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Abstract

The recent discovery of an anion efficacy series for the formation and stabilization of transition-megah&r{oXlusters, specifically
P2W15Nb30629_ ~ SinNb30407_ > C5H5O73_ > [—cHz—CH(COZ_)—],,"_ ~ OAC™ ~ P3093‘ ~ ClI= ~ OH —that is, pO'yOXOGniOﬂS >
citrate~ > other commonly employed nanocluster stabilizing anions, raises the question of what are the underlying factors behind this preferred
order of stabilizers? A brief discussion of three relevant nanocluster papers in the literature, plus a concise summary of the relevant interfacial
electrochemistry and surface science literature pg@nmetry S@?~ binding to Ir(111) (as well as to Rh(111), Pt(111), Au(111) and
Cu(1111)), are presented first as key background for the lattice size-matching model which follows in which tridentate anions coordinate to
transition-metal nanocluster surfaces. A table of nanocluster formation and stabilization data for tridentate oxoanion stabilizers is presented
results which allow two fundamental, previously unavailable, important insights (out of 10 total insights): (i) the premier anionic stabilizers of
transition-metal(0) nanoclusters present a tridentate, facial array of oxygen atoms for coordination to the metal(0) surface; and (iigithe preferr
tridentate oxoanion stabilizers of nanoclusters are those that have the best match between the ligand O—O and surface Ir—Ir distances, all othe
factors being equal—that is, there is a previously unappreciated, geometric, anion-to-surfadattioetalize-matching componetat the
best anionic stabilizers of transition-metal nanoclusters. These are the first molecular-level insights for how the to-date premier tridentate,
anionic stabilizers of transition-metal nanoclusters achieve their higher level of stabilization—a non-trivial advance since there was a lack
previously of molecular-level insights into how transition-metal nanoclusters are stabilized. Four experimentally testable predictions of the
C; symmetry, lattice size-matching model for nanocluster M(1 1 1) surfaces are presented and briefly discussed. One key prediction is that
HPQ,?~ is a heretofore unappreciated simple, effective and readily available stabilizer of Ir(0) and other transition-metal nanoclusters where
there is a lattice-size match between the O—O and the surface M—M distances. Recent experimental evidence is summarized revealing that
this prediction isin fact, true—that is, the third key, new finding of this work is (iii) the first rational design of a new nanocluster stabilizer,
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HPQ,%~, one shown to be as good a stabilizer as the common nanocluster stabilizetciffamG symmetry, lattice size-matching model
is significant in seven additional ways which are detailed in the text and summary which follows.
© 2003 Elsevier B.V. All rights reserved.

Keywords:Transition-metal nanocluster stabilization; Preferred stabilizer fundamental studies; Tridegster@etry, lattice size-matching,
stabilizer-binding model; Tridentate oxoanion coordination to metal surfaces for the purposes of corrosion resistance, electrical rebigtaticg arganic
coatings; Phosphating of metal surfaces

1. Introduction

Three recent publicationfl-3] address, for the first .-
time, the fundamental role of anionic-ligand stabilization of . -
modern transition-metal nanoclustgis5]. Those studies ;
evaluate the efficacy of nanocluster surface-binding anionic - .
stabilizers according to five criteria, specifically the ability -
of different anionic stabilizergl,2]: (i) to provide for a o
high level of kinetic control in the nanocluster synthesis (g (b)

(as measured by the autocatalytic growth to continuous

nucleation rate constants rati®], ko/kp); (ii) to yield

near-monodisperse nanoclusters (i.e., by definition nan-go 1 » cnemaic iilustration for (a) an eectrostatically stabilized metal
oclusters with less than or equal4d.5% size-distributions () particle (i.e., one stabilized by the adsorption of ions and the resultant
[4]) as judged by transmission electron microscopy (TEM); eectrical multi- (“double”) layer), adapted from the literature [7b], and (b)
(iii) to allow isolable, then fully re-dissolvable, nanoclus- a sterically stabilized metal particle (i.e., one stabilized by the adsorption
ters without the formation of visible bulk metal; (iv) to ©f Polymer chains) [7c].

allow the highest catalytic activity of the re-dissolved nan-

oclusters in the test reaction of catalytic hydrogenation; and interest to the present review, in acetone and with BugN™
also (v) to allow the longest catalytic lifetime, as judged counter cations, is[1,2]:

by the number of total turnovers (TTOs) of cyclohexene

hydrogenation. The anions which have been investigated P2W15Nb3Og2®~ ~ SiWgNbzOg'~ > CeHs07%~

[1,2] according to the above five criteria for transition-metal . p,0g3- ~ OH~.

nanocluster formation and stabilization include the

polyanions BW15Nbz0g2%~, SiWgNbsO40’~, CsH5073~
(citrate’~), [-CHo—CH(CO,7)-],"~ (polyacrylaté—) and

The above anion series raises the obvious question of what
are the underlying factors behind this order of anion effi-

P3Og3~ (trimetaphosphate) plus the common monoan- cacy for the formation and stabilization of at |east Ir(0) nan-

ions, OAc, ClI- and OH. The PW;5Nb3Og®,

oclusters? It is this question that is the general focus of the

SiWgNbzO40’~ and ROy3~ were all previously unknown
individual nanocluster-stabilizing poly(oxo)anions, as well
as an unprecedentederies of nanocluster-stabilizing
poly(oxo)anions, prior to recent wofk,2]. volvetwo broad effectsasillustrated in Fig. 1: (a) Coulombic
The anion efficacy serids? for the stabilization of (electrostatic) repulsive stabilization towards agglomeration
transition-metal Ir(0) nanoclusters by the anions of primary which opposes the van der Waals attraction of the particles,

both as treated by DLVO theory® [7a-7c], and (b) steric
1 In the pages to follow, a number of textual footnotes are provided that
provide additional insight or detdibr the interested readeMost readers _—
may find it easiest to scan or perhaps largely ignore these footnotes inreaction conditions [1,2]. The metal, ligand type (e.g., non-oxo ligands)
their initial reading, but then refer back to them as necessary or as their or issues such as hard and soft acid and base considerations, what other
interest guides. ligands are present, what counter cations or polymers are present, the

present review.
It iswell known from the colloidal stabilization literature
that the general modes of stabilization of nanoparticles in-

2 The full anion series established elsewhdre3] is: P,W15NbzOg2°~
~ [(P2W15Nb30g1)20]6~ ~ ([P2W15(TiOH)30~50]%"), (n = 1, 2) ~
SiWeNb3Oso”~ > HPQyZ™ ~ CeHsO7% > [~CH—CH(CO, )]~ ~

solvent, polymeric additives, or the exact reaction conditions are al
expected to have at least some effect on which anionic stabilizer is “best”
under the exact conditions employed [3,8]. For example, the solvent is

OAc™ ~ P30g3~ ~ CI~ ~ OH~. It is important to recognize the caveats  expected by DLVO theory [7] to have a major effect on the stability of
applying to this series: first, this series applies rigorously only to the nanoclusters, and this is a topic that is a focus of one of our studies in
Ir(0) nanoclusters in acetone solvent and forsBu counter cations progress.

for which it was measured1-3]. While key aspects of this anions 3 Note aso the concluding statement on p. 87 elsewhere [7h] that
series are expected to hold under broader conditions, this is just now “Although electrostatic stability (of colloids) has been one of the oldest
being experimentally tested (Starkey, L., Finke, R.G., unpublished results and most important issues in colloidal science, the number of studies that
and experiments in progress). In addition and as discussed elsewhereare sufficiently systematic and detailed to be useful is limited”. We would
[1,2], no absolute anion series is expected for all metals and under all add that a fundamental flaw in the classical colloidal systems [4] used
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repulsion [3a-3c] by added polymers, bulky cations, or, pre-
sumably, bulky anions, Fig. 1b (whichillustratesthe polymer
case).* Note, however, the complete lack of molecular-level
insight provided by the current level of understanding of
nanocluster stabilization (Fig. 1).

Possible molecular-level factors which come to mind
for the observed anion series include: (a) the basicity (and
thus the related o-donor ligating ability) of each anion as
measured by its conjugate acid pKy; (b) hard/soft consider-
ations [8]; or (c) geometry factorshat one would expect to
be important in the anions coordination to the nanocluster’s
surface. A key part of the present contribution will be the
identification of two geometry factors not previously appre-
ciated in the nanocluster literature, namely (i) a C3 symme-
try, tridentate anion coordination to the metal surface, and
(ii) a tridentate ligand-to-metal lattice size-matching com-
ponent in the anionic stabilizer-to-metal interaction. These
insights are significant—they are the first molecular-level
insights into how the presently most effective anionic sta-
bilization of metal particles in solution is achieved.

2. A brief overview of three relevant nanocluster
papers

It is useful to begin by summarizing briefly three papers®
from the current nanocluster literature which are particularly

in such prior work is the lack of precise compositional information for
the colloids examined. The use of modern, compositionally well defined
nanoclusters for such fundamental studies is imperative, we believe, if
one is to exploit the potential present within modern nanoclusters [4].

4 Suggestive, albeit not definitive, evidence that other factors con-
tribute to the anion series for at least some meta nanoclusters is
the classic Pd(0) nanoclusters of Moiseev and co-workers such as
Pd-se0L~60(OAC)~180 (L = 1,10-phenanthroline or 2,2'-bipyridine) or
Pd..se0Phen-g0O0~60(PFs)~60 Which contain N-based stabilizing ligands
as well as O-atom-containing ligands (see the references and discussion
on pp. 15-18 elsewhere [4a]). Also noteworthy is that the larger, less
symmetric anions in Table 1 with less symmetric charge distributions,
such as P,W15NbsOg%~ polyoxoanion, very likely have effects beyond
the unit charge, symmetrical, and therefore considerably more simple
anions treated by, and assumed to be point charges in, classical DLVO
theory [4a-4c]. Effects which remain to be understood include effects
due to whether or not the anion causes more or less electrostriction of
the multi-layer surrounding the nanocluster, thereby leading to lower sta-
bility, and the effects due to different solvents. In short, there are some
basic issues of colloidal-like stabilization and DLVO theory that need to
be examined with polyanions.

5 A fourth paper of some interest is one reporting the formation of
rods rather than spherical particles in the presence of NOz~ in electro-
chemically grown Ag(0) nanoclusters [9a]. The molecular basis for this
effect was not presented or even considered, however. A fifth paper of
some relevance examines the use of citrate’~ as a stabilizing agent for
Pt particles; these authors find evidence for the same type of Pt(111)
capping effects [11a], this time by citrate, leading to Tq, and then to
cubic or truncated Op, structures as clearly revealed by Figs. 8 and 9
elsawhere [9b]. A sixth paper suggests the binding of both the azabi-
cyclo[222]octane and OH groups in cinchonidine in a Rh nanocluster
asymmetric hydrogenation of ethyl pyruvate reduction [9c].

Fig. 2. (a) Regular idealized cuboctahedron with three atoms on an edge
and consisting of 201 atoms showing (111) terraces via shading: note
that 56 or 45% of the 122 surface atoms are (111) terrace sites. (b) The
same structure as in (a) but with three ligands or metals added to the
(111) terrace sites (the darker circles). Adapted from Fig. 7 on p. 1271
in Bradley’s paper [10].

relevant to the present contribution [9]. The most relevant
paper is Bradley and co-worker's studies, in which they
use their CO adsorption plus IR spectroscopy probe. Their
work shows that 15A, polyvinylpyrrolidone-stabilized Pt
nanoparticles do not adsorb CO on the (111) terrace sites
indicated by thelight shadingin Fig. 2[10] (Fig. 2isarepro-
duction of Fig. 7 provided elsewhere [10]). Those authors
postulate that the reason that CO atop (11 1) terrace sitesis
not seen is because there are Pt ad-atoms on these sites, as
shown by the darker three atoms atop the (111) terrace in
Fig. 2b [10]. Note that such (111) sites are one place that
atridentate ligand could also sit.

The second relevant paper, from El-Sayed's |aboratories
[114], provides evidence to support the view that capping
by polyacrylate’ ~ of the putatively catalytically most active
[11b] Pt(11 1) faces of tetrahedral (Tq4) nanoparticlesiswhat
determines the shape of the resultant particles.® If capping
dominates, then small T4 particles’ [12] are produced; how-
ever, if the Pt(111) face is not capped (i.e., not poisoned)
by polyacrylate’’ —, then Pt addition to the Pt(11 1) face will
transform that facet into a Pt(100) face and, therefore, into
intermediate size Pt particles with both (100) and (111)
faces [11]. Further growth is postulated by the authors to
lead, at least in the case of ideal geometry particles, to cubic
particles with their six (100) faces [11]. In short, a picture
such as that in Fig. 2 is again implicated.

One genera problem, however, with the idealized struc-
tural view of nanoclusters employed above is that there is

6 It is not known for certain if the Pt(111) face is the most active site
in the nanocluster as this is an assumption taken from Pt single-crystal
work extrapolated to the nanoclusters, as the authors have noted [11b].
Especially in disordered surface-structure nanoclusters, edge, vertex and
other sites of higher coordinative unsaturation are likely even more active
sites, depending upon the specific reaction catalyzed.

7 The smaller, Ty nanoparticles seen by TEM for polyoxoanion-
stabilized Rh(0) nanoclusters [12] are consistent with the explanation
provided by El-Sayed and co-workers for the formation of such Ty parti-
cles[11a)], binding of P2W15Nb30629_ or [(P2W15Nb3061)20]16‘ (which
the present review reveals should be k3-O, i.e,, tridentate, (O)3) to an
Rh(111) face of Ty nanoclusters, thereby arresting the growth of (and
capturing) these Ty particles.



Table 1
Key data for the five polyanionic, tridentate-oxygen size and size presenting nanocluster-stabilizing anions examined with Ir(0) nanoclusters?
Stabilizing anion® ko/ks ratio® Nanaocluster Are the Catalytic activity TTOs of Anions' Anions 0-0 Size-matchingX
x 1075 dispersity nanoclusters fully after re-dispersion cyclohexene relative conjugate distance (O-0/Ir—Ir)
re-dissolvable in (mmol Hy/h)® hydrogenation’ ranking acid pKa (Ay
acetone?
P,W15Nb30g%~ 4.4(5) 21(4) A Yes 2.2(2) 68000 First group ~9.2 2.85 1.05 (1.09)
SiWgNbgO407~ 1.2(2) 22(4) A Yes (as a slightly 2.6(3) 41000 First group [Estimate <9.2] 2,67 0.98 (1.03)
turbid solution)d
HPO4Z~ 0.072(1) 18(4) A Yes 0.8(1) [<150000]9 Second group 12.4 2.50 0.92 (0.96)
Citrate3~ 1.3(2) 18(4) A Yes 0.4(1) [7600]" Second group 54 28-31 1.03 (1.07) to
1.14 (1.19)
[P309]3~ 1.2(1) (Bulk metal No - [<82000]9 Third group N.A. 3.30 1.21 (1.27)
formation)
OH~ 0.16(3) (Bulk metal No - - Third group 15.7 - -
formation)

a Data for the columns 2-6 are taken from [1-3] (in the case of HPO4Z™).

b Anion entries for the first four anions (i.e., all but P30g3~ and OH™) include 1eq. of added Proton Sponge™ to consume the 1eq. of Ht generated in the reaction; if needed see elsewhere for
further details and discussion [1-3].

¢ Kinetic constants from A — B nucleation (rate constant k;), and A + B — 2B autocatalytic surface growth (rate constant k) curve-fits to the sigmoidal H, upteke data [1,2].

d These SiWgNbzO40”~ -stabilized nanoclusters are re-dispersable as a nearly clear solution in CH3CN, results which mean that the slight turbidity observed in acetone is not due to the formation of
insoluble bulk Ir(0) metal. Rather, the slight turbidity is most likely due to the inherently lower solubility in acetone of the SiIWgNbzQO40”~ anion as its mixed Nat/BusN* salt (or possibly the presence
of a small amount of the tri-Nb-O-Nb bridged [Si;W1gNbgOgs]®; see the references available elsewhere [1,2]).

€ Catalytic activity is measured as the rate of hydrogenation, under the standard conditions detailed elsewhere [1,2], of the isolated Ir(0) nanoclusters re-dispersed in acetone.

f TTOs are determined for cyclohexene hydrogenation starting with 3.6 x 10~6 mol precursor complex in acetone at 22°C, 40 + 1psig Hy.

9 These brackets indicate that bulk metal is seen; hence, these TTOs are upper limits to the TTOs of interest for the soluble nanoclusters aone.

h This value of 7600 TTOs is probably a lower limit [1,2].

I N.A.: not available.

I The O—0 distances of the three facially coordinating oxygen atoms of the tridentate ligands were calculated from the X-ray structural data: for the heteropolyoxoanion [27] [P2W1sNbsOg2]%~ (three
Nb—O—Nb bridging oxygen atoms); for [SiWgNbsO40]’~ [29b] (an average of two Nb—O—W and one W—O—W bridging oxygen atom distances); for dihydrogen phosphate [28] HoPO4~; for citrate
C7H507% (estimated as 3.1A from the X-ray structural data [14] of (NH4)sFe(C7H407)2-2H,0 by replacing the Fe(l11) with Ir(l) at a constant O—M—O angle of ~90° and using an average Ir—O
bond distance of 2.18 A taken from [30] (BusN),[(1,3-COD)Ir-P3QOg. Note that the citrate~ ligand is flexible with an O-O bond distance that can probably vary from ca. 2.8-3.1A as listed in this table
and in Fig. 3. Finaly, the O-O distance for trimetaphosphate [P30g]3~ was taken from the X-ray structure of (BusgN),[(1,3-COD)Ir-P3Og] [30].

k Lattice size-matching is defined as how close to 1.0 is the ratio of O—O distance of the tridentate ligand to an Ir—Ir distance of 2.72A (or to the 4% contracted value of 2.61A, given in parenthesis).

8eT
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increasing evidence that nanoparticles prepared under ahigh
degree of kinetic control, such as those in Table 1, probably
have at least partially amorphous, more disordered struc-
tures (i.e., than the idealized structures shown in Fig. 2)
at least initially, prior to their annealing in the TEM beam
which can change their structure to more crystalline forms
[4a,11]. Bradley’s work [15] is a good place to start for
the evidence supporting this claim, for example, see his re-
cent comments regarding the amorphous nature of nanoclus-
ters prepared under kinetically controlled syntheses [10].
Ligand-induced mobility of surface metal atoms may, how-
ever, lower the kinetic barrier to forming annealed, smoother
surface structures. The exact surface structures and dynam-
ics of transition-metal nanoclustersis an important topic for
future research.

The third paper is an interesting contribution from
Bradley, Reetz and co-workers in which «-hydroxy car-
boxylates, such as glycolate, HOCH,CO, ™, are shown to
have an effect on the shape of Pd and Ni nanoclusters [13].
Their results show that the a-hydroxy is required for the
effect, but that only a bidentatecoordination is involved
via the a-OH group plus one RCO2~ carboxylate oxygen
(as expected from a consideration of the sp? hybridization
a the carboxylate carbon and its geometric relationship to
the a-hydroxy group: only one lone pair of one carboxylate
oxygen atom plus the a-HO group can coordinate simulta-
neously). The a-HO-RCO, ™ ligand is, then, anet bidentate
neutral OH plus O~ donor ligand.

Notethat citrateisadifferent case; the one small molecule
structure we could find (a rare structure of a monometallic
citrate complex, [Fe'!! (citrate*),]°~), showsone a-OH plus
two separate RCO,~ carboxylates donating an oxygen atom
each in a net tridentate coordination to Fe(ll1) [14]. That
is, a net tetraanionic donor ligand, citrate®~, coordinates to
the metal via tridentate oxygen donation from one depro-
tonateda-OH plus two RCO,~ carboxylate oxygens—the
latter from two separatecarboxylates. By inference, triden-
tate coordination to appropriate geometry nanocluster sur-
faces is what one expects from citrate. However, when a
metal (0) nanocluster is involved (i.e., versus an Fe(l11) ion
[14b]), the a-OH of citrate is unlikely to be deprotonated®
until the pH gets above ca. 13-15 [14c]; hence, citrate®~ is
expected to donate a neutral OH plus two O~ atoms from
two separate carboxylates when coordinated to a metal (0)
nanocluster surface.

In summary, the key points from an examination of the
relevant prior literature are: (a) two papers provide the only
prior evidence for higher than unidentate coordination of
stabilizing anions to a nanocluster’s surface; (b) Bradley’s
precedent in Fig. 2 is the only prior work which provides
one type of site where tridentate anions, such as those

8 The a-OH could in principle be deprotonated at pH values that
are perhaps 1-3 pK, units basic than the ROH pK, due to the pKy
shift expected upon coordination to the electrophilic metal(0) nanocluster
surface.

emphasized herein, can bind, at least to nanoclusters whose
thermally annealed structurespproach idealized struc-
tures such as the fcc cuboctahedron shown in Fig. 2; and
(c) the above points are little discussed in the nanocluster
literature—that is, there is virtually no molecular detail or
surface coordination chemistry in the nanocluster literature
save the use of CO as a surface spectroscopic probe in
especialy Bradley’s laboratories [10,15].

3. A concise overview of the key results from interfacial
electrochemistry and surface science studies of S042~
and HPO42~ adsorption to M(111) surfaces (M = Ir,
Rh, Pt, Au, Cu)

The specific adsorption of especialy H,SO4”~2 on
Pt(111) and other M(111) surfaces is a topic of both his-
torical aswell as current interest in interfacia electrochem-
istry and associated surface science literature [16-23].°
Sulfate adsorption on Pt(111) and related metals has been
studied by a wide range of methods (see references [1-20]
elsawhere [18]): conventional electrochemical methods,
radiotracer methods [16], electrochemical quartz crystal
microbalance methods, spectroelectrochemical methods,
scanning tunneling microscopy (STM) [18,22], surface
X-ray scattering (SXS), subtractively normalized interfacial
Fourier transform infrared spectroscopy (SNI-FT-IRS) [17],
computational methods on 50-100-atom clusters (at the
HF-MCP level of theory) [23], and by ex situ techniques
(i.e., ultra-high vacuum methods) including recent LEED
studies[21]. The understanding of the anomalous adsorption
peaks and characteristic “butter-fly” cyclic voltammograms
[16] when sulfate is present has advanced from Clavilier's
first report [24] of these peaks and the (incorrect) early
interpretation of the voltammograms as strongly bound
H adsorption/desorption peaks [25], through controversies
[17-19,24,25] about the actual species being adsorbed,
H,S04?~2 (p = 0 or 1) plus H,0%* (¢ = 2 or 3), and
through controversies about the interpretation of STM im-
ages[19]. Thecurrent, relatively high level of understanding
of sulfate adsorbed onto transition-metal surfaces is as de-
picted in Fig. 3, afigure adapted from Itaya and co-workers
[22] for the case of SO42~ plus H,O co-adsorption onto
flame annealed, atomically flat, oxide free Ir(111), a prece-
dent directly relevant to the Ir(0) nanocluster stabilization
studies which will be our focus in a moment.

9 (@) The introduction to reference [17] contains a good discussion,
plus references, of the history of the H },8041’*2 adsorption on Pt(111)
problem. (b) Reference [18] provides a STM study of the adsorption of
sulfate and phosphate on Au(111) and Au(100), plus an excellent listing
of the methods used in the literature to study the specific adsorption of
anions to electrochemical surfaces (see references [1-20] therein [18]).
(c) Reference [19] provides an IR study of sulfate/water co-adsorption
onto Au(111). Noteworthy are the citation, and references, therein to
the statement that the “interpretations of the observed STM images are
controversial” [19].
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Fig. 3. Schematic illustration of the (/3 x /7) adlayer structure of sulfate
adsorbed to Ir(111). (Adapted from Itaya and co-workers' paper [22] with
permission.) Water is also co-adsorbed; two possible arrangements of the
water H-bonded chains are shown in (a) and (b). The stoichiometry of the
fragment of the larger surface shown in (b) is: 1Ir:0.25042:0.37H,0.
The key feature for the present work is that a tridentate binding of three
sulfate oxygens is seen with the C3 axis of sulfate perpendicular to the
plane of the Ir(111) surface.

The essence of the structural model in Fig. 3isaso-called
(/3 x +/7) symmetry structure for the adlayer of SO42~
atop Ir(111) along with co-adsorption of H2O in H-bonded
chains in-between the rows of sulfate [22]. The distance be-
tween adjacent sulfates (the edges of the unit cell in Fig. 3)
are \/3ayr (or 4.7A) and /7ay (or 7.1A) in the A and B
directions, respectively (a, is the Ir-r distance) [22]. The
high resolution STM experimentally observed Ir-Ir dis-
tance is ~2.7 A [22], a number that will become important
later when we need a good estimate of the IrIr distance
atop a Ir(0),, nanocluster's surface. Note that the sulfate is
adsorbed at a three-fold hollow site via three oxygens and
with the Cz axis in the bound SO42~ perpendicular to the
plane of the surface. Note aso that this (/3 x /7) sym-
metry structure is “identical with that found previously on
Au(111), Pt(111), Rh(111), and Cu(111)” [22]. Of fur-
ther interest here is that phosphatéias been found to bind in
asimilar structure to Au(111) [18], sulfate and phosphate,

of course, presenting identical tridentate oxo-ligation sym-
metries. Interestingly, in the Au(111) case, it was noted
that the O-O distance in sulfate (2.47A) “is of the same
order as the distance between the gold atoms (2.88A) and
their geometrical arrangement matches that of the Au(111)
surface” [18]. We will refine significantly this early hint at
a lattice size-matching requirement intrinsic to the model in
Fig. 3 and discovered independently herein'® by providing
the first experimental evidence that matching the tridentate
anion metal lattice much closethan the above 2.88-2.47 =
0.41A difference yields a better nanocluster stabilizer. Fi-
nally, amodel suggesting afour-fold symmetrgoordination
of even very non-basic anions such as SiW1,04* in a
monolayer onto aAg(1 1 1) surface[26] has appeared,! one
that perhaps merits reexamination in light of the preference
for three-fold symmetry in the literature cited above.

4. Recent results from Ir(0) nanocluster formation and
stabilization studies en route to the ligand-to-metal,
tridentate anion-binding lattice size-matching
model/hypothesis

Fig. 4 shows X-ray diffraction established struc-
tures [27-30] of the coordination sites of each of the
more effective anionic stabilizers from the anion series
[1-3] P,W1sNb3Og2®~ ~ SiWgNbzOs'~ > HPO4%~
~ CgH5073~ > P30g3~. The X-ray diffraction determined
structure of (CsMes)Rh-P,W15NbsOgz '~ [272] and 170 and
183\\/ NM R-determined structure of (1,5-COD)Ir-PoW15Nbs
Os2®~ [27b,27c] both show the k3-O (i.e, tridentate
O-donating) nature of the PoW15NbsOg,°~ polyoxoanion,
for example. Note that the above anion series includes
HPO42~, an anion which was predicted as part of the
present work and on the basis of Fig. 4, to be an effec-
tive stabilizer and then tested experimentally elsewhere
[3] by the five criteria [1] leading to the data for HPO42~
summarized in row 3 of Table 1.

The first, fundamental insight from Fig. 4 and the data
in Table 1, then, is that each of these to-date premier an-
ionic stabilizers of transition-metal nanoclusters presents
a tridentate, facial array of oxygen atoms for coordination
to a transition-metal (0) nanocluster’s surface. The results
in Table 1, plus the structurally established single-metal

10 The tridentate oxoanion coordination model for nanoclusters pre-
sented herein was discovered before we discovered the interfacial elec-
trochemistry literature of SO42~ and other anions binding to Pt(111).
Although intellectually somewhat less efficient, this has proven useful in
that it provides confidence in the model presented herein and provides
independent support for the binding model in the interfacial electrochem-
istry literature.

11 Note that the non-basic SiW12040* is structurally really [(SiO4*")-
(W12036)°]%~ and thus formally contains near zero anionic-charge density
a its surface, yet till binds to the Ag(111) surface [26a,26b]. An
interesting question is whether or not tridentatebinding of SiW12040%~
to Ag(111) might not be possible at coverages below a monolayer.
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Fig. 4. Structure and top view of six polyanions: (&) only the structure of coordinating part of the top two polyoxoanions is shown; (b) top view as seen
by the iridium surface. The O—O distances (in A) of the three facially coordinating oxygen atoms of the tridentate ligands were calculated from the X-ray
structural data for the polyoxoanion [27] [PoW1sNbzOg]°~ (three Nb—O—Nb bridging oxygen atoms), for the polyoxoanion [29b] [SiWgNbzOsg]’~
(note the small differences between the two Nb—O—W and one W—O—W bridging oxygen atom distances), hydrogenphosphate [28] HPO42~ (estimated
from the structure of dihydrogenphosphate, H,PO,™); citrate C;Hs073~ (estimated from the X-ray structural data [14] for (NH4)sFe(C7H407)2-2H20)
by replacing the Fe(I11) with Ir(l) at the constant O—M—O angle = ~90°, and using the average Ir—O bond distance of 2.18A as in the iridium(l)
complex [30] (BusN)2[(1,3-COD)Ir-P3Og]. Note that O—O distances in the iron(l1) citrate complex are unequal (2.85, 2.80, and 2.76 A); note also that
one expects that the O—O distance for citrate binding can vary from metal to metal because of flexible structure of the citrate ligand. Lastly, the O-O
distance for trimetaphosphate [P30g]3~ was taken from the X-ray structure of (BugN)2[(1,5-COD)Ir-P3Og] [30].

tridentate coordination modes shown in Fig. 4—as well This is an important, previously unappreciated insight. The
as the interfacial electrochemistry and surface science important task remains, however, of obtaining direct ev-
literature cited above—strongly suggest that a tridentate idence for the proposed tridentate mode of coordination
coordination is not only preferred, but also leads to the of these anions to clean [4] transition-metal nanocluster

highest nanocluster stabilizing abilities presently known. surfaces.
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The second new, fundamental molecular insight for the
nanocluster area comes from examining the datain Table 1
for each of the anions in Fig. 4. Table 1 includes the data
according to the five criteria (columns 2-6) for each anion,
the data for simple OH~ for comparison, as well as each
anion’s conjugate acid pKy in column 8, and each anion’s
relative ranking for its nanocluster formation and stabiliza-
tion ability, column 7.

One easily drawn conclusion from the data in Table 1,
columns 7 and 8, is that while basicity is important
as expected (i.e., increased basicity, and thus increased
o-donation, should lead to higher Ir-O bond energies), ba-
sicity is not everything: the most basic but monodentate
anion, OH™, is at the bottomof the Ir(0) nanocluster sta-
bilizing anions list. In addition, the two anions with the
top ranking (P2W15Nb30529_ and SinNb304o7_) are at
least 3 pKq units less basic than one of those (HPO427)
in the second rank, and the two anions in the second rank
(HPO42~ ~ CgH507%7) differ by 7 pKa units yet are in the
same rank—in short, some additional factor is important
in setting the relative anion efficacy for the formation and
stabilization of the transition-metal nanoclusters.

Further perusal of the data in Table 1 reveals a third,
previously unappreciated and important insight even when
considering the interfacial electrochemistry and surface
science literature cited earlier: the match between the
O-0 distance in the coordinating anion versus the surface
Ir(0)—Ir(0) distance'® [31] correlates rather well with the
anion’s relative ranking as a stabilizer. Specifically, anions
with a0.98-1.05 (O-O)/(Ir—Ir) size-matching ratio rank first
(column 7, Table 1), while those with a broader, 0.92-1.14
(O-O)/(Irr) size-matching ratio rank second (and if one
uses the larger, 3.1 A, O-O distance for the flexible citrate).
In addition, the anion with the worst match (P3093—; a

12 (a) The Ir-Ir distance is estimated as 2.72-2.61A (the latter value
if one subtracts the precedented ca. 4% surface contraction, vide infra);
a measurement of the Ir-Ir distance on single crystal Ir yields an exper-
imental value of ~2.7A [22]. However, the metal-metal distance on the
surface of Ir nanoclusters is not known exactly. It is expected to be a few
percent less than the distance in bulk Ir of Ir-Ir = 2 x 1.36 A = 2.72A
for the following reasons: several EXAFS studies show that the surface
metal-metal distance is contracted ca. 1-4% versus the bulk vaue in
most meta particles, for example the surface metal—-metal distances are
contracted only 1.0-1.5% for three supported Ru particle samples exam-
ined by EXAFS [31a], 4+ 1% in an Au~s5(PPhg)~12Clg cluster exam-
ined by EXAFS [31b], and 3.8% in Pd~gophen-~4000AC-gooH~1600 &S0
based on EXAFS data [31c]. This contraction is just what one expects
for the lower coordination number (and enhanced metal-metal multiple
bonding) at the surface, plus perhaps a contribution to contraction from
the anion-stabilizer-induced partial positive, surface charge-mirror [31€].
Of interest is that this contraction is smaller than the 15% contraction
seen for the nakedIr(110) single crystal surface [31d,31f,31g] (1.16 A
versus the 1.36 A Ir radius in bulk Ir); the 1.0-1.5% contraction noted
above is also smaller than the 5% contraction on a Ni(110) single crystal
surface [31d]. Measurement of the additional surface M—M distances, as
a function of the nanocluster size, ligands, and other variables, as well as
for individual surface facets if possible, would seem to be an important
objective for future EXAFS research.

1.21 (O-0O)/(Ir-r) size-matching ratio) is the worst stabi-
lizer. In short, this correlation is prima facie evidence for
a geometric, anion-to-surface-metal, lattice-size-matching
component to the anion stabilization series summarized in
Table 1. All other factors being equal, the preferred triden-
tate oxoanion nanoclusters stabilizers in Table 1 are those
that have the better match between the ligand O-O and
surface Ir—r distances.

5. Testable predictions of the ligand-to-metal lattice
size-matching model/hypothesis

The lattice size-matching model/hypothesis has several
testable predictions. The first prediction is:

(i) That HPO42~ will be a good, previously unappreci-
ated stabilizer for transition-metal nanoclusters with
a metal-metal distance of ca 2.50A that, therefore,
matches reasonably well with the HPO42~ O-O dis-
tance. This prediction has already been tested [3] and
found to be true (the data in Table 1, row 3; see else-
where for the full details of that work [3]). The experi-
mental confirmation of this prediction provides strong
support for the lattice size-matching model/hypothesis.

Several additional testable predictions of the lattice
size-matching model are listed below. While experi-
ments to test severa of the predictions below are un-
derway in our labs, we welcome the efforts of othersto
perform their own experiments testing this new, work-
ing model/hypothesis.

(ii) The next prediction is, of course, that direct structural
methods will find evidence for tridentate coordination
to transition-metal nanocluster surfaces. The place
to start here would seem to be clean single crystal
surfaces to which the anions from the above series
are individually added and investigated with physical
methods such the various microscopies and LEEDS if
possible. Different metals, with the different anions,
are al of interest. We hope others, who have the spe-
cialized equipment and capabilities required, will un-
dertake the needed, interesting experiments. IR studies
of Ir(0),-(HPO42™), nanoclusters, analogous to those
done with SO42~ on single crystal surfaces, should
exhibit a characteristic IR band [17,19] and, hence, are
aso of interest. Such studies will, however, first require
the synthesis and characterization of 1r(0),,-(HPO42"),,
nanoclusters [3] (i.e., where “b” in the above formula
is a minimum so that only surface-bound HPO42~ is
present).

(iii) The third testable prediction is that CO and Bradley’s
CO/IR methodology [10,15] can be used to see whether
or not tridentate anions sit at sites such as those indi-
cated in Fig. 2b. The prediction is that bands for CO
will not be seen for surface sites where tridentate an-
ions are already sitting. Controls will need to be done
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without those anions, and with monodentate anions, to
bolster confidence that the results have been correctly
interpreted.!3

(iv) A fourth, testable prediction concerns which triden-
tate anions will be the best stabilizers for different
transition-metals. Considering the common nanoclus-
ter metals of Groups 9-11 and which crystallize in
a ccp structure as does Ir(0), their metallic diameters
(2 x their radii in A) are: Co (2 x 1.25 = 2.50), Rh
(2x1.34=268),Ir(2x1.36 =2.72),Ni (2x 1.25 =
2.50), Pd (2 x 1.37 = 2.74), Pt (2 x 1.39 = 2.78),
Cu (2 x 1.28 = 2.56), Ag (2 x 1.44 = 2.88), and Au
(2 x 1.44 = 2.88). The P,W15Nb3Og>% polyoxoanion
with its 2.85A O—O distance has been shown to be
the best stabilizing anion for 1r(0) nanoclusters [1] and
also an excellent stabilizer for Rh(0) nanoclusters[32].
The smaller HPO42~ anion (2.52A O—0 distance) is
expected to be a better stabilizer for nanoclusters of the
smaller metals such as Co, Ni, and Cu, al other factors,
such as anion basicity, being equal. The best stabilizer
for nanoclusters of the larger metals such as Ag and Au
are predicted to require tridentate anions with a longer
O-0 distance, for example, the P,W15Nb3Og°~
polyoxoanion with its O-O distance of 2.85A or the
citrate®~ anion with its flexible 2.8-3.1A 0O-O dis-
tance. It isnoteworthy herethat citrateis, of course, one
of the oldest and most often utilized stabilizers of Au
nanoclusters[33], the reasons why were not previously
apparent, however. The P,W15NbzOg2°~ polyoxoan-
ion is predicted to be a top stabilizing agent for Pt(0)
nanoclusters since the Pt—Pt (2.78 A) distance is only
dightly larger than the Ir—Ir distance (2.72A). Other
such predictions for other anions and metals are of
course possible. Significantly, each of these predictions
for the different metals are testable by the general meth-
odsand fivecriteria[1,2] utilized herein. Of note hereis
that the finding of the (/3% +/7) symmetry structurefor
tridentate anions on Rh(111), Pt(111), and Au(111)
aswell aslr(111) [16-23] provides high confidencein
the prediction that nanoclusters of these particular met-
alswill be well stabilized by tridentate anions correctly
picked to include a good size-matching component.

13 such controls are needed since these IR experiments can yield nega-
tive results in the cases where, for example, no band for the terrace sites
in Fig. 2b can be observed. However, in the ideal case with a low con-
centration of anionic stabilizer to start, the bands for all the sites should
be observable so that the bands characteristic of where the stabilizer sits
can be titrated away as more and more anionic stabilizer is added and
the Ir—=CO IR band is monitored. To start, it would seem prudent that
these studies use the clean-surface nanoclusters that are now available [4]
and that one work with the most ordered, higher-temperature-annealed,
structures that one can make. Then, the more challenging problem of
disordered nanocluster structures in solution could be examined. Such
structural studies using the methods that are now available [15] are badly
needed; hence, they are a part of our in-progress studies.

(v) Other testable predictions of the Cz symmetry, lattice
size-matching model that we have not thought of are
undoubtedly possible as well. Again, we hope others
will join our efforts to support, refute or refine this
working model.

One very important corollary of the Cz symmetry, lattice
size-matching model, then, is the ability to chose, up-front
and thus by design a subgroup of 2-3 of the best an-
ionic stabilizers to try initialy in the synthesis of a given
transition-metal nanocluster. This is a significant advance
in the nanocluster area where, until very recently [1,2], the
anion was often neglectedsince the cation was claimed, in-
correctly, to be more important than the anion in nanocluster
stabilization (see the discussion of this point available else-
where [1,2]). In addition, previously there was no idea of
which anions were the best choices—in fact, the choice of
anionic stabilizer was typically not a question that was even
considered. Most of the anions commonly used to date (Cl—,
OAc~, polyacrylate’~; or even citrate~) are not the best
stabilizers compared to the present, top stabilizing anions
such as P,W15Nbz0g2% [1]. The addition of the reductively
relatively stable, 3P NMR handle containing, cheap and
readily available HPO42~ to the arsenal of preferred anions
for stabilizing transition-metal nanoclusters is an important
result in its own right [3].

6. Caveats

Finally, the caveats already mentioned merit re-emphasis,
namely those related to the anion series® on which the
present work is based, plus the caveat that only thermally
annealed nanoclusters are likely to approach the idealized
structures shown in Fig. 2 [14]. Overdl, however, the re-
sults in this paper begin to provide some of the previously
missing foundation from which to launch more rational stud-
ies focused at developing even better anionic stabilizers for
transition-metal nanoclusters. This includes tridentate sta-
bilizers employing elements other than oxygen, as well as
the rational design of stabilizers that might more effectively
promote asymmetric synthesis reactions of transition-metal
nanoclusters.

7. Summary

In summary, the ten most important findings from the
present work are:

(i) The presently premier anionic stabilizersof transition-
metal (0) nanoclusters present a tridentate, facial array
of oxygen atoms for coordination to the metal (0) sur-
face.

(if) The preferred tridentate oxoanion stabilizers of nan-
oclusters are those that have the best match be-
tween the ligand O-O and surface Ir-Ir distances,
all other factors being equal—that is, there is a pre-
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viously unappreciated, geometric, anion-to-surface-
metal, lattice-size-matching component to the best
anionic stabilizers of transition-metal nanoclusters,
an effect precedented in the literature of SO42~
binding to M(111) surfaces (M = Ir, Rh, Pt, Au,
Cu). These are important molecular-level insights
for how the to-date premier tridentate, anionic sta-
bilizers of transition-metal nanoclusters achieve
their higher level of stabilization—a non-trivial ad-
vance since there was previously a complete lack
of molecular-level insights into how transition-metal
nanoclusters are stabilized.

HPO42~ was predicted, then experimentally veri-
fied, to be a heretofore unappreciated, simple, ef-
fective and readily available stabilizer of Ir(0) and
other transition-metal nanoclusters where there is a
lattice-size match between the HPO42~ O-O and
surface M-M distances. This rationally discovered
new nanocluster stabilizer was shown to be as good
a stabilizer as the commonly employed citrate®~.

The C3 symmetry, lattice size-matching model is signifi-
cant in seven additional ways:

(iv)

(v)

(vi)

(vii)

The five tridentate oxoanions in Fig. 4 provide a new
tool for the study of oxoanions bound to metal surfaces.
For example, PaW15Nb3Og% is predicted to be an ad-
ditional, tighter binding ligand than the better studied
S0,42~ for use in interfacial electrochemistry studies;
further investigations of the tighter binding, but also
lesser studied [18], HPO42~ are suggested aswell. Note
here how quickly, using the structurally precise ligands
in Fig. 4, we were able to discover and report in asin-
gle paper the current C3 symmetry, tridentate oxoan-
ion coordination, lattice size-matching model (cf. to the
multitude of papers, using many sophisticated physi-
cal methods, from the interfacial electrochemistry and
associated surface science literature, including the con-
troversiesin that literature cited earlier [17-19,24,25]).
The results herein are for compositionally well-defined
ligands and nanoclusters, and as such do not suffer
from the ambiguities, and resultant controversies, of
the surface bound SO42~ literature, namely the un-
certainties about the protonation state of the exact ad-
sorbing species, H,S04?~2 (p = 0 or 1) plus H,0%+
(g=20r3).

The results support suggestions in the literature by
El-Sayed and coworkers that capping, and thereby
poisoning growth on, M(111) surfaces should achieve
shape-controlled growth of nanoclusters [11].

The results provide further evidence disproving the
persistent myth'* [1,2] that R4N* cations absorb

14 A referee cited (the myth that) R4N* cations adsorb tightly to a metal
surface, referencing a well known electrochemical text which cites this
myth [34]. Examination of the data cited [34] shows that it, too, suffers
from neglect of the anions present—which are undoubtedly adsorbed first

(viii)

(ix)

)

directly to M(0) nanocluster electrophilic surfaces and
are more important in nanocluster stabilization than
are surface-adsorbed anions. It is time to abandon this
myth [34]!

The deduction of the C3 symmetry, lattice size-matching
model from the anion-efficacy series, and its verifica-
tion by virtually identical findings from the interfacial
electrochemistry surface science literature, show that
the methods and five criteria for rating nanocluster
stabilizers first detailed elsewhere [1]—the first such
methods—are reliable and thus a significant advance.

Thefinding that the same, so-called (/3 x \/7) symme-
try structure is found for adsorbed tridentate oxoanions
(e.g., for SO427) on Rh(111), Pt(111), Au(111), and
Cu(111) ensures that the tridentate oxoanion binding
and stabilization preferences discovered herein for Ir
will trandate to at least these other metal nanoclusters
when M(111) facets are present and if a tridentate
oxoanion with a good metal-lattice size match is cho-
sen as a stabilizer.

And finally,'® the results provide molecular-level in-
sight to guide the ill-understood area of phosphating
of metal surfaces [35] to achieve corrosion resistance,
electrical resistance, or to achieve bonding to organic
coatings such as rubber. The present results provide
the first evidence suggesting a tridentate mode of phos-
phate and similar anion binding to metal surfaces dur-
ing phosphating for corrosion resistance. Previoudly,
“P-O~" as the monodentate binding unit [35b] was as
far as molecular understanding in phosphating of metal
surfaces had progressed, despite the importance of the
phosphating process, for example the fact that “almost
al car and van body components made in the world
today are phosphated before painting” [35a]. Another
insight is that HPO42~ should prefer the metals where
thereisagood lattice size-match, especially Co, Ni, and
Cu, but also Fe, Ru, Rh I, Pd, Re, Os, and Pt (see foot-
note 28 elsawhere [3]). In addition, the findings herein
foretell the use of each of the ligands in Fig. 4, plus
their custom-made derivatives, in the areas of metal
surface treatment for enhanced material properties.

Note added in proof

Two interesting papers by Shapley and co-workers de-
scribe the crystallographically characterized, organometal-
lic tri-metal cluster complexes, H20s3(CO)o(ea,m3-O3ER)
(ER = PR; SO; AsR) [36,37]. The p3,m3-O3ER bonding to
the triangular Osz core which is structurally characterized

to the electrode surface (see elsewhere [1] for further discussion of the
other issues here).

15 Actually, there is one more conclusion: if, for a given reaction, a
M(111) facet isin fact kinetically dominant [11b] in a nanocluster, then
capping agents which do not bind to that M(111) surface should yield
even faster, and perhaps aso different selectivity, catalysts.
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by Shapley and co-workers is a molecular analog of the
Csz symmetry, lattice size-matching model detailed in the
present contribution.
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