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1 Introduction

ABSTRACT

We have carried out a comprehensive study on the formation mechanism of
Au nanorods (AuNRs) in binary surfactant mixtures composed of quaternary
ammonium halide and sodium oleate (NaOL). We identify the cetyltrimethyl
ammonium (CTA)-Br-Ag" complex as the key ingredient in directing the anisotropic
growth of AuNRs. Based on the improved understanding of the cooperative
interactions among CTA*, Br- and Ag®, we further demonstrate that AgBr, which
is readily solubilized by the cetyltrimethyl ammonium bromide (CTAB) or
cetyltrimethyl ammonium chloride (CTAC) micelles, can be employed as the
combined source of Ag* and Br~ for the preparation of AuNRs. The growth of
high-quality AuNRs can be completed within 15 min under extremely low
bromide content (0.1 mM).

[7-14], therapy [15-19], and surface-enhanced Raman
scattering (SERS) [20—24]. The first reported synthesis

Anisotropic nanostructures have drawn great attention
from the research community due to their size- and
shape-dependent physical properties [1-5]. Among
these nanostructures, colloidal gold nanorods (AuNRs)
have become one of the most widely studied model
nanostructures over the past decade because of their
unique surface plasmon resonance (SPR) property [6]
and their potential applications in biomedical imaging

of “true” AuNRs dates back to the mid-1990s, when
Wang and co-workers prepared AuNRs with distinc-
tive SPR using an electrochemical approach [25]. A
significant boost in AuNRs research has been spurred
by the pioneering work on silver-assisted seed-mediated
synthesis of AuNRs from the Murphy group and the
El-Sayed group in the early 2000s [26-28]. Since then,
continuous effort has been devoted to optimizing the
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original protocol and impressive progress has been
made. For example, various types of additives,
including nitric acid or hydrochloric acid [29-31],
sulfides [32], halides (bromide and iodide) [33-36],
and acetone [26], have been used to initiate and control
the growth of AuNRs. Recently, by introducing aromatic
additives or secondary surfactants as a weak reducing
agent, Murray and co-workers were able to synthesize
monodisperse AuNRs with broadly tunable aspect ratio
and SPR peaks [37-39]. Although significant progress
has been made on the mechanistic understanding of
AuNRs through the use of various ex situ and in situ
characterization techniques, many key components
of the growth system remain poorly understood. Since
the synthesis involves multiple reagents and reaction
steps, it has been very difficult to directly probe the
roles of individual ingredients of the reaction mixture.

It is generally accepted that Au seeds, CTA*, Br-
and Ag’*, are collectively responsible for the formation
of AuNRs. Gold seeds (about 3 nm) with different
crystallinities can lead to the formation of either penta-
twinned or single-crystal AuNRs [40]. The CTA* ions
were originally considered as a soft-template to direct
the growth of AuNRs, but later it became widely
accepted that CTA" ions form a bi-layer around the
AuNRs and act as a capping ligand. In contrast,
the role of Br~ has been a subject of debate. Both the
Murphy and Jin groups reported that a high con-
centration of Br~ (0.1 M) was needed to obtain high-
quality AuNRs [36, 41]. Jin and co-workers also proposed
that a high concentration of Br~ could etch the Au
seeds and facilitate the formation of AuNRs [41].

However, Murray and co-workers reported that
monodisperse AuNRs can still be obtained at a low
concentration of Br~ (~0.15 mM) [37]. Furthermore,
Ag" is important for improving the product yield and
controlling the aspect ratio of AuNRs.

There are three major hypotheses for the role of
Ag': (1) under-potential deposition (UPD) of silver
on AuNRs: A sub-monolayer of Ag atoms could be
deposited onto the side facet of AuNRs and therefore
ensure the anisotropic growth [42, 43]; (2) facet-blocking:
The CTA-Br-Ag-Br complex can selectively adsorb
onto the side facet of AuNRs and block the growth
perpendicular to that direction [44-46]; (3) soft-
templating: Ag* can interact with Br- and deform the
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shape of CTAB micelles from spherical to cylindrical
[40, 47].

However, none of these hypotheses can satisfactorily
account for all of the experimental observations. For
instance, metallic silver has been detected near the
surface of AuNRs through X-ray photoelectron spec-
troscopy (XPS) and extended X-ray absorption fine
structure (EXAFS) characterizations, supporting the
UPD mechanism. On the other hand, using advanced
energy dispersive X-ray spectroscopy, Wright and
co-workers showed that there was no preferential
adsorption of Ag" on certain facets around the surface
of AuNRs, in consistent with the “soft-template”
mechanism [48].

In this contribution, we study the roles of key
reactants in the Ag*-assisted seed-mediated growth of
AuNRs in a binary surfactant system. We identified the
function of each component by replacing cetyltrimethyl
ammonium bromide (CTAB) with a mixture of
cetyltrimethyl ammonium chloride (CTAC) and KBr.
It is found that seeds capped with either CTAB or
CTAC can lead to the formation of AuNRs in high
yields. To ensure high-yield synthesis of AuNRs, there
exists a minimally required concentration for the Br~
and Ag* (~0.1 mM for both). Importantly, we find that
the ratio of Br/Ag" should be equal to or greater than
1:1 when the concentrations of both species approach
the minima (~0.1 mM for both), indicating that there
is a synergetic interaction between Ag* and Br in
directing the formation of AuNRs.

2 Experimental
21 Chemicals

CTAB (>98.0%), CTAC (or C16, >95.0%), tetradecyl-
trimethyl ammonium chloride (TTAC) (or C14, >98.0%),
dodecyltrimethyl ammonium chloride (DTAC) (or
C12, >97.0%), octadecyltrimethyl ammonium chloride
(OTACQ) (or C18, >98.0%) and sodium oleate (NaOL,
>97.0%) were purchased from TCI China. Hydrogen
tetrachloroaurate trihydrate (HAuCl,-3H,0), L-ascorbic
acid (BioUltra, 299.5%), silver nitrate (AgNO;, >99%),
sodium borohydride (NaBH4, 99%), and hydrochloric
acid (HCI, 37 wt.% in water, 12.1 M) were purchased
from Sigma Aldrich. All chemicals were used as
received. Ultrapure water obtained from a Milli-Q
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Integral 5 system was used for all experiments. All
glassware was cleaned with freshly prepared aqua
regia (HCl and HNQ; in a 3:1 volume ratio), followed
by rinsing with copious amount of water.

2.2 Synthesis of AuNRs

AuNRs were synthesized according to the following
three steps. (1) Preparation of growth solution: Certain
amounts of CTAC and sodium oleate were dissolved
in water, after which HAuCl, solution was added.
(2) Preparation of seed solution: 5 mL of CTAC solution
(0.2 M) was mixed with 5mL of HAuCl, (0.5 mM)
solution in a 20 mL glass vial. 0.6 mL of fresh NaBH,
(0.01 M) was diluted to 1 mL with water and was
subsequently injected to the Au(Ill) solution under
magnetic stirring (1,500 rpm). The stirring was stopped
after 2 min. The seed solution was aged at room tem-
perature for 30 min before use. (3) AuNRs growth:
When the growth solution became colorless, a certain
volume of HCI (37 wt.% in water, 12.1 M) was added
to adjust the pH of the growth solution, after which
the solution was kept under stirring for another 15 min.

Varying the addition sequence of Br~

(a) 1 NaBH,
-
[ i
: e
CTA*/Br/Au® Au seed
K HCI R ;
- ——— —
. Ascrobic acid oy
CTA*/OL7/Ag'/Au®  Au* Au* AuNRs
(b) ~  NaBH,
>
CTA*IAU®* Au seed
— HOl o
Ascrobic acid -
CTA'/OL/Br/Ag*/Au®  Au* Au* AuNRs
(c) = NaBH, |
an
CTA*/Au®* Au seed
= = Hel R Br-
_— —
= Ascrobic acid =)
CTA'IOL/Ag* AU Au* Au* AuNRs

Scheme 1
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Ascorbic acid (0.064 M) was added into the solution,
followed by vigorous agitation for 30s. Finally, an
appropriate volume of seed solution was injected into
the growth solution to initiate the AuNRs growth.
The mixture was stirred for 30 s and left undisturbed
at 30 °C for AuNRs growth. The final products were
isolated by centrifugation at 4,000 rpm for 25 min
followed by the removal of supernatant. No size and/or
shape-selective precipitation was performed. The effect
of the addition sequence of bromide and silver was
studied, as illustrated in Scheme 1. The concentrations
of HAuCl, and ascorbic acid were kept at 0.5 and
0.154 mM, respectively. More details are presented in
the Electronic Supplementary Material (ESM).

2.3 Preparation of CTA-Br-Ag-Br (CTABSB)

In a typical experiment, 12.5mL of 0.93M AgNO,
aqueous solution was added drop-wise into 100 mL
of 0.27 M aqueous solution of CTAB under vigorous
stirring at room temperature. The as-obtained white
precipitate was washed with distilled water three
times and then dried in vacuum for 2 h.

Varying the addition sequence of Ag*

(d) =2 NaBH,
—
- &
CTA*/Ag* /AU Au seed
o - B 5|
> — e
- Ascrobic acid =
CTA*/OL7/Br/Au®* Aut Au* AuNRs
() - NaBH,
&5
CTAY/Au® Au seed
i Al i
= Ascrobic acid =
CTA*Y/OL/Ag*Bri/Au®  Au* Au* AuNRs
(f) = NaBH,
LN
CTA*/Au®* Au seed
o | o Ag*
HCI
- T— .
Ascrobic acid
CTA*/OL/Br/Au>* Au* Au* AuNRs

Schematic illustration of the effect of the addition sequence of (a)—(c) Br and (d)—(f) Ag'. Br” was added into (a) the seed

solution; (b) the growth solution; and (c) after mixing the growth solution and seed solution. And Ag" was added into (d) the seed
solution; (e) the growth solution; and (f) after mixing the growth solution and seed solution. It is found that high-quality AuNRs can be

obtained in all cases.
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24 Preparation of CTA-Br-Ag-Cl (CTABSC)

In a typical experiment, 1.6 mmoL of CTAC was
first dissolved in 50 mL of water, followed by the
simultaneous injection of 0.8 mL KBr (0.2 M) and 0.8 mL
AgNO; (0.2 M) of solution under vigorous magnetic
agitation (1,500 rpm) for 30 min at room temperature.
After that, the mixed solution was dried by rotary
evaporation to get the complexes of CTABSC.

2.5 Characterization

Transmission electron microscopy (TEM) charac-
terization was conducted by using a LaB6 TEM
(TECNAI G2, FEI), operating at 200 kV. The UV-vis
spectra were collected by using the LAMBDA 750
spectrograph (PERKINELMER, USA) in the spectral
range of 300-1,200 nm. Scanning electron microscopy
(SEM) images were taken at 5 kV by using the Supra 55
SEM from Carl Zeiss, Germany. Mass spectroscopy was
carried out with a MALDI-TOF-MS from Micromass,
UK in the range of m/z 60-800 without using a matrix.
X-ray diffraction (XRD) patterns were collected by
using a Shimadzu XRD-6000 X-ray diffractometer
equipped with Cu Ka radiation (A = 0.15406 nm).
Nuclear magnetic resonance (NMR) spectroscopy
was obtained on a Varian Unity INOVA 400NB with
deuterated chloroform (CDCl;) as the solvent.

3 Results and discussion

To study systematically the effects of Br~ in the seeded
growth process, CTAC and NaOL were used as the
surfactants and KBr was used as the Br~ source. As
illustrated in Scheme 1, KBr was introduced into the
system at three different stages: (a) formation of seeds;
(b) and (c) growth of seeds: (b) before or (c) after the
injection of seeds. The concentration of Br~ in all three
cases was kept at 0.16 mM, which is much lower than
the concentrations used in most other reports (100 mM).
In the first case (Scheme 1(a)), when KBr was added
for the formation of seeds, the outcome appears to be
the same as that of the seeds prepared by using CTAB.
The seed solution exhibited a light brownish color
and size of the seed particles was around 3-4 nm.
High-resolution TEM (HRTEM) images showed that
the lattice distances of Au seeds obtained by using
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either CTAB or CTAC/KBr as the capping ligand
can be indexed as Au (111) (Fig. S1 in the ESM). A
representative TEM image of AuNRs obtained is
shown in Fig. 1(a), which suggests that the combination
of CTAC and KBr works well for AuNRs growth. It is
well known that the seed structure is critical to the
morphology of the final product, while the seed
structure is determined by several factors, including
capping ligand, reductant, and reaction temperature
[49]. To the best of our knowledge, there is no report
on the synthesis of AuNRs from CTAC-capped seeds
yet.

In the second approach (Scheme 1(b)), where CTAC
was used as the sole capping ligand during seed
formation, no obvious difference between the resultant
CTAB™ and CTAC-capped seeds was observed. HRTEM
image of Au seeds obtained by using CTAC as the
capping ligand shows that the size of the Au seed is
around 4-5nm, and the lattice distance can also be
indexed as Au (111) (Fig. S2(c) in the ESM). High-
quality AuNRs were obtained when KBr (0.16 mM in
the final solution) was added to the growth solution
(Fig. 1(b)). This result confirmed that CTAC-capped
seed could be used to generate high-quality AuNRs.

In the third scenario (illustrated in Scheme 1(c)), the
injection of Br-free seed solution did not initiate the
reduction process if no Br was present, as indicated
by the fact that the growth solution remains colorless
and stable for several days. When KBr solution was
introduced, the colorless solution gradually became
light reddish, bluish, and eventually brownish, con-
firming the formation of monodispersed AuNRs
(Figs. 1(c) and 1(d)).

Therefore, it appears that high-quality AuNRs can
be synthesized no matter when Br~ was introduced
into the reaction mixture. Our results confirm that Br-
is an essential ingredient for the formation of AuNRs.
The aspect ratio of AuNRs can be readily adjusted by
controlling the reaction conditions presented for all
three approaches. Taking the third one (Scheme 1(c))
as an example, where Br~ was injected after mixing
the growth solution and Br-free seed solution, it was
found that the SPR wavelengths could be continuously
tuned from 620 to 1,020 nm (Figs. 1(e) and 1(f))).

Compared to Br,, much less research effort has
been devoted to understanding the consequence of
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Figure 1 TEM (a), (b), and (d) and SEM image (c) of AuNRs
obtained when KBr solution was added into (a) the seed solution;
(b) the growth solution; and (c) and (d) after mixing the growth
solution and seed solution. The inset in (d) shows the TEM image
of vertically standing domains of AuNRs. The scale bar in the
inset is 50 nm. Photograph (e) and UV—vis spectra (f) of AuNRs
obtained by varying the reaction conditions, when Br~ was added
after mixing the seed solution and growth solution. The average
dimensions (length, diameter) of the AuNRs (a)—(c) are (47.3 nm,
16.5 nm), (50.2 nm, 17.1 nm), and (52.7 nm, 17.4 nm), respectively.

Ag" introduced into the reaction mixture. Here we
also investigated the effects of Ag* by altering the
addition sequence, as illustrated in Schemes 1(d)-1(f).
In the first case (Scheme 1(d)), Au nanoparticles with
size around 3-5 nm could be obtained when Ag* was
added into the seed solution (Fig. S2(d) in the ESM).
The resultant AuNRs were very uniform (Fig. S3(a) in
the ESM). In contrast, the reaction mixture remained
colorless in the absence of Ag* for several hours, and
only spherical Au nanoparticles were obtained after
24 h (Scheme 1(f)). When Ag* was added after mixing
the seed solution and growth solution, the color of the
mixture quickly changed from colorless to brownish
within around 15 min and high-quality AuNRs were
obtained (Fig. S3(d) in the ESM). It is worth pointing
out that Ag* should be added before the formation of
Au spherical nanoparticles, as evidenced by the fact
that low yields of AuNRs (morphological yield <10%)

Nano Res. 2017, 10(6): 2146-2155

were observed when Ag+ was injected after the reaction
mixture became reddish. These observations suggest
that Ag' ions are critical during the early stage of
AuNRs formation.

When CTAB was replaced by a mixture of CTAC
and KBr, one notable feature is the dramatically
reduced reaction time. Most reported protocols using
CTAB-capped seeds and CTAB growth solution usually
take several hours to ensure the synthesis of high-
quality AuNRs. Although there are several reports on
the fast synthesis of AuNRs, they usually suffer from
some draw-backs, including low morphological yield
and narrow tunability. When CTAC-capped instead of
CTAB-capped seeds were employed while still using
CTAB in the growth solution, the reaction system
required about 7 h to complete (black curve in Fig. 2(a)).
On the other hand, the reaction could be completed
within 45 min when CTAB-capped seeds and CATC
growth solution were used (red curve in Fig. 2(a)).
The reaction can be further accelerated by replacing
CTAB in the growth solution with a combination of
CTAC and Br". Remarkably, all three variations were
found to reach a plateau within about 15 min ([Br] =
0.16 mM). When the concentration of Br- is increased,
an obvious S-shaped plot can be observed, indicating
a possible incubation time before the formation of
AuNRs. This phenomenon can be attributed to the
stronger complex ability of bromide and Au. As a
result, the reduction reaction is retarded.

Furthermore, these results indicate that a high
concentration of Br~ can slow down the growth of
AuNRs, which is in agreement with the observation
by Raston and co-workers [50]. To better understand
why bromide ions can retard the growth of AuNRs,
matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry was used to analyze the complexes
formed between gold and Br~ions. As shown in Fig. 54
in the ESM, a sharp peak at the m/z of 357.07, attributed
to AuBr;, was observed in the CTAB growth solution.
As a result, the slower reaction rate can be explained
by the formation of AuBr,” in the presence of higher
concentration of Br~.

It is clear that high-quality AuNRs can be obtained
as long as CTA", Br, and Ag* ions were simultaneously
present before the reduction of gold precursor
commences. A series of experiments were conducted

'EN%IEI}SS%I'}EE?S @ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2017, 10(6): 2146-2155

(a)

100 1
80 4
& 601
3 40+
> 20 - —A— [Br]=0.16 mM
-o— [Br] =36 mM
0 4 - [Br]=37mM
0 100 200 300 400 500
t (min)
(b)
1007
80
< 60]
°
o 401
> —&— KBr in seed solution
201 —e- KBr after mixing
o -a— KBr in growth solution

0 2 4 6 8
t (min)

10 12 14 16

Figure 2 Plots of the reaction progress as a function of reaction
time. (a) AuNRs were obtained by using: (red triangle) CTAB
capped seed and CTAC growth solution; (black dot) CTAC capped
seed and CTAB growth solution; (blue square) CTAB capped
seed and CTAB growth solution. (b) AuNRs were obtained when
CTAC was used as the sole surfactant and KBr was added into
(red triangle) seed solution; (black dot) after mixing the growth
solution and seed solution; and (blue square) growth solution. The
concentration of Br™ is 0.16 mM in all three cases (b). Detailed
reaction conditions are listed in Table S1 (in the ESM).

to figure out the correlation among these three com-
ponents. As shown in Fig. 3, there exists a lower limit
for the concentrations of both silver and bromide ions.
AuNRs with a morphological yield higher than 90%
can be synthesized when both the concentrations of
silver ions and bromide ions exceed 0.1 mM. Impor-
tantly, when both species approach the threshold
concentrations of 0.1 mM, a linear correlation between
them was observed, which is highlighted in the inset
of Fig. 3. The concentration of Br~ should be equal or
higher than that of Ag*. This is the first time that such
a correlation between Ag* and Br~ is uncovered. The
concentration of Br~ used in existing protocols was
generally much higher than that of Ag*. As a result,
many research groups have conjectured that the
complex of CTA-Br-Ag-Br could play an important
role in determining the formation of anisotropic
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Figure 3 Scatter plots showing the correlation between the
concentration of bromide and silver ions during AuNR formation.
The solid triangles correspond to successful preparation of AuNRs
(defined as a product yield higher than 90%), while the hollow
ones indicate dramatically lower yield (lower than 50%). The
inset shows the linear correlation between Br™ and Ag" when both
are approaching the low-limiting concentrations (0.1 mM for both).

AuNRs.

For instance, Hubert et al. successfully prepared
AuNRs by using the CTA-Br-Ag-Br complex [46].
Recent density functional theory (DFT) calculations by
Almora-Barrios and co-workers demonstrated that
this complex could preferentially adsorb onto certain
facets of the seeds, blocking them from growth, and
promoting the formation of anisotropic AuNRs [51].

In contrast, our results indicate that the primary
complex responsible for AuNR growth is CTA-Br-Ag?*,
in the form of either CTABSB or CTABSC. With a fixed
Br/Ag" ratio of 1, monodisperse AuNRs with tunable
dimensions and SPR properties can be prepared
by simply varying the concentrations of Ag* and Br~
(Fig. S5 in the ESM). It is worth pointing out that
when the concentrations of Br~ and Ag* are higher
than 0.2 mM, monodisperse AuNRs could be obtained
even when the concentration of Ag" is higher than Br.
It is believed that there is a minimum required con-
centration of both Br- and Ag*. The formation rate of
AuNRs is influenced by the concentration of both Br~
and Ag'. When the concentrations of Br- and Ag" are
increased accordingly, the reaction rate decreased
gradually, as evidenced by the slower color change.

The minimal required concentration of CTA" was
also studied. Jin and co-workers found that AuNRs

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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could be obtained even when the CTAB concentration
was as low as 0.5 mM, which is lower than the critical
micelle concentration (cmc) of CTAB (~1 mM at room
temperature) [41]. However, in that case, the concen-
tration of Br~ was still at 0.1 M and the morphological
yield of AuNRs was marginal. We carried out a set of
experiments in which both the concentrations of Ag*
and Br~ were fixed at 0.16 mM. When the concentration
of CTAC was 0.5 mM, only large spherical nano-
particles were obtained. Gold nanoparticles with an
aspect ratio of about 1.43 could be prepared when
CTAC concentration was only 0.9 mM (Figs. S6 and
S7 in the ESM), which is still lower than the cmc of
CTAC (1.3 mM at 30°C) [52]. Increasing the CTAC
concentration to 3.7 mM led to the formation of
elongated nanoparticles, which points to the shape-

Nano Res. 2017, 10(6): 2146-2155

promoting effects of CTA". Further increasing CTAC
concentration to 9.8 mM resulted in the formation
of AuNRs. The length of AuNRs remained almost
constant while the diameter decreased dramatically
when the concentration of CTAC was increased.
Based on these experimental observations, we pro-
pose that the most important factor in determining
AuNR growth is the formation of [CTA-Br-Ag]*
complex ions. The counter ion can be either bromide
(forming CTA-Br-Ag-Br), or chloride (forming CTA-
Br-Ag-Cl). To further confirm the proposed mechanism,
two complexes, namely CTABSB [52] and CTABSC,
were synthesized. The XRD pattern of the CTABSB
complex is shown in Fig. 4(a). It is believed that the
CisHNAgBr, compound has a layered structure with
the AgBr monolayer bound to interdigitated CTAB

(@)

1 —crasse
(b)
| 1 AgBr ““1 —cTaBsc
._L.*J.xﬂ CTAC 3 0.8
“ N CTAB 5 0.6
a
i
CTABSB
<02
CTABSC
T T T T T T - 0.0 - - T T .
10 20 30 40 50 60 70 500 600 700 800 900

26(%)

TSINGHUA
UNIVERSITY PRESS

S

/

Wavelength (nm)

i

\

i

lﬁu e
U

i

—

Figure 4 (a) Powder XRD patterns of different compounds: (from top to bottom) AgBr, CTAC, CTAB, CTA-Br-Ag-Br, and CTA-Br-
Ag-Cl; (b) UV—vis spectra of AuNRs prepared by using CTA-Br-Ag-Cl (black curve) and CTA-Br-Ag-Br (red curve) as the ligands;
(c) and (d) TEM images of AuNRs prepared by using (¢c) CTA-Br-Ag-Cl and (d) CTA-Br-Ag-Br as the ligand. TEM images of AuNRs
prepared by dissolving AgBr crystals in (¢) CTAC and (f) CTAB solution.
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layers [53, 54]. It is worth mentioning that our efforts
in synthesizing CTACSC turned out to be unsuccessful,
and only AgCl precipitates were obtained when CTA",
Ag* and ClI" were mixed (Fig. S8 in the ESM). The
as-prepared complexes are very stable. After being
stored under ambient condition for three months, no
obvious change was observed from XRD measurements.
XPS measurements show that the ratios between
Br and Ag are about 2.12/1.00 in CTA-Br-Ag-Br and
1.13/1.00 in CTA-Br-Ag-Cl (Figs. S10 and S11). Both
CTABSB and CTABSC complexes were used as ligands
to prepare high-quality AuNRs (Figs. 4(b)-4(d)).

Although AgBr is an insoluble compound in pure
water (K, = 5.4 x 107%), small amounts of AgBr are
soluble in a CTAB micelle solution. It is found that
AgBr can also be used to synthesize AuNRs. Certain
amount of AgBr (the final concentration of Ag" in the
growth solution was fixed at 0.16 mM) was dissolved in
CTAC or CTAB solution by ultrasonication. Figure 4(e)
shows the TEM image of AuNRs prepared by
dissolving AgBr into the CTAC growth solution. The
average length is ~52.4 nm and the diameter is about
21.3 nm, giving rise to a LSPR peak at ~800 nm (Fig. S12
in the ESM). Monodisperse AuNRs could also be
prepared by dissolving AgBr powders into a CTAB
growth solution (Fig. 4(f)). Other similar complexes
including DTA-Br-Ag-Cl, TTA-Br-Ag-Cl, and OTA-
Br-Ag-Cl with different alkyl chain lengths were
also effective in promoting the formation of AuNRs
(Fig. S14 in the ESM).

4 Conclusions

In conclusion, we have demonstrated that the most
critical factor in the seeded growth of AuNRs is the
complex, CTA-Br-Ag*, which can selectively bind
onto certain facets of Au seeds and facilitate the
formation of anisotropic nanostructures. On the basis
of this improved understanding of the mechanism,
we have refined the synthesis by replacing CTAB with
a mixture of CTAC and KBr. More effort is currently
being devoted to growing large single crystals of
CTA-Br-Ag-Br and CTA-Br-Ag-Cl and analyzing their
crystal structures. Remarkably, monodisperse AuNRs
can be obtained within 15 min after seed injection,
which is much faster than existing protocols that take
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several hours. We have also shown that AgBr, which
forms the CTA-Br-Ag* complex upon adding to the
CTAB or CTAC solution, can be used directly for
AuNR synthesis. This work represents an important
step toward a better understanding of the mechanism
of AuNRs synthesis.
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