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CONSPECTUS

Au nanoparticles (NPs) with protecting organothiolate ligands and core diameters smaller than 2 nm are interesting mate-
rials because their size-dependent properties range from metal-like to molecule-like. This Account focuses on the most
thoroughly investigated of these NPs, AuysLs. Future advances in nanocluster catalysis and electronic miniaturization and
biological applications such as drug delivery will depend on a thorough understanding of nanoscale materials in which mol-
ecule-like characteristics appear. This Account tells the story of Auyslqs and its associated synthetic, structural, mass spec-
trometric, electron transfer, optical spectroscopy, and magnetic resonance results. We also reference other Au NP studies
to introduce helpful synthetic and measurement tools.

Historically, nanoparticle sizes have been described by their diameters. Recently, researchers have reported actual
molecular formulas for very small NPs, which is chemically preferable to solely reporting their size. Auxslyg is a suc-
cess story in this regard; however, researchers initially mislabeled this NP as Au,gl; and as Aussl,, before correctly
identifying it by electrospray-ionization mass spectrometry. Because of its small size, this NP is amenable to theoret-
ical investigations. In addition, Au,sLg’s accessibility in pure form and molecule-like properties make it an attractive
research target.

The properties of this NP include a large energy gap readily seen in cydlic voltammetry (related to its HOMO—LUMO
gap), a UV—vis absorbance spectrum with step-like fine structure, and NIR fluorescence emission. A single crystal struc-
ture and theoretical analysis have served as important steps in understanding the chemistry of AuysL,s. Researchers have
determined the single crystal structure of both its “native” as-prepared form, a [N((CHy);CHs)s'*][Au,s(SCH,CH,Ph) '] salt,
and of the neutral, oxidized form Aus(SCH,CH,Ph)s°. A density functional theory (DFT) analysis correctly predicted essen-
tial elements of the structure. The NP is composed of a centered icosahedral Au;; core stabilized by six Au,(SR); semirings.
These semirings present interesting implications regarding other small Au nanoparticle clusters. Many properties of the Au,s
NP result from these semiring structures.

This overview of the identification, structure determination, and analytical properties of perhaps the best understood Au
nanoparticle provides results that should be useful for further analyses and applications. We also hope that the story of
this nanoparticle will be useful to those who teach about nanoparticle science.
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Introduction

The strong organothiolate—gold bond has spawned three
major research arenas, starting with self-assembled monolay-
ers (SAMs) on planar Au surfaces, which have been objects of
numerous surface chemistry investigations. Two more recent
fields involve Au nanoparticles, one being the thiolation of
large citrate-protected Au colloids with ensuing biomedically
oriented studies,” and the other being very small (diam < 3
nm) thiolated Au NP prepared in the early work of Brust et al.?
and Whetten et al.®> This laboratory’s interest in small Au
nanoparticles* was captured in recognizing the need to bet-
ter chemically define these materials and by ensuing results
on size-dependent electrochemical properties and the alter-
ation and functionalization of their ligand shells. The metal-
to-molecule transition was being encountered in these
thiolated Au NPs.> An accompanying range of research spread
generally into other nanoparticle properties: photolumines-
cence,® clusters of nanoparticles,” biological properties,® and
catalytic properties.®

The AuysL,g NP emerged as an interesting target: obvious
molecule-like properties, synthetic accessibility, and isolation
with good monodispersity. Its small size was appealing for the-
oretical investigations, which have played important roles.
Analytical advances helped to settle its identity; it was ini-
tially mislabeled as Aug(SG)6 (SG = glutathione)'®'" and as
Ausg(SCH,CH,Ph),4."% Tsukuda et al.’® analyzed a series of
electrophoretically fractionated NPs by electrospray ioniza-
tion mass spectrometry (ESI-MS) and relabeled the glutathione-
protected NP as Au,s(SG)qs. In the intervening periods, several
works had been published mislabeling the NPs as Ausg and
Augs.

Tracy et al.'*"> established by high-resolution ESI-MS that
the Ausg NP was an anionic species: Au,s(SCH,CH,Ph)qg™. This
was accented by a structure determination'® of the salt,
[OctsN*][Au,s(SCH2CHLPh) 7], that serendipitously coincided
with a concurring DFT prediction.'” This breakthrough
revealed a protecting ligand shell (Figure 1) very different from
the thiolate “head-down” ligand bonding inferred® by anal-
ogy with SAMs on planar Au(111) surfaces. The NP core is a
(slightly) distorted Au,; centered icosahedron surrounded by
six Au,(SR); semirings, giving three kinds of Au sites (center,
icosahedral surface, and semiring) and two thiolate environ-
ments. A subsequent crystal structure'® of the oxidized form
(Aua5(SCH>CH-Ph);5% revealed a structural difference between
the protecting semirings in the oxidized neutral and native
anionic forms.

FIGURE 1. (left) X-ray crystal structure of
[OctsN*][Au,5(SCH,CH5Ph);57].7® The icosahedral Auys core is
surrounded by six Au,(SR); semirings, which are slightly puckered in
the reduced nanoparticle as shown for the semiring with more
pronounced yellow and pink colors. (right) The icosahedral Au; 3
core (minus the center Au) is slightly distorted; the blue Au—Au
bonds lying directly below the center of each semiring are on
average 0.12 A shorter than the yellow Au—Au bonds (average
2.96 A). Overall Au—Au average 2.93 A. Au,; core diameter 9.8 A;
overall nanoparticle diameter 23.9 A. Data and figure from ref 16.

The semiring structures in Figure 1 were not a complete
surprise. Somewhat earlier, Kornberg et al.'® reported the
structure of a Aus02(SPh-p-CO,H)44 NP capped by shorter -SR-
Au-SR- semirings (“staples”), supporting earlier work by the
Hakkinen group?° proposing that semiring protecting struc-
tures could be involved in the thiolate chemistry of Au NPs. Au
NP research thus arrived at an informative confluence of
experiment and theory, a striking feature of which is the semi-
ring protecting ligand layer seen in Figure 1.

Other interesting aspects of AussLg are found in its volta-
mmetry, optical spectra and photoluminescence, electron
transfer chemistry, and mass spectrometry. This Account will
expand on these and other observations.

Synthesis

Early syntheses of water-soluble glutathione-protected NPs by
the Whetten'® and Tsukuda'"'® groups involved adding
excess aqueous sodium borohydride to a cooled (0 °C) metha-
nolic mixture of HAuCl, and glutathione. The methanol-
washed, polydisperse brown-black precipitate was size-
fractionated by polyacrylamide gel electrophoresis. This
procedure, while pivotal in early investigations, was burdened
by low yields, product polydispersity, and lengthy fractiona-
tion.

Our initial synthesis'> of the organic-soluble
Au»s(SCH,CH,Ph)15 nanoparticle used a modified version of
the “Brust reaction”;? AuCl,~ is phase-transferred from water
to toluene, reacted with HSCH,CH,Ph, and then reduced by
adding aqueous NaBH,4. The [OctsN*][Auxs(SCH>CH,Ph)157]
nanoparticle product is fortuitously extractable by acetoni-
trile, as confirmed by (initially’?) UV—vis and 'H NMR, and
(later'*) mass spectrometry, with a yield of ~15%.
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Further procedural improvements?'22 have increased the
yield of the —SCH,CH,Ph protected NP. Wu et al.?' enhanced
the yield to ca. 40% by tuning the temperature and duration
of different steps, hypothesizing that reduced temperature and
prolonged slow stirring increases the Au(l)/SR aggregates lead-
ing to Auys clusters. In our own hands, this procedure pro-
duces oxidized NPs (Au,s%), so we modified®3 it to avoid this
effect. It is now possible to produce substantial quantities
(>500 mg per preparation, ca. 50% yield based on Au) of pure
Auzs~ NP with —SCH,CH,Ph and with several other thiolate
ligands.

The ligand shell of AuysLig~ can be altered, partially** or
completely,®® by ligand exchanges, which have been valu-
able tools in exploring NP properties.®> Characterized as asso-
ciative reactions,?® they are first-order in NP and incoming
thiol. It is evident from Figure 1 that exchange of ligands on
the semirings must involve breaking multiple Au—SR bonds,
but the details of this reaction remain unclear.

Crystal Structure
A seminal step in understanding small Au nanopatticles was
the report'® of the “staple” coordination geometry of the thi-
olate ligands on the NP Au02(SPh-p-CO,H)44. Shortly later, the
structures'®'8 were also solved for the two redox states of
Auys (—1 then 0). While earlier predictions®”-?® regarding the
Auys structure were not supported experimentally, DFT calcu-
lations published concurrently'” with the Au,s~ crystal result
correctly represented the main structural details, including the
semirings (Figure 1). Nuances of these crystal structures led to
theoretical predictions regarding the structure of other sizes of
nanoparticles, including Ausg(SR)»4,%° for which theoret-
ical structure predictions®°®® have seen experimental sup-
port.3

The [OctsNT][Au,5(SCH,CH,Ph)1g7] crystal has a triclinic
space group P1 and unit cell with Z = 1, three different Au
sites (centered, Au,3 surface, semiring), and six semirings. The
thiolate sulfur has two different environments, and the nearly
linear —S—Au—S— coordination geometries are reminiscent of
Au(l) chemistry. Au—Au distances within the Au,3 core are typ-
ical for Au—Au atom bonding.'® Both the icosahedron and the
semirings are slightly distorted; core Au—Au bonds lying
below the semiring centers (Figure 1, right) are slightly shorter
than the others. In the semirings, the terminal Aucore—S bonds
are slightly longer (2.38 A) than the others (2.32 A), and the
semirings are slightly puckered. These observations suggest
an intimate structural relationship between the ligands and the
core. DFT calculations assessing the high Au,s stability'” con-
cluded that the HOMO level is 3-fold degenerate and mainly
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P-character while the LUMO level is 2-fold degenerate with
mainly D-symmetry. The energy gap is predicted as 1.2 eV,
which is close to the experimental 1.3 eV.?' The Au;3 core
contains 14 valence electrons, the electronic density of states
reveals a shell closing at 8 electrons, so the semirings local-
ize one Au(6s) electron each via the formation of strongly
polar covalent bonds. As a “monolayer protected cluster,”® the
six bidentate entities Aux(SR)s constitute the monolayer of pro-
tecting ligand.

The crystal structure of the oxidized NP, Aus5(SCH,CH,Ph);s°,
reported by Zhu et al.,'® differs from that in Figure 1 in (at least)
one major respect; the semirings are flattened. The structural dif-
ference between the two redox states implies that the electron
transfer energy barrier includes an inner sphere reorganizational
component, which had been inferred in earlier reports.®3*

Mass Spectrometry

Many ionization modes have been applied in NP MS analy-
sis, including Cf plasma desorption ionization, laser desorp-
tion ionization (LDI),'®223% and ESL.'"'337 ESI-MS is an
attractive, low-fragmentation mode and was employed in the
first correct compositional assignment of Au,sLis by Negishi et
al.® using electrophoretically separated water-soluble NPs
with glutathione ligands. Implementing higher resolution pos-
itive-mode ESI-MS, Tracy et al.'* used monodisperse meth-
oxy pental(ethylene glycol) thiolate ligands (—S—(C5H40)sCHs,
—S—PEQ) in the AuasLqg™ ligand shell to coordinate with alkali
metal ions, producing 3+ and 4+ NP charge states (Figure
2a). The envelopes of these states contain major peaks spaced
by 130 Da (the mass difference between —S—PEG and
—SCH,CH,Ph) that represent different numbers of exchange-
incorporated —S—PEG ligands at the time of sampling. The 3+
jon spectra (Figure 2b) using Na* and Cs* salts are accurately
reconciled by assuming —S—PEG coordination of four Na* or
Cs*, which concurrently reveals the nanoparticle as reduced
and present as the [OctsN*][Au,s(SCH,CH>Ph)57] salt. The
ESI-MS analysis'>® was expanded to other ligands (See Sup-
porting Information Figures S-1 and S-2), revealing a rich
chemistry of ligand dissociation, fragmentation, and adduct
formation. These results coincide with and sharpen the isola-
tion and “magic stability” characterization of the AuysL,g NP by
Tsukuda et al.?® Lessons learned in the ESI-MS analysis of
Auss have been important in extending exact ESI-MS analy-
sis to higher mass NPs like Au44/146." "

Matrix-assisted laser desorption ionization (MALDI-MS) and
LDI'9223837 ysed in NP investigations typically yield exten-
sive core and ligand fragmentation, complicating formula
assignments. A change from typical proton-transfer matrices to
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FIGURE 2. (a) Full ESI scan of AuasL;g with additional NaOAc. (b) Set
of 3+ peaks acquired by adding NaOAc (black) and CsOAc (red) to the
NP solution before spraying. Insets show greater detail in selected
regions. () High-resolution analysis of prominent 3+ ions acquired in
the NaOAc experiments compared with simulations (black).
Reproduced from ref 14. Copyright 2007 American Chemical Society.

one reputedly favoring electron-transfer and use of
threshold low laser fluences produced®® unfragmented
Au»s(SCH,CH,Ph)4g spectra (Supporting Information, Figure
S-3). A favored loss of a stable fragment AuyL, forecasts an
eventual better understanding of NP fragmentation chemistry.

The MALDI study,?® and another (Supporting Information,
Figure S-4) using fast atom bombardment (FAB) ionization,*°
stimulated a more explicit examination*' by collision-induced
dissociation (CID MS/MS) of —S—PEG exchanged Auss NP ions
generated in ESI-MS. In this ion trap-based experiment,
selected precursor ions collide with Ar gas and the resulting
fragments are mass analyzed (Supporting Information, Fig-
ure S-5). The detected low-mass fragments include not only
the loss of an entire semiring fragment Au,SRs, but also loss
of a Aus(SR), moiety, which requires a rearrangement pro-
cess involving more than one semiring. Under non-CID con-
ditions, ESI-TOF-MS and ESI-FTICR-MS spectra (Supporting
Information, Figure S-6) display the same small fragments at
isotopic resolution. The CID results demonstrate that the small
fragments are a consequence of the ESI process as opposed
to contaminants in the NP samples. Some high mass frag-

PhCH,CH,SH : C6SH
X:y

Intensity (a.u.)

7000 7100 7200 7300 7400
mass (m/z)

FIGURE 3. Monolayer ligand distribution of the mixed Brust
reaction product Au,s(SCH,CH,Ph)5_(SC6), as observed by MALDI-
MS spectrum using different starting ligand mole ratios 25:75, 50:
50, and 75:25. Reproduced from ref 42. Copyright 2008 American
Chemical Society.

ments in the CID could be understood (such as Au,alqe, indi-
cating a AuL, loss, Supporting Information, Figure S-7), but
other nonobvious high mass fragments show that Au,sL;g NP
fragmentation chemistry is apparently multistep and includes
rearrangements.

The envelopes of 3+ and 4+ peaks (Figure 2a) have fur-
ther interest because the distribution of peak intensities (and
relative nanoparticle populations thus represented) is related
to whether ligand exchanges occur randomly and indepen-
dently (of one another) over the 18 —SR binding sites on
AussLyg. This was explored*? using MALDI on NPs synthesized
with different mole ratios of hexanethiol and phenyle-
thanethiol (Figure 3). In each mixed-ligand nanopatrticle, the
relative numbers of hexanethiolate and phenylethanethiolate
ligands follow the expected binominal distribution (as in Fig-
ure 2). The overall process, however, does favor a greater
average incorporation of the phenylethanethiolate ligand as is
clear from the central average of the peak distribution for the
50:50 starting ligand ratio.

Mixed ligand distributions can also be observed*? as they
develop during a ligand exchange reaction (like Figure 2). Sta-
tistically analyzing the profile of ligand exchange incorpora-
tion of —SC6 ligands onto Au,s(SCH,CH,Ph),g produces the
binomial distribution expected for the 18 ligand sites having
identical and independent reactivities. However, distributions
from exchange of —SPh ligands were narrower than expected.
It would appear that such ligand exchange data could be valu-
able in assessing intrananoparticle ligand interactions,*? such
as those invoked in phase-segregated ligand shells.*?
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ESI-MS data were also useful for studying M,s bimetal
nanoparticles synthesized** using a mixture of Au and Pd salts
with the HSCH,CH,Ph thiol and an isolation procedure target-
ing small NP products. Exchanges to introduce —S—PEG
ligands and allow positive mode ESI-MS spectra (Supporting
Information, Figure S-8) revealed that the product was a mix-
ture of Au,s(SCH>CH,Ph);g and Au,4Pd(SCH,CH,Ph)qg. Larger
numbers of introduced Pd sites were not observed. Substitu-
tion of Pd for Au in Au.s(SR)qs evidently is not favorable or
produces nanoparticles unstable at the M5 size. That intro-
duction** of a single Pd atom substantially alters the distinc-
tive AuysLqg optical and electrochemical signatures was
supported by a DFT study,*> concluding that the optical prop-
erties and energy gap differ according to the location of the
Pd site (center, core surface, semiring) and that inclusion of
additional Pd sites could lead to more readily oxidizable and
less stable materials. DFT efforts*®4” have also considered the
possibilities of a wider range of (singly) incorporated elements,
and it seems possible that the properties of Auys—M,L,g nano-
particles could be “tuned” in this way.

Voltammetry and Electron Transfer
Properties

The voltammetry of small Au nanopatticles can be very infor-
mative about their electronic properties. Nanoparticles of
“Auia4” and “Auyys” composition show, because of having
exceedingly small individual double layer capacitances,*®
quantized double layer charging where the voltage spacing
between neighboring voltammetric features is more or less
uniform and dominated by capacitive properties. Even smaller
nanoparticles show an extra voltage spacing (the electrochem-
ical energy gap) between the first oxidation and first reduc-
tion steps, which reflects the emergence of a HOMO—LUMO
energy gap.*® The gap between the formal potentials of the
AusL1%'~ and AuasLig' 2~ couples (in CH,Cly/electrolyte) is'
1.62 V (Figure 4). Estimating charging energy from the spac-
ing between the formal potentials of the Au,sL:g%'~ and
AuysLg'0 waves (0.29 V) gives a gap energy that is in agree-
ment with the optically observed HOMO—LUMO gap energy
of 1.33 eV.

The formal potential of the Au,sL;%'~ couple (HOMO elec-
tronic level) is very sensitive to the thiolate ligand employed.
Replacing®® the original —SCH,CH,Ph ligands with thiophe-
nolate ligands (—SPh-p-X, where X = NO,, Br, H, CHs, and
OCHs) shifts the formal potential positively as “X” becomes
more electron-withdrawing, without change in the
HOMO-LUMO gap energy. The ligand exchange Kinetics fol-
low an analogous order,?® with —NO, being the fastest. It has

Monodisperse Gold Nanoparticle Au,sL,5 Parker et al.

15 10 05 00 05 40 15 20 25
Potential (V vs AgQRE)

FIGURE 4. (top) Differential pulse voltammogram (DPV) at 0.02 V/
s, and (bottom) cyclic voltammogram (0.1 V/s) of Au,s5(SCH>CH,Ph);g
in 0.1 M BusNPFs in degassed CH,Cl, at 0.4 mm diameter Pt
working, Ag quasi-reference (AgQRE), and Pt-wire counter
electrodes. Both voltammograms were obtained at —70 °C. Arrow
indicates solution rest potentials. Reproduced from ref 31.
Copyright 2004 American Chemical Society.

been further found, experimentally and with DFT calcula-
tions,>* that the Au,sL;s”'~ formal potential changes linearly
with the number of exchanged ligands: 42 mV/ligand for
exchange by —SPhNO, and 60 mV/ligand for (theoretical)
exchange by —SCH,CI. Importantly, the DFT analysis shows
that the ligand-induced transfer of charge occurs solely within
the semiring structure (Figure 1) and not within the Au;
core.

Considerable information is also now available re-
garding the dynamics of electron transfers in the
Auss5(SCH2CH,Ph) g%~ redox couple. The electron-hopping
conductivities (which reflect electron self-exchange rates) of
mixed valent films®? of Au,s”'~ and Au4,'™° are remark-
ably different, the former being >103 slower. The activation
barrier energies also differ sharply, by 3-fold. Estimates3 of
the outer-sphere (Marcus) reorganizational energies for these
two nanoparticle couples are both close to the experimental
Alq44'° nanoparticle result, suggesting that the slow Au,s'~
electron transfers reflect an “inner sphere” reorganizational
energy barrier*® component, that is, changes in nuclear coor-
dinates accompany electron transfer. Values of heterogeneous
electron transfer rate constants and activation barrier ener-
gies in solution voltammetry reported by Antontello et al.>*
supported that suggestion.

In a "H NMR investigation? of the Au,s(SCH,CH,Ph);g%'~
electron transfer couple, and following the structural elucida-
tion'® of the reduced form, Au,s(SCH>CH,Ph);s'~, the chemi-
cal shift of the a-methylene proton resonances in solutions of
solely the oxidized form was found to lie about 2 ppm down-
field from that of the reduced form. The large chemical shift
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FIGURE 5. 'H Nuclear magnetic resonance spectra of reduced
[Au,5(SCH>CH,) 6], oxidized [Au,s(SCH>CHb)16]°, and mixtures of the
two forms, presented as fraction of oxidized (f.x) material present.
The inset shows the linearity of chemical shift with fos, consistent
with a fast exchange mechanism. The mixtures exhibit peak widths
greater than those of the two pure forms. The fwhm is dependent
on the total concentration of nanoparticle in solution and the
relative fraction of each form. Reproduced from ref 32. Copyright
2008 American Chemical Society.

change is recognized as a consequence of an unpaired elec-
tron spin in the Au,s(SCH>CH»Ph);g® nanoparticle, and
indeed its electron spin resonance spectrum has since
been re-ported.>® Mixtures of Au,s(SCH,CH,Ph);g'~ and
Auys5(SCH,CH,Ph),° show averaged chemical shifts®*? as
expected for electron exchanges between the two states (Fig-
ure 5) and display an enhanced line width broadening, which
reflects a classical NMR two-state exchange process. Its anal-
ysis and temperature dependence produced®? a room tem-
perature electron self-exchange rate constant kex = 3 x 107
M~' s~ " and a large activation energy (25 kJ/mol) that is con-
sistent with the earlier results.333* The suggestion3 of a struc-
tural change accompanying electron transfer was confirmed
by Raman spectroscopy; the Au—S stretch energies (now rec-
ognized as radial breathing modes®") of the ligand shell dif-
fer by 24 cm™! between the two states. A further piece of the
electron transfer dynamics puzzle was added by solution'® of
the oxidized form’s crystal structure, which showed that the
“puckered” semirings of the reduced form become flattened
upon oxidation. An alternative theoretical view>' suggests that
the ring puckering may originate from interactions with the
OctyN* counterion. The structural change indicated by the
Raman result may possibly therefore be a different, more com-
plex structural alteration, or the resolution of the theory does
not cope with a small puckering change.

The preceding analysis of structural aspects of the
Auss5(SCH,CH,Ph);g%1~ electron transfer couple dynamics, to
which a variety of different experiments contributed, is the first

nanopatrticle analogy to the classical “inner sphere reorgani-
zation” in slowed electron transfers of the Fe(H,0)¢>*/%* cou-
ple where the Fe—0O bond length contracts in the oxidized
form.*°

Optical Spectroscopy

Auzs nanoparticles exhibit interesting optical absorbance and
fluorescence characteristics. The optical dependence®' on oxi-
dation state of Au,s(SCH>CH>Ph)yg is illustrated in Supporting
Information, Figure S-9. The broad feature around 1.8 eV for
the reduced state is two overlapped peaks (1.84 eV (675 nm)
and 1.61 eV (770 nm)), the latter of which is extinguished
upon oxidation and reflects a HOMO electron. The absorbance
edge from these spectra, 1.33 eV, matches the electrochem-
ical observations and is close to the 1.24 eV calculated'”
value. Calculations on these low-energy optical transi-
tions'”>233 have been consistent with the idea* of “super-
atomic orbitals” of the NP core.

Auss nanopatrticles exhibit near-IR photoluminescence (PL),
weakly3' with —SCH,CH-Ph ligands but more intensely with
electron-withdrawing ones.®>> The PL is attributed to surface
states since its energy is essentially invariant with the size of
the nanoparticle.>® The later discovery'® of the semiring
ligand architecture invites attention to it as the probable elec-
tronic locus of these emissions.

Attention is also turning to transient optical spectroscopy to
map the dynamics of electronic relaxations. Upon excitation
at 530 nm on fast time scales, pump—probe experiments
show very fast (<0.2 ps) relaxation of the core excitation with
internal conversion to ligand shell states, which relax on a
slower, 1.2 ps, time scale. The NIR PL of Au,s NPs has been
determined by transient absorption to occur with lifetimes of
3 ps®” and 4—5 ps.>® Goodson and co-workers observed®®
two-photon cross sections for Au,s NPs and found them much
larger than those of organic macromolecules and semicon-
ductor nanocrystals. Two photon absorptions can have a num-
ber of useful nonlinear optical applications in biological
imaging, optical power limiting, and nanolithography. Auss
has also been shown to be an effective material for fluores-
cence resonance energy transfer (FRET)®° between the core
and ligand shell, specifically in the case of Au,s(SG):g and dan-
syl chromophores bound to the core via glutathione linkers.
Efficient FRET was observed from the dansyl donor to the Auys
core, as observed by the reduced lifetime of the excited state
and reduced fluorescence of the dansyl chromophore ligand.
Concurrently, the Au,s emission at 700 nm was enhanced,
which is consistent with FRET observations.
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Conclusion

We report on what has become perhaps the most understood
Au nanoparticle and track it through its history of (incorrect
and correct) identification, structure determination, and ana-
Iytical properties. As the details of Au,s continue to be fleshed
out, we believe the results summarized in this Account will be
useful for further analyses and applications. In the meantime,
we also hope that the story of this nanoparticle will be of ped-
agogical value to those who teach about nanoparticle science.
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Supporting Information Available. Supplementary experi-
mental data and references to papers not discussed above.
This material is available free of charge via the Internet at
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