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The formation of cobalt nanoclusters from polynuclear

Co–alkyne species can be directed by multivalent calixarene

ligands; thermochemical studies of Con–calixarenes reveal the

influence of multivalency in prenucleation and postnuclear

growth processes.

Inorganic and organometallic precursors for metal nano-

particle synthesis tend to be simple compounds, perhaps for

practical reasons.1 In most cases, the chemical information

provided by supporting ligands is lost after the nucleation of

precursors into nanoclusters, and are displaced by other

surfactants or reactive species. The early loss of metal–ligand

interactions imposes some limits on our ability to influence

subsequent growth stages. For example, the metallization of

organic nanostructures such as DNA is not conformal but

proceeds stochastically with independent nucleation events

along the chain, followed by coalescence into nanowires with

roughnesses typically in excess of 5 nm.2 Metal nanostructures

have been ‘‘templated’’ within confined volumes, such as

those supported by inverse micelles,3 supramolecular gels or

dendrimers,4 biomolecular nanocapsules,5 self-organized

block copolymers,6 and polymer brushes.7 Most of these cases

do not distinguish nucleation from growth processes, as

nanoparticle formation is already dictated by the local metal

concentration prior to reduction or heat activation.

In our interest to develop synthetic methods for novel

magnetic nanostructures,8 we considered whether kinetic

growth processes before or after nucleation could be rationally

influenced by a ligand-directed approach. In particular,

multivalent ligands may serve as platforms for cluster

formation but hinder postnucleation growth, resulting instead

in the formation of nanoclusters by coalescence, as idealized in

Fig. 1. This strategy depends on at least two criteria: (i) the

coordinated species will readily decompose into precritical

clusters upon thermal or chemical activation (prenucleation),

and (ii) the metal–ligand interactions are sufficiently robust to

maintain coordination, such that newly formed clusters would

be stabilized by multivalent ‘‘caps.’’ These capped clusters

are expected to have lower reactivity yet are still capable of

self-condensation into nanoclusters, but with stricter limits

on postnuclear growth relative to more reactive (and less

discriminate) monovalent precursors.

In this communication we examine the effect of multi-

valency on the kinetics of nanoparticle growth. Co nano-

clusters are generated from Co2–alkyne or Co4–alkyne species,

using the octapropargyl ether of C1 resorcinarene (1) or

propargyl phenyl ether (PPE) as multivalent or monovalent

ligands, respectively (Scheme 1). The thermal decomposition

of metal carbonyls has been widely used in the synthesis of Co

nanoparticles, but optimization of size and shape control is

typically developed by experimenting with reaction conditions

or surfactant stoichiometry.9,10 While macrocyclic ligands

have previously been employed in metal nanoparticle

syntheses,11 the results have been variable and not well

correlated with nucleation or growth kinetics. To address this,

we include a thermochemical analysis of organocobalt

precursors to evaluate the effect of multivalency on thermal

activation and postnucleation growth or ripening.

Octapropargyl ether 1 was prepared from tetramethyl-

resorcinarene and treated with Co2(CO)8 or Co4(CO)12 to

yield polynuclear Co–alkyne complexes 2 and 3, respectively

(Scheme 1; see ESIz for synthetic details). Addition of

Co2(CO)8 or Co4(CO)12 to PPE yielded the monovalent

Con–alkyne complexes 4 and 5. In the case of polynuclear

Co complex 2, the formation of eight Co2(CO)6–alkyne units

was confirmed by elemental analysis and X-ray crystallo-

graphyy (Fig. 2), by the disappearance of the Csp–H stretch

at 3280 cm�1 by IR spectroscopy, and by a migration in NMR

chemical shift of the Csp–H proton from 2.47 to 5.75 ppm.12

The crystal structure of hexadecanuclear complex 2 shows

all Co2(CO)6–alkyne units to be on the same face of the

calixarene, and amenable to the prenucleation of zerovalent

Co clusters.

In the case of polynuclear Co–calixarene complex 3,

elemental analysis indicates incomplete saturation with a mean

of 5 Co4 units per molecule. IR spectroscopy indicates a strong

band centered at 1868 cm�1, a signature peak for bridging CO

ligands in Co4–alkyne species,
13 as well as the absence of free

alkynes. This suggests that one or more Co4 clusters in 3 may

be chelated by two propargyl ligands or possibly split into

Fig. 1 (a) Multivalent metal–ligand complex; (b) prenucleation of

capped cluster; (c) coalescence into nanocluster.
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Co2–alkyne units. The literature does not indicate whether Co4
carbonyl clusters can form stable complexes with multiple

alkynes,14,15 but cluster fission is known to occur with excess

alkyne and diynes.16

Thermogravimetric analysis (TGA) of complexes 2–5

reveals significant differences with respect to thermal

stability and multivalency (Fig. 3 and ESIz). A comparison

of Co2–alkyne complexes (Fig. 3a and b) with Co4–alkyne

complexes (Fig. 3c and d) indicates an initially higher rate of

decarbonylation for the former below 175 1C but a greater rate

of weight loss for the latter at higher temperatures, in

accordance with some earlier observations.17 Furthermore,

the thermal decomposition of multivalent Con–calixarenes 2

and 3 (Fig. 3a and c) is retarded relative to monovalent

Con–PPE species 4 and 5 (Fig. 3b and d), requiring tempera-

tures above 300 1C for complete decarbonylation.z We

attribute this to differences in the stability of the surface

ligands around the nascent Co clusters: monovalent PPE is

prone to surface migration which contributes to autocatalytic

decarbonylation,10b,c whereas the multivalent calixarenes are

less mobile and present a barrier to metal polycondensation.

The effect of multivalency on the thermolysis of Co–alkyne

complexes into Co nanoclusters was first evaluated by heating

deaerated solutions of 2–5 in o-dichlorobenzene (ODCB) at a

constant atom molarity ([Co] = 28 mmol), in the presence of

oleic acid.8 These solutions were maintained at reflux (182 1C)

for at least 25 min to ensure complete consumption of the

organocobalt precursors. Thermal decomposition occurred

rapidly in all cases as indicated by the immediate blackening

of the reaction mixture, but size analysis by transmission

electron microscopy (TEM) indicated significant differences

in particle size distributions (Fig. 4). The mean diameter of the

nanoclusters generated from Co16–calixarene 2 was 4.1 nm,

whereas that produced from Co2–PPE 4 at the same Co

concentration was 6.3 nm (see ESIz for details). Similarly,

the diameter of nanoclusters from Con–calixarene 3 (n E 20)

was 6.5 nm, whereas that produced from Co4–PPE 5 was

9.8 nm. Differences in particle size distributions from

Co2–alkyne versus Co4–alkyne precursors (i.e. 2 vs. 3, and

4 vs. 5) were also observed. The larger particles from Co4–alkyne

species 3 and 5 correlate with their longer Co–C bonds and

more efficient thermal decomposition.17

Scheme 1 C1 resorcinarene octapropargyl ether 1, Co-calixarene

complexes 2 and 3, and Co–PPE complexes 4 and 5.

Fig. 2 X-Ray crystal structure of Co16–calixarene complex 2: (a) side

view; (b) top view. For clarity, hydrogen atoms are omitted and cobalt

atoms are enlarged. Co = violet; O = yellow.

Fig. 3 TGA (relative weight loss and first derivative) of (a) Co16–

calixarene 2, (b) Co2–PPE 4, (c) Con–calixarene 3 (n E 20), and

(d) Co4–PPE 5. Weight loss corresponding to complete decarbonylation

represented by dashed lines.

Fig. 4 TEM images (Philips CM-10, 80 kV) of metal nanoclusters

produced by the thermolysis of Co–alkyne complexes in ODCB, using

equal amounts of Co: (a) Co16–calixarene 2 (4.1 � 0.9 nm);

(b) Co2–PPE 4 (6.5 � 1.0 nm); (c) Co20–calixarene 3 (6.3 � 1.0 nm);

(d) Co4–PPE 5 (9.8 � 1.6 nm). Size analysis based on a minimum of

100 particles per image; scale bar = 50 nm.
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Rapid injection of Co–alkyne complexes into preheated

ODCB solutions containing oleic acid8 yielded Co nano-

clusters with similar size distributions as above, and provided

an opportunity to further examine the influence of ligand

multivalency on particle size. Both Co16–calixarene 2 and

Co2–PPE 4 yielded Co nanoclusters within the first 2 minutes

after injection, but the initial size of the former was smaller

and changed little over time, whereas the latter experienced

significant postnuclear growth (Fig. 5 and ESIz). The

essentially invariant size of nanoclusters produced from 2

implies that calixarene 1 stabilizes the Co nanoclusters against

Ostwald ripening and other postnucleation growth processes,

in accordance with the TGA analysis.

The controlled thermochemistry of the multivalent

Co–calixarene complexes suggests that their transformation

into stable nanoclusters proceeds by prenucleation into

metastable capped clusters, followed by coalescence. These

results imply that calixarene 1 can also serve as a polyvalent

ligand for Co surfaces, although further studies are needed to

fully define the metal–adsorbate structure. Our comparative

study with monovalent ligands demonstrates that multivalent

species can influence the kinetics of nanocluster growth, both

prior to and after the critical nucleation event.
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