Gold nanoparticles from self-assembled gold(1) amine precur sor st
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The reaction of AuCI(THT) (1) with long chain primary
amines (C,H,,.1NH,; n = 8, 12, 16) leads to the formation
of the complexes AuCI(NH,R) (R = CgHy7, 2; C12Hys, 3;
C16H33, 4) which are characterized by classical methods and
shown to self-organize in the solid state into a fibrous
material; decomposition of the complexes inside the supra-
molecular framework yields a monolayer of ordered gold
nanoparticles.

There is presently a considerable interest for the physical
properties of nanomaterials (electronics, magnetism, cataysis,
mechanical properties, ...). If one excepts near field experi-
ments, the study of these properties implies an ordering of the
materials in 1, 2 or 3 dimensions.>~ It has been proposed
recently that the formation of self-assembled gold nanowires
could be an alternative to photolithography.4 In many cases,
gold appearsasametal of choicefor applicationsregarding, e.g.
microelectronics but, while the synthesis of gold nanoparticles
has been known for 150 years,> a study of the recent literature
reveals the need for new preparative methods leading to
monodisperse particles of adjustable size and shape.6-12

Gold particles are commonly prepared by chemical reduction
of achloride precursor. For example, thewell-known Turkevich
method involves reduction of HAUCI, by sodium citrate in
watert3 while Schmid has demonstrated that the reduction of
AUCI(PR3) by B,Hg leads to Auss nanoclusters.14 Several new
methods have been developed in the last few years which
involve the reduction of gold chlorides by sodium borohydride
or super-hydride.1112 The stabilization of the particles is
generaly performed by thiolate ligands or by a polymer (PVA,
PVP) but, recently, amines have also been used as stabilizers.15
It has for example been possible, using a two phase method in
the presence of along chain quaternary ammonium salt as phase
transfer agent, to produce particles of regular size which could
be assembled into a mono- or a bi-layer.16-20 Alternative
synthesesinvolve vacuum deposition onto graphites or silica’ or
UV irradiation of agueous HAUCI 4 solution in the presence of a
polymer.8

In our group, we have been interested for some time in the
synthesis of metal nanoparticles from organometallic pre-
cursors.21-23 Thereasonsfor thisinterest were (i) the possibility
to control the kinetic of the decomposition of the precursor and
therefore the size of the particles, (ii) the possibility to prepare
novel structures because of the mild conditions involved and
(iii) the control of the surface contamination.2223 Concerning
gold, no readily available and purely organometallic precursor
was known but some gold(1)) complexes have been reported to
be unstable.2425 We have previously shown that the chloride
gold(1) complex AuCI(THT)26 (1; THT = tetrahydrothiophene)
could be decomposed by CO or H,, in the presence of a polymer
(PVP or nitrocellulose).24 This prompted us to investigate the
decomposition of AuCI(THT) in the presence of amine which

T Electronic supplementary information (ESI) available: experimental
details and full characterization of complexes 2—4, powder XRD spectra of
2 and TEM micrographs of 2 and gold nanoparticles. See http:/
Www.rsc.org/suppdata/cc/b0/b005327i/

DOI: 10.1039/b005327i

could act as HCI acceptor. We usein this study primary amines
containing long alkyl chains since these compounds are known
to self-assemble and have been used astemplating agentsfor the
synthesis of mesoporous materials.2”

We describe here the synthesis of three new gold(1) amine
complexes, their supramolecular arrangement and their decom-
position into gold nanoparticles.

The reaction of AuCI(THT) (1) in toluene a room tem-
perature leads within a few minutes to the precipitation of gold
as a polycrystalline powder. GLC-MS analysis of the solution
demonstrates the formation of chlorotoluene as a mixture of its
three isomers and the decoordination of THT. This indicates
that, unexpectedly and probably through a mechanism analo-
gous to that of the Friedel—-Crafts reaction, toluene is a good
reductant of Au(i). However, the same reaction, when carried
out in the presence of one eguivalent of a primary long chain
amine (CHzn1NH2; n = 8, 12, 16), leads to the formation of
a white powder, insoluble in toluene, soluble in THF and
acetone for n = 8, and only slightly solublein THF and DM SO
for n = 12 and 16. The solutions are however not very stable
and change colour to purple after afew minutesin DM SO and
afew hoursin THF and acetone. These powders correspond to
the ComplexeSAUC|(NH2R) (R = C8H17, 2 012H25, 3; CleH33,
4); they were characterized by microanalysis, infrared and 1H
and 13C NMR spectroscopy, and TGA.T Mass spectra obtained
using the DCI or the FAB techniques only evidenced the
presence of the free amine ligand because of the decomposition
of the compounds. It was however possible to follow the
decomposition of 2—4 in the solid state by TGA experiments
which demonstrate the successive elimination of the chloride
and amine ligands. GLC-M S analysis of the solution shows the
presence of free THT but chlorotoluene is not detected. All
thesedataarein agreement with asimple substitution of THT by
amine.

A powder of complex 2 wasinvestigated by TEM (Transmis-
sion Electron Microscopy; see Fig. S1, ESIT). At the micro-
scopic level, the powder isformed from nanocrystal s the size of
which isfound near 2 nm see Fig. S1(b), ESI.T It is possible to
determine by WAXS andysis (WAXS: Wide Angle X-ray
Scattering) that these nanocrystals are ordered and that the first
Au-Au distanceisca. 3.25 A. Thisresult rules out the presence
of metal-metal bonds (Au—-Au distance in bulk gold: 2.88427
A) but isin agreement with the presence of aurophilic contacts
such as the ones recently found in the crystal structure of
AUClI(piperidine) (Au---Au: 3.301(5) A).25

In the solid state, complexes 2—4 are stable under argon but,
when dlightly heated or left in air, their decomposition into
metallic gold is visible through the colour change of the
materials from white to purple and eventually to gold. The
reaction can be monitored by infrared spectroscopy. For
example, inthe case of 2, achangein the N-H stretching bands,
from sharp peaksat 3251 and 3211 cm—1to abroad signal inthe
same region, indicates the decoordination of the amine ligand.
The powder XRD spectra (XRD: X-ray Diffraction) of complex
2 illustrates this transformation: at room temperature severa
features are visible which were not attributed but, when heated
at 70 °C, new peaks are visible which correspond to metallic
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Fig. 1 TEM micrographs of AuCl(NH,CgH;7) (2) after deposition using a
microinjector for ordering (a, b) and decomposition in the solid state into
gold nanoparticles (c, d).

gold. At 80 °C, the transformation is complete and sharp peaks
corresponding to well-crystallised fcc gold are observed (see
Fig. S2, ESI).T

At the mesoscopic level, the nanoparticles of these com-
plexes display a supramolecular organization into a fibrous
material as shown in Figs. S1(a), 1(a) and 1(b).T These fibers
are composed of interconnected self-assembled cylinderswhich
organize spontaneously at the surface of the microscopy grid
and are presumably present in solution. This probably accounts
for the unexpected low solubility of these materials. Attempts at
orienting the fiberswere made by depositing adrop of asolution
of 2 onto amicroscopy grid using amicroinjector; itisvisibleon
Figs. 1(a), 1(b) that fibers can adopt privileged directions but
further developments are necessary in order to achieve regular
arrays.t In agreement with the XRD experiments, the trans-
formation of the gold(1) complexes into gold nanoparticles can
also be observed on a microscopy grid prepared by deposition
and evaporation of adroplet of asolution (suspension) of 2—4in
THF. When a grid supporting complex 2 isleft in air for afew
days, the initial complex nanocrystals transform into regular
gold nanocrystals within the frame of the supramolecular
arrangements described here-above (see Figs. 1(c), 1(d)). The
size distribution of the nanoparticlesis at the end of the growth
processrelatively broad and centred at 23 nm [+6 nm; Fig. 1(d)].
This order of magnitude of size is frequently obtained for gold
nanoparticles and suggests a poor, if any, control of the particle
growth by the amine ligands. This is not unexpected since the
poor stabilization of the soft gold centres by the hard amine
ligands has already been discussed in the literature.

The decomposition of 2 can also be carried out in a THF
solution under 3 bars H, at room temperature, in the presence or
not of an excess of amine. After 15 hours, the resulting purple
solution does not contain any precursor any more but well-
crystallised gold nanoparticles of ca. 10 nm (+3 nm) which self-
assemble on the microscopy grid used for TEM character-
izations as shown in Fig. S3.1 After several days, no gold is
present in solution any more and a gold mirror is observed on
the walls of the Fisher-Porter bottle.
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In conclusion, we have described a new method for the
preparation of gold nanoparticles using a gold(i) amine
precursor. If this method does not appear to allow agood control
of the particlessize, it leads surprisingly to agood control of the
size dispersity and, which is unexpected and more important, it
allows a self-organization of the particles. Thereis presently a
growing need for the controlled deposition of nanoparticles on
physical or microelectronic devices. Several routes are possible
and employed: sputtering, OMCVD, sol-gel, deposition of
organized solutions of nanoparticles, The growth of
nanoparticles, in the solid state, as monolayers within the frame
of a supramolecular arrangement is an alternative process of
interest, for example for gold deposition onto microstructures.
These studies are presently in progress.

We thank the CNRS, EC through the TMR network
‘CLUPQOS for support of thisresearch and TEMSCAN service
of the ‘Université Paul Sabatier’ for electron microscopy
facilities.
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