
Journal of Crystal Growth 361 (2012) 159–165
Contents lists available at SciVerse ScienceDirect
Journal of Crystal Growth
0022-02

http://d

n Corr

E-m
journal homepage: www.elsevier.com/locate/jcrysgro
Effect of precursor solution dark incubation on gold nanorods morphology
Gaser N. Abdelrasoul a,b, Marco Scotto a, Roberto Cingolani a, Alberto Diaspro a,b,
Athanassia Athanassiou a,c, Francesca Pignatelli a,n

a Department of Nanophysics, Istituto Italiano di Tecnologia, via Morego 30, 16163 Genova, Italy
b University of Genova, via Balbi 5, 16126 Genova, Italy
c Center for Biomolecular Nanotechnologies@Unile, Istituto Italiano di Tecnologia (IIT), Via Barsanti, 73010 Arnesano (LE), Italy
a r t i c l e i n f o

Article history:

Received 5 March 2012

Received in revised form

4 September 2012

Accepted 6 September 2012
Communicated by K. Nakajima
We present a systematic study of the effect of incubation of the precursor solution on the dispersion
Available online 14 September 2012

Keywords:

A1. Crystal morphology

A1. Nanostructures

A2. Growth from solutions

B1. Metals

Photochemical synthesis
48/$ - see front matter & 2012 Elsevier B.V. A

x.doi.org/10.1016/j.jcrysgro.2012.09.009

esponding author. Tel.: þ39 01071781414; f

ail address: francesca.pignatelli@iit.it (F. Pign
a b s t r a c t

Gold nanorods were synthesized in an aqueous solution of hexadecyltrimethylammonium bromide via

a combination of chemical reduction and UV photoirradiation. Gold ligand complexes, present in the

stock solution, are initially reduced, by ascorbic acid as mild reducing agent. The gold ions nucleation

and colloid growth proceeds then by subsequent UV irradiation of the so-obtained precursor solution.

state and aspect ratio of the produced nanorods. Incubation of the precursor solution allows the

synthesis of higher aspect ratio nanorods with narrower size distribution compared to those obtained

without incubation. We propose a mechanism for the gold nanorods formation including two stages, a

nucleation and a diffusive growth. This allows us to explain the synthesis improvement as a consequence

of the increase in the size of the gold ligand complexes aggregates, leading to a decrease of the nanorods

growth rate.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Gold nanorods (AuNRs) have received great attention in the
past decade because of their unique optical [1,2] and electronic
properties [3,4], which are influenced by their morphology.
Generally, the properties of metal nanoparticles are determined
by the type of motion that electrons in their conduction bands are
allowed to execute. This motion depends on the space in which
the electrons are confined and on the forces they encounter.
In noble metals, their decrease in size below the electron mean
free path (the distance the electron travels between scattering
collisions with the lattice centers) gives rise to intense absorption
in the visible–near-UV range [5]. This is the result of strong
coupling of electromagnetic radiation of light at specific wave-
lengths to a surface plasmon (described as a coherent oscillation
of the conduction electrons from one surface side of the particle
to the other). The two dimensions in the nanometer size scale
(width and length) in AuNRs give rise to two characteristic
plasmon peaks, one located around 520 nm, called the transverse
surface plasmon peak (TSP), and the other in the near-infrared
electromagnetic spectrum region at 600–800 nm, called the long-
itudinal surface plasmon peak (LSP). These absorption peaks
correspond to the oscillations of the transverse and longitudinal
ll rights reserved.
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plasmon modes along the short and long axes of the NRs,
respectively. Different from the transverse plasmon absorption,
longitudinal surface plasmon absorption is highly sensitive to the
change in both the aspect ratio (length/width) of the NRs and the
dielectric constant of the surrounding medium. This high sensi-
tivity of the LSP peak makes AuNRs attractive candidates for
biological applications [6] as biosensors [7–9], for cell imaging
[10,11], target drug delivery [12,13] and for nanomedicine
[14,15]. AuNRs have interesting applications also in photonic
devices [16,17], enhancement of Raman scattering spectroscopy
[18], light fluorescence [19] and light scattering [20,21].

The large number of AuNRs applications has boosted scientists
to develop different synthetic strategies, allowing the control of
the dimensions, aspect ratio, and size distribution of AuNRs [22].
Several methods were adopted for synthesis of AuNRs including
colloidal seed-mediated [23–26], hard template [27], electroche-
mical [28] and photochemical [29–32].

Between these methods the seed-mediated growth in aqueous
media assisted by the surfactant hexadecyltrimethylammonium
bromide (CTAB) and Agþ is undoubtedly the most popular, and
has been deeply investigated [33]. Nevertheless, the mechanisms
ruling the AuNRs anisotropic growth remain under debate. In the
specific synthesis the growth solution is seeded by preformed
gold seeds, directly after mixing its components. The formation of
NRs starts 10 min after seed solution addition, but longer times
(at least 6 h) are needed to complete their growth. The anisotropic
growth of AuNRs was found to depend on the size and
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concentration of the CTAB surfactant molecules [34] and it was
first proposed to be governed by CTAB functioning as a soft
micellar template [26]. Other researchers proposed preferential
adsorption of bromide to different crystal faces during the AuNRs
growth, inducing in this way nanoparticles elongation via a
‘‘zipping’’ mechanism [34]. Addition of silver nitrate to the seed-
mediated protocol was proposed in order to improve the size
control and the yield of rod-shaped NRs [24]. The role of silver in
assisting the anisotropic growth was explained through the
underpotential deposition of metallic silver on the different
crystal facets of gold [35]. A recent detailed study of the crystal-
line structure of AuNRs, prepared by silver assisted seed growth,
proved that they are enclosed by eight identical high-index
crystalline facets [36]. Consequent to these findings, the mechan-
isms commonly accepted for the anisotropic growth of AuNRs
were revisited in favor of silver underpotential deposition on the
different crystal facets, inducing lower growth rate on the higher-
energy {250}-type surfaces, while the role of CTAB remains to be
clarified.

Photochemical synthesis basically follows the procedure of
seed-mediated synthesis, replacing seedings of gold nanoparticles
with UV irradiation [31,32]. In this method the precursor solution,
with composition similar to the growth solution of seed-mediated
synthesis, is irradiated with UV light for 5–60 min, directly after
mixing its components, in order to induce the nucleation of
AuNRs. The photosynthesis approach is considered a promising
evolution of the seed-mediated method, since it is less time
consuming and avoids the use of seeds that can give rise to
structure complications due to their crystallographic structure
variety. However, the drawbacks of the photochemical synthesis
are the polydispersity, heterogeneous size distribution, and small
aspect ratio of the produced AuNRs. Many groups studied the
factors affecting the growth, dispersion and aspect ratio of the
AuNRs produced by photochemical method to understand the
reaction mechanism of this protocol. Miranda et al. studied
the effect of the light wavelength on the yield and aspect ratio
of the AuNRs, and found that UV light at 300 nm produced longer
NRs and with higher yield than at 254 nm [37]. They also studied
the effect of UV light intensity and irradiation time on the aspect
ratio and the dispersion of the NRs. The same group also studied
the role of ascorbic acid in the growth of AuNRs, by evaluating the
relation between concentration of ascorbic acid and gold salt
precursor needed in order to produce AuNRs [38]. The presence of
silver adsorbed on the surface of AuNRs produced by photoche-
mical synthesis was also found to affect their aspect ratio and the
anisotropic growth of specific crystal faces [39,40]. Finally, the
effect of acetone addition to the reaction solution was studied by
Nishioka et al., evaluating the function of ketones in the reduction
of Auþ ions with the assistance of UV light [41].

Here we propose for the first time dark incubation of the
precursor solution before UV irradiation in order to equilibrate
the aggregation state of the surfactant and to stress its role on
the photochemical synthesis of AuNRs, assisted also by Agþ ions,
in aqueous solution. According to literature, mixing the gold
salt (HAuCl4) in water with the CTAB surfactant induces the
formation of complex ions CTAþ AuBr4

� [37,41]. Further addition
of ascorbic acid is known to reduce Au(III) to Au(I) [41]. Aggre-
gates of CTAB and AuBr2

� laden CTAB are therefore expected to
reorganize themselves after the addition of the ascorbic acid.
Therefore, a stabilization time is required to equilibrate the
solution. This observation triggered our investigation on the effect
of incubation of the precursor solution in the dark before UV
irradiation on the morphology of the NRs. The incubation in dark
of the precursor solution provides the time necessary for its
stabilization, with important consequences on the AuNRs aspect
ratio. The precursor solution of AuNRs was incubated in dark
without stirring for different time intervals, up to 4 h, and then
irradiated by UV light with wavelength of 254 nm for different
times. The resulting NRs show significant aspect ratio enhance-
ment, size distribution narrowing, and decreased yield, by
increasing the time of incubation in dark. In particular, it was
found that the length of the AuNRs increased while their diameter
slightly decreased by incubation in dark. Light scattering and
optical imaging measurements showed that the incubation of the
precursor solution increases the dimensions of the CTAB surfac-
tant aggregates, allowing us to associate their aggregation-state
with the anisotropic NRs growth and their narrowed size disper-
sion after UV irradiation. Finally we propose a novel mechanism
for rod formation that counts the role of the CTAB stabilizer in the
increase of their aspect ratio and the improvement of their size
distribution.
2. Experimental section

2.1. Materials

Hexadecyltrimethylammonium bromide CTAB (FlukaZ99.0%),
hydrogen tetrachloroaurate trihydrate HAuCl4 �3H2O (Alfa Aeser
99.99% (metal basis)), Au 49.5% min), and silver nitrate AgNO3

(Sigma Aldrich 99.9999%) were used without further purification.
Ascorbic acid (99%), acetone and cyclohexane were purchased from
Sigma-Aldrich and used as received. All solutions were prepared
with Milli-Q double distilled water (resistivity418.2 MO cm).
2.2. Synthesis

To 3.320 mL of reaction solution, containing 24�10�5 mol
of CTAB, 0.6�10�5 mol of HAuCl4 �3H2O and 0.07�10�5 mol
of AgNO3, were added 0.065 mL of acetone and 0.045 mL of
cyclohexane. The color of this solution was deep orange, and
after addition of 0.2 mL of ascorbic acid (40 mM) it became
colorless within 1 min.

3 mL of precursor solution was put into a quartz cuvette of
optical path length 1 cm, and irradiated with UV light from an
ultrahigh-pressure mercury lamp (Oriel 6035 Hg(Ar)) with cali-
brated light wavelength of 254 nm, for 1, 5, 10, and 30 min. The
average irradiation intensity was kept at 2.5 mW/cm2 during all
the experimental work. In order to study the effect of incubation
time in the dark on the resulting AuNRs, the remaining precursor
solution was kept in the dark for different periods before UV
irradiation. After each incubation period of study (1, 2, 3 and 4 h)
3 mL of the precursor solution was taken, put in a quartz cuvette
and irradiated.

The synthesis was performed at room temperature, about
25 1C. The intensity of the UV light was measured before and
after irradiation of the precursor solution, by a power meter
Thorlab PM150, to get the average value of irradiation intensity.
The quartz cuvette containing the reaction solution and the UV
lamp were covered with a black box during the irradiation to
prevent any possible interaction with other light sources in the
lab. After irradiation the reaction solution was centrifuged at
4000 rpm for 10 min to separate the big gold clusters. The resulting
supernatant was collected and centrifuged at 14,000 rpm each for
20 min. The precipitate was collected and washed twice to discard
the excess of CTAB and the unreacted materials from the solution.
The supernatant was exchanged with double distilled water and
the final precipitate was dispersed in 1 mL of distilled water and
used for characterization.
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2.3. Characterization

The hydrodynamic diameters of the surfactant aggregates in
the precursor solution were measured by a light scattering
Malvern Zeta Sizer NanoZS equipped with 633 nm He–Ne laser.
A time lapse imaging acquisition was done using the transmission
channel of a Laser Scanning Confocal Microscope (LSCM, Nikon A1).
After the separation and washing processes, 20 mL of NRs solution
dispersed in water were deposited on carbon coated copper grid
and dried under vacuum for transmission electron microscopy
(TEM) investigation. The transmission electron micrographs were
taken by a JEOL JEM1011 at 100 kV. For optical characterization,
100 mL of each AuNRs solution was diluted to 400 mL with Milli-Q
water in quartz cuvette with optical path length 2 mm for absorp-
tion spectral analysis. The absorption spectra of all AuNRs solutions
were collected using a UV–vis-NIR spectrophotometer Varian Cary
6000i. Gold and silver ion concentrations were determined by a
Thermo Fisher Scientific Inductively coupled plasma (ICP, ICAP
6300 DUO) atomic emission spectrometer. For ICP measurements,
50 mL of AuNRs solution was digested by the addition of 2.5 mL of
aqua regia in 25 mL plastic measuring flask.
3. Results and discussion

Following the procedures outlined in the experimental section
we prepared AuNRs by UV irradiation of their precursor solution,
after different dark incubation times of the latter prior to the UV
treatment. No color change of the precursor solution was recorded
during dark incubation, indicating that nucleation of AuNRs does
not start during the incubation of the precursor solution in dark.
This confirms that ascorbic acid is a mild reducing agent, not able
to start the NRs nucleation by reducing Auþ ions to Au0 atoms, in
absence of UV irradiation [42]. The effect of incubation of the
precursor solution in the dark before UV irradiation on the
surfactant-based aggregates size was preliminary investigated by
dynamic light scattering and optical imaging. The dynamic light
scattering measurements showed that the diameter of the aggre-
gates in the precursor solution increases with increasing incuba-
tion time from about 100 to 500 nm. At the same time the
dispersion state of the precursor solution is found to increase from
o0.5 to about 0.9 after 4 h of incubation. In agreement with light
scattering results, optical imaging measurements highlighted pre-
sence of big aggregates in the precursor solution increasing in size
and in number with the progress of the dark incubation, as
demonstrated in the Supporting data.

The precursor solution incubated for different time intervals
was then irradiated with UV light for different times, obtaining
AuNRs. Characteristic TEM images of the final outcome of the
synthesis after 30 min are shown in Fig. 1, where it is clear that
the amount of the produced spherical nanoparticles is reduced in
favor of the uniform AuNRs, as the incubation time increases.
Fig. 1. TEM images characteristic of AuNRs prepared with different incubation times

Samples obtained with dark incubation of precursor solutions, (b) 2 h and (c) 4 h, show
Further TEM analysis gives detailed information on the size
distribution and the dispersion of the AuNRs. The effect of
incubation in dark on AuNRs morphology has been estimated by
the respective histograms, obtained from the statistics over the
dimensions of 100 NRs.

As shown in Fig. 2, the frequency of the NRs with short lengths
decreases by increasing the incubation time in dark. In detail, the
shortest NRs with length between 20 and 25 nm, available in the
non-incubated sample disappear completely in the samples
obtained after a 2 h incubation or more. The frequency of the
AuNRs with length in the range between 30 and 35 nm increases
from 0.13 in the case of non-incubated sample to 0.25 with 1 h of
incubation in the dark. However, their frequency decreases for
longer incubation times in the dark. This decrease seems to be for
the benefit of longer NRs. AuNRs with length in the range of
35–40 nm are more frequent in the solutions whose precursors
were not incubated or incubated for 1 and 2 h. The frequency of
AuNRs with length between 40 and 45 nm increases from 0.15 for
AuNRs solutions whose precursors were not incubated, to become
predominant with frequency more than 0.35 after 4 h of incuba-
tion. The longest NRs with length between 60 and 70 nm started
to be observed with small frequency only after 4 h of incubation
in dark before UV irradiation. Also, it is noted that, the dispersion
of AuNRs lengths was immediately narrowed upon precursor
incubation even for one hour compared to the non-incubated
solutions. The standard deviation of the lengths decreases from
3 nm in case of non-incubated sample to 1 nm in case of 4 h
incubation, indicating the crucial role of the incubation of the
precursor solution in dark before UV irradiation on the dispersion
state of the resulted NRs. Fig. 2f shows the relationship between
the incubation times of the AuNRs precursor solutions in the dark
before UV irradiation and the mean length of the resulting NRs.
The latter linearly increases with the incubation time of the
precursor solution before UV irradiation, with a rate of about
2 nm/h. As overall effect the mean AuNRs length increases from
�36 to 44 nm after a 4 h incubation.

Fig. 3 presents the histograms of AuNRs diameter distribution
obtained after 30 min UV irradiation of the precursor solution,
previously incubated in the dark for different times. Generally, a
small decrease in the diameters of the AuNRs was observed with
increasing incubation time. In detail, NRs with diameter between
18 and 20 nm disappear after 1 h of incubation. The frequency of
AuNRs with a bit smaller diameter in the range of 16–18 nm
decreases gradually with increasing incubation time and becomes
zero after 4 h incubation. A similar trend was observed for the
NRs having diameter between 14 and 16 nm. Their frequency
varies from 0.15 for the non-incubated samples to 0.01 after 4 h of
incubation. On the other hand, the number of NRs with smaller
diameters increases with increasing incubation time in the dark
of their precursor solutions before UV irradiation. For example,
the frequency of the AuNRs with diameter between 8 and 10 nm
increases from 0.14 for the non-incubated samples to a maximum
of the precursor solution. (a) Non-incubated sample showing high polydispersity.

ing NRs with improved dispersion state and aspect ratio.



Fig. 2. Variation of the NRs length with incubation of the precursor solution. Histograms of the length distribution of the AuNRs prepared with (a) 0 h, (b) 1 h, (c) 2 h,

(d) 3 h, and (e) 4 h incubation in the dark of their precursor solutions, before UV irradiation. (f) AuNRs mean length vs. incubation time of the precursor solution in the

dark.

Fig. 3. Variation of the NRs diameter with incubation of the precursor solution. Histograms of the diameter distribution of the AuNRs prepared with (a) 0 h, (b) 1 h, (c) 2 h,

(d) 3 h, and (e) 4 h incubation in the dark of their precursor solutions, before UV irradiation. (f) AuNRs mean diameter vs. incubation time of the precursor solution in dark.
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of 0.38 after 4 h of incubation. The narrowest NRs with diameter
in the range between 4 and 6 nm are observed only after 4 h of
precursor solution incubation in dark. The AuNRs diameter
histograms also show that the diameters dispersion tends to
narrow with increasing incubation time of the precursor solution
in dark, before UV irradiation. In AuNRs samples obtained by
irradiating a non-incubated precursor solution, the value of the
standard deviation of AuNRs diameters was 2 nm. Whereas the
sample obtained irradiating the precursor solution, after 4 h
incubation, has a standard deviation of the diameters around
1 nm, indicating the enhancement of monodispersion of the
resulted AuNRs.

As previously done for the mean length, Fig. 3f shows the
dependence of the AuNRs mean diameter on the incubation time in
the dark of their precursor solution. The AuNRs diameter linearly
decreases with increasing incubation time. The slope of the linear
fit of the decrease of AuNRs diameter with incubation time is
�0.5 nm/h, opposite in sign and smaller than the respective one
for the increase of the AuNRs length. The simultaneous increase of
the length and decrease of the diameter of the formed AuNRs, leads



Fig. 4. Effect of precursor solution incubation on the aspect ratio of the produced

NRs. (a) Absorption spectra of the formed AuNRs solutions obtained by different

dark incubation times of the precursor solution before irradiation and

(b) maximum absorption of the AuNRs LSP and aspect ratios, estimated from

TEM analysis, vs. incubation time.

Fig. 5. Absorption spectra of the formed AuNRs solutions after different times of

irradiation: (a) 1 min, (b) 5 min and (c) 10 min. Red and black lines correspond

respectively to non-incubated precursor solutions and incubated for 4 h

(For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article).
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to the increase of their aspect ratio with increasing incubation time
of the solutions precursors in the dark. The aspect ratios calculated
from the TEM images is reported in Fig. 4b.

The effect of incubation of the precursor solution in dark on
the AuNRs morphology is further corroborated by the UV–vis
spectra of the resulting AuNRs solutions after 30 min of irradia-
tion of their precursor solution. Fig. 4a shows the UV–vis absorp-
tion spectra of AuNRs solutions whereas Fig. 4b demonstrates the
behavior of LSP peak position and NRs aspect ratio with precursor
solution incubation time in dark. The shape of the absorption
peaks indicates that the AuNRs solutions have narrow size
dispersion. As mentioned in the introduction, the absorption
spectrum of AuNRs is characterized by two plasmonic absorption
peaks, the TSP centered around 520 nm, less sensitive to the NRs
aspect ratio and the dielectric constant of the surrounding
medium, and the LSP at higher wavelengths, highly sensitive
both to the dielectric constant of the medium and the aspect ratio
of the NRs. As the AuNRs aspect ratio increases the LSP is
expected to redshift to longer wavelengths. In our case, consider-
ing the same dispersing medium, we observe redshift of the LSP
absorption peak wavelength with increasing the incubation time
in the dark of the AuNRs precursor solutions. The optical absorp-
tion points out an increase of the resulting AuNRs aspect ratio in
agreement with TEM measurements. Furthermore, in Fig. 4a it can
also be noted that the TSP and LSP peaks, in the case of non-
incubated samples, have almost the same absorption intensities,
which indicates the presence of many spherical gold nanoparti-
cles even after purification and washing. For the other samples,
the LSP intensity is higher than the TSP one, with the difference to
be maximized for the samples obtained after 4 h of dark incuba-
tion, indicating the favorable formation of NRs over the spherical
nanoparticles for longer incubation times.

In order to clarify the mechanism leading to NRs synthesis
improvement upon dark incubation of the precursor solution,
we studied the progress of the NRs formation after 1, 5, and
10 min of irradiation, in the two extreme conditions of non-
incubation and of 4 h incubation. This allowed us to resolve the
modifications during the UV-induced growth of the NRs after
incubation of the precursor solution. The absorbance spectra for
the non-incubated and incubated solutions after 1, 5 and 10 min
are reported respectively in Fig. 5(a–c).

The evolution of the synthesis upon UV irradiation, as high-
lighted by the absorbance spectra, points out similar trends but
also significant differences for the non-incubated and incubated
samples. In both cases the absorption intensity increases with
increasing irradiation time, pointing out the increasing formation
of nanocrystals in the investigated time range. On the top, with
the prolongation of the irradiation time the intensity of the LSP
peak raises more intensively than the one of the TSP peak,
suggesting the presence of increasing number of anisotropic
nanoparticles with respect to the spherical ones. At the same
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time the wavelengths of the LSP peaks redshift with the progress
of the irradiation. Therefore, on the top of higher NRs yield, the
aspect ratio of the formed rods increases extending the irradiation
time. For all three irradiation times, the non-incubated samples
present higher absorbance intensities, indicating higher synthesis
yields for the non-incubated samples. Furthermore, the relative
increase of the LSP peak intensity with respect to the TSP one is
higher for the non-incubated samples compared to the incubated
ones, pointing out a higher AuNRs yield in case of non-incubation
of the precursor solution. Overall the incubation of the precursor
solution reduces the AuNRs production yield while favors their
anisotropic growth.

The effect of the incubation in dark on the NRs’ production
yield was evaluated also from the ICP measurements. The con-
centration of Auþ ions in the resulting AuNRs solution after
30 min irradiation decreased from 1.006 ppm for the non-
incubated sample to 0.5724 ppm for the sample incubated for
4 h. A similar behavior was observed for the concentration of
the Agþ ions decreasing from 0.0395 ppm in the non-incubated
sample to 0.013 ppm for the sample incubated 4 h. The decrease
of the amount of gold and silver ions in the final NRs solution,
induced by incubation of the precursor solution before UV
irradiation, suggests a decrease of the growth yield of the
NRs, in agreement with results obtained by the optical
characterization.

Sugimoto pointed out that a key point in order to achieve
narrow size distribution of nanoparticles is a good control, during
the synthesis, of nucleation and growth [43]. In particular, the
ideal condition would be to separate the two steps, having a fast
nucleation followed by a slow growth. The fast nucleation would
ensure nuclei of same sizes whereas the slow growth would
ensure a similar growth rate for all produced particles. Differently
from the seed-mediated synthesis, in the photochemical strategy
for the synthesis of AuNRs, the nucleation of the Au seeds and
their growth occur by UV irradiation in just one step. This is the
main disadvantage of photochemical synthesis with respect to the
seed-mediated protocol, leading to polydispersion and in general
lower aspect ratios of the obtained particles. At high concentra-
tions, as in our experimental conditions, CTAB in water is known
to give rise to aggregates. Although high CTAB concentrations
were shown to be critical for nanorods production [24], recent
works [36,40] showed that the anisotropic growth is highly
affected by the so-called underpotential deposition (UDP) of
metallic silver on the different crystal facets decreasing the Au
growth rate on the lateral faces. Herein we focus on the role of
CTAB in helping the anisotropic growth of the NRs after the
precursors’ incubation in the dark.

It is well known that CTAB functions as stabilizer of the
produced NRs in the aqueous solution. Furthermore CTAB con-
tributes to the photochemical synthesis by making complexes
with gold ions. In particular, the AuCl4

� ions in the precursor
solution are expected to first displace Br� ions and then bind
tightly to CTAþ forming CTAþAuBr4

� complexes [37]. Further
addition of ascorbic acid induces reduction of the CTAþAuBr4

�

complexes to CTAþAuBr2
� complexes. The high [CTAþ]:[AuCl4

�]
molar ratio in the reaction solution needed for our synthesis
(40:1) suggests that all Au precursors gets tightly bound to CTAþ ,
forming CTAþAuBr2

� complexes. Therefore, the CTAB beyond its
stabilizing character, functions as precursor for the CTAþAuBr2

�

complexes. We propose that a further role of the CTAB is to
ensure good gold ions reservoirs through the big aggregates of
CTAB and CTAþAuBr2

� , formed in the precursor solutions.
The reservoirs keep the concentration of free gold ions dispersed
in the solution low during the growth and at the same time lower
the speed of their movement due to their complexation in big
aggregates. Therefore, the aggregation state of the CTAB and
CTAþAuBr2
� is expected to influence the nucleation, growth and

dispersion of the later formed AuNRs.
UV irradiation of the dark incubated precursor solutions

generates ketyl radicals via excitation of acetone and hydrogen
atom abstraction from CTAB [41]. These radicals are strong
reductants and react with each other or initiate reduction of
AuBr2

� ions to Au(0) [41]. A similar reaction of ketyl radicals with
silver ions would be also possible but with slower rate, because of
lower electrochemical potential and lower concentration of silver
ions. Next, the Au(0) accumulate up to a critical concentration at
which nuclei will start to form, giving rise to the primary colloidal
particles (nucleation), which are then stabilized by a CTAB bilayer,
according to previous results [34,44]. Once a small number of
gold colloids are formed, a second reduction process can occur by
their collision with the gold ions reservoirs. This reduction occurs
in two steps. First ketyl radicals transfer electrons to the colloidal
gold particles [45]. Then stored electrons induce AuBr2

� and Ag�

ions reduction at the surface of the colloidal particles. This
reaction, competing with the first one during the growth of the
colloids, is diffusion controlled. In particular for silver ions the
diffusion controlled reaction was estimated to be predominant,
being three time faster than the other [46].

According to kinetic theory, the number and size of the
particles in solution determine their probability of collision in
the course of their Brownian motion. Therefore the diffusion
controlled growth of each formed gold particle depends on its
dimensions and on population and dimensions of gold ions
reservoirs in the reaction solution. In particular, the bigger the
reagents the slower the diffusion controlled growth rate. In
the case of fixed concentrations of the reagents of the synthesis
the number of gold ions reservoirs and the speed of their
Brownian motion in the precursor solution are both ruled by
the aggregation state of CTAB and CTAþAuBr2

�. As proved above
in our experiments the size of these aggregates increases with
increasing incubation time.

Moreover, slow collision frequencies are expected to support
anisotropic growth by preferential reduction of the gold precursor
at the tips of the NRs due to potential drop near the tips [47].
Electrons stored at the surface of the AuNRs are expected to
induce a potential distribution outside the rod decaying more
rapidly near the tips. This electric field distribution facilitates
aggregate collisions at the tips rather than at the sides. The
anisotropic growth becomes more prominent, reducing the speed
of approaching aggregates in agreement with previous experi-
mental results [37]. Along the progress of the AuNRs synthesis the
formed particles growth, therefore increase in size and therefore
their motion slow up, whereas the dimensions of the reservoirs
keep constant. Thus increasing the irradiation time the reduction
in the collision rate own favors the anisotropic growth, provided
the concentration of gold ions in the solution is sufficient to avoid
Ostwald ripening. This explains the observed enhancement of the
aspect ratio with increasing irradiation time. On the other side
incubation of the precursor solution results in the increase of the
CTAB and CTAþAuBr2

� complexes aggregate dimensions, inducing
through the decrease of the speed of the gold ions reservoirs
collisions improvement in the anisotropic growth and in the
dispersion of the NRs.
4. Conclusions

The influence on nanorod morphology of dark incubation of
the precursor solution has been investigated for the first time. The
precursor solution for AuNRs photochemical synthesis consisted
of HAuCl4 �3H2O as the gold salt precursor, CTAB as surfactant,
AgNO3 as uniaxial growth directing agent, cyclohexane as micelle
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stabilizer, acetone as free radical initiator and ascorbic acid as
mild reducing agent. After the first reaction step, involving the
reduction of Au(III) complexes to Au(I) complexes under the effect
of the addition of the ascorbic acid to the precursor solution, the
reaction solution was incubated in the dark for different intervals.
The effect of incubation in dark before UV irradiation on the
aspect ratio and the dispersion state of the AuNRs was studied by
complementary TEM and UV–vis-NIR absorption measurements.
It was found that, as the incubation time for the precursor
solution in dark increases the dimensions of CTAB and
CTAþAuBr2

� aggregates, the aspect ratio of the resulting NRs also
increases, due to a simultaneous increase of the length and a
small decrease of the width of the NRs. Also, the size distribution
of the AuNRs was significantly narrowed by incubation of the
AuNRs precursor solutions in the dark before UV irradiation.

We propose a growth mechanism to account for our results
that considers CTAB and CTAþAuBr2

� aggregates as precursor
reservoirs. In particular, larger aggregates induce slower diffusive
growth rates that besides favoring anisotropic growth also reduce
the size dispersion of the formed rods.
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