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ABSTRACT: The synthesis of gold nanorods requires the presence of
symmetry-breaking and shape-directing additives, among which bromide ions
and quaternary ammonium surfactants have been reported as essential. As a
result, hexadecyltrimethylammonium bromide (CTAB) has been selected as
the most efficient surfactant to direct anisotropic growth. One of the
difficulties arising from this selection is the low solubility of CTAB in water at
room temperature, and therefore the seeded growth of gold nanorods is
usually performed at 25 °C or above, which has restricted so far the analysis
of kinetic effects derived from lower temperatures. We report a systematic
study of the synthesis of gold nanorods from pentatwinned seeds using
hexadecyltrimethylammonium chloride (CTAC) as the principal surfactant
and a low concentration of bromide as shape-directing agent. Under these conditions, the synthesis can be performed at
temperatures as low as 8 °C, and the corresponding kinetic effects can be studied, resulting in temperature-controlled aspect ratio
tunability.

■ INTRODUCTION

Gold nanorods (AuNRs) have received significant attraction
during the past 20 years because of their potential application
in a variety of fields, including plasmon-enhanced spectros-
copies,1 biomedicine,2,3 chemical sensing,4 photonic and
optoelectronic devices,5 among others.4 Since the seminal
reports by Wang et al.,6 Murphy et al.,7,8 and Nikoobakht and
El-Sayed,9 the seeded growth of AuNRs in the presence of the
cationic surfactant hexadecyltrimethylammonium bromide
(CTAB) has been optimized by many other research
groups,10−17 by introducing either modifications in the
synthesis conditions or molecular additives (often cosurfac-
tants) in the growth solution. These modifications showed
interesting effects on the growth of gold nanorods, thereby
allowing further adjustment of AuNR shape, size, and purity
(shape and size monodispersity).
The growth of nanoparticles from seeds usually involves a

mild reducing agent and therefore is slower than methods not
involving preformed seeds (one-pot nucleation and
growth).18,19 As a result, a wide variety of shape anisotropy
modes can be achieved from seeded-growth approaches. In the
paradigmatic case of gold nanorods, as the most representative
example of seeded growth, it is reasonable to assume that the
reduction kinetics can be further slowed by using lower
reaction temperatures, which would further increase anisotropy
and, in turn, the aspect ratio of the final nanoparticle product.
As obvious as it seems, this hypothesis remains without
experimental demonstration. The main reason is that AuNR

synthesis requires the use of a bromide-containing surfactant
(CTAB), which is insoluble in water (it precipitates out) at
temperatures below 25 °C, making it difficult to realize
synthesis experiments below this temperature. The use of
alternative surfactants, such as the bromide-free
hexadecyltrimethylammonium chloride (CTAC, soluble
above 5 °C), is usually ruled out because chloride counterions
have a low adsorption energy on Au surfaces and are inefficient
with regard to symmetry breaking in gold nanorods.20,21 To
mitigate the problem of using CTAB at low temperatures,
researchers have explored alternative mechanisms that
modulate the reduction kinetics, including the addition of
silver22,23 and halide ions,24−26 or the variation of seed
concentration and pH.10,27−29 Although all of these additives
do alter the kinetics of gold reduction, in turn affecting the final
aspect ratio, they also complicate the final composition. On the
other hand, although temperature is the most straightforward
parameter to tune reaction kinetics, it remains barely
explored.30,31 It should be noted that most of the work
reported on the use of additives has been performed by using
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single crystalline seeds, in turn resulting in monocrystalline
AuNRs with octahedral cross section, containing an unknown
amount of silver, which is also required during the synthesis.32

On the contrary, additive-free nanorods are usually grown from
pentatwinned (decahedral) seeds, so that the 5-fold twinning
in the seeds is preserved in the final nanorods as well.33

We have recently reported a method for the high-yield
seeded growth of pentatwinned gold nanorods (PT-AuNRs)
with high monodispersity and tunability of both length and
width, and thus anisotropy, by optimizing the formation of
pentatwinned nanoparticle seeds.34 The significant increase in
the proportion of pentatwinned decahedra in the seed solution
allowed us to achieve a highly efficient growth of PT-AuNRs
with no need for any additives, including Ag+ ions. We report
herein a modification of this optimization protocol, based on
the use of CTAC as the primary surfactant and CTAB as a
minority additive to induce symmetry breaking. Under these
conditions (low bromide concentration), temperature can be
used to finely modulate the reduction kinetics of gold nanorod
growth. Our results confirm that slower reduction kineticsat
lower temperatureslead to a gradual increase in the aspect
ratio, such that the longitudinal localized surface plasmon
resonance (LSPR) band position can be tailored, from 721 up
to 1250 nm, as temperature is lowered from 40 to 8 °C, while
keeping all other experimental parameters constant. By using
this optimized protocol, we can obtain highly monodisperse
PT-AuNRs, with aspect ratios ranging from 2.8 to 7.3, through
modulation of a single parameter, temperature.

■ RESULTS AND DISCUSSION

Efficient, high-yield preparation of pentatwinned gold nano-
particles in general (nanorods, nanobipyramids, and nano-
decahedra) requires optimization of the synthesis of seeds with
5-fold twinning.34 When using optimized seeds, nanoparticle

size can be finely tuned, e.g., by varying the concentration of
seeds in the growth solution and by using ascorbic acid (AA)
as a mild reducing agent. As mentioned above, the growth of
isotropic seeds into highly anisotropic nanorods requires the
use of CTAB because bromide (Br−) ions preferentially adsorb
onto {100} facets on the sides of the nanocrystal, leading to
favored addition of gold atoms onto {111} facets.21 Bromide
enhances the adsorption of CTA+ on gold surfaces due to its
higher affinity compared to chloride, so that a facet-selective
adsorption of bromide should lead to a facet-selective
adsorption of CTA+.35,36 Additionally, the coordination of
Br− and CTA+ with gold ions may also slow down their
reduction kinetics and favor anisotropic growth.37

Therefore, an important question is: what is the minimum
concentration of CTAB needed to induce anisotropic growth?
Growing nanoparticles at 20 °C in pure CTAC (temperature
commonly used for PT-AuNR synthesis) leads to isotropic
nanoparticles, in this case mainly decahedra (Figure 1a,d).
Conversely, when the growth solution contains a concentration
of CTAB close to its critical micellar concentration (cmc) ∼ 1
mM, a mixture of isotropic and anisotropic nanoparticles is
obtained (Figure 1b,d). By further increasing CTAB
concentration up to 2 mM, the formation of nanorods is
strongly favored, as confirmed by transmission electron
microscopy (TEM) (Figure 1c) and UV−vis−NIR spectros-
copy (Figure 1d). The pentatwinned structure of the obtained
nanorods was confirmed by atomic resolution high angle
annular dark field scanning transmission electron microscopy
(HAADF-STEM), both in 2D and in 3D, as shown in Figure 2,
Figure S1, and Figure S2. Quantification of the amount of
anisotropic nanoparticles in each sample indicates that 100%
isotropic nanoparticles are obtained in the absence of CTAB,
whereas near its cmc the percentage of anisotropic nano-
particles goes up to 45%, and an increased CTAB

Figure 1. Effect of CTAB concentration on the yield of pentatwinned gold nanorods at constant CTAC concentration (100 mM). (a−c) TEM
images of gold nanoparticles obtained in the absence of CTAB (a), in the presence of CTAB 1 mM (b), and in the presence of CTAB 2 mM (c).
(d) UV−vis−NIR spectra (normalized at 400 nm) of gold nanoparticles synthesized in the absence of CTAB and in binary mixtures of CTAC and
CTAB with different CTAB concentrations. (e) Quantification of isotropic and anisotropic nanoparticles obtained in the presence of different
CTAB concentrations. (f) Photographs of aqueous solutions of pure CTAB, pure CTAC, and a CTAC−CTAB mixture stored at 8 °C for 60 min.
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concentration of 2 mM leads to almost exclusive growth of
nanorods (95%) (Figure 1e). These results confirm that
bromide is responsible for symmetry breaking, while the role of
CTAC is related to slowing down the rate of gold precursor
reduction and stabilizing nanoparticles against aggregation.36

To further confirm that bromide is critical to induce
anisotropic growth, we performed the PT-AuNR synthesis in a
growth solution of CTAC (100 mM), containing sodium
bromide (NaBr) instead of CTAB, with a final bromide
concentration of 2 mM. As expected, PT-AuNRs were also
obtained in the presence of bromide from NaBr (Figure S3).
Notwithstanding, we preferred to maintain the use of CTAB as
the symmetry breaking agent to avoid an unnecessary increase
in ionic strength. To show that the selected binary surfactant
mixture (CTAC: 100 mM; CTAB: 2 mM) allows us to work at
low temperature, we studied the effect of temperature on

Figure 2. (a) Atomic resolution HAADF-STEM image of a
pentatwinned Au nanorod tip to highlight the location of one of
the twin boundaries (indicated by a white arrow) and surface faceting.
(b, c) 3D visualization of a HAADF-STEM tomography reconstruc-
tion along different directions, showing surface faceting and 5-fold
symmetry in 3D.

Figure 3. Temperature effect on the dimensions and optical response of PT-AuNRs, obtained with the same AA:Au3+ and Au3+:Au0 molar ratios:
(a, b) UV−vis−NIR spectra of gold nanorods grown at different temperatures with AA:Au3+ molar ratios of 1.5 (a) and 2.0 (b). (c−f) Variation of
various parameters as a function of synthesis temperature, for AA:Au3+ = 1.5 (black dots) and 2.0 (red dots): longitudinal LSPR maximum (c), PT-
AuNR length (d), aspect ratio (e), and width (f). (g) Representative TEM images of PT-AuNRs obtained at different temperatures for AA:Au3+ =
1.5 (upper panel) and 2.0 (lower panel). Further details are provided in Tables S1 and S2 and in Figures S5−S8.
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surfactant crystallization from aqueous solution. It is known
that CTAB (100 mM) has a solubility threshold of 27 °C, and
we indeed observed crystallization at temperatures below 25
°C (Figure 1f and Figure S4a). On the contrary, CTAC (100
mM) can be cooled to 8 °C with no signs of crystallization
(Figure 1f and Figure S4b), while the aqueous surfactant
mixture (CTAC: 100 mM; CTAB: 2 mM) remains transparent
at 8 °C, but crystallization is observed at 5 °C (Figure 1f and
Figure S4c).38,39

Therefore, we set 8 °C as the lower temperature limit during
our study of the effect of temperature on PT-AuNR growth,
and we ran syntheses at different temperatures ranging from 40
to 8 °C (see Figure 3 and Tables S1 and S2), while keeping
AA:Au3+ = 1.5 and Au3+:Au0(seed) = 133 molar ratios
constant. Highly monodisperse PT-AuNRs were obtained at
all temperatures, featuring longitudinal LSPRs that span a wide
wavelength range, from 721 to 1250 nm (Figure 3a,c). In turn,
the aspect ratio of the obtained PT-AuNRs could be tailored
between 2.8 ± 0.2 and 7.3 ± 0.6 (length range from 77 ± 4 to
152 ± 9 nm, width range from 28 ± 1 to 21 ± 1 nm) (Figure
3d−g, Table S1; see histograms and additional TEM images in
Figures S5 and S7). Interestingly, when the AA:Au3+ molar
ratio was increased to 2.0, while keeping other experimental
parameters constant, we observed a narrower wavelength range
for the longitudinal LSPR band, from 652 to 884 nm, when
temperature was varied, again between 40 and 8 °C (Figure
3b,c). The aspect ratio of the obtained PT-AuNRs
correspondingly varied in a narrower range, between 2.4 ±

0.1 and 4.8 ± 0.3 (length from 72 ± 3 to 109 ± 4 nm, width
from 30 ± 1 to 23 ± 1 nm) (Figure 3d−g and Table S2; see
histograms and additional TEM images in Figures S6 and S8).
TEM characterization (Figure 3g and Figures S7 and S8)
indeed confirmed that for AA:Au3+ = 1.5 the obtained PT-
AuNRs were longer and thinner (higher aspect ratio) as the
synthesis temperature was decreased from 40 to 8 °C,
compared to those obtained for a higher AA:Au3+ molar
ratio of 2.0. Therefore, it is also confirmed that syntheses at
lower temperatures lead to PT-AuNRs with increased aspect
ratios, from 2.8 ± 0.2 to 7.3 ± 0.6 for AA:Au3+ = 1.5 and from
2.4 ± 0.1 to 4.8 ± 0.3 for AA:Au3+ = 2.0 (Figure 3e); i.e., a
wider variation in aspect ratio was obtained when using a lower
AA:Au3+ molar ratio (1.5).
We propose that the effect of temperature over the aspect

ratio of gold nanorods is due to a change in the reaction rates
involved in nanorod growth. Therefore, we performed kinetic
studies by monitoring the LSPR position and the absorbance at
400 nm (as an indication of Au0 concentration16) at different
temperatures, for both AA:Au3+ molar ratios (1.5 and 2.0),
keeping all other parameters constant (Figure 4, Tables S1 and
S2). It should be noted that in all cases the reduction of gold
precursor is fully completed, and the absorbance at 400 nm
reaches a maximum value of 0.3 in all kinetic experiments
(Figure 4a,b). The most important observation from these
experiments was that the rate of gold precursor reduction was
significantly slower as temperature was decreased. Gold salt
reduction was completed in ca. 10 min at 40 °C, whereas at 8

Figure 4. Kinetic study of the growth of gold nanorods at different temperatures, for different Au3+:Au0 molar ratios: 1.5 (a, c) and 2.0 (b, d). (a, b)
Time traces of the absorbance at 400 nm for different temperatures, as labeled. (c, d) Time traces of the longitudinal LSPR maximum during the
growth of gold nanorods at different temperatures, as labeled.
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°C the complete reaction was only achieved after 50 min
(Figure 4a,b). The rate of gold reduction (measured as the
increase of absorbance at 400 nm) for AA:Au3+ = 1.5 was
found to be slower than that for a molar ratio of 2.0, as
expected for a decrease in the reaction rate when a lower
concentration of reducing agent was used.
We also studied the changes in LSPR position as a function

of time, for different temperatures and concentration ratios
(Figure 4c,d). In all cases, the longitudinal LSPR displayed an
initial red-shift for several minutes of reduction but then
gradually blue-shifted until reduction of gold precursor was
completed. The extent of such blue-shifts was more
pronounced for the higher AA:Au3+ molar ratio of 2.0. These
observations confirm our initial hypothesis; i.e., a slower
growth kinetics is obtained by decreasing reaction temperature,
leading to an increase in the aspect ratio of the final gold
nanorods. The observed LSPR shifts also seem to indicate
variations of both length and width over time, which are
different for different compositions and temperatures.

As a usual parameter to tune aspect ratio in gold nanorod
synthesis, we additionally studied the influence of gold seed
concentration, and the obtained results are summarized in
Figure 5. We synthesized gold nanorods by varying the
Au3+:Au0 molar ratio (the ratio between added gold precursor
and seeds) at a low temperature of 8 °C and an AA:Au3+ molar
ratio of 1.5 (see details in Table S3). Regardless of seed
concentration, highly monodisperse PT-AuNRs were obtained
(Figure 5d), with longitudinal LSPR bands spanning a wide
wavelength range, from 857 to 1375 nm, when the Au3+:Au0

molar ratio was varied from 17 to 250, respectively (Figure
5a,b). The aspect ratio of the obtained nanorods ranged
accordingly between 4.2 ± 0.2 and 7.9 ± 0.6 (length from 55 ±
1 to 191 ± 7 nm, width from 13 ± 1 to 24 ± 1 nm) (Figure 5c
and Table S3; see histograms and additional TEM images in
Figures S9 and S10). It should also be noted that the growth of
gold nanorods below room temperature can be performed by
using twinned seeds with an average diameter of 6 nm,34

whereas the use of standard 1 nm seeds leads to the formation

Figure 5. Influence of seed concentration on the growth of pentatwinned gold nanorods at 8 °C for different Au3+:Au0 molar ratios, from 17 to 250,
keeping all other experimental parameters constant. (a) UV−vis−NIR spectra of PT-AuNRs prepared with different seed concentrations. (b)
Dependence of the longitudinal LSPR band wavelength as a function of Au3+:Au0 molar ratio. (c) Average dimensions of PT-AuNRs obtained with
different Au3+:Au0 molar ratios. (d) Representative TEM images of PT-AuNRs prepared with different Au3+:Au0 molar ratios, keeping constant the
concentration of gold precursor. Further details are provided in Table S3 and Figures S9 and S10.
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of isotropic nanoparticles at 20 °C and only a small fraction of
nanorods at 8 °C (Figure S11).
As an example of the potential applications of these high-

quality PT-AuNRs, we performed a systematic study of the
refractive index sensing properties and figures of merit (FOM)
of gold nanorods with different aspect ratios (Figure 6). The
plasmon resonance of gold nanoparticles is known to depend
on particle shape, size, composition, monodispersity, and the
refractive index of the surrounding medium.40 As a result,
plasmonic nanoparticles can be used for sensing of environ-
mental changes, their performance being mainly determined by
the so-called refractive index sensitivity (RIS), defined as the
magnitude of the LSPR shift per refractive index unit (RIU),
and the figure of merit (FOM),41 determined by the ratio
between the refractive index sensitivity and the full width at
half-maximum of the LSPR band (FWHM). The LSPR bands
in UV−vis−NIR spectra of nanoparticle dispersions red-shift
as the refractive index of the surrounding medium is increased.
We thus dispersed PT-AuNRs of different aspect ratios (Table
S1) in water−glycerol mixtures (0−100% in glycerol), which
display a linear variation of refractive index as a function of the
volume fraction, as shown in Figure S12.42,43 When gold
nanorods of different aspects ratios were dispersed in water−
glycerol mixtures with increasing glycerol content, the LSPR
was found to red-shift for all samples (Figure 6a and Figure
S13) as a result of the gradual increase in medium refractive
index. Interestingly, the LSPR position displayed a linear
dependence with the medium refractive index (Figure 6a, inset,
and Figure S14). Additionally, we observed that the plasmon
shift (ΔλLSPR) is also linearly dependent on the initial LSPR

position, meaning that larger shifts were obtained for PT-
AuNRs with higher aspect ratios (Figure 6b).
Additional observations can be made from the registered

RIS and FWHM for PT-AuNRs with different aspect ratios
(Figure 6c and Table S4). The RIS values were found to
increase from 376 to 783 nm/RIU and the FWHM from 76 to
154 nm for nanorods with increasing aspect ratios between 2.8
± 0.2 and 7.3 ± 0.6, respectively. Whereas both RIS and
FWHM follow a similar positive trend as a function of aspect
ratio (Figure 6c), the calculated FOM, i.e., RIS/FWHM,
features a volcano-like shape with a maximum at 875 nm,
which corresponds to an aspect ratio of 4.2 ± 0.2 (Figure
6c,d). Such a nonlinear behavior of the FOM can be explained
by a more pronounced contribution of the FWHM in the final
FOM value, which is related to the progressive LSPR band
broadening as aspect ratio increases.44 It should be noted that
the FOM values reported here are higher than those previously
reported for gold nanorods, which is indicative of the high
quality of the samples.42

■ CONCLUSIONS

We have demonstrated in this work that binary surfactant
mixtures of CTAC and CTAB can be used to largely reduce
the concentration of bromide during the synthesis of
pentatwinned gold nanorods, which in turn offers the
possibility to work at unusually low temperatures, even
below room temperature. Highly monodisperse nanorods
were obtained for various temperatures between 40 and 8
°C, which resulted in a fine modulation of the longitudinal
surface plasmon resonance, from 721 to 1250 nm. We clearly
showed that the variation in the final dimensions of the

Figure 6. Optical sensitivity of pentatwinned gold nanorods with different aspect ratios. (a) UV−vis−NIR spectra of nanorods with an aspect ratio
of 4.2 ± 0.2, dispersed in water−glycerol mixtures of varying volume fractions (0−100% in glycerol). (b) Maximum plasmon shift (ΔλLSPR) as a
function of the initial longitudinal LSPR band position. (c) RIS and FWHM for PT-AuNRs of different aspect ratios. (d) Dependence of FOM with
the aspect ratio of PT-AuNRs. Further details are provided in Table S4.
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obtained nanorods is due to kinetic effects, as the growth rate
displays a significant dependence with reaction temperature.
Although we showed an initial study of the nanocrystal growth
mechanism, further studies will be possible by expanding the
toolbox of reaction parameters. The high quality of the
obtained nanorods was also demonstrated through a high
refractive index sensitivity, yielding record-high figures of
merit.
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