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ABSTRACT: Nucleation initiates phase changes across nature. A fundamentally
important, presently unanswered question is if nucleation begins as classical nucleation
theory (CNT) postulates, with n equivalents of monomer A forming a “critical nucleus”,
A,, in a thermodynamic (equilibrium) process. Alternatively, is a smaller nucleus formed
at a kinetically limited rate? Herein, nucleation kinetics are studied starting with the
nanoparticle catalyst precursor, [A] = [(Bu,N);Na;(1,5-COD)Ir":P,W;{Nb;O,],
forming soluble/dispersible, B = Ir(0).;p, nanoparticles stabilized by the
P,W,Nb;O,’~ polyoxoanion. The resulting sigmoidal kinetic curves are analyzed
using the 1997 Finke—Watzky (hereafter FW) two-step mechanism of (i) slow
continuous nucleation (A — B, rate constant k), then (i) fast autocatalytic surface
growth (A + B — 2B, rate constant k). Relatively precise homogeneous nucleation
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rate constants, k;.,, examined as a function of the amount of precatalyst, A, reveal that k., has an added dependence on the
concentration of the precursor, kjops = Kjobs(bimolecular) [A]. This in turn implies that the nucleation step of the FW two-step
mechanism actually consists of a second-order homogeneous nucleation step, A + A — 2B (rate constant, klobs(biml)). The results
are significant and of broad interest as an experimental disproof of the applicability of the “critical nucleus” of CNT to
nanocluster formation systems such as the Ir(0), one studied herein. The results suggest, instead, the experimentally-based
concepts of (i) a kinetically effective nucleus and (ii) the concept of a first-observable cluster, that is, the first particle size
detectable by whatever physical methods one is currently employing. The 17 most important findings, associated concepts, and

conclusions from this work are provided as a summary.

B INTRODUCTION

The Generality and Hence Broad Importance of
Nucleation and Growth Across Nature. Nucleation and
growth phenomena are essential components of phase changes
for many chemical and physical systems in areas as diverse as
materials science, atmospheric and climate research,"? degen-
erative neurological diseases,” and many other important
systems throughout nature. It is, therefore, critical to have an
accurate mechanistic model of nucleation—those crucial first
events governing the formation of the new phase’—to be able
to rationally design reproducible, size- and shape-specific
syntheses of nanoparticulate and larger systems formed by
nucleation and growth processes. Unfortunately, a consensus
view of nucleation, and especially its mechanism, has not
emerged. Indeed, Liu has commented that “Nucleation, in
particular its mechanism, continues to be one of the most
poorly understood and disputable phenomena in the past half
century”.” In nanoparticle chemistry in particular, the
mechanism of nucleation has been a long sought goal,é given
that nucleation greatly influences® the size, shape, and resultant
electronic, optical, and catalytic propertiesé’7 of the resultant
new phase. A kinetic and mechanistic understanding of
nucleation is, therefore, a critical gap in our fundamental
understanding of phase changes throughout nature.
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A Brief Review of Classical Nucleation Theory and Its
“Critical Nucleus” Concept. Classical nucleation theory
(CNT) is the first—and currently still the most popular—
theoretical model for nucleation® CNT is, inherently, a
thermodynamic, equilibrium-based model in which n equiv-
alents of monomer, A, are implied to be in associative equilibria
up to a putative “critical nucleus”, A, that is then postulated to
be stable enough to grow rather than dissociate back to A. CNT
postulates a balance of thermodynamic forces of favorable
bonding or other associations between the precursor A vs the
increasingly unfavorable interfacial surface energy associated
with the creation of a new interface between the nucleus, A,
and the solution. CNT has been widely used to try to explain
nucleation® since its earliest formulation by Volmer®® and
Becker and Déring.'® LaMer then adopted CNT as part of his
widely cited, but still little supported, “burst nucleation and
diffusion-controlled particle growth” mechanism dating back to
the 1950s."" One fundamental problem with CNT from a
kinetic perspective is the statistical improbability of a kinetically
facile, higher-order, reversible n > 3 nucleus; true termolecular
(concerted) reactions bein§ rare and documented primarily
only in gas-phase reactions."
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Despite its widespread and continued use, CNT has proven
unable to match experimental measurements of nucleation rate
constants,'® often being off by even up to 1067 in its predicted
rate constants."*™'® CNT appears to be best suited for systems
such as hydrocarbon associations in the gas phase,'>'” at high
temperatures,6 or for latex particle associations'®'? in
solution—what we will designate herein as weakly bonded
(ie., weakly associating) systems. Even then, nucleation is one
of the few fields where predictions accurate within +10'"* are
considered “a major success”.>

Furthermore, the theoretical “critical nucleus” of CNT has
arguably never been actually detected as one expects since it is
by definition the least stable, highest energy species that,
therefore, would be a fleeting transient between the starting
material and the final, phase-changed product.® Indeed, in 2001
Gasser and co-workers®' noted at the time that “No experiment
has ever directly measured the size of the critical nucleus” prior
to their confocal microscopy studies of the weakly associating
poly-12-hydroxy-stearic acid-stabilized poly(methyl methacry-
late) sphere aggregations; those larger, and preformed latex
particles being used as a model of nucleation and growth, albeit
one of preformed particles and not atomic or molecular
precursors (and, therefore, really a study on the nucleation of
aggregation). On reflection, it is remarkable that CNT continues
to be so widely employed despite overwhelming, recurring, and
repetitive evidence that CNT fails in especially more complex
systems in nature.">"'®*? This statement applies especially to
strongly associated (bonded) systems that are often not of the
simple nA —A, type such as the Ir nanoparticle system herein
with its relatively strong Ir—Ir and probably Ir—H—Ir bonds,
vide infra. For such more complex systems there is no
compelling evidence that CNT can predict, much less
quantitatively account for even ex post facto, experimentally
measured nucleation rate constants.

The Distinction Between Strongly vs Weakly Bonding
Systems—Plus the New Concept of a Kinetically
Effective Nucleus. The inability to have a reversibly
associating, nA —A, type system up to the putative critical
nucleus of CNT is expected to be especially pronounced in
what we designate herein as strongly bonded (alternatively
“strongly associating”) systems.’ Transition-metal nanopar-
ticles, for example, formed from M°, nuclei (or very plausibly
M—H species, vide infra)® will generally have M—M (or M—
H-M) bond energies of >25-30 kcal/mol*® (to >55-75 for
M-H)* and, therefore, are unlikely to exist as rapidly
reversible systems associating up to the theoretical “critical
nucleus” postulated by CNT. In the case of Ir, each Ir—Ir in a
nucleus contributes a stabilizing enthalpy estimated to be at
least ~26 kcal/mol®® and each Ir—H an estimated 75 kcal/
mol.** Especially if Ir—H—Ir or Ir—(H),~Ir bonds form, then
the resulting binuclear nucleus almost surely never reverses as
CNT requires and assumes. The possible reversible formation
of a less strong Ir—Ir is less clear, since Ir—Ir and Ir—L (and
other M—M and M—L, M = transition metal) bonds are of
roughly equal bond dissociation energies (BDEs).”> This in
turn means that the presence of high concentrations of
relatively strong binding, BDE > 26 kcal/mol ligands, L, could
in princifle lead to reversible formation of a Ir, (n > 2) kinetic
nucleus.”*”” These considerations again lead logically to the
suggestion of M—H—M bonds in the rate-determining step of
nucleation. In short, the above thermochemical analysis further
supports our hypothesis that M—H—M may well be more
generally involved in transition-metal nanoparticle nucleation

processes.”?® If so, then such M,H, or other kinetic
intermediates along the nucleation pathway would be profound
in signaling that CNT does not apply and should not be used,
as the system is not a nA —A, type system, since A is highly
soluble so that CNT and its notion of supersaturation in A are
inapplicable.

Our second hypothesis for some time now has been that, in
at least strongly bonding/strongly associating systems (and
maybe many if not most others), nucleation will generally be
under kinetic control and not the equilibrium control implied
by CNT. As part of the present work we in turn define the
more readily experimentally measurable kinetically effective
nucleus (KEN) and distinguish it from the theoretical,
experimentally nondetectable, and hence elusive “critical
nucleus” of CNT. We define the KEN as the observed reaction
order in a kinetically demonstrated nucleation step, specifically
the reaction order, #, in the assembling monomeric precursor
A, in a kinetically demonstrated nucleation step, [A]".

Noteworthy here is that the small, KEN will generally be
below the detection limit or time resolution of most analytical
methods, that is, even the KEN will generally be missed by
most analytical methods.’ Those physical methods will, instead
and in general, detect what we introduce and define herein as
the first observable cluster (FOC), a concept we return to in
the Results and Associated Discussion section. The KEN will,
then, generally be detectable only by determining the kinetics
of the phase change under study. These new concepts will tend
to be especially applicable in systems that are not of the simpler
nA — A, type (e.g, not hydrocarbon droplet formation in the
gas phase from low supersaturation conditions'”), but rather
where more complex chemistry is involved, such as the 2A + H,
— 2B system herein (vide infra).

The 1997 Finke—Watzky Disproof Based Ockham'’s
Razor Obeying/Minimalistic Two-Step Mechanism:
Slow, Continuous Nucleation Followed By Autocatalytic
Surface Growth. In 1997, the Finke—Watzky (hereafter FW)
two-step mechanism®*° was the first to quantitatively fit
sigmoidal nanoparticle formation data with a chemically precise
mechanism and associated experimentally testable rate law. The
FW two-step mechanism consists of two pseudo-elementary®"
steps” defined by their balanced reactions of: (i) slow,
continuous nucleation, A — B (rate constant, k;.,,) and (ii)
autocatalytic surface growth, A + B — 2B (rate constant k),
where A equals the nanoparticle precursor (in the present case
the precatalyst [A] = [(BuyN)sNa,;(1,5-COD)Ir"-
P,WiNb;O4,]) and B is the growing nanoparticle, Ir(0),.
The disproof based, Ockham’s razor obeying, deliberately
minimalistic FW two-step mechanistic model is supported by
more than 700 kinetic experiments® conducted mostly on the
prototype transition-metal nanoparticle formation system in
Scheme 1. As such, the Ir(0), nanoparticle formation system in
Scheme 1 is one of the best studied nucleation and growth
systems available across nature.% Those studies have yielded

Scheme 1. Formation of Ir(0) _;o, From the [(1,5-COD)Ir+
P,W,Nb,0,,]*” Nanoparticle Precatalyst Under Hydrogen
and in the Presence of 1 equiv of Proton Sponge to Scavenge
the H" Formed

300 [(1,5-COD)IrP,W;sNb3Og218 + 750 Hy —
3000 +11r(0)-300 + 300 [P;W1sNb30g21%- + 150 H*
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nine valuable mechanistic and synthetic insights summarized in
a footnote for the interested reader.*>

The limitations of the FW two-step mechanism are also
discussed elsewhere for the interested reader, limitations that
derive, ultimately, from the minimalistic and thus too simple
nature of the kinetic model and the average rate constants,
average size, and other average nanoparticle properties that
result from the deliberately minimalistic, Ockham’s razor
obeying, kinetic model.*

However, of considerable significance is that the two steps of
the FW two-step model define and describe precisely and
chemically the respective steps of the slow, continuous
nucleation and autocatalytic growth, even if primarily
phenomenologically and even if via composite, pseudo-
elementary®' steps that oversimplify the true, underlying,
multistep nucleation and growth process. The significance of
such balanced chemical equations, and thus mechanistically
well-defined, precise kinetic and mechanistic descriptors for the
overall phase change, is hard to overstate. In their absence,
confusion and convolution of concepts and words result, for
example, seen in purely physical chemical or engineering
models, as documented and discussed elsewhere.>**> The
implied corollary here is that, ultimately, model building of
dynamic chemical systems in science proceeds rationally best
from, and therefore needs to rest upon, a foundation of initially
minimalistic, disproof-based, mechanistic models.

Emerging Evidence that Nucleation May Often Be
Bimolecular or Possibly Termolecular in More Complex
Systems and the Alternative Hypotheses of Tetra- or
Higher-Molecularity Nucleation. The simplest, first hypoth-
eses that could describe the KEN include: unimolecular,
bimolecular, termolecular (i.e., trimolecular, 3A — 3B (=
(B);)) or conceivably tetra- (4A — 4B (= (B),)) or even
higher-order formulations of the nucleation rate-determining
step. Note here again that since true, concerted termolecular
reactions are seen primarily for only gas-phase reactions;'”
hence what is meant by the above net stoichiometric equations
is that reversible, prior associative equilibria would somehow be
involved and lead to the net pseudo-elementary steps shown
above with their implied, for example, net third or fourth orders
in the primary reactant, A.

Within these possibilities and for the case of nucleation of
Ir(0), nanoparticles as studied herein, the greatest “energetic/
physical discontinuity” would seem to occur when the first 2 A
(i.e, herein the first two Ir) or perhaps the first three A form
the first one or two A—A bonds (herein the first one or two Ir—
H-Ir or Ir—Ir bonds). That is, rate-limiting bimolecular
nucleation step, A + A — 2B, to an implied KEN of 2,
makes intuitive sense in the case of relatively strongly bonding
A—A such as transition-metal nanoparticle formation (as
opposed to relatively weak bonding of, say, nucleation of
hydrocarbon aggregation in the gas phase and where improved
CNT models can reproduce nucleation rate constants to within
a ~10'72 error)."”

Not unexpectedly, therefore, hints suggestive of bimolecular
or possibly termolecular nucleation are beginning to appear in
the literature of phase changes across nature. Four cases of note
are kinetic evidence in 1989 for approximately bimolecular to
termolecular (n,,4 ~ 2.2) nucleation in Gelatin R1
renaturation,” the detection of Ag, in the formation of
Ag(0), nanoparticles,>” a 2012 XAFS study of the formation of
rhodium nanocubes suggesting Rh_,_; species (vide infra),*®
protein aggregative nucleation and growth where a nucleus of 2

. ,40 . . . .
is used®®*° as well as evidence for bimolecular nucleation in

H,SO, droplet formation relevant to atmospheric chemis-
try."*"* Looking a bit closer at the Rh nanocube formation
study by XAFS, a discontinuous jump from zero to between
one and two in the first-shell coordination of rhodium is
observed during nucleation, implying Rh, or Rh; within
experimental error.>® These XAFS results provide suggestive
evidence consistent with an XAFS-average KEN of Rh,_;
within experimental error, although the needed definitive
kinetic data unequivocally demonstrating bi- vs ter-molecular
nucleation and thus the origins of the observed Rh, ; and
attempting to disprove higher-molecular nucleation hypotheses
are currently unavailable. Note also that the author’s claim that
“a Rh, cluster acts as the critical nucleus species for the
formation of the nanocubes” is arguably better interpreted as
what we define herein as the FOC (vide infra). There is also
suggestive, albeit not definitive, evidence for second-order [Pt]*
kinetics in Pt"Cl,*~ reduction by H, to form Pt(0), colloids in
sodium citrate plus NaOH aqueous solutions.**

A side note of some interest here is that there is also
increasing evidence for metastable M, species as detectable
(e.g, Pt; by QXAFS),* or isolable (e.g., Ir,H,(1,5-COD),),*
or catalytically active (e.g, Rh,) species.** The QXAFS direct
observation of Pt, is especially relevant to the present
contribution since the FW two-step mechanism was employed
in that literature study and provided an excellent fit to the initial
nucleation and growth kinetics of the poly(N-vinylpyrroli-
done)-stabilized Pt(0), nanoparticles (formed from H,PtCly in
EtOH under benzophenone or benzoin-sensitized irradiation).
Such Pt, and other M, species could of course be readily
formed from simple dimerization of two M, kinetically effective
nuclei to give M, as the FOCs or perhaps by single metal (M)
addition to an M; KEN. Pt, was designated by those authors as
the “nucleus” in their work,** but the published evidence** does
not allow one to distinguish between the observed M, simply
being the FOCs rather than the more fleeting KEN. Even more
relevant to the present study is the rapid reaction of the
isolated, crystallographically and XAFS characterized, coordi-
natively unsaturated subnanometer cluster™ Ir,H,(1,5-COD),
under H, to yield Ir(0),. Given that this system rapidly grows
without an induction period to give a highly catalytically active
system,” it provides strong evidence that the KEN is n < 4 in
at least such Ir systems such as the one studied herein (vide
infra).

Also exceedingly interesting and tantalizing is the observation
of key T; symmetry, M, building blocks in achieving dense
packing in growing systems such as quasic1’ystals.47’48 Any M,
system can be formed at least formally by a dimerization of
dimers, (M,),, although it remains to be determined what the
nucleation rate-determining step and the implied KEN are in
these intriguing processes.

A bottom line, then, post-examining the extant nucleation
and growth literature across nature is that definitive kinetic
evidence for even the reaction order of the rate-determining
step of nucleation is lacking. Further lacking is the mechanistic
insight necessary to uncover the true molecularity of nucleation.
This gap in our knowledge of nucleation across nature exists
despite the anticipated much broader implications and
fundamental importance of establishing the true KEN in at
least a few prototype systems.

A crucial conceptual point to raise at this juncture is the
important distinction between the more readily determined
reaction order in a precursor or precatalyst A, [A]", vs the true
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molecularity of the rate-determining step of the underlying,
more intimate nucleation mechanism. These will generally be
the same only in the case where A is the assembling monomer,
nA — A,. In the present case, where A = the precatalyst
(BuyN)¢Na,(1,5-COD)Ir"-P,W;Nb;Og,, we can, for example,
write more intimate mechanisms that will exhibit apparent
nucleation kinetics second-order in A, [A]? but via mechanisms
termolecular in Ir at the rate-determining step of nucleation; so
that apparent second-order kinetics would actually correspond
to a termolecular reaction in [Ir] and, therefore, a KEN of 3.
Nevertheless, the first job at hand is to measure precise enough
nucleation kinetics, a considerable challenge in its own right, to
determine the net reaction order in the precatalyst A, in the
present case, A = (Bu,N)Na;(1,5-COD)Ir"P,W,{Nb,Oy, for
the prototype case of Ir(0), nanoparticle formation. In a
subsequent study in progress we will return to the even more
challenging task of distinguishing unequivocally bi- from
termolecular nucleation, that is, distinguishing a KEN of 2 vs
a KEN of 3.

The Prototype [(1,5-COD)Ir-P,W,sNb;O,,]®~ Precata-
lyst and Resultant Ir(0), Nanoparticle Formation
Systems Plus the FW Two-Step Mechanism and Kinetics
Exploited Herein. We employ herein our well-established
(Bu,N)¢Na;(1,5-COD)Ir-P,W;(Nb;Og, precursor and nano-
particle catalyst formation, the system where the FW two-step
mechanism of slow continuous nucleation and autocatalytic
surface growth was discovered and developed.”” When placed
in acetone or propylene carbonate under ~40 psig hydrogen,
the polyoxometalate supported, (1,5-COD)Ir* containing
precatalyst [(1,5-COD)Ir-P,W,;Nb;O¢,]% is reduced to form
near-monodisperse (i.e., by definition < + 15% size
dlstrlbutlon)4 Ir(0).300 nanoparticles stabilized by the
P,W,Nb;O,’" polyoxometalate, Scheme 1.

The Ir(0), 300 nanoparticles form a very active cyclohexene
hydrogenation catalyst which, in turn, serves as a well-
developed reporter reaction® in which the slow steps of
nucleation and growth can be followed and their signal
amplified, by using cyclohexene:Ir ratios >>1. The development
of the Ir(0), catalyst is, then, followed by the uptake of
hydrogen involved in the net cyclohexene plus H, to
cyclohexane, catalytic reporter reaction,” Scheme 2. Impor-

Scheme 2. FW Two-Step Mechanism and Its Coupling to the
Cyclohexene Reporter Reaction

2-Step Mechanism Cyclohexene Reporter Reaction
A kﬁ» B Rate A
Nucleation i k""‘ (t Ktobs: Kaobs)

A+B sy o @ O
A t t Fast
Su#;o:e Growth

tantly, controls checking the reporter reaction have been
performed many times by following the cyclooctane evolution
(Scheme 1) directly by GLC and by verifying the zero-order
dependence on the [cyclohexene] required to ensure that the
reporter reaction 1s fast and not rate determining and, therefore,
working properly™ (Scheme 2, vide infra).

The H,-loss kinetic data are then converted for convenience
to their corresponding cyclohexene-loss curve, Figure 1, v1a the
established 1:1 H, to cyclohexene stoichiometry.”® The
characteristic sigmoidal kinetic curve in Figure 1 is then fit to
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Figure 1. Representative sigmoidal kinetics for the (Bu,N);Na;(1,5-
COD)Ir-P,W,Nb;Oy, catalyst precursor in propylene carbonate
under an initial 40 psig H, and coupled to the cyclohexene reporter
reaction (Scheme 2). Also shown is the subsequent curve-fit to the FW
two-step mechanism over the parts of the kinetic curve where the
conditions necessary for the validity of the pseudo-elementary-step
reporter reaction kinetic method are satisified.”® The arrow shows
qualitatively where the first observable catalytically effective cluster,
N*, can be detected.

the integrated, analytic rate equation corresponding to the FW
two-step mechanistic model, Scheme 2, using nonlinear-least-
squares fitting, resulting in the desired nucleation rate constant
kiops (as well as kyp,) and associated fitting error estimates.

Indicated qualitatively by the arrow shown in Figure 1, the
end of the induction period is where hydrogenation catalysis is
first detectable by our catalytic reporter reaction monitoring
methodology.” That point designates the FOC by the catalytic
reporter reaction monitoring method, what we previously called
the catalytically effective cluster, N* 50

Addition of Bimolecular Nucleation to the FW Two-
Step Mechanism: The Bimolecular-FW Two-Step Mech-
anism. In what follows, we formulate a bimolecular nucleation
version of the FW two-step kinetic model. In doing so, we are
treating the fundamental, conceptual simplest case where A is
the assembling monomer and where bimolecular nucleation is
an elementary step. Put another way, we will measure an
apparent molecularity and apparent KEN size, n, as well as
apparent bimolecular k;,pq(pimor) Tate constants in what follows,
all under the assumption that A = (Bu,N)Na,(1,5-COD)Ir-
P,W sNb;Og, is the assembling monomer. Once we get to the
experimental results, we will be careful to refer to what the
experimental data actually provide, the observed reaction order
in the precatalyst. Connecting that observed reaction order to
the true molecularity of the nucleation step, and hence to the
true size, n, of the KEN, can be done unequivocally only when
the more complete, underlying mechanism is known with some
certainty.

We have realized for some time now that true bi- or ter-
molecular (or conceivably higher molecularity) nucleation
could easily be kinetically hidden in the historical FW two-
step kinetic model. This latter point follows since the
concentration of the precursor, [A], is effectively constant to
a precision of >99.95% (i.e., [A], 2 [A],) during the induction
period and associated primary nucleation. Equation 1 shows the
differential rate equation for the nucleation first step of the
historical, unimolecular formulation for the FW two-step
mechanism shown back in Scheme 2:
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dfA]
——— =k [A
dt tosl] )
However, a higher reaction order, n, nucleation mechanism
would have the kinetics shown in eq 2:
dfA] n
——— =k A
dt lobs(n)[ ] (2)
A bimolecular, n = 2, nucleation step with the rate constant
Kiobs(bimor), hereafter the bimolecular-FW two-step mechanism,
is expected to show the kinetics given in eq 3, which includes
the proper statistical factor of 2 that results from the 2A — 2B
(= B,) stoichiometry:
dfA] 2
— o 2k bime A
dt lobs(blmol)[ ] (3)
Combining eqs 1 and 3 yields eq 4, which provides the
relationship between k; s and kjgps(bimor) for a # = 2 bimolecular
nucleation mechanism:

klobs
2[A]

1obs(bimol) (4)

In 2012 we provided initial kinetic evidence®" suggesting that
nucleation may be bimolecular or conceivably termolecular in a
heterogeneous catalyst formation system in contact with
solution starting with a different, but related, supported-
organometallic heterogeneous precatalyst A = Ir(1,5-COD)Cl/
7-Al,O;. Under H, and in contact with acetone solution, this
precatalyst forms the highly catalytically active, supported
nanoparticle heterogeneous catalyst, B = 1r(0) -900/7-AL O3>
However, the nucleation data therein®® are very noisy;
nucleation rate constants generally being notoriously®® hard
to measure precisely as already noted. Nucleation mechanisms
higher than bimolecular were briefly considered as part of that
work but could not be definitively ruled out in that system.
Hence, there remains a pressing need to establish the true
nucleation reaction order and then the more intimate
underlying mechanism and resultant implied molecularity and
size of the KEN in a well-defined system.

Hence, herein we examine the nucleation rate constant, k.,
for the prototype®® (Bu,N)iNa;(1,5-COD)Ir-P,W,Nb;O,
precatalyst system forming P,W,;Nb;Og,’~ polyoxometalate-
stabilized Ir(0).30, nanoparticles® over a 30-fold variation in
concentration of the precatalyst. The observed data provide
compelling evidence in support of second-order nucleation
kinetics. The results are, therefore, of considerable interest and
broader importance. They provide the currently best available
disproof of the applicability of the CNT and its theoretical,
equilibrium-based “critical nucleus” concept to at least the
present Ir(0), nanoparticle formation system. The results, in
turn, lead logically to the experimentally-based kinetic concepts
for nucleation provided herein of (i) the KEN and (ii) the
FOC.

B EXPERIMENTAL SECTION

The following ACS reagent grade compounds were obtained
commercially and used as received: NaBF,, NaHSO,, AgBF,, HCI
(35%), H;PO, (85%), Kryptofix [2.2.2.], (Bu,N)Br, Na,WO,-2H,0,
NaClO,, KCl, Na,CO;, NaCl, [(1,5-COD)ItCl],, NbCl;, proton
sponge, H,0, (30%, <6 months old and stored at S °C), anhydrous
Et,0 (HPLC grade, stored in a drybox), CH;CN (HPLC grade,
stored in a drybox over 3 A molecular sieves), EtOAc (HPLC grade,
stored in a drybox), propylene carbonate (99.9% Aldrich, stored in a

drybox), CH,Cl, (HPLC grade stored in a drybox), acetone (Burdick
& Jackson <0.4% H,O, stored in a drybox), cyclohexene (Aldrich,
99%) purified via a MicroSolv solvent purification system (Innovative
Technology) using an activated y-Al,O; column under N, and stored
in a drybox, NaOH, phenolphthalein (0.5 wt % in EtOH/H,0),
(Bu,N)OH solution (1.0 M in H,0). Argon (99.998%) was used as
received from Airgas, and high-purity H, (>99.5%) was passed through
indicating moisture and O, scavenging traps (Trigon Technologies)
before use in hydrogenations. Deuterated NMR solvents (CD;CN,
CD;NO,, and CD,Cl,) were obtained from Cambridge Isotope
Laboratories in 1 g sealed glass ampules and were transferred into a
drybox before use in NMR tubes sealed with rubber stoppers. D,O
was obtained from Sigma-Aldrich. All aqueous solutions were prepared
using 18 MQ deionized water from a nanopure filtration system.

B INSTRUMENTATION

All pH measurements were made with a pH electrode
standardized with two buffers (pH of 4.00, 7.00, or 10.01,
bracketing the desired range). NMR spectra were obtained in
5.0 mm o.d. NMR tubes with the respective deuterated solvent
prepared in a drybox and capped with rubber airtight stoppers.
3P, 'H, and *C NMR spectra were recorded on Varian Inova
300 or 400 MHz spectrometer at 21 °C. *'P NMRs were
externally referenced to 85% H;PO,. Air- and moisture-
sensitive reactions were routinely preformed in a Vacuum
Atmospheres drybox kept below 2 ppm of O, and constantly
monitored by a Vacuum Atmospheres O, sensor, and air
sensitive compounds were stored double bottled in the drybox.

(1,5-COD)Ir(CH;CN),BF, Synthesis. This precursor was
synthesized by the literature methods,>® except BE,” was
substituted for PF¢~ as described elsewhere.>” The identity and
purity of the product were established by 'H NMR in CD,Cl,
and “C NMR in CD;NO, in comparison to the published
spectra.56

Ksla-P,W,506,]1 Synthesis. This parent Wells—Dawson
polyoxometalate was synthesized by Nadjo’s method,*® but as
detailed by Graham, via that faster, higher yield, better atom
economy and higher purity synthesis now available.* Purity of
the product is 99.9% by *'P NMR in D,O in comparison to the
published spectrum.

Na;;[a-P,W,;5056] Synthesis. The synthesis of this
lacunary polyoxometalate precursor was carried out by our
new, improved methodology®' for obtaining the highest known
purity Naj,[a-P,W;;04]. A detailed procedure is provided
therein,”” one that must be followed to the letter to obtain the
highest purity product. Briefly, a preparation by Droege et al.®>
was used except that the clay-like product was fully suspended
during each of the five washing steps, including two added
washes using deionized water that helped ensure all residual
WO, is removed at a slight, <5% cost to the final yield. The
observed purity of the Naj,[a-P,W; O] used in this work was
>93-94% as determined by conversion to
(BuyN)yP,W,{Nb,Oy, and *'P NMR of that product.’"

(BuyN)oP,W,;5Nb;0O4, Synthesis. The
(Bu,N)oP,W{Nb;O4, product was synthesized by our
improved method®' for preparing (Bu,N),P,W,Nb;O¢,
(samples with 93—94% purity, by *'P NMR in CD,;CN, were
used in the experiments in the present work). Indeed, prior to
the present nucleation kinetic studies several years of synthetic
effort were expended irng)roving the reliability and purity of this
polyoxoanion precursor®" with the goal of obtaining as precise
and accurate nucleation rate constants, k;., as possible. The
main deviations from the prior Weiner”" synthesis, as detailed
elsewhere,®’ are (1) the use of 3.5 equiv of NbCly in ~5%
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H,0, (2) allowing the Naj[a-P,W;sOs] added to that
solution to stir for at least 1 h before continuing with the
synthesis, (3) using extra NaHSO; (1.1 eq. vs H,0,) to destroy
the additional H,0,, and (4) during titration of the
(Bu,N)H,P,W;Nb,Oq, intermediate with (Bu,N)OH, the
air free phenolphthalein end point was maintained for more
than 6 h.

(BuyN)sNas(1,5-COD)Ir-P,W,5sNb;Og4, Synthesis. The
iridium catalyst precursor was synthesized by literature
methods.®> A drybox and other air-free methods were
employed for this air-sensitive precatalyst.”> The purity
(~92%) and identity of the product were established by *'P
NMR in CD;CN. Additionally, the quantitative 1:1 support of
the (1,5-COD)Ir" organometallic on the P,W;{Nb;O,’~
polyoxometalate was confirmed by a *'P NMR monitored
titration of (1,5-COD)Ir(CH;CN),BF, with
(Bu,N)yP,W {Nb,O, dissolved in CD;CN, as recommended
by Weiner’” and as a check on the updated®’
(BuyN)yP,W {Nb;Og, synthesis.

Preparation of Precatalyst Solutions. Using Isolated
(Bu,N)sNas(1,5-COD)Ir-P,W,;sNb;0, in the Main Studies. In a
<1 ppm of O,, N,filled drybox, the (Bu,N);Na;(1,5-COD)Ir-
P,W sNb;Oy, precatalyst along with 1 equiv of proton sponge
was dissolved to final concentrations between 0.25 mM and
8.45 mM in a solution of 2.5 mL of propylene carbonate by
agitating with a polypropylene pipet in 5 mL scintillation vial.
After dissolution of the precatalyst, 0.5 mL cyclohexene was
added and mixed for 30 s. Then, the solution was transferred to
anew 22 X 175 mm disposable Pyrex culture tube containing a
new 5/8 X 5/16 in. magnetic stir bar. The culture tube
containing the precatalyst solution was then placed in a Fischer-
Porter bottle modified with Swagelock TFE-sealed Quick-
Connects, sealed, and transferred out of the drybox. That
Fischer-Porter bottle was then used in an Ir(0), nanoparticle
formation kinetics experiment, vide infra, all according to our
prior detailed descriptions.*”°

Using in Situ Generated [(1,5-COD)Ir-P,W,sNb;Os,%~ in
Control Experiments. For in situ generated [(1,5-COD)Ir-
P,W,Nb;04, 1%, in a <1 ppm of O,, N,filled drybox equal
molar amounts of (1,5-COD)Ir(CH;CN),BF, and
(BuyN)yP,W,Nb;O4, were added to separate S mL
scintillation vials, and 1 equiv of proton sponge was added to
the (Bu,N)yP,W Nb;Oy, sample. Next, 1 mL of propylene
carbonate was added to each vial and the solutions were
dissolved by agitating for 1—2 min with polypropylene pipettes
which were then used to transfer each sample to a 22 X 175
mm disposable Pyrex culture tube containing a 5/8 X 5/16 in.
magnetic stir bar. While stirring, the (1,5-COD)Ir-
(CH;CN),BF, solution was added dropwise by polypropylene
pipette at a rate of ~1 drop every 2 seconds. A volume of 0.25
mL of propylene carbonate was used to rinse each scintillation
vial, and the wash was added to the culture tube for a total of
2.5 mL propylene carbonate. Finally, 0.5 mL of cyclohexene
was added to the culture tube and stirred for 30 seconds. The
culture tube containing the precatalyst solution was then placed
in a Fischer-Porter bottle modified with Swagelock TFE-sealed
Quick-Connects, sealed, and transferred out of the drybox and
used in an Ir(0), nanoparticle formation kinetics experiment,
vide infra, all according to our prior detailed descriptions.*”*°

Monitoring the Ir(0),, Nanoparticle Formation Kinetics
and Extraction of the k;,,, and k;,,.(bimol) Rate
Constants. Nanoparticle formation reactions were monitored
by the catalytic cyclohexene reporter reaction””>”>*~>* shown

back in Scheme 2. Specifically, the nanoparticle formation and
concomitant cyclohexene hydrogenations were performed in a
sealed Fischer-Porter bottle on a hydrogenation line described
previously in detail elsewhere.”” Precatalyst solutions prepared
as described above were prepared in a drybox and then placed
in a Fischer-Porter bottle modified with Swagelock TFE-sealed
Quick-Connects, sealed, transferred out of the drybox, then
attached via the Quick-Connects to the computer-monitored
hydrogenation line. The Ir(0), nanoparticle formation kinetics
are followed by continuously monitoring the hydrogen pressure
which is then converted to the solution cyclohexene
concentration by the previously established 1:1 H,/cyclohexene
stoichiometry.>

Kinetic Data Analysis. The k,, and Kkjgpgpimon) rate
constants were extracted from the sigmoidal cyclohexene
concentration as previously described,” but without any
vapor pressure correction during the crucial induction period
since propylene carbonate has negligible vapor pressure at 22
°C (propylene carbonate being, therefore, deliberately chosen
as the preferred solvent for these nucleation kinetic studies, one
small but important key to the success of these studies). Origin
7 was used for nonlinear least-squares fitting of the cyclohexene
data to the integrated rate equation for the unimolecular (eq
5)*° or to the bimolecular (eq 6) formulations of the FW two-
step mechanism (eq 6 is derived in the Supporting Information,
as eq (S1S) therein).

(&) + [cyclohexene],

K20bs(curvefit)

[cyclohexene], =

1+ Kiobs s o[ Ktobs T Faobs(curvetit) ¥ [Alo sy
kaobs(curvefit)[Alo

(%)
[cyclohexene],

kZobs(cuweﬁt>[CyCthexene]0

- (Kaobs(curvefit)[cyclohexene]o k)

2’klobs(bimol,curveﬁt){e 1} + kZobs(curVeﬁt)

(6)

In order to account for the stoichiometry of the reporter
reaction, the appropriate mathematical derivations (eq (S15) of
the Supporting Information) teach that the curvefit values for
both K gpscurvesit) A0 Ky gbs(bimol,curvefity MUst be corrected by the
[cyclohexene]/[Ir] ratio of ~1400 for solutions at 1.2 mM (see
(S7—14) in the Supporting Information; see also a correction®*
involving a statistical factor of 2 in one equation derived as part
of our previous work®").

Traditionally, fitting with the FW two-step mechanism has
employed the cyclohexene-loss data only up through ca. half of
the cyclohexene consumption in order to avoid the breakdown
toward the end of the reaction on the assumption, required for
the kinetic treatment® of [A], < [cyclohexene].30 However, at
the higher concentrations of precatalyst, [A], necessary as part
of this work, this practice under-fit the autocatalytic portion of
the data (an example is available as Figure S1 in the Supporting
Information). Hence, three-fourths of the cyclohexene data was
used to fit all kinetic data, as shown for example in Figure 1.

B RESULTS AND ASSOCIATED DISCUSSION

Kinetic Evidence Consistent with, and Supportive of,
Second-Order Nucleation. A series of 18 Ir(0), nanoparticle
formation experiments were carried out in propylene carbonate
using the isolated (Bu,N);Na;(1,5-COD)Ir-P,W;sNb;Oq,
catalyst precursor. These experiments spanned a ~30-fold
concentration range of 0.25—8.45 mM. The kinetic curves
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observed are all the expected sigmoidal nucleation and
autocatalytic growth curves as seen in Figures 1 and 2.

2
18
1.6 —Bimolecular Fit
1.4 + Data
1.2

1

[Cyclohexene]

0.8

0.6

0.4

0.2

0
0 1 2 3 4 5 6 7 8

Hours

Figure 2. Cyclohexene (M) loss from the catalytic reporter reaction
beginning with 1.5 mM (Bu,N);Na;(1,5-COD)Ir-P,W;sNb;O,, in
propylene carbonate under an initial 40 psig H,. Both the unimolecular
FW and the bimolecular-FW kinetic models fit the data equally well
and are statistically equivalent. Only the bimolecular fit is shown here
because the fits using either eq S or 6 proved indistinguishable.

Fits of the kinetic data were obtained using both the
unimolecular (eq S) and bimolecular (eq 6) integrated rate
equations. Those fits were indistinguishable both visually and
statistically, producing the same coeflicient of determination,
R? and chi-squared per degree of freedom, Chi?/DoF,
statistical parameters. Therefore, just the bimolecular fit is
shown in Figure 2. Furthermore, the k,,, values calculated for
both the unimolecular and bimolecular formulations are
identical within experimental error.

The resultant k., rate constants for the original
unimolecular, formulation of the FW two-step mechanism are
shown in Figure 3. The data demonstrate a linear dependence
of the apparent rate constant k;,, on the initial concentration

0.12

0.1

0.08

K1ops ()

0.06
0.04

0.02

0 I
0 0.002 0.004 0.006 0.008 0.01

[(1,5-COD)IreP,W ;sNb ;0 &,]* in M

Figure 3. The kj, rate constant obtained by the traditional
unimolecular A = B nucleation, two-step FW mechanism over a 30-
fold variation in the concentrations of the initial complex,
(BuyN)Nay(1,5-COD)Ir-P,W;Nb;Og,. The data show a clear linear
trend with a linear least-squares regression line with a slope of
12.2(+£0.8) h™' M™! (R* = 0.94; y-intercept = 1.3(+3.8) X 107 h™},
from which kygp(imon) = 6.1(2£0.4) h™ M can be readily calculated
using the slope and eq 4. The inset shows a close up of the y-intercept,
and the gray box indicates its uncertainty. Note that the y-intercept is
1.3(+3.8) X 1073, that is “0” within experimental error, arguing against
any detectable heterogeneous or other parallel nucleation pathway
within experimental error.

of the precatalyst, A = (BuyN)3Na;(1,5-COD)Ir-P,W;{Nb;Oy,
catalyst precursor in propylene carbonate under an initial 40
psig H,, implicating a second-order, or conceivably higher-
order, vide infra, nucleation mechanism.

The apparent first-order rate constant, k., is related to
K1obs(bimot) through the previous eq 4. A plot of k;q,/2%[A] vs
the concentration of catalyst precursor yields Kjopstpimol) =
6.2(+1.3) h™' M™', and shows no discernible slope, Figure S2
of the Supporting Information, as expected if k;gps(pimol) is  true
rate constant.

In addition, using the integrated rate equation for the
bimolecular nucleation mechanism, eq 6 vide supra, we
extracted the rate constant kjgp(pimony this second way from
the same series of experiments. A set of kjgp(pimo) rate
constants result, Figure 4, which also show no further
dependence on the initial concentration of the catalyst,
precursor, again as expected if kgpq(pimor) iS @ true rate constant.
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Figure 4. A plot of k;qpq(pimor) v the [A] = the initial [ (Bu,N);Na;(1,5-
COD)Ir-P,W {Nb;Og,] precatalyst concentration obtained by curve-
fitting each kinetic run to the integrated rate equation for the
bimolecular nucleation first step, A + A — 2B. The average value for
the1 resulltant rate constant obtained this way is kgpg(imon) = 6.2(£1.3)
h™ M.

The derived rate constants from the unimolecular and
bimolecular treatments are, as expected but still pleasingly,
identical, including in their experimental error, kjgps(bimol) =
6.2(£1.3) h™' M™! for both. In addition, both treatments show
no further concentration dependence of kigyg(pimory Within the
stated fitting error of each treatment. The consistency of
Kiobs(bimor) Validates the assumption of an effectively constant
[A] during nucleation so that eq 1 holds, d[A]/dt = k4, [A],
even though eq 3, d[A]/dt=2k,umep (AT, describes more
precisely the nucleation mechanism. Restated, the identity
ks A] = 2-klobs(bim01)[A]2 is hereby established experimentally
during the primary nucleation and induction periods where [A]
is effectively constant.

The consistent kjgpsuimor) Values, regardless of if they are
obtained by eq 1 or 3, further act as an internal check that each
equation has been properly implemented without mathematical
or numerical errors, including application of the mathematically
required correction of ki gpg(pimol,curvesity DY the [cyclohexene]/Ir
ratio as detailed in the Supporting Information. Overall, the
results provide prima facie evidence that Kigpspimon i a rate
constant, which in turn provides very strong evidence for rate-
limiting, second-order, albeit not necessarily bimolecular, vide
infra, nucleation in the prototype, polyoxoanion-stabilized
Ir(0),, nanoparticle formation system.””
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Control Kinetic Studies Using in Situ Generated [(1,5-
COD)Ir-P,W,5Nb304,13". Despite the quality and consistency
of the above-obtained nucleation data, as a control and second
check of the system and the kinetic data, additional kinetic
studies were performed using [(1,5-COD)Ir-P,W;NbyO4,]%
generated in situ by adding the precursors (1,5-COD)Ir-
(CH,CN),BF, and (Bu,N)yP,W,Nb;Og,. The kinetic results
using the in situ formed precatalyst showed slightly more scatter
but produced equivalent results within experimental error to
those in Figure 3, k;gpq(bimol) = 7.9(x2.1) h™ M (as detailed in
the Supporting Information, Figures S3—S4). A valuable feature
of these controls is that they give us confirmation of second-
order nucleation observations by two researchers, separated by
>7 years, using two independent syntheses (isolated and in situ
prepared) of the precatalyst material. Restated, the multiyear
delaying in publishing this work that was regluired to obtain the
improved reproducibility and purity®’ [(1,5-COD)Ir-
P,W,Nb;0,]*" employed herein—with the goal of ensuring
that we obtained the best precision nucleation rate constants
possible—did not change the results within experimental error
but did give rate constants ~40% more precise. However,
taking that extra time and care does give us high confidence in
the resultant, second-order nucleation kinetics and resultant
rate constants since these data proved reproducible by two
separate researchers working completely independently as well
as ~7 years apart.

Even with the above-demonstrated consistency of the kinetic
data over time and precatalyst samples, it is important to
remember that ki pimoy and all other rate constants herein
must be viewed presently as apparent rate constants and the
implied KEN of 2 as an apparent KEN. Restated, the more
intimate mechanisms possible here remain to be tested and
supported or ruled out, mechanisms more complex than the by
design minimalistic, Ockham’s razor obeying, now bimolecular
FW two-step mechanism used to analyze the data. Only for a
truly elementary step does it follow that second-order kinetics
imply a molecularity of 2 (bimolecular) and, for the case of an
elementary nucleation step, a KEN of 2.

However, and in short, the data in Figures 3, the
accompanying Figure S2 of the Supporting Information, and
Figure 4 do provide very strong evidence that nucleation is
second order resulting in an apparent KEN of 2 in the classic,
polyoxoanion-stabilized Ir(0), nanoparticle formation system. If
higher order nucleation can be ruled out next, then the
evidence for at least second-order nucleation will be
compelling, vide infra.

Explicit Testing and Disproof of the Alternative
Hypotheses of Third-, Fourth-, and Higher-Order
Nucleation. The evidence at this point is highly consistent
with and supportive of second-order nucleation in the
prototype system of the formation of P,W;;Nb;O4,’ stabilized
Ir(0), nanoparticles from [(1,5-COD)Ir-P,W,sNb;O4,]%"
under H, in propylene carbonate. However, disproof of all
other reasonable alternative hypotheses®® for the reaction order
of nucleation is required to provide truly compelling evidence
for or against second-order nucleation and to distinguish it
from higher-order nucleation processes such as those implied
by CNT. Noteworthy here is that experimental evidence testing
and convincingly disproving all higher-order nucleation past
second-order nucleation is nonexistent for nanoparticle
catalysts save our own initial efforts>'and rare if not unavailable
for any other system in nature, depending on how one views
the small number of literature reports that come the closest to

accomplishing this important mechanistic task.*”~*"*' Third-,
fourth-**® and even higher net-order nucleation is certainly
conceivable given the literature cited in the Introduction
section. These important alternative mechanistic hypotheses
are, therefore, addressed next.

As noted in the Introduction, net reaction third- and fourth-
order nucleation would involve the stoichiometryies 3A — 3B
and 4A — 4B, respectively. Note, again, that these would not be
concerted processes; instead, these alternative hypotheses
involve prior equilibria and a resultant rate law third or fourth
(or conceivably higher, n™) order in the concentration of A,
[A]?%. The fact that [A], = [A], during nucleation again allows
us to use eq 2 to express the putative third- and fourth-order
versions, namely eqs 7 and 8, respectively.

klobs

= k obs(trimol
3[A]2 Lobs(trimol) (7)
k
10bS3 = klobs(tetramol)
4[A] (8)

We can, then and analogous to the first-order plot provided
in Figure S2, Supporting Information, use eqs 7 and 8 for the
third- and fourth-order nucleation hypotheses: does dividing
the apparent rate constant k; ,, by [A]* (eq 7) or [A]® (eq 8) to
yield Kiobs(erimol) a0d Kiobs(tetramor), Tespectively, followed by their
plot vs the [A] = [(Bu,N){Na;(1,5-COD)Ir-P,W;Nb;Oq,],
yield anything that could be construed as a flat line? Or, will
such plots be clearly nonlinear beyond experimental error as
one expects from the flat line in the second-order plots shown
back in Figure 4?

Figure 5 shows the results for kjgps(uimor) Obtained via eq 7
and this method. The strong, obvious curvature rather than a
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Figure S. Third-order nucleation hypothesis plot according to eq 7 of
klobs(tri.mol) = klobs/(3[A]2) vs [A] (:[(1,S-COD)Ir~P2W15Nb3062]8_).
The curved, clearly nonflat plot and nonconstant kigpys(imor) provides
strong evidence against third order as well as higher order nucleation.

flat-line plot in Figure S is apparent. As such, Figure S (and
even greater curvature using eq 8) provides strong evidence
against nucleation processes with orders higher than 2.

The Absence of Detectable, Parallel-Path Heteroge-
neous Nucleation in the (Bu,N);Na;(1,5-COD)Ir-
P,W,5Nb;O4, System. The present studies make apparent
that a special features of the present (Bu,N);Na,(1,5-COD)Ir-
P,W{Nb;Oy, system is that nucleation from this precatalyst is
homogeneous within experimental error. Indeed, all the
evidence to date,>”%¢ including the relatively reproducible and
acceptably precise kjgpspimor) Dimolecular nucleation rate
constants obtained herein (that can still vary by a factor of 2
for a given run, however, see Figure 3), argue that nucleation is
homogeneous (as opposed to the typically more facile
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heterogeneous nucleation).”” Already cited above was the
intercept of the plot in Figure 3 which sets a upper limit to
parallel, first-order heterogeneous nucleation (plus any other
pseudo-first order nucleation) of kjpeere < 0.001(£0.004) h™!
under the reaction conditions.

In addition, in our 1994 studies we showed that increasing
the glass surface area 2.5-fold by added glass beads—and the
thereby deliberately uncontrolled addition of dust that those
glass beads contain—has no detectable effect on the two-ste
kyops nucleation (or kg, autocatalytic growth) rate constants. 6
Those controls offer additional evidence that nucleation in the
present (Bu,N);Na;(1,5-COD)Ir-P,W;Nb;Oy, system is
homogeneous without any kinetically detectable component
of kinetically parallel, first-order heterogeneous or other net
first-order nucleation pathways. Apparently, the relatively
strong Ir—Ir (or Ir—H—Ir) bonding in the KEN is key, so
that dust or other heterogeneous surfaces are not required to
assemble the KEN.

Contrasting the desired homogeneous nucleation in the
(BuyN)3Na;(1,5-COD)Ir-P,W;sNb;Og, system are the other,
best literature studies to date of nucleation across nature, where
dust and associated heterogeneous nucleation often dominate
nucleation of (typically weakly bonded/associating) systems. A
case in point is isonicotinamide organic crystal growth; there
the authors find that dust particles—and resultant heteroge-
neous nucleation—dominates >2/3 of the otherwise impressive
144, repetitive crystallization trials.%

Additional Discussion and Implications of Second-
Order Nucleation. The Increased Separation of (Continu-
ous) Nucleation and Autocatalytic Growth Provided by
Second-Order Nucleation. Figure 6 displays the idealized
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Figure 6. A comparison of the relative nucleation rates, d[A],/dt, for
second-order (—d[Al,/dt = kyqps(bimon[Al) vs first-order (—d[A],/dt
= kygps[A],) nucleation of the otherwise identical reactions. Each set of
rates is normalized to 1 in order to compare the subsequent time-
course of the reaction post their maximum, initial nucleation rates. As
expected, the rate of second-order nucleation decreases more quickly
due to its squared precursor concentration dependence, [A]2 Note,
however, that nucleation is continuous until the precursor [A], = 0 at
the end of the reaction, as was a main finding emphasized in even the
title of our 1997 paper.”®

nucleation rate as a function of time for the first- and second-
order nucleation mechanism in a representative standard
conditions Ir(0) .3, nanoparticle formation reaction with a
concentration of 1.2 mM precatalyst. Figure 7 shows the
resulting ratio of growth rate/nucleation rate over time for each
case. To construct Figures 6 and 7, the rate constants from the
representative kinetic run were extracted and paired with the
implied [A], based on those rate constants, ks, = 0.018 h™’,
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Figure 7. Comparative plots of the ratio of the growth (—d[A]g/ dt =
Kaobs(vimo) [Al[B];) to nucleation rates for second-order (—d[A],/dt =
Kyobs(bimon[Al") vs first-order (—d[Al,/dt = ko, [A],) nucleation. As
expected but heretofore undocumented, second-order nucleation
results in a greater separation of still continuous® nucleation from
growth as a function of time. By the end of the ~1 h induction period
(e.g, as shown back in Figure 3), the ratio of the rates of growth to
nucleation is already 270% larger in comparison to the same ratio for
first-order nucleation.

kyops = 904 h™' M, and for second-order nucleation, K+ obs(bimot)
=61 h M7} ks = 917 K7 ML

Figure 6 demonstrates an important feature of second-order
nucleation: a greater separation of still slow, still continuous,”’
but now second-order nucleation, A + A — 2B, results in a
more dramatic reduction in the nucleation rate as a function of
time, d[A],/dt, defined by kgppimen*[Al (e, and in
comparison to the first-order nucleation rate = k., [A]}).
Figure 7 shows the resulting increased separation of nucleation
and growth for second-order nucleation by plotting and
comparing the ratio of the growth rate/nucleation rate for
the second- vs the first-order nucleation mechanisms (i.e., and
for the otherwise identical, net Ir(0), formation reaction).

As Figures 6 and 7 detail, the increased separation of
nucleation and growth in time is significant due to second-order
nucleation. Specifically, ~12 min into the reaction, which has an
induction period of ~60 min, the ratio of growth/nucleation is
already 2.5 times larger compared to first-order nucleation. By
168 min, this ratio is 4 times as large, even though the reaction
has only consumed ~40% of the precursor, A. This rapid switch
from appreciable rates of nucleation to primarily growth due to
second-order nucleation is important in helping achieve the
relatively small/narrow, + 15% size dispersion” seen in the
resultant nanoparticles (i.e, and when the FW two-step
mechanism fits the kinetic data). In short, the second-order
nucleation mechanism uncovered herein provides additional
insight into why the resultant size distributions are relatively
narrow; second-order nucleation provides a greater separation
in time of the rates of (still continuous) nucleation vs
autocatalyic growth.

Additional Discusion of the Needed Additional Concept of
the First-Observable Cluster. Although there are many claims
in the literature of observing and measuring the “critical
nucleus”, more generally what is probably actually measured is
what we define herein as the FOC(s), that is, the first particle
observable by whatever physical method one is using (i.e., and
given its inherent sensitivity limits). This is distinct from KEN,
which, being transient, requires nucleation kinetic studies in
order to obtain evidence for the size (nuclearity) of that KEN.

A subcategory of such first-observable nuclei relevant to the
present study is what we previously termed the “catalytically
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effective nucleus”,® N*. Based on the present work, a better
name for N* is probably the “first observable catalytically
effective cluster”. The species N* is by definition the first
catalytically competent cluster in transition nanoparticle
autocatalytic growth and catalysis reaction observable by a
detectable rate of catalysis such as a measurable drop in the H,
pressure in Figure 3, vide supra.

Note here that, as the name “FOC” indicates, the physical
method chosen (e.g., TEM, light scattering, XAFS, SAXS, etc.)
and its detection limit are intimately tied to the (therefore
somewhat variable) minimum-detectable size FOC. The more
important point here, however, is that it is not the putative
“critical nucleus” of nucleation theory that one is generally
detecting by whatever physical method is being employed.
Instead, it is the FOC.

In the case of the first observable catalytically effective
cluster, N*, and for the Ir(0), nanoparticle system employed
herein, clusters in the range of 11—83 atoms, have been
detected by both TEM and initial reaction product
stoichiometry studies by GLC.° Noteworthy here is the
conceptual confusion that would result if one (incorrectly)
assumed these Ir(0)s,3 were the “critical nucleus” of CNT,
which in turn would then appear to demand a (thermochemi-
cally nonrealistic) reversible Ir(0) monomer addition/elimi-
nation up to that putative Ir(0)s 5 “nucleus”.

Mechanism-Based Equations for N* and for the Final,
Average Nanopatrticle Size, Dy, Based on the Bimolecular-FW
Two-Step Mechanism. In 2008 we published the first, and to
our knowledge still the only, mechanism-based equation for
determining N* from the final average nanoparticle size, Dy, the
initial concentration of precatalyst, [A],, the induction time, t,,4,
and the rate constants for (at the time) unimolecular nucleation
and autocatalytic growth, k,, and k., herein, Scheme 2, vide
infra (rate constants listed as just k; and k, in our 2008
publication).® That equation (no. 20 in our 2008 publica-
tion)*® applies when the kinetic data for the system in question
is well-fit by the historical FW two-step mechanism with its
unimolecular nucleation step. Alternatively, if N* is known, the
equation can be readily rearranged to give D¢ in terms of N*,
and the measurables [A]y, t4 Kiope and kype

Now that we know that nucleation is empirically a second-
order process well-fit by the bimolecular FW two-step
mechanism, a rederivation of the equation for N* (and its
rearrangement to an equation for Dy) is in order.

Those derivations, while straightforward, are provided in the
Supporting Information for the interested reader. The only, but
key, needed substitution vs the prior derivation®® is in the
equation for [A], for the, now, bimolecular FW two-step
mechanism, eq 9.

k2obs
Z*klobs(bimol)(e(kzubs*[AJO*O - 1) + k20bs

Al

©)

The use of eq 9 yields the desired eq 10 for N*, and if simply
rearranged as before,*° Dy, eq 11.

_ Dg’ﬂpNA o
6MW

klobs

Z*klobs(bimol)(e(kZUbs*[A]o*t) = 1) + kyps

N*

(10)
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It should be noted that the underlying derivation of these
equations necessarily assumes the complete separation of
nucleation and growth in time;> rigorously this would mean
that no additional nucleation would occur past the induction
period that determines N*. This assumption is never 100%
true, as nucleation is continuous as we first experimentally
determined in 1997°° and as is obvious from the rate law for
nucleation uncovered herein, —d[A]/dt = kypsbimen[AlS),
which teaches that nucleation slows but never stops and
therefore is continuous until [A] = 0, at which time the
nanoparticle reaction is over. But, a sizable separation of
nucleation and autocatalytic growth is a pretty good
approximation in the case of second-order nucleation, as the
previous Figures 6 and 7 demonstrate.

In short, a high degree of separation of nucleation and
growth in time should be apparent before employing eqs 10
and 11. However, and in that case, the fundamental value of the
above mechanism-based equations is that they permit
computation of the first observable catalytically effective cluster,
N* or, alternatively, allow one to calculate the average final
nanoparticle size, Dy, if a transferrable N* is known and the
measurables [AJo, ting) Kiobsbimol) A0 Kagpg(bimor) are known.

A Rational, Mechanism-Based Treatment of Size Dis-
tributions vs Time Is Now Possible. Significantly, now that the
second-order nucleation FW two-step mechanism is in hand, it
is finally possible to undertake the additional, badly needed
experimental studies and modeling simulations required for a
rational, mechanism-underpinned analysis of nanoparticle size
distributions vs time. That needed work is in progress and will
be reported in due course.

D, =
K3obs
(kaobs[Alokt) _ 1) + Kagpg

apNy| 1 —
P A( 2k gbs bimol) (€

B CONCLUSIONS

The most important findings from this study, plus the new
associated concepts, are summarized below as a bulleted list:

e Experimentally, nucleation is second order in at least the
relatively strongly bonding, prototype nanocluster
formation system of Ir(0), nanoparticles studied herein
with its strong, ca. 26 kcal/mol Ir(0)—Ir(0) bonds to ca.
75 keal/mol Ir—H—Ir bonds.>®

The present work is, therefore, an important exper-
imental demonstration that nucleation is under kinetic,
not thermodynamic, control in at least the relatively
strongly bonded Ir(0), nanoparticle formation system
studied herein.

The demonstration in 1997 that nucleation is slow and
continuous,” and not a “burst” phenomenon as the
1950s LaMer mechanism postulated,'’ is upheld by the
present studies and is, in hindsight, a seminal finding in
nucleation and growth studies across nature.

CNT along with its equilibrium-based, theoretical
concept of a “critical nucleus”, A,, formed from the
reversible association of n momoners of A, is therefore
disproven for the present Ir(0), nanoparticle formation
system. Restated, CNT is simply not applicable to the
present nanocluster formation system until and unless
such time as CNT is able to predict an Ir, 3 “critical
nucleus” for this system (which, in CNT language,
corresponds oddly to a critical nucleus of 1-2, not 2—3).
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The failings of CNT are extensive, well-docu-
mented,>7'%?*?° and therefore merit careful consid-
eration by anyone claiming—incorrectly!—that CNT
can be used for at least transition-metal and other
complex nanoparticle nucleation systems and associated
calculations or simulations.

A new concept of the KEN is needed and therefore
postulated as part of the present work. The apparent
KEN for Ir(0), nanoparticle formation, under the
conditions of the present studies and based on the
demonstration of second-order nucleation kinetics, is an
apparent KEN of 2. The caveat here is that only when
the underlying more intimate mechanism of nucleation
when beginning with (Bu,N);Na;(1,5-COD)Ir-
P,W,Nb;Oq, is known, will the true molecularity of
nucleation—and thus the true vs the apparent KEN—be
known. However, from all the more intimate kinetic
schemes for nucleation that we have been able to write at
least to date, a KEN of between 2 and 3 (ie, <3) is
indicated.

The evidence from the literature cited in the introduction
pointing toward a KEN of 2—3 argues strongly for the
potentially much broader applicability of the present
results to nucleation and growth phenomenon across
nature. The known systems at present where a KEN =
2—3 now include the present system, heterogeneous
supported nanoparticle catalyst formation,”" Rh(0),
nanoparticle formation,® Ag, nanoparticle formation,””
protein aggregation in at least some of the major
neurological diseases,>* gelatin R1 renaturation,>® and
H,SO, nucleation in atmospheric chemistry*' —already a
rather broad cross section of phase changes across
nature. Noteworthy here is that these hints of the
broader generality of bimolecular to termolecular
nucleation encompass relatively weak bonding/associat-
ing chemical interactions such as those present in the
protein aggregation and H,SO, nucleation systems.
Worth mentioning here is that there is also computa-
tional evidence for bimolecular nucleation as a preferred
process in water condensation in expanding/cooling
water plumes® and of simulated nucleation populations
that drop off by ~107° as one goes from dimers to 10-
mers in a glassy solid crystallization system.”” The
protein aggregation simulations by Stryer come to mind
here as well, Stryer showing that dimer formation is
favored over all other aggregates in the monomer-
addition mechanism®” since only the dimer grows with a
quadratic dependence on [A].”" There is, therefore, every
reason to expect that rate-limiting bimolecular to perhaps
termolecular nucleation may well apply rather broadly to
other systems across nature. In short, the rate-
determining second-order nucleation uncovered in the
present work should serve as one key starting hypothesis
for attempted disproof in future studies of the reaction
order and implied molecularity of nucleation phenomena
across nature.

The FOC is an additional needed, new concept that has,
therefore, also been postulated as part of this work. Prior
literature claims of observation of the putative “critical
nucleus” of CNT are, instead, very likely to have actually
detected the FOC due to limitations in the sensitivity or
time-resolution of even the most powerful physical
methods used to date.
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o The demonstrated applicability of the unimolecular form

of the FW two-step mechanism (and thus by analogy to
the present work its equivalently equally well-fitting
bimolecular form) to other areas such as heterogeneous
catalyst formation,”" protein aggregation,”*’ and solid-
state reactions’> implies that the hypothesis of the
bimolecular FW two-step mechanism merits careful
scrutiny as a first minimal mechanism for curve-fitting
of kinetic data in other systems. The FW two-step
mechanism is analogously a good first choice for kinetic
simulations as well. Use of the FW two-step mechanism
in its unimolecular form is easiest and should suffice for
the purposes of data fitting in most cases and where the
precursor concentration, [A], is effectively constant
during the nucleation period.

The nine insights, predictions, and synthetic implications
of the FW two-step mechanism, reproduced in a footnote
herein for the interested reader,*? are still valid in light of
the finding herein of second-order nucleation. However,
the new insight is that second-order nucleation provides
an increased degree of separation of nucleation from
autocatalytic growth. That degree of separation is
important in achieving the typically <+15%, by
definition near-monodisperse,49 size distributions com-
monly observed when the FW-two-step mechanism fits
the observed kinetic data.

The availability of the second-order FW two-step
mechanism herein is important in a broader, more
fundamental context. Specifically, such disproof-based,
minimalistic, elementary, or pseudo-elementary step
mechanisms are the required, necessary foundation—
the crucial underpinning—that enables the needed, more
sophisticated, more complex “physical” or “engineering”
models of phenomenon across nature such as nucleation,
growth, and agglomeration. However, to be reliable we
assert that those needed, more complex models must
start from, incorporate and overall build off of disproof-
based mechanistic models.

The limitations of the FW two-step mechanism have also
been cited*® and derive from the still too simple nature of
this mechanistic model and the average nanoparticle rate
constants, average size, and other average properties and
insights that it yields. The lack of any information about
the nanoparticle size distribution (ideally as a function of
time) is a major shortcoming of the FW two-step model
as we have previously noted.”® Hence, improvements and
more complex models, that employ the FW two-step
model as their starting foundation and thus build off and
improve the FW two-step model, are both needed and
welcomed.”

e An additional implication of this work is that LaMer’s

highly cited, but actually relatively little supported, “burst
nucleation and diffusion controlled growth” physical
model for sulfur sol formation from the 1950s'" needs to
be critically reexamined.”® This assertion follows since
LaMer’s model is based in part on CNT and makes the
assumption of “burst” nucleation. Lamer’s model is,
therefore, likely simply not correct for at least systems
and nanoparticle syntheses not performed by the hot-
injection method. This assertion is supported by the
many failed attempts to use quantitatively, and thereby
support, LaMer’s model during the now 60+ intervening
years.'" It, like CNTT, is as Turkevich noted 63 years ago
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a “theory of great tradition”,”* but one who’s time for
reassessment has now come.

o Significantly, now that the correct, minimal, elementary
step of continuous second-order nucleation and the
pseudo-elementary step of autocatalyic growth are in
hand, mechanistically underpinned efforts to describe
and model nanoparticle size distributions vs time can be
rationally approached. Those efforts will supplant recent
useful, but conceptually flawed, studies where a
mechanism is assumed prior to the, for example,
population balance modeling and simulations.” Such
studies which do not start from a well-established
chemical mechanism only create controversy and
confusion and should be avoided in our opinion.

e One among other crucial benefits of building from the
relatively firm foundation of mechanistic, disproof-based
models is that doing so incorporates naturally the proper
specific words (and associated rate constants) to describe
the phenomenon at hand. This occurs naturally since the
balanced elementary or pseudo-elementary steps of
mechanistic models define the needed, specific words
and concepts. An excellent example is the now
unequivocally defined continuous second-order nuclea-
tion and autocatalytic growth steps of the second-order
nucleation FW two-step mechanism. The associated
concepts of a KEN and FOC follow. The disconnect
present in nonmechanistic models, between the differ-
ential equations given and the words then tacked on ad
hoc to describe the physical processes at hand, continues
to be a persistent, conceptually confusing, controversy
generating and thus progress-inhibiting aspect of purely
physical or ensgineering models of dynamic processes
across nature.>

e Next and very importantly, these studies begin to offer
some insights and clarity into when CNT should be used
and when it is simply not applicable. For simple, nA —A,
systems with gas-phase hydrocarbon droplet formation
being a prototype example,'” CNT and its equilibrium-
based treatment and critical nucleus concept and
language are applicable and do provide a reasonable
job of describing the physical process at hand in these
low supersaturation systems. However, in systems that
involve other reagents and can proceed via other
intermediates, changed oxidation states, or other more
facile kinetic pathways than that provided by simple
aggregation of nA —A,, CNT is best viewed as simply
not applicable in our opinion. The current prototype
example is the 2A (Ir') + H, —»{Ir,H,} »— B (Ir°,)
system herein implied (but not unequivocally demon-
strated, vide infra) by the present studies. The concepts
of the KEN and FOC should be used in such cases, not
the critical nucleus and other language and concepts of
CNT.

e Finally, despite the insights and new concepts of the
KEN and FOC provided by the present studies, we wish
to emphasize that the still (and by-design) minimalistic
second-order nucleation FW two-step mechanism de-
tailed herein is almost surely not the final, true, more
intimate nucleation mechanism in many, if not most
cases, that begin with complex nanoparticle precursors
that are not the actual assembling A. Additional studies
beyond the scope of the present work are needed to
distinguish, for example, bimolecular from termolecular

mechanisms that we have been able to write, both of
which can show net second-order kinetics—why we have
been careful in the present work to distinguish and use
where appropriate the distinct concepts of empirical
reaction order vs that of the intimate mechanism-derived,
theoretical molecularity of a postulated, underlying
elementary step. All the rate constants such as kigps(pimol)
or KEN = 2 obtained herein are, therefore and as already
noted, apparent rate constants and an apparent KEN.
Mechanistic science is by its very nature stepwise,
cautious, and highly evolutionary, building piece-by-
piece and step-by-step to more complex mechanisms, but
only as the data demand! In addition, even for relatively
simple bi- to termolecular nucleations, possible Ir(0),,
Ir,H, Ir,H,, Ir,", Ir,H" or Ir(0)s, Ir;H, Ir;H,, Ir;Hs, Irs",
Ir;H* and other possible, nominal compositions of the
activated complex of the rate-determining, nucleation
step also remain as important hypotheses awaiting
experimental scrutiny and attempted disproof. In that
sense, the present contribution is quite modest in some
sense, yet arguably profound and possibly (if not
probably) far reaching in another sense simply due to
its demonstration of simple second-order, and not higher
order, nucleation with a the KEN of 2—3, but not the
larger “critical nucleus” implied by CNT, for a transition-
metal nanocluster formation system. The needed addi-
tional studies are continuing and will be reported in due
course.

B ASSOCIATED CONTENT

© Supporting Information

Derivations for the integrated rate equations used to fit the
kinetic data. Additional mechanistic data from the “in-situ
formed” catalyst reactions are also provided for the interested
reader. This material is available free of charge via the Internet
at http://pubs.acs.org.
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