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ABSTRACT: Most applications of aqueous plasmonic gold nanoparticles benefit from control of the core size and shape,
control of the nature of the ligand shell, and a simple and widely applicable preparation method. Surface functionalization
of such nanoparticles is readily achievable but is restricted to water-soluble ligands. Here we have obtained highly
monodisperse and stable smaller aqueous gold nanoparticles (core diameter ~ 4.5-nm), prepared from citrate-tannate
precursors via ligand exchange with each of three distinct thiolates: 11-mercaptoundecanoic acid, a-R-lipoic acid, and
para-mercaptobenzoic acid. These are characterized by UV-Vis spectroscopy for plasmonic properties; FTIR
spectroscopy for ligand exchange confirmation; X-ray diffractometry for structural analysis; and high-resolution
transmission electron microscopy for structure and size determination. Chemical reduction induces a blueshift, maximally
+0.02-eV, in the LSPR band; this is interpreted as an electronic (-) charging of the MPC gold core, corresponding to a -

0.5-V change in electrochemical potential.

INTRODUCTION

Monolayer protected clusters (MPCs) of noble metals
can be considered as unique metallurgical molecules.!"'®
They have core-shell structures in which the metal core is
encapsulated by a complete shell of covalently bonded
ligands such as thiolates. This very thin monolayer of
thiols generates an electrical double layer, known as the
Stern layer, on the surface of gold nanoparticles, allowing
gold nanoparticles to work as quantized double-layer
(QDL) capacitors and store charge.!”?® MPCs also
possess the property of electric conduction when exposed
to electromagnetic fields. These response processes, at
once so alien to molecular chemistry yet so fundamental
to metallurgy (including metallic colloids), are
exemplified by the localized surface-plasmon resonances
(LSPRs) in the optical spectra of gold-silver MPCs in
dilute solutions.''¢

Gold nanoparticles in general have drawn a significant
interest due to their inert nature to oxidation and corrosion
and their unique optical and electronic properties.?! Due
to their localized surface plasmon resonance (LSPR)
properties,?? catalytic activity, and metallic nature, gold
nanoparticles have been used in many applications
including  catalysis,>?®  nanodevices,”’  sensor
technology,®?° targeted drug delivery,’®*! and other
biomedical applications.'6 32

By exploiting their LSPR properties, smaller gold
nanoparticles (< 6 nm diameter) can be efficiently applied
for near-infrared photothermal cancer therapy treatment,**
as at this specific size regime, nanoparticles can

“effectively evade nonspecific uptakes by reticulo-
endothelial system organs (e.g. liver, spleen),” and rather
are rapidly cleared via the renal excretion mechanism
(kidney).>*5 Most of the potential applications of gold
nanoparticles, especially in biomedical science, require
highly stable water-soluble nanoparticles so that particles
can tolerate an in vivo environment® The citrate
reduction method remains the most popular aqueous gold
nanoparticle synthesis method, as first introduced by
Turkevich et al.*” and later modified by Frens ef al.*® An
interesting feature is the flexible citrate layer on the
surface of the nanoparticles which can be replaced with
desired ligands.>’

Noble-metal MPC molecules offer a number of
advantages for the study of metallic response processes
that are not available with more complex nanostructures.
Atomic precision is exemplified by the recent
crystallization of globular MPC molecules including
Au7o, Aunse, ' and (AgAu)ze7,** each ~ 2.1-nm core
being protected by aromatic thiolate ligands. These
substances may be stored indefinitely without
deterioration. Their molecular masses are known, so that
concentrations etc. can be determined with accuracy.
From the atomic structure, theoretical methods to
compute the various static and dynamic response
properties may be tested. The substances may be
concentrated, purified and generally handled like organic-
terminated compact globular macromolecules, to which
class of substances they evidently belong. No complicated
apparatus is required for the high-yield preparation and
purification of various species, in order to study the



growth and structure-dependent properties in a controlled,
quantitative and chemically defined manner.

However, it is important here to note that each of the
above mentioned products, of ~ 60 kDa mass (~ 2.1-nm
core diameter) is non-aqueous (hydrophobic), as is the
entire series recently developed by Kumara, Dass and
coworkers: 75-kDa, '’ 120-kDa,'* 207-kDa,'® ~ 301-kDa,!
and ~ 400-kDa*  plasmonic hexanethiolate-protected
nanocrystal gold molecules, of respective core-diameters
~22,2.6,3.1,3.6,4.0 nm.

In this present work, aqueous gold nanoparticles of
core-diameter ~ 4.5 nm are initially synthesized by a
modified Turkevich method.?? Ligand-exchange reactions
are then carried out with one of three thiolates 11-
mercaptoundecanoic acid (MUA), a-R-Lipoic acid (LA),
or para-mercaptobenzoic acid (pMBA),® resulting in
thiolate-capped nanoparticles, henceforth referred to as
Au-MUA, Au-LA, and Au-pMBA, respectively. All three
ligands reported here a share the carboxylate terminal
group (acidic, negative charge in solution), whereas base
side/cationic*** gold nanoclusters in the size range of 3.5
nm have been reported recently.*® The resulting thiolate-
protected, water-soluble ~ 4.5 nm gold nanoparticles have
great development potential because they have masses,
estimated at ~ 600-kDa (or 1.0 attogram), that lie just
beyond the current upper limit of known MPC mass
determinations,! or intermediate between the largest
proteins and smallest viruses.

The product solutions are characterized by optical
absorption (UV-Vis-NIR) spectroscopy to study their
localized surface plasmon resonance (LSPR) band. The
evidence of the complete exchange of citrate by the three
distinct thiolate ligands is provided by optical vibrational
spectroscopy (FTIR). Crystallite size and structure
determination of the nanoparticle cores are inferred from
independent measurements of X-ray diffraction (XRD),
high resolution transmission electron microscopy (HR-
TEM), and LSPR band of the UV-Vis spectra. Surface
zeta potentials are also measured to study the colloidal
stability. The localized surface plasmon resonance
(LSPR) shift as a result of core charge on the gold
nanoparticles due to increased electronic charge induced
by different concentrations of sodium borohydride
(NaBHa4) is also reported.

EXPERIMENTAL SECTION

Synthesis of Gold-Citrate-Tannate. The aqueous ~4.5
nm gold nanoparticle samples were prepared by an
approach  described elsewhere*’(as  schematically
presented in Figure S1). Briefly, 0.1 mL of 2.5 mM tannic
acid 3> *® was added into 150 mL of 2.2 mM ftrisodium
citrate solution in ultrapure water under vigorous stirring.
The pH of the solution was adjusted to ~ 11 using K2CO:s.
When the solution temperature reached 68-69 °C, 1 mL of

28 mM aqueous HAuCls was added all at once. Instantly
upon gold precursor injection, the solution color turned
from transparent to dark gray, and then to a red wine color
after 6-7 minutes.

Thiolate-exchange Reaction. The place-exchange
reaction for MUA on as-synthesized citrate- capped gold
nanoparticles was carried out following the same
approach as followed for LAY

Scheme 1. Molecular structure of ligands used in this
work.
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1.0 mM solution of MUA was prepared by adding
NaOH to 5 mL pure H>O until it dissolves completely.
Then 100 pL of this MUA solution was added to 10 mL
of as-synthesized gold nanoparticles and gently stirred
overnight at room temperature for full complete
exchange. pMBA ligand exchange was performed
following the same procedure. To remove excess ligands
and byproducts, nanoparticles were purified using a 10
kDa ultra-centrifuge filter (MWCO 10000, Amicon) by
centrifugation at 10,000 rpm; first 10 mins for filtering,
then 5 mins to collect the filtered samples. The optical
absorbance spectra recorded before and after ligand
exchange with three different thiols are presented in
Figure 1.
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Figure 1. Thiol exchange reaction of as-synthesized aqueous ~ 4.5 nm gold nanoparticles with different thiols. Prior to
ligand exchange the LSPR peak position is found at A,,, = 516 nm (left panel), but after ligand exchange LSPR red
shifts of 6, 3, and 5 nm are observed for the cases of ligand exchange with MUA, LA, and pMBA respectively (right

panel).

Sodium borohydride treatment on thiolated gold
nanoparticles. To study the role of NaBH4 in increasing
electron density on the surface of gold nanoparticles
capped with different thiols, a 100 mM sodium
borohydride solution was freshly prepared then ice cooled
before adding different amounts, i.e. 100 puL, 200 pL, and
300 pL to a separate cuvette containing 2 mL of Au-MUA
solution. After adding the ice cooled NaBH4 the mixture
was rapidly mixed in a vortex before measurement of the
LSPR by the UV-vis spectrometer. All instrumental
methods and parameters for this work are described in the
SI Section.

RESULTS AND DISCUSSION

A. Evidence of Ligand Exchange and Colloidal
Stability. Evidence for the successful ligand exchange is
the improvement in the practical stability of the particles
with all three thiol ligands used (MUA, LA, and pMBA),
as compared with the original citrate-gold colloid. Post-
exchange, the material can be subjected to prolonged
periods in boiling water (reflux), whereas the pre-
exchange samples are most delicate. The material can
also be dried and then redissolved quantitatively. The
stability is further tested by freezing the samples; we have
observed only thiolated gold can tolerate the freezing

condition, whereas citrate capped Au NPs show
irreversible aggregation. These are well established
properties of MPCs due to the Au-S covalent bonding that
are not possible for citrate- gold colloids.!31® UV-Vis
spectra provide additional evidence of the ligand
exchange.

The complete ligand exchange is further confirmed by
Fourier transform infrared spectroscopy (FTIR) analysis
as discussed below. All three types of thiol-exchanged
nanoparticles studied, i.e., Au-MUA, Au-LA and Au-
PMBA, exhibit high colloidal stability with high negative
zeta potential at pH 8.0 as shown in Table S1. The
physiochemical properties of the particles, i.e. surface
zeta potential and electrophoretic mobility, showed high
colloidal stability with high negative surface potential,
though the zeta potential varies with the type of thiol used
to protect the metal core of the particles.**>°

B. Optical Properties; UV-Vis Spectroscopy. Optical
absorbance spectra (Figures 1-2) of dilute solution-phase
samples, pre- or post-exchange, are always dominated by
the broad LSPR band centered near 2.3-eV. Spectra are
normalized at 4.0 eV for ease of comparison. Minimal or
broadening in the lower energy (longer wavelength) range
suggests negligible aggregation of the particles.’? Figure



1B shows the effect of the purification process for Au-
MUA (see Figure S5 for Au-LA and Au-pMBA), using
an ultra-centrifuge filter, to remove the unbound ligands
and other by-products of the reaction. Other

Figure 2A compares the absorbance spectrum of the
initial citrate-protected gold nanoparticles with those of
slightly smaller non-aqueous MPCs of known mass, 300
kDa (~ 3.6 nm)! and 400 kDa (~ 4.1 nm).** The aqueous
citrate-protected gold nanoparticles show the LSPR peak
maximum at the same energy of 2.34 eV or Am = 516 nm
(see Figure S2A). This is consistent with the
nanoparticles’ mass and size range. The higher intensity
of the LSPR peak of the 300 and 400 kDa MPCs could be
due to the solvent refractive index, dielectric constant of
the surrounding environment, thickness of the monolayer
of ligand on the surface of the nanoparticles as thickness
of the monolayer of ligand increases with the -CHa chain
increment,’>> and the different types of ligands as
compared to the 300 kDa and 400 kDa MPCs (hexanethiol
protected).! Figures 2B and C compare the absorbance
spectra of the various 4.5 nm aqueous thiolate-protected
Au NPs. All three ligand capped Au NPs exhibited an
LSPR red shift (Figure 1), though Au-MUA and Au-
pMBA is the larger than Au-LA in comparison with
citrate capped Au NPs (starting materials).

One may speculate as to how the ligand structure (or
bonding) affects the LSPR bands of NPs protected by

characterization methods (below) found no noticeable
difference in terms of size, structure or morphology of the
particles, indicating that the LSPR shift is due to the Au
NPs' surface chemistry.’!

three distinct thiols: It is observed that dithiols (lipoic
acid) results in a smaller red shift of the LSPR peak, as
compared with long chain monothiols (MUA) and
aromatic thiols (pMBA). It is reported that dithiols make
strong bonds with the metal core surface through two
sulfur atoms.>* pMBA is a monothiol, but unlike MUA
possesses a proximal phenyl ring. These differences may
affect the effective core size and local dielectric
environment of the NPs, resulting in LSPR shifts.

The size of the particles may be estimated from UV-Vis
spectra using Haiss' empirical formula,® according to
which:

ALSPR _
d(nm) = PRy el 1)

Here, Avrser is the absorbance at the LSPR peak, A4so is
the absorbance at 450 nm, and B1=3.00 and B> = 2.20 are
empirical parameters (see Ref. 55 for details). From our
spectra, citrate-capped Au NPs were calculated to have a
diameter of 4.12+0.16 nm, versus 4.00+0.12 nm (MUA),
3.7040.14 nm (LA), and 4.68+0.14 nm (pMBA). These
contrast with direct measurements of the core diameter
(below).
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Figure 2. Optical absorption spectra of (A) Aqueous ~ 4.5 nm (citrate-capped) gold nanoparticles (black) in comparison
with 300 kDa (red) and 400 kDa (blue) NPs. ! (B) Original citrate acid-capped gold nanoparticles (black) in comparison
with cleaned Au-LA (purple), Au-MUA (red), and Au-pMBA (blue). (C) Expanded version of B, showing red shift
(arrow). Optical absorption spectrum of the nanoparticles is plotted against the photon energy, as the absorption divided
by the energy (eV)?, so that the relative peak areas in the energy spectrum preserve those in the original wavelength

spectrum.®

C. Vibrational Properties; Fourier Transform
Infrared Spectroscopy. FTIR analysis was performed to
study the chemical adsorption of thiols on the surface of
the NPs, or in other words, to confirm success of the

ligand exchange procedures. Sample preparation and
instrumental procedures are discussed in the supporting
information section. For all ~ 4.5 nm gold NP samples,
i.e., Au-MUA, Au-LA, and Au-pMBA, we have observed



a wide peak at 3400 cm™! as shown in Figure 3. This peak
is due to the O-H stretching of the molecules. The
presence of the strong and sharp peaks at 2918 and 2848

cm! in the case of pure MUA thiol correspond to the
asymmetric and symmetric stretching of CH> chains,
respectively.>”8
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Figure 3. Evidence of the complete exchange of citrate by the various thiolate ligands is here provided by optical
vibrational spectroscopy performed on powder samples of the respective samples. The transmittance FTIR spectra span
the frequency range 4000-850 ¢cm™ of each neat thiol and the corresponding thiolate-protected gold NPs: (A) FTIR
spectra of the neat MUA (black trace), a long methylene-chain thiol (inset shows the molecular structure of MUA) and
the respective MUA-exchanged ~ 4.5-nm Au-MUA sample (red). (B) FTIR spectra of the neat dithiol lipoic acid (LA, in
black; see molecular structure inset) and of the ~ 4.5-nm Au-LA (purple trace). C) FTIR spectra of the neat aromatic thiol
pMBA (black trace, molecular structure inset) and of the ~ 4.5-nm Au-pMBA (blue). Each spectrum of respective gold-
thiolate has been corrected by background subtraction of the KBr substrate.

These peaks are still present for ~ 4.5 nm Au-MUA
after ligand exchange from citrate acid to MUA. In the
case of pure LA, there are small and broad peaks at 2923
and 2850 cm!.3% For ~ 4.5 nm Au-LA after ligand
exchange from citrate acid to LA, the peak at 2850 cm’!
disappears and a very weak peak at 2926 cm! is observed.
In the case of pure pMBA we have noticed overtones due
to the C-H stretching of the aromatic ring that attached to
the surface of the Au NPs after ligand exchange as shown
in Figure 3C. 162 The appearance of a distinct peak at
1693 cm! for the case of pure MUA and LA, and at 1614
cm! for pure pMBA is due to the stretching of the
carbonyl group (C=0) of the carboxylic acids. For all the
spectra of pure thiols there is a small peak at ~ 2550 cm!,
signifying S-H stretching. This peak disappears in the
spectra of all three gold-thiols, which confirms that the
thiols were attached to the surface of the Au NPs via Au-
S bonds. This confirms the successful ligand exchange
process. The peaks at ~1550 and ~1400 cm™ for all three
gold-thiol samples are due to the symmetric and
asymmetric vibrations of the carboxylate groups present
at the surface of the Au NPs. These outward-facing
carboxyl groups can form strong hydrogen bonds with

water molecules; this explains the long-lasting stability of
these NPs in the aqueous phase.

D. X-ray Diffraction Analysis. X-ray powder
diffraction (XRD) for metallurgical characterization is
one of the most important non-destructive tools to analyze
all kinds of matter—ranging from fluids, to powders and
crystals. From research to production and engineering,
XRD is an indispensable method for materials
characterization and quality control. Prior to data analysis,
X-ray detector position angle values (20) are converted
into scattering vector (s) amplitudes:

s =2sinf/A 2)

Intensity, I(s), is then plotted versus scattering vector
amplitude (s). The intensity data was background
subtracted, and multiplied by s, to remove the strong peak
asymmetry especially observed at low angle values. It is
shown that the peak position (200) of aqueous ~ 4.5 nm
nanoparticles with respect to scattering vector s is similar
to that of 300 kDa NPs (Figure 4A), and peak position
(111) peak is close to that of an ideal FCC



monocrystalline of truncated octahedral morphology, TO
(5,5) Aui280.9

To estimate an upper bound (neglecting effects of strain
and twinning planes) on the crystallite size of
nanoparticles from these powder X-ray diffraction
patterns,** the Debye-Scherrer equation ® is used. The
XRD peak width is obtained for the (220) peak of the Au-
LA XRD pattern, as this is the only peak that does not
overlap with other peaks shown in Figure 4. According to
the Debye-Scherrer formula, equation (2), the particle
diameter, D, is given by:

D = kA/BcosO = 0.94 * 0.154/Lcos (3)

TO(5,5) Au1289]
300 kDa :

sz.l(s)
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where k is the Debye-Scherrer constant (k = 0.94 for
spherical nanoparticles) and A is the Cu ka radiation X-
ray wavelength (4 = 0.154 nm). From Figure S5, we can
see that the peak position 26 = 65° and that the full width
at half-maximum (FWHM), A6 = 4°. Converting A8 from
degrees to radians gives a peak broadening value of § =
0.07, yielding an estimated mean particle size of D =
4.7£0.1 nm. This value is slightly larger than the one
calculated from optical absorption spectra for the citrate-
capped NPs, Au-LA, and Au-MUA, but essentially the
same as that calculated for the Au-pMBA.
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Figure 4. XRD patterns of (A) Citrate acid-protected AuNP (blue) compared with 300 kDa Au NPs (black) and ideal TO
(5,5) Auiaso (red). (B) Citrate acid-protected AuNPs (blue) compared with ligand exchanged NPs with MUA (red), LA
(black), and pMBA (light blue). Major peaks are shown at (111), (200), (220), (311), (222), (400), and (331).

E. High Resolution Transmission Electron
Microscopy and Electron Diffraction Analysis. High-
resolution transmission electron microscopy (HR-TEM)
and electron diffraction methods provide a third approach
to determine core size distributions and internal structure,
provided that beam damage is minimized (low doses).

From the transmission electron microscopy (TEM)
images in Figure 5, we can see that the nanoparticles are
well dispersed with a uniform size distribution. A size
distribution analysis for 4500 nanoparticles gave an
estimate of 4.4 = 0.5 nm, which closely agrees with the
mean particle diameter obtained using the Debye-Scherrer
formula and spans the range of values estimated from

optical spectroscopy. The difference between TEM and
XRD size calculations could be due to stress-induced peak
broadening, which is not considered for the XRD analysis.

As-synthesized nanoparticles have FCC
nanocrystalline structure of predominantly truncated
octahedron ~ (TOh)  morphology  with  Wulff
construction,®* % having thermodynamically stable
surface atoms, but different morphologies from the
cryogenic PDF fit analysis such as icosahedron or
decahedron (dominantly) structures co-exist in the same
sample.*’ The TEM study of Au-pMBA and Au-MUA did
not show any significant difference in terms of size and
disparity.
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Figure 5. HR-TEM image of Au-LA NPs on holey carbon copper grid. Low magnification TEM image with high
coverage showing particles are well dispersed. Inset: TEM micrograph with 50 nm scalebar showing spherical shape of
the particles. See Figure S6 in the SI section for electron diffraction of ~ 4.5 nm gold nanoparticles.

F. Core Charging under Chemically Reducing
Conditions. The sample preparation to investigate core
charging of MPC core is explained in the supplementary
information section. The LSPR position as a function of

the number of free electrons in the metal core is given by,
53

1
Afinal _ eVinitial _ ( Ninitial \?
Ainitial  €Vfinal (Nfinal) @)

Here, we apply this equation to the case of Au-MUA
core charging by sodium borohydride. According to the
nano-scaling law® the aqueous ~ 4.5 nm gold
nanoparticles have ~ 2800 gold atoms. If we assume one
free electron per gold atom, then the initial number of
electrons (NVinitia1) 1S 2800 and the LSPR position is 2.37
eV (eVinitial) as shown in Figure 7. (Note that all spectra

are normalized to unity at A¥ = 4.0 eV for ease of
viewing.) Core charging by 100 L and 200 uL of 100
mM sodium borohydride results in an LSPR blue shift to
2.38 eV (eVfinal) by increasing the number of electrons on
the metal core of the nanoparticles. Now, from Equation
4 we can find the increased number of free electrons to be
~ 24 (~ +1% increase). In the case where more sodium
borohydride is added, i.e. 300 pu L of the same
concentration in the same volume of MUA-protected gold
nanoparticles, we can see a larger blue shift, with the
number of additional free electrons being ~ 95 (+3%). If
the volume or the concentration of the sodium
borohydride increased more, i.e. either 300 mM or 500 uL
of 100 mM then irreversible aggregation of the particles
occurred.



According to Templeton et al*® electrolytic (+)
charging of ~ 5.2-nm alkane-thiolate protected gold
MPCs induced a redshifi of +9 nm for a +0.98 V change
in potential. Our chemical reduction induced a blueshift
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(maximally ~ +20 meV, or -4-5 nm), which by
comparison to their results would indicate a maximal ~ -
0.5 V reduction in electrochemical potential.
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Figure 6. Second derivative optical absorption spectra of aqueous ~ 4.5 nm gold nanoparticles with core charging by
the addition of different amounts of 100 mM sodium borohydride. (A) Core charging on MUA-protected Au NPs. (B)
Expanded version of (A) to show details of the LSPR shift due to core charging. In all cases 2 mL of Au-MUA, has

2
been used as a starting material. Second derivative ([:bTSZ) vs photon energy is plotted to elucidate plasmonic band

position shift at lower energy,>® arrow showing the direction of plasmonic shift.

CONCLUSION

In summary, aqueous plasmonic gold nanocrystals, of
unprecedented small size, have been isolated in high yield
and their key physico-chemical properties have been
investigated. An efficient and robust solution-phase
method to produce and purify these products is described
and shown to give substances with molecule-like handling
properties. Three (3) distinct thiolate ligands, all acid-
terminated, are demonstrated:
a-LA, (lipoic acid, also known as thioctic acid, a 1,3-
dithiolate natural product)) MUA (a long-chain
monothiolate, -S(CH2)10COOH); and pMBA (a
conjugated aromatic thiolate, -SPhCOOH). Each is
obtained by ligand exchange from precursor citrate-
tannate gold sol. Independent estimates of the metallic
core dimension gave the following values: From optical
spectroscopy (LSPR band intensity and position): 4.24
nm (citrate-tannate precursor), vs. 4.00 nm (MUA), 3.76
nm (LA), and 4.74 nm (pMBA). From X-ray diffraction:
Upper bound of ~ 4.8 nm (LA). From TEM: 4.4+0.5 nm

(MUA). These dimensions (3.8 - 4.8 nm core diameter)
relate well to recently obtained non-aqueous 300-kDa and
400-kDa hexanethiolate-protected gold nanocrystals
(monolayer-protected clusters whose core diameters are ~
3.6 and ~ 4.1 nm, respectively).

We have also observed that chemical reduction causes a
significant blueshift in the localized surface plasmon
resonance (maximally ~+20 meV, or -4-5 nm), which by
comparison to the effects of electrolytic (+) charging
would indicate a ~ -500 mV reduction in electrochemical
potential.

Exceptional contrast is obtained in high resolution TEM
of single cores and precession electron diffraction (PED)
over large numbers of cores, which yield a picture of
globular nanocrystals with very high internal order,
compatible with one or more modes of crystal growth and
termination. A penta-twinned (decahedral) model gives
an excellent fit to the pair-distribution function, extending
to 2.0-nm interatomic distances. The high stability
products are promising candidates for further



development, including bio-conjugation (involving the
terminal carboxyl group); controlled etching and
annealing to further refine the surface structure; and size
separation of refined products to obtain aqueous-phase
plasmonic gold nanocrystals with atomic or molecular
precision. The efficiency and simplicity of the methods
described herein should render them adaptable to a wider
variety of metal and ligand combinations.
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