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Abstract: Nanoscale palladium and nickel colloids prepared in the presence of certain-tatt@ammonium
carboxylates contain a high proportion of nonequilibrium trigonal cross section particles. Specifically, those
carboxylates which bear a hydroxy function at tposition, e.g., tetra-octylammonium glycolate, exert a
strong influence on the shape of the metal colloids. It is shown by an in situ FTIR study of the preparation of
colloidal nickel from bis(cyclooctadiene)nickel in the presence of tetomtylammonium glycolate that the
interaction of thea-hydroxy carboxylate with the surface of the colloidal metal particle is likely to be the
morphology-determining factor in the shape-selective preparation of these metal particles.

Introduction agent?~* Of course, the variation of two or more parameters of
. ) _ this kind in going from one system to the other makes direct
Nanoscale transition metal clusters are of current interest in comparisons difficult and therefore precludes straightforward
the fields of catalysis, nanoelectronics, and materials science. interpretations.
To attempt to take maximum advantage of those material or  Recently, we reported a new method for the redox-controlled
chemical properties which are affected by particle size and/or gj;e_selective preparation of palladium colloids by using a
shape, synthetic methods are needed in which significant controlvariety of tetran-octylammonium carboxylatesr{OctyN*-
can be exercised over those parameters. Colloidal metal(Rco,)- as reducing and stabilizing agents, all other parameters
preparation methods offer the possibility of developing such peing constarft The redox potential of the carboxylates was
synthetic protocols, and the preparation of metals in this form, yaried by introducing either electron-donating or -withdrawing
with control of particle size distribution and particle morphology, - sypstituents into the-position of the carboxylate. No additional
remains an important challenge in preparative metal colloid stapjlizing agents were used. The use of these carboxylates as
chemistry. both reducing agent and stabilizer allowed the control of particle
Among the various chemical approaches which have beensize in the resulting Pd-colloids in the range from 1.9 to 6.2
developed for the preparation of colloidal metals, the reduction nm, depending upon the nature of R in the carboxylate RCO
of metal salts is the most common, and reducing agents suchStrongly reducing carboxylates lead to the formation of small
as hydrogen, hydrazine, alcohols, carbon monoxide, LIAIH particles in an overall fast process, whereas weakly reducing
NaBH,, or RN (EtsBH™) have been used to prepare metal carboxylates induce slow reactions with the formation of larger
colloids in the nanometer size rang&Chemical reduction offers  colloids®
a variety of parameters that can influ_ence tI_1e physic_al and (@) (@) Watzky, M. A Finke, R. GJ. Am. Chem. Sod997 119
chemical properties of the resulting particles. Since the pioneer- 1038210400 and extensive literature cited therein. (b) Toshima, N.:
ing work of Turkevich et al. it has been accepted that particle Takahashi, T.; Hirai, HChem. Lett1985 1245-1248. (c) Busser, G. W.;

size distribution in colloidal dispersions is strongly governed ;’&28\7‘;2;?5'2; (,\3/'0 dL:rrr(l:g?/rr’]tﬂéﬁé mﬁggggsgf‘ts\'/ysés ‘Er(‘jd_ ';‘\iggg‘r;‘i‘g‘
by the interplay between two processes which occur during pecs: san Diego, 1996; pp 24330. (d) Teranishi, T.; Miyake, McChem.

preparation: nucleation and cluster growfrhis basic proposi- Mater. 1998 10, 594-600. (e) Antonietti, M.; Gtbn, F.; Hartmann, J.;
tion and variations thereof have been discussed many times inBronstein, L.Angew. Chem1997, 109, 2170-2173; Angew. Chem., Int.

more recent publicatiorfsin principle the particle size can be Egilzl%%lsl—géé?%' 2080-2083. (f) Pileni, M. PBer. Bunsen-Ged.997

determined by influencing the relative rates of nucleation and (5) For the use of tetraalkylammonium halides as stabilizers of transition
cluster growth. This can be achieved by varying such reaction metal colloids, see: (a) Kiwi, J.; Gizel, M. J. Am. Chem. Sod979 101,

iti ; 7214-7217. (b) Sasson, Y.; Zoran, A.; Blum, J. Mol. Catal. 1981 11,
conditions as temperature, type, and Concen.t.ra.tlon of the m.eta|293—300. (c)( B‘)outonnet, M.; Kizling, J.; Stenius, P.; Maire, Colloids
precursor as well as the nature of the stabilizing or reducing Surf.1982 5, 209-225. (d) Boutonnet, M. Kizling, J.; Touroude, R.; Maire,
G.; Stenius, PAppl. Catal.1986 20, 163—-177. (e) Meguro, K.; Torizuka,
(1) (@) Schmid, G.; Chi, L. FAdv. Mater. 1998 10, 515-526. (b) M.; Esumi, K.Bull. Chem. Soc. Jprl988 61, 341—345. (f) Wiesner, J.;

Fendler, J. H., EdNanoparticles and Nanostructured Film#/iley-VCH: Wokaun, A.; Hoffmann, HProg. Colloid Polym. Scil988 76, 271-277.
Weinheim, 1998. (c) Schmid, G., E@lusters and Colloids: From Theory (g) Satoh, N.; Kimura, KBull. Chem. Soc. Jpri989 62, 1758-1763. (h)
to Applications VCH: Weinheim, 1994. (d) Aiken, J. D.; Finke, R. G. Bonnemann, H.; Brijoux, W.; Brinkmann, R.; Dinjus, E.; Joussen, T.; Korall,
Mol. Catal. A: Chem1999 145 1-44. B. Angew. Chem199], 103 1344-1346;Angew. Chem., Int. Ed. Engl
(2) Bradley, J. S. IClusters and Colloids: From Theory to Applications 1991 30, 1312. (i) Reetz, M. T.; Quaiser, S. Angew. Cheml995 107,
Schmid, G., Ed.; VCH: Weinheim, 1994; pp 455844, 2461-2463; Angew. Chem., Int. Ed. Engl995 34, 2240-2241.
(3) Turkevich, J.; Stevenson, P. C.; Hillier iscuss. Faraday So¢951, (6) Reetz, M. T.; Maase, MAdv. Mater. (Weinheim, Ger.1999 11,
55—75. 773-777.
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The control of particle morphology is more problematic.
Shape-selectivity in the synthesis of nanostructured metal
colloids has been observed in several cases with metals such
as Au, Pd, Cu, Pt, and Ag.!! For example, El Sayed and co-
workers reported the shape-selective synthesis of cubic and
tetrahedral platinum nanoparticles by using varying concentra-
tions of sodium polyacrylate as a stabiliZér.

Whereas the theoretical basis of shape-selectivity in the
growth of particles up to micrometer dimensions is presently
uncertain, alternative synthetic approaches based on the osten-
sible physical constraints provided by nanoreaction chambers
are more easily understood. Thus, the use of micelles in which
the reduction of transition metal salts is carried out can lead to
acicular particled®~16 and copper nanorods having various
diameters and lengths have been prepared in this'vaie
deposition of metals in the nanopores of solids such a®Al
also leads to rodlike geometries in the nanometer rahge.
However, in the present study such strategies were not used, Extemal MCT detector
Rather, the emphasis is on shape-selectivity during particle Figure 1. Schematic drawing of the FTIR flow experiment. For a full
growth as influenced by the nature of the reducing and sta- description see ref 21.
bilizing agents.

We report here that the use of certain tetractylammonium
carboxylates as reducing and stabilizing agents affects not only Preparation of Glycolate-Stabilized Pd-Colloids. In a typical
size but also the shape of nanostructured palladium and nickelProcedure 10 mL (0.03 mmol)f@ 3 mM stock solution of Pd(Ng).
colloids. Specifically, it is shown that those carboxylates which 1 dry THF and 42 mg (0.08 mmol) oiCeH17)iN"(HOCH.CO,)
bear a hydroxy function at the-position, e.g., tetra-octyl- were heated to reflu_x fpr 6 h. The res_ultlng colloidal suspension was

. . analyzed by transmission electron microscopy (TEM). A HITACHI
ammonium eg_coIate, exert ‘?‘ St'_‘ong_ 'nﬂu_ence on the sha_pe_ of HF 2000 microscope operating at 200 hV, equipped with a cold field
the metal colloids. Characterization is achieved by transmission emission system and an EDAX analyzer, was used for transmission
electron microscopy (TEM) and scanning tunneling microscopy electron microscopy. Samples for electron microscopy were prepared
(STM).2° To shed some light on this phenomenon, an in situ on carbon-coated copper grids in an argon-filled glovebox, mounted
FTIR study of the colloid preparation process has been per- onto an evacuable stage and transferred under vacuum to the micro-

colloid synthesis reactor
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O
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==

a.Fz flow cell

Experimental Section

formed. The interaction of the-hydroxy carboxylate with the
surface of the colloidal metal particle is proposed as the mor-
phology-determining factor in the shape-selective preparation
of these metal particles.

(7) Suito, E.; Ueda, N. IIProceedings of the 3rd International Conference
on Electron MicroscopylLondon, 1954; pp 223231.

(8) Turkevich, J.; Kim, GScience (Washington, D.CL§7Q 169, 873~
879.

(9) Curtis, A. C.; Duff, D. G.; Edwards, P. P.; Jefferson, D. A.; Johnson,
B. F. G.; Kirkland, A. I.; Wallace, A. SAngew. Chem1988 100, 1588~
1590; Angew. Chem., Int. Ed. Engl988 27, 1530.

(10) Torigoe, K.; Esumi, KLangmuir1995 11, 4199-4201.

(11) Wang, Z. L.; Harfenist, S. A.; Vezmar, |.; Whetten, R. L.; Bentley,
J.; Evans, N. D.; Alexander, K. BAdv. Mater. (Weinheim, Ger}998 10,
808-812.

(12) (a) Ahmadi, T. S.; Wang, Z. L.; Green, T. C.; Henglein, A.; El-
Sayed, M. A.Science (Washington, D.C1996 272 1924-1926. See
also: (b) Petroski, J. M.; Wang, Z. L.; Green, T. C.; El-Sayed, MJA.
Phys. Chem. B998 102 3316-3320. (c) Aiken, J. D.; Finke, R. G&Chem.
Mater. 1999 11, 1035-1047. (d) Duff, D. G.; Curtis, A. C.; Edwards, P.
P.; Jefferson, D. A.; Johnson, B. F. G.; Logan, DJEChem. Soc., Chem.
Commun.1987 1264-1266.
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Angew. Chem., Int. Ed. Engl997, 36, 910-928.
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(16) Yu, Y.-Y.; Chang, S.-S.; Lee, C.-L.; Wang, C. R.XPhys. Chem.

B 1997 101, 6661-6664.
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scope.

Preparation of Glycolate-Stabilized Ni-Colloids. In a typical
procedure 407 mg (1.48 mmol) of Ni(COnd 388 mg (0.720 mmol)
of (n-CgH17)aNT(HOCH,CO,)~ were dissolved in 40 mL of dry THF
under an argon atmosphere. A stream of hydrogen (saturated at room
temperature with solvent) was bubbled through the reaction mixture
while heating to 60°C for 16 h under reflux. Analysis of the reaction
mixture over a period of several hours showed the formation of
cyclooctane. After filtration through Celite the solvent was removed
under reduced pressure. The solid, waxy residue could be easily
redispersed in such solvents as THF, DMF, or acetone.

Preparation of Other Carboxylate-Stabilized Ni-Colloids. The
same procedure as above was applied, except that the glycolate was
replaced by the tetra-octylammonium salts of lactic, tartaric, and
gluconic acid.

FTIR Spectroscopic Investigation of the Interaction of Glycolate
with Ni-Colloids during their Preparation. In a typical in situ FTIR
experiment 407 mg (1.48 mmol) of Ni(CODR)and 388 mg (0.720
mmol) of (n-CgH17)aNH(HOCH,CO;)~ were dissolved in 40 mL of dry
THF in an argon atmosphere. After the reaction mixture was heated to
60 °C, hydrogen (saturated with solvent) was bubbled through the
solution to initiate the colloid synthesis. The reaction mixture was
circulated (200 mL mint) through an external Cakvindow flow cell,
and IR spectra were obtained using a remote MCT detector coupled to
the external optical port of a Nicolet Magna 550 FTIR spectrometer,
as shown schematically in Figure 1 and described in detail elsewhere.
IR spectra of the glycolate were measured in the region of 1550 and
1680 cnt? (vasCO,™) while the reaction mixture was circulating through
the flow cell during colloidal nickel formation.

Results and Discussion

In our initial study concerning the size-selective preparation
of Pd-colloids stabilized by tetna-octylammonium carboxylates
(Scheme 1), we generally observed no unusual effects with

(21) de Caro, D.; Bradley, J. $lew J. Chem1998 22, 1267-1273.
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absence of hydrogen, has been used to prepare polymer-sta-
bilized colloidal nickeR42>We therefore used Ni(CORRs a
precursor for colloidal nickel, in the presence of glycolate, to
determine whether glycolate influences the morphology of the
colloidal metal particles solely by adsorption on the metal
surface or by some other mechanism linked to its redox po-
tential. Since nickel in Ni(COD)is already in the zerovalent
state, glycolate could act not as a reducing agent but solely as
a colloid stabilizer.

Ha
60 °C

Ni(COD), + (n-CgH17)aN*(HOCH,COy) Ni-colloid

The addition of hydrogen to a rapidly stirred solution of Ni-
(COD), at 60°C resulted in the formation of cyclooctane over
a period of several hours due to reduction of the COD ligand
in the starting material. TEM analysis of the resulting colloidal
suspension of nickel revealed an average diameter of 4.5 nm,
with a preponderance of trigonal cross-section particles (Figure
Figure 2. Electron micrograph of glycolate-stabilized colloidal pal-  3a). The spherical and trigonal colloids are crystalline. In the

ladium consisting of predominantly trigonal particles. high-resolution image in Figure 3b the lattice planes of the nickel
Scheme 1.Size-Selective Preparation of are evident and the spacing of 0.2_49 nm c_o_rres_ponds to_the [111]

R:N*(RCO,)~-Stabilized Pd-Colloids plane of the _face-c_:entered cubic modification, proving the
66 °C presence of nickel in the. zero-vglence state. No gwdence for

PA(NO3), + (n-CgH17)aN*(RCO,)" — g Pd-colloid significant amounts of nickel oxides was found in samples

prepared in the complete absence of oxygen. Due to the fact

that the colloid was prepared from a zerovalent nickel complex

under a reducing atmosphere of hydrogen, we in fact expect
ssentially all of the resulting nickel particles to be in a reduced
tate.

Since TEM images always display the projection of the atoms
onto the observation plane, no information can be obtained by
this method concerning the third dimension. Indeed, a trigonal
image is consistent with both a tetrahedral and a trigonal
prismatic shape. We then turned to scanning tunneling micros-
copy (STM)20 being aware of the possibility of artifacts that
have been suspected in special ca%emder specific conditions
STM can resolve this problem, and Figure 4a shows STM

66 °C images of spherical and trigonal N_i-particles agjsorbed onto a
PA(NO3); + (n-CgHy7)aN"(HOCH,CO,) —gF— Pd-colloid Au single-crystal surface. A comparison of the different particle
shape by means of line-scan-analysis demonstrates the extended
flat character of the trigonal particle surface versus the spherical
particle, ruling out a tetrahedral morphology for the trigonal
particle (Figure 4b).
Control experiments using{CgH17)4N"Br~ or (n-CgH17)sN*-

respect to shape selectivityUsing acetate, dichloroacetate,
pivalate, pyruvate, or formate, TEM analyses showed the
presence of the usual spherical particles. In some cases a smal
percentage €5%) of trigonal particles was observed. In
complete contrast, the use of tetractylammonium glycolate

as reductant and stabilizer led to a marked increase in the
abundance of trigonal particles. For example, upon treating Pd-
(NOs), with an excess ofr-CgH17)sNT(HOCH,CO,)™ at 66°C

in THF a colloid was obtained composed of 3.6 nm mean
diameter particles, about 4®%0% of which show trigonal
geometry (Figure 2).

Since a common factor in both the polyacrylate stabilized
Pt-colloid$?2and the §-CgH17)sN+T(HOCH,CO;)~ stabilized Pd-
colloids described herein is the presence of carboxylate, it may
appear that this functional group is responsible for morphology NOs~ as stabilizers led to the formation of Ni-colloids having

control. However, as already mentioned, when other carboxy- . . .
- . exclusively spherical morphology, ruling out a role for these
lates such as acetate, pivalate, dichloroacetate, pyruvate, or

formate were used under identical conditions, the percenta eanions In shape selectivity. In complete contrast the use of
. - » the pe 9 lactate, tartrate, or glyconate as stabilizers provided Ni-colloids
of trigonal particles turned out to be very low, indicating that

. in which a substantial amount of particles having trigonal shapes
the a-hydroxy group plays an essential role.
- o were observed. Thus, the common structural element, namely
To deconvolute the reduction and stabilization roles of

glycolate in morphology control in colloidal metal synthesis we a-hydroxy carboxylate, seems to dictate shape selectivity.

carried out colloidal metal preparations in which glycolate can OH OH
function only as a stabilizing agent, by the use of zerovalent HO, o 0L OH )
metal complexes as precursors in a metal-colloid preparation. /2 HO \coz' HO &H OH co;

This method, which involves the reactive displacement of
stabilizing ligands from a complex of the relevant metal, has
been known for some tin®;23 and by using such precursors

the metal reduction step is eliminated. For example, the
decomposition of polymer-containing solutions of nickel bis-

(cyclooctadiene-1,5), Ni(COD) in either the presence or (24) de Caro, D.; Bradley, J. $angmuir1997 13, 3067-3069.

(25) Ely, T. O.; Amiens, C.; Chaudret, B.; Snoeck, E.; Verelst, M.;
(22) Bradley, J. S.; Hill, E. W.; Behal, S.; Klein, C.; Chaudret, B.; Duteil, Respaud, M.; Broto, J.-MChem. Mater1999 11, 526—529.

A. Chem. Mater1992 4, 1234-1239. (26) (a) Mulvaney, P.; Giersig, Ml. Chem. Soc., Faraday Trar996
(23) Duteil, A.; Quau, R.; Chaudret, B.; Mazel, R.; Roucau, C.; Bradley, 92, 3137-3143. (b) Schmid, G.; Peschel,!$ew J. Chem1998 22, 669

J. S.Chem. Mater1993 5, 341—-347. 675.

lactate tartrate gluconate

The mechanism by which glycolate and othethydroxy
carboxylates influence the morphology of the growing metal
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Figure 3. (a) TEM image of colloidal nickel particles prepared from Ni(CQ@D) the presence of tetraoctylammonium glycolate. The trigonal
cross section is evident. (b) High-resolution micrographs from several single trigonal colloidal nickel particles from part a. (c) The Feitorengran
showing the lattice plane spacing to be 0.249 nm corresponding to the [111] plane of the face-centered cubic modification.

particle may involve the selective adsorption of the anion on  Figure 5 shows the evolution of the IR spectrum in the region
certain crystal faces of the growing nanocrystallite. If this corresponding to the asymmetric €Ostretching mode of
mechanism were operating, one would expect the interaction dissolved glycolate during the hydrogen reduction of Ni(COD)
of the glycolate with the surface of the Ni-nanoparticle would As shown in Figure 5a, the band at 1621 énfvas CO;7) in
have spectroscopic consequences. It is to be expected that IRhe initial reaction mixture, before hydrogenation, decreases
absorptions associated with vibrational transitions of the gly- while a new band at 1604 crhdevelops over a period of 2 h.
colate anion would be significantly affected by adsorption on Figure 5b shows IR spectra of the reaction mixture recorded
the colloidal metal. We therefore investigated the possible ey 5 period of 22 h after subtracting the spectrurhatO0.
adsorption of glycolate by means of in situ FTIR Spectroscopy, at the beginning of the colloid synthesis, the reaction mixture
?:g)eci:jnlqli)e (tjhat Wﬁ hav? prewfously Tlpplllkeﬁ%gz'[?he analysis of solely contains dissolved glycolate resulting in a baseline for
adsorbed on the surface of metal co - subsequent spectra. With additional adsorption of glycolate (22
(27) de Caro, D.; Bradley, J. Sangmuir1998 14, 245-277. h) the band at 1621 cr due to dissolved glycolate decreases,
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28 nm

Figure 4. (a) STM image of spherical and trigonal colloidal nickel particles immobilized on a Au single-crystal surface. (b) Line scans across
spherical and trigonal particles, demonstrating the flat three-dimensional structure of trigonal colloids.

giving a negative absorbance, whereas a new band at 1604 cm While these experiments prove that the glycolate is adsorbed

develops, resulting in an S-shaped curve in the spectrum. to the surface of the Ni-nanoparticles, they do not shed any
The band at 1604 cnt is assigned to the asymmetric light on the exact role of thex-hydroxy group, since IR

stretching of C@™ in glycolate adsorbed on the surface of the absorption of this functionality is of no diagnostic help.

Ni-colloid and clearly indicates the interaction of glycolate with

the metal particle surface. The observed shift of 17 &imin Summary and Conclusions

line with surface-enhanced Raman spectroscopic investigations

on the adsorption of citrate on Ag colloids carried out by Kerker

et al28 In addition, the observed red-shift of 17 chyives rise

While an interaction between various stabilizers and sus-
pended metal particles in a stable colloidal dispersion is
to a minor decrease in the so-callgdvalue (the frequency traditionally assumed to involve adsorption at the colloidal metal

difference between the symmetric and asymmet€0,) surface, definitive evidence for this interaction is seldom
bands) of the adsorbed glycolate. This is indicative of a non- Presented:2026%0The results we describe here support the
chelating mode of coordination for the carboxylate group on hypothesis that in the nickel/glycolate system the carboxylate
the mdetalt furfacté:’._(;N_hether the mode tof Cfoord"t]r?tlon C;St (29) Oldham, C. IrComprehensie Coordination ChemistryVilkinson,

monoaentate or bridging remains uncertain from these da a'G., Gillard, R. D., McCleverty, J. A., Eds.; Pergamon Press: Oxford, 1987;

Vol. 2, pp 435-459.
(28) Siiman, O.; Bumm, L. A.; Callaghan, R.; Blatchford, C. G.; Kerker, (30) Aiken, J. D.; Lin, Y.; Finke, R. GJ. Mol. Catal. A: Chem1996
M. J. Phys. Cheml983 87, 1014-1023. 114, 29-51.
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Figure 5. (a) IR spectra of dissolved glycolate (0 min) and development of a new band of adsorbed glycolate after colloidal nickel synthesis. (b)
IR spectra of the reaction solution during colloid synthesis. The absorbances due to dissolved glyd¢otat@ min were subtracted from each
spectrum. Disappearance of dissolved glycolate (1621 )camnd formation of adsorbed glycolate (1604 &yresult in an S-shaped spectrum after

22 h.

exerts its stabilizing influence by adsorbing onto the surface of the carboxylate stabilizer is shown to be crucial to the formation
the colloidal nickel nanoparticles. More importantly, we have of trigonal metal particles.

also demonstrated that the predominance of nonequilibrium
trigonal morphology for colloidal Ni-particles prepared in the
presence of glycolate can be ascribed to this interaction. Since
the formation of the Ni-particles under the conditions we used
in this study does not involve oxidation of the carboxylate but
still gives a preponderance of trigonal cross-section particles,
the morphology-determining role of glycolate (and of other
a-hydroxy carboxylates) by adsorption on the particle surface
appears likely. Finally, the presence of @thydroxy group in JA992409Y
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