and yields.
separation of the cluster compounds can be deduced from 3. Reaction KineticsThe cluster-formation reaction kinetics
various minima and maxima in the visible region of the could easily be followed by optical densitometry measurements
absorption spectra of the cluster compounds. Thus, the opticalof the electrophoresis gel lanes from the separation of mixtures
properties indicate that the compounds are separated by differingproduced by quenching the reaction at various times. The
core size (with the smallest having the highest mobility), which reaction time dependence, shown in the semilogrithmic form
is consistent with the mass spectrometry, to follow. in Figure 5, was obtained by measuring the optical extinction
The similarities between the spectra of the two highest- through the gel lanes with a broadband densitometer. The larger
mobility components seem too strong to be coincidental, and clusters have a greater extinction coefficient in much of the
the same is true of the spectra of the next two components.visible region, so the yields (based on optical extinction) are
The most likely explanation is that the lower-mobility compo- biased toward the larger cluster compoundsad 5), when
nent differs from the higher-mobility component only by the compared to gravimetric determination (Table 1).
loss of a single (or a few) adsorbate group(s), because the Formation of the Au:SG cluster compounds followed the
electronic structure and optical spectra are determined mainly same general trend as their hydrophobic analogues, where very
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Figure 4. Comparison of optical spectra fro8 kDa clusters prepared
with glutathione (solid line) and-hexanethiol (dashed line). The spectra 5
are shown as the logrithmic differential and offset to facilitate e T
comparison. 0 2 4 6 8 10 12 14 16 18 20 22 24
60 Mass (kDa)
v —a—1,1 v Figure 6. MALDI mass spectra of Au:SG cluster compounds separated
."\ ~-0— 22 v~ by PAGE. Spectra labelet], 2, 2, and 3 were separated under HD
50 4 v/ 4 -3 J conditions, and—2, 4, and5 under LD conditions. Dots above primary
] \ —W— 445 /V' peaks correspond to masses reported in Table 1.
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Figure 5. Reaction-time dependence of cluster yields, estimated from
optical densities. See Table 1 for gravimetric determination of product MR S iy L WA o Ml WAL M WAL M L M
abundances for 60 min reaction.

short as well as longer reaction times produced larger cluster
compoundg$?2° The smallest cluster compoundk (') were
never produced in large abundance (no more than 10 wt %). At
reaction times of 30 minot 3 h the band®, 2, and3 were
produced in largest abundance. At long reaction tinres If),
increasing abundance of the larger cluster compouddmd
5) was evident, but was also accompanied by an onset in the
production of much larger compounds (colloidal gold), which
were nearly immobile on the gel [these were seen as short (2
mm), dark red streaks at the beginning of each lane that could
not be removed from the gel for analysis].

4. Mass Spectrometr§igures 6 and 7 show MALDI mass 2345678 9 10111213 14 15
spectra obtained for the various bands of the mixtures as Mass (kDa)
separated by the low-density and high-density gels. The main gigyre 7. High-fragmentation (a) and low-fragmentation (b) MALDI
features observed in each frame of Figure 6 are (i) a principal mass spectra & High analyte:matrix ratio (1:100) resulted in higher
broad band at high mass{45 kDa equivalent te-20—80 Au fragmentation, yielding information concerning the inorganic core
atoms) with some superimposed fine structure for the high- composition. Low analyte:matrix ratio (1:1000) produced higher mass
mobility, low-mass compounds; (ii) secondary high-mass bands NS that are consistent with the molecular weight measured by ESI-
at multiples of the principal band mass, and (iii) low-mass peaks, MS (see Figure 8).
below 1.5 kDa, which can be assigned to very smal(®& ) is inversely correlated with the mobility of the components as
fragments M < 5). Clearly, the mass of the principal band well as to the onset energy for optical absorption.
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It has been shown previously that, under UV irradiation, the T T T T T T T T T T T T T T
S—C bond in the adsorbed thioRG-) is efficiently cleaved,
and so such laser-desorption mass spectra typically indicate only
the composition of the inorganic core (A%y) and fragments
therefrom?! Figure 7a shows the identification of the sharp

[Au(SG),-2HI"  [Au(SG),HI

(a)

.:" [Au,(SG),S-Hf

features comprising the principal broad band produced by P c”

MALDI of compound 2, which was separately confirmed by : :

high-resolution mass-spectrometric analysSigigure 7b is a 1=

second MALDI mass spectrum of the same sample, but under 2 {Au(SG),S,-H]
conditions of extreme dilution in the matrix host; the principal 13 !
band of peaks in the spectrum is shifted from 5.4 kDa to higher < [A,”'(SG)fH]

mass and spans a much wider mass range, from ca. 7 to 11 * [Au,(SG),S,-HI
kDa, and the peak structure can no longer be assigned to a 1 : R

simple combination of Au and S atoms. This result can be
interpreted in the following way: Most of the incident UV .
radiation is absorbed by the matrix, rather than the clusters,
thereby mitigating the SC bond-breaking pathway. The high- +15
mass cutoff of the peak, in the #Q1 kDa region) may approach
the intact parent mass of the compound. The broad, complex
distribution of peaks in the 710 kDa region represents its 4 by

Tvrvjrrrvjyrrrryrrerrrrrrrryrrerryrroes

fragmentation pattern, expected to be dominated by the thermal 750 1000 1250 1500 1750 2000 2250 2500
channel of GSSG loss (612 amu). Of course, the goal is to obtain m/z

the mass(es) or molecular weights of the parent compound(s) v
present in each separated component, but this has not yet been
possible by the UV MALDI-MS route.

Figure 8 shows a typical electrospray ionization mass
spectrum (ESI-MS) of the same sample. This result has been
used to establish a parent mass3oés 10 417 amu, as was
reported brieflyt® which is in excellent agreement with the
formulation Awg(SG)e. (This value is consistent with the
MALDI-MS spectrum, Figure 7b, if one allows for the attach-
ment of a few matrix molecules in the MALDI spectrum.)
Negligible quantities of other parent-mass species are detected T
in these mass spectra. The other mass-spectral features, observed s
as single sharp peaks in Figure 8a, can be assigned to expected ] +
low-mass fragments produced in the ionization processes. In
particular, the species of highest abundances, Au(S@nd -
(AuSG)2-, have precedents in the structural and ESI-MS
literature on nonmetallic aurothiol compounds and mixtures
thereof?® Consistent with expectations, the ESI mass spectrum
of 2 could be changed systematically by addition of a small
amount of ammonium hydroxide~0.1 mM) to the electro- . r T r T
sprayed solution. The signal intensity of negative ions increased 10300 10400 10500
for the higher charge states, so thdé, —8, and—7 were highest m/z

intensity, and the molecular weight increased slightly, consistent o
with the presence of NiHadducts. Figure 8. Electrospray ionization mass spectrun?ofn the ESI-MS

. . (a), the—5, —6, —7, and—8 charge states were each seen as a group
B. Optical Spectroscopy Figures 9-11 show the complete ot 56 peaks spaced closely together. The “deconvoluted” spectrum

optical absorption spectra fot—3, respectively, in dilute (b) shows that a progression of peaks corresponding to various sodium
aqueous solution, along with their CD spectra. In Figure 12, and potassium adducts starting at mass 10 417. The starting peak and
the optical spectra ofl—3 are displayed on a common subsequent sodium and potassium adduct peaks are most consistent
logarithmic scale, allowing their characteristic features to be With the compound having a composition of A{Ge. The labels in
. ) denote various low-molecular-weight fragment ions that are still

compared. T,he, shapg and feature; of .the Qb;orptlon Spegtra Obresent even under this gentle ionization method.
1 and?2 are similar, with both showing (i) a distinct absorption
onset followed immediately by a shoulder on a broad absorption pounds are exceedingly informative (Figures-1d, upper
maximum and (ii) a steep rise into the UV with steplike features cyryes). All the components separated by electrophoresis showed
superimposed. The discreteness of the optical featur@iof  measurable optical activity (Figure S3), but large chiroptical
less pronounced, but still shows the steplike character in the effects in the near-IR/visible regions were only observed for
absorption spectrum. The measured optical gaps for compoundsompounds{—3 and1’, 2'). The CD spectrum of the reduced
1,2, and3are~1.7, 1.3, and 1.0 eV, respectively (see arrows, glutathione (GSH), shown as an inset in Figure 9, shows no
Figures 9-11), where the gaps fdr and2 are the largest yet  CD response below 5.2 eV.
measured for any stable Au:SR cluster compound. The magnitude of the CD effect for an electronic transition

Since circular dichorism requires not only rotation of linearly is directly related to the product of the electric dipole and
polarized light but also the presence of a (discrete) electronic magnetic dipole transition moments, and thus is also proportional
transition, the circular dichroism spectra of the Au:SG com- to the optical absorption. Furthermore, it is quite unusual for

+2K,+Na,-3H

+K,+Na,-2H
+3K,+Na,4H

+K,+2Na,-3H

+2K,+2Na,-4H

v 1
10600 10700
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Figure 11. Optical absorption spectra (lower) and circular dichroism

Figure 9. Optical absorption spectrum (lower, left axis) and circular
spectrum for compound. Axes are as for Figure 9.

dichroism spectrum (upper, right axis) dfin aqueous solution. The
solid line in the UV region of the CD corresponds to the CD spectrum

of glutathione (i.e., GSH, not bound to Au cluster). T T T T T T T T T T
3
T T L] 1 M L] v L]
2
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Figure 12. Optical absorption spectra for compountis3, from
bottom, plotted on a common logrithmic scale to facilitate comparisons
0.0 ——— e —— between the spectra.

1 2 3 4 5 6
Photon Energy (eV)

Figure 10. Optical absorption spectra (lower) and circular dichroism
spectrum (upper) for compouritd Axes are as for Figure 9.

bands froml are in the range of 166300 ppm;2 is in the
range of 200-400 ppm;3 is up to over 1100 ppm.

On close inspection, each of the positive and negative Cotton
effects present in the CD of the Au:SG compounds correlate
directly to most of the features resolved in the absorption spectra
CD spectra of molecules to have features spread over such af 1 and2; however, the discreteness of the absorption spectrum
large energy range and large range in molar absorptivity. It is of 3 is substantially less, and direct correlation is not as obvious
therefore justified, both theoretically and practically, to present in this case. To facilitate the discussion and comparisons to
therelative differential absorption spectra (i.é\¢/e vs photon archetypal compounds (below), Table 2 presents values for the
energy), which is represented in Figure *8afor 1-3, strongest chiroptical features observed for compoun@sand
respectively. In these spectra, the various bands are easily3, including (i) energy of occurrence, (ii) absolute absorbance
identified across the entire spectral range: The relative CD of (¢), (iii) differential absorbanceXe = er — €.), and (iv) the
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TABLE 2: Spectral Features and Constants for the Au:SG 300
Cluster Compounds

energy (V3 Ae M~tcm™) e(Mtcm)b  Aele (ppm)

4.34 9.1 36 700 248
1 3.81 —4.6 24100 —-189

3.50 -3.1 16 000 —195

3.13 2.0 9500 213 100 +

3.25 10.8 41 000 264
2 2.67 —6.2 27 600 —223

2.50 7.2 21700 333

2.26 2.4 10 700 226

3.51 84.5 152 000 556
3 3.26 67.5 122 800 550 -100 1

2.00 31.3 27 900 1121

1.66 -125 11 300 —1106

3.81 200 33 000 6000 -200+
H1e 3.49 70 12 000 6000 . '
M ) M ]

YT v T 1T v 17
H2d 2.85 20 10 000 2000 20 25 30 35 40 45 50 55

3.06 210 24 000 8700 Photon Energy (eV)
Cre 2.16 —106 10 000 —10 000 400

a

200

Aele (ppm)
o
1

@ From the negative and positive Cotton effects seen in the circular 1
dichroism.? Absorbance at wavelength specifiéddexahelicené® 300 -
d Heterohelicené® € Reference 13b.

relative differential absorbancé\§/¢) expressed in parts per
million (ppm).

o g
Discussion R
W

Ei

By producing cluster compounds that mimic certain chemical J
and structural properties of large biological molecules, such as 100 -
proteins?* technigues that are used successfully to characterize
biomolecules can be employed in the same manner to study
the giant Au:SG cluster compounds. The electrophoretic separa-
tion of the Au:SG cluster compounds is suggestive of the
conceptual picture of the compound’s structure and properties, [0t
in which a dense inorganic core (Au:S) is surrounded by a 20 25 30 35 40 45 50 55
polypeptide monolayer of G groups. Thus, the cluster assembly Photon Energy (eV)
takes on the chemical properties of a polyelectrolyte molecule,
similar to a folded globular protein or DNA oligomer molecule. 10004
This approach has also been useful in the interpretation of results
from a 22 kDa amide-functionalized Au:RBluster compound,
which was separated by liquid chromatographic methods and
studied successfully by MALDI-M$?

The mass spectrometric methods typically used to measure __
the molecular weight of intact protein and DNA ions have thus g_
far produced a total molecular weight value for compo@nd 2
However, the information gained from the high fragmentation 35
MALDI-MS not only confirms the extent of separation but also <
provides an estimate of the inorganic core size, thus allowing
one to correlate the optical and electronic properties with the
inorganic core size of the cluster assembly. Since it is evident,
by direct comparisons such as that in FiguBemnd4, that the -1000 4
electronic structure of the inorganic core is insensitive to the
tail of the adsorbate thiol, this correlation has been of the utmost "20 25 30 35 40 45 50 55
importance in understanding the evolution of optical properties Photon Energy (eV)
as related to cluster size. The Au:SG clusters differ from their rigyre 13. (a) Relative differential absorption spectrum for compound
hydrophobic counterparts: Straight laser-desorption mass spec4. The spectrum was generated by dividing the CD spectrum (upper
trometry (UV irradiation of neat films) failed to yield useful  curve in Figure 9) by the optical absorption spectrum (lower curve in
information on the composition of the cluster compounds, but Figure 9). (b) Relative differential absorption spectrum for compound
ather appeared o resul i the compete cegradation of the?, TLE St e e oy S e CD e (Leper
Sampl_e. This @ff_erenc_:e may be explained by the great_er Figure 10)9(0) Relati\i/e differrJentiaI absor;ption Epectrum for compound
cohesion of an ionic solid over a van der Waals molecular solid. 3 The spectrum was generated by dividing the CD spectrum (upper
Complete degradation could be avoided by diluting the clusters curve in Figure 11) by the optical absorption spectrum (lower curve in
in a suitable UV absorbing matrix and irradiating (MALDI).  Figure 11).

-200 4

500

-500
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The ESI-MS analysis of compoundsand3, although incom- make it untenable to regard the optical spectra as the smeared-

plete, is expected to provide intact parent-mass information for out remnants of a single “plasmon resonance” (or collective

these also. transition). Instead, they call for a detailed assignment of a long
Optica] Absorption Spectra and Electronic Structure. The series of distinct electronic tranSitionS, involving also compari-

optical spectra of the Au:SG clusters are easily distinguished sons with theoretical calculations at a variety of levels of
from those of larger¥2 nm) Au:SR cluster compounds that sophistication. Unfortunately, such theory requires structural
have a single, broad “plasmon” band centere¢/520 nm (2.5 hypotheses for the larger clusters, and to our knowledge such a
eV), as well as from the spectra of smaller cluster compounds calculation has not even been attempted. For example, the
such as those based on the “undecagold;;Aucore, which simplest such calculation might involve placing the conduction
have strong blue UV absorption bands, but no red or near-IR €lectrons in a spherical jellium background potential that is
absorptior?® The steplike structure in the optical absorption Perturbed by addition of a weak potential of symmetry ap-
spectra (see Figure 12) suggests a degree of electronic levePropriate to induce chirality.
guantization that has not been previously shown for the larger In making any such comparisons it is necessary, of course,
Au:SR cluster compounds. While Kubo's statistical fornifila  first to remove from the experimental spectra the simple,
has been used to qualitatively account for features found in the additive contributions to the CD spectra from the adsorbate SG
optical spectra of the 14, 22, and 29 kDa (core mass) Au:SR groups. These contributions affect only the deep ultraviolet
compounds,this method is inadequate in describing the optical region, which in any case is not the region of primary interest
absorption spectra for the smaller cluster compounds. Mostwith regard to transitions involving the Au conduction-band
important is the emergence of a large optical gap (lowest energyelectrons. The Au:SG composition ratio is estimated to lie in
at which absorption occurs). A comparison of optical and the 1.5-2.0 range or ca. 1220 SG units present on each cluster
electrochemical charging properties has demonstrated a remarkecompound g, 2, 3), so their contributions, on a per mole-cluster
able correlation between this onset energy and the “chargingbasis, may be significant in the deep-UV region. Conversely, it
gap” between successive redox transitions, leading to theseems quite certain that, in the 25 eV region, the strong
conclusion that the optical gap may reflect the actual HOMO interband transitions originating in the filled 5d (core) band and
LUMO gap emerging in the remnants of the 6sp conduction terminating in the 6sp valence (conduction) bands dwarf the
band? The opening of both optical and electrochemical gaps absorptions derived from the glutathione adsorbates. Specifi-
of the same magnitude suggests that selection rules in thecally, in regard to all the forms of glutathione (GSH, G@nd
electronic transitions are not playing an integral role in the GSSG): These are natural products, possessing chiral centers,
measurement of the optical gap; i.e., transitions near the namely thex-carbon sites in the glutamyl and cysteinyl residues,
HOMO—-LUMO transition are not strongly forbidden. Thus, for and also the SS bond in GSS@? The reduced form, GSH, is
these smaller cluster compounds, a direct estimate of theoptically transparent below 5 é¥and produces a relatively
HOMO—LUMO gap is accessible and is found to be much weak (~1.5 M~1cm™1) CD response (see Figure 9). GSSG has
larger than the mean energy-level spacing of a metal sphere ofa broad and weak (0-40.5 M~* cm™1) CD response spanning
this dimension. the 4.2-5.5 eV range arising from the disulfide(S—S) —

The observation of a HOMOLUMO gap far greater than ~ ©*(S—S) transitions, which are very sensitive to the &-S—C
the statistical estimate requires an explanation as to the origindinedral angle. The Cotton effect at shorter wavelengths (202

of the gap. Without total structure determination and ab initio NM) for GSSG is extremely stronge ~ —12 M~* cm™*. Thus,
quantum calculations thereupon, the exact origin of the elec- the conceivabledirect contributionsfrom the GS adsorbate

tronic transitions corresponding to the features in the optical Should be (i) negligible at energies below 4 eV, (ii) small, but
spectrum can only be guessed at. However, from a chemicalPOSSibly observable, in the 4:3.5 eV region only if GSSG is
thermodynamics perspective, this type of optical behavior is the adsorbaté and (iii) strong to dominant at higher energy,
consistent with the high-yield formatiandisolation of stable  €sPecially if GSSG pairs are the adsorbate hit.

cluster compounds. For example, the magnitude of the band Generally, in the absence of a total structure determination,
gap or HOMG-LUMO gap in higher fullerenes has been one cannot decide among the classes of explanations for the
implicated in their inherent stability. The inability to isolate intense optical activity in the near-tRis—near-UV regions,
certain small band gap fullerenes-4CCgo) in neutral form by i.e., in the transitions of the metal core. These potential
chromatographic methods arises because they are too reactiv€xplanations can be listed, in order of decreasing intensity as
to survive the separations procés3he opening of a substantial ~ follows: (1) the structure of the metal-cluster core is inherently
HOMO—-LUMO gap may be viewed as an expectedr even chiral; (I1) the adsorption of the SG groups on the core’s surface
necessargondition for the stability and inertness of sufficiently ~ results in a chiral pattern of adsorbate interactions with an
small Au:SR cluster compounds, drastically retarding the rate inherently achiral core; (lll) chiral elements of the adsorbates
of atom addition (or removal). Likewise, the matching of the ~ induce optical activity in the core electronic structure, even
optical absorption spectra (Figures 3 and 4) observed for Au: though neither the adsorption pattern nor the core structure is
SG and Au:SC6 compounds sharing the same core mass (aghiral.

estimated by MALDI-MS and LDI-MS) suggests a preferential We now briefly consider the precedents for each of these, in
formation of certain “special” sizes of Au cores, regardless of the above order:

the reaction medium and adsorbate tailgroup. The optical gap |. |nherently Chiral CoresSuch structures have not been
seen in the absorption spectra also coincides with the onset ofgefinitively established for larger metal cluster compounds.
chiroptical properties seen for the Au:SG compounds, the (very small cluster compounds, containing typically four or
interpretation of which is discussed in the fO”OWing subsection. fewer atoms, have been investigated for Chiropticaj propertieS,
CD Spectra, and the Origin of Chiroptical Properties. As but these seem to belong to a different class of physical systems.)
a differential spectroscopy, CD provides additional information It remains only to point again to the recent precedents for
on each electronic transition of a molecule. Here, the band inherently chiral atom-packing structures (Figure 14): Recently
structure in the CD spectra and the frequent changes in signtheoretical® and experimentét evidence has shown that bare
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Il. Chiral Adsorption Patternln this mechanism, the cluster
core has a structure that is inherently achiral, but the thio
headgroups adsorb in a spatial pattern that is chiral. Such a
mechanism is plausible and readily envisaged, e.g., a helical
“\ tiling on a cylindrically symmetric cluster core. Depending on
-~ the nature and strength of the clustadsorbate interaction, one
can imagine a strong effect on the gold electronic structure. In

A the precedent provided by the fullerenes, the Cotton effects from
a chiral adsorption (adduct) pattern (II) are comparable to those
oq.. resulting from mechanism (I). However, these involvebond
~ - : ) )
- formation that breaks thempconjugation of the fullerenes at
a9 2 - . .
L X specific carbon atom sites. It seems unlikely to us that the
..o": adsorption of thio groups on gold surfaces can have such a

...Q.

profound local effect on the electrons, although the actual nature
. . . . of the metat-adsorbate interaction in Au:SR SAMs remains
Figure 14. Achiral and chiral structural motifs for nanometer-scale

metal structures: Structure A represents an achiral 39-atom structure@” unres_olved and controversial SLbeeCt‘ .

of Dsg Symmetry and approximately truncated-decahedral morphology ~ lll. Chiral Adsorbates Only.In this mechanism, both the
and B represents the chiral 39-atom structur®efymmetry, related adsorption patterns of headgroups and the structure of the core
to (A) by twisting about the 5-fold symmetry axis as per ref 10. In A are assumed to be achiral, so that the only remaining stereogenic
and B, the clusters are shown at full van der Waals radii in the top glements are the chiral centers in the tripeptides discussed above.
view, and the smaller radii in the bottom view facilitates the comparison .. direct, or through-space, influence on the electronic

between the achiral and chiral structures. Structure C illustrates a e
compact helical nanowire, after Tosatti et&The dimensions coincide ~ Structure of the metal core electrons would be difficult to
with those of the Au:SG compourl estimate. However, in the precedents provided by the derivatized
fullerenes, induced optical activity of this type produced only
Nisg clusters (Figure 14, A and B) prefer a lower (chiral) Weak CD responses (extremely small relative differential
symmetry Ds). Likewise, calculations performed on nanometer- @bsorption) in transitions originating from the fullerene elec-
scale wires suggest a preferential formation of helical-type tronic states®” By analogy, we consider (Ill) to be unlikely to
structures (Figure 14C). Thus, the optical activity of the Au: be capable of producing the strong CD responses in the metal-
SG compounds raises the question: must cluster compoundd?@sed electronic transitions.
(of 20—40 atoms) possess highly symmetric structures as
previously believed and predicted, or can they take on lower Conclusions

symmetry and even chiral structures? In this report we have shown that gold clusters generated by
The relative differential absorption values (Table 2) provide the reduction of Au(1)SG polymers (GSH glutathione), can

a way to assess the reasonableness of this proposition. In thige efficiently separated by electrophoresis to yield a series of

regard, the chiral fulleren&® and the Iarger helicen¥sseem distinct Compounds in the 280 atom range. The emergence

to be the most comparable to the Au:SG cluster compounds, of discrete electronic transitions seen in the optical spectrum

because their optical absorption spectra consist of severaland corresponding chiroptical effects in the CD was only

overlapping electronic transitions across the near-IR and visible revealed when the various cluster compounds were separated.

as well as ultraviolet regions (see Table 2 éor\e, andAele The mixture, as obtained simply from the reduction of the
values). The optical properties of these molecules are derivedprecursor Au(l)SG polymer, did not show the strong quantum-
from the semimetallic bands of graphite, with onegectron  sjze effects in the optical absorption spectra, nor the strong
per atom contributing to delocalized electronic states. The chiroptical effects in the CD. Thus, the elucidation of these
prototypical hexahelicene ¢gH:e) absorbs only in the U optical properties further emphasizes the importance of separa-
and hasAe/e values of near 6000 ppm for two band maxima, tions for determining the electronic properties of this class of
355 and 325 nmAe = 70 and 200 M! cm™L, respectively). nanostructured clusters and related materials. While the precise
In 3, the largesi\e value below 4 eV is 85 M* cm™1. A more structure of Au:SG cluster compounds and their hydrophobic

relevant comparison is to a blue-absorbing, much larger het- Au:SR analogues remains a question for total structural deter-
erohelicené® with alternating benzene and thiophene units. Its mination methods, a further understanding of the properties of
continuum-like absorption spectrum hadanaxnear 15 in the this inorganic cluster system has been realized more effectively
visible wheres ~ 10 000 Mt cm™%, giving aAe/e in the 1000~ through rigorous size separations. Studies of mixtures of Au:
2000 ppm range, comparable to compo@nd@he prototypical SR cluster compounds (both hydrophobic and hydrophyllic)
chiral fullerene, D—C76,3" has an optical spectrum quite similar  have suggested the presence of interesting and potentially
to that of compound? (Auzs(SG)e) both in terms of the valuable propertie® however, the enhancement of these proper-
absorption onset (1.3 eV) and strength of bands. However, theties upon the size separation of mixtures is a more convincing
largestAe values of Gs in the visible areAe = +210 (406 argument for the further exploration of this class of materials.
nm) and—106 (578 nm) M® cm~137 which are twice those  For example, many studies have implicated that the catalytic
found for the Au:SG compounds. From these comparisons, it activity of gold clusters is greatly enhanced at low temperatures
is evident that the chiroptical effects in compourids3 are for cluster diameters below 2.0 nm (less than 200 atdriiée

very large and comparable to that which arises from the (supported) cluster size for onset of catalytic activity correlates
delocalized (conduction) electrons of intrinsically chiral struc- well to our measurements of the emergence of discrete electronic
tures. However, the larger specidsand5) show little activity transitions seen in the size-separated cluster compounds at room
(Figure S3), nor have larger cluster compounds or colloids beentemperaturé.

reported to exhibit CD even in the presence of chiral adsorbing The optical properties of the separated Au:SG cluster
groups. compounds (core sizes ranging fron20—40 atoms) and the
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previously separated hydrophobic Au:SR compoundd(- SCHEME 2
800 atoms) present a rather complete picture of the evolution

<]
of electronic structure as it relates to the number of atoms in H,E\Au/il' _— A/é\Au Nagry
the cluster core. In total, nine distinct Au:SR samples=R o e 36@ < Z
n-alkyl), with core masses ranging from 8 kDa40 Au atoms) csse
to 165 kDa (~800 Au atoms), have been separated and their +4Ha

optical properties reporte#°At sizes above-200 atoms ¥ 1.8
nm), the Au:SR cluster compounds exhibit optical properties
similar to classical colloids, i.e., continuum optical absorption

spectra with a broad plasmon centerech820 nm (2.5 eV) Acknowledgment. Mr. J. Debord, Dr. T. Conti, and Prof.

that decreases in magnitude (and broadens) upon going o yyjjliams provided assistance and advice in this research,
smaller size$? In the intermediate core-size range?0—140 which has been supported by the U.S. National Science
atoms), the optical spectra are semicontinuous with SUperim- ¢ ngation and Georgia Tech Research Foundation. The authors
posed steplike features that can be enhanced by either measureyqq thank S. A. McLuckey, G. Van Berkel, and J. Stephenson
ment at cryogenic temperatures or more easily discerned by i 0ak Ridge National Laboratory for the use of the ESI-MS
taking the mathematical derivative of the optical spettra. jhsirumentation and expertise. The authors also thank the Tosatt

Finally, at the smallest Au:SR and Au:SG cluster core sizes Research Group for the coordinates of the helical nanowires.
isolated 70 atoms), the (semi-) continuous optical absorption

spectra give way to spectra composed of many overlapping Appendix: Methods
discrete electronic transitions that are observable at room
temperature. Thuswhen the mixture is separateidto its

in Figure 14), it could serve as a plausible model for the core
of the Awg(SG)es compound 2.

Reaction.The optical activity was revealed by preparing gold

respective components, this class of compounds exhibits theclusters through reactions with a chiral thiol, namely the

core-size-dependent optical properties that have been predicted‘b'qwto.us tnpepnde glutathiongglu-cysgly, GSH), and then
for small bare metallic clusterghe emergence of discrete separating the mixture of cluster compounds by gel electro-

energy levels upon going to smaller sizes, i.e., quantum-size'c’hores'S as described briefly in ref 16 (see Scheme 2 and

effects. However, unlike their previous gas phase analogues,g:scuﬁls'gr;ni%oéel_)' :()j/ip[[(izl?”()j/lwsiorrgrgllcg rgmtﬁth;oé‘: VCV?S
these compounds can be prepared and isolated in large quanti- Ssove M’ of distilled water, and ... 010 4
ties was dissolved in 80 mL of methanol. Mixing the two solutions

. . _ . generates the previously known Au(l)SG polyfiass a cloudy,
In particular, the optical response and optical activity of the white suspension. Addition of 10 mmol of NaBih 10 mL of

gold:glutathione cluster compounds place these novel clusteryaier 19 this stirring suspension results in an immediate color
compounds in a class similar to that of the higher fullerenes. cnange to dark brown indicating the generation of large cluster
More significantly, the novel possibility that lower-symmetry  compounds. After additional stirring, the solution was evapo-
metal cluster structures, possessing a pronounced chiral Ofated at 43C to near dryness and excess methanol was added
helical character, seems not to have been previously consideredy, precipitate the clusters and wash reaction byproducts and any
In light of experimental evidenéésupporting the presence of  remaining starting material. The precipitate was then filtered
39-atom Ni clusters having structural characteristics that could gnd redissolved in-10 mL of distilled water, precipitated again
give rise to optical activity, this seems to warrant further \jth methanol, and filtered. These steps were repeated until a
exploration. The Au:SG family of compounds promise to fine black powder was obtained, and the complete removal of
provide an ideal system for determining the presence of suchnonadsorbed GSH and GSSG was verifiedi$yand3C NMR
structures due to the ease of preparation and separation, as welpectroscopy® The reaction, carried out as described, is
as the robust thermal and chemical stability of these clusters. quantitative, i.e., no bulk gold and no residual Au(1)SG polymer
Until the core and surface structure is known precisely, the exact after the reduction step and subsequent purification. The 2:1
origin of the optical activity cannot be determined for this methanol:water solution is necessary to prevent uncontrolled
system. However, from the preliminary crystal growth seen in growth, i.e., the aqueous reaction resulted in formation of both
the highly purified compound Ag(SG)e,'° the prospects of  colloidal and bulk (insoluble) gold. After removal of all starting
single-crystal structural determination seem likely. material and byproducts, the resulting mixture is highly soluble
The broader significance of our results can be appreciatedin water (80 mg/mL), insoluble in methanol, and sparingly
by considering the following three points: (i) To our knowledge, soluble in dilute methanol.
these are by far the largest metal-cluster compounds to show Isolation (Separations).Isolation of each cluster compound
significant optical activity distinct from that of the adsorbate Wwas achieved by polyacrylamide gel electrophoresis (PAGE)
chromophores. (i) Similarly, the use of a differential spectros- (see photo in Figure 1). The running conditions and preparation
copy on large metal cluster compounds has revealed greatlyof the polyacrylamide gel were altered from typical protein
enhanced electronic structural information over that of absorp- conditions to retain the small Au:SG compounds, which are
tion alone. (iii) Features in the optical absorption and CD spectra highly anionic and mobile at running pH (8.8). The usual
may be useful as spectral fingerprints for identification of denaturing reagent, sodium dodecanesulfonate (SDS), was

intermediates in the biogenic recovery of gold or the use of Unnecessary either in the preparation of the gel or in the eluting
these compounds as bioconjugate probes. buffer solution. One of two acrylamide/bis(acrylamide) mono-

mer concentrations were used to form the gel, depending on
Note Added in Proof. In their computational investigation  the type of separations desired. The gel conditions were either
of the structure of nickel clusters, Wetzel and de PHsaiso 20% (low density, LD) or 24% (high density, HD) total
reported a remarkably compact 28-atom structure (as the lowest-acrylamide monomer content by weight, with 7% cross-linking
energy form) that appears to be chiral (assigned tpoint bis(acrylamide), which was formed and run under basic condi-
group). Although we are not aware of any experimental evidence tions (pH 8.8). At such high polymer concentrations, the gel
in support of this structure (unlike 39-atom structdrghown preparation was also altered to prevent excessive heating, which
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causes cracking or separation of the gel from the glass plates.optical absorption spectrum of each species was determined
(See Supporting Information, Table S1, for conditions and using a Perkin-Elmer Lambda-19 WWis—near-IR spectro-
comparison to standard gel preparations.) The eluting buffer photometer at concentrations ranging freq@.5 to 20 mg/mL,
consisted of 125 mM glycine: 20 mM tris(hydroxymethyl- to verify linear scaling of spectral absorbance features. The
amine). The cluster mixture produced by precipitation of the circular dichroism of the Au:SG cluster compounds was
reaction product was then dissolved in a 95:5 water:glycerol measured using a Jasco J-20 spectrophotometer on aqueous
solution at a concentration of 4 mg/mL and loaded onto the gel solutions with concentrations in the same range as the absorption
to a height of 3-5 mm. Two different gel widths (thicknesses) measurements. Substantial dilution was required in the far-Uv
were used without any significant difference in the separation region ¢ < 250 nm) due to the highly absorbing Au core of
effectiveness. A 1.5 mm gel was typically used to analyze the cluster compounds. All of the absorption values and Cotton
synthesis modifications; 30 lanes could be eluted simultaneously.effects measured in the Au:SG compounds scale linearly with
For preparative separatigres3 mm gelwithout lanes was used  concentrations ranging frony0.5 to 20 mg/mL. The optical
so that~1 mL of the 4 mg/mL solution could be loaded onto absorption and CD spectra of various Au:SR's with achiral
each of the two gels and run simultaneously (8 mg total R-groups were taken in hexane solutions under the same
separation). The samples were eluted at 150 V, current limited, conditions.
for 6 h to achieve adequate separation. It was verified by
repeated runs that the gel electrophoresis procedures did not Supporting Information Available: Preparation of the low-
modify (or generate) the Au:SG compounds and that each and high-density polyacrylamide gel for electrophoresis separa-
electrophoretically separated component of the mixture had ations. Preparation and separation of the 5.6 kDa Autf(xyl)
distinct mobility. cluster compound. Circular dichroism of all fractions obtained
Yield. After elution, the resulting bands were cut out of the from the electrophoresis separations is plotted versus photon
gel and placed in distilled water overnight in order to extract Wavelength. This material is available free of charge via the
each cluster compound from the gel. Then the solution of each Intemet at http://pubs.acs.org.
separated compound was then concentratedltanL and the
pH adjusted by adding 1 mL of 2% acetic acid to the solution
so that the clusters could be selectively precipitated from the (1) (a) deHeer, W. ARev. Mod. Phys1993 65, 611—676. (b) Martin,
highly concentrated buffer solution by addition of excess T.P.;Bergman, T.; Gohlich, H.; Lange, I.Phys. Chenl991, 95, 6421~
methanol. After the separation and subsequent cleanup, typicallyg“fi% g? geer'ﬁ’r']g'lggsvo"mer' M.Optical properties of metal clusters
60—70% of the total mixture was recovered from the gel in the P (2% (},1) Chen. S.: In.gram. R. S.; Hostetler, M. J.; Pietron, J. J.; Murray,
various fractions. Under fairly tolerant conditions (83 h R. W.; Schaaff, T. G.; Khoury, J. T.; Alvarez, M. M.; Whetten, R Science

reaction time), the cluster compound corresponding to the third 1998 280 2098-210L1. (b) Ingram, R. S.; Hostetler, M. J.; Murray, R. W.;
) P P 9 Schaaff, T. G.; Khoury, J. T.; Whetten, R. L.; Bigioni, T. P.; Guthrie, D.

most mobile band was produced at 25% yield. K.; First, P. N.J. Am. Chem. S0d997, 119, 9279-9280. (c) Fan, F.-R.
Mass Spectrometry. The matrix-assisted laser desorption F.; Bard, A. J.Sciencel997 277, 1791-1793. (d) Roth, J. D.; Lewis, G.

ivnizAati _ J.; Stafford, L. K.; Jiang, X.; Dahl, L. R.; Weaver, M.J.Am. Chem. Soc.
ionization mass spectrometry (MALDI-MS) was performed 1092 114 4, 6159-6164.

using a ref!ectron time-of-flight mass spectrometer designed and” ~(3) clark, H. C.; Jain, V. KCoord. Chem. Re 1984 55, 151—204.
custom built for LDI and MALDI studies of cluster compounds. (4) a) Torres-Sanchez, R. M.; Ueda, A.; Tanaka, K.; Haruta,JM.

A solution containing 3 mg/mL of the separated Au:SG clusters ga_tal. gggalggllf(?;?ﬂfés%)) Valden, M.; Lai, X.; Goodman, D. W.

. . . . . ] cienc — .

In. water was m!xed .(1'1’ V'V). Wlt_h a 0'1'M SOIUtlon_ of (2,5) (5) Collier, C. P.; Saykally, R. J.; Shiang, J. J.; Henricks, S. E.; Heath,
dihydroxybenzoic acid (DHB) in 11 water.methanoﬂ(.looo, J. R.Sciencel998 277, 1978-1981.

(Au:SG):DHB). Then 4uL of this solution was vacuum-dried (6) Elghanian, R.; Storoff, J. J.; Mucic, R. C.; Letsinger, R. L.; Mirkin,
on the tip of a desorption rod. The sample was immediately C: A. Sciencel997 277, 1077-1081.

. h - : : . ; (7) (a) Schaaff, T. G.; Shafigullin, M. N.; Khoury, J. T.; Vezmar, |,
inserted into the instrument and irradiated by the third harmonic \y, oien™R_ L Cullen, W. G.: First, P. N.. Gutierrez, C.. Ascensio, J.

(355 nm) of a Continuum Nd:YAG pulsed laser. The spectra Jose-Yacaman, M. J. Phys. Chem. B997 101, 7885-7891. (b) Khoury,

shown are the average of 360 individual waveforms. J. T.; Alvarez, M. M.; Schaaff, T. G.; Shafigullin, M. N.; Whetten, R. L.,
. _manuscript in preparation.
Electrospray mass spectra (ESI-MS) were obtained on (70: (8) Cleveland, C. L.; Landman, U.; Shafigullin, M. N.; Stephens, P.

30, water:methanol) solutions containing 0.24 mg/mL of the w.; Whetten, R. LZ. Phys. D1997, 40, 503-508.
powder produced from the precipitation of the most abundant  (9) a) Marks, L. D.Philos. Mag. A1984 49, 81-93. (b) Cleveland,

species found in the separation by electrophoresis. The solutior\%h'gt;t;?”gmfghy; gghigftft' Iég'%hig%ﬂi{‘é%' '(\'C) Sg;peh‘znsﬁ, PK' W

was sprayed at a flow rate of 2Q./min into a Sciex API-165 Wales, D. J.Chem. Phys. Lettl995 247, 339-347. (d)Doye, J. P. K.;
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