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’ INTRODUCTION

Small metal nanoparticles supported on metal-oxide supports
constitute a large, important subset of heterogeneous catalysts.1

Despite their importance, the synthesis of these industrially signi-
ficant catalysts is still largely empirical.2 Hence, a current goal
in catalyst preparation is to transfer the synthetic,3 as well as
developing mechanistic,4�10 insights from the modern revo-
lution in nanoparticle science, including control over nano-
particle composition,11 size,12 and shape,13 to the synthesis of

supported-nanoparticle heterogeneous catalysts.14 However, de-
spite the now considerable insights into the synthesis, character-
ization, and mechanisms of formation of nanoparticles in solu-
tion, transferring that synthetic and mechanistic knowledge to
the preparation of supported heterogeneous catalysts remains
largely unaccomplished, if not elusive.
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ABSTRACT: A current goal in heterogeneous catalysis is to
transfer the synthetic, as well as developingmechanistic, insights
from the modern revolution in nanoparticle science to the
synthesis of supported-nanoparticle heterogeneous catalysts. In
a recent study (Mondloch, J. E.; Wang, Q.; Frenkel, A. I.; Finke,
R. G. J. Am. Chem. Soc. 2010, 132, 9701�9714), we initialized
tests of the global hypothesis that quantitative kinetic and
mechanistic studies, of supported-nanoparticle heterogeneous
catalyst formation in contact with solution, can provide synthetic
and mechanistic insights that can eventually drive improved
syntheses of composition-, size-, and possibly shape-controlled
catalysts. That study relied on the development of a well-
characterized Ir(1,5-COD)Cl/γ-Al2O3 precatalyst, which,
when in contact with solution and H2, turns into a nonaggregated Ir(0)∼900/γ-Al2O3 supported-nanoparticle heterogeneous
catalyst. The kinetics of the Ir(1,5-COD)Cl/γ-Al2O3 to Ir(0)∼900/γ-Al2O3 conversion were followed and fit by a two-step
mechanism consisting of nucleation (Af B, rate constant k1) followed by autocatalytic surface growth (Aþ Bf 2B, rate constant
k2). However, a crucial, but previously unanswered question is whether the nucleation and growth steps occur primarily in solution, on the
support, or possibly in both phases for one or more of the catalyst-formation steps. The present work investigates this central question for
the prototype Ir(1,5-COD)Cl/γ-Al2O3 to Ir(0)∼900/γ-Al2O3 system. Solvent variation-, γ-Al2O3-, and acetone-dependent kinetic
data, along with UV�vis spectroscopic and gas�liquid-chromatography (GLC) data, are consistent with and strongly supportive of
a supported-nanoparticle formation mechanism consisting of Ir(1,5-COD)Cl(solvent) dissociation from the γ-Al2O3 support (i.e.,
from Ir(1,5-COD)Cl/γ-Al2O3), solution-based nucleation from that dissociated Ir(1,5-COD)Cl(solvent) species, fast Ir(0)n
nanoparticle capture by γ-Al2O3, and then subsequent solid-oxide-based nanoparticle growth from Ir(0)n/γ-Al2O3 and with Ir(1,5-
COD)Cl(solvent), the first kinetically documented mechanism of this type. Those data disprove a solid-oxide-based nucleation and
growth pathway involving only Ir(1,5-COD)Cl/γ-Al2O3 and also disprove a solution-based nanoparticle growth pathway involving
Ir(1,5-COD)Cl(solvent) and Ir(0)n in solution. The present mechanistic studies allow comparisons of the Ir(1,5-COD)Cl/γ-Al2O3

to Ir(0)∼900/γ-Al2O3 supported-nanoparticle formation system to the kinetically and mechanistically well-studied, Ir(1,5-COD) 3
P2W15Nb3O62

8� to Ir(0)∼300 3 (P2W15Nb3O62
8�)n

�8n solution-based, polyoxoanion-stabilized nanoparticle formation and
stabilization system. That comparison reveals closely analogous, solution Ir(1,5-COD)þ or Ir(1,5-COD)Cl-mediated, mechanisms
of nanoparticle formation. Overall, the hypothesis supported by this work is that these and analogous studies hold promise of
providing a way to transfer the synthetic and mechanistic insights, from the modern revolution in nanoparticle synthesis and
characterization in solution, to the rational, mechanism-directed syntheses of solid oxide-supported nanoparticle heterogeneous
catalysts, also in contact with solution.
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At present, a common approach to preparing supported-
nanoparticle catalysts is to first make the nanoparticles in
solution (often with polymer or other ligands as stabilizers to
prevent aggregation15,16), isolate the nanoparticles, and then
deposit those ligand-stabilized nanoparticles onto a support.15,16

Unfortunately, the polymer or other stabilizers are thereby
unavoidably codeposited. Complete removal of the stabilizing
polymer or other ligands has proven difficult to impossible15,16

(such ligand removal being required for the most facile, coordi-
natively unsaturated catalysts). The resultant, partially ligand- or
polymer-poisoned, supported-nanoparticles are then, and in
turn, also compositionally ill-defined. That poorly defined com-
position as well as their size and shape are often then further
altered by harsh thermal, oxidative, reductive, or other treatments
aimed at removing the poisoning ligands or polymers.16

A more attractive, alternative synthetic approach, one that
dates in part back to at least 198218a and which is now attracting
increasing attention,14,17,18 is to start from supported molecular
precursors and then synthesize the supported-nanoparticles
in situ (i.e., in contact with solution) and with only the desired
catalytic reaction substrates or other ligands present. At least
in principle, this in situ method can provide additional con-
trol over the supported-nanoparticle composition, size, and
shape, because one can readily add desired solvents, ligands,
or other additives at will during the synthesis. Having only the
desired reactants or other weakly bound ligands present can
lead to what we have termed “weakly ligated/labile ligand”
nanoparticles.19,20

Another potential advantage of the in situ, solution-based
method is the ability to follow directly the supported-nanopar-
ticle heterogeneous catalyst formation kinetics.14,17 Kinetic and
mechanistic studies are expected to be significant because key
catalytic properties,21 including selectivity,22 activity,21 lifetime,
and stability,23 depend on the nanoparticle catalyst surface
composition,24 size,25 and structure. These properties are in turn
dependent on the kinetics and mechanism(s) of nanoparticle
formation (i.e., minimally nanoparticle nucleation and growth),22

plus the specific solvent and ligands present.
Only six prior studies have addressed the mechanisms of

supported-nanoparticle heterogeneous catalyst formation in
contact with solution.14,17,26�29 Of those six studies, only
two14,17 have provided kinetic data consistent with their pro-
posed mechanisms, a point confirmed by our recent review30 of
the surprisingly limited number of prior studies examining the
kinetics and mechanisms of practical heterogeneous catalyst
formation under any conditions. Furthermore, no prior study
begins from a fully characterized, speciation-controlled organo-
metallic precatalyst14,31 where the supported-nanoparticle stoi-
chiometry is established14 and where the kinetics of the supported-
nanoparticle formation are also followed.14 Nor has any of the
solvent variation-, γ-Al2O3-, or acetone-dependent kinetic data
given herein been previously reported for any prior system.
The Prototype Ir(1,5-COD)Cl/γ-Al2O3 to Ir(0)∼900/γ-Al2O3

System. Recently, we reported the development of the Ir(1,5-
COD)Cl/γ-Al2O3 to Ir(0)∼900/γ-Al2O3 supported-nanoparti-
cle heterogeneous catalyst formation system in contact with just
acetone solvent plus the catalytic reactants cyclohexene and H2,
Scheme 1.14 Crucial to the kinetic and mechanistic studies
presented herein, the speciation-controlled Ir(1,5-COD)Cl/
γ-Al2O3 precatalyst (Scheme 1, left; a single supported species)
was fully characterized via inductively coupled optical emission
spectroscopy, CO/IR trapping experiments, as well as X-ray

absorbance fine structure spectroscopy (XAFS).14 A balanced
stoichiometry for the conversion of the Ir(1,5-COD)Cl/γ-Al2O3

precatalyst into the supported-nanoparticle product (Scheme 1,
right) was also obtained along with characterization of the
resultant Ir(0)∼900/γ-Al2O3 catalyst by transmission electron
microscopy (TEM) and XAFS. The results reveal nonaggre-
gated, near-monodisperse (i.e., e(15%) 2.9 ( 0.4 nm nano-
particles supported on γ-Al2O3 (i.e., Ir(0)∼900/γ-Al2O3).

14 Such
a well-characterized, speciation-controlled Ir(1,5-COD)Cl/γ-
Al2O3 precatalyst and resultant near-monodisperse Ir(0)∼900/
γ-Al2O3 catalyst are important prior results14 that underpin the
present studies. The eight criteria previously developed as the
working definition of a prototype supported-nanoparticle het-
erogeneous catalyst formation system in contact with solution
are detailed in a footnote for the interested reader.32

Initial kinetic studies, followed by the precedented4�8,14,17

cyclohexene reporter reactionmethod (Scheme 2, left), were also
performed as part of our prior work14 and revealed that the sup-
ported-nanoparticle heterogeneous catalyst formation kinetics
(Figure 1) are well fit to a two-step mechanism of nucleation (Af
B, rate constant k1obs) followedby autocatalytic surface growth (Aþ
Bf 2B, rate constant k2obs), Scheme 2 (right). However, a crucial
but until now unanswered question is whether nucleation and
growth take place (i) homogeneously in solution, (ii) hetero-
geneously on the support, or conceivably (iii) in both phases for
one or more of the catalyst formation steps. It is the answer to
these questions that is the focal point of the present study.

Scheme 1. The Recently Developed14 Ir(1,5-COD)Cl/γ-
Al2O3 (Left) to Ir(0)∼900/γ-Al2O3 (Right, TEM Imaging)
Supported-Nanoparticle Heterogeneous Catalyst Formation
System in Contact with Solution

Scheme 2. The Cyclohexene Reporter Reaction Method
Used To Follow the Supported-Nanoparticle Heterogeneous
Catalyst Formation Kinetics (Left), Along with the Two-Step
Mechanism That Has Been Shown to14 Fit the Overall Ir(1,5-
COD)Cl/γ-Al2O3 to Ir(0)∼900/γ-Al2O3 Supported-Nano-
particle Formation Kinetics (Right)
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Herein, we present kinetic and mechanistic studies probing
precisely in which phase (or phases; solution, solid-state, or
both) the nucleation and growth catalyst formation steps occur
for the Ir(1,5-COD)Cl/γ-Al2O3 to Ir(0)∼900/γ-Al2O3 system
while in contact with acetone or acetone/cyclohexane solution.
Solvent variation-, γ-Al2O3-, and acetone-dependent kinetic data
(as well as UV�vis spectroscopic and GLC data) offer evidence
consistent with and strongly supportive of Ir(1,5-COD)Cl-
(solvent) solution-based nucleation, fast Ir(0)n nanoparticle
capture by γ-Al2O3, and solid-oxide-based supported-nanopar-
ticle growth from that Ir(0)n/γ-Al2O3 with Ir(1,5-COD)Cl-
(solvent). This proposed mechanism is also consistent with
our prior product studies,14 the observation of nonaggregated
2.9 ( 0.4 nm supported Ir(0)n nanoparticles on γ-Al2O3.
Importantly, the data also disprove a Ir(1,5-COD)Cl/γ-Al2O3

solid-oxide-based nucleation and growth mechanism as well as a
solution-based nanoparticle growth pathway. We have also been
able to make the first comparisons between the present Ir(1,5-
COD)Cl/γ-Al2O3 to Ir(0)∼900/γ-Al2O3 nanoparticle formation
system and the previously well-studied, polyoxoanion-sup-
ported/stabilized Ir(1,5-COD) 3P2W15Nb3O62

8� to Ir(0)∼300 3
(P2W15Nb3O62

8�)n
�8n nanoparticle formation and stabilization

system. Intriguingly, that first-of-its kind comparison reveals that
both systems exhibit a Ir(1,5-COD)þ dissociative, solution-
based mechanism of nanoparticle catalyst formation. Overall,
the results presented herein support the global hypothesis under-
lying the present work, namely that quantitative kinetic and
mechanistic studies, of the formation of well-defined supported-
nanoparticle heterogeneous catalysts from supported-organome-
tallic precatalysts such as Ir(1,5-COD)Cl/γ-Al2O3 while in con-
tact with solution, will yield insights into this potentially important,
but to-date relatively little14,17,26�29 investigated, alternative meth-
od of heterogeneous catalyst synthesis.

’RESULTS AND DISCUSSION

Demonstration of Highly Solvent-Dependent Nucleation
and Growth Kinetics Starting from Ir(1,5-COD)Cl/γ-Al2O3.
To start, four solvents were surveyed including our standard
solvent for nanoparticle formation, acetone,14 to see how such

solvent changes would affect the observed supported-nanopar-
ticle heterogeneous catalyst formation kinetics. Solution-based,
“homogeneous” nanoparticle nucleation and growth pathways
are expected to be especially sensitive to solvent coordination/
ligation ability.
The solvents chosen were based primarily on our prior Ir(0)n-

nanoparticle formation and stabilization studies,33,34b as well as
their anticipated ability to coordinate (or not) to the supported
Ir(1,5-COD)Cl moiety to yield dissociated Ir(1,5-COD)Cl-
(solvent). Table 1 summarizes the results of the kinetic experi-
ments in the four solvents (the kinetic curves, plus their fits to the
two-step mechanism, are provided in the Supporting Informa-
tion). The data demonstrate rather clearly that the more co-
ordinating solvent acetone exhibits facile nucleation and growth
kinetics, while more weakly coordinating solvents such as propyl-
ene carbonate, CH2Cl2, and cyclohexane have much slower
nucleation (k1obs) and autocatalytic surface-growth (k2obs) ki-
netics. Quantitatively, k1obs varies by ∼3000-fold and k2obs by
∼70-fold over the range of the four solvents examined. In short,
the solvent is exhibiting a large effect on especially the observed
nucleation kinetics, data suggestive of a kinetically important, if
not dominant, solution-based component in the underlying
mechanism.
For what follows, we have found it best for the typical reader if

we present first the proposed mechanism, the evidence for that
mechanism, and finally the alternative mechanisms that have
been ruled out en route to the proposed mechanism. The
mechanistic work itself of course proceeded in the opposite
order historically, with the alternative mechanisms being dis-
proved over more than a year period before we arrived at the
proposed mechanism that follows.
The Proposed Mechanism: Ir(1,5-COD)Cl(solvent) Solu-

tion-Based Nucleation, Fast Nanoparticle Capture by [γ-
Al2O3]sus, and Subsequent Solid-Oxide-Based Supported-
Nanoparticle Growth via Ir(1,5-COD)Cl(solvent) Plus Ir(0)n/
γ-Al2O3. The proposed mechanism in Scheme 3 (bold) begins
with a dissociative equilibrium (KDiss) between Ir(1,5-COD)Cl/
γ-Al2O3 and Ir(1,5-COD)Cl(solvent) (abbreviated [IrI/Al2O3]sus
and [IrI*solvent] in eqs 1�4, respectively). Nucleation in Scheme 3
is proposed to occur from the dissociated “homogeneous” Ir(1,
5-COD)Cl(solvent) complex in solution (k10), followed by
fast nanoparticle capture by [γ-Al2O3]sus (consistent with the
observation of the unaggregated, 2.9( 0.4 nm supported Ir(0)n

Table 1. Kinetic Data for the Formation of Ir(0)n/γ-Al2O3

from Ir(1,5-COD)Cl/γ-Al2O3 in the Four Solvents Surveyed

solvent k1obs (h
�1)a k2obs (h

�1 M�1)a,b

acetone 1.5(1.1)� 10�3 1.6(2)� 104

propylene carbonate 2.2(8)� 10�4 2.1(2)� 103

CH2Cl2 5(4) � 10�7 2.4(2)� 103

cyclohexane 8(6)� 10�5 2.2(5)� 102

a Each entry is the average (and standard deviation) of at least three
separate supported-nanoparticle heterogeneous catalyst formation reac-
tions under otherwise identical conditions. Specifically, 0.05 g of the 2.0
wt % Ir(1,5-COD)Cl/γ-Al2O3 precatalyst was suspended in 2.5 mL of
solvent, 0.5 mL of cyclohexene, and reduced under 40 psig of H2 while
being stirred at 600 rpm. bThe k2obs values were corrected by the
mathematically required stoichiometry factor of ∼1700 as detailed
elsewhere.30 That stoichiometry factor simply reflects the 1700:1
(Ir(1,5-COD)Cl/γ-Al2O3:cyclohexene) ratio employed in the reporter
reaction, Scheme 2.14

Figure 1. Sigmoidal kinetics previously observed14 for Ir(1,5-COD)Cl/
γ-Al2O3 to Ir(0)∼900/γ-Al2O3 supported-nanoparticle heterogeneous
catalyst formation (]) using the cyclohexene reporter reaction method
(Scheme 2), plus the subsequent curve-fit to the two-step, Af B (rate
constant, k1), A þ B f 2B (rate constant, k2) mechanism for
nanoparticle formation (red line).14 The experimental error bars for
the k1 and k2 values are reported in Table 1, vide infra.
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nanoparticles). Subsequently, “heterogeneous”, solid-oxide-based
Ir(0)n/γ-Al2O3 nanoparticle growth is then proposed to occur
between Ir(0)n/γ-Al2O3 and the dissociated Ir(1,5-COD)Cl-
(solvent) complex.
In the associated kinetic expressions provided next (the full

derivations for which are provided in the Supporting Informa-
tion), the Ir(1,5-COD)Cl/γ-Al2O3 precatalyst andγ-Al2O3 (abbre-
viated [Al2O3]sus) have necessarily been approximated as being
“homogeneously suspended in solution”, as indicated by the “sus”
subscripts (for suspended) in Scheme 3. That is, the hypothetical
“concentrations” of active “Ir(1,5-COD)Cl” binding sites of the
suspended [γ-Al2O3]sus are treated as if they increase linearly when
in contact with solution (or, really, with the amount of solvent-
exposed [γ-Al2O3] surface area). As we will see, this necessary
assumption is justified ex post facto by the results obtained.
In terms of evidence supporting the proposed mechanism, to

start the Ir(1,5-COD)Cl/γ-Al2O3 to Ir(0)n/γ-Al2O3 supported-
nanoparticle heterogeneous catalyst formation kinetics are quan-
titatively accounted for (fit) by the two-stepmechanism shown in
Scheme 2 (e.g., from Figure 1), that is, by Af B and Aþ Bf 2B
(kobs, Scheme 2).

14 Therefore, we can begin the needed kinetic
derivations associated with Scheme 3 by writing the rate equation
for the two-step mechanism, but now with solution-based nuclea-
tion from Ir(1,5-COD)Cl(solvent), fast Ir(0)n nanoparticle cap-
ture by [γ-Al2O3]sus, and then solid-oxide-based nanoparticle
growth (i.e., k10 and k200), eq 1, and all as shown in Scheme 3.

�d½IrI=Al2O3�sus
dt

¼ k1
0½IrI�solvent�t

þ k2
00½IrI�solvent�t ½Irð0Þn=Al2O3�sus, t ð1Þ

In eq 1 and the equations that follow, the subscript “i” represents
initial concentrations, while the subscript “t” denotes each species
as a function of time. Next, we express eq 1 in terms of the [IrI/
Al2O3]sus,i that we experimentally begin with (i.e., what we
measure out). Solving eq 2 for [IrI*solvent]t, followed by subse-
quent substitution into the mass balance equation, eq 3, are
straightforward, but key, steps in the complete derivation provided
in the Supporting Information.

KDiss ¼
½IrI�solvent�t½Al2O3�sus, t
½IrI=Al2O3�sus, t½solvent�t

ð2Þ

½IrI=Al2O3�sus, i ¼ ½IrI=Al2O3�sus, t þ ½IrI�solvent�t ð3Þ
Substitution of the resultant [IrI/Al2O3]sus,t equation back into eq
1 yields the relevant rate equation for Scheme 3, eq 4, where the
resultant k1obs and k2obs rate constants are given by eqs 5 and 6,
respectively.

� d½A=Al2O3�sus
dt

¼ k1obs½IrI=Al2O3�sus, i
þ k2obs½IrI=Al2O3�sus, i½Irð0Þn=Al2O3�sus, t ð4Þ

k1obs ¼ k1
0KDiss½solvent�t

½Al2O3�sus, t þ KDiss½solvent�t
ð5Þ

k2obs ¼ k2
00KDiss½solvent�t

½Al2O3�sus, t þ KDiss½solvent�t
ð6Þ

The mechanism in Scheme 3 (bold), along with eqs 5 and 6,
predicts that both [γ-Al2O3]sus and [solvent] will directly influ-
ence k1obs and k2obs, as makes sense conceptually based on the
KDiss equilibrium and its [γ-Al2O3]sus and [solvent] terms shown
in Scheme 3.
Effects of [γ-Al2O3]sus on k2obs and k1obs Starting from

Ir(1,5-COD)Cl/γ-Al2O3: Evidence Consistent with and Strongly
Supportive of the ProposedMechanism in Scheme 3.To test
the predictions of the mechanism in Scheme 3, we started by
varying the amount of well-stirred, suspended γ-Al2O3 in
acetone, [γ-Al2O3]sus, from 0.25 to 0.98 M.35 In each case, the
observed kinetics were sigmoidal and well-fit to the two-step
mechanism, data further consistent with and supportive of the
two-step nucleation and growth mechanism employed in the
underlying derivation of eqs 5 and 6.
We looked first at the k2obs (nanoparticle growth) versus

[γ-Al2O3]sus dependence data as our prior experience as well as a
a multitude of literature36 show that the inherent error in
nucleation rate constants (i.e., k1obs) are large (up to 10(1.2 in
even the best behaved systems, for example36). Restated, our
expectation was that the typical nucleation rate constant error
bars would likely prohibit quantification of the k1obs versus
[γ-Al2O3]sus data, so we focused, instead, on the k2obs versus
[γ-Al2O3]sus data to start.
The extracted k2obs values are plotted versus the [γ-Al2O3]sus,

Figure 2, black circles.37Qualitatively, k2obs decreaseswith increasing
[γ-Al2O3]sus as predicted by the mechanism in Scheme 3 and its
associated equations, eq 6. This expected trend is due to the
increased [γ-Al2O3]sus shifting theKDiss equilibrium in Scheme 3
to the left, resulting in less Ir(1,5-COD)Cl(solvent) in solution,
with a subsequent concomitant decrease in k2obs. Significantly,
we were also able to confirm, via UV�vis spectroscopy, that there

Scheme 3. The Proposed Supported-Nanoparticle Hetero-
geneous Catalyst Formation Mechanism (Bold) Involving
Ir(1,5-COD)Cl(Solvent) Solution-Based Nucleation, Fast
Ir(0)nNanoparticle Capture by [γ-Al2O3]sus, and Subsequent
Solid-Oxide-Based Nanoparticle Growth between Ir(0)n/γ-
Al2O3 and Ir(1,5-COD)Cl(Solvent)a

aAlso shown are two alternative supported-nanoparticle heterogeneous
catalyst formation mechanisms that were disproved (vide infra, the
pathways crossed out).
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is in fact less Ir(1,5-COD)Cl(solvent) in solution with increasing
[γ-Al2O3]sus, data that are nicely accounted for by the KDiss

equilibrium in Scheme 3 (see the Supporting Information, Figure
S2). In short, the combined kinetic and spectroscopic results are
consistent with Ir(1,5-COD)Cl(solvent) being a kinetically
dominant intermediate en route to Ir(0)n/γ-Al2O3.
Quantitatively, using weighted nonlinear least-squares analysis

(as detailed in the Experimental Section), eq 6 was found to
provide a good fit to the [γ-Al2O3]sus-dependent k2obs data,
Figure 2 (red line), yielding values of k200 = 4(1)� 104 h�1 M�1

and KDiss = 1.3(6)� 10�2. In addition, independent verification
of the KDiss equilibrium was obtained in a control experiment
using gas�liquid chromatography (GLC). This was done by
filtering off the solution from the (equilibrated) Ir(1,5-COD)Cl/
γ-Al2O3 plus acetone solution, then hydrogenating the Ir(1,5-
COD)Cl(solvent) complex and quantifying the amount of
cyclooctane released in solution (i.e., as a marker for the amount
of Ir(1,5-COD)Cl(solvent) present in solution). Pleasingly, the
independently determined KDiss equilibrium value (via GLC)
was found to be KDiss = 1.1 � 10�2, the same within experi-
mental error as the k2obs versus [γ-Al2O3]sus fit-determined KDiss

value, KDiss = 1.3(6) � 10�2. The quantitative agreement
between the kinetic- vs GLC-obtained KDiss values provides very
strong if not compelling support for (i) the mechanism in
Scheme 3, (ii) the assumptions necessary in the derivation of
the associated kinetic equations (e.g., that the γ-Al2O3 behaves as
if it were “homogeneously suspended” with a “concentration”,
[γ-Al2O3]sus, of Ir(1,5-COD)Cl binding sites), and (iii) also the
kinetic and GLC experiments, analyses, and resultant data. The
results yield the first experimental determination of such aKDiss

30

equilibrium for supported-nanoparticle heterogeneous catalyst
formation in contact with solution.
Returning to the observed nucleation rate constant data, we

were encouraged to see if the extracted k1obs values might not at
least show the expected trend versus the [γ-Al2O3]sus, and
despite the always observed large errors in such nucleation rate
constants.36 The resultant k1obs versus the [γ-Al2O3]sus plot is
shown in Figure 3, O.37 Again pleasingly and fully consistent
with eq 5 derived from Scheme 3, k1obs does indeed show an
[γ-Al2O3]sus dependency in the “correct direction”. That is,
qualitatively, k1obs decreases with increasing [γ-Al2O3]sus as
expected if nucleation is occurring from the dissociated, Ir(1,
5-COD)Cl(solvent) complex in solution, Scheme 3, and itsKDiss

equilibrium. There is the expected large scatter36 in k1obs for the
28 experimental data points plotted in Figure 3; not unexpect-
edly, weighted nonlinear least-squares curve-fitting using eq 5 did
not converge on k10 and KDiss values. However, constraining
the KDiss to its known value of 0.013, eq 5 was able to at least
qualitatively account for the rough shape of the k1obs versus
[γ-Al2O3]sus data, Figure 3 (red line), resulting in a value of k10 =
2.6(4)� 10�2 h�1. While the k1obs versus [γ-Al2O3]sus data are
noisy as expected,36 the results are still consistent with the
proposed mechanism in Scheme 3.
Overall, the k2obs and k1obs versus [γ-Al2O3]sus kinetic data,

the independent verification of the KDiss equilibrium via GLC,
and the decrease in Ir(1,5-COD)Cl(solvent) with increasing
[γ-Al2O3]sus (monitored via UV�vis spectroscopy) are all highly
consistent with and strongly supportive of the mechanism in
Scheme 3: Ir(1,5-COD)Cl(solvent) dissociation followed by
solution-based nucleation, fast Ir(0)n nanoparticle capture by
[γ-Al2O3]sus, and then subsequent nanoparticle growth from
the solid-oxide-supported Ir(0)n/γ-Al2O3 plus the dissociated
Ir(1,5-COD)Cl(solvent) complex.
Effects of [Acetone] on k2obs and k1obs Starting from Ir(1,

5-COD)Cl/γ-Al2O3: Further Evidence Consistent with the
Proposed Mechanism in Scheme 3. Equations 5 and 6 derived
from the mechanism in Scheme 3 predict that both k2obs and
k1obs should also depend on the “solvent” concentration. Experi-
mentally, under our “standard conditions” acetone is the (neat)
solvent making it impossible to change the concentration of
acetone to probe its exact role in the observed nucleation and
growth kinetics (i.e., and so long as one is in neat acetone). This
led us to explore a cyclohexane-plus-acetone mixed solvent
system, one that turned out to have nearly ideal experimental
properties.38,39 Specifically, we varied the acetone concentration
from 0.5 to 2.7M, while keeping the total volume of cyclohexane-
plus-acetone constant at 2.5 mL. In each case, the supported-
nanoparticle heterogeneous catalyst formation kinetics are sig-
moidal and were again well-fit by the two-step mechanism. The
extracted k2obs and then also k1obs versus [acetone] values are
plotted in Figures 4 and 5, O.
Qualitatively, both k2obs and k1obs show the predicted [acetone]

dependence of eqs 6 and 5, respectively, over the range studied.40

Conceptually, increasing the acetone concentration shifts the
KDiss equilibrium to the right, resulting inmore, what turns out to
be detectable [Ir(1,5-COD)Cl]2, in solution (rather than Ir(1,
5-COD)Cl(solvent)) under the mixed solvent conditions (see
Figure S3) along with a concomitant increase in k2obs and k1obs.

Figure 2. Dependence of the k2obs rate constant on [γ-Al2O3]sus, O.
The red line is the weighted nonlinear least-squares fit to eq 6 derived for
the proposedmechanism (the bold pathway) in Scheme 3. The resultant
KDiss and k20 values are 1.3(6) � 10�2 and 4(1) � 104 h�1 M�1,
respectively.

Figure 3. Dependence of the k1obs rate constant on [γ-Al2O3]sus, O.
The red line is the weighted nonlinear least-squares fit to eq 5 obtained
by constraining the KDiss equilibrium to 0.013, yielding a value for k10 =
2.6(4) � 10�2 h�1.
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Significantly, we were able to confirm by UV�vis spectroscopy
that the concentration of [Ir(1,5-COD)Cl]2 in solution increases
with increasing [acetone]. We were also able to obtain an
independent verification of the KDiss equilibrium in cyclohex-
ane/acetone (vide infra), direct spectroscopic evidence consis-
tent with [Ir(1,5-COD)Cl]2 being a kinetically dominant inter-
mediate en route to Ir(0)n/γ-Al2O3 (as detailed further in the
Supporting Information).
Quantitatively, we again first considered the k2obs versus

[γ-Al2O3]sus data (Figure 4,O) due to the again anticipated large
error in the k1obs nucleation rate constants.36 Because the [Ir(1,
5-COD)Cl]2 dimer forms in solution, slightly modified forms of
eqs 5 and 6 needed to be, and were, derived (see eqs S36�S41 in
the Supporting Information for the details of the kinetic treat-
ment and resultant equations under the mixed, cyclohexane plus
acetone solvent conditions). The relevant rate and equilibrium
constants are now designated k100, k2000, and KDiss

0, due to their
slight differences from the rate constants in Scheme 3, because of
the presence of [Ir(1,5-COD)Cl]2. Weighted nonlinear least-
squares fitting of the k2obs versus [acetone] data, using eq S41
(which has the same general form as eq 6), yielded values of k2000 =
6(5) � 104 h�1 M�1 and KDiss

0 = 3(2) � 10�2 (Figure 4, red
line). We were again able to independently verify the KDiss

0
equilibrium, this time by measuring the [Ir(1,5-COD)Cl]2 in
solution via UV�vis spectroscopy (Figure S3 of the Supporting

Information). The spectroscopically determined value of KDiss
0

was found to be 2.8(6) � 10�2, identical within experimental
error to the fit-determined KDiss

0 value of 3(2) � 10�2. The
independent confirmation of the KDiss

0 equilibrium is once again
consistent with and fully supportive of the mechanism shown in
Scheme 3. It also provides very strong support for the both the
kinetic and UV�vis experiments and resultant data as well as the
equations and methods used in their quantitative analysis.
Returning back to the k1obs versus [acetone] data (Figure 5, O),

weighted nonlinear least-squares using eq S40 (which has the
same general form as eq 5) again did not converge to unique k100
and KDiss

0 values due to the expected and observed fluctuation in
the k1obs nucleation rate constants.36 However, by constraining
KDiss

0 to its known value of 0.03, eq 6 could be used to account for
at least the general shape of the k1obs versus [acetone] data,
Figure 5 (red line). An estimate of k100 = 6(1) � 10�3 h�1

resulted.
In summary of the [acetone] dependence kinetic and spectro-

scopic data, the k2obs and k1obs versus [acetone] data, as well as
the increase in [Ir(1,5-COD)Cl]2 in solution (monitored via
UV�vis spectroscopy) with increasing acetone plus the inde-
pendent confirmation of KDiss

0, are all consistent with and
supportive of the mechanism proposed in Scheme 3 (in bold).
Disproof of the “Heterogeneous” (i.e., All Solid-Oxide-

Based) Nucleation (k1) and Growth (k2) and the “Homoge-
neous” (i.e., All Solution-Based) Growth Pathway (k2

0).While
all of the kinetic, nanoparticle product14 and spectroscopic or GLC
data are consistent with and strongly supportive of the mechan-
ism shown back in Scheme 3, as noted earlier we actually arrived
at the mechanism in Scheme 3 by first (i) disproving the all solid-
oxide-based (k1 and k2) nucleation and growth, and then (ii)
disproving the all solution-based (k20) growth pathways as
detailed next.
The essence of those disproofs proceeded as follows. First, we

considered the all solid-oxide-based, “heterogeneous” nucleation
and growth pathway with the indicated rate constants, k1 and k2.
The relevant rate equation (the full derivation of which is given in
the Supporting Information) is identical to eq 4 except k1obs and
k2obs are now given by eqs 7 and 8, respectively.

k1obs ¼
k1½Al2O3�sus, t

½Al2O3�sus, t þ KDiss½solvent�t
ð7Þ

k2obs ¼
k2½Al2O3�sus, t

½Al2O3�sus, t þ KDiss½solvent�t
ð8Þ

Inspection of eqs 7 and 8 reveals that k1obs and k2obs should
increase with increasing [γ-Al2O3]sus if the all solid-oxide based,
“heterogeneous”mechanism were correct. Of course and in fact,
k2obs and k1obs decrease with increasing [γ-Al2O3]sus (Figures 2
and 3, respectively), effectively disproving the “heterogeneous”
pathway. In addition, eqs 7 and 8 for the “heterogeneous”
pathway predict that k1obs and k2obs will decrease with increasing
[acetone], while Figures 4 and 5 reveal the opposite dependence:
k1obs and k2obs increase with increasing [acetone]. In short, the
[γ-Al2O3]sus- and [acetone]-dependent kinetic data disprove
the all solid-oxide-based, “heterogeneous” nucleation and growth
mechanism.
Second, en route to the proposed mechanism in Scheme 3, we

considered the case of an all solution-based, “homogeneous” nuc-
leation and growth mechanism (k10 and k20). The kinetic and

Figure 4. Dependence of the k2obs rate constant on [acetone], O. The
red line is a weighted nonlinear least-squares fit to the slightly modified
forms of eq 6 (a form of eq 6 that accounts for the formation of 1/2-
[Ir(1,5-COD)Cl]2 under the mixed-solvent conditions). The resultant
KDiss

0 and k20 00 values are 3(2) � 10�2 and 6(5) � 104 h�1 M�1,
respectively.

Figure 5. Dependence of the k1obs rate constant on [acetone], O. The
red line is a weighted nonlinear least-squares fit to the slightly modified
form of eq 5 (a form of eq 5 that accounts for the formation of 1/2-
[Ir(1,5-COD)Cl]2 under the mixed-solvent conditions). The value of
KDiss

0 was held constant at 0.03, and k10 0 was found to be 6(1)� 10�3 h�1.
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spectroscopic data (Supporting Information) presented so far
are consistent with the solution-based nucleation pathway k10.
However, the overall reaction stoichiometry (Ir(1,5-COD)Cl/γ-
Al2O3 to Ir(0)n/γ-Al2O3) is inconsistent with a solely, Ir(0)n,soln
solution-based nanoparticle growth mechanism; the “weakly
ligated/labile ligand” Ir(0)n nanoparticles are known to aggre-
gate14,20 and, therefore, typically give a broader size distribution
then the (14% that we experimentally observe.14 It is thus
necessary to introduce a fast, KAssoc equilibrium, [γ-Al2O3]sus
capture step to account for the observed, γ-Al2O3-supported
Ir(0)∼900 product. Such an assumption requires either (i) a size-
dependent Ir(0)n KAssoc equilibrium with [γ-Al2O3]sus or
(ii) k20KAssoc to be fast relative to k200KAssoc

0. The relevant rate
equation is identical to that of eq 4 (the full derivation of which is
given in the Supporting Information), k1obs is equivalent to eq 5,
and k2obs is now given by eq 9 for the putative “all homogeneous”
mechanism.

k2obs ¼ k2
0KDiss½solvent�t

KAssoc½Al2O3�2sus, t þ KDissKAssoc½Al2O3�sus, t ½solvent�t
ð9Þ

Inspection of eq 9 reveals that k2obs is proportional to an inverse-
squared term in [γ-Al2O3]sus, that is, to 1/[γ-Al2O3]sus

2 . At-
tempts to fit the k2obs versus [γ-Al2O3]sus data using eq 9 and by
constrainingKDiss to its experimentally established value of 0.013
(and thus fitting for only two parameters) did not converge,
arguing against and effectively disproving the solution-based
nanoparticle growth pathway. In addition, simulations show that
a 1/[γ-Al2O3]sus

2 dependence provides too-steep of a curve to fit
the data, data that we know are tightly fit by eq 6 corresponding
to the proposed mechanism, Figure 2.
In short, the [γ-Al2O3]sus- and [acetone]-dependent k1obs and

k2obs data (i) disprove the “heterogeneous” (i.e., all solid-oxide-
based) nucleation and growth pathway (k1 and k2), while the
k2obs versus [γ-Al2O3]sus data (ii) disprove the “homogeneous” (i.e.,
all solution-based) Ir(0)n nanoparticle growth pathway (k20).
Caveats: The Apparent Nature of the Rate and Equilibri-

um Constants, a Possible Role of IrnHm Species, and Com-
ment Regarding Diffusional Processes. An important part of
the present work is that it provides the first (semi)-quantitative,
but apparent, values for the parameters k10, k100, k200, k2000 (KDiss

and KDiss
0 were verified independently). That is, we wish to

emphasize that all of these parameters should be regarded as
apparent rate constants in a rigorous sense. Uncertainty arises in
the precise, completely elementary/correct values for the rate
constants determined herein as a result of primarily three
sources: (i) the pseudo-order [H2] treatment4 introduced from
the cyclohexene reporter reaction kinetic monitoring method
(see the Supporting Information for more details regarding the
pseudo-order [H2] treatment); (ii) the treatment of γ-Al2O3 as a
uniform, homogeneously suspended species with an effective
“concentration”; and (iii) the inherent experimental36 error in
the nucleation and growth kinetic data. Hence, anyone using
these first-of-their-kind rate “constants” needs to be aware of, and
take into account, these uncertainties and the apparent nature of
these parameters.
One additional caveat meriting mention is that where we write

“Ir(0)n/γ-Al2O3” (consistent with this being the demonstrated
product14), it is possible that IrnHm/γ-Al2O3 (i.e., hydride
species) are what are actually the kinetically dominant form of
Ir during the nucleation and early growth stages.30,41 Noteworthy

is that this same caveat, regarding the possible, but at present
unsubstantiated, role of polymetallic hydrides in nanoparticle
nucleation reactions, also exists in the extant mechanistic studies
of nanoparticle formation in solution (see p 359 elsewhere9).
Smaller, polymetallic metal hydrides as one possible key inter-
mediate in nanoparticle nucleation and growth is a topic meriting
careful experimental study, in our opinion, a topic we are cur-
rently addressing.
The careful reader will also have noted that we have not

addressed any issues associated with the more complex nature of
the γ-Al2O3 support, including its ca. ∼100 μm pellet and ca.
5.8 nm pore size (manufacturers specifications), in relation to
diffusion. We can, however, rule out diffusion-limited processes
because the kinetic data can be fit to the chemical-reaction-rate
limited, two-step mechanism. Our kinetic data require that any
diffusional processes be fast relative to the Af B and A þ Bf
2B chemical-reaction rate-determining steps that wemeasure. An
additional point relevant to diffusion, pointed out by an insightful
referee (that we thank), is that 2.9 nm Ir(0)∼900 nanoparticles
likely will not readily diffuse through the 5.8 nm γ-Al2O3 pores,
yet the final Ir(0)∼900 nanoparticles are well dispersed through-
out the γ-Al2O3 (see the TEM images in Scheme 1). We agree
and note that these observations support the proposed mechan-
ism in Scheme 3 in which smaller, Ir(0)n nanoparticles are
captured by the γ-Al2O3.

42,43 Those particles then grow via the
chemical-reaction limited autocatalytic surface growth step (i.e.,
AþBf 2B) from Ir(1,5-COD)Cl(solvent) in solution. In other
words, all of our experimental evidence indicates that the overall
supported-nanoparticle heterogeneous catalyst formation reac-
tion (in contact with solution) is chemical-reaction-rate limited
and not diffusion limited.
Desirable, future studies include, then: (i) a precise determi-

nation of the concentration of “Ir(1,5-COD)Cl” binding sites on
the γ-Al2O3; (ii) direct observation and kinetic measurements
of the Ir(1,5-COD)Cl/γ-Al2O3 to Ir(0)n/γ-Al2O3 supported-
nanoparticle heterogeneous catalyst formation under in situ, or
better under operating (i.e., “operando”), conditions; (iii) direct
evidence for or against possible “IrnHm” intermediates; and
(iv) independent direct measurement and verification or refine-
ment of the key, apparent parameters k10, k100, k200, and k2000.
Despite these needed additional studies, the present study is
still the first of its kind, and as such provides both the specific
parameters to be verified or updated as well as the general mecha-
nistic scheme, Scheme 3, around which one can now design
additional measurements.
A Comparison of Solid-Oxide-Supported Ir(1,5-COD)Cl/γ-

Al2O3 to Ir(0)∼900/γ-Al2O3 Nanoparticle Formation to Poly-
oxoanion-Supported and Stabilized Ir(1,5-COD) 3 P2W15-
Nb3O62

8� to Ir(0)∼300 3 (P2W15Nb3O62
8�)n

�8n Nanoparticle
Formation in Solution. The Ir(1,5-COD)Cl/γ-Al2O3 to Ir-
(0)∼900/γ-Al2O3 nanoparticle formation system allows an inter-
esting, first-of-its-kind, comparison to the kinetically and mecha-
nistically well-studied [Ir(1,5-COD) 3 P2W15Nb3O62]

8� to Ir-
(0)∼300 3 (P2W15Nb3O62

8�)n
�8n nanoparticle formation system

in solution,4,45,34 Scheme 4, top.
Comparison of the Ir(1,5-COD)Cl/γ-Al2O3 to Ir(0)∼900/γ-

Al2O3 system herein, Scheme 1, to the polyoxoanion supported
and stabilized system in Scheme 4, reveals two striking simila-
rities between the supported- and solution-based systems, spe-
cifically the involvement in both systems of (i) a dissociated,
solution-based Ir(1,5-COD)þ moiety, and (ii) a solution-based
nucleation mechanism under H2 to Ir(0)n. In the case of the
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polyoxoanion-supported system, evidence for a dissociative
equilibrium to Ir(1,5-COD)(solvent)2

þ was first obtained in
1994 starting from the [Ir(1,5-COD) 3 P2W15Nb3O62]

8� preca-
talyst and en route to soluble, polyoxoanion stabilized (“suppor-
ted”) Ir(0)∼300 3 (P2W15Nb3O62

8�)n
�8n, Scheme 4, bottom.34b

Key evidence at the time for a [Ir(1,5-COD) 3 P2W15Nb3O62]
8�

to Ir(1,5-COD)(solvent)2
þ dissociative equilibrium included:

(i) a solvent dependency,33,34b similar to that in Table 1 (i.e.,
facile kinetics were observed in the coordinating solvent acetone,
but were much slower in the less coordinating solvent CH2Cl2),
(ii) demonstration that small amounts of added P2W15Nb3O62

9�

dramatically inhibit the nanoparticle formation kinetics,4,44 and
(iii) the demonstration that trace amounts of Ir(1,5-COD)-
(solvent)2

þ significantly accelerated the nanoparticle formation
kinetics (especially reducing the nucleation time),4,44 direct
kinetic evidence for the involvement of Ir(1,5-COD)(solvent)2

þ

in the nucleation and growth processes. Overall, the solvent,
P2W15Nb3O62

9�, and Ir(1,5-COD)(solvent)2
þ dependent ki-

netic data are strongly supportive of the KDiss equilibrium shown
in Scheme 4, a key step in the mechanism that parallels the
kinetically dominant, Ir(1,5-COD)Cl(solvent), and KDiss path-
way back in Scheme 3.
In summary, this first comparison between solid- versus

polyoxoanion-soluble oxide-supported nanoparticle formation
systems (i) reveals striking similarities in their mechanisms,
specifically that both involve (a) dissociated, solution-based
Ir(1,5-COD)þ (or Ir(1,5-COD)Cl) moieties, and (b) solution
nucleation under H2 to Ir(0)n; (ii) reveal the value of having the

soluble Ir(0)∼300 3 (P2W15Nb3O62
8�)n

�8n nanoparticle forma-
tion system and its kinetics already in hand for such qualitative
comparisons, and (iii) satisfies criterion number seven of our
previous definition14,32 of the key attributes of a prototype, solid-
oxide supported nanoparticle formation system in contact with
solution, namely that such a comparison be possible and made.
The comparison of the soluble, polyoxoanion-based oxide and
solid-oxide systems also (iv) provides the best test to date of the
long-standing hypothesis that custom-made polyoxoanions can
serve as “soluble metal-oxide analogues”,4,34,45 and (v) provides
the strongest evidence to date in support of the “soluble metal-
oxide analogues” hypothesis.

’CONCLUSIONS

Herein, we have continued to pursue the global hypothesis
that quantitative kinetic and mechanistic studies of supported-
nanoparticle heterogeneous catalyst formation, in contact with
solution, will allow exploration of an important, but to-date little
investigated, subarea of heterogeneous catalyst synthesis�
specifically, the transformation of solid-supported organometallics
into supported-nanoparticle catalysts while in contact with solu-
tion. The solvent variation-, γ-Al2O3-, and acetone-dependent
kinetic data (as well as GLC and UV�vis spectroscopic data) are
all consistent with and strongly supportive of nucleation occur-
ring from the dissociated Ir(1,5-COD)Cl(solvent) complex in
solution, fast Ir(0)n nanoparticle capture by γ-Al2O3, and sub-
sequent solid-oxide-supported nanoparticle growth between Ir-
(0)n/γ-Al2O3 and Ir(1,5-COD)Cl(solvent). The kinetic data
disprove the Ir(1,5-COD)Cl/γ-Al2O3 “heterogeneous” (i.e., all
solid-oxide-based) nucleation and growthmechanism (i.e., the k1
and k2 pathways back in Scheme 3) as well any “homogeneous”
(i.e., all solution-based) nanoparticle growth pathway involving
Ir(1,5-COD)Cl(solvent) (i.e., such as k20, Scheme 3).

We expect the finding of solution-based nucleation to prove
more general for (i) other coordinatively saturated (e.g., d8

square planar) supported-organometallic species, that is, sup-
ported complexes that do not have facile reduction mechanisms
to M(0)n under H2 (i.e., and while still on the support), and for
(ii) other high-valent supported organometallics and metal salts
(e.g., Ir(III), Rh(III), Au(III), and so on) that may not also have
facile H2 activation45 mechanisms to M(0)n when supported.
The kinetic studies herein have also allowed the first experi-
mental estimations of the associated k10, k100, k200, k2000 apparent
rate constants and the KDiss and KDiss

0 equilibrium constants
defined in Scheme 3. Comparative studies of the Ir(1,5-
COD)Cl/γ-Al2O3 to Ir(0)∼900/γ-Al2O3 nanoparticle formation
system in contact with solution to the kinetically and mechan-
istically well-studied Ir(1,5-COD) 3P2W15Nb3O62

8� to Ir(0)∼300 3
(P2W15Nb3O62

8�)n
�8n solution nanoparticle formation system,

revealed closely similar Ir(1,5-COD)þ (and Ir(1,5-COD)Cl) dis-
sociation, solution-based nucleationmechanisms.4,34b That compar-
ison also provided the first compelling evidence that suitable,
custom-made polyoxoanions can function as soluble models/ana-
logues of solid-oxide-supported heterogeneous catalysts ( “soluble
heterogeneous catalyst analogues”).46

Looking forward, it seems reasonable to expect that sup-
ported-nanoparticle heterogeneous catalyst formation in con-
tact with solution may yield a more direct avenue for trans-
ferring both the synthetic and the mechanistic insights, which
have resulted from the modern revolution in nanoparticle
science in solution, to supported-nanoparticle heterogeneous

Scheme 4. The Kinetically and Mechanistically Well-Studied
Ir(1,5-COD) 3P2W15Nb3O62]

8� to Ir(0)∼300 3
(P2W15Nb3O62

8�)n
�8n, Soluble, Nanoparticle Formation

System (Top) and Its Ir(1,5-COD)þ-Based, Dissociative
Equilibrium En Route to Ir(0)∼300 3 (P2W15Nb3O62

8�)n
�8n

Nanoparticle Formation



7752 dx.doi.org/10.1021/ja110550h |J. Am. Chem. Soc. 2011, 133, 7744–7756

Journal of the American Chemical Society ARTICLE

catalysts and their subsequent catalysis. Our own additional
studies in this direction are continuing and will be reported in
due course.

’EXPERIMENTAL SECTION

Materials. All solvents and compounds used were stored in the
drybox prior to use. Used as received were the following (all of which
came sealed under N2): acetone (Burdick & Jackson, water content
<0.5%), anhydrous cyclohexane (Aldrich, 99.5%), anhydrous CH2Cl2
(Aldrich, g99.8%), anhydrous propylene carbonate (Aldrich, 99.7%),
and [Ir(1,5-COD)Cl]2 (STREM, 99%). Cyclohexene (Aldrich, 99%)
was freshly distilled over Na metal and under argon or purified via a
MicroSolv solvent purification system (Innovative Technology) using
an activated γ-Al2O3 column under N2. Ethyl acetate (Aldrich,g99.8%,
<0.05% H2O) was degassed prior to use in the drybox. Acidic activated
γ-Al2O3 (Aldrich), with a surface area of 155 m

2/g, was dried at 160 �C
in air for 24 h (the average relative humidity in Fort Collins, CO ranges
from ∼38% to ∼72% over the course of the year47�49). H2 gas pur-
chased from Airgas (>99.5% purity) was passed through O2- and H2O-
scavenging traps (Trigon Technologies) before use.
Analytical Instrumentation and Procedures. Unless other-

wise reported, all reaction solutions were prepared under O2- and
moisture-free conditions in a Vacuum Atmospheres N2-filled drybox.
The O2 level (always e5 ppm; typically e1 ppm) was continuously
monitored by a Vacuum Atmospheres O2 sensor. GLC was performed
using a Hewlett-Packard 5890 Series II chromatograph, along with a
flame-ionization detector and equipped with a Supelco SPB-1 (Aldrich,
30 m� 0.25 mm� 0.25 μm) fused silica column. The GLC parameters
were as follows: initial oven temperature, 50 �C; initial time, 3.0 min;
rate, 10 �C/min; final temperature, 160 �C; injector temperature,
180 �C; detector temperature, 200 �C; and injection volume, 2 μL.
UV�vis spectroscopy experiments were run on a Hewlett-Packard
8452A diode array spectrophotometer, and the data were analyzed via
Hewlett-Packard’s UV�vis ChemStation software.
Hydrogenation Apparatus and Data Handling. Hydrogena-

tion experiments for monitoring the H2 reduction of Ir(1,5-COD)Cl/γ-
Al2O3 to Ir(0)n/γ-Al2O3 were carried out in a previously described
apparatus,4�8 which continuously monitors the H2 pressure loss. Briefly,
the apparatus consists of a Fisher-Porter (FP) bottle modified with
Swagelok TFE-sealed Quick-Connects to both a H2 line and an Omega
PX621 pressure transducer. The pressure transducer is interfaced to a
PC through an Omega D1131 5 V A/D converter with a RS-232
connection. Reactions were run at a constant temperature by immersing
the FP bottle in a 500 mL jacketed reaction flask containing dimethyl
silicon fluid (Thomas Scientific), the temperature of which was regu-
lated by a thermostatted recirculating water bath (VWR). Pressure
uptake data were collected using LabView 7.1. The hydrogen uptake
curves were then converted to cyclohexene (M) curves using the
previously established 1:1 H2/cyclohexene stoichiometry.4,34 The data
were also corrected for the acetone solvent vapor pressure using the
previously established protocol.45 Specifically, one can either measure
the acetone vapor pressure independently and subtract that curve
(point-by-point) from the raw H2 uptake data during the cyclohexene
reporter reaction, or one can simply back extrapolate the experimental
vapor pressure rise (seen in the induction period of the reaction). Both
methods yield the same k1 and k2 rate constants within (15%.45 The
resultant cyclohexene loss kinetic curves were fit to the two-step
analytic equation4 for nucleation and autocatalytic surface growth of
nanoparticle formation, Af B, rate constant k1, plus Aþ Bf 2B, rate
constant k2 (see Scheme 2), using nonlinear least-squares fitting in
Origin 7.0.

The k1obs and k2obs versus [γ-Al2O3]sus and [acetone] curves were fit
using weighted nonlinear least-squares analysis in GraphPad Prism 5.0.

Relative weighting (i.e., 1/Y2) was used as the average absolute distance,
between the curve and the data points, is larger when Y is larger. Use
of 1/Y2 weighted nonlinear least-squares analysis minimizes the sum-of-
squares of eq 10.50,51 For the [γ-Al2O3]sus-dependent k1obs and k2obs
curve-fitting, [acetone] was taken to be constant at a value of 11.37 M.
For the [acetone]-dependent fitting, [γ-Al2O3]sus was taken to be
constant at a value of 0.163 M.

∑
1
Y 2 ðYData � YCurveÞ2 ð10Þ

Precatalyst Preparation.All of the precatalysts were prepared in a
drybox using preselected [Ir(1,5-COD)Cl]2/γ-Al2O3 weight-to-weight
ratios. For example, a 2.0% weight-to-weight Ir(1,5-COD)Cl/γ-Al2O3

sample was prepared by adding 1.0 g of acidic γ-Al2O3 to 20 mg of
[Ir(1,5-COD)Cl]2 corresponding to a 2.0 wt % sample (i.e., wt % = [wt
[Ir(1,5-COD)Cl]2/(wt [Ir(1,5-COD)Cl]2þ wt γ-Al2O3)] � 100, as
this is what we experimentally measure out and hence know), by the
following procedure. The appropriate amount of [Ir(1,5-COD)Cl]2
was weighed out in a 20 mL scintillation vial. A new 5/8 in. � 5/16 in.
Teflon-coated octagon-shaped stir bar was added to the vial, and the
solid was dissolved in 15 mL of ethyl acetate. Subsequently, the
appropriate amount of solid oxide (e.g., 1.0 g of acidic γ-Al2O3 for
the 2.0 wt % Ir catalyst) was added by pouring the metal oxide into the
vial (i.e., this order of addition is deliberate; see p 9712 of our prior
publication for why this is important14), and the solution was stirred
for 24 h to equilibrate the [Ir(1,5-COD)Cl]2 with the solid oxide and
the solution. After a 24 h equilibration period, the slurry was taken to
dryness in the drybox by placing the sample under vacuum for 8 h at
room temperature. The resulting supported precatalysts were then
stored in the drybox.
Solvent-Dependent Nucleation and Growth Kinetics: A

Standard Conditions Reaction. In a drybox, 0.05 g of the Ir(1,
5-COD)Cl/γ-Al2O3 catalyst precursor was weighed out into a 2-dram
vial and transferred to a culture tube (22� 175 mm) with a new 5/8 in.�
5/16 in. Teflon-coated octagon-shaped stir bar. To ensure a quantitative
transfer, 2.5 mL of acetone and 0.5 mL of cyclohexene were added to the
2-dram vial, and transferred via a disposable polyethylene pipet into the
same borosilicate culture tube containing the Ir(1,5-COD)Cl/γ-Al2O3

precatalyst. The culture tube was then sealed in the FP bottle, removed
from the drybox, and attached to the H2 line. The sealed, H2-line
attached FP bottle was placed into a temperature regulated water bath
set at 22.0 ( 0.1 �C. A standard conditions purge cycle was used to
initiate the reaction where a series of H2-flushing cycles in which the FP
bottle is purged with H2 every 15 s until 3.5 min have passed (a total of
14 purges). The stir plate was started and set at 600 rpm to allow the H2

gas-to-solution equilibrium, and the H2 pressure was then set to 40 psig
with the data recording started at 4 min after the purge cycle began
(which defined t = 0 for the kinetics).
Variation of the [γ-Al2O3]sus. As described in the Standard

Conditions Reaction section, 0.05 g of the Ir(1,5-COD)Cl/γ-Al2O3

catalyst precursor was weighed out into a 2-dram vial and transferred to a
culture tube. To ensure quantitative transfer, 2.5 mL of the appropriate
solvent was placed into the 2-dram vial and transferred via a polyethylene
disposable pipet into the same culture tube. Next, the preselected
amount of 160 �C dried γ-Al2O3 was weighed out into a separate
2-dram vial and transferred into the same culture tube. The reaction
slurry (i.e., the 0.05 g of precatalyst, the 2.5 mL of acetone, and the
additional γ-Al2O3) was sealed in the borosilicate culture tube and
stirred in the drybox for 8 h. Control reactions demonstrated that
equilibration periods >8 h, for both the low (0.25 M) and the high
(0.98 M) [γ-Al2O3]sus, did not affect the resultant nucleation and
growth kinetics. After the 8 h stirring period, 0.5 mL of cyclohexene
was added to the slurry. The borosilicate culture tube was then placed in
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a FP bottle, and a Standard Conditions Reaction was initiated as
described above.
Variation of the Acetone Concentration: Cyclohexane/

Acetone Mixed Solvent Conditions. In a drybox, 50 mg of the
2.0 wt % Ir(1,5-COD)Cl/γ-Al2O3 prototype precatalyst was weighed
out into a 20 mL scintillation vial, and a new 5/8 in.� 5/16 in. Teflon-
coated octagon-shaped stir bar was added. Subsequently, 2.5 mL of the
prechosen cyclohexane/acetone mixture (vide supra) was added, and
the slurry was stirred for 24 h in the drybox. After the 24 h stirring
equilibration period, 0.5 mL of cyclohexene was added to the slurry and
was transferred via a disposable polyethylene pipet into a new borosi-
licate culture tube (22� 175 mm) with a new 5/8 in.� 5/16 in. Teflon-
coated octagon-shaped stir bar, and then a Standard Conditions Reac-
tion was initiated as described above. At [Ir(1,5-COD)Cl]2 concentra-
tions above ∼0.2 mM, stirring speeds of 1000 rpm were necessary to
maximize H2 gas-to-solution mass transfer.40

Independent Verification of the Loss of Ir(1,5-COD)Cl-
(Solvent) via UV�Vis Spectroscopy and KDiss via GLC and
the Formation of [Ir(1,5-COD)Cl]2 and KDiss

0 via UV�Vis
Spectroscopy. Control reactions done to probe if Ir(1,5-COD)Cl-
(solvent) decreases with increasing [γ-Al2O3]sus were all done under
O2-free conditions (i.e., in the drybox). To start, 0.05 g of the 2.0 wt %
Ir(1,5-COD)Cl/γ-Al2O3 precatalyst was placed in a 20 mL scintillation
vial along with 2.5 mL of acetone. Subsequently, the appropriate amount
of additional γ-Al2O3 (0.25�0.65 M) was added, and the slurry was
stirred for 8 h. The slurry was then filtered through a 0.2 μm nylon filter
(NALGENE) and into an O2 free UV�vis cell, sealed, and then brought
out of the drybox; the visible spectrum was then recorded. KDiss was
independently verified in nearly an identical manner, except 0.5 mL of
cyclohexene along with 2 μL of decane (as an internal standard) were
added to the filtered solution of Ir(1,5-COD)Cl(solvent), and a
standard conditions hydrogenation was run (employing the same purge
cycle, etc., as described above). Upon completion of the hydrogenation
of cyclohexene, GLC was used to determine the quantity of cyclooctane
in solution.

Control reactions, all done under O2 free conditions, to determine if
[Ir(1,5-COD)Cl]2 increased with increasing [acetone] were run from
0.14 to 2.7M [acetone]. To start, 0.05 g of the 2.0 wt % Ir(1,5-COD)Cl/
γ-Al2O3 precatalyst was placed in a 20 mL scintillation vial along with
2.5 mL of the total mixed solvent (i.e., cyclohexaneþ acetone = 2.5 mL).
The slurry was then filtered through a 0.2 μmnylon filter into an O2 free
UV�vis cell.
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