
PETTIBONE AND HUDGENS VOL. 5 ’ NO. 4 ’ 2989–3002 ’ 2011

www.acsnano.org

2989

March 07, 2011

This article not subject to U.S. Copyright.
Published 2011 by the American Chemical Society

Gold Cluster Formation with
Phosphine Ligands: Etching as a
Size-Selective Synthetic Pathway for
Small Clusters?
John M. Pettibone and Jeffrey W. Hudgens*

Chemical and Biochemical Reference Data Division, National Institute of Standards and Technology, Gaithersburg, Maryland 20899, United States

T
he development of synthetic tech-
niques for monolayer protected clus-
ters (MPCs) continues to be the topic

of ongoing research because MPCs exhibit
unique nuclearity-selective properties that
differ from their bulk metal counterparts. In
general, relatively monodisperse MPC synth-
eses have been developed with protecting
ligands such as thiols, amines, and poly-
meric ligands, which have multiple roles
as stabilizers, place holders, or etching
agents.1-7 Understanding the specific role
of the ligands is necessary for maximizing
their potential for material development.
Phosphine-protected Au nanoclusters have
been examined for catalysis, imaging, drug
delivery platforms, and targeting agents.8-11

These MPCs can also be building blocks for
larger, higher order structures. The protect-
ing ligands impact the physicochemical
properties of the monolayer protected clus-
ters including solubility, reactivity, optical
properties, and aggregation. Triphenylphos-
phine (PPh3) and other phosphorus ligands
are currently described as place holders or
surfactants in cluster formation because
they can be readily replaced through ligand
exchange reactions;7,12-14 however, pre-
vious synthetic approaches that form spe-
cific MPCs or ligated nanoparticles of
different sizes describe PPh3 as a useful
protecting ligand for selectivity,15-21 sug-
gesting that PPh3 can play substantial roles
during cluster formation.
Syntheses of solution-phase, phosphine-

protected gold clusters commonly involve
the reduction of an oxidized Au precursor in
the presence of PPh3, resulting in a distribu-
tion of nascent clusters. To narrow the
product distribution, synthesis procedures
may include the adjustment of synthetic
parameters controlling specific reaction rates,
for example, reduction, through changes in

stir rate, temperature, reducing agent, etc.
Additional separation steps may be needed
to isolate desired products, increasing the
overall time and cost of MPC syntheses. The
reduction kinetics of oxidized Au precursors
are partially controlled by the reaction be-
tween the primary reducing reagent and
solvent (or solvent mixture), and these reac-
tion rates have been shown to strongly
affect cluster size.22-24 For example, substi-
tution of methanol for acetone during the
synthesis of thiol-protected Au38 clusters
was demonstrated to increase the nuclear-
ity of nascent clusters; however, the govern-
ing mechanism was not discussed.25

Different alcohols have reportedly different
reaction rates with NaBH4,

22,24,26 which can
also directly affect the nascent cluster
formation.27 The reduction of AuClPPh3 by
NaBH4 in methanol systems is relatively
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ABSTRACT Triphenylphosphine (PPh3) is commonly used during syntheses of stable, closed-shell

monolayer protected clusters (MPCs). Models of transition metal (TM) cluster and nanoparticle

syntheses commonly assign PPh3 a passive role as a chemical placeholder, electron balancing

species, or surfactant. This study provides the first direct evidence that PPh3 is a proactive etching

agent that promotes the formation of specific closed-shell cluster sizes. To observe this effect, we

developed a colorimetric tool that simultaneously monitors size distribution and population of PPh3-

protected clusters as a function of time. The distribution of the clusters is assigned to different bin

sizes by chemical conversion with L3 (L3 = 1,3-bis(diphenylphosphino)propane): (i) total conversion

of PPh3-protected Au8 and Au9 clusters into [Au6L
3
4]
2þ and (ii) ligand exchange with [Aux(PPh3)y]

zþ

(10e xe 13) clusters to form L3-protected Au10 and Au11 clusters. Evolution of the nascent cluster

distribution in ethanol and methanol solvent systems was monitored by the colorimetric assay,

which revealed a cyclic process of growth and etching reactions around the most stable cluster

species to form nearly monodisperse product distributions. We formally define the population

growth of specific clusters through cyclic processing of the Au MPCs as “size selective” processing. The

current study highlights the need for incorporating bidirectional processing, including relative rate

information, into TM kinetic models for ligands with growth and etching efficacy.

KEYWORDS: colorimetric assay . growth mechanism . nucleation . ligand-protected
clusters . nanoparticles . triphenylphosphine
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rapid and initially produces a large distribution of
ligated cluster nuclearities,2 but some tendency to
form specific cluster sizes has been observed in the
presence of phosphine ligands.
More recently, diphosphine ligands have shown a

propensity to form narrow (monodisperse) distribu-
tions of phosphine-protected gold MPCs, indicating
a more influential role in the formation mechanism
for phosphorus-containing ligands in fast reducing
environments,1,2,28 and we have developed synthetic
techniques for producing tunable, monodisperse
clusters.28 The propensity to form specific MPCs in
relatively fast reducing environments would imply
the presence of a correction step involving phosphine
ligands, which is similar to product formation with
thiols, amines, and other polymers, but there have
been no direct measurements of phosphine etching
efficacy. The size-selectivity of such synthetic pro-
cesses is not well understood. Although significant
work has been conducted on synthesizing phosphine
protected clusters, the formation mechanism is not
well characterized, particularly regarding the specific
role of the PPh3 as protecting ligands during reduction,
cluster core formation, and subsequent MPC growth,
which hinders the development of more accurate
models.
Currentmodels for the reduction of ligand-transition

metal (TM) complexes in solution apply unidirectional
product formation exclusively through growth. Such
models do not account for size-specific product for-
mation in fast reducing environments, where a rela-
tively large distribution of nascent, stable clusters is
formed. The development of accurate models will
result from identification of specific reaction pathways
driving product formation. Reaction pathways could
be identified if direct measurements of different Au
MPCs were able to be monitored with information
regarding size distribution and population density as
a function of time. The evolution of the cluster dis-
tributionwould aid in identifying reactions occurring in
the solution and especially competing growth and
correcting (etching) reactions. Currently, no experi-
mental methods are available for simultaneously mon-
itoring the distribution and population density of TM
clusters as a function of time, and instruments such as
dynamic light scattering (DLS) have limited abilities to
measure MPC distributions accurately. Reduction and
subsequent nucleation reactions forming neutral spe-
cies cannot be easily monitored bymass spectrometry,
and other optical measurements of MPC distributions
cannot distinguish effectively the primary clusters
present; therefore, a new monitoring tool is needed
to simultaneously probe the distribution and popula-
tion density of products as a function of time.
This study identifies a dual role for PPh3 as a

protecting and proactive etching agent during ligated
Au cluster formation. Monodisperse products are

formed in the synthesis resulting from a competing
cyclic process of growth and etching steps around
stable, closed-shell ligated-TM clusters and not due
solely to degradation pathways. The stable, closed-
shell ligated-TM clusters resist etching and this pro-
motes accumulation and/or growth. We formally de-
fine the competing reactions as “size-selective
processing”. The application of the size-selectivemeth-
odology requires only some knowledge of the relative
rates of cycling around the more stable products,
allowing multiple products to be selectively synthe-
sized. To monitor processing and to measure relative
reaction rates, we develop a colorimetric assay that
measures the relative [Aux(PPh3)y]

zþ (including z = 0)
populations of the core nuclearity sets, {Au8, Au9} and
{Aux: x g 10}. We use the colorimetric assay to obtain
the first direct evidence that PPh3 has a dual role as a
protective and proactive etching agent. PPh3 is a
relatively weak binding phosphorus ligand and is a
useful model ligand to extrapolate to other systems
involving stronger binding diphosphine ligands. The
current study also provides important experimental
evidence necessary for the development of better
models describing the formation of monodisperse,
ligand-protected clusters from ligand:metal com-
plexes, which utilize ligands with inherent protecting
and etching efficacy.

RESULTS AND DISCUSSION

In the following sections we characterize synthesis
solutions with ultraviolet-visible (UV-vis) spectrosco-
py, dynamic light scattering (DLS), and electrospray
ionization mass spectrometry (ESI-MS). We compare
the collection of this data with data obtained from a
newly developed colorimetric assay that enables us to
assess temporally the relative distributions and popu-
lation densities between two size bins of ligand-
capped gold clusters. The sets are defined by {Au8,
Au9} and {Aux: x g 10}. We devise this technique on
the basis of known reactions for PPh3, L3, and
[Aux(PPh3)y]

zþ. The characterization of the solutions
allows for the elucidation of specific reaction pathways
for size-selective properties of PPh3, which should
prove ubiquitous in other size-selective TM systems.
The incorporation of the phosphine ligand properties
into current TM models is also discussed.

Optical and Mass Spectrometry Characterization of AuClPPh3
Reduction by NaBH4. We have used UV-vis, ESI-MS, and
DLS measurements to follow the [AuxPPh3)y]

zþ pro-
ducts obtained from the reduction of AuClPPh3 by
NaBH4 in both methanol and ethanol solvent systems.
Figure 1 shows a sequence of UV-vis spectra observed
in 1:1 methanol/chloroform solution for reaction times
(treact) between treact = 1 h to treact = 142 h,where treact =
0 is the time point where NaBH4 is added to the
synthesis solution. At early time points (treact = 0 h to
treact = 48 h) UV-vis spectra exhibit a faint shoulder,
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centered between 450 and 500 nm, that is consistent
with previous studies of MPCs with reported diameters
>1 nm.29,30 With increasing time, the spectra develop
more distinct features between 400 and 500 nm, which
correspond to [Aux(PPh3)y]

zþ clusters with gold atom
nuclearity, x e 13.31,32 Solution phase species exhibit
absorption bands of λmax≈ 415 nm and λmax≈ 470 nm,
which are consistent with previously reported PPh3-
capped Au8 species.

32 ESI-MS data from this solution
(not shown) exhibit ion peaks from [Au8(PPh3)7]

2þ

clusters only. From the work of Hudgens, et al., we
allow that a substantial fraction of the initial clusters
may form with neutral charge, which would render
them inaccessible to ESI-MS analyses.31 The sensitivity
of UV-vis spectroscopy would remain undiminished
for detecting neutral, PPh3-ligated Au9 clusters.

For a synthesis repeated in 1:1 methanol/diethyl
ether,33 Figure 2 shows the UV-vis spectrum and DLS
data observed at selected times. Again, UV-vis spectra
obtained at early times (e.g., treact = 0.5 h) are

featureless (Figure 2A, trace b); however, by treact =
48 h, distinct Au MPCs with core nuclearity x e 13 are
evidenced by the strong absorption at 440 nm
(Figure 2A, trace b), which is a band characteristic of
ligated Au9 clusters.32 In contrast, the ESI-MS of this
solution (not shown) displays predominantly a
[Au8(PPh3)7]

2þ peak, as observed in the 1:1 metha-
nol/chloroform solution. ESI-MS peaks correlating to
the presence of [Au9(PPh3)8]

3þ or [Au9(PPh3)8]
þ are not

observed. [Au9(PPh3)8]
þ is expected to appear near

3871 m/z, which is at the upper limit for ion transmis-
sion through the quadrupole and ESI source; therefore,
its absence may reflect transmission limitations of the
instrument. Alternately, the absence of these ligated
Au9 species may indicate that they are neutral clusters.

The cluster size distributions in diethyl ether solu-
tion samples are monitored with DLS as a function of
time (Figure 2B). Initially (treact ≈ 10 min), several
distinct hydrodynamic diameters (Dh) of Au species
are observed ranging from Dh ≈ 1 nm to ∼4800 nm.
Over the next 24 h, the distribution of clusters changes
from a large distribution of colloids to a relatively
narrower distribution centered near Dh ≈ 200 nm. At
treact = 48 h, when UV-vis spectra indicate that the
solution contains PPh3-protected Au9 clusters, the DLS
measurements indicate that the mean diameter of
gold colloids has decreased in size. With increasing
time the DLS measurements indicate that the mea-
sured colloid size steadily decreases, and at treact = 62 h
the colloids have measured hydrodynamic diameters
near Dh ≈ 40 nm. The putative narrowing dispersity of
the colloids over time observed in the UV-vis mea-
surements occurs concomitantly with the decreasing
colloid sizemeasured in DLS. However, the distribution
and population density of specific cluster sizes cannot
be determined with confidence. The diameters re-
ported in theDLSmeasurements represent the colloids
present in the solution, and identification of the pri-
mary cluster sizes is intractable. Notably, the sensitivity

Figure 1. UV-vis measurements of AuClPPh3 reduction
with NaBH4 as function of time in methanol/chloroform
solutions from treact = 1-142 h. The shoulder centered near
460 nm becomes more pronounced with increasing time.

Figure 2. The Au clustersmeasuredbyUV-vis (A) andDLS (B) in 1:1methanol/diethyl ethermixture at treact = 0.5 h and treact =
48 h. The growth of the 440 nm absorption band correlates to the formation of Au9 clusters. The DLS data show a shift from
larger to smaller colloids present in solution between treact = 10 min and treact = 62 h.
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of DLS is biased toward the detection of large colloids,
resulting in inaccurate size distributions in polydis-
perse systems.34

To compare the evolution of the PPh3-protected Au
clusters in different primary alcohols, methanol is
replaced with ethanol, which has a slower reaction
rate coefficient with NaBH4 (Figure 3).

24,26 After treact≈
30 min, an almost featureless absorbance spectrum is
observed in UV-vis measurements with only a small
formation of a shoulder apparent centered near 550 nm.
The shoulder is red-shifted relative to the methanol
mixtures indicating larger species present in solution,
based on surface plasmon resonances of gold nano-
particles.30,35 Although the ethanol solution does not
initially reveal a distinct absorbance feature, a strong
blue-shifted shoulder centered ∼475 nm becomes
discernible after 9 days (Figure 3e).

Preparation and Characterization of [Au6L
3
4]
2þ Clusters. An

essential step for developing a validated colorimetric
assay is the identification of the target species that
undergo chemical conversion into measurands pos-
sessing distinct UV-vis spectra. The colorimetric assay
that we fully develop in the following three sections
samples a large range of MPC sizes, resulting in the
production of two measurands. One measurand,
[Au6L

3
4]
2þ, is not spectroscopically characterized nor

is its synthesis from AuClPPh3 reported. We provide
this critical information here.

van der Velden, et al.36 reported the preparation of
[Au6L

3
4](NO3)2 by reacting [Au9(PPh3)8]

3þ in 20�molar
excess L3:Au solution, and the synthesis product was
characterized by X-ray crystallography, and 197Au
M€ossbauer and 31P{1H) NMR spectroscopies.37 The
UV-vis spectrum was not reported; however, the
authors noted that CH2Cl2 solutions containing
[Au6L

3
4]
2þ are “a very intense blue” and produce clear,

bright red crystals.36 The stability of this cluster is
discussed by Evans and Mingos.38 More recently, Hud-
gens, et al. reported the transient formation of [Au6L

3
4]
2þ

by the reduction of unequilibratedAuClPPh3 and L
3 in 1:1

methanol/chloroform. They observed blue solutions of
λmax=585nmthat yielded redcrystalswhen infusedwith
diethyl ether; however, a reliable synthesis method was
not developed.31

The current study develops and utilizes a reliable
one-pot synthetic procedure for the production of
[Au6L

3
4]
2þ clusters. Our synthesis scheme starts after

the reduction of AuClPPh3 to form a solution contain-
ing PPh3-ligated Au8 and Au9 species, as is shown in
Figure 4A (trace a) and Figure 4B (trace a). The solution
was prepared by dissolving AuClPPh3 and NaBH4 in 1:1
methanol/diethyl ether and allowing the solution to
react until treact = 48 h; it is the same solution as shown
in Figure 2A. The reaction solution exhibits a strong

Figure 3. UV-vis spectra of PPh3-protected Au clusters in
1:1 ethanol/chloroform solutions from treact = 0.5 h to treact =
268 h. The synthesis solutions show broad, weakly defined
absorption bands making specific cluster nuclearities diffi-
cult to monitor.

Figure 4. (A) UV-vis spectra and (B) ESI-MS spectra of reduced gold solutions prior to and after addition of excess L3 ligands
(assay) in 1:1 methanol/diethyl ether solvent mixture shows the formation of [Au6L

3
4]
2þ from both PPh3-protected Au8

andAu9 clusters. The transformation of ligatedAu9 species to [Au6L
3
4]
2þ is characterizedby the loss of 440nmabsorption and

growth of the 585 nm absorption band. Similarly, the ESI-MS signal transitions from Au8 clusters to [Au6L
3
4]
2þ (m/z 1416).

The (*) in panel B denotes [Au8(PPh3)6]
2þ, which is aCID fragment produced from [Au8(PPh3)7]

2þ, indicating the sumof theAu8
peaks more accurately represents the [Au8(PPh3)7]

2þ population. See text for more details.
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absorption band at 440 nm (Figure 4A), which we
previously assigned as Au9 species, where the cluster
complex may be charged or neutral. Furthermore, the
ESI-MS spectrum of the reaction solution displays a
strong [Au8(PPh3)7]

2þ peak and a diminutive [Au8-
(PPh3)6]

2þ peak (Figure 4B), which is an in-source, colli-
sion induced dissociation (CID), secondary fragment.39

Addition of a 3� molar excess of L3 to the solution
initiates ligand exchange reactions on the Au clusters.
Equilibrium studies in chloroform solutions have
shown that L3 binds more strongly with AuI than
PPh3,

1 and complete ligand exchange of PPh3 on the
clusters is experimentally determined to occur at the
3� molar excess (not shown). (Note: The addition of
greater molar excess amounts of L3 results in further
degradation of the cluster distribution into smaller
clusters and complexes. The colorimetric assay was
not optimized for higher molar concentrations of
PPh3.) Twenty-four hours after L3 is added to the
solution in an unstirred reaction vial, its UV-vis
spectrum exhibits a strong λmax = 585 nm, and the
440 nm absorption band has completely diminished
(Figure 4A). Note, the reaction occurs within a few
hours in sealed, stirred reaction vials. The solution color
has become an intense blue. During the reaction the
absorption band remains centered at 585 nm, indicat-
ing the absorption band originates from a specific
product and is not an effect of aggregation. The ESI-
MS data (Figure 4B) support the identification of a
single product on the basis that a single peak emerges
at 1416 m/z, which corresponds to [Au6L

3
4]
2þ. The

emergence and growth of the 1416 m/z peak is con-
comitant with the depletion and complete removal
of the [Au8(PPh3)7]

2þ peak. Thus, these data indicate
that [Au9(PPh3)y]

zþ and [Au8(PPh3)7]
2þ react to form

[Au6L
3
4]
2þ, which shares the same structure as reported

by Van der Velden, et al.
Although UV-vis and ESI-MS detect the production

of [Au6L
3
4]
2þ from [Au8(PPh3)y]

zþ and [Au9(PPh3)y]
zþ,

these data are insufficient to confirm that the conver-
sion reaction has reached completion. DLS canmonitor
the colloids that consist of primary clusters that are
available for reaction, and it can also determine if a
significant fraction of colloids remain. In short, the
addition of 3 x molar excess L3 optimized the transfor-
mation of the agglomerated primary clusters to stable
species, indicated by the inability of the DLS to mea-
sure any distribution. The DLS also provides more
defined limits for development of the assay (vide infra).
The DLS data and experimental description can be
found in the Supporting Information (Figure S1).

The [Au6L
3
4]
2þ is fragile in uncapped solutions on

the benchtop, consistent with our previous observa-
tions. It can be stored refrigerated for weeks, and it
remains stable in sealed vials in the dark.31 In an
unstirred vial, [Au6L

3
4]
2þ shows that the degradation

of the blue colored solution to a pale yellow solution

occurs in less time for solutions prepared with shorter
reduction (treact) times, that is, the time after NaBH4 is
added to the dissolved AuClPPh3 precursor solution,
prior to the addition of L3. As the reduction time is
increased, the blue color persists for longer periods,
indicating that the concentration of [Au6L

3
4]
2þ deter-

mines the duration of the blue color. Furthermore,
[Au6L

3
4]
2þ is photoactive. When exposed to natural

sunlight, blue solutions that display an intense 585 nm
absorption band and a prominent [Au6L

3
4]
2þ ion

peak, rapidly fade to the pale yellow color. The ESI-
MS data obtained from bleached solutions do not
exhibit a [Au6L

3
4]
2þ peak, evidencing its photodecom-

position. Thus, to preserve the [Au6L
3
4]
2þ measurand,

the results presented here were obtained in dark
conditions or vials covered with foil until ready for
examination.

Measurement of [Au8(PPh3)y]
zþ and [Au9(PPh3)y]

zþ by
Colorimetric Assay. As reported by van der Velden et

al.,36 L3 ligands completely replace PPh3 on the surface
of [Au9(PPh3)8]

3þ clusters through ligand exchange,
forming [Au6L4]

2þ. This process suggests the net reac-
tion:

[Au9(PPh3)8]3þ þ 4L3 f [Au6L34]2þ þ 3[Au(PPh3)2]þ þ 2PPh3

(1)

In the development of the one-pot synthesis of the
[Au6L

3
4]
2þ species, strong experimental evidence sup-

ports other formation pathways besides the L3 ex-
change with [Au9(PPh3)8]

3þ in reaction 1. Upon L3

addition the strong [Au8(PPh3)7]
2þ peak diminishes.

Concurrently, the [Au6L
3
4]
2þ peak grows (Figure 4);

therefore, PPh3-protected Au8 and Au9 clusters should
both have reaction pathways to form [Au6L

3
4]
2þ.

The transformation of both PPh3-protected Au8 and
Au9 clusters to [Au6L

3
4]
2þ provides a tool to temporally

probe the size distribution of these clusters. Prece-
dence for product formation involving ligated Au8 and
Au9 species exists. Identical ligated Au9 products are
formed via reactions between isopropyl isocyanide
and [Au8(PPh3)7]

2þ or [Au9(PPh3)8]
3þ clusters; the li-

gated Au9 products were characterized by crystal
structure analysis.40 The formation of similar products
can be attributed to the L3- or PPh3-promoted dispro-
portionation of [Au9(PPh3)8]

3þ to [Au8(PPh3)7]
2þ and

[Au(PPh3)2-n(L
3)n]

þ (0 e n e 1), which has previously
been reported for PPh3-protected Au clusters.41 Be-
cause the fast reduction reactions with the Au precur-
sor and NaBH4 initially form neutral species in the
current synthetic procedures,31 reaction pathways for
the formation of [Au6L

3
4]
2þ should include neutral,

ligated Au8 and Au9 clusters. Low barriers to charge
exchange may render the reaction network relatively
independent of charge states. For example, cationic
[Au9(PPh3)8]

zþ (z = 1, 2, 3) clusters are known to have
small barriers to charge exchange.42 Reactions involving
the degradation of ligated Au8 clusters to [Au7(PPh3)7]

þ
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are reportedly not observed in excess PPh3 solutions
and are assumed to have no role in the reaction
scheme;43 therefore, Scheme 1 is developed to sum-
marize the reactions that form [Au6L

3
4]
2þ via L3 addi-

tion to Au8 and Au9 clusters. Note, the reactions
resulting in the formation of [Au6L

3
4]
2þ via L3 addition

are predicted to have large equilibrium coefficients,
indicating almost no reverse reaction. Thus, after ap-
plication of the colorimetric assay (described in the
experimental section), the integrated area of the
585 nm absorption band,W({Au8,Au9}585 nm), provides
a measure of the PPh3-protected Au8 and Au9 clusters
at treact.

Measurement of [Au10(PPh3)y]
zþ and [Au11(PPh3)y]

zþ by
Colorimetric Assay. Facile, complete ligand exchange on
PPh3-protected clusters with L3 creates an opportunity
for probing not only neutral and ionic Au8 and Au9
species, but also the primary Aux MPCs with nuclearity
xg 10. L3 protected clusters have a propensity to form
[Au11L

3
5]
3þ, which has a characteristic λmax = 420

nm.1,2 Ligated Au10 species (e.g., [Au10L
6
4]
2þ, L6 = 1,6-

bis(diphenylphosphino)hexane) also exhibit an absorp-
tion maximum centered near 420 nm;1,2,13,28,31,32,44

thus, the integrated absorption of the 420 nm band
is a rough estimate of the weights of PPh3-protected
Aux clusters of nuclearity x > 9. Application of the
colorimetric assay to aliquots of the reaction solution
will improve the measurement accuracy because
L3-protected Au11 species are reported to form
through an addition reaction with PPh3-protected
Au10,

31 suggesting that reactions within the colori-
metric assay will convert PPh3-ligated Au10 to the L3-
ligated Au11 measurand. Therefore, when the solution
contains only PPh3-protected members of the set,
{Au10, Au11}, reactions in the presence of excess L3

will yield a 420 nm band that has the integrated
intensity,W({Au10, Au11})420 nm, that is exactly propor-
tional to the concentration of PPh3-ligated clusters in
the sample aliquot that are converted to [Au11L

3
5]
3þ.

We note that the integrated intensity determina-
tion around 420 nm absorption band may contain

contributions of larger Aux (xg 10) clusters that absorb
within the absorption band envelope. For example, the
ligated Au13 cluster, [Au13Cl2(PMe2Ph)10]

3þ (PMe2Ph =
dimethylphenylphosphine), exhibits a weak absorp-
tion tail under the 420 nm absorption band of
[Au11L

3
5]
3þ; consequently, we may expect phos-

phine-protected Au13 species to contribute to the
integrated area of the 420 nm band.32,44 Thus, we
deduce that an absorption band measured at 420 nm
can reflect the relative concentrations of phosphine-
ligated Aux (x g 10) species. Although we cannot
define the set {Aux: x g 10} exactly, additional data
obtained during experiments can help deduce the
upper limit of nuclearity (vide infra).

Formal Description of the Colorimetric Assay. The identi-
fication of two specific bin sizes can now be developed
through the complete ligand exchange reactions of
PPh3-protected clusters with L3 classified by the sets:
{Au8,Au9} and {Aux: x g 10}. The amount of the assay
reagent, L3, is optimized to completely exchange the
PPh3, but not degrade product distributions. Knowl-
edge that the blue colored product is [Au6L

3
4]
2þ allows

for the development of schemes that probe the
[Aux(PPh3)y]

zþ (x = 8, 9) nuclearity distribution of
PPh3-protected Aux clusters, as compared with
[Aux(PPh3)y]

zþ (x g 10). The method uses the colori-
metric assay procedure described in the experimental
section to consolidate an ensemble of PPh3-protected
gold cores into two sets: (1) population of the set, {Au8,
Au9}, that is proportional toW({Au8, Au9})585 nm, which
is evaluated by measuring the integrated absorbance
of the 585 nmband, and (2) population of the set, {Aux:
x g 10} that is proportional to W({Aux: x g 10})420 nm,
which is evaluated by measuring the integrated absor-
bance of the 420 nm band. As described above, the
integration process of the absorption band centered at
420 nm predominantly measures the weight of {Au10,
Au11}; however, contributions from larger clusters
are also considered (vide infra). To reduce the clutter
of the present terminology, we introduce the equiv-
alence symbols: W585nm

8,9 � W({Au8, Au9})585 nm and
W420 nm

xg10 � W({Aux: x g 10})420 nm. The method allows
for qualitative and some quantitative information on
both the cluster distribution and population density as
a function of treact.

Examination of PPh3-Protected Au Cluster Evolution with
Colorimetric Assay. Application of the colorimetric assay
to aliquots of reaction solutions can characterize the
distribution and population of PPh3-protected cluster
nuclearities of {Au8, Au9} and {Aux: x g 10}, as a
function of time, treact. Figure 5A shows UV-vis spectra
as a function of treact for colorimetric assays collected
from aliquots of the 1:1 methanol/diethyl ether syn-
thesis. Integration of the absorption bands yields
W585nm

8,9 and W420nm
xg10 for each treact. Figure 5B plots the

fractional weight percents ofW({Au8, Au9}585 nm) /ΣiWi

andW({Aux: xg 10}420 nm)/ΣiWi, computed from each

Scheme 1. Transformation of neutral and ionic PPh3-pro-
tected Au8 and Au9 clusters to [Au6L

3
4]
2þ.
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trace of Figure 5A. The term, ΣiWi, is the sum of the
integrated intensities, andW420nm

xg10 at each treact. The initial
evolutionof the fractionalweightpercentsup to treact =8h
is plotted in Supporting Information, Figure S2.

Initially at treact≈ 1min, a large percentage (W({Au8,
Au9}585 nm) /ΣiWi > 90%) of the total integrated area
is attributed to W585nm

8,9 (Figure 5B and Supporting
Information, Figure S2). An immediate decrease in
the W585nm

8,9 is observed at treact = 5 min. After treact =
5 min, steady growth of the W585nm

8,9 continues up to
treact = 8 h (Figure 5B). The nascent high concentration
of W585nm

8,9 that was immediately diminished at treact =
5min is likely an artifact due to incompletemixing. The
W420nm

xg10 at treact = 8 h is almost depleted, consistent with
the continual growth of W585nm

8,9 . Examination of the
relative concentrations of the two sets, {Au8, Au9} and
{Au10, Au11}, becomes useful for describing the evolu-
tion of the PPh3 protected clusters by examining their
relative intensities as a function of time. A clear growth
in the W585nm

8,9 is observed up to treact = 8 h and

concurrent with the steady decrease inW420nm
xg10 . In this

study we observe after treact = 8 h, relative growth of
W420nm

xg10 , that can be interpreted as growth of larger
clusters from {Au8, Au9} species, or alternately, as
degradation from larger clusters that cannot be mon-
itored by UV-vis. Evidence for growth of larger gold
clusters from ionic phosphine-protected Au8 or Au9
clusters is reported.28,44,45

Application of the colorimetric assay to PPh3-pro-
tected Au cluster formation in a stirred 1:1 ethanol/
diethyl ether synthesis solution between treact ≈ 1 min
to treact = 72 h is presented in Figure 6 and Supporting
Information, Figure S3. At treact≈ 1min both {Au8, Au9}
and {Aux: xg 10} are observed withW585nm

8,9 constitut-
ing ∼80% of ΣiWi, indicating the presence of a poly-
disperse product distribution. The set {Aux: x g 10}
increases relative to {Au8, Au9} until treact = 15 min,
where almost equivalent W585nm

8,9 and W420nm
xg10 is ob-

served. The W585nm
8,9 and W420nm

xg10 remain similar up to
treact = 1 h, where the W420nm

xg10 begins to dominate the

Figure 5. (A) UV-vis spectra taken from treact = 0-96h and (B) the relative intensities of the 420nm (reddot) and585nm (blue
diamond) absorption bands representing {Aux: x g 10} and {Au8, Au9} size bins, respectively, in 1:1 methanol/diethyl ether
solutions. The relative band weights,Wi, are monitored with UV-vis as a function of time after the addition of the assay
reagent, L3.

Figure 6. (A) The relative intensities of the 420 nm (red dot) and 585 nm (blue diamond) absorption bands representing {Au8,
Au9} and {Aux: x g 10} size bins, respectively, in 1:1 ethanol/diethyl ether solutions from treact = 0 h to treact = 72 h after L3

addition and (B) magnified view of the first 2.5 h. The disappearance of the 585 nm absorption band by treact = 72 h indicates
almost complete depletion of the {Au8, Au9} ligated cores from solution.
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UV-vis spectrum of the assayed reaction solution
clearly depicted in Figure 6B. At treact > 1 h, the
colorimetric assay shows {Au8, Au9} are significantly
diminishing in the reaction solution. The set {Au8, Au9}
continues to steadily decline and is completely dimin-
ished at treact = 72 h, indicated by an inability to discern
W585nm

8,9 from the UV-vis background (Figure 6 and
Supporting Information, Figure S3). With the decreas-
ing {Au8, Au9}, the {Aux: xg 10} increases until treact≈
44 h. At treact > 44 h, the relative population of {Aux: xg
10} diminishes, indicated by a decrease in the overall
ΣiWi (not shown).

The absence of W585nm
8,9 and greatly diminished

W420nm
xg10 by treact ≈ 72 h (Figure 6A) is more clearly

depicted by comparing the UV-vis spectra of the test
and assayed reaction solutions, as shown in Figure 7. In
Figure 7 trace (a) presents the UV-vis spectra of the
reaction solution at treact = 3 days, and trace b presents
the UV-vis spectrum of this reaction solution after the
application of the colorimetric assay. Neither the as-
sayed solution nor the reaction solution exhibit easily
discernible W585nm

8,9 and W420nm
xg10 at treact = 3 days,

indicating that the solution contains few, if any, ligated
Aux (8 e x e 13) clusters. Moreover, the colorimetric
assay solution (Figure 7, trace b) exhibits almost no
optical fingerprint, even though the solution remains
dark, indicating the strong presence of larger ligated
Au species. At treact = 9 days the reaction solution is
relatively featureless (Figure 7, trace c), the colorimetric
assay of this solution (Figure 7, trace d) exhibits the
reappearance of W585nm

8,9 and W420nm
xg10 , indicating the

presence of PPh3-protected Aux (8 e x e 11) clusters
(and an unknown amount of Aux, x> 11 clusters). These
UV-vis bands arise from the degradation of larger

phosphine-protected Aux: x > 11 clusters. The reemer-
gence of these smaller clusters could arise via stepwise
growth of smaller cluster species, but this mechanism
is improbable because the current system canmonitor
species below Aux: x e 13, and no experimental data
from the test or assayed reaction solutions (i.e., UV-vis,
ESI-MS, or DLS) provide evidence of such growth.

The experimental data evidencing the evolution of
the PPh3 cluster distribution allow us to better define
the limits of the size bin, {Aux: x g 10}. In the ethanol
solvent systems at treact = 3 days, almost no PPh3-
protected clusters were present in the assayed reaction
solution, but the solution remained dark, indicating the
presence of colloids. We can distinguish phosphine-
protected Au clusters with nuclearity, Aux: x e 13.
Ligated Au25 clusters and larger nanoparticles are
reported to have optical fingerprints observable in
the UV-vis spectra,35,46 but we do not see such
characteristic UV-vis features. Because we have a
well-established experimental range which can bewell
characterized with UV-vis measurements, we surmise
that the black ethanol synthesis solution, which has a
measuredDLS distribution, comprises colloids contain-
ing agglomerated, ligated {Aux: 13 < x < 25}; therefore,
we can assign a less ambiguous upper limit to the {Aux:
x g 10} and reassign W420nm

xg10 to W({Aux: 10 e x e

13})420nm � W420nm
10exe13. The assignment of the upper

size limit for the larger size bin also allows better
characterization of the cluster distribution, especially
inmethanol solvent systems. The DLS instrument has a
reported lower size limit for detection near ∼1 nm,
making the technique amenable to phosphine-pro-
tected clusters larger than Au13. With the absence of a
measurable population of colloids in the DLS, nearly
the entire cluster distribution is captured by the
W585nm

8,9 andW420nm
10exe13 in the methanol solvent systems

that display no DLS signatures. The better defined
upper limit allows the more accurate description of
the assayed (L3 protected) Au clusters present in
synthesis solutions.

The application of our colorimetric assay allows the
deconvolution of broad UV-vis spectra similar to
those reported in Figures 1, 2A, and 3, which do not
allow clear distinction between different phosphine-
protected Au clusters. Although coupling DLS and
UV-vis measurements of reaction solutions, as em-
ployed in the current study (Figure 2), allow for some
qualitative interpretation of Au cluster size evolution,
clear distinction of specific clusters involved in forma-
tion reactions cannot be deduced. The implementa-
tion of the colorimetric assay allows us to probe nearly
the entire ligated Au cluster distribution and to com-
pare the evolution in methanol and ethanol solvent
mixtures. Because reaction conditions and alcohol/
diethyl ether concentrations are almost identical, the
cluster population and distribution should directly be a
function of the different reduction rates of AuI by

Figure 7. UV-vis spectra of 1:1 ethanol/diethyl ether solu-
tions containing equimolar AuClPPh3 and NaBH4. (a) Solu-
tion of equimolar AuClPPh3 and NaBH4 at treact = 72 h (3
days); (b) colorimetric assay of the reaction solution at treact
= 72 h (3 days); (c) solution of equimolar AuClPPh3 and
NaBH4 at treact = 216 h (9 days); and (d) colorimetric assay of
the reaction solution at treact = 216 h (9 days). The enhanced
420 and 585 nm absorption bands at treact = 216 h (9 days)
evidence that ligated members of the sets, {Au8, Au9} and
{Aux: x g 10}, are again present in solution.
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NaBH4 in methanol and ethanol solvent systems. The
disappearance of the W585nm

8,9 from 1:1 ethanol/diethyl
ether solution and subsequent formation of larger
clusters not amenable to UV-vis measurements is in
stark contrast to the 1:1 methanol/diethyl ether solu-
tion, where bothW585nm

8,9 andW420nm
10exe13 persist and fully

describe the entire cluster ensemble throughout the
time period monitored. The differences in the growth
and formation pathways of the phosphine-protected
gold clusters in methanol and ethanol systems allow
the development of a more complete description of
the role for PPh3 in size-selective syntheses.

Experimental evidence for phosphine-protected
Aux cluster etching in the presence of PPh3 is sup-
ported in all reaction systems in the current study. As
previously described, PPh3-protected Aux: x > 13 clus-
ters dominate the cluster distribution at treact = 3 days
in ethanol solvent systems. The subsequent reappear-
ance of {Au8, Au9} and {Aux: 10e xe 13}, as detected
by the colorimetric assay provides compelling evi-
dence that larger cluster species, Aux: x > 13, are
susceptible to PPh3 etching (Figure 7). Direct evidence
for Aux cluster etching can be observed in the metha-
nol synthesis solutions. Initially, a polydisperse distri-
bution of clusters is observed, but by treact = 8 h the
{Aux: 10 e x e 13} size bin is depleted (Figure 5), and
DLS measurements do not report the presence of any
larger species in solution; therefore, the etching of the
{Aux: 10 e x e 13} results in a monodisperse cluster
distribution that contains almost exclusively {Au8,
Au9}. UV-vis spectra of nonassayed and assayed
reaction solutions both report growth of distinct op-
tical features representative of ligated Au8 (Figure 1)
and ligated Au9 clusters (Figure 2) in methanolic
solvent systems, respectively. The data taken collec-
tively frommethanol and ethanol solvent systems des-
cribe ubiquitous etching of multiple {Aux: 8 e x < 25}
clusters.

Theoretical and experimental studies examining
the role of PPh3-protected Au cluster production and
stabilization with conflicting results. Part of the conflict
may reside in computational methods. To minimize
computational costs, many theoretical studies directed
at the formation and stabilization of phosphine pro-
tected gold clusters treat PPh3 as phosphine (PH3). The
simplification has been proven useful for structural
determination,47 but it can lead to discrepancies with
experiment due to an inability to capture the electronic
contributions of PPh3.

47,48 The phenyl groups on PPh3
are strong electron withdrawing groups creating a
positively charged phosphorus capable of accepting
back-donation from the cluster core. The stabilizing
metal to ligandπ back bonding describes a localization
of charge. Experimentally, a diphosphine derivative,
where a phenyl ring was replaced by an ethyl group,
showed differences in both the final product formation
and product dispersity.49 Density functional theory

calculations described the phosphorus with two phen-
yl groups to bemore positive than the ethyl derivative.
Examination of the effect of ligation (PH3) on the
stability of Au13 clusters reports a transition from a
tightly bound 2D configuration for bare clusters to a 3D
icosahedral structure for the ligated system where
Au-Au bond lengths are much longer and redistribu-
tions of charge to Au-PH3 bond occur.

50 The elongation
of the Au-Au bonds is reportedly due to the repulsion
of themore positively charged Au atoms caused by the
charge transfer to the Au-P bonds, resulting in stronger
coupling, covalent bonds. Extensive studies of me-
tal-ligand complexation with phosphines for catalysis
have reported the significance of the electronic and
steric considerations of the phosphine ligand.9,51,52

This study reports the first direct experimental
evidence that PPh3 has the ability to etch nascent,
ligated Au clusters in synthesis solutions containing
equimolar Au and PPh3. The extent of processing
increases with increasing concentrations of PPh3 in
both aerated and deaerated systems, supporting the
thesis that phosphine ligands are the main driving
force for cluster formation instead of free halides or
oxidative agents. This is further supported by obser-
ving that increasing the molar excess of PPh3 in
methanolic solutions promotes growth to larger clus-
ters (Supporting Information, Figure S4). This result is
consistent with Figure 5 in the main text, showing
growth from a PPh3-ligated Au8 and Au9 platform.

The previous two studies describing the impor-
tance of the electronic structure of the phosphine
ligands and Au cluster formation are consistent with
the description of PPh3 as more than a place
holder.49,50 Specific Aux clusters show increased resis-
tance to PPh3 etching, promoting the formation of
narrower product distributions. Combining the current
results with our previous reported degradation of
specific phosphine-protected Au clusters that form
monodisperse products28 allows the description of
PPh3 as both a protective and etching agent to be a
general description for phosphine ligands with similar
electronic structure.

Mechanistic Implications for PPh3 Etching. Etching during
TM cluster evolution is driven by free energy consid-
erations of stable clusters, and its incidence strongly
depends on the nature of the nascent cluster distribu-
tion formed through the kinetically driven reduction of
the Au:ligand complex precursors:

AuIPPh3Clþ e- sf
k1

[Au0PPh3Cl]
- (1)

[AuI(PPh3)2]
þ þ e- sf

k2
[Au0(PPh3)2] (2)

where reactions 1 and 2 are characterized by rate
coefficients, k1 and k2, which are assumed to be fast.
The production of ligated Au0 species produces a super-
saturated solution. Nucleation processes spontaneously
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occur when the change in free energy, ΔG, of the
system, driven by the supersaturation of the nucleating
species, exceeds the barrier for phase change. The
formation of stable products occurs when the size of
the nascent product sufficiently lowers the total free
energy to counterbalance the newly formed surface
energy. The product size where balance is achieved is
defined as the critical nucleus, r*. Above the critical
nucleus, the cluster is stable and growth is thermo-
dynamically favored. Below the r*, the cluster will be
unstable and dissociate back into solution complexes.
Nucleation persists until the supersaturated solution
becomes depleted, dΔG/dr = 0, and surface growth
subsequently occurs. At dΔG/dr = 0, where growth is
classically expected, the current study provides strong
evidence that competing reactions between growth
and etching are present. This feature of product for-
mation has not been implemented into models de-
scribing ligand-protected TM cluster formation.

Competition between growth and etching reac-
tions is clearly observed during gold cluster syntheses
in methanol/diethyl ether solvent (Figure 5). Initially, a
polydisperse distribution of clusters forms, indicated
by significant populations of both {Au8, Au9} and
{Au10, Au11} clusters. Subsequent degradation of the
{Aux: 10 e x e 13} is observed until treact ≈ 8 h,
indicating that the etching reaction rate dominates
the growth rate; thus, a monodisperse distribution of
stable, ligated Au clusters forms through the reaction:

Au(n�þ b)þm sf
k3, etch

Aun�þ b þmAu (3)

where reaction 3 represents the etching process with a
rate coefficient, k3, n*þb is the number of Au atoms for
the most stable cluster larger than r* (r* cannot be
explicitly determined in the current study), and n*
replaces r* because nuclearity can be accurately de-
termined. After treact ≈ 8 h, the reappearance of {Aux:
10 e x e 13} is observed. Because the colorimetric
assay can bin nearly the entire cluster distribution (vide
supra) and no significant population of clusters larger
than Au13 are present, the reemergence of {Aux: 10e x

e 13} at treact > 8 h is described by stepwise growth
reactions:

Au(n�þ b) þmAu sf
k4, growth

Au(n�þ b)þm (4)

where k4 is the (global) growth rate coefficient of the
ligated clusters.53When etching reaction 3 is active, the
competing growth reaction 4 completes a loop around
the most thermodynamically stable ligated cluster,
Au(n*þb). After a sufficient population of ligatedAu(n*þb)

clusters have formed through reaction 3, treact e 8 h,
the net growth rate exceeds the etching rate, promot-
ing the formation of larger clusters, as described in
reaction 4 and observed in Figure 5 after treact ≈ 8 h.
Themore stable clusters, Au(n*þb), have greater resistance
to etching and growth, allowing their accumulation.

Similar cyclic processing in ethanol solvent systems is
observed; therefore, we formally define this cyclic
processing around the most stable cluster as “size-
selectivity”.

Size-selective processing that forms monodisperse
products is driven by the relative reaction rates for
growth and etching. The cyclic processing around a
specific Au cluster nuclearity promotes the formation
of a monodisperse product which can also become a
platform for growth.28 Although the etching reaction
rate (reaction 3) initially dominates in methanol sol-
vent, the population of susceptible clusters diminishes
and the growth rate begins to dominate cluster for-
mation. The formation of “platform” clusters for sub-
sequent product formation was first reported by our
group for phosphine-protected Au clusters.28 The size-
selective methodology differs from the “size-focusing”
methodology outlined for thiol ligands.54 The princi-
ples for size-focusing are based solely on the resistance
of specific cluster sizes to degradation, e.g., ligand
etching or oxidation, expressed by the coinage, “survi-
val of the robustest”. Thus far, the size-focusing meth-
odology does not provide a clear description to explain
selectivity, and optimization is achieved by forming
nascent species of nuclearity greater or equal to the
target cluster. Importantly, size-focusing techniques
are useful for producing relatively monodisperse pro-
duct distributions but likely limit the product yield, due
to a unidirectional degradation pathway. The concept
of size-selective processing creates a framework for
more accurately describing other gold-ligand systems
such as those involving amines, thiols, and other
polymeric ligands that have roles in both cluster
growth and etching processes.4,7,55 The development
of accurate reaction rate coefficients will require the
development of other metrological techniques suita-
ble for monitoring product evolution, and such re-
search is ongoing in our lab. Still, the size-selective
framework creates new opportunities for the optimiza-
tion of synthetic processes.

General Framework of Size-Selective Processing. The de-
velopment of accurate TM:ligandmodels that describe
size-selective processing need to incorporate the per-
tinent growth and etching reactions and their corre-
sponding rate coefficients. Understanding how to
control the processing around the most stable clusters
allows a directmethod for producing selectiveproducts
in monodisperse distributions through control of spe-
cific formation pathways. The elucidation and charac-
terization of specific reactions (development of a
reaction network) will diminish the need for iterative
synthetic methods.

The formation of PPh3-protected Au clusters can be
described by a two-step nucleation and core growth
formation mechanism. Reduction of the ligated AuI

species, outlined in reactions 1 and2, produce free radical
species.31 The recombination reaction (nucleation) of
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the ligated Au0 species produces predominantly nas-
cent neutral clusters:

Au0 þAu0 sf
k5, nucleation

Au02 þ (n�- 2)Au0 sf
k5, nucleation

AU0
n�

(5)

where k5,nucleation is the global rate coefficient for the
recombination reactions driving nucleation to ligated,
stable clusters, Au0n*. Importantly, the reduction rates
of the PPh3:Au complexes are controlled by the reac-
tion of NaBH4 and alcohol solvent. The disparate
nascent cluster nuclearities produced in different alcohol
solvent systems may originate from differing reaction
rates along like formation mechanisms or from changes
in the reaction pathway, for example, diffusion limited
or surface mediated formation mechanisms.

Gold cluster synthesis in methanol solvent systems
quickly produces a large population of relatively small
nuclearity clusters. Because the reaction rate at 298 K of
NaBH4 and methanol is fast (t1/2 < 20 min) and com-
petes with the reduction of AuI complexes, the redu-
cing environment, which drives reaction 5, should not
persist for more than 1 h; therefore, we can confidently
assign all product evolution after treact g 1 h to core
growth. Note, it is intractable to distinguish between
growth and nucleation prior to the cessation of nuclea-
tion. The data in Figure 5 are consistent with the
cessation of nucleation at treact e 1 h, indicated by
the presence of both {Au8,Au9} and {Aux: 10e xe 13}.
Growth and etching reactions dominate after deple-
tion of the reducing environment at treact g 1 h;
therefore, as previously mentioned, the entire distribu-
tion of primary, ligated Au clusters is able to be binned,
and it exhibits no DLS signature. In contrast, colloids
constructed from aggregated primary clusters would
not allow probing of individual clusters, and a Dh for
the aggregates could bemeasured byDLS. The present
data (Figure 5) evidence that the dark solutions consist
of colloids comprising agglomerated primary clusters.
Here, we define agglomeration only in the context of
the IUPAC definition of weak, reversible interactions
between primary clusters.56 Subsequent cluster
growth will proceed through diffusion-limited pro-
cesses involving ligated Au0 species that add to the
ligated cluster core (reaction 4). The core growth
process occurs on a similar time scale as the etching
process (reaction 3) promoting cluster selectivity.

Ligated-gold cluster syntheses in ethanol solvent
systems produce smaller concentrations of larger clus-
ters. The reduction rate of AuI is slower in ethanol,
which is consistent with reported slower NaBH4 and
ethanol reaction rates.26 In the current system the
slower reduction rate and longer lifetime of the reducing
environment in ethanol solvent systems make separa-
tion of nucleation and core growth schemes intract-
able; therefore, specifically identifying nucleation and
core growth reactions are more difficult. The reduction

potential of the active boron reducing species is
expected to be similar for both methanol and ethanol
solvent systems, suggesting that the nucleation path-
way is similar in both solvent systems. In a recent
review outlining work by Finke and co-workers, a
general relationship between cluster size, R, and the
relative rates of growth and nucleation are described
by R = (growth rate)/(nucleation rate).27 This relation-
ship describes the nascent nucleation products ob-
served in the current study, where smaller clusters are
observed in the faster reducing (and nucleating)
methanol solvent systems. Although, the general de-
scription describes the current data trends, other
possible growth mechanisms other than diffusion
limited growth may be controlling the formation of
larger clusters in ethanol solvent systems.

Nucleation reaction rates are strongly dependent
on the stability of the reduced species in the reaction
media; therefore, the growth of larger clustersmay be a
product of surface-mediated growth processes, as is
reported for other TM systems.27,57-59 Previous studies
examining the stability of different Au:ligand com-
plexes and their subsequent reduction can provide
insight in the growthmechanismpresent in the current
system. Henglein and co-workers60 reported the for-
mation of reduced, free [Au(CN)2]

2- species in solution
after reduction with hydrated electrons, which have a
half-life of 1 � 10-4 s. Using similar reducing tech-
niques, the reduction of cyanide protected gold com-
plexes with the hydroxymethyl radical was later re-
ported to form >10 nm nanoparticles in aqueous
solutions, as measured with electron microscopy.61

Importantly, an induction period was observed for
the reduction with the alcohol radical.61 The confirma-
tion of an induction periodwas reported for [Au(CN)2]

-

species, but the reduction potential of the alcohol
radical was found to be insufficient.62 The stability of
the reduced gold complex containing strong field
cyanide ligands should have similar stability to gold
species complexed with more weakly bound chloride
or PPh3 ligands; therefore, free, ligated Au0 complexes
are able to be formed in the current ethanol/NaBH4

systems. Moreover, the current data show that the time
necessary to grow ligated clusters larger than Au13 is 3
days. This observation implies a growth rate that is too
slow to support cluster formation via catalytic surface-
mediated pathways because the necessary reducing
environment would be depleted. Therefore, the for-
mation mechanism including growth and etching
processes most likely occur through a diffusion limited
process in both alcohol solvent systems with NaBH4.

The diffusion limited process for growth will be
controlled by the distribution of nascent clusters be-
cause the etching reaction rates are dependent on the
cluster size. The final product formation will strongly
depend on the relative stability of each cluster nucle-
arity. In solution size-selective processing will occur
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around the most stable clusters. Because isolation of
individual reaction steps is difficult, measurements of
reaction rates for specific clusters will also be difficult.
Instead, relative reaction rate information for the size-
selective processing around the most stable species
would provide sufficient information tomodel product
formation. Temporal studies employing the present
colorimetric assay make such relative rate measure-
ments feasible.

CONCLUSIONS

The current study has examined the role of PPh3
ligands during AuMPC formation in different synthesis
environments. These experiments have identified dual
roles for PPh3 as a stabilizer and proactive etching
agent. These conclusions are based upon results ob-
tained using a useful colorimetric assay, developed by
our group, that can evaluate the cluster size popula-
tions, {Au8, Au9} and {Aux: 10 e x e 13}. The applica-
tion of the colorimetric assays inmethanol and ethanol
syntheses provides experimental evidence that growth
and etching occur around the most stable cluster
nuclearities, accounting for the narrowing of cluster
dispersity. The colorimetric assay is not limited to
studies of smaller clusters. It is currently being used
to study degradation and growth mechanisms of

larger cluster systems. Application to other solvents,
mixed ligand systems, and ligand exchange processes
are also being examined with the current or slightly
modified colorimetric assay. The implementation of
the assay supports our development of a formal defini-
tion for size-selective processing, which is character-
ized by monodisperse cluster formation through loops
of competing etching and growth reactions around the
most stable ligated clusters. This size-selectivemodel is
consistent with the observation of monodisperse pro-
duct formation during our previous work with diphos-
phine-protected Au clusters. The differing stability
and resistance to PPh3 etching, displayed by different
cluster sizes, indicate that specific reaction rates may
vary as function of cluster nuclearity, but this study
provides a more complete model for size-selective
cluster formation as well as insight into the more
general size-focusing methodology. The current
study also provides a procedure for creating mono-
disperse, photoactive clusters, [Au6L

3
4]
2þ, which can

be useful in numerous applications. Overall, the role
of PPh3 in the formation of stable clusters was found
to both stabilize and etch Au clusters to specific sizes,
indicating a more prominent role in the synthetic
mechanism of MPCs than simply a place-holding
surfactant.

METHODS

Mass Spectrometry. Mass spectrometric measurements were
performed with a dual probe electrospray ion source, including
an integrated three vacuum stage and ion optics assembly
(Analytica of Branford),63 coupled to a custom-built (by Ardara
Technologies) Extrel CMS quadrupole mass spectrometer. Di-
luted syntheses solution samples were introduced to the ESI
source via direct infusion (10 μL/min), and the source was
purged with >1.0 mL of 1:1 methanol/chloroform solution
between each sample. The precision of the fractional ion
measurements of each species is e10% (2σ) based on five
repeated measurements. Source conditions were optimized to
maximize ion intensities while minimizing fragmentation. The
potential difference between the capillary exit and the skimmer,
also termed the in-source collision energy (CE), was usually set
to 150 V but for quality purposes was occasionally varied from
20 to 250 V. Sample solutions were further diluted with 1:1
methanol/chloroform to produce stable ion currents.

Optical Characterization. Optical spectra of solutions were ob-
tained using a Varian Cary II dual beam spectrometer. Dynamic
light scattering (DLS) measurements were conducted using a
Malvern Zetasizer Nano ZS equipped with a 4 mW 633 nm
(He-Ne) laser at 298 K. Both instruments accepted the same
quartz 1 cm path length cuvette. To remove domain-induced
scattering of 1:1 methanol/chloroform solution, similar experi-
ments were conducted in methanol/diethyl ether solutions for
DLS measurements. The literature reports that the viscosity of
diethyl ether is 0.224 cP,64 and themanufacturer reports that its
refractive index is 1.353 at 293 K. The measurement uncertainty
is based on the standard deviation of 5 repeat measurements,
where dilution of each sample was optimized. Importantly, no
individual cluster can be monitored in the current system;
therefore, colloidal sizes are monitored. Prior to the addition
of the precursor reagents, solvents were prefiltered using a 0.2
μmfilter to remove dust. The product from themethanol/NaBH4

reaction was removed with centrifugation. In addition, DLS
measurements were conducted on solutions containing dis-
solved ligands, AuClPPh3 alone, NaBH4 alone, and dissolved
NaBH4 and ligands together; these measurements exhibited
null results, increasing the acceptance that theDLS distributions
derived for reaction solutions correlate to [AuxL

6
y]
zþ cluster

formation only.
Synthesis Solution Preparation. The syntheses of PPh3-pro-

tected Au clusters were conducted in several different mixtures;
all performed in 20 mL of borosilicate crimp-sealed vials. For
methanol mixtures, a 10.0 ( 0.1 mg (0.020 mmol) sample of
AuClPPh3 (Sigma Aldrich, 99.9%) was dissolved in 1:1 mixtures
ofmethanol (Sigma Aldrich, HPLC grade) with either chloroform
(Sigma Aldrich, ACS reagent) or diethyl ether (Sigma Aldrich,
CHROMASOLV, 99.9%, inhibitor free) and mixed with a polyte-
trafluoroethylene (PTFE) coated, magnetic stirbar at 293 K for 30
min. Dry 3.5 ( 0.5 mg (0.093 mmol) NaBH4 was added; this
action established treact = 0min. The vial was sealed and allowed
to stir for up to 5 days. An analogous procedure was used to
prepare 1:1 ethanol (Sigma-Aldrich, 200 proof, HPLC/spectro-
photometric grade)/chloroform mixtures except that measure-
ments on synthesis solutions containing ethanol were
conducted for up to 9 days. Prior to UV-vis measurements
1.0 mL samples were drawn from reaction vials and diluted 2:1
with either methanol or ethanol. Vial components and stir bars
are not reused.

Colorimetric Assay. Prior to experimental startup, a 20 mL
borosilicate crimp-seal vial of a test set is loaded with a
magnetic PTFE coated stirbar, 15 mL of 1:1 alcohol/chloroform,
15.0( 0.2 mg (0.030 mmol) AuClPPh3, and 37.5( 0.5 mg (0.090
mmol) L3 ligand (L3 = 1,3-bis(diphenylphosphino)propane). A
second reagent solution containing 3� molar excess of L3, is
prepared by dissolving 0.090 mmol L3 ligand into 15 mL of
1:1 alcohol/chloroform. The individual solutions are stirred for
∼30min. A colorimetric assay is initiated by adding 5.0( 0.5mg
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(0.13 mmol) crystalline NaBH4 reducing agent to the crimp-seal
vial containing the AuClPPh3; this action establishes tca = 0 min,
where tca is the digestion time of the colorimetric assay. Then
quickly, 1.0 mL of test solution (from the Aux:PPh3 synthesis
solution) and 1.0 mL of 3�molar excess L3 solution is delivered
into the crimp-seal vial, and the vial is sealed. The vial contents
are stirred for 24 h in the dark. (Vial components and stirbars are
not reused.) At tca = 24 hUV-vis spectroscopymeasures the vial
contents; the assay solution is expected to exhibit absorption
bands at 420 and 585 nm. The individual weights, relative ratios,
and percentages of W585nm

8,9 and {Aux: x g 10}420 nm are
measured. The limits for the integration were 400-450 nm
and 530-650 nm for W420nm

xg10 and W585nm
8,9 , respectively. The

uncertainty (2σ) associated with the integrated areas evolves
from the shift in the baseline in the UV-vis spectra and is
estimated to be <10% for all samples.65 Similar assays can be
conducted successfully in alcohol/diethyl ether solvent mix-
tures. The alcohol chosen for each assay matches the alcohol of
the test solution.
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