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Nanocluster Nucleation, Growth, and Then Agglomeration Kinetic
and Mechanistic Studies: A More General, Four-Step Mechanism
Involving Double Autocatalysis

Claire Besson,Eric E. Finney, and Richard G. Finke*
Department of Chemistry, Colorado State hknisity, Fort Collins, Colorado 80523
Receied January 28, 2005. Riesed Manuscript Receéd June 4, 2005

The discovery of the four-step, double autocatalytic mechanism by which transition-metal organometallic
and metal-salt precursors self-assemble into zerovalent transition-metal nanoclusters under reductive
conditions is reported. The prototype system investigated is (1,5-CODR)fdiction under hydrogen
plus 2 equiv of ByN and 2 equiv of Proton Sponge (1,8-bis(dimethylamino)naphthalene). The reaction
stoichiometry is established by TEM, XPS, NMR, and GLC. A concomitant, fast, cyclohexene
hydrogenation reporter reaction is employed to monitor the kinetics %ofiietuct/catalyst formation
and agglomeration. After 15 alternative mechanisms were ruled out, a minimalistic (“Ockham’s Razor”)
mechanism is proposed consisting of four steps: slow continuous nucleationBArate constank;),
fast autocatalytic surface growth,-A B — 2B (rate constark,), bimolecular agglomeration, B B —

C (rate constarnits), and a new, unprecedentadtocatalytic agglomeration stepetween small (B) and

larger, bulk-metal-like (C) particles, B C — 1.5C (rate constarit;). The results provide the following:

a rare case of a mechanism with two autocatalytic steps in the same reaction scheme (“double
autocatalysis”); the most general mechanism to date by which transition-metal nanoparticles nucleate,
grow, and agglomerate to bulk metal under reductive conditions; probably the best understood self-
assembly mechanism to date for such a large system in which the extensive kinetic studies required for
reliable mechanistic deduction also exist; kinetic curves that can have step-function-like shapes; and
insights for the synthesis of nanoclusters vs bulk-metal films (notably that higher temperature and lower
concentrations favor nanocluster formation, while the opposite conditions favor bulk-metal production).
A summary section details the main conclusions plus caveats and remaining questions/future research
goals.

Introduction and then aggregatidrself-assembly, such studies proving
difficult for primarily two reasons: (i) the lack of reproduc-
ible systems that have known stoichiometries leading to
compositionally well-characterized nanoclusters which, there-
fore, are suitable for mechanistic studies, and especially (ii)
the lack of proven methodsmuch less easy, routinely
applied methodswhich allow one to follow the kinetics of
nanocluster or bulk-metal formation in real time. Due to these
— limitations, only a single new mechanism for transition-metal
e ihom  correspondence. should be addressed. E-mail: rfinke@ nangcluster formation under reductive conditions has ap-
"On leave from Eole Normale Supréeure, 45 rue d'Ulm, 75005 Paris,  peared where the following requirements of more rigorous
Eﬂr:gics(gé:sdgacrth?gﬂae.ﬁ-month training course included in the second year of the mechanisms have been ndeti well-established reaction
(1) (a) See our papers elsewtiérefor a comprehensive listing of the  stoichiometry is in hand, the first step of reliable mechanistic
B mels e che! studies; compositionally well-characterized nanoclusters are
Turkevich, Henglein, Duff, Edwards and Johnson, Glaunsinger, Studied (i.e., so that the mechanistic findings can be

Hamada, and those interested in the formation dtfhgm Ag* asa interpreted without error and in as great a molecular detail
part of the Ag photographic process, notably Belloni, Gavrik, Henglein,
Erskov, and Fessenden. Lead references to, for example, Bawendi's

or Alivisatos’ studies of the mechanisms of semiconductor nanoclusters (3) (a) Hornstein, B. J.; Finke, R. @hem. Mater2004 16 (1), 139. (b)

Establishing the mechanism(s) of transition-metal nano-
cluster and/or bulk metal formation from, typically, simple
inorganic or organometallic precursors under reductive
conditions such as His an important topic in modern
nanocluster sciencdeThere is, however, a dearth of kinetic
and mechanistic studies of modern nanocluster formation

are also provided elsewhete.The more recent studies of R. See also the addition/correction publishedinem. Mater2004 16,
Tannenbaud®9 on the products and mechanisms of cobalt-oxide 3972 which teaches an initially incorrect use of the pseudo-elementary
cluster formation from Cg4CO)s merit mention in this regard and are step concept.
listed below. (b) King, S.; Hyunh, K.; Tannenbaum,JRPhys Chem. (4) For further discussion of the advantages incurred by treating nano-
B 2003 107(44), 12097. (c) Rotstein, H. G.; TannenbaumJRPhys. cluster science by the principles of smaller molecule chemistry in-
Chem. B2002 106 (1), 146. (d) Tannenbaum, Rangmuir 1997, so-far as possible, but also the lower precision that one can expect
13, 5056. for many measurements on nano- and other macro-molecules (i.e.,
(2) (a) Watzky, M. A,; Finke, R. GJ. Am. Chem. S04997, 119, 10382. and in comparison to conventional small molecules), see: Finke, R.
(b) Widegren, J. A.; Aiken, J. D., lll; @kar, S.; Finke, R. GChem. G. Transition Metal Nanoclusters. Metal Nanoparticles, Synthesis,
Mater. 2001, 13, 312. (c) Aiken, J. D., lll; Finke, R. GI. Am. Chem. Characterization and Applicationgeldheim, D. L., Foss, C. A., Jr.,
So0c.1998 120, 9545. Eds.; Marcel Dekker: New York, 2001; pp +%3.
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Figure 1. Prototypical cyclohexene hydrogenation curve beginning with i
(BusN)sNag[(1,5-COD)IrPW1sNbsOg7] as the nanocluster precursor. For Time (h)

clarity, only one of every two experimental points obtained is displayed. Figure 2. Typical cyclohexene hydrogenation curve obtained for (1,5-

COD)PtC} in the presence of 2 equiv each of 8uand Proton Sponge.

Scheme 1. The Priof-? Three-Step Mechanism for For clarity, only one out of every three experimental points actually collected
Nanoparticle Nucleation, Autocatalytic Growth, and is displayed in the figure.
Bimolecular Agglomeration
A » B precursor ((1,5-COD){P,W1sNbsOg*~ in eq 1, or (1,5-
A+B — 2B COD)PtC} in the present work) and B- the catalytically
2B——> C active IP in eq 1 (or Ptin the present work).

More recently, kinetic evidence has been obtained for a
as possibl®; detailed and extensive kinetic studies exist to pjrg step, bimolecular agglomeration (B B — C, rate
support the proposed mechanism; and the resultant mechagonstanks) in systems with added ligands such as pyridine,
nism is expressed in terms of chemical equations (i.e., rathergecheme 1. The mechanism in Scheme 1 has now been shown
than just words as has been the case for many of theys apply to homogeneous nucleafionof organometallic
mechanistic proposals since the time of LaMer now over 50 precursors of 2 RR,” RA" 8 as well as RU® being reduced
years agd). _ ~_under H en route to nanoclusters. It has also been shown to

The system that has permitted more than 700 kinetic apply to heterogeneous (solid-surface) nucleation ¢f Ru
experiments to be performed to date &(lnd other metal, R thin-metal film formatior® In short, the mechanism in
vide infra) nanocluster formation. The reaction stoichiometry scheme 1 has found broad applicability for the formation
is firmly established, eq? of transition-metal nanoclusters as well as bulk-metal films

. under reductive conditions.
300[(1,5-COD)IFPW1sNb;Og;]™ + 750H, — The Case of Pt NanoclustersOf considerable interest
Ir(0) a0 P,W,:NbOg, ) s + 300(cyclooctaney and current effort are nanoclusters®®t due to the high
300H" + ~234 P,W,Nb,O.}*~ (1) catalytic activity and the wide range of reactions catalyzed
by Pt metal particles. For some time now, we have known
The kinetics of the nanocluster formation have been followed that Pt precursors to nanoclusters or bulk metal (i.e., and
indirectly, but in real time and powerfully, by the fast, under the conditions employed, vide infra), as well as our
catalytic amplification reaction of cyclohexene hydrogenation Pyridine-ligated IF precursor to | nanoclusters (and thus
that is proportional to the amount of nanocluster catalyst by implication presumably many other systems where ligands
formed? For polyoxoanion-stabilized dmanoclusters, sig-  are present)do not follow the three-step mechanism in
moidal kinetic curves, Figure 1, are typically observed Scheme 1This important fact is completely unappreciated
characteristic of a two-step, minimal (“Ockham’s Razor”) in the literature of Pt (or other releant metal) nanoclusters
mechanism (Scheme 1, the first two steps) consisting of slow, Moreover, the extant Pt nanocluster literatferroneously
continuous, homogeneous nuc|eation—(AB' rate constant |mp||es that it is routine to Synthesize stable Pt nanoclusters
kl); followed by fast autocata]ytic surface growth 6A B without the formation of bulk metal. What follows suggests
— 2B, rate constanky)?, where A = the nanocluster  that this is generally not true.
Figure 2 shows a typical kinetic curve for what will be
(5) For example, see elsewhere for a case where kinetic studies of the prototype system studied herein, (1,5-COD)Pt€dluc-

compositionally well-characterized nanoclusters has allowed a model tion under hydrogen in the presence of 2 equiv o§Band
of how tridentate ligands appear to preferentially bind to {th&1}

facets of selected nanocluster surfaces: Finke, R. Z&af)S.Coord.

Chem. Re. 2004 248(12), 135. (7) (a) Aiken, J. D., Ill; Finke, R. GChem. Mater1999 11, 1035. (b)
(6) (a) LaMer, V. K. Dinegar, R. HJ. Am. Chem. S0d.95Q 72, 4847. Widegren, J. A.; Finke, R. Gnorg. Chem.2002 41, 1558.

(b) LaMer, V. K. Ind. Eng. Chem.1951, 19, 482. (c) LaMer's (8) Weddle, K. S.; Aiken, J. D., lll; Finke, R. G. Am. Chem. So499§

mechanism was fasulfur sol and not transition-metal, formation; it 120, 5653.

consists ofburst nucleationfrom supersaturated solutionS — S,, (9) Widegren, J. A.; Bennett, M. A.; Finke, R. G.Am. Chem. So2003

followed by diffusion-controlled agglomerate growth S, + S — 125, 10301.

Sh+1. Note that LaMer’s mechanism is completely different from the (10) (a) Rampino, L. D.; Nord, F. Kl. Am. Chem. Sod. 941 63, 2745.

mechanism for transition-metal nanocluster (slow, continuous) nucle- (b) Hirai, H.; Nakao, Y.; Toshima, NI. Macromol. Sci.-Cheni979

ation, then (nondiffusion controlled) autocatalytic surface growth A13 727. (c) de Caro, D.; Bradley, J. Slew J. Chem1998 22,

published in 1997.LaMer’'s mechanism is also completely different 1267. (d) Rodriguez, A.; Amiens, C.; Chaudret, B.; Casanove, M.-J.;

from the expanded, more general mechanism published herein for Lecante, P.; Bradley, J. £hem. Mater1996 8, 1978. (e) Bone-

transition-metal nanocluster formation and then agglomeration under mann, H.; Waldiner, N.; Haubold, H.-G.; Vad, TChem. Mater2002

reductive conditions. 14, 1115.
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2 equiv of Proton Sponge (1,8-bis(dimethylamino)naphtha- <0.2%), was purged with argon for at least 20 min before being
lene) plus the concomitant reporter reaction of cyclohexene stored in a nitrogen atmosphere drybox where it was used. The
hydrogenation. The unusual kinetic curves, Figure 2, are step-NMR solvent CQCI; (D, 99.9%) was purchased from Cambridge
function-like; their appearance is as if one forgot to add a Isotope Laboratories. Cyclohexene (Aldrich, 99%) and tributylamine
reagent or stir the system until the point at which the reaction (- T- Baker Chemicals) were both purified by distillation over
takes off after a 0.443.0 h induction period! In fact, all sodium under argon and stored in the drybox. Hydrogen gas

t t th luti ll-stirred d th (General Air, 99.5%) was used as received. Dichloro-1,5-cyclooc-
reagents are present, the solutions are weill-slirred, an e[adieneplatinum(ll) was purchased from Strem Chemicals and stored

observed curves are reproducible within the cited range of i, e drybox. Proton Sponge (1,8-bis(dimethylamino)naphthalene)
the induction period (the variability of whi¢h will be (Aldrich, 99%) was also stored in the drybox. Pyridine (Aldrich
examined in some detail later in the paper). 99%) was distilled under vacuum and stored in the drybox over 4
The exact reaction and mechanism underlying these kineticA activated molecular sieves. Stock solutions of tributylamine and
curves is of interest for multiple reasons: (i) because of the pyridine were prepared and stored in the drybox; the tributylamine
unusual shape of the curves (What mechanism can accoungolution (4.2x 1072 M) was prepared by mixing 0.1 mL of
for this? Can such curves be fit and understood quantita- tributylamine and 9.9 mL of acetone (volumes measured with a
tively? What new insights result?): (i) because the results SY'inge); the pyridine solution (1.8 10 M) was prepared by
promise to be highly relevant to the synthesis of Pt, Ir, Ru, addlng 73ulL of pyridine to a volumetric flask and diluting to 50
possibly Pd, and any other transition-metal nanocluster mL with acetone. The fmanocluster precursor (BM)sNa(1,5

. . . COD)Ir-P,W1sNb;Og,] Was prepared according to our literattire
systems showing curves such as the one in Figure 2; and 4 iis purity checked b§P NMR.

(iii) since it appears, upon reflection and at least intuitively, (2) Nanocluster Formation and Cyclohexene Hydrogenation

as if larger metal particles have to be formed before the apparatus. All reactions were carried out in our previously
catalysis “takes off”, a situation exactly opposite to the described:!! custom-built pressurized hydrogenation apparatus
expected higher reactivity of the smaller, more energetic, consisting, briefly, of a Fischer-Porter (F-P) bottle connected via
and higher surface-area nanoclusfe®r is some other Swagelock TFE-sealed Quick-Connects todike and a Omega
explanation responsible for the long induction periods? PX-621 pressure transducer interfaced to a PC using LabVIEW

Herein, we report the full details of our studies of (1,5- 6-1- _ _

COD)Pt placed under bland followed by the cyclohexene (3) (1,5-COD)PtChL and Other Organometallic Reductions
hydrogenation, catalytic amplification/reporter reaction ki- and Concomitant Cyclohexene Hydrogenation Reactions.
netic method:37 21! The results are most interesting and () Standard Conditions Beginning with (1,5-COD)PACIThe

S L starting materials 1.5 mg (4/mol) (1,5-COD)PtCGl and 2 equiv
(a) show that kinetic curves such as those in Figure 2 are .t oroton Sponge (1.7 mg) were weighed into a two-dram glass

characteristic of a reaction that p_rodqces n_anoclusters PlUS ial. Two equivalents of BN (8.0 «mol, 0.19 mL of a 0.0420 M
bulk metal, (b) reveal a mechanism involving nanocluster so|ytion in acetone) and 2.5 mL of acetone were added to the vial
intermediates (as in Scheme 1 above) plus the addedyvia a gastight syringe. The solution was then mixed with a
autocatalytic step of B- C— 1.5C (B= nanoclusters, & disposable polyethylene pipet until it was homogeneous. Next, the
bulk metal) and, in the more general case, probably also solution was transferred using the pipet into a new2275 mm
participation by A+ C — 1.5C, and (c) show that this  Pyrex culture tube with a new 150 9.1 mm Teflon-coated stir
mechanism accountguantitatiely for the unusual, ap- ~ bar. Then, 0.5 mL (4.94 mmol) of cyclohexene was added via a
proaching step-function-like nature of the curves. The results 92stight syringe. _ _

also (d) lead to the postulate of a previously little appreciated  The culture tube was then placed in the Fisher-Porter (F-P) bottle
size-dependent ML (M = metal; L = ligand) bond that is part of the overall apparatus described in section (2) above.

. o . . . The bottle was sealed, brought out of the drybox, and then attached
dissociation energy, BDE (in which larger particles have a ; .
. to the hydrogenation apparatus via the Swagelock TFE-sealed
lower M—L BDE) so that only the larger, bulk-metal-like

; ; . o . . Quick-Connects. The bottom of the bottle was immersed in a water-
particles can dissociate sufficient coordinated ligand t0 fjjeq jacketed reaction flask attached to a recirculating water bath
become coordinatively unsaturated and, therefore, catalyti- maintained at 22.6 0.1 °C. Vortex stirring was initiated using a
cally active. In addition, the results (e) provide insights into  Fischer jumbo magnetic stirrer and the F-P bottle was purged with
how to best synthesize Pt, Ir, and other transition-metal 40 psig of H 13 times (15 s per purge). At 5 min, the valve between
nanoclusters under conditions where they follow the more the F-P bottle and the hydrogen tank was closed and the data
general mechanism detailed herein. A preliminary account collection initiated. The pressure was recorded every 2.5 min
of the present work has appeaf@d’he present full paper yielding, typically, 200-1500 data points &f0.01 psig precision.

provides many additional, previously unpublished results and ~ The short-ime H vs time pressure data were corrected as
insights beforé?3:2 for solvent-vapor pressure and any nonequilibrium

temperature conditions by back-extrapolating from the maximum
pressure recordétl(the induction period is long enough to allow
the system to reach equilibrium before any hydrogen uptake begins,
(1) Materials. Unless indicated otherwise, all commercially thereby allowing a reliable back-extrapolation). The raypressure
available solvents, compounds, and materials were used as receivediata was collected, pasted into Excel, and then worked up by

Acetone, purchased from Burdick and Jackson (water contentconverting it into cyclohexene concentration data via the known
1:1 H, to cyclohexene stoichiomefdy(eq 2, vide infra). GLC

Experimental Section

(11) (a) Lin, Y.; Finke R. GJ. Am. Chem. S0d.994 116, 8335. (b) Lin,
Y.; Finke, R. G.Inorg. Chem.1994 33, 4891. (13) (a) Hornstein, B. J.; Finke, R. Ghorg. Chem.2002 41, 2720. (b)

(12) Besson, C.; Finney, E. E.; Finke, R. &5 Am. Chem. So2005 127, Pohl, M.; Lyon, D. K.; Mizuno, N.; Nomiya, K.; Finke, R. Gnorg.
8179. Chem.1995 34, 1413.
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control experiments confirmed that, in the present case, no 200°C. The following temperature program was used: °@5for
cyclohexene remained at the end of a typical reaction. The initial 4 min, ramping up at 13C/min to a final temperature of 200,
concentration of cyclohexene was calculated from the total pressurewhich was then maintained for 1 min. Under these conditions, the
loss and this experimental cyclohexene initial concentration was respective retention volumes (and the corresponding retention times
used in all further calculations. Numerical integration of the resultant under a flow rate of 0.9 mL/min) of acetone, cyclohexane,

data was carried out using the freeware MacKinéltcs.

(i) Standard Conditions Beginning with (BW)sNag[(1,5-COD)-
Ir-P,W;sNbsOs;] . These reactions were carried out as described in
our previous literaturé3

(4) 'H NMR Studies Following the Loss of (1,5-COD)PtC}.
The importance of this NMR experiment, and the GLC one which
follows, is that they allow a closer-to-direct monitoring of the
conversion of (1,5-COD)Ptglinto cyclooctane and, by mass
balance (Scheme 3, vide infra)iptoducts. A Standard Conditions
reaction beginning with (1,5-COD)Pt0ivas prepared as in (3)(i),
except that the reaction was scaled up by a factor of 3 by tripling
all reagents. Four samples for NMR analysis were taken, one every
30 min, via the following procedure: first, the gas-regulator valve
between the F-P bottle and the hydrogen tank was opened. Next,
the top ball valve of the F-P bottle was opened under the resultant
continuous flow of H. A sample (1.8 mL) was then removed
through the top of the F-P bottle using a gastight syringe equipped
with a 30 cm long needle, the sample was placed b mLvial,
and the F-P bottle was then closed via its top ball valve. After the
10 s necessary for the pressure to return to ca. 40 psig, the valv
to the hydrogen tank was also closed. The total operation took less
than 1 min. The sample was then bought into the drybox and dried
under vacuum overnight. Benzaldehyde (@18 4.7 umol) was
added as an internal standard via a gastight syringe. The solid wa
dissolvedm 1 g of CD,Cl, and the resulting solution was transferred
into a Spectra Tech NMR tube (5 mm o0.d.) using a disposable
polyethylene pipet. Spectra were recorded at room temperature o
a Varian Inova 300 MHz instrument (relaxation delay 1 s, pulse
38.9 acquisition time 2.732 s, width 6000 Hz, 32 repetitions).
Chemical shifts were referenced at 0 ppm vs internal TMSNMR
(300 MHz, CDCl,) (1,5-COD)PtCS: 6 5.48 (t,J = 33 Hz, 4H,
=CH), 2.60 (m, 4H,endeCH,), 2.15 (m, 4H,excCH,). CeHs-
CHO: 6 9.93 (s, 1H, CHO), 7.80 (m, 2kb-H), 7.58 (m, 1Hp-H),
7.58 (m, 1H,p-H), 7.56 (m, 2H,m-H). Since the aromatic region
and 0 and 4 ppm regions of the spectrum were obscured by trace

€

n

cyclohexene, and cyclooctane are 1.9 mL (2.1 min), 3.2 mL (3.6
min), 3.6 mL (4.0 min), and 8.0 mL (8.9 min), respectively. The
conversion of area to millimoles of cyclooctane was performed
using a five-point calibration curve constructed using authentic
samples. Since the retention time of cyclooctadiene is also 4 min
on this column and with this temperature program, additional
experiments were done with a Supelcowax-10 column (3& m
0.25 mm, 0.2%m film) with the same temperature program. The
retention volumes of cyclohexane, cyclohexene, acetone, cyclooc-
tane, and cyclooctadiene (and the corresponding retention times
under our flow rate of 0.5 mL/min on the Supelcowax-10 column)
are, respectively 1.1, 1.3, 1.4, and 2.8 mL (2.2, 2.6, 2.8, 5.6, and
8.2 min). No unreduced cyclooctadiene was detected (detection limit
of 0.2 mM).

(6) Transmission Electron Microscopy (TEM). The reaction
was carried out as described in the Standard Conditions section
(3)(i), except that all quantities were tripled. About 5 min after the
first sign of pressure decrease, the gas-regulator valve to the
hydrogen tank was opened and the hydrogen was allowed to flow
through the F-P bottle whose top valve was also opened. The
solution had changed from colorless to homogeneous light gray at
this time. About 2 mL of the solution was syringeda 5 mLglass
vial. The vial was then capped and immediately frozen by

gmmersing it into liquid nitrogen. The vial and its frozen solution

were brought into the drybox, by which time (an additional ca. 5
min) the solution had already melted in the antechamber of the
drybox. Two drops of the solution were placed on a TEM grid
using a disposable polyethylene pipet (the TEM grids used were
silicon monoxide type-A, Formvar backing, 300 mesh, copper grids
from Ted Pella, Inc.). The solvent quickly evaporated and the grid
was sealed in a vial and sent for analysis to the University of
Oregon, where TEM was performed by Dr. JoAn Hudson and her
staff.

Since nanoclusters as artifacts can be formed in the TEM beam

Jrom at least some organometallic precurdo(se., and if any of

of nonevaporated species (i.e., Proton Sponge), the peaks used fofhat precursor remains as the end of a nancluster formation reaction),

the evaluation of the concentration were the triplet at 5.48 ppm for
(1,5-COD)PtC} and the singlet at 9.93 ppm for benzaldehyde.

(5) GLC Studies Following the Loss of (1,5-COD)PtCGl by
Monitoring the 1,5-COD Plus H, to Cyclooctane Conversion.
A Standard Conditions reaction beginning with (1,5-COD)Ptis
prepared as in (3)(i), except that all quantities were tripled. Samples
for GLC analysis were taken via the following procedure: first,
the gas-regulator valve between the F-P bottle and the hydrogen
tank was opened. Next, the top ball valve of the F-P bottle was
opened to allow a continuous;Hlow through the F-P bottle and
out its top valve. A sample (about 0.1 mL) was then removed with
a gastight syringe equipped with a 30 cm long needle, the sample
was placedn a 1 mLvial, and the F-P bottle was closed via its
top ball valve. After the 10 s necessary for the pressure to return

a control was done to test whether nanoclusters can be formed in
the TEM beam from (1,5-COD)Pt&lSpecifically, a drop of an
acetone solution of (1,5-COD)P#Proton Sponge, and BN was
placed on a TEM grid and analyzed by TEM. No nanoclusters were
found, indicating that the observed nanoclusters are formed in the
reduction reaction, not in the TEM beam on the TEM grid.

(7) X-ray Photoelectron Spectroscopy (XPS)At the end of a
reaction conducted as indicated in the Standard Conditions reaction
(3)(i), the Pyrex culture tube used as a liner inside the F-P bottle
was broken and the black layer on the wall of a ca 1 cm piece
of that reaction tube was analyzed by XPS. The spectrum was
collected using a Physical Electronics (PHI) Model 5800XPS system
equipped with a monochromator (Aldksourcehv = 1486.8 eV;
system pressures5 x 107° Torr = 6.7 x 107 Pa) and a

to ca. 40 psig, the valve to the hydrogen tank was also closed. The
total operation took less than 1 min. The sample was analyzed
immediately by gas-liquid chromatography performed on a Hewlett-
Packard HP-5890 equipped with a Supelco SPB-1 capillary column
(30 mx 0.25 mm), a flame ionization detector and interfaced to a
PC using Galaxie Chromatography Data System software, version
1.7.403.22. The injector temperature was 280and the detector

(14) Leipold, W. S., Ill. http://members.dca.net/leipold/mk/advert.html.

(15) (a) TEM-induced artifacts are certainly well-established in the literature
(see p 6 and ref 3 elsewhétd. Ourt5cand other®dexperiences seem

to be that second-row (e.g., Fh9 nanoclusters are often labile in
the TEM beam while third-row metals (e.g., Ir) appear stablat
least under the TEM conditions we have tended to employ and on the
basis of multiple TEM control experiments performed when we first
started using TEM! (b) Aiken, J. D., Ill; Finke, R. GJ. Mol. Catal.

A: Chem.1999 145 1-44 (see p 6 and the references cited in ref
3). (c) Hagen, C.; Widegren, J. A.; Maitlis, P. M.; Finke, R.IGAm.
Chem. Soc2005 127, 4423-4432. (d) Jaska, C. A.; Manners,J.

Am. Chem. SoQ004 126, 9776.
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hemispherical analyzer to detect the ejected electrons. The resultsof such a five-dimensional map in three dimensions is of course
confirmed the black product on the walls of the reaction tube is impossible. However, it is possible to reduce it to three-dimensional
the expected Ptvia the good agreement of the observed binding maps by keeping two parameters constant at a chosen value (we
energies (vs the literatuf&’listed in parentheses): 520 eV picked their best-fit values) and then varying two others; 600
519.5-519.8 eV), 333 eV (44h), 314 eV (4d,, 314.2-314.6), different maps can be drawn in this manner, 2 of which are provided
74.7 eV (4%, 74.2-74.5), 71.3 eV (4f, 70.8-71.3). The in Figure 8 of the main text and 4 more are provided in Figures
spectrum, Figure S-1, and an enlargement of the 4f peaks, FigureS-17 to S-20 of the Supporting Information.
S2, are provided in the Supporting Information. (10) Numerical Simulations. Simulations were carried out to

(8) MacKinetics Numerical Integration. The numerical integra- obtain a better physical intuition for the effects on the kinetic curves
tions were carried out using the free software MacKinetics (version of changing the rate constarks-k, or the initial concentration of
0.9.1b, by Walter S. Leipold IlI; on-line information obtainable at precursor A. For convenience, the simulations were carried out with
http:// members.dca.net/leipold/mk/advert.html). First, when the data the observed parameters and the cyclohexene initial concentration
were being fit with species C (the agglomerated, bulk metal; see as [Al, so that the resultant calculated concentrations are 1200 times
egs 4 and 5) as the catalyst, the ldss data were converted to  the real onesa convenient scaling which, of course, does not affect
[cyclohexenehnd then td./2([cyclohexeng]- [cyclohexene]data. the relative A, B, and C concentrations. A standard curve was
The following procedure then was used to avoid the well-known generated and plotted using the following parametkygss= 10°°
problent® of finding local minima, rather than the desired true h™2, kzos= 4.5 M2 h™%, kg ops = 0.2 M1 h72, kg ops= 0.7 b1
global minimum, of the parameters surface vs the residual (which M™%, [A]o = 1.6 M. Then, five sets of curves were generated and
indicates the difference between the experimental and calculatedplotted by varying one of the parameters at a tifigds= 10710,
curves). For each new type of reaction, an extended scan of thel0®, 1078 1077, 10, 105 104 103 102 10, 1 h kp =
surface was first performed as follows: during a typical grid search, 0.001, 0.01,0.1, 1, 2, 3, 4,45, 5, 6, 7, 8, 10, 50, 100 k%, ks
each of the four kinetic parameteksk,) was varied over 3orders = 0.001, 0.01, 0.1, 0.15, 0.2, 0.25, 0.3, 0.4, 0.5, 1, 10, 56 M
of magnitude by using 10 equally spaced search points within that h™% k; = 0.001, 0.01, 0.1, 0.3, 0.5, 0.6, 0.65, 0.7, 0.75, 0.8, 0.9,
1C® range for each parameter. If the best result of a grid search 1, 10, 50, 100 M* h™%; [A],= 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6,
(i.e., the set of parameters, among the 10 000 checked, that givesl.8, 2.0, 2.2, 2.4 M). The results of these simulations are provided
the smallest residual) had one or more parameter that landed atn Figures S-21 to S-25 and are discussed in the main text.
one of the limiting values of the grid, then the grid was shifted and
the search was performed again until the resulting, new set of best
parameters laybetweenthe search limits. Then, the following (1) Pt Conversion Reaction Stoichiometry.The main
procedure was carried out for all the grid search results: the valuessystem examined herein is the reduction of (1,5-COD)PtClI
from the first grid search were used as the initial guess for the in the presence of 2 equiv of tributylamine and 2 equiv of
predictor/corrector program of MacKinetics. The resulting new set ps (1,8-bis(dimethylamino)naphthalene, a strong, noncoor-
of vaIue; was then once again used as a new |_n|t|al guess and thedinating base added to scavenge the*2fétmed from the
process iterated until the results were sglf-cor_ws[stentoas judged byH2 reduction of Pt, Scheme 2. Concomitant cyclohexene
thQSe.f'nal’. acceptable parameters all being within1 00% OT th.e _reduction serves as the reporter reaction for tRedpmed,
prior iteration (except fok;, which showed a greater variation; . .

as also shown in Scheme 2. The course of a typical Pt

the error bars associated with a global search of a five-dimensional ¢ . d . loh hvd }
space will be discussed in the Results and Discussion section). As ormation and concomitant cyclohexene hydrogenation reac-

a control to verify that the resulting grid search parameters are really tion is as follows: a clear, colorless solution of the precursor
the global minimum, the same iterative process was carried using (1.34 mmol L) and cyclohexene (1.65 molE) in acetone
initial guesses taken within at least 1 order of magnitude of the is pressurized with 40 psig hydrogen. No hydrogen con-
earlier “best” result for each parameter. In some cases, notably datasumption is observed during a 6-:8.0 h induction period

set Trial #1 in Table 1 of the Results and Discussion section, this that averages-1.4 h, but asudderuptake of hydrogen then
procedure resulted in a sizable number of total searches, 34 in thatgkes place (as shown back in Figure 2) at the same time
case (see Table 1). Residuals were typically 0-6@81 for the  the solution becomes a gray, then cloudy-black suspension,

Kinetic curve fits reported herein (residuals of eved.02 cor- jnqicative of the formation of nanoclusters and suspended
responded to visually good fits). bulk metal

(9) Mapping of the Five-Dimensional, Residual vs Parameters
Space.Instead of recording only the best result of a grid search Scheme 2. Observed (1,5-COD)PtgReduction and
(the final set of parameters that gives the closest fit), it is possible Concomitant Cyclohexene Conversion Stoichiometries for a
to keep the results of all estimates, typically 10 000 (10 values over Stagda’{ld C8n2d|t|0n§ Rfez;cn?n |nSthe Prese(;lc? of 2| _etqullv of
a range of 3 orders of magnitude for each parameter). These 10 000 ush an eqllé';/egsurgog}nllopp%?gzan atan initia
points give a complete five-dimensional mapping of the part of o _
the surface included in the limits of the chosen grid. The display Er™ formetion

Results and Discussion

AN L acetone, 22°G,
(16) Moulder, J. F.; Stickle, W. F.; Sobol, P. E.; Bomben, KHandbook [gﬂol *+3Hp+ 2BusN+ 2PS

of X-ray Photoelectron Spectroscofhysical Electronics, Inc.: Eden o

Prairie, MN, 1995. © n . '
! ' 1/n Pt (BugN) Cl, + (2-m/n) BugN + +2 PS-H% (2-p) CI
(17) NIST Photoelectron Spectroscopy Database, NIST Standard Reference n(BugNInClp + (2-min) Bu @)
database 20, Version 3.4 (Web Version), http://srdata.nist.gov/xps/ Parallel cyclohexene hydrogenation
index.htm. P
(18) The following book on numerical analysis methods notes on p 387, 1/ Pt(o)n(BusN)ng
in their chapter on minimization or maximization of functions, the 1200 + 1200 Hp s catalyet 1200

fact that “Finding a global extremum is, in general, a very difficult

problem”: Press, W. H.; Teukolsky, S. A.; Vetterling, W. T.; Flannery, . L .
B. P.Numerical Recipes in Fortran: The Art of Scientific Computing TEM of a couple of drops of solution taken within 5 min

2nd ed.; Cambridge University Press: Cambridge, 1992. of the end of the induction period shows the presence of 40



4930 Chem. Mater., Vol. 17, No. 20, 2005 Besson et al.

+ 10 A nanoclusters, Figure 3, correspondiny average

to PP. 2000 GLC experiments show that the hydrogenation
of cyclooctadiene to give cyclooctane parallels the cyclo-
hexene hydrogenation. In particular, the length of the
induction period is exactly the same for cyclooctadiene
hydrogenation monitored by GLC and the cyclohexene
hydrogenation used to follow the ®formation indirectly.
After 10—20 h, the cyclohexene hydrogenation is complete
(GLC experiments confirm that no cyclohexene remains) and
the reaction solution is again colorless with particles of black
bulk PP metal (verified by XPS) visible in the solution, on
the stir bar and on the walls of the reaction tube. Back of

- the induction period of the hydrogenation of (COD)RtClhe average size
the envelope calculations, based on the fact that tHe Pt of the nanoclusters is 4@ 10 A (567 particles counted).

particles are visible by eye, implies a size of 0.1 mm (i.e.,

0.003 rad when viewed at 25 é#y corresponding to bulk 1‘:
platinum metal with amipper limitof less than ca. Z0atoms s
per particle. — 14 O data
(2) Kinetic Studies Following the H, Pressure LossA T 2 —— (K1, k2) fit
typical curve for the reduction of (1,5-COD)P#Cand, e 1 — (K1, K2, k3) fit
concomitantly, cyclohexene in the presence of 2 equiv each & 081 I
of BusN and Proton Sponge is provided in Figure 4 along 2 08
with an attempt to fit it by our prior two- or three-step %0-4'
mechanisms summarized back in Scheme 1. For convenience, = 02 -

all hydrogen loss pressure data have been converted into the 0-
equivalent cyclohexene loss concentration data, using the 0 ° Time (h) © 15
ideal gas law and followmg the knowh' StOIChlometry of Figure 4. Atypical (1,5-COD)PtCl reduction and concomitant cyclohexene

the hydrogenation reaction, eq 2. That the stoichiometry in hydrogenation curve plus attempted curve fits using the established two-

eq 2 is obeyed in this case, as beféreas verified by step [A— B, A + B — 2B (ky, k)] and three-step [A~ B, A + B — 2B,

showing that the blloss matches the moles of cyclohexene 28 ~ C (ki ko k)] mechanisms. The gross failure of the known
mechanisn?s® to fit the data requires, in turn, that a new mechanism has

consumed by GLC. Note that the hydrogen loss due to the peen discovered.

reduction of the cyclooctadiene ligand of the precatalyst is _

negligible given the 1200:1 ratio of the cyclohexene to Pt~ Scheme 3. Proposed Four-Step, Double Autocatalytic

; o - Mechanism in Graphic Form2
precursor concentrations. The kinetic curve shown in Figure
A—' B n Pt

k ]
_ — . Pt =
ol H, H, ! @D
Pt (BugN);Cl
O + Hp PT0(BuNnClp @ A+B—Fe .08 Pe Pt % | ppe =
as catalyst H " H, o

k

3 k
4 15C PO +PE,, L PE,,

4 has been repeated 29 times (including TEM and GLC vs B—to  Prape, e,

time experiments) without discernible variation of the

observed global shape. Note thateay suddercyclohexene = @ * @) - @
loss/H uptake and a curweithout an inflection points seen

following the 1.4 h average induction period-a step-function B+

like curve, one distinctly different than the smoother, less-

sudden curve involving an inflection point seen previously L % —’%
(cf. Figures 2 and 4 vs Figure 1).

Slgnm-cantly, ne.lther our pr_lor .tWO_Step or threg_—step aThe exact form and size of the “bulk” metal illustrated schematically
mechanisms can fit the new kinetic curves exemplified by in thek, step is not known better than thel0! PP atoms size implied by
Figure 4.This is an important obseation; it means that a its visibility to the naked eye and the back-of-the-envelope calculation
new mechanism for nanoparticle formation has been dis- Provided earlier.
covered.This statement follows since the existing, kinetically
documented, previously most general mechanism for transi-essence of this finding. Below we demonstrate thay by
tion-metal nanoparticle formation and then agglomeration the inclusion of two autocatalytic stepan the kinetic curve
is the three-step mechanism in Schenié Given the rather  in Figure 4 be well-fit, a rare example of double autocatalysis
broad applicability of even the prior two- and three-step in a single reaction schenig.
mechanismg2 791113 gne’s first guess is that the addition
of one or more new, previously unappreciated steps of the
prior two- or three-step mechanism back in Scheme 1 is the

(3) Proposed Mechanism and Pseudo-elementary Step
Treatment of the Kinetics and the Cyclohexene Hydro-
genation Reporter Reaction.The proposed, four-step mini-
(19) Welford, W. T. Geometrical Optics;North-Holland Publishing malistic (*Ockham’s Razor:,) meChan_lsm IS _ShOWI”I In eqs

Company: Amsterdam, 1962; p 115. 3a—3d and Scheme 3. In this mechanism, A is the precursor
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((1,5-COD)PtC{ in the present case), B represeimactive Kiobs Ko,0bs Kzons @NdKa ops differ from the microscopid,

B«C — 4 »15C

nanoclusters, and C is the catalyticallgtive bulk metal, ko, ks, andk, by the straightforward correction factors shown
eg 4. The new, novel step in the mechanism is the 8 — in eq 7 of 1200 for all butk; o (See the Supporting
5 Information for the full details of the needed derivations).
A T B (3a) A typical—excellent-curve fit accomplished using MacKi-
A;Z T’ZB g‘c’; netics, in which the fitted line is indistinguishable from the
(

data, is presented in Figure 5.

@ + H, +C — O +C (4) K1=K+ ops
kp=1200 Ky o1

ke=1200 Kppe [ ()
1.5C step, amutocatalytic agglomeration steffhe reader kq=1200 K4 b5
will note that the stoichiometry factor of 1.5 is exactly true
only for the initial agglomeration; in later steps for larger C
particles this factor approaches 1.0. However, the curve fits
were not improved using a factofj, closer to 1 as
documented by the attempted fits with othgrvalues
provided in the Supporting Information. We also know from
our prior work that the mathematics of the autocatalytic

function still hold true for the more general case appropriate . ) . o L
g bprop all its associated mathematics and derivatibWsrification

to this work of 1< < 1.52! It is important to note that e — .
the proposed mechanism is the result of a lengthy process_Of the indirect kinetic method in the present case was deemed

of ruling out 15 conceivable alternative mechanisms, includ- Important as .well; hgncéH NMR and GLC stut;lles were
ing one where B is the active catalyst, vide infra. used to provide a directi NMR), to approaching direct
(4) Pseudo-elementary Step Treatment of the Kinetic ~ (CLC). monitoring of the loss of the (1,5-COD)PiCI
Data. The stoichiometric ratio of cyclohexene to precatalyst, Précursor.
A, of 1200:1 indicates thagn average?? each catalytic metal The loss of (1,5-COD)Ptgmonitored by'H NMR yields
atom reacts 1200 times and thus gives 1200 cyclohexaneonly a limited number of points, but still provides a direct
molecules. The pseudo-elementary step coregpat is, the confirmation of the step-function-like nature of the curve,
addition of the fast cyclohexene hydrogenation catalytic Figure 6. GLC monitoring of the formation of cyclooctane,
reporter reaction to the slow reactions producing the catalystfrom hydrogenation of the cyclooctadiene ligand on the
C—enables us to write eqs 5&d and to make the needed, precursor, (1,5-COD)Pt&(recall the reaction’s stoichiom-
critical link of [C]; to [cyclohexeng] via the pseudo- etry provided back in Scheme 2), yielded additional data,
elementary step eq 5d: With eq 5d in hand, one can in turn

(4) GLC and *H NMR Verification of the Cyclohexene
Reporter Reaction and Pseudo-elementary Step Ap-
proach Used To Follow the Nanocluster Formation and
Agglomeration Kinetics. Previously, in the case of the two-
step mechanism we used GLC to verify the indirect cyclo-
hexene reporter reaction kinetic method and as a check on

(20) Theoreticaldescriptions of double autocatalysis in the same net reaction

x 1 2B ¢ ] (5a) scheme began with Lotka in 1928and have reappeared in attempts
to explain cooperativity and self-regulation of ATPase puRips.
12x[ B + c —— 1.5C ] (5b) However, so far we have been able to fimmhly three prior
experimental exampl&8©d(a) Lotka, A. J.J. Am. Chem. S0d.92Q
1200 [ @ + Hy + C—» O + C ] (5c) 42, 1595. (b) Weissmuller, G.; Bisch, P. Ntur. Biophys. J1993
22 (1), 63. (c) Two examples from oscillating reactions: Epstein, I.

R.; Pojman, J. AAn Introduction to Nonlinear Chemical Dynamics.
Oscillation, Waes, Patterns and Chap®xford University Press:
1200 O +1200H:+ B 1200 O *05C (5d) Oxford, 1998; p 98. (d) An example involving nitrile hydrolysis: 1zzo,
B.; Harrell, C. L.; Klein, M. T.AIChE J.1997, 43 (8), 2048.

. h iff ial . .. (21) We have previously treated this issue, in the case of ®nahocluster
Wnte the needed di erem!a equation, eq 63_: a'nd Its system, namely, that the step there of-AB — 2B is, in the general
integrated form, eq 6b (details of the needed derivation are casehand for tfhat systfem, actualLy% Ir©, — Ir<°>nl+1; hence, th?l

: ; : PR ; stoichiometry factor of 2 is, in the more general case, actually a
provided in the Supporting Informatlon: our ea_rller work can “scaling factor’ of (1+ Xyowt)/2 introduced elsewhere to deal with
also be consulted for those interested in learning more about  this issue in an average wayn the present work, the failure to derive

_ i st?agm improved fits from g3 = 1.5 indicates that the scaling factor can be
the pseUdc.) ele.mentary ste_p ancept_' Its correct neglected at least for the purposes of this initial study. Moreover, the
the approximations underlying its use; see ref 22 elsewhere uncertainty introduced is expected to be negligible, even for the more

important case (r)%growth to € bulk metal (see th&yown values in
ref 46 elsewher®, especially in comparison to the uncertainties
S @ -1.4dc] (6a) discussed in the present paper (Table 1) resulting from curve fitting
1200 at 0.5 at for four rate constants in an overall five-dimensional space.
1 (22) (a) The~1200 average is certainly an approximation: the metal atoms
> ([O]a— [@]) = 1200 [C] (6b) formed last will obviously produce less cyclohexane than those formed

first. However, the justification of this approximation is supported by
several facts: first, the metal atoms do not remain active during the

The resultant proportionality in eq 6b allows one to curve full reaction; instead, they are covered by another layer of atoms and
fit the cyclohexendoss data yet derive the desired rate thereby become inactive. Their lifetime distribution (and hence the
. distribution of the number of catalytic cycles for any one atom) is
constants for the fouslower nanocluster formation and consequently narrowed. Second, the errors involved are expected to
agglomeration steps,lkk4_ In actual practice, it is conve- be negligible in comparison to those from the curve fits in an overall

: - five-dimensional space (i.e., see Table 1). And third, any resultant
nient to fit the data to 1/2([cyclohexendtyclohexene]). uncertainty introduced is small relative to the inherently lower precision

As a consequence, the observed values of the rate constants and larger errors in such macromolecule measureniénts.
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1.8 Scheme 4
E 1.6 A B
~ 144 O data A+B — > 2B
by 1.2 1 2B—> C
g 1 double A+C — 15C
x i autocatalytic fit
o 08 y Scheme 5
© 061 A—> B
%0,4— BB —» C
=02 B+C —> 1.5C

0 A+C ——> 15C
o} 5 10 15

Time (h) therefore, that the cyclohexene reporter reaction and pseudo-
Figure 5. A typical curve fit of a (1,5-COD)PtGlreduction curve and

concomitant cyclohexene hydrogenation with the double autocatalytic eleme.ntar.y step treatmem. IS .reSponSIble for a large part of
mechanism in egs 383d and Scheme 3 accomplished via the use of the What is _ firmly and qu_anntatlvely Under_StOOd about th?
pseudo-elementary step treatment, eqsSih 6a, and 6b. Thie—k, rate mechanism of transition-metal nucleation, autocatalytic
constants from the curve fit to this specific data set are listed in Table 1 as surface gI’OWth, and agglomeration from metal salts placed
trial #1. . .S 713
under reductive conditiorfs}":
(5) Fifteen Alternative Mechanisms That Were Ex-

%{ cluded Experimentally. Since no mechanism can ever be

[
|

proven but, instead, alternative mechanisms can only be
disproved, it was crucial that we spent extensive time and
effort trying to fit our data with all conceivable alternative
mechanisms that were even remotely reasonable. This is
especially true since there are four adjustable parameters (i.e.,
the fourk,—k, rate constants) in the curve ftéHence, 15
alternative mechanisms were conceived, tested and ruled out.
A few of the most important alternative mechanisms are
listed below; the others are provided in the Supporting
Information.
o e 5 a0 w {CooP oy Back in Figure 4 we showed that the two-step r_nech_aﬁism,
(Al @l A—B, A + B — 2B, and the three-step mechanigmhich
i€l 2(c) includes the 2B-C agglomeration step, provide very poor
Figure 6. 'H and GLC monitoring of the (1,5-COD)PtOprecursor. The fits; hence, they can be discarded. Among the 13 additional
observed kinetic curves for (1,5-COD)Pidbss, and for cyclooctane alternative mechanisms examined, the two shown in Schemes
formation, are well-fit by the douk_)le_ autocatalytic mechanism _and the 4 and 5 are of particular importance. Both include the key
resultantk;—k4 rate constants fall within the range of values obtained via )
the cyclohexene reporter reaction. These results therefore provide confidencd€ature ofdouble autocatalysjsboth employ bulk metal (C)
in the indirect-but easily applied and powertfutyclohexene reporter  as the catalyst, and both provide fits with as low a residual

reaction kinetic method employed herein. Note that the 2[C] line is the one ; ; ;
that correlates with the observed data (not the 1[C] line which is shown as the proposed mechanism dlsplayed back in eqﬁ%da

only for comparison purposes), as expected since the A/C (equals the B/c)and Scheme 3 (Figures S-3 and S-4 of the Supporting
stoichiometry is 2/1 as eq 5d details. Information). The important question of how the mechanisms

albeit only one point every 20 miithe resultant, combined m_ﬁ::he:nes 4.and 5 v;/]ere. ruI(_adSour: 'S ad4dreised r;]exft. h
IH NMR and GLC data are wellfit by the proposed e alternative mechanism in Scheme 4, where the fourt

mechanism, Figure 6. No cyclooctadiene or cyclooctene step of A+ C — _1'5C replaces Bt- C - 1'5“C in the
intermediates were detected by GLC. As beforthe proposed mgchgmsm, addresses the issue: "If bulk metal,
mathematics detailed in the Supporting Information teach C, is the klnetlcally dominant cataly§t fozyclohexene
that the’H NMR and GLC data providé valuesdirectly hydrogenation, can it also be the dominant catalyst for the

rather than as their correspondikgs values (i.e., no 1200 re(_jructlgg of thg)_recurs?_r, R lculated trati
correction factor is present as is the case for the indirect O address this question, we calculated concentration vs

cyclohexene reporter reaction, eq 7, vide supra). The GLC- time profiles for the two mechanisms shown in Figure 7 by

derivedk; parameters all lie within the range lof—k, values _ _ _

derived f th loh hvd fi t fi (23) The examples in Fhe main text s_hov_v that even a very good fit to a
erived from the cyclohexene hydrogenation reporter reaction large amount of high-precision kinetic data is not enough to ensure

studies as the data in Table 1 documents, vide infra. the correct mechanism has been uncovered when one has four

; adjustable rate constants. Additional data is needed, and the true
The above GLC and NMR studies are a testament to the mechanism must be able to explail of that data! In the present

power of the cyclohexene reporter reaction kinetic method case this means that just following via our cyclohexene reporter
and the more than 700 kinetic experiments this method has  reaction only one species (i.e., C), out of the three chemically important

237901113 i+ . species (A, B, and C), is insufficient to distinguish mechanisms which
allowed=>"1L13 it is much easier to perform and also display different curves for A and B, yet show very similar behavior
provides 1500 highf{ +0.01 psig) precision data points from for C as a function of time. This is why experiments such as the NMR

. detection of A vs time reported in the main text are crucial, even

the H press_u_re transducer (cf. the 11 to_tal data p?'”t of though those experiments provide a very limited amount of data for
+10% precision obtained by GLC). It is no accident, curve fitting.
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Figure 7. Calculation of the concentrations of A ((1,5-COD)R{CIB
(nanoclusters), and C (bulk metal) with the mechanismB, A + B —
2B, 2B— C, X + C— 1.5C, X= B (Figure 7A) or X= A (Figure 7B).

inputting the rate constants, derived from each of the
respective fits to the experimental data, into the GEAR
numerical integration feature of MacKinetics. Those curves

Chem. Mater., Vol. 17, No. 20, 2033

to be consumed before C builds up to significant concentra-
tions. In short, the mechanism involving a dominant role for
the A+ C— 1.5C step can be ruled ot the present case

However, our intuition is thain the most general case
both the B+ C — 1.5C and A+ C — 1.5C steps can
probably occurHence, only by employing Ockham’s Razor
have we written our proposedeliberately minimalistic
mechanism in Scheme 3 with only theBC — 1.5C step.
Noteworthy here is Carpenter and Hoffmann’s caution that
Ockham’s Razor, a logical rule for processing experimental
data viaconditionalexclusions, does not require that Nature
be simple?*

Since two autocatalytic steps proved crucial to fitting the
experimental curves, and since the mechanism with &
— 1.5C provided a good fit to at least the cyclohexene
reporter reaction kinetic curves, it became obvious that was
important to examine the mechanism in Scheme 5 featuring
boththe A+ C — 1.5C and B+ C — 1.5C steps (i.e., but
where the precedentédutocatalytic A+ B — 2B step has
been removed and replaced by thetAC — 1.5C step).
Not surprisingly since it includes two autocatalytic steps, this
mechanism is able to fit the kinetic data (Figure S-4 of the
Supporting Information).

However, simulations carried out using the rate constants
produced by fitting with this mechanism (Figure S-16) reveal
thatif the mechanism in Scheme 5 is corrébhenA would
have to react immediately with no induction perioedntrary
to what is seen experimentally by NIMRgure 6 (vide supra).
Hence, the alternative mechanism in Scheme 5 is disfavored
as well.

reveal that the main difference between these the proposed Additional mechanisms were tested and ruled out; the

mechanism (with B C — 1.5C as the fourth step), vs the
alternative mechanism (with A C — 1.5C as the fourth
step), is whether or not B builds up: B reaches significant

details of those studies and the associated figures (Figures
S-6 to S-15) are provided in the Supporting Information. The
bottom line here is that our extensive examination of 15 total

concentrations in the proposed mechanism, but does not builc!térnative mechanisms reveals that the proposed mechanism,

up appreciably in the mechanism with A C — 1.5C,
Figures 7A and 7B, respectively.

The evidence ruling out the alternative mechanism with
the A + C — 1.5C step, but supporting the proposed
mechanism with the B+ C — 1.5C step, is 4-fold and
compelling: (i) TEM experiments show that nanoclusters
(B) are formed in significant amounts (recall Figure 3); (ii)

egs 3a-3d and Scheme 3, is the only mechanism we have
been able to come up with which explains all the available
data and which we could not exclude.

(6) Evidence for C (not B) as the Active Cyclohexene
Hydrogenation Catalyst, Plus Evidence for Particle-Size-
Dependent Fractional Surface Ligation of the Nanoclus-
ters. The literaturé® as well as our prior worksuggests that

the transient homogeneous gray color, visible in the solution the nanoclusters B will generally be the more active catalyst
for a feW moments around the end Of the Cyclohexene in Comparison to the agglomerated bulk metal C. The faCtS
hydrogenation induction period, also indicates the presencethat the nanoclusters are smaller, possess high surface area,
of nanoclusters; and (jii) nanoclusters have been synthesizec@nd are less stable (less negatidéliomaio) and thus

in experiments which feature the double autocatalytic mech- Presumably more reactive also meant that it has generally

anism!? further evidence supporting the thesis that ap-

been thought that nanoclusters wélways be the better

preciable concentration of nanoclusters are present duringcatalysts vs bulk metatat least up until now!

the (1,5-COD)PtGI reduction reaction. In addition, even
though both mechanisms are able to fit the GLC data (iv)
the GLC results favor the B- C — 1.5C mechanism since
only with that mechanism aig—k, rate constants obtained
which lie within the range of values expected from the
cyclohexene reporter reaction. Apparently, the € — 1.5C
reaction dominates over the-AC — 1.5C onen the present
case and under our specific conditiossice B builds up

fast at the end of the induction period and since A appears

The attempt to fit our cyclohexene concentration curve
by assuming that B is the cyclohexene hydrogenation catalyst
proved unsuccessful, Figure S-5 of the Supporting Informa-
tion. Instead, only when C is theyclohexenéydrogenation
catalyst are we able to obtain excellent fits to the observed
kinetic data. The finding that the nanoclusters act the

(24) Hoffmann, R.; Minkin, V. |.; Carpenter, B. KBull. Chem. Soc. Fr.
1996 133 117.
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dominantcyclohexen® hydrogenation catalyst in this system, many important implications for the design and execution
but that C is, instead, and under our specific conditions, wasof future, size-dependent catalysis and other nanocluster
unexpected. studies

However, a bit of reflection yields an important hypothesis ~ The type and amount of added ligands promise, therefore,
here: the normally coordinatively unsaturated, catalytically to be a key in determining when the new mechanism in
active nanoclusters appear to have been poisoned by théScheme 3 “turns on”. We are investigating further the effects
nanocluster-binding B and/or Ct ligands that are present. ~ of different ligands, their concentrations, temperature, stirring
Bulk metal particles C, on the other hand, apparently have ratesi” and other variables as part of an extensive survey to
a lower affinity for those same ligands so that they are able determine the factors which have the greatest influence on
to dissociate a greater fraction of those ligaffdghereby ~ the four-step, double autocatalytic mechanirie have
achieving a higher degree of coordinative unsaturation asalready shown elsewhéfethat the addition of 44 equiv of
required for reasonable catalytic activity. That iqpaaticle- pyridine does, in fact, turn the normally two-step mechanism
size-dependent fractional surfaceeageis indicated here, ~ seen for our Ir nanocluster system and its sigmoidal kinetic
with bulk metal having more open, active sites than smaller curve (as seen back in Figure 1) into the four-step mechanism
nanoclusters. This finding, that larger particles apparently With its quite different, step-function-like kinetic curve.
dissociate a greater fraction of their surface ligands, could (7) Searching for the Global Minimum in a Five-
simply be a greater steric effect of bulky ligands such as Dimensional Space Using MacKineticsMacKinetics or its
BusN on flat, bulk metal vs curved nanoparticle surfaces, a PC predecessor has been used in our laboratory since the
phenomenon that has good preced@nthe other way to  early 1990s for fitting curves to the then two-step;-AB,
state this (i.e., the other hypothesis possible here) is thatA + B — 2B mechanisthand, more recently, the three-
nanoclusters appear to have particle-size-dependent metalstep mechanism with its added B B — C step? Those
ligand BDE$%—a statement which may be more correctly previous fits involve a maximum of three rate constants plus
stated asanoclusters appear to ha caerage-dependent,  the residual, that is, a total of four adjustable parameters.
average BDEs that are a function of nanocluster $za We use MacKinetics because it is one of few kinetics
search of the literature reveals a (single) precedent in supporipackages that allow curve fittif as opposed to just simple
of this latter hypothesis: a paper reporting metal-ligand numerical integration simulations, as well as stoichiometry
BDEs that are~Y/, as strong for bulk metal in comparison factors that are not just integers (i.e., thetBC — 1.5C
to nanoclusters of the same metdl.Whatever the best
explanation (which is important and will require more
investigation) the obseration that the larger particles are
the catalyst when an excess of good ligands are present has

(27) (a) Sirring effectsare known from Epstein’s seminal wafRto have
dramatic effects on the level of reproducibility of systems involving
autocatalytic reactions, A B — 2B (i.e., where B is both a reactant
and a product so that as the reaction proceeds, it goes faster and faster,
with a diagnostic, often sigmoidal shape in the case of single
autocatalysig® 791113, The classic case in point is the chlorite-
thiosulfate, CIQ~—S,0427, “clock” reaction?’? Epstein notes that®

(25) Note that the A+ B — 2B step is required to obtain good curve fits

(and is, therefore, a step in the proposed mechanism in Scheme 3);
that is, B is the dominant catalyst ftre reduction of An the present
system (consistent with the relatively largerate constant in Table

1 which refers to the reduction of A). The alternative mechanism in
which A + B — 2B in Scheme 3 is replaced by A C — 1.5C, but

in which B+ C — 1.5C is still present, was tested and can be ruled
out as detailed in the main text in the section on “Alternative
Mechanisms That Were Experimentally Excluded”. The implication
here is that the higher early concentration of B compared to C allows
the A + B reaction to dominate kinetically early in the reaction.
Conceivable differences in the mechanism for the reduction of A
(=(1,5-COD)PtC}, with its site of coordinative unsaturation) compared
to the mechanism of cyclohexene reduction may also be at work here.

(26) (a) Higher surface coverage for the smaller nanoclusters with their

curved surface, vs flatter metal particles, for bulky ligands such as
BusN may be another factor hefé’ ¢ one that we intend to check
experimentally via future studies. That is, the apparent, average bond
energy increase with decreasing size may at least in part be due to a
change in the fractional surface coverage as a function of&izelt

is certainly well-known that ligand binding to metal surfaces varies
as a function of the extent of coveraée’ and that steric effects are
higher on flat surfaces than on the highly curved surfaces of smaller
nanoclusterg®be(b) Leff, D.; Ohara, P. C.; Heath, J. R.; Gelbart, W.
M. J. Phys. Cheml995 99, 7036; see for example Figure 2 therein.
We thank a referee for this reference and for their input on this

important point. (c) Weinberg, Feurvey Prog. Chen1983 10, 1-59; (28)

see Figure 23. (d) Neurock, M.; Pallassana, V.; van Santen, B. A.

Am. Chem. So200Q 122 1150. (e) Templeton, A. C.; Hostetler, M. (29)

J.; Kraft, C. T.; Murray, R. WJ. Am. Chem. S0d.998 120, 1906.

(f) Varushchenko, V. M.; Polkovnikov, B. D.; Bogdanovskii, G. A.;
Akimov, V. M. Izv. Akad. Nauk SSSR, Ser. Khib®72 7, 1662. (g)
Interestingly, a SciFinder search of “decreasing heats of adsorption
with increasing surface coverage” yielded 66 hits, suggesting the
greater generality of this phenomenon, although many of the references
were on systems other than ligands attached to transition-metal
surfaces. (h) Parks, E. K.; Nieman, G. C.; Kerns, K. P.; Riley, 3. J.
Chem. Phys1998 108 3731.

“Careful efforts to remove all the sources of variability among (repeat)
experiments met witkotal failure {italics have been addgdDespite
elaborate schemes to ensure that all experiments were the same with
regard to temperature, initial concentrations, exposure to light, vessel
surface, age of solutions, and mixing procedure, the reaction times
still varied over a wide range”. The point relevant to the preseht Pt
formation paper is that the observed-100% variability in the length

of the induction period, for example, is probabigry smallcompared

to most other nanocluster systems, due to the following: (i) our
awareness of Epstein’s work and thus our attempt to employ uniform
stirring—albeit always imperfect stirring, as Epstein ndtgd) the

use of the well-defined, pure, reproducible precursor, (1,5-COD)PtCI
and (i) our knowledge of and strict control over the reaction vessel
(i.e., the use of a new culture tube liner and stir bar for each experiment
to prevent undesired heterogeneous nucleatiamjl over the acetone
solvent source, its impurities, and its water content (variables known
since 1994 to have large effects on the induction pé#pdHence,

the important conceptual point here is that error barsa6f100%,
which are large by small-molecule standards and which are the only
and thus thestate-of-the-art resulfsare probably actuallgmall by
larger molecule standardg(i.e., cf. the up to 5-fold greateR value

for a protein single-crystal structure vs a small moledrlgalue).
They may also prove to be relatively small error bars for reactions
involving two autocatalytic stepgb) Epstein, I. RNature1995 374,

321.

Finney, E. E.; Finke, R. G. Unpublished results and experiments in
progress.

The other available kinetic packages that allow fitting are, as far as
we have been able to discern: Gepasi (http://www.gepasi.org), the
package Kinsim/Fitsim (http://biochem.wustl.edu/cflab/message.html),
ZiTa (http:// www.staff.u-szeged.hupeintler/index.html), and Dynafit
(http:// uwmml.pharmacy.wi.sc.edu). Additional information is pro-
vided in the Supporting Information. We are working with the author
of Dynafit to see if that promising package cannot be customized to
be more useful for treating nonbiological problems (e.g., where the
ability to treat fractional coefficients for rate equations, as seen herein,
will be possible).
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Figure 8. Two (of 600 possible) three-dimensional maps of the residual vs parameters surface calculated from a grid search carried out on a standard
(1,5-COD)PtCi reduction reaction (R= residual). The best, grid-search-determined values of the two fixed parametanslks, Figure 6A, and andka,
Figure 6B) were used in constructing these graphs.

step). MacKinetics is also relatively easy to use and has The range of values found fég variedby aver 8 orders of
generally proved robust in our experience. A short highlight magnitudefrom 107! to 102 h™! (see the data in Table 1,
of the alternative kinetics packages that are available is vide infra). This wide range df; values was verified in the
provided in the Supporting Information, documentation that simulations to be presented shortly: variation&;dfy even
will make it even more apparent why we use MacKinetics, 10 orders of magnitude have little effect on the resultant
at least at present. kinetic curves. Physicallythis obseration makes sensdhe

In the present work we are searching for four parametersfirst, slow continuous nucleation reaction;A B, produces
plus the residual, that is, fdive totalunknowns. Although a negligible amount of B compared to the second autocata-
we have lots of high-precision{<0.01 psig H pressure) lytic reaction, A+ B — 2B.
data, and even though the ratio between the numbers of data (8) Curve Fit k;—k,; Kinetic Parameters, Resultant
points and unknown parameters is higiilQ0), looking for Error Bars, and Examination of Experimental Sources
the true global minimum in a five-dimensional space was of Error. Table 1 shows the observed rate constants obtained
expected to bé? and has proved to be, tedious work at the from three different repetitions of the standard (1,5-COD)-
limit of MacKinetics’ capabilities. Further details of how the PtClL experiment (selected as representative from the 29 total
problems escalate dramatically as the number of steps in theexperiments).
mechanism, and hence the unknown rate constants, increase First, it is important to note that some of the error seen in
are detailed in the Supporting Information. the rate constants is undoubtedly experimental in origin. The

Overall, a blind search for the minimum proved unreliable observed variability in the length (time) of the induction
in the case of the four-step mechanism with its five period of 0.4-3.0 h (average of 1.4 h; the distribution of
dimensions. A general “mapping” of the surface proved the induction periods in our 29 experiments are summarized
necessary and was accomplished by performing multiple gridin Figure 9) is actually less than the factor 64f.0*? seen
searches. When this method is used, becoming trapped irover a 7 year period in multiple researchers’ hands (see p
local minima is less likely, and the best residual found should 10 304 elsewhef® for the kinetically best-studied, and
be close to the global minimum. Even the possibility of an kinetically most proven reproducible, transition-metal nano-
unlucky fall into a local minimum can be excluded by cluster formation system and its two-step mecharfidri?
conducting different grid searches and verifying that they the polyoxoanion- and BM*-stabilized IP nanoclusters
give similar results-so that is precisely the tactic that was formed from (BuN)sNag[(1,5-COD)Ir-P,W1sNb3Os;).
used in the present studies. It is known that the induction period in the’ manocluster

Grid searches can also be used to draw the multidimen-formation reactions is very sensitive to trace water, an
sional map of the surface. Of course, since only three unidentified impurity in the acetone solvéftas well as to
dimensions can be displayed at once (Figure 8), any any component of heterogeneous (solid-surface) nucleation.
representation of the resulting five-dimensional map will In seminal work Epstein has shown that the effectalwhys-
always be incomplete. However, mapping the surface still imperfectstirring?” can be enormous in reactions involving
yields good insights into the global structure of the surface autocatalysig? so that one might expect even larger effects
near its global minimum. As an instructive example, the maps of imperfect stirring in the present case aduble autoca-
where k; varies were constructed and viewed. A valley talysis Also, we have discussed elsewhere reflection on
parallel to thek; axis is observed, Figure 8A. It is not literature data teaches that larger molecule, multistep reac-
surprising, then, that MacKinetics has difficulties finding the tions such as (1,5-COD)PtCH Y/,P£, (that necessarily must
minimum in this dimension since even a large variation of involve >2200s of steps fon = 2200 and corresponding
the parameter induces only a slight variation of the residual. to, for example, the observed 40 A°Rtanoclusters) will
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Table 1. Range of Parameters Obtained by Curve Fitting the Cyclohexene Hydrogenation Reporter Reaction Data with the Double
Autocatalytic Mechanism to Three Repetitions of the Standard Conditions (1,5-COD)PtGIReduction Reactiorf

range or
rate constant trial #1 trial #2¢ trial #3 average k (corrected) GLC-derivedk
Ki,obs(h™1) 1011-10°3 107-10° 10 10°11-10°3 1011-10°3 10°13-10°6
ko.obs(h™tM~1) 6+3 8-11 25 2-11 1200-13200 806-14440
K3 obs(h™*M~1) 0.69+ 0.04 0.10+ 0.01 0.15 0.+0.7 126-840 700-1200
Ka,0bs(N"2M 1) 0.16+ 0.03 0.17+ 0.01 0.15 0.16t 0.03 1606-230 12-3600

a2 The GLC-derived results are also included in the table for comparison;

note that the mathematics (provided in the Supporting Informatiorjatequires t

the GLC-derived rate constants should not be corrected by the 1200 factor that is, however, required for the cyclohexene reporter reactigg-derived
values.? Following the procedure detailed in the Experimental Section, a total of 34 different visually god®{rasitlual)< 0.01 curve fits were carried

out for this prototype data set (i.e., and using multiple different initial guess and grid search metiotistal of 4 visually good andR(residual)< 0.01

curve fits were carried out for this data s total of 2 visually good andR(residual)< 0.01 curve fits were carried out for this data Sethe k,—k, values

are corrected by the mathematically required statistical factor of 1200 introduced by the cyclohexene reporter reaction stoichiometry ofv1&00 equi
cyclohexene to 1 equiv of (1,5-COD)PtGkee eqs 57 and the derivations provided in the Supporting Information).
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Figure 9. Distribution of the length of the induction period among the 29

experiments carried out for the (COD)PsGkduction and concomitant
cyclohexene hydrogenation reporter reaction.

have larger error bars for most measuren¥iicomparison

to their better known smaller molecule counterparts where
errors of, say=<+15% might be commonespecially when
polydisperseproducts result. And, the flat surface and the
inherent large error in the determination laf (and as the
data in Table 1 document) have already been noted. Finally,
in light of the inherent uncertainties in the rate constants,
the errors introduced by the approximations underlying the
pseudo-elementary step (as summarized in ref 22 elsefyhere

should be negligible and no attempt has been made to correct

for the changing fraction of surface atoms during the reaction
(i-e., the “scaling factor” detailed elsewhévehich deals with

the fact that the growth step is re@fiyt(0), + Pt— Pt(Oh+1

and not thedealizedA + B — 2B).

In the end, the uncertainties la of even 164, and the
uncertainties of factors of 57 in the k,—k, values, are
neither surprising nor disturbing. One fact is for certain
regarding the rate constants listed in Table 1: this is the
first report of the four-step mechanism and derivation of four
rate constants from a rather large amount (20800 data
points) of very high precisiong{+0.01 psig) pressure data.
Hence, the present work defines twerimentally obseed,
present state-of-the-art error limit® which we and others
can aspire to bettelif, that proves possible arifibetter error
limits become important in some application or situation.

(9) Resultant Insights. Studying Table 1 yields the
following insights for the (1,5-COD)Pt@P BusN/2 Proton
Sponge system, insights which are valid even with the
available precision rate constants: kjijs small, but nonzero,

as some homogeneous nucleation is required to convert some
A — B so that the subsequent autocatalytic steps can ensue;

(i) ko (for the A+ B — 2B step) is about an order of

magnitude or more larger than eithieror ks; and (iii) ks
andk, are of similar sizé! There are several other insights
that follow from the simulations provided below.

(10) Predictive Simulations Made with the New, Double
Autocatalytic Mechanism. To test the predictive abilities
of our model, we used it to simulate the concentrations of
A, B, and C over the course of the reaction as the rate
parameters or the initial concentration was varied. As already
mentioned, variations ok; over a range of 10 orders of
magnitude do not affect the shape of the curves, and only
slightly change the length of the induction period. One might
have expected nanocluster formation to be hypersensitive
(i.e., chaotic) to the initial value df;; in fact, the kinetic
curves are ultra-insensitie to the A— B step rate constant
An increase irk; shortens the induction period and increases
the maximum concentration of nanoclusters. It also affects
the shape of the edge of the curstbe smaller the value of
k,, the smoother the curve, the larger the valuegfthe
sharper the onset of the curvalthough really sharp-starting
curves such as the classi@ Bolloid examined elsewhele
do require the full four-step mechanism for the best fit. As

(30) See p 27 and ref 4 elsewhere for a discussion of the loss of precision
observed in many macromolecule or materials systems and where one
is measuring a collective or bulk property, and especially if the resultant
material contains som@olydispersity Finke, R. G. Transition Metal
Nanoclusters. IMetal Nanoparticles, Synthesis, Characterization and
Applications Feldheim, D. L., Foss, C. A., Jr., Eds.; Marcel Dekker:
New York, 2001.

(31) (a) Our finding thaks and ks are ca. the same size is by itself an
important finding. It stands in contrast to the (unquantitated) claim in
polymer and sol-gel systefi&c that smaller plus smaller particle
agglomeration is less important than larger plus smaller particle
aggregation. It remains to be determined if the different systems (our
transition-metal vs those polymer and sol-gel systems) is the reason
for the different findings or, perhaps, if our quantitated results are
simply more (or less) reliable. Note that a close inspection of the sol-
gel work makes apparent the difficulties of doing reliable kinetic and
mechanistic studies on macromolecular, self-assembly systems. The
sol-gel work is very careful work that went to great effort to employ
three separate kinetic methods (conductance, volume changé-and
Si NMR) to acquire rare kinetic data for a self-assembly system.
However, that work is deductive (primarily fits one assumed, theory-
derived mechanism to the data) rather than being inductive (i.e., ruling
out multiple, alternative specific hypotheses to get to the more general
mechanism; it does rule out a diffusion-controlled mechanism,
however). In the final analysis the sejel worké¢ cannot supply
even a single, complete mechanism with elementary or pseudo-
elementary steps and rate constants (mostly a “word mechanism” is
used instead, which is typical of proposed mechanisms since the time
of LaMer’s worké as discussed briefly elsewh@reClearly, kinetic

and mechanistic studies of self-assembly materials syntheses presents
a generally quite difficult challenge. (b) Bogush, G. H.; Zukoski, C.
F., IV. J. Colloid Interface Sci1991 142 1; see also refs 5, 36, and

37 therein. (c) Bogush, G. H.; Zukoski IV, C. B. Colloid Interface

Sci. 1991, 142 19.
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expected, changinks has little effect on the concentration carbonate), we were able to obtain a solution of nanoclusters
of A vs time. However, with highek; values, the maximum  with no detectable bulk metal in just single additional
concentration of nanoclusters B decreases and they alsexperiment®? The magic we were searching for was con-
disappear faster, increasing the rate of bulk metal C formationtained in the mechanism, not necessarily in the choice of
and exhibiting more and more step-function-like cyclohexene stabilizer! While the full details of our synthesis and
hydrogenation curves, all as one might intuitively expect. characterization of Phanoclusters will be described in due

Variations of the fourth parametég affect only the last ~ course3* the important point here is the striking predictive
part of the reaction, the formation of bulk metal. Even the power of the double autocatalytic mechanism!
edge of the cyclohexene hydrogenation curve (or, equiva-
lently, the bulk metal (C) formation curve) is not affected, Conclusions, Caveats, Unanswered Questions, and
k4 influencing predominantly the curvature at later times. Hence, Future Research
Variation of the initial concentration of the precursor A is,
as far as the relative positions of the resultant A, B, and C
curves are concerned, equivalent to chandinds, andk,.

The smaller the initial concentration of A, the broader the
nanocluster peak, and the longer the nanoclusters stay in
solution before agglomeration (as makes sense given that
the nanoclusters agglomeration steps are all bimolecular).
Consequently,synthetic efforts aimed at preparing and
isolating nanoclusters are best swyed as a function of
concentration and, in general, at a lower initial concentration
of the precursor A.

(11) Verification of the Mechanistic Prediction That
the Use of Lower Concentrations of A, and Higher
Temperature, Will Change the Selectivity to Nanoclusters
Rather Than Bulk Metal. This project originally grew out
of our attempts, and frustrations, at makin§ anoclusters.
More than 100 experiments were conducted over a good
fraction of a year while examining what we then thought
was the key issue of finding the magic stabilizer fdr(f#bom
a list of premier stabilizers such as HPQ the “Gold
Standard” anionic stabilizer (the\®1sNb;Og,°~ polyoxoan-
ion®?), to other accepted stabilizers such as,@r, PVP
(poly(vinylpyrrolidone)), 1,10-phenanthroline, and acetate,
plus combinations of these stabilizers). All these experiments
conducted with a 1.2 mM solution of (1,5-COD)Pi@t 22
°C and primarily in acetonefailed; bulk PP metal was
invariably the end product.

However, as soon as the discovery of the four-step, double
autocatalytic mechanism in eq 3 and Scheme 3 was avallable
along with the insights from the simulations described above,
the mechanistic prediction was made that lower concentra-
tions of precursor and higher temperatures should favor
nanocluster over bulk metal formation since these conditions
should favor the unimoleculds step over the bimolecular
agglomerationks andk,, steps'? The experimental verifica-
tion of this predictio®? proved almost “magical” in our
hands: simply byhalving the concentration of (1,5-COD)-
PtCh to 0.6 mM and by working at the higher temperatire
of 60 °C (while also working in the higher boiling, higher
dielectric constant and better stabilizing solvent propylene

During the course of attempting to preparé ®anoclus-
ters, we discovered the unusual step-function-like curves
shown in Figures 2, 4, and 5. An exhaustive search for
mechanisms that might fit these curves led to the strict
requirement fortwo autocatalytic stepsn any proposed
mechamsm The proposed mechanism in its most general
‘form adds the step X+ C — 1.5C (X = B or A) to our
prior work uncovering th&# 1A — B, A + B — 2B, and
B + B — C steps.The aserall, four-step, double autocata-
lytic mechanism shown in Scheme 3 is the presently most
general mechanism by which transition-metal nanoclusters
nucleate, grow, and then agglomerate into bulk metal under
reductive conditions. It is a mechanism fortified by a
foundation of work37-%11 that began more than a decade
agoi! The data for the present system are fit only by the
mechanism with the B C — 1.5C step, eq 3d, but we
anticipate the possibility that the A C — 1.5C step may
be applicable irother systems and in general.

The full details of the kinetics treatment, the MacKinetics
curve fitting, and the issues of searching for a global
minimum in a five-dimensional space were also detailed so
that others can optimally and efficiently exploit this work
while avoiding a steep learning curve. The resultant rate
constantd; —k,, and the implications they contain even given
their stated precision, were discussed as well as the insights
resulting from simulations possible using the new mecha-
nism.

Important, more general insights resulted from this work
as expected for any new mechanism, notably, the insight that
one should employ lower concentrations and higher tem-
peratures to favor the synthesis of nanoclusters rather than
bulk metal; the insight that the opposite set of conditions
should be used if the deposition of a bulk metal film for
some application is desired; the insight that many if not most
claimed Pt nanocluster synthesis systems are very likely also
producing bulk meta® and the insight of particle-size
dependent reactivates, fractional ligation, and at least ap-
parent metal-ligand bond-dissociation energies, as well as
the catalytic implications of thesenamely, that nanoclusters
will not have the higher catalytic activity in the presence of
at least certain ligands. A search of the relevant self-assembly

(32) (a) Qkar, S.; Finke, R. GJ. Am. Chem. So@002, 124, 5796. (b)
OzKkar, S.; Flnke R. GLangmuir2002 18, 7653. (c) Qkar, S.; Finke,

R. G. LangmU|r2003 19, 6247. (34) Finney, E. E.; Finke, R. G. Unpublished results and experiments in
(33) It has been known for some time from the semiconductor nanoparticle progress.

literature that the use of higher temperatures favors the typically more (35) Exceptions where such Pt or Pd quantitation is performed are as

enthalpically demandirf§° nucleation over growth steps: (a) Murray, follows: (a) Reetz, M. T.; Helbig, WJ. Am. Chem. S0d.994 1186,

C. B.; Norris, D. J.; Bawendi, M. GJ. Am. Chem. S0d.993 115 7401. (b) Moiseeyv, I. I.; Rudy, R. I.; Cherkashina, N. V.; Shubochkin,

8706. (b) Katari, J. E. B.; Colvin, V. L.; Alivisatos, A. B. Phys. L. K.; Kochubey, D. I.; Novgorodov, B. N.; Kryukova, G. A,

Chem.1994 98, 4109. (c) Strey, R.; Wagner, P. E.; Viisanen, J. Kolomiychuk, V. N.; Vargaftik, M. N.Inorg. Chim. Actal998 280,

Phys. Chem1994 98, 7748. 339.
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literature®3"reveals that the mechanism detailed in Scheme Using the insights in Scheme 3 to improve literature reports
3 appears to be the largest, most complex self-assemblyof classic nanoparticles and colloids should also prove useful
system that is the best understood, largely since it is as has already been proven ffum the case of a classic
supported by extensive kinetic studies that are often hard topreparation of PtPVP colloids!® Our results also promise
accomplisf? for self-assembly reactions. to provide the most direct way presently available to measure

Many unanswered questions remain, however, so that thergranocluster stability via quantification of the rate constants
is ample room for future research. One unknown is exactly for agglomerationk; andk, herein, vide infra)jf suitable
what are the full range of factors affectitig—k, and thus ~ Precision and accuracy in the curve- and ks can be
the mechanism in Scheme 3? We know from our in- Obtained, a major challenge. A method that tests and
progres® studies of (to date) 25 different conditions duantitates the myriad of anions, polymers, dendrimers,
(examining 4 metals, 2 temperatures, 2 solvents, 2 |igands,solvents, cations, and other species claimed in the literature
and at varied concentrations) that the mechanism in Scheme?© be nanocluster stabilizers, but which remains unevaluated
3 is very sensitive to the exact conditions. What are the mostin any quantitative way due to the paucity of mettigde
sensitive variables and why? Added ligands are clearly one Probe the relative efficacy of such claimed stabilizers, would
key—and perhaps the keyariable. But, which ligandnd be a valuable addition to nanocluster literature. It is these
metal combinations favor the mechanism in Scheme 3? weStudies that promise to occupy much of our time and, we
have seen this mechanism so far for Pt, Ir, and Ru and in hope, the time of others interested in the self-assembly
one complex of P& The temperature dependenadd* and synthesis of transition-metal nanoparticles and metal films
AS for the four steps in Scheme 3 need to be determined ©F the broader topic of self-assembly in genéfa.
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