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ABSTRACT: We present a combined strategy of experiments and theoretical modeling for
understanding the evolution of the morphology and plasmonic properties of gold nanostars
(GNSs) in the seed-mediated synthesis by changing the poly(vinylpyrrolidone) (PVP) molecular
weight, PVP concentration, and synthesis temperature. A dramatic change of the morphology of
GNSs as a function of these synthesis parameters is observed that is related to variations of the
plasmonic properties and thus surface-enhanced Raman spectroscopy (SERS) enhancement. We
observe the favorable growth of anisotropic GNS structures with sharp protruding tips using PVP
of low molecular weight and of rounded GNSs with short protruding tips using PVP of high
molecular weight. The PVP concentration has less influence on the core size than on the tip length
of GNSs. The high synthesis temperature causes the rounding of the GNS structure. Finite-
difference time-domain (FDTD) simulations reveal a remarkable correlation of the GNS
morphology with the plasmonic properties as well as the SERS enhancement. The maximum local
electric field enhancement occurs at the apex of the sharp protruding tips of the GNSs. The weak
plasmonic coupling is observed between the protruding tips of GNSs because of their large
separation distance, and increasing the number of protruding tips beyond two only increases the extinction cross section
without further red-shifting the plasmon peak. A resonance overlap of the plasmon band with the incident laser wavelength is
responsible for the morphology-dependent plasmonic properties and SERS enhancement. The present work demonstrates that a
mechanistic understanding of the structural evolution of GNSs along with their morphology−plasmonic property correlation
can be achieved through the combination of experimental investigations and FDTD-based theoretical modeling.

1. INTRODUCTION
Plasmonic gold nanostars (GNSs) have opened up exciting
opportunities in various fields of plasmon-enhanced spectros-
copy, biosensing, catalysis, solar energy harvesting, nanolasers,
nanooptics, and phototheranostics.1−3 These GNSs of
anisotropic structural and optical properties typically consist
of a central core and multiple protruding tips distributed on
the central core. Local confinement of the electromagnetic field
at the sharp tips of GNSs arising from the so-called localized
surface plasmon resonance effects enables tremendous electro-
magnetic enhancement, forming “hot spots” for the enhance-
ment of numerous optical phenomena.4−8 In addition, the
protruding tips asymmetrically distributed on the central core
offer a broad tuning flexibility of plasmon wavelengths in the
visible and near-infrared (NIR) spectral regions, which is of
great significance for biomedical applications.2 GNSs typically
possess two characteristic plasmon bands in the short- and
long-wavelength regions of their extinction spectra, which
originate from hybridization of the core- and protruding-tip-
associated plasmons.9,10 The fascinating morphology of GNSs
is responsible for their unique plasmonic properties for exciting
plasmonic applications. The position, intensity, and line width
of plasmon bands of GNSs are directly linked to the particle
size, morphology, refractive index of surrounding media, and

interparticle interactions.9,11−13 More specifically, the plasmon
features of GNSs can be finely tuned by varying the
dimensions of the central core as well as the number, length,
and aspect ratio of the protruding tips. Thus, GNSs have
become the prominent plasmonic materials with tunable
plasmon bands in the visible−NIR region and remarkable
confinement of the plasmonic fields.11 However, the
morphology of GNSs is quite complex so that the correlation
of the morphology with the plasmon features has yet to be
completely established so far.
A systematic study of the morphology−plasmon relationship

of GNSs requires the synthesis of high-quality GNSs with well-
defined geometry and will eventually strengthen our under-
standing of their growth mechanism and corresponding
plasmonic properties. While few seedless methods have been
developed for the synthesis of GNSs,14,15 the seed-mediated
synthetic method using gold seeds of various sizes and shapes
has been widely adopted because of its high yield, high
monodispersity, and operation simplicity.5,9,11,16−20 The seed-
mediated synthesis of GNSs is based on the temporal
separation of nucleation and growth for better controllability
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and typically performed in an N,N-dimethylformamide (DMF)
solution of poly(vinylpyrrolidone) (PVP). The amphiphilic
PVP molecules can serve multiple functions such as a surface
stabilizer, a shape-directing agent, a dispersant, and a reducing
agent.21,22 The gold−PVP interaction occurs through either
the carbonyl group or nitrogen atom of the pyrrolidone ring,
and the selective adsorption of PVP onto the low-energy
Au{111} crystal facets induces the favorable deposition of
reduced gold atoms, thereby producing the anisotropic GNS
structure.21,23 Intensive efforts have been made to improve the
seed-mediated synthesis of GNSs, achieving high-quality,
monodisperse GNSs and better control over their specific
morphology and plasmonic properties.5,9,11,16−20,24−28 We
previously investigated the seed-mediated growth process of
GNSs with tailorable core size and tip dimensions by varying
the gold seed concentration and demonstrated the structure-
dependent plasmonic properties. The gold seed concentration
not only affects the core size and tip dimensions but also leads
to significant changes in the structure heterogeneity of GNSs.9

Although Khoury and Vo-Dinh correlated the overall size of
the GNSs with the surface-enhanced Raman spectroscopy
(SERS) performance through a systematic analysis of the
feature of the protruding tips of GNSs synthesized by various
concentrations of gold seeds, they did not clarify how the
overall size affected the plasmon resonance of the GNSs and
the corresponding electric-field distribution.13 Actually, not
only the overall size of the GNSs but also the core size, tip
number, and tip length are more critical for the plasmonic
properties and resultant SERS enhancement. A full under-
standing of the effects of other experimental variables such as
the PVP molecular weight, PVP concentration, and synthesis
temperature on the seed-mediated growth of GNSs is still
lacking. The hybridization model of the GNSs was proposed
by Nordlander and co-workers, but the effects of dimensional
parameters (e.g., core size, tip number, and tip length) on the
plasmonic properties are still unclear.10 Furthermore, the
increasing use of GNSs over diverse fields has created growing
demand for establishing their morphology−plasmon relation-
ships describing the corresponding plasmonic behaviors.
In the present work, we systematically investigated the seed-

mediated synthesis of GNSs under varying reaction conditions
such as the PVP molecular weight, PVP concentration, and
synthesis temperature. The combination of experimental
investigations with finite-difference time-domain (FDTD)-
based theoretical modeling allows not only the study of the
evolution of dimensional parameters with these reaction
conditions but also clarification of the correlation of the
plasmonic property with these dimensional parameters, which
is unachievable by experiments alone. Experimentally, we
chose the PVP oligomers of different molecular weights for
both gold seed coating and GNS growth and further
investigated the effects of the PVP concentration and synthesis
temperature on the morphology of GNSs. Our results showed
dramatic changes of the morphology and resultant plasmon
features of GNSs by varying these synthesis conditions.
Achieving GNSs of various core sizes and tip lengths allows
us to interrogate the structure−plasmonic property relation-
ship by combining the experimental results with FDTD
simulations. Following this, we examined the structure−
plasmon-dependent SERS enhancement under different
incident lasers. Our work represents significant advancement
of the understanding of the seed-mediated growth of GNSs
and thereby provides fundamental insight into their structure−

plasmonic property correlations. We believe that this work will
benefit not only the synthesis of high-quality of GNSs but also
the implementation of these GNSs in diverse fields for practical
applications.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Materials. Trisodium citrate dihydrate

[HOC(COONa)(CH2COONa)2·2H2O, analytical reagent] and poly-
(vinylpyrrolidone) (PVP) oligomers of various molecular weights
(PVP-8, PVP-10, PVP-24, PVP-40, and PVP-58 denote PVPs of
molecular weights of 8000, 10000, 24000, 40000, and 58000,
respectively) were purchased from Sigma-Aldrich Shanghai Trading
Co., Ltd. (Shanghai, China). Chloroauric acid (HAuCl4·4H2O; 99%
trace metals basis) was purchased from Shanghai Civi Chemical
Technology Co., Ltd. (Shanghai, China). Sodium borohydride
(NaBH4; ≥98%) and N,N-dimethylformamide (DMF; anhydrous
99.8%) were purchased from Sinopharm (Beijing, China). 4-
Nitrobenzenethiol (4-NTP; 90%) was purchased from Shanghai
Macklin Biochemical Co., Ltd. (Shanghai, China). Anhydrous ethanol
(≥99.7%) was purchased from Nanjing Chemical Reagent Co., Ltd.
(Nanjing, China). Ultrapure water was produced by a Millipore
Direct-Q3 UV system (18.2 MΩ·cm at 25 °C) (Millipore Corp.,
Molshein, France). All chemicals were used as received, and all
glassware was cleaned with aqua regia and then air-dried before use
throughout the experiments.

2.2. Synthesis of PVP-Coated Gold Seeds. First, 1 mL of a 1 wt
% HAuCl4·4H2O aqueous solution was diluted to 90 mL with the
addition of ultrapure water, followed by the immediate injection of 2
mL of a 38.8 mM trisodium citrate aqueous solution. Then, 1 mL of a
freshly prepared trisodium citrate solution (38.8 mM) containing
0.075 wt % NaBH4 was added dropwise within 5 min. The gold seed
solution was achieved after constant stirring overnight at room
temperature. Finally, PVPs of various molecular weights (PVP-8,
PVP-10, PVP-24, PVP-40, or PVP-58) were added with a final
concentration of 10 mM. Followed by stirring for 24 h at room
temperature, PVP-coated gold seeds were obtained with a final
concentration of 0.58 nM, measured by UV−visible extinction
spectroscopy, the details of which can be found in the literature
published by our group.9

2.3. Synthesis of GNSs. GNSs were synthesized using PVPs of
different molecular weights at a given temperature according to the
seed-mediated growth method reported in our previous work with a
slight modification.5,9,11,20,29−33 To assess the effect of the PVP
molecular weight on the synthesis of GNSs, 27 μL of a 20 mM
HAuCl4·4H2O aqueous solution was added to a DMF solution of 5.0
mM PVP (PVP-8, PVP-10, PVP-24, PVP-40, or PVP-58), followed by
the addition of 29 μL of a gold seed aqueous solution coated by the
corresponding PVP. The reaction was continued for 3 h at 25 °C and
then washed with ethanol and ultrapure water at least three times.
The pellets were the resultant GNSs synthesized by PVP-8, PVP-10,
PVP-24, PVP-40, or PVP-58, which were redispersed in 1 mL of
ultrapure water for further use.

To investigate the effect of the PVP concentration, we chose PVP-
10 for the synthesis of GNSs. The synthetic process was the same as
that described above except that the PVP-10 concentration was
changed to 2.0, 2.5, 10.0, 15.0, or 20.0 mM. To examine the effect of
the synthesis temperature, the synthesis temperature was set to 0, 25,
40, 60, 80, or 100 °C, while all other synthesis conditions were kept
constant. All as-prepared GNSs were stored in ultrapure water for
further use.

2.4. Characterization. Optical extinction spectra were recorded
using an Agilent Cary 5000 UV−visible−NIR spectrophotometer
(Agilent Technologies, Inc., Santa Clara, CA). Transmission electron
microscopy (TEM) images were collected with a Tecnai G2 F20
transmission electron microscope (FEI Inc., Hillsboro, OR) operating
at an accelerating voltage of 200 kV for observation of the
morphology of GNSs. All samples were successively centrifuged and
washed with ultrapure water before dropping it onto a thin carbon-
coated 300 mesh copper grid (Beijing Zhongjingkeyi Technology Co.,
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Ltd., Beijing, China). Dimensional parameters of GNSs were
statistically determined from the TEM data using the ImageJ analysis
software. More than 100 particles were measured and analyzed for
each type of nanoparticle. To minimize the measurement error of the
tip length of GNSs, we assume that all protruding tips have the same
length and use the largest tip length in the TEM images to represent
the tip length in the 3D GNSs.
2.5. SERS Measurements. Both Raman spectroscopy and SERS

measurements were performed on a Renishaw inVia Raman
microscope system equipped with a Leica DM2700 M Ren RL/TL
microscope and two Peltier-cooled CCD array detectors with two
gratings of 1200 and 1800 lines mm−1. Raman or SERS spectra were
collected using three lasers of different excitation wavelengths at 532,
633, and 785 nm through a 5× (N.A. 0.12) Leica objective fitted with
filters to exclude signals from the laser and Rayleigh scatterings. For
SERS sample preparation, 4-NTP molecules (300 nM) were
incubated with the GNS suspension. After stirring for 1 h and then
standing for ∼24 h at room temperature, the reaction mixture was
washed three times with ultrapure water to remove excess free 4-NTP
molecules. The resultant pellets were 4-NTP-modified GNSs,
dispersed in 0.5 mL of ultrapure water for the following measure-
ments. For normal Raman or SERS measurements, an aliquot of a 4-
NTP solution or a 4-NTP-modified GNS suspension was exposed to
the laser power of 2.6 mW for 532 nm, 0.9 mW for 633 nm, or 2.0
mW for 785 nm incident lasers, and 1 s of exposure time and one scan
accumulation were adopted. At least 20 SERS spectra were collected
at different positions for each type of sample and averaged to attain
the representative SERS response.
The SERS enhancement factor (EF) was estimated using the

following equation:34,35

=
I N
I N

EF
/
/

SERS ads

Raman vol (1)

where ISERS is the SERS peak intensity of the 4-NTP molecules
adsorbed onto the GNSs, IRaman is the Raman peak intensity of a 4-
NTP bulky solution in the absence of GNSs, Nads is the number of 4-
NTP molecules adsorbed on the GNSs, which is introduced in detail
in the Supporting Information, and Nvol is the number of 4-NTP
molecules in the focal volume of the incident lasers in the absence of
GNSs. To calculate Nvol, the following equation was used:

=N C Vvol RS (2)

where CRS is the bulky concentration of a 4-NTP solution and V is the
focal volume of the focused incident lasers, depending on the laser
wavelength.

2.6. FDTD Simulations. Both extinction spectra and electro-
magnetic field distribution were calculated using the commercial
software Lumerical FDTD Solutions 8.6 (Lumerical Solutions Inc.,
Vancouver, Canada). The model of gold nanostructures was created
using an AutoCAD software based on the dimensional parameters
(core size, tip length, and number) statistically obtained from the
TEM data. The dielectric function of gold was taken from the
measured data of Johnson and Christy.36 The background refractive
index of the surrounding medium (water) was set as 1.33. The mesh
size of the GNS and its surrounding space was 0.5 nm, and the sharp
tip area was meshed into 0.1 nm. A total-field scattered field was used
as the input source.

The theoretical molar extinction coefficients (εFDTD) can be
calculated through the extinction cross sections (σext) obtained from
the FDTD simulations using the following equation:37

Figure 1. Effect of the PVP molecular weight on the synthesis of GNSs. (A) Schematic describing the seed-mediated synthesis process of GNSs,
which involves two separate steps: (i) synthesis of PVP-coated gold seeds and (ii) anisotropic growth of GNSs. (B) Extinction spectra and (C)
representative TEM images of GNSs synthesized using (i) PVP-10, (ii) PVP-24, (iii) PVP-40, and (iv) PVP-58. Marked regions in part B indicate
three distinct plasmon bands of GNSs synthesized using PVP-24, PVP-40, and PVP-58. (D) Core size and tip length as a function of the PVP
molecular weight, statistically obtained from the TEM data. Scale bar: 50 nm.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.9b02187
Inorg. Chem. XXXX, XXX, XXX−XXX

C

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b02187/suppl_file/ic9b02187_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.9b02187


ε σ=
×

− −N
2.3 10

(M cm )FDTD
A

3 ext
1 1

(3)

where NA is Avogadro’s number.

3. RESULTS AND DISCUSSION
3.1. Effects of the Molecular Weight and Concen-

tration of PVP. The seed-mediated synthetic protocol of
GNSs typically involves two separate steps: the synthesis of
PVP-coated gold seeds and anisotropic growth of GNSs
(Figure 1A).5,9,11,20,29−33 The small gold seeds were first
synthesized by reducing Au3+ ions with NaBH4 in the presence
of trisodium citrate, followed by ligand exchange with PVP to
yield PVP-coated gold seeds. Then, growth of GNSs was
performed using PVP-coated gold seeds in a DMF solution of
PVP. DMF serves as the reducing agent of Au3+ to Au+, as
demonstrated by the complete disappearance of the light-
yellow color after the immediate addition of the Au3+

precursor.9,38 Two critical roles of PVP in the synthesis of
GNSs are to reduce Au+ to Au0 and to induce the anisotropic
deposition of Au0 atoms on the gold seed surface.21,22 The
favorable adsorption of PVP on the Au{111} facets inhibits the
deposition of Au0 atoms along the ⟨111⟩ direction and
consequentially induces anisotropic growth to produce the
GNS structure.9,21

To assess the effect of the PVP molecular weight, PVP-8,
PVP-10, PVP-24, PVP-40, and PVP-58 were chosen for the

synthesis of GNSs, which represent PVP oligomers with
molecular weights of 8, 10, 24, 40, and 58 kg mol−1,
respectively. Extinction spectra exhibit two characteristic
plasmon bands at 558 and 780 nm for PVP-10-synthesized
GNSs; three plasmon bands at 550−600, 650−690, and ∼750
nm are clearly observed in all extinction spectra of PVP-24-,
PVP-40-, and PVP-58-synthesized GNSs (Figure 1B). The
main plasmon mode at the long wavelength is dominant in the
extinction spectrum of PVP-10-synthesized GNSs, while the
two plasmon bands in the short-wavelength region are much
stronger in all three other GNSs. We did not observe the color
change to blue (or any other color) when PVP-8 was used,
indicating no formation of GNSs. TEM images show dramatic
changes of the morphology of these gold nanostructures with
the use of PVPs of different molecular weights (Figure 1C).
There exist about five sharp tips in a single GNS synthesized
with PVP-10, but these tips become rounded more or less in
the cases of PVP-24, PVP-40, and PVP-58. The statistical
analysis from TEM images reveals that the core size of GNSs
first increases and then decreases as the molecular weight
increases, with the biggest core size achieved when PVP-40 was
used; the tip length roughly decreases with increasing PVP
molecular weight (Figures 1D and S2). As aforementioned,
PVP works as a reducing agent in the seed-mediated synthesis
of GNSs. However, the reducing power of PVP significantly
affects the kinetics of nucleation and then the anisotropic
growth of GNSs.39 PVP with high molecular weight typically

Figure 2. Effect of the PVP concentration on the synthesis of GNSs. (A) (i) Optical images, (ii) experimental extinction spectra, and (iii)
calculated extinction spectra of GNSs obtained with varying PVP-10 concentrations: 2.0, 2.5, 5.0, 10.0, 15.0, and 20.0 mM. (B) (i) Plasmon
wavelength and (ii) core size and tip length of GNSs as a function of the PVP concentration. (C) TEM images of GNSs obtained at the PVP-10
concentration of (i) 2.0, (ii) 2.5, (iii) 10.0, and (iv) 20.0 mM. Scale bar: 50 nm.
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comprises a much larger number of monomers, which have
more reducing active sites for the enhanced reducing power, as
shown in the literature.39 In addition, PVP with high molecular
weight yields high steric hindrance for the stability of PVP
toward the gold surface and accordingly inhibits the
anisotropic growth of GNSs. The reducing power of PVP for
Au+ to Au0 increases and the stabilization ability decreases as a
result of steric hindrance with increasing molecular weight.40,41

High-quality GNSs with sharp protruding tips are achievable
using PVP-10, although PVP-24, PVP-40, and PVP-58 of high
reducing power enable the fast reduction of Au+ to Au0 and
their high steric hindrance inhibits the anisotropic deposition
of Au0 for the formation of GNSs, eventually producing gold
nanostructures with rounded tips or no tips observed with
respect to PVP-10. However, the too weak reducing power of
PVP-8 is unable to produce the GNS structure. Thus, these
results clearly demonstrate the dramatic influence of the PVP
molecular weight on the morphology of GNSs in the seed-
mediated synthesis.
We further examined the effect of the PVP concentration

using PVP-10 because its use produced high-quality GNSs
(Figure 2). These GNSs from different PVP-10 concentrations
exhibit similar extinction spectra with slight spectral broad-
ening and main plasmon band shifting, except the GNSs
synthesized at the concentration of 2.0 mM. The main
plasmon wavelength first red-shifts and then blue-shifts with
increasing PVP concentration. TEM images clearly show the
GNS structures of five protruding tips. The core size has little
dependence on the PVP concentration, and the tip length is
the biggest at the concentration of 5.0 mM (Figures 2C and
S3). We also observed the growth of subbranches at the high
PVP-10 concentration of 20.0 mM, similar to our previous
observation with the high Au3+/gold seed ratio for the growth
of GNSs.9

To better understand the structural evolution of GNSs and
their morphology−plasmonic property relationships, we
performed FDTD simulations with the geometrical model
created using the dimensional parameters statistically obtained
from the TEM images (Table 1 and Figures S2−S4). Figure
3A presents the calculated extinction spectra of the gold core,
assembly of five protruding tips without a core, and GNS. It
can be clearly seen that the gold core and the assembly of five
protruding tips exhibit their main plasmon peaks at 528 and
688 nm, respectively. The calculated extinction spectrum of

GNSs shows a weak plasmon peak at 520 nm and a strong
plasmon peak at 777 nm, which is in very good agreement with
the experimental one (Figure 1B). The two plasmon bands of
GNSs can be explained by hybridization of the core and tip
dipolar plasmon modes.9,10 The normalized local electric field
intensity (|E|2/|E0|

2) with respect to the 785 nm incident field
in the absence of gold nanostructures is shown in Figure 3B.
We can clearly see that the maximum |E|2/|E0|

2 of GNSs is 2
and 4 orders of magnitude higher than those of the five-tip
assembly and gold core, respectively. The nonlinear hybrid-
ization between plasmons associated the central core and tip
assembly yields a large molar extinction coefficient of 2.1 ×
1010 M−1 cm−1 at a resonance wavelength of 777 nm,
significantly higher than 1.7 × 109 M−1 cm−1 of the core and
3.9 × 109 M−1 cm−1 of the tip assembly at their respective
plasmon wavelengths (Figure S5).
Considering the complicated geometry of GNSs, we further

explored the influence of the number of protruding tips on the
plasmonic response and electric-field distribution using the
same core and tip geometries aforementioned without any
further adjustments except the number of protruding tips
(Figure 4). FDTD simulations predict that the main plasmon
peak red-shifts from 528 nm of the gold core to 741 and 777
nm when one and two protruding tips are on the core,
respectively (Figure 4A). Surprisingly, we find that the
plasmon wavelength remains constant at 777 nm but its
extinction intensity increases with a further increase of the
number of protruding tips on the core from two to five. This
indicates that the geometrical model created here for FDTD
simulations can very well reflect the real geometry of the
synthesized GNSs with uniform distribution of five protruding

Table 1. Summary of Synthetic Conditions of GNSs in This
Work and Their Structural Dimensions Statistically
Obtained from the TEM Data

sample
temp
(°C)

[PVP]
(mM)

PVP
MW core size (nm)

tip length
(nm)

tip
no.a

1 25 5.0 10K 25.10 ± 2.76 16.11 ± 3.94 5
2 25 5.0 24K 29.19 ± 3.64 11.16 ± 5.35 NA
3 25 5.0 40K 33.32 ± 4.03 14.54 ± 3.52 5
4 25 5.0 58K 28.26 ± 4.22 7.78 ± 3.98 NA
5 25 2.0 10K 27.31 ± 3.00 12.12 ± 3.83 5
6 25 2.5 10K 24.56 ± 3.45 14.11 ± 5.14 5
7 25 10.0 10K 26.08 ± 3.27 14.26 ± 3.61 5
8 25 20.0 10K 26.14 ± 3.20 13.01 ± 3.20 5
9 0 5.0 10K 25.72 ± 4.11 10.80 ± 3.00 5
10 100 5.0 10K 29.28 ± 2.52 9.01 ± 3.00 NA

aNA means not available. This is because of the absence of the
protruding tips or the too short tip length.

Figure 3. Plasmon hybridization modeling for GNSs. (A) Calculated
extinction spectra and (B) normalized electric field (|E|2/|E0|

2)
distribution at 785 nm of the gold core, the assembly of five-
protruding tips without the core, and a single GNS consisting of a
central core and five protruding tips uniformly distributed on the
central core. The size of the gold core and dimensional parameters/
distribution of five protruding tips are consistent with those in the
GNS. All of these dimensional parameters for the FDTD simulations
are from the GNS sample synthesized using 5.0 mM PVP-10 at 25 °C,
statistically obtained from the TEM data in Figure 1C(i). The energy
levels of the plasmon modes and corresponding geometrical models of
the gold core, five-protruding-tip assembly, and GNS for the FDTD
simulations are shown as well in part A.
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tips. The plasmonic core containing a single protruding tip
behaves like a gold nanorod of high aspect ratio, leading to the
red-shift of its plasmon band compared with that of the core.
The same explanation can also be employed for the structure
of a central core and two protruding tips. However, there exists
a weak plasmonic coupling between these tips due to the large
separation distance so that a further increase beyond two
protruding tips could not further red-shift the plasmon
wavelength. We found that the molar extinction coefficient
(or extinction cross section) increases with the increasing
number of protruding tips on the core (Figure S6). As
expected, the electric-field intensity of the GNS increases with
the increasing number of protruding tips (Figure 4B). We also
examined the extinction spectra of GNSs under the x, y, or z
polarization direction (Figure 4C). No additional plasmon
mode was observed with respect to the polarization direction
of the incident light. Our results corroborate that each plasmon
mode in the extinction spectrum of GNSs is associated with
one individual tip and the plasmonic coupling between their
protruding tips is negligible. Although we are currently unable
to experimentally make the GNSs with different tip numbers
using the seed-mediated synthetic method, the theoretical
analysis strengthens our understanding of the effect of the
plasmonic properties of the tip number on the GNS. FDTD-
calculated extinction spectra showed change trends consistent
with the experimental ones, indicating the correct geometrical
model for FDTD simulations (Figure 2A).

3.2. Effect of the Synthesis Temperature. To address
the effect of the synthesis temperature on the seed-mediated
growth of GNSs, we further monitored the growth of GNSs at
different temperatures ranging from 0 to 100 °C in the
presence of 5.0 mM PVP-10 (Figure 5). Similar extinction
spectra were observed except a slight blue-shift and spectral
broadening of plasmon bands at 0 °C with respect to those at
25 °C. The intensity of the main plasmon band at the long
wavelength gradually weakens with increasing synthesis
temperature from 40 to 100 °C, and eventually the short-
wavelength plasmon band becomes dominant for the GNSs
synthesized at 100 °C. TEM images reveal that the GNSs
synthesized at 0 °C have a core size (25.72 ± 4.11 nm) similar
to that (25.10 ± 2.76 nm) of GNSs synthesized at 25 °C but
its tip length (10.80 ± 3.00 nm) is much smaller than that
(16.11 ± 3.94 nm) of GNSs synthesized at 25 °C. However,
the GNSs become rounded at 100 °C with fewer and shorter
protruding tips because of the surface melting effect at high
temperatures, widely reported for noble metallic nanostruc-
tures in the previous literature.42,43 The surface melting effect
and resultant reshaping of GNSs were further confirmed by the
time-dependent blue shift of the dominant plasmon band of
the GNS colloids by heating at 90 °C (Figure S7). The
temperature-induced structural change causes the main
plasmon wavelength to first red-shift from 731 to 781 nm
from 0 to 25 °C and then blue-shift to 550 nm as the
temperature increases to 100 °C. The GNSs synthesized at 25
°C have the smallest core size and biggest tip length, while the

Figure 4. Effect of the number of the protruding tips and polarization direction of incident light on the plasmonic response of the GNSs. (A)
Calculated extinction spectra and (B) normalized electric-field (|E|2/|E0|

2) distribution excited at 785 nm of gold nanostructures containing a core
and one to five protruding tips. (C) Calculated extinction spectra under x-, y-, or z-polarized incident light and summarized extinction spectrum of
a single GNS. The size of the gold core and dimensional parameters/distribution of five protruding tips are from the GNS synthesized using 5.0
mM PVP-10 at 25 °C, statistically obtained from the TEM data in Figure 1C(i). The models for FDTD simulations are shown as well.
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Figure 5. Effect of the synthesis temperature on the structure and plasmonic properties of GNSs. (A) Experimental (solid line) and calculated
(short dotted line) extinction spectra of GNSs synthesized at various temperatures (0, 25, 40, 60, 80, and 100 °C). The geometrical models used
for FDTD simulations are shown as well. (B) Representative TEM images and normalized electric-field (|E|2/|E0|

2) distribution excited at 785 nm
of GNSs synthesized at 0, 25, and 100 °C. (C) (i) Plasmon wavelength and (ii) core size and tip length of GNSs as a function of the synthesis
temperature.

Figure 6. SERS performance of GNSs synthesized under varying synthesis conditions. (A) SERS spectra at the 785 nm excitation wavelength of
GNSs synthesized at (i) varying synthesis temperatures (0, 25, 40, 60, 80, and 100 °C) in the presence of 5.0 mM PVP-10 and (ii) varying PVP-10
concentrations (2.0, 2.5, 5.0, 10.0, 15.0, and 20.0 mM) at 25 °C. A schematic model of 4-NTP-modified GNSs is shown as well. (B) SERS EFs at
the 532, 633, or 785 nm excitation wavelength of GNSs synthesized with (i) 5.0 mM PVP of various molecular weights at 25 °C, (ii) various PVP-
10 concentrations at 25 °C, and (iii) various synthesis temperatures in the presence of 5.0 mM PVP-10.
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biggest core size and smallest tip length are achieved at 100 °C
[Figure 5C(ii)]. All of these results substantiate that the
synthesis temperature must be carefully considered for the
seed-mediated synthesis of GNSs. FDTD simulations of GNSs
using dimensional parameters extracted from the TEM data
produced extinction spectra consistent with the experimental
ones, except the distinct spectral width due to the simplified
FDTD model and the polydispersity of synthesized GNSs
(Figure 5A,B). FDTD simulations also show that the higher
synthesis temperature results in a less intense plasmon band
and low electric-field enhancement, which is attributed to the
rounded protruding tips [Figure 5B(ii)].
3.3. Structure-Dependent SERS Enhancement. To

reveal the influence of structures on the SERS enhancement
of the GNSs, we performed the SERS measurements using 4-
NTP as the Raman molecules at three different excitation
wavelengths of 532, 633, and 785 nm (Figure 6). GNSs were
immersed in an aqueous solution containing 4-NTP molecules,
followed by washing with ultrapure water to remove excess 4-
NTP molecules. The average number of Raman molecules
adsorbed on a single GNS is determined according to UV−vis
extinction spectroscopy, whose details can be found in the
Supporting Information. All of the detected Raman bands are
in good agreement with the reported SERS spectra of 4-
NTP.11,31,32 The intense SERS bands around 1571, 1340, and
1078 cm−1 can be attributed to the C−C, O−N−O, and C−S
stretching vibrations, respectively; the SERS bands at 1111 and
855 cm−1 can be attributed to the C−H bending and C−H
wagging vibrations, respectively; the 723 cm−1 band can be
related to the C−H, C−S, and C−C wagging vibrations.11,31,32

Figure 6A confirmed the variations of the SERS intensity as a
function of both the synthesis temperature and PVP
concentration. The results indicate that the SERS intensity
decreases with increasing synthesis temperature, as expected.
This is because the high synthesis temperature leads to the
rounded protruding tips and, consequently, decreases the local
electric-field enhancement. Nevertheless, a nonmonotonous
correlation was observed between the SERS intensity and PVP-
10 concentration; the SERS intensity reaches a maximum at a
PVP-10 concentration of 2.5 mM and a minimum at 10.0 mM
PVP-10. We quantified the SERS performance through the
SERS EF at the 532, 633, and 785 nm excitation wavelengths,
respectively (Figure 6B). For GNSs synthesized with various
PVP molecular weights, the SERS EFs are the highest at the
785 nm excitation wavelength and the lowest at the 532 nm
excitation wavelength. Similarly, GNSs synthesized with
different PVP-10 concentrations show much higher SERS
EFs at the 633 and 785 nm excitation wavelengths than at the
532 nm excitation wavelength. The highest EF of 8.8 × 104 can
be achieved at the PVP-10 concentration of 2.5 mM with the
785 nm excitation wavelength. Our results reveal that the SERS
EFs at either 633 or 785 nm excitation wavelength dramatically
decrease with increasing synthesis temperature, while the SERS
EFs with 532 nm laser excitation slightly increase with the
synthesis temperature.
Given the multiple sharp tips in the geometry of GNSs, the

maximum local electric-field enhancement occurs in the
vicinity of the sharp tips of the GNSs. A better resonance
overlap of the plasmon band of the GNSs with the excitation
wavelength would achieve a much higher SERS EF. The
aforementioned results show the morphology, plasmonic
properties, and SERS performance of GNSs as a function of
the PVP molecular weight, its concentration, and synthesis

temperature. Our FDTD simulations demonstrated more than
9 orders of magnitude SERS enhancement (|E|4/|E0|

4) at the
apex of the protruding tips of the GNSs (Figures 3 and 4). The
reducing power of the PVP molecules kinetically controls the
anisotropic growth of GNSs. PVP-10 of a mild reducing power
produces high-quality GNSs of sharp protruding tips, while
PVP oligomers of high molecular weight such as PVP-24, PVP-
40, and PVP-58 produce GNSs with rounded or short
protruding tips due to the intertwined effects of the reducing
power and steric hindrance of PVP. In addition, the
morphology and plasmonic properties of GNSs are affected
by the PVP concentration. The core size has little dependence
on the PVP concentration, but the tip grows to the longest
value at a PVP-10 concentration of 5.0 mM. The low synthesis
temperature allows the growth of GNSs, while the high
temperature results in the formation of rounded GNSs due to
the surface melting effect. Thus, the SERS enhancement
excited at the 633 or 785 nm laser decreases with the synthesis
temperature due to the decreasing overlap of the plasmon band
with the incident excitation wavelength, while the SERS
enhancement at 532 nm slightly increases with the synthesis
temperature due to the increasing extinction cross section with
the particulate size. Therefore, we reveal that the dimensional
parameters, including the core size and tip length of GNSs, can
be tailored by changing the synthesis conditions, e.g., the PVP
molecular weight, PVP concentration, and synthesis temper-
ature. This work provides a paradigm for correlating the
morphology with the plasmonic properties and clarifying the
effects of multiparameters on the morphological evolution of
GNSs by combining experimental investigations and FDTD
simulations.

4. CONCLUSIONS
In summary, a combined strategy of experimental inves-
tigations and FDTD-based theoretical modeling has been
exploited to elucidate the effects on the morphology of GNSs
of multiple synthesis conditions (i.e., the PVP molecular
weight, PVP concentration, and synthesis temperature) in the
seed-mediated synthesis. We demonstrated the dramatic
influence of the PVP molecular weight on both the core size
and tip length of GNSs. PVP-10 of mild reducing power
produces high-quality GNSs with long, sharp protruding tips,
while PVP oligomers of high molecular weight such as PVP-24,
PVP-40, and PVP-58 produce GNSs with rounded or short
protruding tips. The tip length of GNSs first increases and then
decreases with the PVP concentration, but little dependence of
the core size on the PVP concentration is observed. The
synthesis temperature dramatically affects the morphology of
GNSs as well. FDTD simulations show the maximum local
electric field enhancement at the apex of GNSs and
demonstrate nonlinear hybridization of the core- and
protruding-tip-associated plasmons in the extinction spectrum
of GNSs. Negligible plasmonic coupling between the
protruding tips is substantiated because of their large
separation distance so that a further increase beyond two
protruding tips only increases the extinction cross section
without further red-shifting the plasmon wavelength. The
morphological change of GNSs could modify the optical
properties and thereby significantly affect the SERS enhance-
ment. Effects of these synthesis conditions on the SERS EF
vary with the incident laser wavelength, and an increasing
resonance overlap of the plasmon band with the incident laser
wavelength would produce a high SERS EF. The present work
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clearly clarifies the critical influential factors of the seed-
mediated synthesis of GNSs and strengthens our under-
standing on the growth of GNSs. More importantly, the FDTD
simulations along with the experimental investigations allow
correlations of the reaction-condition-dependent dimensional
parameters with the plasmonic properties, which is unachiev-
able by experiments alone. In this work, FDTD simulations
along with the experimental investigations provide new
scientific insights into the seed-mediated growth of GNSs
and satisfactorily correlate their morphology−plasmonic
properties. This study presents a paradigm for understanding
the growth process of nanostructures and predicting their
plasmonic properties by combining experiments and theoreti-
cal modeling.
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