
Matter of age: growing anisotropic gold nanocrystals in organic mediaw

Anil V. Gaikwad,
a
Peter Verschuren,

a
Sachin Kinge,

b
Gadi Rothenberg

a
and

Erika Eiserz*a

Received 1st October 2007, Accepted 26th November 2007

First published as an Advance Article on the web 17th December 2007

DOI: 10.1039/b715112h

We investigated the influence of the reduction state of gold ions on the growth of gold

nanocrystals in N,N-dimethyl formamide (DMF). While freshly prepared solutions of AuCl3
produce spherical nanocrystals, aged precursor solutions containing mainly Au+ ions and Au0

atoms lead to various branched nanoparticles. Furthermore, we show that also the amount of the

reducing and stabilisation agent tetra-n-octylammonium formate (TOAF) plays a decisive role on

the shape of the nanocrystals, allowing us to grow triangular and cubic nanoparticles.

Introduction

Synthesising metal nanoparticles using ‘‘bottom-up’’ techni-

ques is attracting much attention due to their applications in

catalysis,1–4 optoelectronics,5,6 biological labeling,7 fuel cells8

and materials science.9 Nanometric metal crystals display

unique physico-chemical properties that stem from their size

and shape. Several studies have achieved excellent control over

particle size for both metallic and semiconductor nanocrystals.

However, although scientists have managed to make a

variety of nanosized crystal shapes including rods,10–13

triangular prisms,14–17 disks,18–20 and even cubes,21

understanding the factors that govern shape control remain

a challenge.22

In many applications, crystal anisotropy is a key factor.

Nanocrystals with different shapes exhibit different optical and

electronic properties, and consequently a variation in the

surface-plasmon resonance. To exploit those activities,

branched and multipod structures have been made. The most

common recipe for making such crystals is the seeded growth

of anisotropic particles in water.23–28 The formation of

triangular, hexagonal, decahedral and cubic particles, as well

as nanowires, was also reported in DMF and pyridine.29–32

In all those studies, the interaction of the stabiliser

with metal ions and the form of the seeds play a crucial

role in controlling the final particles’ size and morphology

(for example, El-Sayed et al. showed that the particles’

shape can be controlled by changing the capping ratio of

metal ions to stabiliser33–35).

Recently, we studied the preparation and catalytic applica-

tions of various metal nanoparticles (Pd, Ru, Ni, Ag, and Cu)

in DMF and toluene using tetraoctyl ammonium carboxylate

salts as reducing and stabilizing agents.36–38 In all these cases,

we obtained spherical particles. Extending this work to gold

nanocrystals, we were surprised to find, using the same synth-

esis method, a variety of nanocrystal shapes. Although differ-

ent well defined shapes of gold nanocrystals are reported, the

formation of branched particles for this particular system in

DMF was never reported. We thus began to investigate the

cause of these different morphologies. In contrast to aqueous

solutions, where a reducing agent is needed for initiating the

nanoparticle formation, DMF and formamide can themselves

reduce silver and gold salts partially or completely.39–43 In the

present work, we investigate the factors that govern the

formation of anisotropic gold particles in DMF using tetra-

octylammonium ions as a stabiliser. We show that precursor

aging and reducing agent concentration influence the concen-

tration of Au3+ and Au+ ions. This, in turn, affects the rates

of Au0 seed formation and nanoparticle growth.

Experimental

Detailed experimental procedures including description of the

materials and instrumentation used in this study are given in

the supporting information. Four types of samples (A, B, C,

and D) were prepared. Sample A: 0.5 mM AuCl3 solution in

DMF was prepared and aged in a closed vessel under air for 15

to 18 h. Subsequently, 75 ml of 100 mM TOAF in DMF was

added to 2 ml of this aged solution. The mixture was then

heated to 65 1C and stirred under N2 for 1 h. Sample B: Fresh

0.5 mM AuCl3 solution in DMF was prepared. Immediately

after dissolution 60 ml of 100 mM of TOAF/DMF was added

to 2 ml of this fresh solution. The sample was then heated to

65 1C and stirred under N2 for 1 h. Sample C: For control

experiments 2 ml of fresh 0.5 mM AuCl solution in DMF was

prepared that contains only Au+ ions in contrast to sample B

containing mainly Au3+ ions. As in sample B, immediately

after dissolution 60 ml of 100 mM TOAF in DMF was added,

and the mixture was heated to 65 1C and stirred under N2 for

1 h. Sample D: 2 ml of fresh 0.5 mM AuCl3 solution in DMF

was mixed with 50 ml of 200 mM TOAF in DMF then heated

and stirred for 1 h under the same conditions as in sample

A and B. This experiment was repeated with 60 and 70 ml of
200 mM TOAF in DMF.
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Results and discussion

We started by synthesizing gold nanoparticles following the

method of Reetz and Maase,44 using AuCl3 in DMF as salt

precursor solution and tetra-n-octylammonium formate

(TOAF) as reducing and stabilising agent. This method was

expected to yield spherical nanoparticles with a narrow size

distribution. For sample A the colourless AuCl3 precursor

solution was prepared a day in advance, a fact that at the time

seemed unimportant and innocuous. After nanoparticle for-

mation this sample appeared blue and clear in transmission

but brown and turbid in reflection (we did not observe any

aggregate precipitation). In order to characterise the cluster

growth we monitored the evolution of sample A in situ using

UV-visible spectroscopy. At t = 0, the moment the reducing

agent was added we observed neither the typical absorption

peak of the Au3+ ion precursor (l = 322 nm) nor the surface-

plasmon peak typical for Au spherical nanocrystals (l B 550

nm). Instead, we observed the evolution of a surface plasmon

peak at ca. 790 nm with a shoulder at 590 nm (Fig. 1), typical

of samples containing anisotropic nanoparticles.45,46 The re-

action was completed after 1 h rendering sample A stable for

over four weeks at 25 1C. Further characterisation of sample A

by HRTEM showed indeed variously shaped particles,

roughly 40–80 nm in diameter (Fig. 2). A close up view showed

different particle shapes including bipods, tripods, tetrapods,

and branched nanoparticles.

To investigate this phenomenon further we prepared gold

nanoparticles from a freshly prepared AuCl3 precursor solu-

tion (sample B). Here, TOAF was immediately added to the

fresh solution and kept at 65 1C for 1 h, like in sample A.

Monitoring this reaction using UV-visible spectroscopy, initi-

ally (t = 0) we observed only the absorption peak of the free

Au3+ ions (Fig. 3). However, within a few minutes this Au3+

peak decreased to zero, followed by a clear surface plasmon

peak emerging at B600 nm. A TEM analysis confirmed that

sample B contains mainly spherical particles, with a narrow

size distribution of 14 � 2.0 nm. To ensure reproducibility,

triplicate experiments were carried out in each case. In all

cases, freshly prepared solutions of AuCl3 in DMF led to the

formation of spherical gold nanocrystals with an average

diameter of B15 nm. For control we also repeated the

reduction experiments with aged (colourless) precursor

samples following the preparation protocol for sample A.

Once again we obtained anisotropic gold nanoparticles

with similar shapes and size (see ESI, Fig. S2)w as those shown

in Fig. 2.

To understand this, we first investigated the aging behaviour

of AuCl3 in DMF prior to the addition of any reducing agent.

Fig. 4 shows the UV-visible absorption spectra of AuCl3
(0.5 mM) in DMF at 25 1C over 20 h under an inert

atmosphere. Although no external reducing agent was present,

we observed a clear disappearance of the Au3+ ion peak at

322 nm. It was reported that DMF reduces Au3+ ions under

reflux conditions in the presence of a stabilising agent such as

(poly)vinylpyrrolidone, giving spherical gold nanoparticles,43

so we presumed that some reduction could also occur at room

temperature. This reaction, however, also requires at least one

equivalent of water (eqns (1) and (2)).47 Karl-Fischer titrations

confirmed that the DMF we used contained 0.04% water, or

44 equivalents, sufficient for reducing the Au3+ ions to Au+

ions and Au0 atoms. Moreover, while the fresh AuCl3 solution

in DMF was neutral, the aged precursor solution was acidic

(pH = 4.5), supporting the formation of carbamic acid and

H+ ions via eqns (1) or (2).

Fig. 1 UV-visible spectra of anisotropic Au-nanoparticle formation

in sample A. The lowest curve indicates the starting situation, t= 0, of

the nanoparticle growth.

Fig. 2 (A) HRTEM image of branched gold nanocrystals (sample A).

(B) Blow up of the white square in image (A). The two parallel lines

indicate the packing distance between two hexagonally packed dense

Au-planes.
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Whether Au3+ partially reduces to Au+ or completely to

Au0 in DMF is unknown. Pradeep and co-workers hypothe-

sised that Au3+ reduces completely to Au0, in a similar fashion

to Ag, thereby producing carbamic acid.48 Carbamic acid is

unstable in DMF and readily decomposes to (CH3)2NH and

CO2. Similar to Tom et al.48 we performed infrared

Fig. 3 (Top) Time-resolved in situ UV-visible spectra of precursor reduction and nanoparticles formation using the freshly prepared AuCl3
precursor solution B. (Bottom left) TEM micrograph of the resulting spherical gold nanoparticles; (bottom right) corresponding size distribution,

based on 300 particles counted.

Fig. 4 Time-resolved UV-visible spectra of the reduction of Au3+

ions in DMF at 25 1C. The inset shows the rate of reduction in terms of

decrease in absorbance of Au3+ at lmax = 322 nm versus time.
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spectroscopy (IR) and gas chromatography-mass spectro-

scopy (GC-MS). However, their weak signal was dominated

by the strong contributions from DMF. We surmised that our

aged AuCl3 precursor solution contained both Au+ and Au0

species. This was confirmed by cyclic voltammetry studies of

aged and fresh gold precursor solutions. While the fresh

solution showed two reduction peaks for Au3+ - Au+

(Ev = 0.49 V) and Au+ - Au0 (Ev = 0.95 V), respectively,

the aged solution showed only one, corresponding to Au+-

Au0 (Ev = 1.05 V; the cyclic voltammograms are included in

the supporting information, Fig. S1). Freshly dissolved

AuCl–DMF solutions also showed only one reduction peak,

agreeing well with our observations in aged solutions. Based

on these findings we hypothesise that next to Au+ ions the

presence of Au0 atoms or neutral gold seed of less than 1 nm in

size is necessary to initiate the formation of gold nanocrystals

in DMF.

To test our hypothesis we then prepared sample C, starting

from fresh AuCl precursor solutions in DMF containing only

Au+ ions similar to the aged solution, and using the same

amount of the reducing and stabilising agent TOAF as in

sample B. As expected we did not observe any nanoparticle

formation. The reduction potential of Au+ ions to Au0 atoms

is higher than that of Au3+ ions.38 This showed that the aged

solution contained both Au+ ions and Au0 that can form a

complex with DMF. Gold nanoparticles have a high electron

affinity and can strip off electrons from the DMF molecules.49

The resulting complexes act as seeds for further reduction of

Au+ ions (the so-called aurophilic effect50), and grow to give

branched particles when the reducing agent TOAF was added,

as demonstrated in Fig. 1. Such particle growth in liquid media

involves mainly two factors: one is the influence of the capping

agent, that controls the growth on the various crystal facets.51

The second is the rate of supply of Au0 to the crystal planes of

the growing seed particles. A third influence can arise due to

surface autocatalytic reduction of Au+ ions at the gold

nanocrystals surface, but may not be as effective as the first

two, as it is limited to a rather small available surface area.52–55

Thus, the shape and size of the seed play an important role.56

To understand the effect of the second factor we compared the

rate of increase in intensity of the surface plasmon peaks in

samples A and B (Fig. 5).

Comparing the aged precursor (sample A) to the fresh

precursor (sample B), we see that in A the surface plasmon

appears fast and the absorption increases, reaching a plateau

after B5 min. Conversely, B exhibits a prolonged reduction

period reaching a plateau only after 25 min. Sample A shows

almost no induction period. This probably reflects the fact that

some of the Au3+ ions are already reduced to Au0 atoms or

Au1+ ions in DMF, and subsequently form sub-nanometer

seed particles that are too small to show a plasmon peak.57

When the external reducing agent is added (at t = 0), further

reduction of the remaining Au+ ions and subsequent particle

growth are fast, and the different reduction rates at the various

crystal surfaces ultimately yield different crystal shapes (vide

infra). Conversely, in case B, the nanoparticles grow uniformly

in all directions and the increase of the surface plasmon

resonance shows a typical S-shaped curve. This type of curve

agrees well with the results of Gan et al.41 The induction

period denotes the time to reduce Au3+ to Au0 atoms that

nucleate and form sub-nanometric seed particles.41,58

To study this effect of rate generation of Au0 atoms on the

nanoparticles morphology, we reduced a fresh Au3+ solution

using higher TOAF concentrations than in sample B (sample

D). Here we obtained high yields of cubes (60%), prisms

(30%), and spherical particles (10%) of 20–30 nm in size

(Fig. 6). Importantly, we did not observe any branched

particles. We conclude that the shape of the gold nanoparticles

depends on the reducing agent concentration as well as on the

interaction of the stabiliser with the different crystal surfaces.59

In fact, a higher ratio of reducing agent to Au3+ ions causes

monomer super-saturation. This leads to a simultaneous

nucleation and growth process resulting in anisotropic parti-

cles, especially with ‘‘soft metals’’ like gold. Conversely, hard

metal nanocrystals such as Pd, Pt and Cu yield mainly

spherical nanoparticles, their size depending only on the

concentration of TOAF as reducing and stabilising agent.58

The formation of multipod shapes is associated with the rate

of supply of Au0 atoms to (1,1,1), (1,1,0) and (1,0,0) crystal

planes.24,60 The corresponding surface energy61 increases in

the order Au(1,1,1) o Au(1,0,0) o Au(1,1,0). The tetraoctylam-

monium species adsorb preferentially on the low-energy (1,1,1)

surface, leaving the other surfaces open for further crystal

growth. The formation of spherical, cubic, prism, or branched

shapes depends on the local concentration of Au0 atoms. In

the case of sample B, where the formation of Au0 atoms is slow

and hence the local concentration is low, the rate of associa-

tion/dissociation of the tetraoctylammonium species is similar

to that of the Au0 atoms, resulting in spherical particles.

Conversely, sample D has a high concentration of Au0, which

causes an imbalance that promotes growth on the available

(1,1,0) and (1,0,0) planes, resulting in cubes and prisms,

respectively. In case of sample A, the crystals grow simulta-

neously on the (1,0,0) and the (1,1,0) planes, resulting in

multipod structures.25 Finally, we note that the preferential

adsorption of halide counterions onto the different crystal-

lographic surfaces of the gold particles may have an influence

on the shape morphism.62,63 In the present study this influence

can be neglected as we only considered Cl� counterions.

Fig. 5 Change in the normalised surface-plasmon absorption of

samples A (500–650 nm) and B (500–700 nm) versus time. In each

case the range of wavelengths was used to compensate for the peak

shift with particle growth.
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Conclusion

The shape and size of gold nanoparticles depend strongly on

the concentration of the reducing agent and the presence of

sub-nanometric seed particles. While using DMF as a solvent

one should take into account that the solvent DMF can

already reduce Au3+ ions to Au+/Au0 (even though this

process is much slower than the reduction in the presence of

TOAF). The reduction processes of Au+ and Au3+ are

distinct, and can be followed using cyclic voltammetry. Chan-

ging the concentration of the reducing agent and controlling

the freshness of the precursor solution, gives access to iso-

tropic or anisotropic gold nanoparticles (including cubes,

prisms, and branched particles).
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