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Distinctly different 3D assemblies of ~ 1.6 nm Au nanoparticles are constructed based on weak
and strong coordination strategies. Reduction of KAuCl, with NaBH, in the presence of newly-
synthesized 4-(4-phenylmethanethiol)-2,2":6',2"'-terpyridine (1) yields functionalized Au
nanoparticles which assemble in situ into large 3D aggregates via weak coordination between
alkali metal ions and terpyridine attached to separated particles. These assemblies are

disassembled into individual nanoparticles via addition of DMF solvent and further reassembled
into highly dispersed 3D spherical nanostructures via addition of Co** (strong coordination with
1). Wide and small angle XRD measurements show that the assemblies are formed from small Au
nanoparticles, consistent with TEM results. It is significant that the large aggregates formed in
situ can be directly transformed into nearly monodispersed 3D spherical assemblies via strong

coordination (with Co?"), presenting the first example of a direct transformation of one 3D
nanonetwork into another distinctly different 3D nanonetwork. The controlled assembly and
disassembly processes are accompanied by distinct shifts in the surface plasmon resonance.

Introduction

The multi-scale organization of metal nanoparticles is a key
step in their application as macroscopic nanodevices. Fine
control of the spatial arrangement of these building blocks is
also fundamentally important because well organized nanos-
tructures often display valuable chemical, optical, or electronic
properties that are distinctly different from those of their
component parts or those of larger mass."> However, the
ability to organize nanoparticles into predefined and sophisti-
cated nanostructures in a controllable way is still a significant
challenge because of their inability to self assemble without the
aid of organic molecules. Existing approaches to overcome
these difficulties mainly focus on the exploitation of organic
molecules or biological macromolecules to create metal as-
semblies. Among them, significant success has been achieved
based on strategies such as alkanedithiols® or DNA linking,*
polymer-based molecular recognition,” mediator—template as-
sembly,® hydrogen bonding and electrostatic self-organiza-
tion,” a covalent bonding strategy,® and so on. Despite much
progress having been achieved, the ability to reversibly create
assemblies of controllable shape in solution remains far from
routine. A particular problem of aggregated nanoparticles is
their tendency to collapse into larger, insoluble materials
which cannot be easily manipulated and further processed.
Metal coordination-induced aggregation’ expands the
structural diversity while different binding abilities or coordi-
nation modes of a ligand with different metal ions can lead to
versatile supramolecular structures.'® In addition, compared
with pure organic compounds, the metal-ligand complex
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provides rich redox, optical and/or electronic properties,''
which enable it to be a good candidate for constructing
functional hybrids. Herein, we report a general and effective
approach for constructing distinctly different 3D nanostruc-
tures using the same building block based on weak and strong
coordination strategies (Scheme 1). The Au nanoparticles
aggregated in situ through weak coordination can be disas-
sembled via the addition of DMF solvent, leading to indivi-
dual particles that can further reassemble into 3D spherical
nanostructures via strong coordination. It is significant that
the aggregates formed in situ can be transformed into these
highly dispersed spherical assemblies without collapse to
larger, insoluble materials, presenting the first example of a
direct transformation from one 3D assembly into another
quite different one. This general and effective approach opens
up new possibilities for the fabrication of optical and electro-
nic nanodevices.

In our strategy, we used a newly-synthesized thiol-termi-
nated terpyridine, 1, as a capping ligand and metal ions as
“molecular glue” for assembling Au nanoparticles (Scheme 1).

Highly dispersed 3D
Spherical Assembly

N
2

Scheme 1 Distinctly different 3D assemblies fabricated via weak and
strong coordination.
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The ability of phenanthroline derivatives (with two chelating
N atoms) to bind to Li* by forming a 2 : 1 ligand—metal
complex is known in the detection of Li*.%!2 Thus, using a
larger ligand with three chelating N atoms is expected to
facilitate binding with larger alkali metal ions such as Na™
or K*. Reduction of KAuCl, by NaBH, in the presence of
ligand 1 produces 1-capped Au nanoparticles, which are
expected to aggregate in situ by forming terpyridine—metal
complexes.

Experimental section

All the chemicals were purchased from Sigma—Aldrich. Ligand
1 was synthesized by following the reaction scheme shown in
Fig. 1. 4'-para-Tolyl-2,2":6',2"-terpyridine was synthesized by
following the method of Cave ef al. and Yang et al., '*** with
some modifications. 4’-(para-Bromomethylphenyl)-2,2":6",2""-
terpyridine was synthesized by following the method of Spahni
and Calzaferri.'*

Synthesis of 4'-para-tolyl-2,2’ : 6',2''-terpyridine

A mixture of para-tolylaldehyde (3.6 g, 30 mmol), 2-acetylpyr-
idine (7.26 g, 60 mmol) and solid NaOH (s, 96%) (2.58 g, 62
mmol) was prepared using a mortar and pestle, the yellow
medium aggregated until a yellow powder was formed (ca. 10
min) and then further ground for 30 min. The powder was
transferred to a suspension of ammonium acetate (20 g,
excess) in glacial acetic acid (50 mL, ca. 100%) and heated
to reflux. After reaction for 3 h, a mixture of ethanol (30 mL)
and water (40 mL) was added with stirring. Upon cooling, the
crystalline product was precipitated from the solution, col-
lected and recrystallized in ethanol to yield white crystals.
Yield: 6.98 g (72%, 21.6 mmol). m.p. 172-174 °C. '"H NMR
(CDCl3): 6 = 8.77 (2 H, s), 8.71 (d, *Juu = 8 Hz, 2 H), 7.92
(d, 2 H), 7.87 (d, *Jyuu = 7.9 Hz, 2 H), 7.39 (d, *Juu = 5 Hz,
2H),7.35(d, *Juu = 7.9 Hz, 2 H) and 2.46 (s, 3 H, CH3); m/z
323, in agreement with the literature data.'*
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Fig. 1 Reaction scheme for the preparation of ligand 1. (i) NaOH,
solid state reaction; (ii)) NH4OAc, refluxed in HOAG; (iii) NBS, CCly;
(iv) NH,CSNH,, NaOH, HCI.

Synthesis of 4-(4-phenylmethanethiol)- 2,2':6’,2'-terpyridine (1)

4'-(para-Bromomethylphenyl)-2,2’:6’ 2"’ -terpyridine (5 mmol)
and thiourea (5 mmol) were mixed in 30 mL of ethanol,
refluxed for 3 h and cooled to room temperature. The pre-
cipitate was separated and refluxed in 20 mL ethanol. NaOH
solution (10%, 40 mL) was added and the mixture refluxed for
10 h. After cooling to room temperature, the mixture was
filtered and the filtrate neutralized with dilute HCI (pH = 6).
The pale yellow precipitate was collected, washed with water
and dried in a desiccator. Yield: 0.94 g (53%). Anal. calc. for
C,,H;SN;: C, 74.37; H, 4.79; N, 11.83. Found: C, 74.26; H,
4.82; N, 11.75%. 6 (CDCl;) 8.76 (2 H, s), 8.74-8.66 (4 H, m),
7.94-7.85 (4 H, m), 7.58 (2 H, d), 7.38 (2 H, d), 3.32 (2 H, s)
and 1.46 (1 H, t); m/z 355.

In situ-formed assembly of 1.6 = 0.2 nm Au

KAuCly (19 mg, 0.05 mmol) dissolved in 3 mL ethanol was
mixed with an acetone solution of 1 (0.05 mmol in 30 mL). The
mixture was stirred for 5 min and filtered. With vigorous
stirring, 1 mL NaBH, solution (0.2 M) was quickly injected
into the filtrate. The colour of the solution turned from yellow
to orange-brown.

Controlled disassembly of the 3D assembly

The collected Au-1 powder (by centrifugation) was dispersed
into 30 mL acetone. To 1 mL of this colloid (ca. 0.3 mg Au—1)
was added DMF (either 0.5 mL or 0.8 mL). These solutions
were stood for five minutes and used for TEM analysis.

Disassembling the 3D assembly into individual nanoparticles

The collected Au—1 powder obtained by centrifugation (ca. 1
mg) was dissolved in 2 mL of DMF. After standing at room
temperature for 10 min, almost all the aggregates disassembled
into randomly-dispersed nanoparticles.

3D spherical assembly

To the above disassembled Au colloids (1 mg Au-1 in 2 mL
DMF) was added a solution of Co(NOs), in DMF (1 x 10~°
M, 1 mL) with stirring. The assemblies were formed after
standing at room temperature for five minutes.

3D nanonetwork to 3D nanonetwork transformation

The Au—1 colloid (purified) assembled in situ was dispersed in
30 mL acetone. To 1 mL of this colloid was added a solution
of Co(NO;), (1 x 1073 M, 0.5mL) in 1 mL DMEF (or acetone).
Highly dispersed 3D spherical assemblies with diameters ca.
120130 nm formed 2 min after the addition of the Co(NO3),
solution.

X-ray power diffraction (XRD) measurements of the as-
prepared samples were performed on a Rigaku D/max rA
X-ray diffractometer with graphite-monochromatized Cu-K,,
radiation (4 = 1.541 87 A) using a scanning rate of 0.06° s~
X-ray photoelectron spectroscopy (XPS) was undertaken on
an ESCA Lab MKII instrument with Mg-K, radiation as the
excitation source. Transmission electron microscopy (TEM)
images were acquired using Philips TECNAI 12 and H600
instruments. UV-visible spectra were collected on a Philips
PU-8620 UV-vis spectrophotometer. Elemental analysis
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(CHN) was performed with a Perkin-Elmer 240 instrument.
The photoluminescence measurements were carried out with a
Perkin-Elmer LS 55B spectrofluorimeter.

Results and discussion

The formation of the Au-1 assembled in situ was rapid (in
seconds) and reproducible. We found that the sizes of the
particles in the aggregates could be tuned by changing the 1 :
KAuCly ratio. Assemblies of 1.6 + 0.2 nm and ca. 3 nm Au
were synthesized with ratiosof 1 : 1and 2 : 5, respectively. To
demonstrate the feasibility of our approach, we selected the
colloid of 1.6 & 0.2 nm Au as an example of all of the
following processes. The Au particles formed in situ were
collected by centrifugation and redispersed in acetone and
subsequently water. This purification procedure was repeated
several times to remove the excess ligands and by-products.
The as-prepared sample was characterized using X-ray diffrac-
tion (XRD), revealing it to be well-crystallized cubic Au
(JCPDS 4-784) (Fig. 2). From the half-width of the XRD
peaks, the average nano building unit size is estimated as 1.56
nm, based on the Scherrer equation. Thermal analysis indi-
cated that the well-purified Au colloids contained ~ 19.88%,
by weight, of ligand.

The product purity and elemental composition were deter-
mined by XPS. The peaks for O can be attributed to O,, CO,,
or solvent (H,O or acetone) adsorbed on the surface of the
sample, whereas the C peak and weak S and N peaks can be
attributed to the capping ligand 1. The K peak can be
attributed to K™ binding with 1 (Fig. 3). XPS peaks were
observed at binding energy values of 83.8 and 87.8 eV for
Audf, 294 ¢V for K2p and 163 eV for S2p, respectively. Such
binding energy values are similar to those reported in the
literature.'

The assemblies formed in situ can be seen from any of the
TEM images, a representative set of which is shown in Fig. 4a,
revealing that the assembly is composed of numerous small
nanoparticles with diameters of ca. 1.6 4+ 0.2 nm. The particle
sizes agree well with the XRD analysis. It is noted that no
individual particles were observed from the TEM analysis.
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Fig. 2 XRD pattern of the Au sample formed in situ.
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Fig. 3 XPS spectra of Au sample aggregated in situ (after purifica-
tion). Top: survey spectrum. Bottom: bonding energy of Au4f.

These assemblies formed in situ were stable in acetone and
ethanol systems, and could withstand ultrasound, but could
also be disassembled by the addition of DMF solvent in a
controllable way. TEM micrographs (Fig. 4b, ¢) from samples
in mixed solution (DMF/acetone) were taken to illustrate the
presence of individual nanoparticles along with the non-dis-
assembled aggregates. We found that by increasing the DMF/
acetone ratio (v/v), the quantity of individual nanoparticles
increased with the consumption of larger aggregates. The
brown-black powder obtained by centrifugation could be
readily dissolved in DMF (1 mg Au—-1 in 2 mL DMF). TEM
analysis revealed that almost all the aggregates disassembled
into individual nanoparticles (Fig. 4d). This significant finding
suggests that the nanoparticles aggregated in siru were held
together by relatively weak interactions.

While different binding abilities or coordination modes of a
ligand with different metal ions can lead to versatile supra-
molecular structures, we raise the question whether different
assemblies can be achieved using 1-capped nano building
blocks by the changing of metal ions. It is well known that
2,2":6' 2""-terpyridine can chelate Co>" effectively by forming
2 : 1 complexes.'>!'® This strong binding would enable the
particles to be held together tightly and lead to complex 3D
nanostructures.
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Fig. 4 TEM images of as-prepared Au colloids: (a) large aggregates
formed in situ; (b) 0.3 mg Au-1 in acetone/DMF (1 mL/0.5 mL); (c)
0.3 mg Au-1 in acetone/DMF (1 mL/0.8 mL); (d) Au powder

dissolved in DMF; (e) spherical assemblies formed 2 min after addition
of Co?* into disassembled Au colloids; (f) 20 h after addition of Co>*.

As expected, a new kind of 3D assembly formed within
minutes of adding a Co(NOs), solution into the disassembled
Au colloids. TEM analysis revealed that the spherical assem-
blies were highly dispersed (Fig. 4e), with diameters of ca.
100-200 nm. This spherical aggregate was composed of small
nanoparticles, with some individual particles at the surface-
contact area (Fig. 4e, inset). After standing at room tempera-
ture for 20 hours, the assemblies appeared more spherical and
compact, and no individual nanoparticles were observed from
the TEM analysis (Fig. 4f).

To investigate the influence of Au—1 : Co>" ratio on the
aggregation process, tWo comparison experiments were carried
out. When insufficient Co®* was used (1 mg Au-1 in 2 mL
DMF mixed with 100 pL Co(NOs), solution (1 x 107 M)),
only a few aggregates, along with a large quantity of individual
nanoparticles, were observed according to the TEM analysis
(Fig. 5). The result of the other comparison experiment
revealed that excess Co>" did not influence the morphology
of the aggregates especially, but lead to spheres of relatively
smaller sizes (ca. 100 nm). It is noted that although the
solvents do not change the coordination mode of 1 with
Co”*, they indeed affect the dispersivity of the final spherical
assembly. We found that the 3D spheres were relatively more
monodisperse and uniform when an acetone solution of
Co(NOs); was used.

The small angle XRD (SAXRD) pattern (Fig. 6a) of Au
aggregated in situ shows an intense diffraction peak at 20 =

Fig. 5 TEM image of the Au colloids when insufficient Co>* was
used.

2.3°, from which we can calculate the center-to-center spacing
of approximately 3.84 nm. Fig. 6b shows the pattern of 3D
spherical aggregated Au, with a peak at 20 = 2.4°, from which
the center-to-center spacing was calculated as approximately
3.68 nm. The slight shortening of the spacing most probably
results from the stronger binding of 1 with Co*>* compared to
alkali metal ions, which hold the particles relatively closer.
Insight into the structures of 1-metal-Au aggregates can be
obtained through molecular modelling. Fig. 7 shows a pro-
posed working model for Co*"-induced assembly, from which
the interparticle spacing was calculated as 2.26 nm. Taking the
particle diameter and two S—Au bonds into account, the
center-to-center spacing of the particles in the 1-Co(i1)-linked

| A
] L}W MW\ 'M '\‘ﬂw " ‘Whh

WJW WW,

]
W‘W&%&%\ 1 bt s

L

Intensity(a.u.)

2 4 6 8 10
2 Theta (degrees)

Fig. 6 SAXRD patterns of as-prepared Au samples: (a) aggregates
formed in situ; (b) 3D spherical aggregates.
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Fig. 7 A proposed working model for Co>*-induced assembly. The
molecules were drawn using Chem3D and the length of the coordina-
tion moiety was calculated according to the crystal data in ref. 16.

assembly is ca. 4.36 nm. This distance is ca. 0.6 nm longer than
the spacing calculated from SAXRD data and the TEM result.
While the exact origin of this difference will be further probed,
we believe that the multiple linkages between every two
particles via metal coordination play a significant role in
dictating the overall interparticle spacing. In addition, the
ligand 1 is not a rigid molecule due to the existence of the
C-S single bond, which enables the spacing to become shorter
when the particles are held tightly by the multiple forces
derived from numerous 1-Co(11) linkers.

The controlled and reversible processes were accompanied
by distinct shifts in the UV-vis absorption bands that could be
used to diagnose the aggregation state of the Au colloids. The
3D assembly formed in situ exhibited a relatively broad
absorbance band peaking at ca. 615 nm in acetone (Fig. 8a).
For the 1-Au powder dissolved in DMF, a distinct blue shift
was observed (Fig. 8b). The absence of sharp absorption peak
in the spectrum is due to the small particle size, which agrees
well with that reported for highly dispersed Au nanoparticles
with sizes less than 3 nm.'” After the addition of Co®" into the
disassembled Au colloids, the absorbance rapidly (within
seconds) exhibited a distinct red shift (Fig. 8c), indicating
the formation of larger aggregates.

To obtain further evidence for Co*>*-induced aggregation,
photoluminescence measurements were carried out. The well-
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Fig. 8 UV-vis spectra of Au colloids: (a) aggregates formed in situ;
(b) disassembled Au colloids in DMF; (c) after addition of Co?*.
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Fig. 9 PL spectra of Au colloids (0.1 mg Au-1 in 3 mL DMF): (a)
without addition of Co*"; (b) addition of Co(NOQs), (40 pL, 1 x 1072
M); (c) addition of Co(NOs) (80 pL, 1 x 107> M); (d) addition of
Co(NOs), (150 pL, 1 x 107 M).

purified 1-capped Au colloids emitted at ca. 411 nm in DMF
(Fig. 9a), with a slight blue shift compared to the free ligand 1.
With the addition of Co(NOs3), solution drop-wise, the emis-
sion weakened gradually and was ultimately quenched, indi-
cating the formation of a non-emissive 1-Co(11) complex.

It is very interesting that the 3D aggregates formed in situ
can be transformed directly into 3D spherical assemblies via
addition of Co*>*. The TEM image shown in Fig. 10 reveals
that the spherical assemblies were nearly uniform and mono-
disperse, with diameters of ca. 120-130 nm. This effective
transformation included two important processes, i.e. a co-
ordination exchange reaction and rearrangement of the nano-
particles. To the best of knowledge, this is the first example of

Fig. 10 TEM image of a monodispersed 3D spherical assembly
obtained directly from large aggregates formed in situ via addition of
Co(NO3), solution.
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one 3D assembly being directly transformed into another quite
different one without collapse and rapid precipitation. While
the coordination complex of Co(i1) with two terpyridyl linker
molecules having thiol end groups can act as single molecular
transistor,”> thel-Co complex-linked 3D hybrid network
should have potential applications in nanodevice fabrication.

In summary, we have demonstrated weak and strong co-
ordination strategies for the controlled assembly of quite
different 3D nanostructures. The Au colloids assembled in situ
through weak coordination could be disassembled into indi-
vidual particles, which further reassembled into dispersed
spherical assemblies via strong coordination. It is significant
that the large aggregates formed in situ can be directly
transformed into monodispersed 3D spherical assemblies via
strong coordination (with Co*"), presenting the first example
of the direct transformation of one 3D nanonetwork into
another quite different one. This effective approach should
be general, not limited to Au colloids, and could be extended
to the assembly of other important inorganic materials, open-
ing new possibilities for the fabrication of optical and electro-
nic nanodevices.
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