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Abstract. We report the isolation of a previously elusive giant gold-cluster compound with unusual
electronic structure and excellent solid-state ordering properties. Greengold is a water-soluble Au:PR3

compound (R= p-C6H4−CONHCH3) formed in high yield in the solution-phase reduction of R3PAuCl.
Following chromatographic isolation, it has been investigated by electron microscopy (STEM), optical spec-
troscopy, mass spectrometry (MALDI), and X-ray diffraction, from which emerges a consistent picture of
Greengold’s intrinsic characteristics as (i) a single compound of ∼22000 amu molecular weight, contain-
ing a strongly bound globular metal core of mass 14800 (Au75, 1.3-nm equivalent diameter); (ii) a highly
ordered solid, exhibiting diffraction through 21 orders of a 2.47-nm spacing; and (iii) a carrier of a highly
structured optical absorption across the entire visible and near-infrared spectrum (to ∼1.0 eV), including
relative transparency in the blue and yellow regions, giving rise to its eponymous green tint.

PACS. 61.46.+w Clusters, nanoparticles, and nanocrystalline materials

Lying beyond the well established large gold-cluster com-
pounds (e.g. those based on Au11 or Au13) [1], there is a se-
ries of giant compounds [2–4] whose rigorous isolation and
characterization have faced grave difficulties even as they
have sustained great fundamental interest [5, 6] and an ex-
panding applications market as bioconjugate probes [7], in
addition to other possible applications [8]. One of these,
a Au39(PR3)14Cl8 compound with an hcp-derived metal
core [4], has undergone a complete structural characteri-
zation, but its other properties remain inaccessible. Still
larger compounds of the same family have not yielded
to definite structure-composition determination, yet have
been extensively investigated for their physical and chem-
ical properties [5, 8, 9] while their precise identities remain
a matter of debate [10, 11]. More recently, a series of gi-
ant Au:SR cluster compounds [12, 13], analogous to the
popular extended surface phases (self-assembled monolay-
ers) [14], has been identified and found to possess interest-
ing metal-derived spectroscopic and electrochemical prop-
erties [15].

One difficulty associated with the classic Au:PR3:X
system (R = aryl; X = halogen) has been illustrated by
a comparative mass-spectrometric investigation [16] of the
giant-cluster compounds, prepared in four independent
labs, indicating that three distinct compounds may pre-
dominate – as mixtures – in the filtered samples with
molecular weights (for R = phenyl) near 11 000, 14 000
and 20 000 amu. The first value is near that of the above-

mentioned Au39 compound, and the second is near that
determined (by ultracentrifugation) by Schmid et al. [3]
There is an evident need for a complete separation of these
and any other species prior to drawing any final conclusion
about their structural and electronic properties.

The commercial Nanogold product [7] consists of
one or more members of this Au:PR3 family (R = p-
C6H4−CONHCH3) that have been chromatographically
separated from the much lighter Undecagold compound
Au11, as well as from any much larger (colloidal) gold
species. In the STEM, the average core-diameter is
∼1.4 nm, but slight variations in size are apparent. Re-
cently, one of us (EG) found that a modified size-exclusion
chromatography (see appendix) could indeed separate
(Fig. 1a) not only the orange-tinted Undecagold, but also
two fractions from the previously unresolved Nanogold

peak, one of brownish and the other of greenish (hence
Greengold) color. In the STEM, this new Greengold com-
pound (Fig. 2) shows a very high uniformity of scattering
centers (cluster Au cores), and good short-range order-
ing. Figure 1b compares the optical spectra of Undecagold,
Greengold, and the unseparated Nanogold mixture. The
falling extinction coefficient for the smaller Undecagold
compound at 2.1 eV is consistent with the orange color seen
in the last band eluted from the column separation. The
color of Greengold arises from the minima in optical extinc-
tion in the yellow (2.2 eV) and blue (2.7 eV) regions of the
spectrum. Finally, the optical spectrum of the Nanogold
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Fig. 1. (a) Chromatogram illustrating the separation of the
large gold cluster compounds identified as Brown- and Green-
gold. (b) Comparison of the optical spectra of the Undeca-
gold, the highly abundant Greengold, and the Nanogold mix-
ture. For Undecagold and Greengold the absolute extinction is
shown; however, Nanogold sample extinction was scaled arbi-
trarily.

mixture agrees with that of Schmid’s “Au55” compound
in that it “appears rather structureless, neither showing
a collective excitation resonance nor exhibiting distinct ab-
sorption bands as for lower nuclearity clusters” [17].

The negative-ion mass spectra of the Greengold sample
(Fig. 3) were obtained through the matrix-assisted laser
desorption ionization time-of-flight (MALDI-TOF) studies
from both poorly and well co-crystallized samples. When
desorbing ions from poorly co-crystallized films (analyte
concentrated at the film surface), extensive fragmenta-
tion can occur, leaving a pattern of ion intensities con-
sistent with the complete removal of all ligands, so that
only [AuN ]− clusters remain (Fig. 3a). The peaks shown
in the inset of the Fig. 3a correspond to ions with N = 68
to 73, with a weaker, poorly resolved tail extending to
Au75. In the case of well co-crystallized films (low analyte
concentration), the desorbed ions are measured at a con-

Fig. 2. STEM image showing exceptional uniformity and bril-
liance (contrast) of the cluster cores from the Greengold com-
pound. The mean core diameter is 1.3 nm.

siderably higher mass centered at ∼21 kDa (Fig. 3b), with
a sharp intensity drop (arrow) just above∼21.7 kDa, which
could correspond to the total molecular weight of the intact
cluster compound. The overall breadth and shape of this
21 kDa band are consistent with a partial loss of the ligand
shell, but the instrumental resolution did not allow identifi-
cation of individual ions. Thus, the combination of the two
spectra gives clear evidence for a strongly bound Au core
of 73-75 atoms, and a fragile parent ion with the molecular
weight of 21.7 kDa, or slightly higher. This estimated mo-
lecular weight is shifted from the 20 kDa feature identified
earlier [16] by the amount consistent with the additional
mass of the aryl derivatization (−CONHCH3). The equiva-
lent diameter of an Au73−75 core, calculated assuming the
density of bulk gold (60 atoms/nm3), is 1.33 nm, consistent
with the STEM results and the X-ray diffraction studies, to
be described next.

Evaporation of an aqueous solution on a silicon wafer
yields an optically thin film with exceptional crystallo-
graphic order, as seen in the intense X-ray diffraction pat-
tern (Fig. 4, solid phase), obtained in reflection geometry.
The diffraction pattern is dominated by a long series of re-
flections, through the 21st order, corresponding to a single
lattice-plane spacing of 2.473 nm. By contrast, known gi-
ant gold cluster compounds of this family, beyond Au39,
exhibit no proper Bragg diffraction [10, 18]. Variations in
the observed solid-phase peak intensities with increasing
values of s are consistent with oscillations in the form fac-
tor of individual nanocrystals (Fig. 4, dashed line). The
apparent revival in the region from 4.0 to 5.3 nm−1 encom-
passes the (111) and (200) reflections of bulk gold, which
is consistent with scattering due to close-packing of Au
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Fig. 3. The negative-ion MALDI mass spectra for Greengold
under poor (a) and well (b) co-crystallized conditions [26]. The
inset (a) shows an expanded view of the main band, plotted in
Au-atom units. The arrow in (b) marks the tentative assign-
ment of the total molecular weight.

atoms within individual clusters, as seen in the solution-
phase diffraction pattern (dashed line). The envelope of
the peak intensities in that region has a width (FWHM)
of ∆s∼ 0.7 nm−1, as expected for a 1.3 nm diameter crys-
tallite. Highly ordered extended arrays , or thin molecular
crystals can also be imaged directly with STEM (Fig. 5).
Long-range close-packing seen in this image correlates well
with the diffraction data, and serves as yet another confir-
mation of the exceptional uniformity of the sample.

The consistent picture of Greengold that emerges from
these independent measurements is obvious from the struc-
tural and compositional information above. The high de-
gree of order and simplicity of the XRD, STEM, and MS
analyses points to the presence of a single, well defined
compound. From the MS background, any minor (impu-
rity) species are estimated to be present below the 5%
level. Similarly, the optical absorption spectrum is highly
distinctive and unlikely to arise from a mixture. Plau-
sible Au-core structures in the 73-75 atom range have
been described recently by Cleveland et al. [19] With PR3

(433 amu) contributions one arrives at a plausible compo-
sition in the range of Au73−75(PR3)15−17Clx.

In stark contrast to previous reports [17, 20, 21] on giant
gold-phosphine cluster compounds (or mixtures), many
bands of Greengold’s optical spectrum indicate a highly
non-continuum electronic structure. Figure 6 presents the
spectral function replotted so as to emphasize the near-
infrared region (0.8 to 1.6 eV), along with a diagram

Fig. 4. X-ray diffraction patterns obtained from film (solid
line) and solution (dashed line) samples of Greengold. The film
shows reflections through the 21st order (bars), with the peak
intensity variations consistent with the solution-phase data.
The 75-atom structural model (inset) is discussed in [19].

proposing interpretation in terms of the band-structure of
bulk gold and gold clusters [22, 23]. Within this picture,
the weak bands and shoulders (a-d) appearing below 2.0 eV
arise from discrete intraband transitions within the 6sp
conduction band, whereas the stronger and broader bands
in the visible and near-ultraviolet region (2.0 to 4.0 eV)
arise from interband transitions 5d → 6sp, i.e. originat-
ing in the submerged and quasicontinuum 5d-band and
terminating in the lowest unoccupied conduction-band lev-
els. The average density of levels is roughly similar to that
obtained in first principles calculations on a hypothetical
Ih-Au55 cluster [22]. (The same diagram has been used to
explain the band structure in the large and giant Au:SR
cluster compounds [24]). An absorption edge, or onset, just
below 1.0 eV could indicate a large HOMO-LUMO gap,
consistent with the preferential accumulation and high sta-
bility of this favored cluster compound.

In the case of the Au3+
11 Undecagold compound, the

eight-electron S2P 6 valence configuration can account for
its high sphericity, stability, abundance and molecule-like
electronic structure [25]. For Greengold, both structural
and electronic arguments could be invoked to account
for its formation and other properties: First, the 75-atom
truncated-decahedral structure (Fig. 4, inset) has been
identified as having superior energetic stability [19]. Sec-
ond, the electronic shell closings at 68 or 70 electrons would
be relevant, depending on the cluster charge (i.e. the num-
ber of halide ions associated with the structure.) These
questions will be resolved by continuing structural, compo-
sitional and electronic investigations into this remarkable
new compound.
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Fig. 5. Low-resolution STEM image showing exceptional long-
range ordering observed in a sample of Greengold. Single Au-
cluster cores are visible in the upper left. Patterns consistent
with ordered bi- and tri-layer films dominate the central region.
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Appendix: Methods

Preparation and isolation of Greengold. The synthe-
sis involves controlled production of a mixture contain-
ing predominantly Greengold via Au(I) starting materials,
a specialized tri-aryl phosphine and borane or borohydride
as base in dimethylacetamide (DMA) [7]. Good separa-
tion of the resulting mixture of cluster sizes is achieved in
20 mM phosphate, 150 mM NaCl, pH = 7.4 using a Su-
perose 12 (Pharmacia Biotech) column, at a flow rate of
0.4 mL/min, 1 mL loading.

Mass spectrometry. Mass spectra were generated by
a custom-made reflectron-type time-of-flight mass spec-
trometer, using the third harmonic (355 nm) of a Q-
switched Nd:YAG laser (Continuum). The negative ions
are accelerated to −5 kV into a field-free region, reflected
from an electrostatic mirror and detected by a conversion-
dynode/microchannel plate system. Flight times are cali-
brated against protein standards using precisely the same
target matrix, laser fluence and other mass spectrom-
eter parameters. The matrix samples are prepared (co-
crystallized) from a 0.07 M 2,4-dihydroxybenzoic acid and
3×10−5 to 1×10−4 M analyte (cluster compound) solu-
tion. Mass spectra are typically accumulated over 20–50
consecutive laser pulses. The spectra obtained from the
initial irradiation of a freshly prepared sample are very
strong (high intensity), show aggregation peaks, and give
extensive fragmentation, indicating poor co-crystallization

Fig. 6. The optical absorption spectrum for Greengold, mul-
tiplied by ω−2. Inset: idealized band structure of bulk fcc-Au
cluster, with discrete levels and transitions (arrows) to ac-
count for finite-size effects. The interband energy difference
εF− εd = 1.7 eV.

of the analyte at the surface [26]. Continued irradiation
evaporates such regions, allowing a proper MALDI ef-
fect to be obtained, characterized by much weaker signal
intensity, reduced aggregation, and a great reduction in
fragmentation.

X-ray diffraction. Both solid- and solution-phase diffrac-
tion patterns were obtained at the National Synchrotron
Light Source, using monochromatized synchrotron X-ray
radiation (λ = 1.11501 A). Solid-phase XRD pattern was
measured in the reflection mode from a thin film prepared
by depositing an aqueous solution on a miscut Si111 wafer
and air-drying. Solution-phase data were obtained from
a concentrated MeOH solution of Greengold in a 1.0 mm
glass capillary. Experimental diffractograms have been
corrected for background, absorption, polarization and
geometry-dependent parameters.
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