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Abstract: The initial nucleation of platinum clusters after the reduction @PtCl, in aqueous solution is
studied by means of first principles molecular dynamics simulations. A reaction mechanism leading to a Pt
dimer is revealed both by gas-phase simulations and by simulations which model the solution environment.
The key step of the observed reaction process is the formation ef RtBbnd between a Pt(l) complex and

an unreduced Pt(ll) complex. In light of this result, we discuss the reduction process leading to the formation
of platinum nanopatrticles. In the generally accepted model, the nucleation of Pt particles starts only when a
critical concentration of Pt(0) atoms is reached. Here, we discuss a complementary mechanism where metal
metal bonds form between Pt complexes in higher oxidation states. This is consistent with a number of
experimental results which show that a high concentration of zerovalent atoms is not necessary to start the
nucleation.

I. Introduction principles molecular dynamics (FPMD) techniques. The nucle-
ation of Pt clusters on a DNA substrate will be addressed in a
forthcoming work® Here, we investigate the homogeneous

nucleation process which takes place in standard reduction

In the present work, the nucleation of transition metal clusters
upon reduction in aqueous solution is investigated. The study
focuses on the initial formation of metametal bonds between -
metal complexes immersed in the water medium. The £tCl experiments. . . . .
ion is chosen as a representative and widely studied example A. method' for preparing stable COHO'an dispersions qf
of a square-planar complex capable of producing cluster platinum particles was proposed in a classic paper by Rampino

suspensions upon reduction. Platinum clusters are of special‘aanI Nord in the 1940sand is still widely employed. The

interest and are the subject of intense study, because of theiP'eparation is quite simple: a P(ll) or P(IV) salt is dissolved

unique electronic and catalytic propertiesvloreover, the In water, the solution is aged ove_rnight, and a red“?if‘g agent
nucleation and growth of Pt clusters on biopolymers can be the IS th_en added_to the SO'”F'On‘ Th_|s causes the precipitation of
first step leading to the formation of metal-coated self-assembled platinum colloids after a time which stro_ngly depenas on the
structures. The current knowledge of Pt cluster nucleation is reactants used and on a few other reaction parameters such as

based on experimental observations which only address thePH and temperature. The presence of a stabilizing polymer in
kinetics of the whole reduction proce®s, while a microscopic the reduction bath is generally needed to prevent the agglomera-

mechanism for the intermediate reaction steps is not available.:EIon Orf].the meta:jpartlfleléﬁ}r?haln go?I Im cpllmd C(glewls'[ry IS
The problem is considered here on the basis of theoretical 0 achieve good control of the particie sizé and shape, Since

modeling taken to the quantum accuracy level, as made possibldN€S€ determine the catalytic efficiency of the colloidal disper-

by recent advances in ab initio techniques and by the use ofs'on's_'9 At the same time, the preparation of metal catalysts is
massively parallel computing. In particular, we attempt for the a dellcate. process: gxtreme!y pure reactants and solvents_ are,
first time a direct simulation of metaimetal bond formation e.g., required to obtain colloidal suspensions of good quality.

between two complexes in the water medium using first- Thus,_the growth of pIatlnur_n_ c_Iusters in the presence ofdlffer(_ent
reducing agents and stabilizing polymers has been the object

T Technische UniversiteDresden. i i 7—14 iation-
# IRRMA and Universitadi Trieste. of numerous detailed experimental studies’-14 The radiation
(1) Schmid, G.Cluster and Colloids VCH: Weinheim, 1994. In (6) Mertig, M.; Colombi Ciacchi, L.; Seidel, R.; Pompe, W.; De Vita,
particular, Chapter 6, by J. S. Bradley, is dedicated to the chemistry of A. In preparation.
transition metal colloids and contains a rich reference list. (7) Rampino, L. D.; Nord, F. FJ. Am. Chem. Sod941 63, 2745~
(2) Braun, E.; Eichen, Y.; Sivan, U.; Ben-Yoseph,X&ature1998 391, 2749.
775-778. Richter, J.; Seidel, R.; Kirsch, R.; Mertig, M.; Pompe, W.; (8) Turkevich, J.; Kim, GSciencel97Q 169, 873-879.
Plaschke, J.; Schackert, H. lAdv. Mater. 2000 12, 507-510. Mertig, (9) Ahmadi, T. S.; Wang, Z. L.; Green, T. C.; Henglein, A.; El-Sayed,
M.; Kirsch, R.; Pompe, W.; Engelhardt, {&Eur. Phys. J. D1999 9, 45— M. A. Sciencel996 272 1924-1926.
48. Kirsch, R.; Mertig, M.; Pompe, W.; Wahl, R.; Sadowsky, G:hBo (10) Toshima, N.; Nakata, K.; Kitoh, Hnorg. Chim. Actal997 265
K. J.; Unger, EThin Solid Films1997, 305, 248-253. 149-153.
(3) Henglein, A.; Giersig, MJ. Phys. Chem. B00Q 1046767-6772. (11) Mizukoshi, Y.; Oshima, R.; Maeds, Y.; Nagata,Mangmuir1999
(4) Henglein, A.; Ershov, B. G.; Malow, MJ. Phys. Chem1995 99, 15, 5, 2733-2737.
14129-14136. (12) Schmid, G.; Harms, M.; Malm, J.-O.; Bovin, J.-O.; van Ruitenbeck,
(5) Duff, D. G.; Edwards, P. P.; Johnson, B. F.JGPhys. Chenl995 J.; Zandbergen, H. W.; Fu, W. T. Am. Chem. Sod.993 115 2046~
99, 15934-15944. 2048.
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induced nucleation of metal clusters has been investigated athappen in the first step of cluster growth before both metal atoms
the atomic scale in the case of silver and other monovalent are reduced to Pt(0), similar to the case of Ag.

ions!'> However, the specific mechanism through which plati-  |n this work, we explore the problem of the initial nucleation
num colloids nucleate and start growing is still not cl&arhe of platinum particles taking into account this possibility. In other
generally made assumption (explicit or implicit) is that the Pt- \yords, we look for a mechanism of forming-F®t bonds upon

(I1) or Pt(IV) complexes first react with the reducing agent to  reduction of Pt(Il) complexes in solution, without assuming the
give isolated Pt(0) atoms. After a while, when a critical prior complete reduction of both Pt atoms to their zerovalent
concentration of Pt(0) atoms is reached, metal clusters startstate. To reach this goal, we investigate the initial nucleation
forming at an appreciable r&t*'*by aggregation of these  of platinum clusters in a series of FPMD simulations. Among
atoms. It should be noted that no direct evidence of the isolatedihe Pt(ll) salts, we assume as starting point the widely used
Pt(0) atoms has ever been presented. The presence of POk ptCl. The reduction of Pt(ll) to its metallic state can be
atoms is generally inferred from the kinetics of the whole gptained by electron transfer from inorganic and organic
reduction processIn another proposed mechanism, the reaction reducing agents, via photodecomposifiradiolysis* sonochem-
could involve a metallorganic precursor, in which many metal jca| reductiont! and a variety of other methodsGiven this

ions are chemically bound to the reducing agent in a polymeric yariety of agents and techniques, no attempt has been made to
structure. This mechanism was postulated for the first time in podel any particular reduction process. Since the presence of a

the case of the reduction of Auglto colloidal gold by citrate? stabilizer is not directly necessary for the reduction (while it
However, the presence of a metallorganic intermediate has beerhg|ps to control the size and shape of the metal parficles
shown to be generally not necessary. stabilizers are also not directly addressed in this study. Our

On the other hand, some experimental observations indicaterp\p simulations are performed on systems which include Pt
the possibility of forming metatmetal bonds before the critical complexes only and contain from the start the number of
concentration of zerovalent atoms is reached. In a recent accurat@|ectrons which is appropriate to the desired reduction state.

analysis of the reduction kinetics of P&l with hydrogen,
monovalent platinum has been postulated to be the first reaction
intermediaté®. In the same work, the appearance of free Pt(0)
atom intermediates has been excluddd. addition, clusters
composed of few metal atoms, sometimes in oxidation states
higher than zero, have been produced with methods that differ
from the standard preparation of colloids only by the presence
of ligand molecules such as carbonyls or phosphines in the
solution® An intriguing example is the production of Py(l) Our electronic and structural optimizations, as well as the FPMD
dimers in a concentrated HCI solution by reduction @PICl simulations, are performed using the E®arrinello (CP) methddin
with CO/l” due either to a reaction between partially reduced the framework of the spin-polarized density functional theory (DIT).
Pt(l) complexes or to a comproportionation between unreduced The gradient-corrected exchange-correlation energy is described by the
Pt(ll) and reduced Pt(0) complexEa/Ne note that this is direct  functional proposed in ref 21, implemented with the technique of ref
evidence that the formation of metahetal bonds between 22. Periodic boundary conditions are used. The Bloch functions and
platinum complexes in reduction baths does not necessarilythe electron density are expanded on a plane-wave basis set up to a
involve zerovalent atoms only. kinetic energy cutoff of GQ and 240 R_y, rgspectively. Only_valence
This is also the case when silver particles start growing in Bloch electrons at th& point _of the Brillouin zone are considered,
the initial stage of the reduction/nucleation process. After and separable norm-conserving pseudopotefitiate used to model

L . their interaction with the core ions. The pseudopotentials have been
radiolytic reduction of Ad, Ag(0) atoms have been observed constructed with the program thi98PP following the scheme of ref 24.

to aggregate to monovalent Adons to form Ag" dimers:® In particular, the Pt pseudopotential is generated for the neutral atom
Successive coalescence and reduction steps finally lead toconsidering 18 valence electrons in the configuraticsFsc%6<%,
colloidal particles. Interestingly, the addition of ions to a growing  the core radius for all three components is 1.60 au, and the p component
cluster takes place before their reduction to the metallic state.is taken to be loca® The accuracy of this pseudopotential is tested
Reduction happens only later and involves the whole cld8ter. for the PtCi*~ ion and the bare Pt dimer. The computee-t bond

In the case of p|atinum, colloids are produced via a chain lengthin PtC,lz_GiS 2.35-A, which compares well With.the experimental
reaction in which the first formed clusters catalyze the further value of 2.34 A°and with the value 2.35 A of a previous calculafion
reduction of the metal complexes still present in solutiéfihe based on similar techniques. The electronic configuration of minimal
autocatalytic process starts at the very beginning of the reaction,S"€r9Y for the bare neutral platinum dimer is found to be a triplet,
when only very few complexes are reduced. In this case Onewhereas the singlet energy level is found 0.5 eV higher. ThePPt
does not have to wait the induction time ne(.:essary 0 ref;lch abond length in the dimer is 2.38 A, to be compared with other theoretical
critical concentration of zerovalent atoms, as in the standard ™ (19) payne, M. C.; Teter, M. P.; Allan, D. C.; Arias, T. A.; Joannopoulos,

nucleation mechanism. This suggest that dimerization may J. D.Re. Mod. Phys1992 64, 1045-1097. Car, R.; Parrinello, MPhys.
Rev. Lett. 1985 55, 2471-2474.

The computational technique and the simulation parameters
are briefly described and tested on simple molecules in the next
section. The FPMD simulations are described in section Il and
discussed in section IV. Finally, a summary is given in section

[I. Computational Method and Test Calculations

(13) Van Rheenen, P. R.; McKelvy, M. J.; Glaunsinger, WJSSolid (20) Gunnarsson, O.; Lundqvist, B. Phys. Re. B 1976 13, 4274~
State Chem1987, 67, 151—169. 4298.

(14) Kraeutler, B.; Bard, A. JJ. Am. Chem. Sod 978 100, 4137 (21) Perdew, J. P.; Wang, Yhys. Re. B 1992 45, 13244-13249.
4138. (22) White, J. A.; Bird, D. M.Phys. Re. B 1994 50, 4954-4957.

(15) Belloni, J.; Mostafavi, M. InVietal Clusters in ChemistryBraun- (23) Troullier, N.; Martins, J. LPhys. Re. B 1991, 43, 1993-2006.
stein, P., Oro, L. A., Raithby, P. R., Eds.; Wiley-VHC: New York, 1999; (24) Fuchs, M.; Scheffler, MComput. Phys. Commuh999 119, 67—
pp 1213-1247. 98.

(16) Turkevich, J.; Stevenson, P. C.; Hillier JJDiscussFaraday Soc. (25) Kleinman, L.; Bylander, D. MPhys. Re. Lett. 1982 48, 1425~
1951, 11, 55-75. 1428.

(17) Gogging, P. L.; Goodfellow, R. J. Chem. Soc., Dalton Trans. (26) Atoji, M.; Ritchardson, J. W.; Rundle, R. H. Am. Chem. Soc.
1973 2355-2359. 1957 79, 3017-3020.

(18) Miller, T. E.; Ingold, F.; Menzer, S.; Mingos, D. M. P.; Williams, (27) Carloni, P.; Andreoni, W.; Hter, J.; Curioni, A.; Giannozzi, P.;

D. J. Org. Chem1997, 528 1163-178. Parrinello, M.Chem. Phys. Lettl995 234, 50-56.
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29 This is i 2 . _ _
DFT values of 2.39 A8 and 2.40 A This is in reasonable agreement PtCl,” +H,0 = PtCl,(H,0) +ClI Q)
with the experimental value of 2.45 A measured by STM techniques
on a graphite suppof?.Our computed binding energy for the dimer is

3.34 eV, which should be compared with the theoretical values of 2.44 PtC|3(HZO)7 + H,0 == PtCL(H,0), + CI (2)
eV?® and 3.30 e¥® and with the reported experimental values which
lie in a range between 2.80 and 3.71 ®V. At equilibrium, a 1 mM solution of KPtCl, consists of 5%

In the FPMD simulations, the mass of hydrogen is increased to 2.0 PtCl?~, 53% PtC}(H.0)~, and 42% PtG(H,0)..3> The aging
amu, the fictitious electronic mass in the CP method is set to 1100 au, time necessary for reaching the equilibrium is about 1 day at
and a time step of 6.0 au (about 0.145 fs) is used. These parametersoom temperature. The solution is then stable for some days.
are adequate for CP dynamical simulations of aqueous systéhtfen  After that, decomposition of the complexes starts being notice-
necessary, control of the temperature is achieved by a-Nasaver able3* We calculated the relaxed geometries and the electronic
thermosta¥ or simply by scaling t_he atomic velocities. All calculations structure of the three Pt(ll) complexes in the gas phase, using
were performed on the massively parallel CRAY-SGI computer . . L
platforms of the Center for High Performance Computing at the Dresden a repeated cubic supercell with edge 20 A. The optimized bond
University of Technology, using the LAUTREC coéfe. Ie:ngths and angles of the molecules _and the Keﬁham.

eigenvalues are reported in Table 1 and in the scheme of Figure

1, respectively. The vertical electronic affinities (VEAS) of the
lll. Results three complexes are computed as the change in total energy

upon addition of one electron to the system, at fixed atomic

We report here our results, following the steps which lead to positions. We note that because of the periodic boundary
the formation of platinum dimers upon reduction of Pt(ll) conditions used, the total energies of charged systems must be
complexes. The starting point is a water solution gPtCl. evaluated including appropriate corrective teAh%.We do not
The solvolysis products are then exposed to a reducing agenttake into account the contribution to the electron affinity given
As mentioned earlier, we do not attempt here to investigate the by the variation of zero-point vibration energy upon the
electron-transfer mechanism from a specific reducing agent to reduction, since these zero-point corrections are generally
a Pt(ll) complex. Rather, the reducing electron is added eachsmaller than the systematic errors due to other approximations
time into the simulation cell containing one or more Pt (e.g., the use of pseudopotentials). Our computed EAs for the
complexes, assuming that a good model for the system im-Cl and O atoms are 3.6 and 1.6 eV (experimental, 3.6 and 1.5
mediately after reduction can be obtained this way after eV 38 respectively). For the relaxedRtimer we obtain an EA
electronic optimization and MD equilibration. This “vertical of 1.7 eV (experimental, 1.9 €. Of the three Pt(ll)
addition” of an electron to the system followed by ionic motion complexes, only the neutral complex PAEL,0), binds an extra
in the presence of an extra charge may be linked to what happenslectron, giving a positive calculated VEA of 0.7 eV. The
in radiolytic reduction processes. Here the electrons producedreducing electron remains instead delocalized in the case of the
by y-ray irradiation of the platinum salt solution can be thought negatively charged complexes P#&land PtCi(H,0).3°
to fall into the LUMO states of the metal compleké5!>present B. Reduction of PtCh(H,0),. We now turn to the study of
in the solution. More generally, we can address in this way all PtChL(H,0), upon addition of one electron. We first minimize
those processes where the reducing agent has only the instruthe electronic structure at fixed atoms. The calculated energy
mental role of electron donor, beside which its exact character levels for both spin manifolds with respect to the position of
is little relevant to the subsequent evolution of the reduced the HOMO-1 state are reported in Figure 1 (right). The atoms
fragment. It would seem reasonable to assume that this is theare then allowed to move. We report in Figure 2 the evolution
case in many reduction processes involving Pt complexes. Weof the particle density associated with the singly occupied orbital
note that in the experiments the final reduction product of a during the dynamics. This is obtained as the differemce p,
platinum salt is essentially always an ensemble of metal of the electron densitiegy, p; associated with the “up” and
crystallites with diameters ranging between 2 and 3 nm, despite“down” spin manifolds. At the beginning of the run, the
the great number of possible reducing agents. Different size additional electron falls as expected into the.@d LUMO orbital
distributions of the metal particles in the colloidal suspension of the neutral square-planar PiE,0),. However, within~100
are due only to more or less marked aggregation of the fs, the two water ligands dissociate from the complex. At this
crystallites (Pt clusters bigger than 3 nm are rarely single point, the CHPt—Cl angle starts increasing from the initial value
crystaldd). Finally, modifications of the colloid morphology are  of about 100. Within ~0.2 ps the angle reaches 288nd a
mainly due to different concentrations and types of protective linear PtCh~ complex is formed, which is then stable in the
agent8 and again do not depend on the reducing agent used.time scale of the simulation. After quenching the atomic motion,

A. Solvolysis Products of KPtCl, in Water Solution. After the PtCl distance is 2.25 A, i.e., only 0.02 A smaller than the
the dissociation of KPtCl, the PtCJ>~ ions undergo the initial value in the PtGi(H»O), complex. In PtGI~, the Pt atom

following solvolysis reactiong? has the exotic Yelectron configuration, and d4Pt(0) complex
—— - ” - - is readily obtained when the reduction is completed by adding
845%3)8%'59” Musaev, D. G.; Morokuma, K. Chem. Phys1998 108 one more electron. The P#2t complex is also linear, with a
(29) Yang, S. H.; Drabold, D. A.; Adams, J. B.; Ordejd.; Glassford, Pt—Cl| bond Iength increased to 2.32 A The five hlghest
K. J. Phys.. Condens. Matter997, 9, L39-L45. occupied molecular orbitals of this complex are shown in Figure
(30) Gupta, S. K.; Nappi, B. M.; Gingerich K. Anorg. Chem.1981,
20, 966-969. Miedema, A. R.; Gingerich, K. Al. Phys. BL979 12, 2081~ (35) Cotton, F. A.; Wilkinson, G.; Murillo, C. A.; Bochmann, M.
2095. Advanced Inorganic Chemistngth ed.; John Wiley: New York, 1999.
(31) Sprik, M.; Hiiter, J.; Parrinello, MJ. Chem. Physl996 105 1142~ (36) Leslie, M.; Gillan, M. JJ. Phys. C1985 18, 973-982.
1152. (37) Makov, G.; Payne, M. CPhys. Re. B 1995 51, 4014-4022.
(32) Nose, SMol. Phys.1984 52, 255-268. Hoover, W. GPhys. Re. (38) Lide, D. R., EACRC Handbook of Chemistry and Physi€RC
A 1985 31, 1695-1697. Press: Boca Raton, FL, 1996.
(33) De Vita, A.; Canning, A.; Car, REPFL Supercompt. J1994 6, (39) The electron added to investigate a possible reduction state remains
22-217. delocalized also if the space surrounding BtClor PtCk(H.O)~ in the
(34) Sanders, C. |.; Martin, D. S., . Am. Chem. Sod961, 83, 807— simulation cell is filled with water molecules, to model the solution

810. environment.
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Table 1. Optimized Bond Lengths (A) and Angles of the

Square-Planar Complexes Described in Section IlIA (a)
PtCl2~ P&Cl3(H20)~ PtChL(H20).
Pt—Cl 2.35 2.32,2.27 2.27
Pt—0O 2.10 2.13
Cl—Pt—Cl 90.° 94.7 99.0°
CI-Pt-0O 85.3 80.8
O—Pt-0O 99.5
30 e
x2y? |
20F I l ..... } 1 - _I_ A
1.0 ~
T4 1
[ 1] | ! i |
oo ALIL TR SR ] (b)
xy
-0.1F | 1 .
02k _H_ i
03} S
22 U N EE —’——f—
_0.4_ |‘ B
-0.5¢% up down |
PICIY PCly(Ha0) PCl,(Hp0),  PICl,y(Hy0),
Figure 1. Kohn—Sham energy levels (eV) of three square-planar Pt
complexes near the HOMELUMO gap. The local spin density
spectrum of the open-shell reduced complex #H;D),™ is also shown
(see text). (C)
3. Thewry symmetry of the degenerate HOMOs corresponds to gl b

that of the singly occupied orbital of PtCI(cf. Figure 2c). A
og orbital derived from the atomic Sdcorresponds to an energy
level located~0.5 eV below the HOMO level. As an indepen-
dent check on these results, the electronic structure oPtCl
was computed again using a Gaussian basis set and without
imposing periodic boundary conditiof:#* The calculation led

to the same sequence in the orbital symmetries shown in Figure
3. Finally, the linear PtGF~ complex was obtained also as the
final configuration of a separate FPMD run in which the two
extra electrons are added to the B(BbO), at the same time

at the beginning of the simulation.

Figure 2. Evolution of PtCi(H20), upon addition of one reducing
electron (gas-phase reaction). The particle density associated with the
unpaired electron is depicted as isovalue surface at 0.002 au.

(40) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K. . . . .
N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,  To investigate the effect of the solution environment on the
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.. reduction process, we fill the empty space surrounding the Pt

Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.; . -
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J. complex with water molecules at bulk water density. The

V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Simulated system contains a PiE1,0), complex and 46 water

gos(ﬂpel\;ts, R.;martin,AR. (L3 Foxl, D. E'l: Kceriuthl'l T, Alk-JLarll;allmébl/ll. IAD.; '\F/’Ier\}g, molecules in a repeated cubic cell of edge 12 A. The system is
. Y., Nanayakkara, A.; Gonzalez, C.; allacombpe, WM.; Glll, P. M. i : HH H

Johnson, B.yG.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; flrSt eqylllbrated for 0.5 ps in a constan'g temperature (CT)

Replogle, E. S.; Pople, J. ASaussian 98Revision A.2; Gaussian, Inc., ~ Simulation at 300 K, and then the reduction is promoted by

Pittsburgh, PA.; 1998. _ _ ) adding one electron to the system. After minimization of the
(41) We used a SDD valence triplebasis séf together with the  glectronic structure at fixed ionic positions, the dynamics at 300

corresponding Stuttgart/Dresden pseudopotential for the description of core , . . .
electrons for the Pt atoms, and a D95 Dunning/Huzinaga valence double- K 1S continued. The same pattern of events observed in the gas-

basis seé for the remaining atoms. The BPW91 exchange correlation phase simulation is obtained here in solution, although the

fun&tizcinfff‘ was USTed-N_ dlass. A~ Stoll. H Dola. M.: Schwerdt o rearrangement of the complex is slowed by the steric hindrance
elmninger, 1.; NICKIass, A.; oll, A.; Dolg, M.; schwerdatieger, P. H H _
J. Chem. Phys1996 105 1052, (Web address: hitp-//theochem.uni of the surrounding water _solutlon. Namely, the square.planar
stuttgart.de/pseudopotentials) symmetry of the complex is soon broken by the successive loss
£43)fDunning, T. H.d Jr.;I Hay, P. J. Ilvﬂodirn Theoretical Chemistry of the two water ligands. Once more, the chlorine atoms move
Schaefer, H. F., lll, Ed.; Plenum: New York, 1976; pp28. initi P i i
(44) Perdew. J. P. IiElectronic Structure of Soid®1: Ziesche, p,  O1 th€ initial cis geometry, and in less than 2 ps of simulated
Eschrig, H., Eds.: Akademie Verlag: Berlin, 1991. Becke, APBys. Re. time a linear PtGI" complex is obtained, which remains stable

A 1988 38, 3098-3100. on the time scale of the simulation. Further reduction from this
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Figure 3. Five highest occupied molecular orbitals of RECI
(isodensity surfaces at 0.003 au). Top rank: the twodegenerate
HOMOs. Middle rank: the two degeneradg orbitals (their energy
level is located~0.3 eV below the HOMO level). Bottom rankoy

orbital (energy level located0.5 eV below the HOMO level).

point leads to the Ptgt complex. Also in this case the complex
remains stable, no hydrolysis occurring in 2.5 ps of simulated
time.

C. Formation of a Platinum Dimer in Water. With the
aim of investigating the formation of a PPt bond upon
reduction of platinum salt in solution, we perform MD simula-
tions on a system of two Pt(ll) complexes and 36 water
molecules contained in a repeated cubic cell of edge 12 A
(Figure 4a). The system is first annealed at 300 K for 1.25 ps,
after which the PtPt distance is~7 A, and then one electron

J. Am. Chem. Soc., Vol. 123, No. 30, 2000B75

The initial distance between the Pt atoms of the two complexes
was set to 4.8 A. The simulation led as before to the formation
of a bond between the platinum atoms. To investigate if the
observed bond formation process is affected by the initial value
of the twist angle between the two complexes, we performed
two more FPMD simulations of a system containing a Pt(l)
complex, a Pt(Il) complex, and 37 randomly placed water
molecules, setting the initial PPt distance to 4.0 A. In these
simulations, the initial torsion angle defined by the two Pt atoms
and two Cf ligands (one per Pt atom) was variedb¢5° and
—45° with respect to the value used for the 46 water molecule
system in the previous simulation. Both simulations led, as
befo}_r\e, to the formation of a PPt bond of equilibrium length
2.9 A.

Finally, we add a second reducing electron to the annealed
configuration of the Pt(h-Pt(ll) dimer surrounded by 36 water
molecules, and start a FPMD-CT simulation at 300 K from this
point. In this case, a chlorine ligand is immediately lost, and
the structure of the dimer gradually changes so that after about
1.5 ps the PtPt bond is in the same plane of the bonds with
the other ligands for both Pt atoms (Figure 4d). The angle
between the two ligand planes 1€75°. The final geometry
resembles very closely that of the fet(CO)]?~ ion, as
obtained by reduction of ¥tCl with CO1745 The Pt-Pt
equilibrium distance is 2.6 A, which is a typical value for Pt(l)
dimers!®

D. Characterization of the Pt—Pt Bond. To understand the
mechanism of bond formation leading to the Pt@t(Il) dimer,
we perform a series of electronic structure minimizations on
fixed gas-phase atomic geometries. Our purpose is to isolate
the evolution of the particle density associated with the unpaired
electron during the bond formation (Figure-5d). The geometry
of the two Pt complexes is extracted from the system shown in
Figure 4b, and the PPt distance is varied by moving the
complexes by successive rigid translations. When the,PtCl
molecule is far from PtG(H.O), (Figure 5a), the isolated
electron occupies thegy orbital, as expected (cf. Figure 2c).
When the Pt Pt distance is reduced to about 4 A, thgenergy
level (cf. Figure 3) becomes higher than tiigone and is thus

is added and the dynamics is continued. The analysis of thethe one occupied by the unpaired electron (Figure 5b). At this
electron density reveals that the additional electron immediately point we observe hybridization between ihgorbital and the

localizes in the LUMO state of one of the two square-planar

occupied ¢ state of PtCI(H,O), (Figure 5b,c), indicating the

complexes, which is thus reduced to contain a Pt(I) atom. Onceformation of a bond. The fully relaxed structure of the P#(l)

more, in less than 2 ps of further simulation time a linear £tClI

Pt(ll) dimer with the antibonding half-filed HOMO state is

develops from this reduced complex after the loss of both water shown in Figure 5d, and the atomic coordinates are reported in
ligands (Figure 4b). Remarkably, letting the system evolve after Table 2. In the gas-phase, the-ft equilibrium distance is

this stage, we observe the formation of aPt bond between
the linear Pt(l) complex and the square-planar Pt(ll) complex
left intact by the reduction (Figure 4c). The P#Rt(ll) dimer
then remains stable for 2 ps more, after which the simulation is
stopped. After quenching of the atomic motion, the equilibrium
Pt—Pt distance is found to be 2.9 A. During the dimer formation,

2.87 A. The analysis of the electron density of the formed dimer
in the equilibrium structure reveals the existence of a bond
critical point between the Pt atoms (Figure 6), as should be the
case if a Pt Pt chemical bond is present. Our computed binding
energy for the Pt(h-Pt(ll) dimer system is 1.52 eV, obtained
as the difference between the total energy of the dimer system

the water molecules rearrange so that some empty space idn the gas phase and the sum of the energies of the two isolated
present in the cell at the end of the simulation. This happens complexest® A further optimization of the Pt(hPt(Il) dimer

because the excluded volume defined by the finacBmplex
is significantly smaller than that associated with the two isolated

structure was performed as an additional check, using a Gaussian

(45) Modinos, A.; Woodward, PJ. Chem. Soc., Dalton Tran4975

square-planar complexes. To ensure that the observed reactionsis-1520.

is not dependent on the lack of water, we performed a novel
simulation introducing 10 more water molecules in the system,
therefore containing 46 water molecules, a Rt&€iO), complex,
and a linear PtGI complex. The Pt atom of the linear Pt(l)
complex was placed on theaxes of the square-planar Pt(Il)
complex, with its two Ct ligands on top positions with respect
to a CI ligand and an KD ligand of the square-planar complex.

(46) The computed total energies of charged systems must be corrected

for the spurious electrostatic interactions induced by the periodic boundary

conditions adopted in the plane-wave formalism. A simple way to compute

the correction terms up to ord€(L~4) in the case of cubic supercells of

edge-lengthL is reported in refs 36 and 37. We note that in solution the
computed total energy values depend strongly on the instantaneous
configuration of the water molecules surrounding the complex, so that
computing a reliable binding energy in the water environment would be a
much more difficult task.
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Figure 4. Snapshots from FPMD simulations showing the formation of a Pt dimer from two Pt(Il) complexes (see text, section IlIC): (a) Two
Pt(l) complexes surrounded by 36 water molecules after annealing at 300 K for 1.25 ps. At thig poii 4 first reducing electron is added to

the system. (b) The formation of a linear PfCtomplex upon reduction is completeid= 2.2 ps). Soon after, a PPt bond forms between the
complexes. (c) Optimized geometry of the P#Bt(Il) dimer after annealing and quenchirig 3.5 ps). At this point, a second reducing electron

is added to the system, which is annealed at 300 K for 2 ps. (d) Final geometry of the Pt(l) dimer.

basis set and without imposing periodic boundary conditiers. of the Pt-Pt distance. For the Pt(l) dimer, the resulting-Pt
The system remained in the dimer geometry of Figure 5d, with oscillation frequency is 176 cm, i.e., a value close to the value
the slightly higher PPt distance of 2.93 A. The coordinate 170 cnt! assigned to the Pt stretching mode of the
set of the structure after this additional optimization is reported [Pt,Cl,(CO)]%" ion.}” In the case of the PtPt(Il) dimer, the
in Table 2. The 8l — 6 nonzero eigenvalues of the Hessian estimated PPt stretching frequency is 106 c# This value
matrix associated with the final optimized geometry are all s intermediate between the 176 chvalue we obtain for the
positive, implying that this structure corresponds to a potential pt(j)—pt(l) dimer and the 81 cni frequency of the PtPt
energy minimum. . ~ stretching mode of Magnus’s green salt [Pt@UHPtCl4],*’
To further characterize the structure, we analyze the motion yhere two square-planar units formally containing a Pt(Il) atom

of the Pi(I)-Pt(ll) and the Pt(l}-PY(l) dimers during 3 ps of e jinked along the axes by a weak PPt interaction. We
unconstrained dynamical simulation in the gas phase. In bothnierpret this result as an indication that the-Pt bond in the

cases, the initial PtPt distance is 0.1 A bigger than its Pt(1)—Pt(I1) dimer considered in this work is stronger than the
equilibrium value. As expected, the systems oscillate freely typical bonding of Pt(Il-Pt(ll) complexes

around their mininum energy configuration. In particular, for

each dimer, a good approximation of the bond vibrational ~(47)adams, D. M. Hall, J. RJ. Chem. Soc., Dalton Tran973 1450-
frequency can be readily obtained from the observed oscillations 1453.
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Figure 5. Evolution of the particle density associated with the unpaired electron during the formation-ePaliRind between a Pt(Il) complex

and a Pt(l) complex (isodensity surfaces at 0.002 atjc)dresults from the electronic structure optimization for three fixed gas-phase geometries.
The PtPt distances are 5.4 A (a), 4.0 A (b), and 3.3 A (c). (d) Fully optimized geometry of the-Pt(l}) dimer with the antibonding half-filled
HOMO state. The equilibrium PPt distance is 2.9 A.

Table 2. Final Geometry of the Pt(#)Pt(ll) Dimer Obtained in the
Simulations after Adding One Electron to a System Containing Two
PtChL(H20), Complexes

plane-wave basis set Gaussian basis set
atom  x(A) y@A) z(A) x(A)  y@A) z(R)

Pt(1) 3741 1.997 1938 3.907 2081 2.138
Pt(2)  0.868 1.993 1936 0.975 2.086 2.143
Cl(3) 4121 3.636 3.486 4360 3.354  4.092
Cl(4) 3871 0374 0257 4075 0838 0.027
Cl(5) 0.424 3118 3859 0.463 3.205 4.168
Cle) 0.000 0.000 2619 0000 0.000 2.764
O(7) 1032 1.005 0082 1157 1.156 0.251
O(8) 1566 3.884 1.227 1.787 3.957  1.495
HO) 1490 4391 2080 1.665 4578  2.262
H(10) 2566 3.580 1.248 2.821  3.603  1.499
H(11) 2.033 0.758 0.000 2.147 1.027  0.000
H(12) 0.602 0150 0.345 0.700 0.283  0.340

aThe two coordinate sets are the result of two structural relaxations
using a plane-wave basis set and a Gaussian basis set (see text, section
1ID).

Figure 6. Contour plot of the electron densigy of the Pt(I>-Pt(Il)
dimer [PtCh(H20);][PtCl>7] in the plane containing the two Pt atoms

To further investigate the Pt bond, we use the theory of
9 ' y and one Cf ligand of the Pt(l) unit (right-bottom in the plot). The

tatotmh_s |r1rrl‘nolecu_lef orlgltr_lally |rg)tr0(2utck:]ed b%/ Ba_d%ilﬁ.ctg:orglng outer contour is gb = 0.0030 au. The small cross indicates the-(B),

0 this theory, Information abou ec emlca on ,S N & hond critical point p = 0.0054 au) between the Pt atoms. On the right
molecule can be extracted from the topological analysis of the gige  the hydrogen bond between a Gyand of the Pt(l) unit and a
laplacianL = V?p of the (positive) electron density. In water ligand of the Pt(ll) unit is visible (cf. Figure 5d).

transition metal complexes, the outer shell of the metal atom

core presents zones of electron density depletion and accumulayrigures 6 and 7), and the results concerning the bond distance,
tion, revealed by maxima and minimalofrespectively. These  energy, and stretching motion, clearly indicate that-aftbond
density distortions arise from the formation of bonds in the forms between the two Pt complexes already after a single
complex and reflect the geometrical disposition of the ligafids.  reduction step. The PPt interaction is then strengthened when

We computel for the Pt(I)-Pt(ll) dimer, for the Pt(I)-Pt(l) an additional electron is acquired by the dimer during the second
dimer, and, as reference, for the J€l(CO)]2~ dimer. The reduction step.

isovalue surfaces df at 0.03 au, representative of depletion
regions, are presented in Figure 7. In the case of the Pt(l) dimers,|V. Discussion
two maxima ofL are located along the PPt axes and the other
maxima point toward the C|] CO, and HO ligands (Figure
7b,c), as expectetd.In the case of the Pt®Pt(ll) dimer, the
laplacian presents a single maximum in the region between the
Pt atoms, located close to the linear Pt(l) unit (Figure 7a),
indicating a weaker chemical bond between the two metal atoms.
To summarize, a stable PtiPt(ll) dimer is obtained in the
calculations. The topological analysis of the charge density

The electroless growth of platinum clusters in solution is a
nucleation-dominate#;>° autocatalytié+>°process. The nucle-
ation of platinum patrticles is generally believed to follow a two-
step mechanism: (i) reduction of Pt(Il) to isolated Pt(0) atoms
and (ii) aggregation of the zerovalent atoms to form metal
clusters. However, as we pointed out in the Introduction, there
are experimental observations that cannot be explained by this
nucleation model alone, like, e.g., the possibility of producing

(48) Bader, R. F. WAtoms in MoleculesA Quantum TheoryOxford dimers which present higher oxidation statém addition, the
University Press: Oxford, 1990.

(49) Gillespie, R. J.; Bytheway, I.; Tang T.-H.; Bader, R. F. Mbrg. (50) Watzky, M. A.; Finke, R. GJ. Am. Chem. S0d997, 119 10382
Chem.1996 35, 3954-3963. 10400.
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Figure 7. Isovalue surfaces of the laplacian of the electron density V?p atL = 0.03 au for three platinum dimers. (a) The Pt{t(ll) dimer
[PtCL(H20),][PtCl,"] obtained in the simulations after adding one electron to a system containing twHB@), complexes. (b) The PthHPt(l)

dimer PCl3(H20),~ obtained after the addition of a second electron. (c) The-P&tl) dimer [PtCl4(CO)]?>" (experimentally isolated in ref 17).

One maximum oL between the Pt atoms in the PtPt(ll) dimer (a) and two maxima between the Pt atoms in the PRijl) dimers (b,c) are
evident, indicating that the metainetal bond formed after the first reduction step is strengthened after the addition of a second reducing electron
(see text and ref 49).

presence of Pt(0) atoms as reaction intermediates in the reductiorthe reducing agent to the metal complexes. The investigation
of PtCL?~ with hydrogen leading to colloidal Pt particles has of the electron-transfer mechanism is beyond the scope of this
been recently ruled odtThe issue of determining the minimal ~ work. Consistent with the experimental observations, we may
reducing conditions sufficient to yield cluster nucleation is, assume that electrons are transferred to the Pt(Il) metal
furthermore, of great relevance to the closely related problem complexes only after hydrolysis. Our gas-phase electronic
of achieving cluster growth on biological substrates. Indeed, structure calculations support this assumption, giving a positive
such substrates may be used to drive heterogeneous clusteVEA only for the hydrolyzed diagua complex PtCi,0),.
nucleation (competitive with the homogeneous processes taking B. Reduction of a Pt(ll) Complex to the Monovalent and
place in the solution medium) if the reducing conditions are Zerovalent State.In all our simulations, both in the gas phase
not too severé.In the present work, first principles simulations  and in water solution, the addition of one electron to RtCl
are used to investigate the initial stages of the homogeneous(H,0), leads to a well-characterized linear Pt(l) complex PtCl
cluster formation process. In a series of FPMD simulations, we The PtC}2~ complex, where the Pt(0) atom is in thé%d
observe the formation of a PPt bond after the reduction from  electronic configuration, is obtained both by adding one further
Pt(ll) to Pt(l) of a single Pt complex. The result is obtained electron to PtGI~ and by adding two electrons to PsCH,0),

both in the gas phase and in solution, starting from different at one time. We note that many examples exist of two-fold-
initial conditions (varying, e.g., the relative position of the two coordinated linear complexes of transition metal atoms in the
complexes and the number and arrangement of the waterd'© electronic configuration, e.g., Hg(CN)Au(NH3),", and
molecules separating them). Within the predictive power of the AgCl,~.35 In addition, whereas, to our knowledge, no examples
DFT—GGA functional used, this is a sufficient condition to of complexes containing one Pt(l) atom have been reported,
establish the existence of a novel reaction path to dimer linear Pt(0)l; complexes, where L is generally a phosphine,
formation in which, surprisingly, onlpnereducing electronis  are knowrP! Phosphines are able to stabilize Pt(0) atoms through
needed to initiate cluster formation, wherdasir would be the overlap of their lone pair with the empty 6s Pt orbital, whose
needed in the standard mechanism. By addition of a further associated energy level raises relative to the 5d level if the atom
electron, a Pt(l) dimer is obtained, which closely resembles the is complexed? Chlorine ligands, however, are not really
Pt dimer experimentally obtained upon reduction ePkCl, effective in stabilizing atoms of late transition elements in low
with CO in HCI solutiont” We note that acquiring the necessary oxidation state$,so that the PtGF~ complexes presumably
statistics to estimate the equilibrium constants of these reactionscannot survive for a long time in the solution. This may explain
would far exceed the reach of current FPMD techniques. why they have not been reported experimentally as stable
However, the microscopic mechanism provided by our simula- species. If HO and CfI- are the only available ligands (e.g., in
tions suggests a simple and consistent picture within which to the present case of a,RtCl, solution), Pt(0) has been
interpret the existing experimental evidence. In the following, experimentally reported only in the form of metal particles. The
we discuss the nucleation process which in the standardPt(l) and Pt(0) dichloro complexes PiCland PtC}?~ should
experimental procedures leads to the formation of colloidal be thus thought of as metastable reaction intermediates. Interest-
nanoparticles, taking in account the possibility of forming ingly, during the simulations it was always the water ligands
metak-metal bonds after the first reduction step.

(51) Otsuka, S.; Yoshida, T.; Matsumoto, M.; NakatsuJKAm. Chem.

A. Role of the Hydrolysis in the Reduction Processilt is S0c.1976 98, 5850-5858.
known that the reduction of Pt is faster when the solution (52) Low, J. J.; Goddard, W. A, lll. Am. Chem. S0¢984 106 6928~
has been aged to allow the water substitution of one or two 8937 Obara, S.; Kitaura, K.; Morokuma, & Am. Chem. S04.984 106

. . . X 7482-7492. Noell, J. O.; Hay, P. J. Am. Chem. S0d.982 104, 4578—
chlorine ligands, according to the reactions 1 artiThus, 4584. Balazs, A. C.; Johnson, K. H.; Whitesides, GIiMrg. Chem1982

hydrolysis facilitates in some way the electron transfer from 21, 2162-2174.
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and never the chlorine ones which were observed to dissociateagent and a stabilizing ligand for platinum). In these conditions,
upon reduction of the PtgH,0), complex. After this, the further reduction and growth accompained by loss of the ligands
dichloro complexes remained stable for all the time of the MD is simply not possible, because of the strong me@D
simulations, and no water substitution was observed. Theseinteraction and the high concentration of-Gbns present in
results indicate that the Pt atom in tHeathd in the é° electronic solution. However, if extracted from the solution and dipped in

configurations is better stabilized by chlorine than by water.  water, the dimeric salt is not stable, and a black precipitate is

We note that this does not exclude the possibility of water/ gptained, which is presumably formed by aggregation of metallic
chlorine exchanges, which are certainly possible on the experi- particlest?

mental time scale, inaccessible to our simulations. Indeed, the . o
linear dichloro complex AgGl, very similar to PtG£-, is Thus, the preparation of [&1,(COE]= may be seen as a

known to undergo partial hydrolys¥. However, it is a  'eduction process “frozen” at an intermediate step by the
reasonable assumption that, for a fairly long time since the Presence of st_ablllzmg Ilgands_m suff|_C|ent cor)centranon, which
beginning of the reduction, negatively charged Pt(l) and Pt(0) Would otherwise proceed until colloidal particles are formed.
linear dichloro complexes are present in the solution. E. Growth of Colloidal Particles. When no stabilizing

C. Formation of the First Pt—Pt Bonds.After some of the  |igands are present in the solution, a dimer represents an
Pt(Il) complexes are reduced to Pt(l), the nucleation of clusters intermediate step toward the growth of bigger clusters. In
may take place by various mechanisms, namely (i) further particular, in the earliest stage of the reduction process, the
reduction to Pt(0) and formation of bonds with other zerovalent concentration of unreduced Pt(ll) ions is much higher than that
atoms; (ii) formation of bonds with other Pt(I) complexes; and of the reduced complexes. If the reduction rate is not too high,

(iii) formation of bonds with Pt(ll) complexes. The first he formation of a bond between Pi(ll) and Pt(l) complexes,
mechanism corresponds to the classical nucleation model, while

h di P ; ) hani hich h which according to our results does not imply an activation
Le second 1s (;etrnlnlsclerjt ct)hafreactlgn micpfl?'sdm whic ft aSenergy, is thus a likely event. Once the PtBt(l) bond is
een proposed 10 expiain the formation ot | () Imers after formed, our results indicate that the addition of a second electron
reduction of platinum salts in solutidfi.The third mechanism

. can promote the loss of a chlorine ligand (cf. Figure 4d). This
is the one suggested by the results of the present work. In the . . . ) .
case of KPICL, we expect both the first and the second way, the negative charge localized on the dimer is nqtlncreased
mechanisms to be limited by a further hydrolysis of the reduced when the formal valence state of the whole complex is reduced.
complexes. Hydrolysis is necessary since reactions between An iterated reduction/dechlorination mechanism could be
negatively charged complexes would otherwise have to occurimportant in the following stages of the reaction, favoring the
which are presumably hindered by long-range repulsive elec- reduction while the cluster grows by addition of Pt atoms which
trostatic forces. As discussed in the former section, the hy- can be in a reduction state higher than zero. This model growth
drolysis of PtC}~ or PtCh?~ never occurred in the simulations, mechanism is related to what we observe in our calculations,
so that these processes are likely to be associated with nonwhere a bond forms between a Pt(ll) atom in the stat§le d
negligible energy barriers. As a consequence, both the first andelectronic configuration and a second Pt atom in the unstable
the second mechanisms imply an activation energy for the gpen-shell 8electronic configuration. Trying to generalize this
nucleation of the cluster. _ result, we can speculate that similar reactions may happen at
On the other hand, the reaction between PtCand  the surface of an open-shell cluster, playing the role of &ur d
PtChk(H20), occurs spontaneously within a few picoseconds in pt atom. This would imply that not only is the addition of

ou(; rqom-tempe_rauérée Zlmulatlons.dThlls |_nd|cat§§ thatdwhen reduced Pt(0) atoms to a growing cluster possible, but also that
re l;cmg agf(w)lse:n Iextio ?ndaged f’og;“(%nf: ; "‘i anras i rlof unreduced Pt(Il) ions. The following reduction to the
soon as a compliexis reduced 1o » (NEre IS a reaclion , o .\ alent state requires an electron exchange between the

path leading to a PtPt bond which does not require an - o .
appreciable activation energy and does not imply bonding of reducing age_nt a_nd a whole clus_ter. T_h|s Is favored, since _due
to the delocalization of the metallic orbitals the electron affinity

negatively charged complexes. We thus think that this reaction o .
g y 9 P of the cluster is higher than that of the single Pt atom complex.

may play an important role in the formation of Pt dimers, and L X . . .
This is consistent with the autocatalytic nature of the reduction

more generally in the nucleation of Pt colloidal particles. o .
D. Formation of a Pt(l) Dimer. In our simulations, after a proces$? in which the presence of already formed clusters

bond between a Pt(Il) complex and a Pt(l) complex is formed, catalyzes the reduction of Pt(ll) complexes.

the addition of a further electron leads to a Pt(l) dimer after the A key point of the present model is the formation of a Pt(l)
loss of a chlorine ligand. Some indirect evidence of the existence complex reaction intermediate. We note that the existence of a
of a Pt(l) dimer intermediate in the reduction of aRCl Pt(l) intermediate has already been postuldtétthe context
solution is related to one of the first isolated monovalent of the sonochemical reduction of P§€l to colloidal platinunt®
platinum dimers, the [PtCly(CO)]>~ ion. This complex,  Additionally, when Pt(ll) is reduced by hydrogen, a mechanism
structurally very similar to the Pt(l) dimer obtained in our \here Pt(l) is the first intermediate can explain well the kinetics
simulations, can be produced with a method which closely of the whole reduction procedsn the mechanism proposed in
resembles the standard colloid preparation, when a suspensionhe present work, the Pt(l) complex provides the starting point
.Of the KZPt.CI“ saltin concen_trated hydrochlorlc acid solution for the autocatalytic growth of the metallic cluster. That is, every
is stirred with carbon monoxide at atmospheric pressiféie Pt(ll) complex which receives one electron from the reducing

main dlf_ference bgtwgen_ this procedure anq the Stémdardagent and is reduced to Pt(I) can be a nucleation center for the
preparation of colloids lies in the high concentration of @ins . . A ;
growth of platinum particles. This is in agreement with the

and in the presence of CO (the latter being both a reducing

(53) Similarly, an adsorbed layer of chlorine ligands is always present  (55) Similarly, it has been suggested that the electrochemical reduction
on the surface of colloidal Pt(0) metal particles. of Pt(IV) on graphite involves the formation of a Pt(lll) intermediate

(54) Alexander, A.; Ko, E. C. F.; Mac, Y. C.; Parker, AJJAm. Chem. (Zubimendi, J. L.; Vaquez, L.; Oc¢a, P.; Vara, J. M.; Triaca, W. E;
Soc.1987 89, 3703-3712. Salvarezza, R. C.; Arvia, A. J. Phys. Chem1993 97, 5095-5102).
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experimental observation that, in most reduction methods, thefilled with water molecules to model the solution environment,
formation of metal particles is a nucleation-dominated pro- one electron is added to two P#C#,0), complexes. The
cess'3:50,56 reduction of one of the square-planar complexes proceeds by
The growth process is expected to continue at least until a loss of both water ligands, whereas the chlorine ligands move
closed-shell configuration is reached. Indeed, the size distribu- far away from each other until a linear PtClcomplex is
tions of monocrystalline colloidal particles of transition metals formed. The reduced Pt(I) complex is able to react with the
are often determined by series wiagic number®f atoms in unreduced Pt(ll) complex, forming a-PPt bond along the
the cluster corresponding to atomic and electronic closed-shellaxes of the square-planar complex. The addition of a further
configurations? If the reduction rate is not too high, the growth  electron promotes the loss of a chlorine ligand, and a Pt(l) dimer
is expected to proceed by addition of unreduced complexes.is obtained.
On the other hand, if a very high number of reducing electrons  We suggest that the formation of metahetal bonds between
are available, the complete reduction to Pt(0) may presumably complexes in oxidation states higher than zero is a key step in
occur before the aggregation of atoms starts, as in the classicathe nucleation mechanism of colloidal particles upon reduction
nucleation model. We note that a mechanism similar to the one of platinum salt. Addition of unreduced complexes to growing
proposed here has been propd8¢d explain the nucleation of  clusters with an open-shell electronic configuration should also
clusters upon radiolitic reduction of monovalent ions such as be possible. This way, the complete reduction to the zerovalent
Ag* and Au". Formation of dimers after aggregation of reduced state involves the whole cluster, which has greater electron
Ag(0) atoms with excess Agions as well as addition of  affinity than a monatomic complex. This is consistent with the
monovalent ions to growing clusters has been obsel¥ed. autocatalytic and nucleation-dominated nature of the growth
According to our FPMD results, bivalent platinum ions can also process of platinum nanoparticles.
form dimers after a single reduction step, suggesting that this
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