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ABSTRACT: Hierarchical, three-fold symmetrical dendritic
gold was prepared in an aqueous solution of the quaternary
ammonium cationic surfactant dodecyltrimethylammonium
bromide (DTAB). Similar surfactants with different head
groups and hydrocarbon chain lengths were also used for
comparison. Two-fold and one-fold symmetrical dendritic gold
nanostructures were obtained in N-dodecyl-N-methylpyrroli-
dinium bromide (C12-MPB) and dodecyltriethylammonium
bromide (DTEAB) aqueous solutions, respectively. Longer
hydrocarbon chain lengths were unfavorable for the formation
of dendritic nanostructures. The interaction energies between the individual surfactants and Au (111) plane were calculated using
molecular dynamics simulations. Based on a series of contrast experiments and molecular dynamics simulations, the possible
growth mechanism and fabrication process of the dendritic structures were proposed. The DTAB-capped, three-fold gold
dendrites exhibited good surface-enhanced Raman scattering (SERS) sensitivity toward rhodamine 6G (R6G), indicating their
potential for use in SERS-based detections and analysis. This work provides a simple and effective strategy for fabricating
dendritic gold nanostructures in aqueous solutions.

KEYWORDS: dendritic gold nanostructures, ammonium cationic surfactant, DTAB, head groups, hydrocarbon chain length, SERS

1. INTRODUCTION

Fractal dendritic morphologies of metal nanoparticles have
attracted great attentionbecause of their potential applications
in advanced materials science and their abilities to serve as
platforms to obtain fundamental understanding of the
preparation of these structures with unique properties through
self-assembly methods.1 Particularly, star-shaped dendritic gold
nanostructures have been reported frequently because of their
unique morphologies, properties, and potential applications in
surface-enhanced Raman scattering (SERS), catalysis, and
electrocatalysis.2−4 Various methods have been developed to
prepare dendritic gold nanostructures in recent years. Electro-
chemical2a,5 and galvanic exchange6 methods are traditional
ways to prepare dendritic nanostructures. The colloid chemical
method7 (also known as the wet chemical method) is another
powerful way to fabricate dendritic nanostructures.
In terms of the formation mechanism, most dendritic

nanostructures are the result of either the growth of anisotropic
particles or directional interactions between isotropic particles
in the medium.1b Some of these structures are generated by a
nonequilibrium process due to fractal growth on the molecular
scale.1b,8 Diverse morphologies could form in a nonequilibrium,
kinetically controlled synthesis.9 Star-shaped dendritic nano-
structures could be obtained at high driving force, i.e., far from
equilibrium.10 Because the kinetically controlled reaction occurs
far from equilibrium, a slight variation in the reaction

conditions could amplify the differences in the surface energies
and change the growth rates of individual facets. In the colloid
chemical method, the use of different capping agents could
further amplify the differences between each surface by selective
adsorption.11

In the colloid chemical method, additives usually play a very
important role in controlling the morphologies of the
nanostructures. Various additives, such as polymers,3a,12

biomacromolecules,13 thiol-containing reagents,14 amino-con-
taining reagents,15 surfactants16 and ionic species and super-
molecules,17 have been used in the preparation of nanomateri-
als. Replication of Au on certain templates was recently proved
to be an effective way to fabricate flower-like Au nano-
structures.17c,d Amino-containing reagents seem to have
particular effects on the formation of dendritic nanostructures.
Gold dendrites have been fabricated by employing vapor-phase
polymerization of pyrrole, which acted as a stabilizer, onto a
solution-cast film of block polymer ionomers.18 Polyvinylpyr-
rolidone (PVP), a polymer with pyrrolidone groups, can be
adsorbed on metal surfaces through charge-transfer interactions
between the pyrrolidone rings and metal atoms and can thereby
act as a stabilizer.19 PVP-capped dendritic Ag, Pt and Au
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nanostructures have been obtained previously.12 Tang et al.2c

prepared PVP-capped dendritic gold nanoparticles with
ammonium formate (AF) as a reducing agent. They found
that AF is the origin of the dendritic Au particles, whereas PVP
is a stabilizer. According to the literature, quaternary
ammonium cationic groups are frequently involved in the
f o rma t i on o f d e nd r i t i c n ano s t r u c t u r e s . Po l y -
(diallyldimethylammonium chloride) (PDDA), a polymer
with a quaternary ammonium group, has been used to prepare
three-fold single-crystalline dendritic gold nanostructures by
Han et al.4 [3-[[(Heptadecafluorooctyl)sulfonyl]amino]-
propyl]trimethylammonium iodide (CF3(CF2)7-SO2NH-
(CH2)3N

+(CH3)3I
−, HFOTAI), a surfactant with a quaternary

ammonium cationic group, acts as both a reducing agent and an
assembling agent to form dendrimer-like gold nanostructures.20

Recently, we have successfully prepared planar two-fold gold
dendrites with the assistance of the bolaform surfactant decane-
1,10-bis(methylpyrrolidinium bromide) ([mpy-C10-mpy]Br2),
which is also a capping agent containing a quaternary
ammonium cationic headgroup.21

Typically, alkyltrimethylammonium bromide (CnTAB) is an
important series of quaternary ammonium cationic surfactants
that are mostly used as capping agents in the preparation of
nanomaterials.16,22,23 Their quaternary ammonium cationic
head groups and long hydrocarbon chains may lead to the
formation of anisotropic crystals by selectively adsorbing on
different crystal planes.22 Dendritic silver22a nanostructures
have been synthesized in a cetyltrimethylammonium bromide
(CTAB) and sodium dodecyl benzyl sulfonate (SDBS) mixed
surfactant solution. Hexatrimethylammomium bromide
(HTAB) has been used to prepare three-dimensional gold
dendrites via a seeding growth method.22b It was found that the
quantity of seeds was very important in determining the
morphologies of the final products. Huang et al.23 prepared
planar three-fold gold dendrites in a dodecyltrimethylammo-
nium bromide (DTAB) and β-cyclodextrin (β-CD) mixed
solution. They demonstrated that the molar ratio of DTAB to
β-CD was a very important factor influencing the dendritic
nanostructures. Further, they found that rodlike branches were
formed instead of dendrites in a 2.5 mM pure DTAB solution,
which they explained to be a result of fewer DTAB molecules
adsorbed on the gold surface. However, we found that at a
lower concentration of the DTAB (2.0−2.4 mM) solution,
well-defined, three-fold dendritic gold nanostructures could be
formed.
Herein, we report a one-pot synthesis of dendritic gold

nanostructures grown along the ⟨211⟩ direction in a DTAB
aqueous solution. The effects of the head groups, hydrocarbon
chain length and concentration of surfactants on the
morphologies of the products were investigated. The
interaction energies between the surfactants and the Au
(111) plane were calculated using molecular dynamics
simulations. A possible growth mechanism was proposed, and
the influence of each factor on the growth mechanism was
discussed in detail. The well-defined dendritic gold nanostruc-
tures exhibited great enhancement in the surface-enhanced
Raman scattering (SERS) toward R6G, indicating they have
potential for use in SERS-related detections and analysis. The
as-prepared dendritic gold nanostructures are easy to collect
and soluble in water, which greatly facilitates their use in
practical applications.

2. EXPERIMENTAL SECTION
2.1. Chemicals. N-Methylpyrrolidine, 1-bromododecane, cetyl-

trimethylammonium bromide (CTAB), tetradecyltrimethylammonium
bromide (TTAB), and dodecyltrimethylammonium bromide (DTAB)
were bought from Aladdin Chemistry Co., Ltd. 1-Bromohexadecane,
tetrachloroauric acid tetrahydrate (HAuCl4·4H2O, AR) and L-ascorbic
acid (AA, 99.7%) were purchased from Shanghai Chemical Reagent
Co., Ltd., and all reagents were used without further purification. N-
Alkyl-N-methylpyrrolidinium bromide (Cn-MPB, n = 12, 14, 16)24 and
dodecyltriethylammonium bromide (DTEAB)25 were synthesized
according to the literature with details given in the Supporting
Information.

2.2. Preparation and Characterization of Dendritic Gold
Nanostructures. In a typical synthesis, a DTAB (120 μL, 0.1 M)
aqueous solution and HAuCl4 (21 μL, 0.048 M) were added to 4.6 mL
of water at ambient temperature. The bright yellow precursor complex
was formed immediately. Then, ascorbic acid (300 μL, 0.1 M) was
added to the precursor solution, and the mixture was allowed to sit for
24 h. The products were collected by centrifugation and washed
several times with water. The as-prepared gold nanostructures were
characterized by scanning electron microscopy (SEM, JEOL JSM-
7600F) together with energy-dispersive X-ray spectroscopy (EDS),
transmission electron microscopy (TEM, JEOL JEM-100CX II, 100
kV) and high-resolution TEM (HRTEM, JEM-2100).

2.3. Numerical Simulation. Molecular dynamics (MD) simu-
lations were performed in the canonical (NVT) ensemble (constant
atom number, volume, and temperature) to calculate the interaction
energies between the surfactants and Au (111) planes. The simulations
and structural analysis are similar to a previously reported method.26,27

To obtain the interaction energy for the gold-surfactant system, we
established three models: (1) a three-dimensional model consisting of
the Au (111) crystal plane and a certain amount of surfactant
molecules on the gold surface, (2) the Au (111) plane only and (3)
the surfactants only. All simulations were performed using the
Discover Module in Materials Studio 4.4. The COMPASS force field
was used to calculate the interaction potential energy. All systems were
subjected to energy minimization before the MD simulations. The
NVT simulations lasted for 50 ps with a time step of 1 fs. Simulation
data were collected in the last 20 ps. The interaction energies between
different surfactants (DTAB, C12-MPB, DTEAB) and the Au (111)
plane were calculated.

2.4. SERS Measurements. SERS measurements were carried out
using a confocal microprobe Raman spectrometer (Jobin-Yvon
HR800). The excitation wavelength was 633 nm, and the power was
20 mW. The spectrum was collected with a 50× objective to focus the
laser on a spot approximately 1 μm in diameter. The data acquisition
time was 5 s for one accumulation. A solid R6G sample was prepared
by drop casting 100 μL of a 1.0 × 10−4 M RG6 aqueous solution onto
a quartz substrate. Other samples were prepared by drop casting 100
μL of the gold substrates and 100 μL of 1.0 × 10−4 M R6G. The
samples were measured several times at different positions to obtain
average intensities.

3. RESULTS AND DISCUSSION
3.1. Structural Characterization of the Three-Fold

Gold Dendrites. TEM and SEM images of the dendritic gold
nanostructures obtained in the DTAB aqueous solution are
shown in Figure 1. The gold dendrites are approximately 1−2
μm, and every single dendrite has several trunks reaching in
different directions (Figure 1a, b). Each fully developed trunk is
approximately symmetric and has secondary side branches. The
secondary branches are also symmetric and have integral
tertiary leaves. The whole dendrite is hierarchical and three-fold
nanostructures. The XRD patterns of the dendritic gold
nanostructures (shown in Figure 2) exhibit sharp diffraction
peaks corresponding to the {111}, {200}, {220}, {311} and
{222} planes (Joint Committee on Powder Diffraction
Standards (JCPDS) No. 04−0784), indicating that the
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dendrites are face-centered cubic (fcc) Au crystals. The related
energy-dispersive X-ray spectroscopy (EDS) pattern (see
Figure S1 in the Supporting Information) confirms that the
dendritic nanostructures are composed of gold. HRTEM
images and the selected area electron diffraction (SAED)
pattern of the gold dendrites are shown in Figure 1c, d. The
SAED pattern shows a perfect hexagonal pattern, which verifies
that the dendrites contain single-crystalline {111} faces. The
hexagon diffraction spots inside attributed to the formally
forbidden (1/3) {422} reflections,24 which can be indexed to
the [I1̅1] zone axis of cubic gold and demonstrate that the gold
dendrites are single crystals with the (111) plane as the top
surface. The HRTEM images of the second-order branch
(shown in Figure 1d) show clear lattice fringes with a d spacing
of 0.24 nm and also confirmed that the gold dendrites are single
crystals with a (111) plane and grew along the ⟨211⟩ direction.
The HRTEM images of the first- and tertiary-order branches
(see Figure S2 in the Supporting Information) show the same
lattice fringes and growth direction as the second-order branch,
which means that all three branch orders have (111) planes and
grow along the ⟨211⟩ direction.

Which part of the DTAB surfactant, the headgroup or the
hydrocarbon chain, is essential for the formation of dendritic
nanostructures? The effects of the headgroup and hydrocarbon
chain length were studied by comparing different surfactants.

3.2. Effects of the Head Groups. Quaternary ammonium
cationic C12-MPB and DTEAB were used to fabricate gold
nanostructures and compare the effects of the headgroup with
DTAB. TEM and SEM images of the dendritic gold
nanostructures obtained using the three different surfactants
are shown in Figure 3. The dendritic structures obtained in C12-

MPB and DTEAB have similar spatial architectures as the
DTAB-capped structures, but the trunks are less developed.
The gold dendrites are also approximately 1 μm and have
hierarchical branching structures. The dendrite obtained in C12-
MPB has several trunks, and all fully developed trunks have
symmetrical secondary side branches. Only a few secondary
branches have regular tertiary branches. The dendrites obtained
in DTEAB only have secondary branches. The SAED pattern
and HRTEM images of the gold dendrites prepared in the C12-
MPB aqueous solution (shown in Figure S3a, b in the
Supporting Information) demonstrate that the dendritic
nanostructures are single-crystalline Au grown along the
⟨211⟩ direction, which is similar to the nanostructures prepared
in the DTAB aqueous solution. The XRD pattern (see Figure
S3c in the Supporting Information) exhibits sharp diffraction
peaks corresponding to the {111}, {200}, {220}, {311}, and
{222} planes, as also observed in the XRD pattern of the
DTAB-capped dendrites.
The definition of fold as described in this article is shown in

figure 3f. We concluded that surfactants with different
quaternary ammonium cationic head groups could affect the
order of the dendritic nanostructures. The nanostructures

Figure 1. (a) TEM, (b) SEM, and (c, d) HRTEM images of dendritic
gold nanostructures prepared in a HAuCl4 aqueous solution
containing DTAB (R = 12) (the inset in c shows the corresponding
SAED pattern).

Figure 2. XRD patterns of dendritic gold nanostructures prepared in a
HAuCl4 aqueous solution containing DTAB.

Figure 3. (a, c, e) TEM and (b, d) SEM images of dendritic gold
nanostructures prepared in an aqueous solution containing (a, b)
DTAB, (c, d) C12-MPB and (e) DTEAB; (f) illustration of the orders
of leaves in the dendritic nanostructures described in this article.
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obtained in DTAB, C12-MPB and DTEAB are three-, two-, and
one-fold, respectively.
We found that surfactants with different head groups have

different optimal concentrations for the formation of well-
defined dendritic nanostructures. Figure 4 and Figures S4 and

S5 in the Supporting Information show the nanostructures
obtained under different concentration ratios of the surfactant
to HAuCl4 (R) for DTAB, C12-MPB and DTEAB, respectively.
For DTAB, only irregular nanoparticles were formed at rather
low surfactant concentrations (R < 3). Simple one-fold
dendrites with several branches were formed when the R
value was increased to 6 (Figure 4b). Dendritic nanostructures
with trunks and several side branches were formed when the R
value was further increased to 9 (Figure 4c). The best R value
to form three-fold dendritic nanostructures in the DTAB
aqueous solution is 12 (Figures 1 and 4b), whereas in the C12-
MPB aqueous solution, this R value is approximately 20 (shown
in Figure 3c, d). In the DTEAB aqueous solution, the products
have well-defined, three-fold structures when the R value was 9
(Figure 3e). When the R value was increased to 30 or 50, the
resulting dendritic structures deteriorated and were thick and
short-branched (Figure 4e, f).
Therefore, the concentrations of the surfactants influence the

final morphology of the nanostructures in the same way, but
each surfactant has a different optimal R value for the formation
of perfectly constructed dendritic nanostructures. The best R
values for DTAB, C12-MPB, and DTEAB to obtain dendritic
nanostructures are 12, 20 and 9, respectively. The differences in
the optimal R values might be due to the different sizes of the
head groups, as discussed in detail in the Formation Mechanism
section.
3.3. Effects of the Hydrocarbon Chain Length. To

elucidate the influence of the hydrocarbon chain length on the

dendritic structures formed, analogues of DTAB (TTAB,
CTAB) and C12-MPB (C14-MPB, C16-MPB) were used as
capping agents to prepare gold nanostructures. We found that
the length of the hydrocarbon chain can dramatically change
the morphologies of the final products. The nanostructures
obtained in the TTAB and C14-MPB aqueous solutions were
thick-branched structures (Figure 5a, b), while only irregular

nanoparticles were formed in CTAB and C16-MPB (Figure 5c,
d). Obviously, DTAB and C12-MPB, which have shorter
hydrocarbon chains, are favorable for the formation of dendritic
nanostructures, while the longer hydrocarbon chains inhibit the
formation of dendritic nanostructures. The role of the
hydrocarbon chain length during the formation of the dendrites
will be discussed in the Formation Mechanism section.

3.4. Formation Mechanism. The formation process is
always a focus topic in research on dendritic nanostructures. It
has been reported that star-shaped dendritic nanostructures
could be obtained when the driving force is large (i.e., far from
equilibrium10) through a nonequilibrium, kinetically controlled
synthesis process. Kinetic control can be realized by
substantially slowing down the precursor decomposition or
reduction process.15 Therefore, the formation of more
complicated structures requires a higher driving force, i.e., a
lower reaction or precursor decomposition rate.
Here, we present a possible formation mechanism for the

dendritic nanostructures in this study. A schematic illustration
of the dendritic nanostructure formation process is shown in
Figure 6. First, the precursor complex of the quaternary
ammonium cationic headgroup and AuCl4

− was formed
through electrostatic interactions. When the reducing agents,
AA, were added, AuCl4

− was slowly released from the complex
and reduced to Au0. Initially, Au0 aggregated and formed Au
nuclei, which were stabilized by the excess surfactant molecules
adsorbing as a bilayer on the Au surface.22d The Au nuclei acted
as seeds, which is similar to the process described by Lee et
al.22b Those seeds became the growth centers of the dendrites.
Continuous reduction created small Au nanoparticles dissolved
into the solution. The growth continued as small particles
diffused to and adsorbed on the Au nuclei. The kinetically
controlled process was realized because of three key factors: (1)
the weak reducing agent (AA) provided a slow reducing rate for
the nonequilibrium, kinetically controlled process of anisotropic

Figure 4. TEM images of dendritic gold nanostructures obtained using
different R values of DTAB: (a) 3, (b) 6, (c) 9, (d) 12, (e) 30, (f) 50.

Figure 5. Gold nanostructures obtained in (a) TTAB, (b) CTAB, (c)
C14-MPB, and (d) C16-MPB.
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growth; (2) AuCl4
− formed a precursor complex with the

surfactants and was slowly released after AA was added, further
decreasing the reducing rate; and (3) small Au nanoparticles
capped by the surfactant bilayer have a hydrophilic surface,
making them soluble in aqueous solutions, and their stability
depends on the hydrocarbon chains of the surfactants. Hence,
these small gold nanoparticles were temporarily stable in the
aqueous solution, which delayed the accumulation time and
decreased the growth rate of the dendrites. As the driving force
increases, the growth rate is governed by mass diffusion or heat
transfer, and the growth surface becomes unstable in the
diffusion field. Under this condition, a dendrite with a
complicated periodic structure will be produced because of
the competition between the promotion and suppression of the
crystal growth.28

Because the kinetically controlled reaction occurs far from
equilibrium, a small change in the reaction conditions could
amplify the differences in the surface energies and the growth
rates of individual facets.11 In our case, DTAB, C12-MPB, and
DTEAB have the same hydrocarbon chain lengths, and the
differences between their head groups were amplified.
According to the kinetically controlled process, three-fold
dendritic nanostructures require a slower reaction rate to form.
During the experiments, we indeed noticed that when AA was
added to the reaction solution, the yellow color of the DTAB/
AuCl4

− precursor faded more slowly by approximately 10 s
than that of the precursors formed with the other two
surfactants, which directly confirmed the slower reaction rate in
the DTAB aqueous solution. However, what causes the
differences between these three surfactants? We hypothesized
that the differences might due to the different interaction
energies (U) of the surfactants with the Au (111) plane. The
interactions of the surfactants with the gold surface were
investigated using MD simulations. The interaction energies
were calculated by the following equation26

= − −U E E Etotal surface saa

where Etotal is the total energy of the Au (111) crystal plane
with adsorbed surfactants, Esurface is the Au (111) plane energy
without surfactants and Esaa is the energy of the surfactants
without the Au (111) plane. A negative value indicates
attractive interactions. The results of the MD simulations are
shown in table 1. DTAB has the strongest interaction energy
with the Au (111) plane, demonstrating that the strongest

adsorption complex involves DTAB and Au (111) plane. We
find that the stronger adsorption complex is favorable for the
formation of dendritic nanostructures, which might due to the
slower desorption hindering the growth of the Au crystal. In
addition, the critical micelle concentration (CMC) values25 of
DTAB, C12-MPB, and DTEAB are 15.0, 13.5, and 13.0 mM,
respectively. Because they have same hydrocarbon chain length,
the CMC values reveal the hydrophilicity of their head groups.
DTAB has the highest CMC value, which indicates the greater
hydrophilicity of its headgroup. The DTAB-capped nano-
particles, therefore, have the best stability and slowest growth
rate, leading to the formation of three-order leaves in the
DTAB aqueous solution.
The three surfactants have different appropriate concen-

trations for the formation of well-developed dendritic
nanostructures. The minimum area (Amin) occupied per
surfactant molecule at the air/water interface of DTAB and
C12-MPB were 63.2 nm2 and 54.8 nm2, respectively.24 A smaller
headgroup allows more surfactant molecules to be adsorbed on
the Au surface due to decreased steric hindrance. An increase in
the concentration of the surfactant cannot obviously influence
the bilayer adsorption of the surfactant. Therefore, with the
smallest headgroup, C12-MPB has the highest optimal
concentration (R = 20) for the formation of well-developed
dendritic nanostructures. The headgroup of DTEAB is
obviously larger than the other two surfactants; hence, only a
few molecules could be adsorbed on the small nanoparticles
side by side because of strong steric hindrance between the
head groups. Consequently, DTEAB has the lowest optimal
concentration for the formation of well-constructed dendritic
nanostructures.
The length of the hydrocarbon chain greatly influences the

morphology of the products. The CMC values of CTAB,
TTAB, DTAB, C16-MPB, C14-MPB, and C12-MPB are 0.93,
4.08, 14.80, 0.86, 3.30, and 13.50 mmol/L,24 respectively. The
CMC values reveal that increasing the hydrocarbon chain
length significantly increases the hydrophobic effect of the
hydrocarbon chains. In the present study, the DTAB and C12-
MPB molecules adsorbed on the Au surface as a bilayer to keep
it stable and hydrophilic, and the small Au nanoparticles were
thus effectively capped to prevent aggregation and reduce the
growth rate of the dendrites. The gold nanoparticles capped
with TTAB and C14-MPB are not as stable as those capped with
DTAB and C12-MPB because of the stronger hydrophobic
interactions of their long hydrocarbon chains. Thus, only thick-
branched structures formed. The gold nanoparticles capped
with CTAB or C16-MPB aggregated immediately due to the
strong hydrophobicity of their long hydrocarbon chains; hence,
no dendritic nanostructures were obtained in the CTAB or C16-
MPB aqueous solution.
In summary, the head groups of the ammonium cationic

surfactants determine the order of the dendritic nanostructures,
whereas an appropriate hydrocarbon chain length is the critical
factor for the formation of dendritic nanostructures in
quaternary ammonium cationic surfactant aqueous solutions.

Figure 6. Schematic illustration of the dendritic nanostructure
formation process in aqueous solutions containing quaternary
ammonium cationic surfactants.

Table 1. Calculated Interaction Energies (kcal mol−1)
between Surfactants with Different Head Groups and the Au
(111) Plane

DTAB C12-MPB DTEAB

Au(111) −338.97 −203.50 −164.96
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3.5. SERS Activity. Dendritic nanostructures have been
reported to have great potential for applications as substrates in
SERS.29 Because sharp corners, edges and nanoscale gaps serve
as SERS “hot spots”,30 dendritic gold nanostructures usually
show very strong enhancement toward SERS. In the present
study, the enhancement abilities of the as-prepared three- and
two-fold nanostructures were investigated using R6G as a
model molecule. The nanoparticles were prepared by reducing
HAuCl4 with NaBH4 in a sodium citrate aqueous solution.
Figure 7 shows the SERS spectra of R6G in the presence of two

dendrites and Au nanoparticles. For both dendrites, remarkably
enhanced Raman peaks were observed. These peaks were
assigned to the C−C stretching of the aromatic ring (1651,
1576, 10511, 1364 cm−1), C−O−C stretching (1321 cm−1),
C−H in-plane bending (1185 cm−1), C−H out-of-plane
bending (776 cm−1), and C−C−C ring in-plane bending
(614 cm−1).31

The magnitude of the enhancement factors (EFs) for R6G
on the dendritic gold nanostructures was quantitatively
evaluated using the following equation32

=EF I N I N( / )/( / )SERS ads bulk bulk

where ISERS is the intensity of the enhanced spectrum, Ibulk is the
intensity of the normal Raman spectrum of R6G, Nbulk is the
number of R6G molecules in the bulk, and Nads is the number
of R6G molecules adsorbed on the surface of the substrates.
The details of the calculation are shown in the Supporting
Information. The EFs of the three gold substrates at 614, 1364,
and 1511 cm−1 are listed in table 2.
Both of the dendritic gold substrates have much higher EFs

than the Au nanoparticles, demonstrating their stronger
enhancement abilities. The DTAB-capped, three-fold dendrites

have stronger enhancement than the C12-MPB-capped, two-
fold dendrites, possibly because of the presence of more
nanoscale junctions and tips in the three-fold dendrite, which
act as “hot spots”. The DTAB-capped, three-fold dendritic gold
nanostructures might find a potential application in SERS-based
technologies based on their high efficiency and facile
preparation and the low expense of DTAB.

4. CONCLUSIONS
Three-fold dendritic gold nanostructures were obtained in
aqueous solutions containing quaternary ammonium cationic
surfactants. The capping agents could substantially affect the
structures of the dendritic nanoparticles. Only two- and one-
fold dendritic nanostructures can be obtained in C12-MPB and
DTEAB aqueous solutions due to the weak interaction energy
between the head groups and Au (111) plane. Longer
hydrocarbon chains are unfavorable for the formation of
dendritic nanostructures. No dendrites have been obtained in
CTAB or C16-MPB aqueous solutions because of the strong
hydrophobic interaction of the longer hydrocarbon chains. A
possible formation mechanism for the dendritic nanostructures
in aqueous solutions of quaternary ammonium cationic
surfactants has been proposed. This work presents a simple,
ultrafast and cheap way to prepare dendritic gold nanostruc-
tures in aqueous solutions using a small molecule as the
capping agent. This method also provides a straightforward
procedure to explore the formation mechanism of dendritic
gold structures due to the simple structure of DTAB. Dendritic
gold nanostructures exhibit high SERS sensitivity toward R6G
and have potential for use as SERS substrates.
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