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S1. Derivation of Kinetics for the kzobs vs initial [A]o = [(COD)Ir'sPOM?]p and [POM®]added

concentration Data and Plots from the Bimolecular Nucleation Mechanism

For the bimolecular nucleation mechanism, the differential and integrated forms of the rate law are

S1, S2 and S3, all following prior derivations.!>?

klobs(bimol)

A+A ——— 2B

k20bs

A+B — 2B
net A— B (S1)
d[A] d[B]
T = “dt =2 klobs(bimol) [A]t2 + kzobs [A]t[B]t (S2)
[A]t — k20bs[Alo (S3)

k
2 k1obs(bimol){e( 20bslAlot) 1}"'k20bs

The proposed more intimate mechanism for the growth step is shown below, (S4) to (S6), along

with the associated differential eq S7:

(COD)Ir-POMS- + 2 solv fiin (COD)Ir(solv),* + POM?- (S4)
[A]y- x [solv], x [POM?],44ea + X
(COD)Ir(solv),* + Ir(0) + 2.5 H, i» 2 Ir(0) + H* + cyclooctane + 2 solv (85)
x B 2B
Net growth:  (COD)Ir-POM® + Ir(0) + 2.5 H, i» 2 Ir(0) + H* + cyclooctane + POM?- (S6)
A B 2B
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For rate-determining autocatalytic growth k2, S5, the associated differential equation is S7:

4I5) _ J,[(COD)Ir(sol)31[Bl, = ky[x1[El, D

t

What we need next is an expression for x; hence, we can write Kpiss and Kpiss(apparent) = Kpiss[s01v]?:

— [(coD)Ir(solv)F][PoM®]  [xI([POM®~] . . +x)
Diss ™ “[(coD)IrPOM8-][solv]zZ ~  ([Alo—x)[solv]2

(S8)

[x]([POMg_]added+x)
([Alo—x) (59)

KDiss(appt) = Kpiss [solv]? =

From eq S9, we can write eq S10 and then from the solution of the quadratic equation, and for the

positive root, eq S11

x? + (KDiss(appt) + [POMQ_]added)x - KDiss(appt) [A]O =0 (SlO)

1 - - 1/2
X = 2 (_(KDiss(appt) + [POM9 ]added) + ((KDiss(appt) + [POMQ ]added)2 + 4KDiss(appt) [A]O) ) (Sl l)

Now comparing and equating eqs S2 and S7 yields eq 12 for the growth step:

d[B

9B = Jegons[AL[B]. = ky[x][B], (S12)

For the early part of the growth section of the typically sigmoidal curve, and when fitting just first
<'> of the sigmoidal curve as we do (so that the cyclohexene hydrogenation catalytic reporter
reaction (CHHR) approximations are better satisfied®), we can take [A]; = [A]o ; that is, eq S13a and

S13b
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kZObS[A]O[B]t = k2 [X] [B]t (Sl3a)

ko [x]

Substituting eq S11 to S13b yields the desired eq S14:

k — —
k20bs = ﬁ(_(KDiss(appt) + [POM9 ]added) + ((KDiss(appt) + [PONI9 ]added)2 +

1/2
4'KDiss(appt) [A]O) )

(S14)

Eq S14 was then used to fit the experimental k2obs vs [POM”Jadaqea or the initial [A]o = [(1,5-
COD)Ir'*POM?"]y concentration data.

S2. Derivation of Kinetics for the OFWK 4-Step Mechanism (4-Step Ligand Binding

Mechanism)

The proposed mechanism (and K + k definitions) are

K,
AL <—= A +L (315)
A —fy B (S16)
A+B —2 3 2B (S17)
Kp
B+L =<——= B.L (S18)

The K, 1, and Kg 1, equilibrium constants are defined in eq (S19) and eq (S20), respectively:

A][L
Kar = r (S19)
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[B-L] 1 [B][L]
Kp.L [BI[L] > Kgi  [BL] (520)

The mass balance equations are:
[AJwor = [Al: +[A-L]; (S21a)
[Llwot=[L]: +[A-L]s +[B-L] (S21b)
For  [Llwt > [Alwt , this equation simplifies to
[L]wt = [L]: (S21c)

[Blwt = [B]: + [B-L]: (S21d)

where it is understood that there is no B at # = 0, but then B grows as the reaction proceeds. From eq

(S19) and eqs (S21a) + (S21c):

_ Kavu[AL]lr _ KarL([Alwot—[AlD) _ KaL[Altor—Ka L[Alt
[Ale = [L]e [L]tot [Lltot (522a)
or [A][ [L]tot + KA-L [A]z = KA-L [A]tot (822b)
or [Alr (Ka.Lt [L]ot) = KaL [Alot (522c)
hence,
Ka.L[Alto
[A]t — — A-L[Atot (22d)

KaL + [L]tot
Similarly, from eqs (S20), (S21c) and (S21d) we see that

[B-L]¢

[BJe = Kg.1 [L]tot (523a)
_ ([Bltot—[B]¢)
or Bl = Kp.L. [L]tot (523b)
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or [B¢[Lwot Kg... +[B]: = [Blot (S23c)
or [B]:(Kg.L [L]tot + 1) = [Blrot (S23d)

or [B], = — Dlot (S23e)

Kp.L [Lltot + 1

From the proposed 4-step mechanism, and assuming we are always at equilibrium, then the rate

determining steps (rds) are eqs (S16) and (S17). Now for the rds of eq (S17) we can write

_dal_

) = ky[Al + ko[AL[B, (524)

and by substitution of eqs (S22d) and (S23d)

_d[a] _ Ka.L[Altot Ka.L[Altot [Bltot
dt  Kap+ Lot 2 Kar+ [Lltot KpL[Llrot + 1 (5233)
. M _ Ka.L Ka.L 1
aw =k [KA.L + [L]mt] [Altor + k2 [KA.L + [L]mt] [KB.L[L]mt+ 1] [Altot [Blot (5256)

where it is understood “[BJiwt” = [B]it: , that is, the rate-determining step of eq (S17) makes [B];,
that is then rapidly partitioned by the Kp 1, equilibrium:

d[A]
or - F = klobs [A]tot + k20bs [A]tot [B]tot,t (8250)
Ka.
Whel‘e klObS =i kl [—KA,L f[IL]tOt] (std)
— KaL 1
Kaops = k2 [KAL + [L]mt] [KB.L [Llcot + 1] (S25¢)

Eqgs (S25d) and (S25¢) can be converted to eqs (S26a) and (S26b)
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Kiops = — AL (S26a)

Ka.L + [Lltot

Kaobs = f2 ol (S26b)

Kg.L [LZt + (Ka.LKp.L +D[L]tot +Ka.L

Eq (S26b) predicts that a plot of kaobs Vs [L]wt Will look similar to the one in Figure S1 and be fit by

eq (S26b).

Next, as for the temperature dependence of just K, .1, and Kg.1,, we know

AGA.L == _RT ln(KAL) (8273.)
or Kap = e~ 26aL/RT (S27b)
AGB-L = —RT ln(KBL) (S28a)
or Kg., = e A6B.L/RT (S28b)

If needed eqs (S27) and (S28) can be substituted into eq (S26) for temperature dependent studies.

As for the temperature dependence, substituting eqs (S27b) and (S28b), we obtain

kl e_AGA-L/RT

kiops = (S29a)

e AGAL/RT 4 [L]tor

k kze_AGA'L/RT
20bs — e—AGB.L/RT [L]%Ot-l- (g_AGA-L/RT e_AGB-L/RT+ 1)[L]t0t+ e_AGAAL/RT

Note additionally, AG; = AH; — TAS; can then be substituted into eq (S29) as desired.

(S29b)
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S3. The Pseudo-Elementary-Step Reporter-Reaction Method Employed For Monitoring the
Kinetics and COPASI Curve-Fitting According to the OFWK 4-Step Mechanism

As before,? we use the cyclohexene plus H, pseudoelementary-step reporter reaction method
for following the nanoparticle formation kinetics. In the case of the unimolecular nucleation, 2-step
mechanism given by eq (S30) (i.e., and consistent with the postulated mechanism steps (S16) and
(S17) above), it has previously been shown?®#° that the loss of H, (followed using a sensitive, +0.02
psi pressure transducer), or its equivalent cyclohexene loss by the known 1:1 H» to cyclohexene
stoichiometry, obeys eq (S31). The experimental conditions of the reaction are such that the
[cyclohexene]/[A] ratio is chosen to be ~1400 (actually 1375 in all of the experiments herein) when
[A] (the [(BusN)sNa3z(1,5-COD)IreP.W15Nb3Oe;] precatalyst) is at what we denote as “standard
conditions” of 1.2 mM. Note that it is a reasonably good, acceptable approximation to treat the
nucleation as unimolecular for the purpose of the COPASI curve-fitting, even if it is experimentally
known to be second order and nominally / apparently bimolecular, because (as detailed in an earlier
publication') Kiobs = Kiobs(bimol)[ At = Kiobs(bimon[A]o during the induction period where [A]: = [A]o to a
high (>99%) degree of approximation.!

kiobs
E—

k20bs

A+B — 2B

net A— B (S30)

. d[cyclohexene]

dt = klobs(curvefit) [CyCIOhexene]t + (83 1)

k2obs(curvefivy [cyclohexene], * ([cyclohexen], — [cyclohexene];)

where ki obs(curvefit) = ki obs, but kZobs(curveﬁt) = kaobs /( [CyCIOhexene]/[A]), or kZobs(curveﬁt) = kaobs /1400 for

1.2 mM precatalyst solutions.
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High Resolution Transmission Electron Microscopy Data For Representative Ir(0)a(POM* )

Nanoparticles Prepared in the Present Study

We have previously published multiple TEM images of POM-stabilized Ir(0)n(POM®)m
nanoparticles formed from (BusN)sNas[(1,5-COD)Ir'sP,WsNb3Oe:] in propylene carbonate at 22.0
+ 0.1 °C, with 1.65 M initial cyclohexene concentration, and with and an initial H pressure of 40
psig.67:8%10 Figure S1 displays HR-TEM images, at two different magnifications, of a representative
sample harvested after 10 h and post showing that 1.0 equivalent of cyclooctane had evolved as
determined by GC. Particle size measurements were collected from various HR-TEM images and
used to construct the histogram given in Figure S3(C). HR-TEM images of another sample are given

in Figure S2.

The average diameter of the POM-stabilized Ir(0), nanoparticles is 1.7 + 0.3 nm for both
samples. Polyoxometalate anionic ligand can provide enough stabilization for the Ir(0),
nanoparticles so that near-monodipserse!! Ir(0)s(POM”)m nanoparticles are formed from the

reduction of (BusN)sNas[(1,5-COD)Ir'sP,WsNb3Oe2] precursor.

The TEM images show that well-formed, almost near-monodisperse (i.e., £15%),!!
1.74+0.32 (+18%) nanoparticles are formed, nanoparticles therefore of average size of around

Ir(0)-200.
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Figure S1. Bright field STEM images (top) and the corresponding particle size histogram (bottom) of Ir(0)
nanoparticles formed during a Standard Conditions nanoparticle formation and concomitant cyclohexene
hydrogenation starting with 1.2 mM [(BusN)sNasz(1,5-COD)IreP,W15sNb3Oe: in propylene carbonate at 22.0 £
0.1 °C, 1.65 M initial cyclohexene concentration, and an initial H, pressure of 40.5 psig. The resultant
average diameter is 1.74 = 0.32 nm. The histogram was constructed by counting 347 non-touching particles
in multiple TEM images.
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Figure S2. Bright field STEM images (top) and the corresponding particle size histograms (down) of a
second sample of Ir(0), nanoparticles formed during a Standard Conditions Ir(0), nanoparticle formation
reaction and concommitant cyclohexene hydrogenation starting with 1.2 mM [(BusN)sNas(1,5-
COD)Ir*P,W5Nb3Og:] in propylene carbonate at 22.0 + 0.1 °C and an initial H, pressure of 46.1 psi (31.4
psig). The average diameter from this particular reaction is 1.68 + 0.2, and hence the same within
experimental error as the sample shown in Figure S1. The histogram was constructed by counting 352 non-
touching particles in various TEM images.
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Table S1. Observed rate constant, ks, for the autocatalytic surface growth of Ir(0),(POM”),, nanoparticles

obtained by curve-fitting the CHRR kinetics data to the FW 2-step mechanism. The kinetics data were
collected for a Standard Conditions Ir(0), nanoparticle formation and concomitant cyclohexene
hydrogenation reporter reaction starting with [A], = [(1,5-COD)IrsP,W5sNb;Os2]% ] precursor plus added

polyoxometalate stabilizer [POM® Jaddea = [P2W1sNb3O62” Jaddea in propylene carbonate at 22.0 + 0.1 °C, and an

initial H, pressure of 40 + 1 psig, all as described in greater detail elsewhere.'

Experiment [Ir-POM*] Added [POM” Jaggea | Total [POM*] kaobs
Number in mM in mM in mM inh! M
1 0.25 0 0.25 1540
2 0.25 0 0.25 2030
3 0.75 0 0.75 1300
4 0.75 0 0.75 1800
5 0.75 0 0.75 1470
6 1.5 0 1.5 870
7 1.5 0 1.5 880
8 1.5 0 1.5 1840
9 2.61 0 2.61 760
10 3.73 0 3.73 690
11 4.84 0 4.84 550
12 4.84 0 4.84 505
13 6.04 0 6.04 280
14 7.25 0 7.25 305
15 7.25 0 7.25 210
16 8.45 0 8.45 215
17 8.45 0 8.45 157
18 8.45 0 8.45 214
19 1.20 0 1.20 2180
20 1.20 0 1.20 2344
21 1.20 0 1.20 2262
22 1.20 0 1.20 1300
23 1.20 0.15 1.35 1571
24 1.20 0.15 1.35 1245
25 1.20 0.15 1.35 1613
26 1.20 0.15 1.35 1225
27 1.20 0.30 1.5 2414
28 1.20 0.30 1.5 1575
29 1.20 0.30 1.5 958
30 1.20 0.60 1.8 1492
31 1.20 0.60 1.8 1566
32 1.20 0.60 1.8 713
33 1.20 0.90 2.1 1313
34 1.20 0.90 2.1 768
35 1.20 0.90 2.1 720
36 1.20 1.2 2.4 907
37 1.20 1.5 2.7 829
38 1.20 1.8 3.0 761
39 1.20 2.1 3.3 641
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Curve-Fitting of Cyclohexene Hydrogenation Reporter Reaction (CHRR) Kinetics Data
Where No Added POM®- Is Present by the OFWK 4-Step Mechanism Containing the AeL Plus
BeL Equilibria

It occurred to us that we should also try to fit the cyclohexene hydrogenation reporter
reaction (CHRR) kinetics data back in Figure 1 as a further test of the OFWK 4-Step Mechanism
with its AeL and BL equilibria shown back in Scheme 3 in the main text. Figure S3 shows just such
a fit of the experimental CHRR kinetics data using the OFWK 4-step mechanism and COPASI
numerical integration software.!? The fit is excellent (R? = 0.99026), perhaps not unexpectedly since
the OFWK 4-step mechanism has four additional fitting parameters'® over the minimalistic FW 2-

step mechanism.

O DATA
1.6
| e==F|T to OFWK 4-step
= | mechanism
o 12
cC 4
Q
X
Q 1
=
O 0.8 -
Q ]
>
L,
0.4 -
0 ‘
0 1

time (h)

Figure S3. Cyclohexene concentration loss (blue circles) vs time plot for Ir(0), nanoparticle formation and
concomitant cyclohexene hydrogenation starting with the Standard Conditions of 1.2 mM [(BusN)sNas(1,5-
COD)Ir'P,W5sNb30¢.] precursor solution in 2.5 mL propylene carbonate, 1.65 M initial cyclohexene
concentration at 22.0 = 0.1 °C, and an initial H, pressure of 40.6 psig—but with no added POM’". Also shown
is the fit (red solid line) of the data to the OFWK 4-step mechanism in Scheme 3. The resultant, COPASI'*-
determined parameters via an unconstrained fitting are: ky.; =34 + 17 h'', kxy = (2.6 £ 1.2)x10° h"'"M™, ki =
(82£2.8)x10% h'!, ko = (7.7 £ 0.6)x10” h"M™, kg.;= (5.7 £0.1)x10* h', and k5. = (9.4 + 1.2)x10? h".
The indicated error estimates are from the fit.
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As a check on the curve fitting and equilibrium constants produced in this work, we can check the

dissociation equilibrium constant for AsL = A + L, Ka... = ka1 /kxp, = 1.3x10° M1, against the

experimental value measured by 3'P NMR of' Kpissapparent) (FKa-L (herein)) ~ 6.4x10° M-!. The

agreement is within a factor of ~50, so rough agreement only. The equilibrium constant for BeL =

B+ L, Kg.L = kg.i./kg.,, = 1.3x10° M from the fit in Figure S3. This is a ~103 order of magnitude
larger than the value (Kg.;, = 1.4 x10> M) obtained by fitting the kzobs versus [POM’ ]t data to eq
(3) in Figure 4 all of the main text. Hence and overall, while the A°L Plus BeL OFWK 4-step
mechanism can fit the Ir(0)s(POM®")m nanoparticle formation kinetics data with no added POM®-
present, it remains to (i) be further tested vs other possible mechanisms, and (ii) the ability (or not)
of the OFWK 4-step mechanism to obtain reliable equilibrium and rate constants from at least

cyclohexene reporter reaction kinetics data remains as another question requiring further testing.

Curve-Fitting of Cyclohexene Hydrogenation Reporter Reaction (CHRR) Kinetics Data With
Added POM®- Present by the OFWK 4-Step Mechanism Containing the AL Plus BeL
Equilibria

The addition of POM®~ changes the CHRR Kkinetics, slowing the reaction as expected and
leading to a somewhat different shaped kinetics curve, as a comparison of Figures S3 (above) and
S4 (blow) reveals. Shown in Figure S4 is a CHRR Kkinetics curve with 1.8 mM added POM®- along
with attempted curve-fits to the FW 2-step and then OFCK 4-step mechanisms.
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Figure S4. Cyclohexene concentration loss versus time plot for the Standard Conditions Ir(0), nanoparticle
formation and concomitant cyclohexene hydrogenation starting with 1.2 mM [(BusN)sNas(1,5-
COD)It'eP,WsNb3Og] plus 1.8 mM added POM’ solution and 1.65 M cyclohexene in 2.5 mL propylene
carbonate at 22.0 + 0.1 °C and an initial H, pressure of 40.7 psig. Shown is the fit of data to: (A) the FW 2-
step mechanism® yielding kiobs = (1.7 £ 0.2)x10™* h™ and kaobs = (6.6 £ 0.2)x10* h"'M™" M!, R* = 0.992; and
(B) the OFWK 4-step mechanism (Scheme 3 of the main text) yielding ky.;= 14+ 64 h', ky ;= (1.6 £
6.9)x10°h"M ™, k1 =1.0£0.9 h', k= (5.7 £ 0.7)x10® h'"M™, kg. .= (1.1 £0.6)x10° h', and k5 = 0.8 £ 2.2
h', R?=0.991.
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Of these two mechanisms, the OFWK 4-step mechanism clearly does the best job of accounting for
the CHRR kinetics data when added POM”- ligand and nanoparticle stabilizer is present, although
once again the OFWK mechanism has two additional fitting parameters. However, the resulting fit
parameter for the OFWK 4-step mechanism are ill-defined as the bolded error bars above indicate.
If one goes ahead anyway and looks at the Ka.. and Kg.r. for the OFWK 4-step mechanism and the
curve-fit in Figure S4 Part (B), then Ka.L = kp.1/kx. ~ 8.8x10° M (compared to the 3'P NMR
obtained value of Kpissapparent) (FKa-L (herein)) = 6.4x10> M) and Kg.. = kg.1/kg. = 1.4x105M!
(compared to Kg.1, = 1.4 x10?> M! obtained by fitting the k2obs versus [POM’ ] data in Figure 4 to
eq (3) in the main text. Hence the “agreement” is +7-fold for Ka.r to +£10* for Kg... Clearly, more
work with additional data sets, and especially by monitoring methods complimentary to and other
than the CHRR method, as well as mechanism-enabled population-balance modeling (ME-PBM)!4
will be needed to identify the best, while still minimum, therefore Ockham’s razor obeying,

mechanisms when ligands are present.

Curve-Fitting of the Cyclohexene Hydrogenation Reporter Reaction (CHRR) Kinetics Data
Without, Then With, Added POM®- Present by a New, 3-Step Mechanism Uncovered via
Recent Mechanism-Enabled Population Balance Modeling Efforts'

In recent studies mechanism-enabled population balance studies, the new 3-step mechanism
shown in Scheme S1 was uncovered and found to be allow a superior fit to Ir(0). particle-size
distributions to at least the mechanisms tested therein.!* Hence, it was of interest to try to fit the
CHRR without, and then with, added POM?to this 3 step mechanism. That attempted fits are shown
in Figure S5 and S6.

Scheme S1. The new 3-step mechanism for the nanoparticle formation.'* A is the nanoparticle precursor, B

represents the average smaller, growing nanoparticles, and C represents the average larger, growing
nanoparticles.

ky
A— B Step (1)
k2
A+B—C Step (2)
k3
A+ C— 15C Step (3)
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Figure S5. Cyclohexene concentration loss versus time plot for a Standard Conditions Ir(0), nanoparticle
formation and concomitant cyclohexene hydrogenation starting with 1.2 mM [(BusN)sNas(1,5-
COD)IreP,W5Nb3Og:] solution in propylene carbonate, with 1.65 M initial cyclohexene concentration, at
22.0 £ 0.1 °C, an initial H, pressure of 40.6 psig, but no additional added POM’". The fit of the data to the
new 3-step mechanism'* shown above in Scheme lyields k1 = (2.2 £ 0.2)x102 h™', k» = (3.7 £ 0.2)x10* h"'M™!
and k3 = (2.7 £ 0.2)x10* "M, R? = 0.982.
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Figure S6. Cyclohexene concentration loss versus time plot for the Standard Conditions Ir(0),
nanoparticle formation and concomitant cyclohexene hydrogenation starting with 1.2 mM
[(BusN)sNas(1,5-COD)Ir'eP, W sNb3Oe2] plus 1.8 mM added POM®- and 1.65 M cyclohexene in
propylene carbonate at 22.0 + 0.1 °C and an initial Hz pressure of 40.7 psig. Shown is the fit of data
to the new 3-step mechanism'* to yield k&1 = (7.2 £ 0.6)x10™ h™', ka =14 4 h"M" and ks = (1.5 £ 0.6)x10°> h°
‘M, R?=0.955.

The fits in Figures S5 and S6 teach that while the fit is acceptable when no added POM?- ligand is
present, Figure S5, as soon as 1.8 mM POM?- ligand has been added, the 3-step mechanism provides
a less good accounting of the CHRR kinetics data. Additionally, the result of k> >k3 does not match
(is actually the opposite of) what is found from the mechanism-enabled population-balance
modeling (ME-PBM)!* of the particle-size distributions, at least when no added POM?®- ligand is
present. Our hypotheses at this point are supported by the results elsewhere,'* namely (i) that the
CHRR by itself is unable to unequivocally distinguish the various mechanisms, so (ii) that only
when the ME-PBM is used to analyze the PSDs will the underlying minimal mechanism of a given

particle formation reaction be more secure.!'*
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