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The effects of the seed reaction conditions on the two-step seed-mediated growth of gold nanorods and the effect of gold and
reducing agent content in the growth solution were evaluated. Results indicate that the reaction conditions used to produce the
seeds have a significant impact on the aspect ratio of the gold nanorods produced. Increasing the concentration of gold or the
reaction temperature in the seed production step results in lower length to diameter (aspect ratio) gold rods. In addition, the
amount of prepared seed added to the growth solution impacts the rod aspect ratio, with increasing amounts of seed reducing the
aspect ratio. The effects of reducing agent, ascorbic acid (AA), and gold content of the growth solution on the aspect ratio of the
produced rods are strongly interrelated. There exists a minimum ascorbic acid to gold concentration below which rods will not
form; however, increasing the ratio above this minimum results in shorter rods being formed. Characterization of nanorod growth

is performed by UV-vis-NIR spectrophotometry and transmission electron microscopy (TEM).

1. Introduction

In metallic nanoparticles, the mean free path of electrons
under standard conditions is generally about 10 to 100 nm.
As a result, metal nanoparticles display significantly different
properties than either individual atoms or bulk materials
[1]. One of the first applications for metallic nanoparticles
was as a nanocatalyst [2]. Since then, other industries and
processes potentially impacted by nanotechnology have been
identified. These industries and processes include petroleum
cracking, controlled release, mechanical enhancement, fire-
proofing, and control of gas permeation rates [3-8]. Gold
nanoparticles, in particular, have been shown to be simple
to functionalize and stable under oxidative environments,
making them particularly attractive for biomedical applica-
tions such as biomedical sensing and cancer treatment and as
carriers for bioactive compounds [9-13].

Gold nanoparticles are relatively easy to synthesize in
the spherical form [13, 14]; nanorods are significantly more

difficult to produce. However, changing the shape of gold
nanoparticles alters their interaction with resonant electro-
magnetic radiation, leading to potential advances in the field
of sensors, contrast agents for optical detection, drug delivery,
and cancer cell diagnostics [9]. In particular, the peak
absorption can be varied across a wide range of frequencies
by changing the length to diameter ratio. Both Kityk et al. and
Ozga et al. have demonstrated nonlinear optical properties of
Au doped thin films [15, 16]. In these studies the surface plas-
mon resonance of the gold particles was shown to increase
local charge transfer and determine the second order optical
effects. In the last 20 years, several synthesis routes have been
developed for the production of gold nanorods, including
multiple template methods, variations of electrochemical
methods, and photochemical methods [2, 12, 14]. However,
these routes suffer from low yield of the nanorods, damage to
the nanorods during production, and many times, low quality
products due to a lack of substantial control over the growth.
One of the simplest methods for production of gold nanorods
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in solution is the seed-mediated approach, where nanorods
are grown from small spherical gold nanoparticles [12, 17-
19]. This approach utilizes a surfactant to stabilize growth and
guide nanorod formation over the formation of other shapes.
In addition, some variations of this technique utilize silver
ions that promote the formation of nanorods but also reduce
the aspect ratio [20, 21].

For many gold nanorod synthesis methods, tailoring the
aspect ratio can be difficult. The strategy employed depends
on the particular synthesis route, such as changes to the
template used for template directed growth or changes in
reaction time for photochemical or electrochemical growth
(2,12, 14]. With the seed-mediated approach, however, there
are many more techniques for the tailoring of aspect ratios
without reducing throughput, increasing reaction time, or
limiting flexibility of the process. The seed-mediated process
is fundamentally a wet chemical route and thus changes
to reaction conditions including temperature and reactant
concentrations should be facile routes to controlling product.
For example, Smith et al. have demonstrated that trace
contaminates such as iodide prevent nanorod formation [22].
Sao and Murphy demonstrated that increasing chloroauric
acid amounts will result in higher aspect ratio nanorods
until a critical level is reached where aspect ratio decreases
again [23]. Increasing ascorbic acid amounts have been
shown to decrease the aspect ratio of the nanorods, even
leading to the production of alternate shapes at higher levels
[23, 24]. After becoming a pioneer of the seed-mediated
growth of gold nanorods, Murphy et al. discovered that the
introduction of silver nitrate improved yield but decreased
aspect ratio [19-21]. However, the actual mechanism of the
silver nitrate interaction is not yet completely understood.
Pérez-Juste et al. have demonstrated that higher amounts of
seed particles introduced into the growth solution will result
in lower aspect ratio nanorods because of the introduction
of more nucleation sites [25]. Finally, higher temperature
of the growth solution has been documented to result in
lower aspect ratio nanorods, due to decreased surfactant
association tendency and resultant lower stabilization [26].

The goal of this work was to understand the limits of the
process for producing nanorods of any aspect ratio. In the
present work, we demonstrate the individual and interrelated
effects of chloroauric acid (HAuCl,) and ascorbic acid (AA).
These factors control the rate of production of reduced gold
in the reaction medium and are critical in controlling growth.
Additionally, the seed production conditions were evaluated
for their effects on the nanorod growth process.

Surface plasmon resonance occurs when the oscillation
of the electromagnetic field, in a resonant frequency of
light, forces conduction band electrons to begin to oscillate
(17, 19]. This results in two distinct absorption peaks in
UV-vis-NIR spectra for colloidal gold nanorods. One peak
corresponds with the transversal plasmon (along the shorter
axis of the nanorods), while the other corresponds with the
longitudinal plasmon (along the longer axis). The transversal
plasmon peak is usually located around 520 nm, but the
longitudinal plasmon peak is red-shifted depending mainly
on the aspect ratio of the nanorods; larger aspect ratios
typically result in larger wavelength absorption peaks [27]. In
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this work UV-vis-NIR spectrophotometry was used to probe
the samples and determine the presence and location of the
longitudinal plasmon peak as a measure of rod formation and
morphology.

2. Experimental

A general two-step procedure was used to prepare the
nanorods. In the first step, called the seed reaction, seeds
were formed by the reduction of chloroauric acid (HAuCl,)
by sodium borohydride (NaBH,). In the second step, named
growth, these seeds were added to a solution in which more
HAuCl, is reduced by L-ascorbic acid (AA). Surfactant,
hexadecyltrimethylammonium bromide (CTAB), present in
the growth step, served to direct growth of the seeds along
one axis forming rods.

2.1. Preparation of Seed Solution. Seed solutions were pre-
pared by slowly mixing 110, 200, 290, or 380 uL of chloroauric
acid (HAuCl,, Sigma-Aldrich, US, 8.6 uM solution in DI-
water) into 10 mL of CTAB (Sigma-Aldrich, US, 0.1 M solu-
tion in DI-water). Upon inversion of the reaction vial three
times by hand, this mixture turned a deep yellow color. To
this mixture, 601 uL of ice-cold sodium borohydride (NaBH,,
Fluka, 0.01 M solution in DI-water) was then added and the
mixture was swirled gently for two minutes to initiate the
reduction of the gold. The solution immediately turned a
murky brown color. The solution was then kept at a constant
temperature (28°C, 37°C, and 40°C were evaluated) for two
hours and used.

2.2. Nanorod Growth Procedure. Growth solutions were pre-
pared by adding 130 L of silver nitrate (AgNO;, Sigma-
Aldrich, 0.01 M solution in DI water) to 10 mL of CTAB (0.1 M
solution in DI-water) and slowly inverting the reaction vial
by hand three times. To this mixture, 300, 440, 580, 720, or
840 uL of HAuCl, (0.0086 M solution in DI-water) was added
and the mixture again inverted three times. The solution
turned a deep yellow color within a minute of mixing. After
subsequent addition of 25, 40, 55, 70, or 80 uL L-ascorbic
acid (AA, Sigma-Aldrich, 0.1 M in DI-water), the mixture was
swirled by hand until it turned colorless. To this solution,
6, 24, 48, 72, 96, 120, 144, 170, or 194 uL of the previously
produced seed solution was added and the solution swirled
again to promote dispersion. The solution was stored at 28°C
for the duration of nanorod growth. The solution changed
color over the course of the next two hours to a light pink.

It should be noted that stock solutions of chloroauric acid,
CTAB, and silver nitrate were produced and used over the
course of the work but fresh solutions of sodium borohydride
and ascorbic acid were produced for each synthesis. In
addition, the CTAB solution required storage above room
temperature to eliminate precipitation, and metallic instru-
ments were not used with the chloroauric acid to prevent
reduction of the gold. When a factor (temperature or reactant
concentration) was evaluated, all other parameters were held
constant. For the seed solution the standard conditions were
290 uL of 8.6 uM HAuCl, and 601uL of ice-cold 0.01M
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(a)

Peak absorption

Sample Aspect ratio

(nm)
a 2.3 710
b 3.4 804
c 3.8 831

FIGURE 1: TEM images of gold nanorods of increasing aspect ratio, (a), (b), and (c). Table to right contains aspect ratio, from TEM samples,
and location of peak absorption for each sample. The scale bar is 100 nm.

NaBH, in 10 mL of 0.1 M CTAB reacted at 37°C for two hours.
For the growth solution the standard conditions were 130 uL
of 0.01M AgNOj;, 580 uL of 8.6 uM HAuCl,, 55 uL of 0.I1M
AA, and 96 uL of the previously prepared seed solution in
10 mL of 0.1 M CTAB reacted at 28°C for two hours.

2.3. Measurements and Characterization. Transmission elec-
tron microscopy (TEM) analysis was performed with a Zeiss
EM 10C 10CR Transmission Electron Microscope. Samples
were prepared for the TEM by centrifugation at 14,500 g for
ten minutes, removal of supernatant, washing with DI water,
and repeating. This final solution was placed on a carbon-
coated copper grid and the water was allowed to evaporate.
After imaging, aspect ratios were determined by measuring
the length and diameter of at least 30 rods randomly selected.

Each set of reaction conditions was replicated a mini-
mum of 5 times. UV-vis-NIR spectra were obtained with
a Shimadzu UV-2450 UV-vis spectrophotometer, resolution
of 0.1nm, between absorption wavelengths of 1000 nm and
200 nm, at intervals of 2nm. Peak absorbance wavelengths
and absorbance at this wavelength were averaged over the
replicates, and error bars shown in figures below are the
standard error of the mean.

3. Results and Discussion

The wavelength of the longitudinal plasmon peak has been
directly linked to the aspect ratio of the resultant gold
nanorods [28, 29]. In early analysis, we also found a positive
correlation between the peak absorbance and the rod aspect
ratio (Figure 1). Ni et al. have shown that while the peak
absorption wavelength is linearly dependent on the aspect
ratio the total absorption at that wavelength is a function of
both rod concentration and rod diameter, with both smaller
diameter rods and lower rod concentrations resulting in
lower absorbance values [29]. However, reproducibility for
the synthesis method studied here can be an issue. Thus
the variation in the absorbance at the peak provides further

confirmation that the results are reproducible. As UV-vis-
NIR spectrophotometry is more accessible and quicker than
TEM analysis, further analysis reported here will focus on the
UV-vis-NIR measurements.

3.1. Effects of Seed and Seed Reaction Parameters. The amount
of chloroauric acid present in the seed solution can sig-
nificantly affect the final nanorod morphology. As shown
in Figure 2(a), with increasing levels of gold ions present
in the seed solution, both peak absorption wavelength and
the absorbance at this wavelength generally decrease. With
increased levels of gold ions, larger spheres were grown as
seeds. These larger seeds yielded larger diameter nanorods of
similar or shorter length than when using smaller seeds. This,
in turn, led to smaller aspect ratios. These results mirror those
of Gole and Murphy and Jiang and Pileni both of whom found
that larger seeds result in lower aspect ratio rods [30, 31].

In addition to the effect of chloroauric acid concentration
in the seed solution, the effect of the seed reaction tempera-
ture was evaluated. Three temperatures were evaluated: 28°C,
37°C, and 40°C. While studies have examined the effects of
the temperature used to grow the rods [32], no previous
literature reports the effects of the seed solution reaction
temperature on final rod morphology. To isolate the effect
of the seed reaction temperature, all other parameters were
held constant, including the reaction temperature used for
rod growth, which was 28°C. As seed growth temperature
was increased, both peak absorption wavelength and the
absorbance at this wavelength generally decreased, as shown
in Figure 2(b). Literature suggests that when higher tem-
peratures are used for the growth reaction, larger diameter
rods are produced with lower aspect ratios due to the
higher rate of gold reduction [32]. This increases the rate
of gold growth limiting the ability to direct the growth in
one dimension. Higher temperatures during seed growth
similarly act to increase the concentration of reduced gold in
the system leading to larger spheres. Larger seeds will grow
into nanorods with larger diameters but shorter lengths. In
addition, it has been suggested that, at higher temperatures,
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FIGURE 2: Effect of HAuCl, content of seed solution (a) and seed reaction temperature (b) on the longitudinal plasmon resonance. Solid
symbols are wavelength at peak absorbance, while open symbols are the absorbance of the growth solution at this wavelength. Error bars are

standard error of the mean.

CTAB possesses an increased association tendency, forming
more stable micelles but fewer of them [33]. Fewer seeds at a
constant overall Au concentration result in larger seeds, and
fewer nanorods are able to grow, reducing the yield.

To evaluate the idea that fewer seeds result in fewer
nanorods, the effect of the amount of seed solution added to
the rod growth solution was evaluated. If the amount of seed
solution increases, there are more seeds present in the system
for growth, resulting in more nanorods grown. However, as
the vast majority of the gold in the system is added as HAuCl,
directly to the rod growth solution, the overall concentration
of Au is only slightly affected by the amount of seed solution
added. Thus, rod growth is limited, and shorter rods result;
however, as the diameter remains constant, the aspect ratio
drops. The results shown in Figure 3 support this hypothesis;
increasing the seed concentration resulted in lower aspect
ratio rods. The one exception to this trend was a system
prepared with the lowest amount of seed solution. In this case
the amount of seeds available for growth was not sufficient
to allow directed growth and all facets of the seed grew.
This resulted in large spherical particles, an effect previously
reported by Li et al. [34].

3.2. Role of Rod Growth Conditions. The roles of the gold ion
source HAuCl, and the reducing agent, AA, are intertwined.
Ascorbic acid reduces the gold ions which then crystalize on
the rod tips leading to growth. Too much reduced gold can
overwhelm this process leading to other shapes, while too
little reduced gold allows the effects of silver to dominate,
also limiting the growth of the rods. While these two factors,
HAuCl, and AA concentration, are intertwined, they were
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FIGURE 3: Peak absorbance of produced nanorods versus amount of
seed added to growth solution. Solid symbols are wavelength at peak
absorbance, while open symbols are the absorbance of the growth
solution at this wavelength. Error bars are standard error of mean.

first evaluated in isolation. As Figure 4(a) demonstrates, as
the amount of gold added to the rod growth solution was
increased at first there was a rise in aspect ratio. However,
continued increase in gold concentration actually resulted
in no rod formation. This result is consistent with previous
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FIGURE 4: Effect of chloroauric acid and ascorbic acid content of growth solution on resulting nanorods. In (a), HAuCl, is varied while
holding AA content constant, while in (b), AA content is varied while holding HAuCl, content constant. Solid symbols are wavelength at
peak absorbance, while open symbols are the absorbance of the growth solution at this wavelength. Error bars are standard error of mean.

reports of a limiting HAuCl, concentration [23]. During
normal processing, the solution becomes colorless after the
addition of AA, indicating reduction of the gold. When the
highest amount of HAuCl,, 840 uL, was used in our analysis,
the solution still possessed a strong yellow color after addition
of the AA, indicating an incomplete reduction of the gold
ions. Interestingly, the solutions made with 720 uL were of
much more pale color and for one of the replicates colorless,
suggesting that for these conditions 720 uL is close to the
critical value of HAuCl,. When full reduction did not occur,
a peak around 400 nm was observed in the UV-vis spectra,
samples with 720 and 840 yL of HAuCl,. The presence of this
peak and absence of a peak at higher wavelengths indicate
that spheres but no rods were formed. Varying the amount
of AA solution added from 25 to 80 uL (Figure 4(b)) resulted
in similar behavior. Below a critical concentration of AA, no
rods were formed. While the requirement for a minimum
amount of AA for the production of rods is clear, the trend at
higher concentrations is not as clear. Gou and Murphy report
an AA : Gold salt molar ratio of 1:1 [33], while here the ratio
was varied from 1:2 to 2:1. Values less than ~1:1 did not
result in any rod formation.

Too much chloroauric acid results in similar growth data
to when there is too little ascorbic acid. Interaction between
the two levels was also examined. Nine different reaction
conditions were evaluated, 560, 580, and 600 uL of HAuCl,
pared with 53.3, 55.2, and 571 uL of AA. These values were
selected so that all reaction conditions are above the 1:1 level
reported by Gou and Murphy [33]. Over the nine reaction
conditions, the AA: HAuCl, ratio is varied from 1.033:1 to
1.186:1, a seemingly insignificant range. Results, shown in
Figure 5, indicate that as the amount of gold in the system was
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FIGURE 5: Effect of AA/Au molar ratio in growth solution on aspect
ratio of resulting nanorods. Square symbols are wavelength at peak
absorbance, while circles are the absorbance of the growth solution
at the peak. Black symbols are for samples prepared using 600 L
of HAuCl, solution. Open symbols are for samples prepared using
580 uL HAuCl,. Grey symbols are for samples prepared using 560 L
HAuCl, solution. Error bars are standard error of mean.

increased, the aspect ratio increased. At a given level of gold,
decreasing the AA concentration increased the rod aspect
ratio. As gold and AA levels were increased simultaneously,



keeping the ratio constant at ~1.1067:1 the aspect ratio
remained unchanged. This suggests that increasing the aspect
ratio of the resulting rods can be achieved by increasing the
gold concentration while decreasing the AA concentration.
However, as there is a limit to the required AA: Au ratio,
below which no rods will form, there is a limit to the control
of the aspect ratio by this method.

4. Conclusion

HAuCl, concentration during the seed production has been
shown to affect final rod morphology. Higher concentra-
tions resulted in larger seeds and smaller aspect ratio rods.
Temperature of seed growth also had a significant effect on
rod formation; higher temperatures resulted in lower aspect
ratio rods. A critical number of seeds must be added to
the growth solution to promote the growth of rods. Too
few seeds resulted in short or no rods. However, addition
of additional seed, beyond the critical value, resulted in
reduced aspect ratio rods. The roles of HAuCl, and AA in
the growth solution are strongly interrelated. Higher gold
concentrations increased rod aspect ratio; however, there is a
critical AA : HAuCl, concentration ratio below which no rods
will form. Dramatic effects were seen by relatively modest
changes to relative amounts of AA and Au in the growth
solution. Peak absorption wavelengths shifted from ~875 nm
to ~715nm as AA: Au ratios were increased from 1.03:1 to
1.18:1, an aspect ratio reduction of roughly 50%.
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