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ABSTRACT We report a new strategy that provides stringent control for the size
and dispersity of ultrasmall nanoclusters through preparation of gold complex
distributions formed from the precursor, AuCIPPhs (PPhs = triphenylphosphine),
and the L° (L° = 1,6-bis(diphenylphosphino) hexane) ligand prior to reduction
with NaBH, in 1:1 methanol/chloroform solutions. Monodisperse nanoclusters of
distinct nuclearity are obtained for specific ligand ratios; [L°)[PPhs] = 4 yields
[AugL®,)*", [L°J[PPhs] = 0.4 yields [AuoL®4Cl]*", and [L°)[PPhs] = 8 yields ligated
Au,, cores in the form of [AL110L"’4]2+ and [Au10L65]2+. Polyhedral skeletal electron
pair theory accounts for the stability of [AusL°,CI]*", which is the smallest closed-
shell chlorinated cluster reported. Electrospray mass spectrometry and UV—vis
spectra indicate that [AuoL®4CI]** and [AuL%]°" (x = 4, 5) result from reactions
involving [AugL®,]*". Syntheses of small gold clusters containing chloride ligands
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open the possibility of constructing larger clusters via ligand exchange.

SECTION Nanoparticles and Nanostructures

protected Au clusters have been the topic of extensive

research for the last 30 years, with a significant portion
devoted to nanoclusters capped by triphenylphosphine
(PPhs) ligands.' ~* Solution-phase properties of gold nanopar-
ticles are conveniently tuned by exchanging the phosphine
cap with ligands possessing desired properties.®~” In contrast,
aimed syntheses of monodisperse closed-shell clusters of
chosen core nuclearity remain difficult and subject to the luck
and skill of the experimentalist.” Some improvements of
nanoparticle dispersity are obtained by controlling growth
rates through adjustments of physical parameters (e.g., sol-
vent, temperature, reductant strength, and stir rate). More
recently, diphosphine ligands have shown promise for facilit-
ating the formation of monodisperse gold clusters.*'° Bertino
et al.'” found that the mean gold core nuclearity obtained
from synthesis solutions containing L" diphosphine ligands
changes with the length of the carbon chain, n, in the 1,n-
bis(diphenylphosphino)n-alkane ligand. Thus, metal core size
selectivity appears to be an inherent property of these biden-
tate ligands. Since solution metal complex equilibria are
affected by the molar ratios among ligands, we hypothesized
that cluster nuclearity and dispersity might be tunable thro-
ugh manipulation of the solution complex distribution. The
present study shows that this strategy works for the case of L°
and Au' phosphine complexes. By controlling the complex
distribution in solution, the synthetic products are able to be
tuned, forming nearly monodisperse ligand-capped Aug, Auo,
or Au, clusters. This study also describes the preparation of

S ynthetic methods for the production of phosphine-
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the novel [AugL®,CI]>", which is the smallest known, closed-
shell, chlorinated cluster.

Using an electrospray ionization mass spectrometer (ESI-
MS), we have measured the cationic reaction products vola-
tilized from 1:1 methanol/chloroform solutions. Prior to addi-
tion of a reducing agent, sets of reaction vials containing AuCl-
PPh; were also loaded with increasing amounts of L°. The
ligand content in each vial is described by [L°)/[PPhs], where
L° is the free and complexed L° ligands in solution, AuCIPPhs
isthe only source of PPhs, and [PPhs] is the total concentration
of free and complexed PPhs; ligands in solution. Reduction of
the solutions generally yields the cationic products [AugL®,]*"
and [AuoL®,CI]** and the Au,, species, [Au;oL°4°" and
[Au,oL°5]*". These clusters display distinct UV—vis spectra
and simple ESI mass spectra (Figure S1, Supporting In-
formation) comprising their molecular ion peaks, which
exhibit no evidence for ion fragmentation or neutral loss
as the in-source ESI cone voltage is increased from +50 to
+250 V. Such stability is consistent with the closed skeletal
valence shells of these species.'' ~'® Figure 1 shows the frac-
tional product distribution among the cationic reaction pro-
ducts [AugL®,]* " and [AueL®,Cl]* ", and the sum of [Au;oL°,]* "
(x = 4 and 5) as a function of the ligand ratio [L°)/[PPhs]. The
graph readily shows that nearly monodisperse nanoclusters
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Figure 1. Fractional product distribution as a function of
[L ]/[PPhﬁl. The symbols are assigned as follows: red circles,
[AUSLég] . blue squares, [AugL®,CI]*"; and green diamonds,
[Au;L°]*" (x = 4 and 5). The product distribution was deter-
mined from fractional ion intensities measured with ESI-MS. See
text for more details.
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Figure 2. Fractional total ion current measured via ESI-MS as a
function of the ratio [L°]/[PPh5], where all PPh5 originates from the
chlorinated gold precursor, AuCIPPhs. As L% is added incremen-
tally to a solution comprising 10.0 mg of AuCIPPh5 dissolved in 1:1
CH5OH/CHClI5, PPhs ligands are increasingly replaced on the metal
complexes. The symbols are assigned as follows: red circles, [Au-
(PPhs),]": blue diamonds, [Au,L%,]*"; green wedges, [Au,L°,CI]":

and black triangles, [Ausz’gCl]*. The inset displays the fractional
total ion current for 0 < [L

[PPhs] < 3.

of distinct nuclearity are obtained for reaction mixtures contain-
ing specific ligand ratios; [L°]/[PPhs] = 0.4 yields [AuoL®,CIJ*™,
[L°/[PPhs] = 4 yields [AugL®,]*", and [L°)/[PPhs] = 8 yields
[Au LS *T (x = 4 and 5).

The ligand—metal complex distribution as a function of
[L°J[PPhs;] is measured at equilibrium by observing the con-
stant fractional ion intensities of the complexes prior to re-
duction (Figure 2). For [L°)/[PPhs] &~ 0.25, [Au(PPhs),] " is the
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dominant solution complex, and only traces of [Au,L%]*",
[AU,L°,CI° ", and [Au,L°5CI]** are observed; hence, during re-
duction, the synthesis chemistry of [Au(PPhs),]" (and Au-
CIPPh5) dominates, and the final products are similar to those
obtained without the presence of L°. As L° is added, the
[Au(PPhs),]" diminishes until [L°)/[PPhs] = 3, where its signal
falls below the ESI-MS detection limit. (Note, L* and L® com-
plexes combine with gold, forming [Au(PPhs), L%, ]" com-
plexes,'® whereas, the analogous Au:L® complexes are not
observed.) Further, addition of L° causes the fractional abun-
dances of [Au,L°,CI]" and [Au,L°5CI] " to increase initially and
attain maxima of 0.18 and 0.3, respectively, for [L°)/[PPhs] =
0.8, concurrent with the formation of the stable ligand-
protected Aug, Aug, and Au,q cluster species. Then, the frac-
tional abundances of chlorinated complexes steadily diminish
to nearly O at [L°)/[PPhs] = 16. The fractional abundance of
[Au,L°,]° " rapidly increases as L® is added until it accounts for
nearly all ion signal at [L°)/[PPhs] 16 and correlates with
[AusL®4]** observation in the ESI-MS spectra after reduction.
Thus, by selecting the initial metal complex distribution, we
can control product formation.

Dynamic light scattering measurements (DLS) of synthesis
solutions prepared with the ratios 0.4 < [L°]/[PPhs] < 16 show
no evidence for any species in solution larger than the
detection limit of the instrument (<1 nm). This result indi-
cates either their absence or that the concentration of
clusters above ~1 nm is below the concentration detection
limit for the [AugL®4]* ", [AuoL®4CIJ* T, and [Au, oL%,J* T (x = 4,
5) products. However, reduction of solutions [L°)/[PPhs]
0.25 shows formation of colloids with hydrodynamic dia-
meters larger than 100 nm. In accord with this observation,
the UV—vis spectrum (Figure S1, trace A, Supporting In-
formation) shows a faint 520 nm band that may arise from a
plasmon resonance of a nanoparticle formed through the
reduction of the gold precursor.'”~'? The contrasting beha-
viors among the syntheses are accounted for by examining
the metal complex distributions.

Although [AugL®4CI]*™ is the primary final product formed
at[L®)[PPhs] = 1, the succession of species appearing during
syntheses suggests similarities of the initial synthetic path-
way with other L" syntheses that do not form Aug clusters
(Figure 3).'%'® Initially (t < 10 min), the major products
observed in the ESI-MS data are [AugL®,]*" and [Au;oL°4]*"
(Figure 3), corresponding to the final ligated Aug and Au,q
clusters reported previously by Bertino et al.;'® the present
UV—vis spectra (Figure S2, Supporting Information) support
the previous assignments. At t = 6 days, the distribution of L°
protected clusters in solution becomes monodisperse [AusL®,*T.
Presumably, the nascent larger clusters (e.g., [Au;oL%J*T) have
become depleted by ligand etching, leaving almost entirely
[AugL®,]*". Inturn, by t = 14 days, [AugL®,]°" is largely de-
pleted, and the ESI-MS and UV—vis data indicate that [AU9L64‘
Cl*" is the principal product (Figure 3) and [Au;oL°,]*" and
[Au,oL%5]*" are minor products. Previously, [Augls]*" species in
solutions for L (n = 3, 5) did not persist in solution and
behaved as transient species only;'® the current study shows
the [AugL",]°" as a stable product for specific complex dis-
tributions, which may also be observable with other L" ligands
by changing the complex distribution prior to reduction.

DOI: 10.1021/jz1009339 | J. Phys. Chem. Lett. 2010, 1, 2536-2540
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Figure 3. Time-resolved ESI-MS traces for synthesis solutions
contamm [LeJ[PPhs] = 1. The sequence shows that
[AuoL®,CI*" cluster growth is preceded by the formation of
monodisperse [AugL®,]*" clusters through degradation of larger
clusters.

The observed homogenization of the synthesis products to
[AugL®,]*" prior to subsequent formation of [AuoL°,CI]** and
[AuoL% ] is consistent with reaction pathways through
[AugL®,)*" (Figure 3). Specifically for this study, nascent forma-
tion of the [Au;oL°]*" in solutions containing [L°)/[PPhs] >
0.4 indicates a net addition reaction of neutral gold species
(1)

[AugL4])*" + Au” — [AuoL®,)*"

[AuoL®,)*t + Au” — [AuyL®, )%t (2)
where protecting ligands on the Au”" are omitted. The
protecting 1gands of species Au®" in reactions 1 and 2 may
include the Au®—PRs fragment, e.g., [Au®,L%,]. Schwedtfeger
and Boyd have reported relativistic SCF calculations, finding
that [PH3—AuO—AuO—PH3] is stable,*® and the phenyl groups
on PPh; or L® can further stabilize ligated Au®, species. Thus,
[Au’,L%,] and ligated, hlgher nuclearity Au, species may
comprise the reservoir for Au’" . Because these digold species
carry no electrical charge, they will be challenging to observe
via ESI-MS. Moreover, these will likely be challenging to detect
by UV—vis spectroscopy due to spectral overlap with other
ligated Au, clusters. The [AugL®,]*" reaction intermediate is
not observed in solution, as is consistent with its 113 valence
electron open-shell skeletal configuration that will enhance
its reactivity. Although reaction mechanisms can also be
developed that contain reduction steps after the addition of
one or more Au' species, this seems unlikely as NaBH, in
methanol reacts to form NaB(OCHs;), species with a rate
constant of k = 1.31 x 10> s~ ', which will eliminate the
nascent reducing environment within hours,?! whereas, the
formation of larger clusters is active for days.
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The formation of [AusL®,CI]>" indicates that the reaction
scheme involves AuCIPPhs or chlorinated tertiary coordina-
tion complexes. Since the fractional reaction product [AugL® -
CII** diminishes over 0.4 < [L°J/[PPhs] < 2 (Figure 1) in the
region where the equilibrium solution abundances of
[Au,L°,CI" and [Au,L°5CI] " are increasing (Figure 2) tertiary
complexes do not appear to promote [AuoL°,CI** produc-
tion. The AuCl addition to [AugL®,]*" likely proceeds via

[AugL®4]*" + AuCIPPhs — [AuoL®,CI]*" +PPhs  (3)
Because L° is a bidentate ligand that is not displaced as
[AugL®,]*" reacts with AuCIPPhs, reaction 3 differs from that
of [Aug(PPhs)g]* ™, resulting in the attachment of a chloride.
Mass spectrometry cannot follow AuCIPPhs directly; however,
this species exists in equilibrium with [Au(PPhs),]".'®*® The
[AuoL®,CIJ** formation is only observed when Au(PPhs)," is
detected prior to reduction. The formation of both [AugL®,CIJ**
and [Au;oL°]*" in molar ratios above 0.4 indicates that
reaction 3 occurs preferentially over reactions 1 or 2.

Neither [AugL®4CIJ* " nor [Au,oL%s]*" (nor their PPhs ana-
logues) have been reported previously. We account for the
stability of these complexes with polyhedral skeletal electron
pair (PSEP) theory, which predicts the geometric structures
of ligated, closed-shell gold clusters of the form [Au{(Au—
PPhs)},,J**, comprising a central Au surrounded by n per-
ipheral Au—PRs fragments." ~'* To achieve particularly stable
structures with closed electron shells, the peripheral frag-
ments are arranged in either spherical or toroidal arrange-
ments, such that the central gold atom has a nine-orbital sp°d®
manifold, characterized by a total of 12ng + 18 valence elec-
trons, or an eight-orbital sp°d® manifold, characterized by a
total of 12ns 4+ 16 valence electrons, respectively. The [Auo-
L%,CI*" cluster contains 114 valence electrons in a closed-
shell, spherical configuration (ng = 8 .. 114e~ = 12ns+ 18).
Analyses of the other clusters also predict stable, closed-shell
species, [AugL®,]*" (104 e™; spherical), [Au;oL°,)°" (124 €™
toroidal), and [Au;L°s]*" (126 e spherical). In this work, we
have treated [AugL’4]*" and [AuoL®,CI]*" as spherical config-
urations for which a crystal structure®* and theoretical descri-
ption'* of spherical eight-coordinated Aug phosphine cluster
are reported in support. However, we note that either struc-
ture still represents a stable, closed-shell species if one ligand
engages in monodentate complexation. In addition, a crystal
structure analogous to [AuoL°,]*" is reported.*”

The ligand exchange with L° and AuCIPPhs plays a sig-
nificant role in the formation of the specific cluster sizes by
allowing the preservation of the intact precursor material for
addition reactions that form the [AuoL®,CIJ*" species. By ex-
amining the distributions of complexes where only [AugL.®,]*"
and mostly [Au;oL°]*" are formed, information about spe-
cific complexes can help elucidate information about specific
reduction pathways for formation. At the largest [L°)/[PPhs],
[AugL®]*" clusters are formed when the metal complex
population is nearly all [Au,L%,]*", indicating a strong correla-
tion between nonchlorinated complexes and [AugL®,*™ for-
mation. We report the growth of [AugL®,CI** and [Au,oL°,]*"
products from the [AugL®,]*" cluster through different addi-
tion reactions. At all times, chlorinated clusters are present

DOI: 10.1021/jz1009339 | J. Phys. Chem. Lett. 2010, 1, 2536-2540
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when the Au, species are formed, which may suggest that the
reduced digold chlorinated complexes are necessary for
[Au, L% J*T formation.

The equilibrium between AuCIPPhs and L° creates a dis-
tinct transition zone centered near [L°]/[PPhs] & 3 that occurs
concurrent with the elimination of [Au(PPhs),]* complexes.
In this zone, the initial solution produces [AusL®,]°" and
[Au;oL®]*" within days (Figure S3, Supporting Information);
however, these complexes subsequently dissolute to gold
species of low nuclearity. The instability of these species in
synthesis solutions correlates with the relative increase of
chlorinated complexes. A possible explanation for the pre-
sence of a transition zone may involve the reduction of the
less coordinated complexes [Au(PPhs),]* and [Au,L%,]** and
persistence of chlorinated complexes, [Au,L°CI]" and
[Au,L°5CI]", lowering the concentration of reduced species
in solution.

Classical nucleation theory describes the process of nuclea-
tion occurring only during supersaturation conditions with
persistence of those species above the critical radius, r*, at
AGIAr = 0.%° 1t is possible that the specific conditions at [L°]/
[PPhs] &~ 3 form unstable clusters with radii smaller than r*,
which are dissolved back into complexes, as is observed in the
current study. The specific roles of varied solution complexes,
formed by changing the diphosphine ligand, L", and their
concentrations will be presented elsewhere, but because the
electronic considerations are very similar between L" (n
2—6), steric considerations must be a strong contributing
factor in the size selectivity.

In conclusion, the role of the metal—ligand complex dis-
tribution has been shown to control the product formation of
phosphine-protected Au clusters. The synthesis of monodis-
perse clusters reduces the need for size separation processes.
The discovery of the chlorinated [AuoL°,CI]*" cluster could
prove useful in ligand exchange reactions involving phosphine-
protected chlorinated clusters.*”*® The current synthetic
method should also prove useful for a broad range of prote-
cting ligands including thiols, amines, and polymeric ligands.
Further investigation of the synthetic products from other L"
ligands and the relationship with specific metal—ligand
complexes will be presented elsewhere.

EXPERIMENTAL SECTION

We conducted syntheses for the ratios spanning 0 =<
[L°)/[PPhs] < 18. Briefly, each synthesis was conducted at
276 K with 10.0 = 0.1 mg of AuCIPPhs (Sigma Aldrich,
99.9%)*? dissolved in 15 mL of a 1:1 MeOH/CHCI5 (Sigma
Aldrich, HPLC grade; Sigma Aldrich, ACS reagent) mixture
within a 20 mL head space vial, and L° (Sigma Aldrich, 97 %)
was added to prepare the desired [L°)/[PPhs] ratio. The
uncertainty (20) associated with the masses of the ligands is
£0.0002 g, correlating to an average 3 % uncertainty in the
molar ratio with less uncertainty at high molar ratios and as
high as ~10% at the lowest L® concentrations. NaBH, (Sigma
Aldrich, 98 %) reducing agent was added in 4:1 molar excess
of Au; the vial was sealed under air, and the solution was
stirred by a Teflon-coated magnetic stir bar. Stir bars were not
reused. Mass spectrometric measurements were performed
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with a dual probe electrospray ion source, including an
integrated three vacuum stage and ion optics assembly
(Analytica of Branford), coupled to a custom-built (by Ardara
Technologies) Extrel CMS quadrupole mass spectrometer.
Samples were introduced to the ESI source via direct infusion
(10 uL/min), and the source was purged with > 1.0 mLofa 1:1
MeOH/CHCl5 solution between each sample. The precision of
the fractional ion measurements of each species was <10%
(20) based on five repeated measurements. Source condi-
tions were optimized to maximize ion intensities while mini-
mizing 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 could be
varied from 20 to 250 V. Sample solutions were further diluted
with 1:1 MeOH/CHCI5 to produce relatively stable ion cur-
rents. Interpretation of fractional ion intensity measurements
presumes that the fractional ion abundance (computed from
the ion abundance of each cationic species in a ratio with
total ion current) observed by ESI-MS is effectively the
same as that in solution.”®?" Disparate ESI efficiencies be-
tween analytes are not expected due to similar functional
groups.'®%?

Optical spectra of solutions were obtained using a Varian
Cary Il dual beam spectrometer. Dynamic light scattering
(DLS) measurements were conducted using a Malvern Zeta-
sizer Nano ZS equipped with a 4 mW, 633 nm (He—Ne) laser.
To remove domain-induced scattering of the 1:1 methanol/
chloroform solution, samples were diluted with methanol/
diethylether before DLS measurements were conducted. The
uncertainty of the measurements is reported by the standard
deviation of (i) five repeat measurements or (ii) the size
distribution change as a function of dilution ratios, whichever
is greater. Prior to the addition of the precursor reagents,
solvents were prefiltered by a 0.2 um filter to remove dust.
The product from the methanol/NaBH, reaction was removed
with centrifugation. Furthermore, DLS measurements were
conducted on solutions containing dissolved ligands,
AuCIPPhs alone, NaBH, alone, and NaBH, + ligands; these
measurements exhibited null results, increasing the accep-
tance that the DLS distributions derived for reaction solutions
correlate to [AuxLéy]Z+ cluster formation only.

SUPPORTING INFORMATION AVAILABLE Fractional ion
current of solution complexes as a function of [L¢]/[PPhs] and
temporally resolved UV—vis spectra are presented. This material
is available free of charge via the Internet at http://pubs.acs.org.
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