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A novel and facile seed-mediated method for the preparation of monodispersed gold nanorods (GNRs) is presented by intro-
ducing pyrogallol as a reductant. Fast Fourier transformation of high-resolution transmission electron microscopy reveals that
the synthesized GNRs are single crystalline. The longitudinal surface plasmon resonance of GNRs can be finely tuned by var-
ying silver ion concentrations or seed amounts. Also, both thick (diameter >30 nm) and thin (diameter <10 nm) GNRs with
exceptional monodispersity can be well prepared by this method. These findings indicate that this method has a greater per-
formance in controlling the morphology of GNRs than that of traditional approach with ascorbic acid as a reductant.

gold nanorods, seed-mediated, pyrogallol, size tunability

1 Introduction

Gold nanorods (GNRs) have received considerable attention,
owing to their unique optical properties and potential appli-
cations in various fields such as plasmon-enhanced spec-
troscopies [1], sensing [2], biological imaging [3], photo-
thermal therapy [3-7], drug delivery [8—10] and optical data
storage [11]. To date, various approaches have been widely
studied and improved for fabricating GNRs, such as tem-
plated method [12], electrochemical method [13], photo-
chemical method [14], and seed-mediated growth method
[15-18]. Among these, seed-mediated growth method, de-
veloped by Murphy et al. [15] and El-Sayed et al. [16], is
the most common approach for the synthesis of GNRs. In a
typical procedure, sodium borohydride is used to produce
seed solution in Au(IIl)-cetyltrimethylammonium bromide
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(CTAB) solution, and then an amount of seed solution is
added to a group solution which contains Au™, Ag*, CTAB
and ascorbic acid (AA). Various factors, including pH value
[19], temperature [20], bromide ions concentration [21],
impurity in the CTAB [22], and additives [23-26], have
been carefully evaluated by several research groups. How-
ever, one significant factor in nanorod synthesis, the type of
reducing agent, has been rarely reported. In this paper, we
firstly used pyrogallol instead of ascorbic acid as a reducing
agent to prepare the GNRs (Scheme 1). The visible-near
infrared (Vis-NIR) absorbance spectra of the as-prepared
GNRs show that the longitudinal surface plasmon resonance
(LSPR) of GNRs can be tuned from 630 to 880 nm. Trans-
mission electron microscopy (TEM) results show the
as-prepared GNRs with exceptional monodispersity can be
well prepared by this method. Our approach offers a con-
venient and cost-effective way to prepare high monodis-
persed and uniform GNRs with tunable aspect ratio, which
have a great potential for a range of applications, that is,
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Scheme 1 Schematic of seed-mediated synthesis of GNRs produced by
pyrogallol as a reductant.

catalyst, optical polarizer, and ultrasensitive medical imag-
ing technique.

2 Materials and experimental

Chloroauric acid, silver nitrate, pyrogallol, and sodium bo-
rohydride were purchased from Sinopharm Chemical Rea-
gent Co. Ltd. (Shanghai, China), and CTAB was purchased
from Sigma-Aldrich (USA). All chemicals were used with-
out further purification and all solutions were prepared fresh
daily. Furthermore, deionized water was used throughout all
the work.

First, gold seeds were synthesized according to the pre-
vious literature [16]. HAuCl, solution (125 pL, 0.01 mol/L)
was mixed with CTAB solution (5 mL, 0.1 mol/L), and a
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fresh NaBH, solution (0.3 mL, 0.01 mol/L) was then in-
jected into the Au(II)-CTAB solution under vigorous stir-
ring. The solution developed a pale brown-yellow color, and
the gold seeds were generated and kept for further use.
Subsequently, to prepare the growth solution, certain vol-
umes of silver nitrate (0.1 mol/L) solution were added to an
HAuCl, solution (0.3 mL, 0.01 mol/L) in CTAB solution
(7.125 mL, 0.1 mol/L), followed by adding certain volumes
of pyrogallol aqueous solution, and the resulting mixture
was hand-stirred until the solution color changed from yel-
low to pale rose red and then to pale brown-yellow. Finally,
certain volumes of seed solution were injected into the
growth solution under gentle stirring and left undisturbed at
30 °C for 12 h for nanorods growth. The Vis-NIR spectral
measurement of GNRs was taken on a Shimadzu UV-3600
Spectrophotometer. TEM images were obtained on a JEM-
2100 TEM. X-ray diffraction (XRD) patterns were meas-
ured on a Bruker D8-Advance diffractometer (Karlsruhe,
Germany) using Cu Ka irradiation. The high-resolution
transmission electron microscopy (HR-TEM) image were
taken in the Titan 80-300 transmission electron microscope
(FEI, USA).

3 Results and discussion

In this study, gold seeds were synthesized with little modi-
fication according to the previous literature [16], and GNRs
were prepared using both AA and pyrogallol as reductants
under the same conditions (Figure 1). It should be men-
tioned that this novel preparation method shows greater
advantages in controlling morphology of GNRs compared
with traditional GNR preparation. Pyrogallol-reduced GNRs

a) T S b
P D
: . .",’ A 4
il ; [ i) (l;ga'j 009
/ 4222 g
a. l'lll\;} s
- A -}l‘ i ,\\\g('j' 2 o
\ =
\.}’I’ ) l; ’ﬁ" 2y < 0.3
UEBAN L 00
100 =~ > 7 400 500 600 700 800 900 1000
"_‘R' i L ke . Wavelength (nm)
by AEER SN LR
g, \ \\.= 2 No=_
ENN BATST R
4 = \\ I“ N\ / S emlon .‘ e
‘E‘@/ ‘ Yo~ § E=t §
Soa e RSV, o
s'ts\\\ \‘2}‘-'; LR
Bad s -
\IIII-\\\\ //'/—m DRCS=4
S I~ _5'147'"—(4
\\L‘Il 8 \" 7’! Sl r=z 0.0
? a| / \\\—-I 400 500 600 700 800 900 1000
’_‘ &\"\E_ “‘,' '{} Wavelength (nm)

Figure 1 TEM images of GNRs prepared by AA (a) and pyrogallol (c) as reducing agents. The Vis-NIR spectra of the corresponding GNRs are shown in
(b) and (d). GNR preparation conditions: (a) CTAB (0.1 mol/L, 7.125 mL), HAuCl, (0.01 mol/L, 0.3 mL), AA (0.1 mol/L, 48 pL), AgNO; (0.02 mol/L, 40
uL), and Seeds (40 uL); (c) CTAB (0.1 mol/L, 7.125 mL), HAuCl, (0.01 mol/L, 0.3 mL), pyrogallol (0.1 mol/L, 48 pL), AgNO; (0.02 mol/L, 40 pL), and
Seeds (40 pL).
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possess more monodispersed morphology compared with
AA-reduced GNRs (Figure 1(a, c)). Accordingly, the cor-
responding LSPR peak of pyrogallol-reduced GNRs is
sharper than that of AA-reduced GNRs (Figure 1(b, d)).
Considering that the unique optical characteristics of
GNRs are governed by their aspect ratios, which are in turn
affected by the silver ion concentration [16], we further in-
vestigated the effect of silver ions concentration via adding
a serial concentration of silver nitrate solutions (from 0.027
to 0.105 mmol/L). The results indicated the aspect ratio of
GNRs increased from 2.2 to 4.3 with increasing silver ion
concentration. GNRs have a nearly identical rod-like shape
with few spherical impurities (Figure 2(a—d)). Figure 2(e)
shows the Vis-NIR absorption spectra of the GNRs with
different amounts of silver nitrate using pyrogallol as a re-
ducing agent. By increasing the volume of silver nitrate
solution from 10 to 40 puL (0.02 mol/L), LSPR peak posi-
tions from 630 to 810 nm can be tuned. Because the LSPR
peaks highly linearly depend on the aspect ratio, the con-
trolled aspect ratio of the GNRs could finely tune LSPR
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peak position.

The LSPR peaks can be fine-tuned across a broad spec-
tral range not only by judiciously choosing the amount of
silver ions, but also by varying seeds amount. As shown in
Figure 3(e), the LSPR peak position of GNRs can be ex-
tended from 720 to 880 nm with increasing seed amount
from 5 to 320 pL. TEM images in Figure 3(a—d) also
demonstrated that the corresponding aspect ratios of the
resultant GNRs augmented from 2.9 to 4.9, which are line-
arly related to LSPR (Figure 4). We found that GNRs with
the dogbone morphology can be easily obtained with a
small number of seeds (Figure 3(a)). The possible reason is
that for a given gold ion concentration in the growth solu-
tion, the small number of seeds will lead to over-growth of
GNRs [27], With the overgrowth of GNRs, the {111} phase
at the end of the rods breaks out of the CTAB shell and en-
larges into the dogbone shape [28]. It should be mentioned
that both length and width of GNRs were dramatically de-
creased when the seed amount was augmented. This is be-
cause that increasing seed amount leads to the increase in
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Figure 2 (a-d) TEM images of GNRs prepared by pyrogallol as a reducing agent with different amount of silver nitrate. GNRs preparation conditions:
CTAB (0.1 mol/L, 7.125 mL), HAuCl, (0.01 mol/L, 0.3 mL), pyrogallol (0.1 mol/L, 45 pL), Seeds (40 pL), and different volumes of AgNO; (0.02 mol/L; (a)
10 pL, (b) 20 pL, (c) 30 pL, and (d) 40 pL). (e) Corresponding Vis-NIR spectra of GNRs prepared by pyrogallol as a reducing agent with different amounts

of silver nitrate (color online).
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Figure 3 (a—d) TEM images of GNRs prepared by pyrogallol as a reducing agent with different amounts of seeds. GNR preparation conditions: CTAB (0.1
mol/L, 7.125 mL), HAuCl, (0.01 mol/L, 0.3 mL), pyrogallol (0.1 mol/L, 45 pL), AgNO; (0.02 mol/L, 40 pL), and different volumes of Seeds ((a) 5 uL, (b)
40 pL, (c) 80 pL, (d) 320 pL). (e) Corresponding Vis-NIR spectra of GNRs prepared by pyrogallol as a reducing agent with different amounts of seeds (color

online).

the number of GNR particles. Therefore, for a given gold
ions concentration, augmenting seed amount dictates the
ultimate GNRs dimension. It is reported that larger GNRs
have larger extinction coefficients, and might provide better
performance in optical imaging applications, whereas
smaller GNRs might provide improved coefficients in pho-
tothermal therapy applications that rely on turning incoming
photons into outgoing heat, because of their improved ab-
sorption coefficients [29-31]. In our method, both thick
(diameter >30 nm) and thin (diameter <10 nm) GNRs with
exceptional monodispersity were well prepared by changing
the seeds concentration (Table 1). Therefore, this new
method has great potential for preparing high-quality GNRs
for a wide range of applications.

It has been shown that the morphology of micellization
formed by CTAB surfactant can be modulated through the
addition of certain aromatic compounds such as sodium
salicylate [31-33]. Ye et al. [24] reported that the addition
of aromatic additives is favourable for the preparation of
GNRs with tunable LSPR. Scarabelli ef al. [34] studied the
effect of salicylic acid on the synthesis of GNRs, both as a

Table 1 Sizes of GNRs in Figures 2 and 3

(Slﬁlvne;}i‘; Seeds (uL) TEM figures Length (nm) Width (nm)
0.027 40 2(a) 592+55  26.5+23
0.054 40 2(b) 728453 281421
0.079 40 2(c) 733449 215424
0.105 40 2(d) 641436 149412
0.105 5 3(a) 992461  337+28
0.105 40 3(b) 643+47 153417
0.105 80 3(0) 624447  144+16
0.105 320 3(d) 479474 98416

stabilizing cofactor and as a reductant. Therefore, in our
system, pyrogallol not only can act as a reductant to reduce
Au* to Au*and help the growth of the gold seeds but also
can penetrate into CTAB molecules and mediate the binding
between CTAB and GNRs. We studied the effect of pyro-
gallol concentration on the growth of GNRs. Figure 5 shows
the TEM images and the Vis-NIR absorption spectra of the
GNRs with different amounts of pyrogallol, respectively.
The results showed that the amount of pyrogallol does not
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result in changing LSPR peak position but affects the inten-
sity ratio of the LSPR to transverse surface plasmon reso-
nance (TSPR) peak of GNRs. Using less pyrogallol volume
(18 pL) leaded to a low-intensity ratio of LSPR to TSPR
(Figure 5(e), black curve) indicating the presence of a lot of
spherical or roughly spherical nanoparticles. The TEM im-
ages (Figure 5(a)) further confirmed it. GNRs with a higher
ratio of LSPR to TSPR can be obtained when the concentra-
tion of pyrogallol increases from 0.2 to 0.6 mmol/L. How-
ever, excessively high concentration of pyrogallol instead
leads to a lower ratio of LSPR to TSPR (more than 0.6
mmol/L, Figure 5(e), dark blue curve). The possible reason
is that the high concentration of pyrogallol significantly
increases the reducibility which leads to the very fast for-
mation of growth units (Au0) and then results in the fast and
uncontrolled growth of seed particles in all directions and
forms more spherical particles.

To identify the structure of the synthesized GNRs, HR-
TEM investigation (Figure 6) and XRD (Figure 7) analysis
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were performed. Fast Fourier transformation of HR-TEM
reveals that the synthesized GNRs are single crystalline
(inset of Figure 6(a)). Lattice fringes parallel to the long
axis of the nanorods can be discerned with d-spacings of
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Figure 4 The linear relationship of LSPR and aspect ratios of GNRs.
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Figure 5 (a—d) TEM images of GNRs prepared by pyrogallol as a reducing agent with different amounts of pyrogallol. GNR preparation conditions:
CTAB (0.1 mol/L, 7.125 mL), HAuCl, (0.01 mol/L, 0.3 mL), Seeds (40 uL), AgNO; (0.02 mol/L, 40 uL), and different volumes of pyrogallol (0.1 mol/L; (a)
15 pL, (b) 30 pL, (c) 45 pL, (d) 51 pL). (e) Corresponding Vis-NIR spectra of GNRs prepared by pyrogallol as a reducing agent with different amounts of

pyrogallol. All scale bars represent 100 nm (color online).
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Figure 6 HR-TEM images of single GNRs. GNR preparation conditions:
CTAB (0.1 mol/L, 7.125 mL), HAuCl, (0.01 mol/L, 0.3 mL), pyrogallol
(0.1 mol/L, 45 pL), AgNO; (0.02 mol/L, 40 pL), and Seeds (40 pL).
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Figure 7 XRD pattern of the synthesized GNRs.

2.04 A (Figure 6(b)) corresponding to the (200) lattice
planes [35]. Five diffraction lines observed in the XRD pat-
tern at 26=38.5°, 44.8°, 64.9°, 77.9°, and 81.8° respectively
correspond to (111), (200), (220), (311) and (222) reflec-
tions of the face- centered cubic structure of metallic gold
(JCPDF No. 04-0784) [36].

4 Conclusions

In summary, we have demonstrated a highly versatile and
efficient method for fabricating GNRs by introducing pyro-
gallol as substitute of AA into the well-established seed-
mediated synthesis of GNRs. This new method produces
high uniform and monodispersed GNRs with LSPR peak
range from 630 to 880 nm. Also, both thick (diameter >30
nm) and thin (diameter <10 nm) GNRs with exceptional
monodispersity can be fabricated. These findings indicate
that pyrogallol has greater advantages in controlling the
morphology of GNRs than AA as a reductant. Although
gold and nanorod nanomaterials have been widely investi-
gated recently [36—41], this new method has great potential
for preparing high-quality GNRs for a range of applications
including sensing applications, plasmon-enhanced spec-
troscopy, and photothermal cancer therapies.
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