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ABSTRACT: We studied the controlled growth of triangular
prismatic Au nanoparticles with different beveled sides for
surface-enhanced Raman spectroscopy (SERS) applications.
First, in a seedless synthesis using 3-butenoic acid (3BA) and
benzyldimethylammonium chloride (BDAC), gold nano-
triangles (AuNTs) were synthesized in a mixture with gold
nanooctahedra (AuNOCs) and separated by depletion-
induced flocculation. Here, the influence of temperature, pH,
and reducing agent on the reaction kinetics was initially
investigated by UV—vis and correlated to the size and yield of
AuNT seeds. In a second step, the AuNT size was increased by

seed-mediated overgrowth with Au. We show for the first time that preformed 3BA-synthesized AuNT seeds can be overgrown
up to a final edge length of 175 nm and a thickness of 80 nm while maintaining their triangular shape and tip sharpness. The NT
morphology, including edge length, thickness, and tip rounding, was precisely characterized in dispersion by small-angle X-ray
scattering and in dry state by transmission electron microscopy and field-emission scanning electron microscopy. For sensor
purposes, we studied the size-dependent SERS performance of AuNTs yielding analytical enhancement factors between 0.9 X 10*
and 5.6 X 10* and nanomolar limit of detection (107*~107° M) for 4-mercaptobenzoic acid and BDAC. These results confirm
that the 3BA approach allows the fabrication of AuNTs in a whole range of sizes maintaining the NT morphology. This enables
tailoring of localized surface plasmon resonances between 590 and 740 nm, even in the near-infrared window of a biological
tissue, for use as colloidal SERS sensing agents or for optoelectronic applications.

KEYWORDS: gold nanotriangles, seed-mediated approach, plasmonic platforms, ultrasensitive detection, small-angle X-ray scattering,

surface-enhanced Raman scattering, colloidal particles

B INTRODUCTION

Over the past decades, metal nanoparticles (NPs) have been
extensively used in many areas of science such as biotechnol-
ogy,l’2 targeted drug delivery,3’4 cancer diagnosis,5 as well as for
sensing and catalytic applications.”” The most important
characteristic of noble metal NPs at this range of sizes is
their intrinsic optical properties, that is, their localized surface
plasmon resonances (LSPRs).*” This feature is based on the
collective oscillation of free electrons within the NPs upon
interaction with an external electromagnetic source. For noble
metals such as Au, Ag, or Cu, this delocalization results in
intense extinction bands normally located in the UV—vis—near-
infrared (NIR) spectrum, as initially described by Mie theory.
Interestingly, the position and the intensity of the LSPR
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depend on several characteristic factors such as material
composition,” particle size and shape,'” and the dielectric
environment.'" Particularly, a tight control over the NP
morphology allows the fine tuning of the LSPR position over
a wide range of the electromagnetic spectrum.” The great
success in the synthesis of anisotropic metal NPs with a tight
control relies on high confinement of the electromagnetic field
at well-defined sharp angles, cavities, or sharp tips, thus leading
to further promising and attractive applications in surface-
enhanced Raman spectroscopy (SERS)."”~"* Importantly, for
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the efficient use of NPs as colloidal SERS sensors, their optical
properties should be matched to a wide range of laser excitation
wavelengths. In particular, for bioapplication purposes, the use
of low-energy near-infrared lasers is necessary to suppress the
fluorescence and utilize the transparency NIR windows of
biological samples (650—900 and 1000—1350 nm)."~"” For
this purpose, it would be beneficial to extend the plasmon
absorption toward the near-infrared regime, which can be
accomplished by increasing the size of NPs."® Other recently
reported applications for nonspherical metal NPs are hyper-
thermia for local heating'” and drug delivery, biological
imaging,”® and the use as building blocks for bottom-up
assembly of optical functional materials, wave guides, antenna
structures, and optoelectronic circuits.”"*?

Typically, noble metal NPs are synthesized by wet-chemical
processes through the reduction of a precursor salt (e.g,
HAuCl,) with a suitable reducing agent in the presence of
stabilizing “capping” molecules, which play an important role in
controlling the NP morphology.””** Other synthesis parame-
ters such as temperature,25 pH,26’27 solvent nature,”® and
presence of ions” ' have been shown to affect the final
particle size and morphology. For example, Li et al. analyzed
the influence of temperature, ion strength, and pH on the well-
known citrate-mediated synthesis of AuNPs.>* They found that
a decrease in the reaction temperature allowed a higher control
over the nucleation rate. In addition, they established that the
particle size distribution could be influenced by pH-dependent
growth mechanisms, which was attributed to differences in
colloidal stabilities of particles based on their average size and
surface potential, as determined by electrophoresis. Brifias et al.
developed a method for size-controllable Au colloids on the
basis of the formation of Au'-glutathione polymeric NP
precursors, which change size and density depending on the
pH.>® Wang et al. also studied the pH-dependent speciation of
aqueous HAuCl, and its influence on the synthesis of AuNPs.
Using ascorbic acid and sodium benzenesulfonate as reducing
and capping agents, respectively, the reduction of HAuCl, at
low pH led to the synthesis of well-dispersed and uniform
AuNPs, whereas at high pH, lar§e Au colloids and ensembles of
small Au colloids were formed.™

Alternatively to the seedless synthesis, the seed-mediated
approach has been pro osed for precise control over the size
and shape of NPs.”>*® Dating back to the 1920s, it is well
accepted as the most efficient and controlled methodology for
the targeted synthesis of NPs with various morphologies.”” This
method involves the separation of the nucleation and growth
events. First, premade seeds of well-defined size and (crystallo-
graphic) shape are added to a growth solution containing a
metal salt precursor and a mild reducing agent. In the growth
step, the metal salt precursor will be catalytically reduced on the
seeds. Here, the final particle size can be controlled by the
molar ratio of a metal precursor to seeds available in the growth
solution, normally denoted R, that is, [metal precursor]/[metal
seed]. At the same time, the final nanocrystal shape can be
controlled by either the crystalline structure of the initial seed,
the presence of shape-directing ligands, and/or other additives.
For example, Jana et al. studied the seed-mediated growth of
citrate-stabilized AuNPs (12 nm) for a wide range of reducing
agents and conditions.”® Rodriguez-Fernandez et al. reported
the seed-mediated growth of CTAB-stabilized Au spheres from
1S nm to sizes from 60 up to 180 nm within narrow size
distributions.” Sanchez-Iglesias et al. have shown how a
thermal-induced seed optimization allowed the high-yield

synthesis of monodisperse, pentatwinned gold nanorods,
decahedra, and bipyramids with a great control over the final
dimensions.*®

For the synthesis of Au triangular prismatic NPs, the range of
available approaches can be divided into two main mechanisms,
namely, “plate-like” and “face-blocking” growth.”~*" Plate-like
growth builds on twinned seeds with stacking faults (coalescent
{111} facets). Because the growth along the reentrant grooves
is highly favored, nanotriangles of low thickness (<10 nm) in a
wide range of aspect ratios (from S up to >20) are
accessible.”™** However, common approaches report low
control over the size dispersity and low initial shape gield of
30—40%, especially in the sub-200-nm size range.”” Face-
blocking growth describes the directed growth upon selective
adsorption of surfactants to most-favorable facets (capping). By
this “surfactant-templating”, the overgrowth of single-twinned
seeds to nanotriangles of lower aspect ratio (<S) was initially
pro&)osed by Mirkin et al.* and later improved by Scarabelli et
al.’*” They showed that an initial shape yield above 50% can be
achieved by a two-step approach: (1) generation of CTAC-
capped single-twinned seeds (<10 nm) and (2) “fast seed
addition” to a growth solution using ascorbic acid, yielding
nanotriangles between 60 and 150 nm after depletion-induced
purification. This phenomenon has been explained by the
presence of iodide ions during the fast overgrowth of the seed,
which fosters seed twinning®’ and that iodide is crucial for the
required symmetry-breaking.”' However, the proposed method
cannot be applied to overgrow preformed triangles as the high
etching power of ascorbic acid causes a dulling of the tips/
edges, ultimately yielding spherical morphologies. To the best
of our knowledge, a seed-mediated approach that enables a
controlled overgrowth using Au nanotriangles as “large” seeds
has not been reported.

Alternatively, we have recently proposed a seedless method
for the synthesis of AuNTs using 3-butenoic acid (3BA) in the
presence of benzyldimethylammonium chloride (BDAC) as a
capping agent (step 1 in Scheme 1).°” 3BA is a mild reducing

Scheme 1. Two-Step AuNT Synthesis Using the 3BA
Approach with BDAC*
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“Step 1: seedless synthesis of well-defined AuNTs as “large seeds”
(30—55 nm edge length) for further overgrowth. Step 2: seed-
mediated growth of AuNTs (100—180 nm edge length) retaining their
truncated triangular bipyramid morphology.

agent unable to reduce AuCl,” ions to Au’ at room
temperature. Thus, to promote nucleation,”” the reducing
capabilities of 3BA need to be increased by elevated
temperatures” or increased pH values. The sequential
reduction of Au** to Au' and finally to Au’ is accompanied
by Tsuji—Wacker oxidation of 3BA upon the formation of
succinic semialdehyde or acetoacetic acid (see Scheme S1).%*
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Gomez-Graiia et al. suggested that 3BA favors thermodynamic
controlled growth, stabilizing preferably {111} facets.” In this
“one-pot” nucleation-growth process, two principal kinds of
nuclei may form, namely, single-crystalline and twinned seeds.
Thus, upon thermodynamic controlled growth, single crystals
form octahedra (NOCs, enclosed by 8 {111} facets). Single-
twinned seeds grow into triangular bifrustums,*” that is,
truncated triangular bipyramids ({111} facets on top/bottom),
which are simply referred to as triangles (NTs), and
pentatwinned seeds form decahedra (enclosed by 10 {111}
facets). Consequently, the 3BA approach results in dispersions
composed of a mixture of AuNTs and gold nanooctahedra
(AuNOCs) with a minor amount of byproducts (Au decahedra
and larger morphologies), as previously reported.”” By
depletion-induced separation,”® both AuNTs and AuNOCs
can be purified and isolated. In addition, 3BA grants access to
chemical postfunctionalization, for example, by free-radical
polymerization. The vinyl functionalities enable a direct
encapsulation of nanoparticles by a polymer shell such as
pNIPAM, p4VP, or PS without the requirement of an
additional step for the surface modification.

Here, we show that the AuNT's obtained by the seedless 3BA
approach can serve as large seed particles (30—S5 nm in edge
length) for further Au overgrowth, giving access to the sub-200-
nm size range (step 2 in Scheme 1). First, we address the 3BA-
mediated synthesis of AuNT seeds, investigating the three main
control parameters for a control over size and shape yield:
temperature, solution pH, and concentration of the reducing
agent. Then, we demonstrate the seed-mediated growth of
AuNTs between 100 and 180 nm in edge length and 50 and 80
nm in thickness, with a constant low aspect ratio of about 2.1.
To the best of our knowledge, this is the first time that well-
defined gold triangles can be overgrown retaining their well-
defined truncated triangular bipyramid morphology. The
evolution of the NT morphology upon growth, including
edge length, thickness, and edge rounding, is quantified by a
combination of electron microscopy (transmission electron
microscopy (TEM) and field-emission scanning electron
microscopy (FESEM)) and small-angle X-ray scattering
(SAXS). We show that the tip sharpness is maintained
throughout the overgrowth, which is an indicator of the NT
quality and essential for application in SERS. Finally, we
investigate the size-dependent SERS enhancement of the
overgrown AuNTs in dispersion by quantification of the
analytical enhancement factors (AEFs) and the limit of
detection using 4-mercaptobenzoic acid (4MBA) as a model

analyte.

B EXPERIMENTAL SECTION

Materials. Sodium hydroxide in pellets (>98%), 3-butenoic acid
(3BA, 97%), cetyltrimethylammonium chloride (CTAC, >98%),
benzyldimethylhexadecylammonium chloride (BDAC, >97%), cetyl-
trimethylammonium bromide (CTAB, >98%), and HAuCl,-3H,0
(>99.9% trace metal basis) were supplied by Sigma. 4-Mercapto-
benzoic acid (4MBA, >95%) was purchased from Tokyo Chemical
Industry (TCI). All reactants were used without further purification.
Water was purified using a Milli-Q system (Millipore).

Characterization Methods. UV—vis—NIR measurements of
aqueous colloidal solutions were recorded with an HP Agilent 8453
diode array spectrophotometer. Transmission electron microscopy
(TEM) images were obtained by a JEOL JEM 1400 operating at an
acceleration voltage of 80 kV. TEM samples were prepared by drying a
10 uL drop of a colloidal suspension of AuNTs, where the excess
surfactant was removed by two centrifugation and redispersion cycles,

on a carbon-coated copper grid. Field-emission scanning electron
microscopy (FESEM) images were obtained by a FEI Helios Nanolab
650 Dual Beam working at an acceleration voltage of 15 kV and a
current intensity of 0.2 nA. FESEM samples were prepared by drying
20 uL of an aqueous colloidal solution of AuNTs with a particle
concentration of [Au®’] ~1 mM and 1.5 mM CTAB on a 1 X 1 cm?
polished boron-doped silicon (111) wafer.

Small-angle X-ray scattering (SAXS) data were recorded using a
“Double Ganesha AIR” (SAXSLAB, Denmark). The X-ray source of
this laboratory-based system is a rotating anode (copper, MicoMax
007HF, Rigaku Corporation, Japan) providing a parallel beam at 4 =
0.154 nm. The measurements were carried out on samples contained
in 1 mm glass capillaries (Hilgenberg, code 4007610, Germany) at
room temperature, and the transmitted intensity data were recorded
by a position-sensitive detector (PILATUS 300 K, Dectris). To cover
the range of scattering vectors between 0.02 and 5.0 nm™’, different
detector positions were used. The circularly averaged data were
normalized to incident beam, sample thickness, and measurement time
before subtraction of the solvent. All measurements were put on an
absolute scale by standardless absolute intensity calibration.

Surface-enhanced Raman scattering was recorded with a confocal
Raman microscope (WiTec GmbH, Ulm, Germany) equipped with a
300 grooves/mm grating, a Peltier-cooled charge-coupled device
camera, and a 785 nm laser (30 mW) as an excitation line. A HeNe
laser was used for reference measurements at 633 nm excitation (see
Figure S19). Spectra were recorded by focusing the laser spot below
the air/liquid interface of the sample liquid (200 yL) using a 10X
objective lens (Zeiss, NA 0.2), providing a spatial resolution of ~2
um?. Each sample was measured at least three times, and time-series
data (300 spectra X 1 s exposition) was accumulated for the final
spectra. The equimolar sample solutions were prepared from aliquots
of CTAB-stabilized NT dispersions ([Au°] = 0.25 mM, [CTAB] = 0.5
mM) and aqueous analyte solutions ([4MBA] = 1 uM; 11 vol %
EtOH). For spectral assignment, SERS data was evaluated in reference
to spectra of bulk materials (4MBA, CTAB, BDAC, and EtOH) and
reference analyte solutions of known concentrations ([4MBA] = 0.1,
0.05, and 0.01 M) obtained by conventional volume Raman
spectroscopy. Data analysis and background correction were done
by multipeak fitting using Igor Pro 7 (WaveMetrics, Inc.).

Synthesis at Different Temperatures. AuNTs and AuNOCs
were synthesized by following a similar procedure reported recently.**
In a typical synthesis, 50 mL of an aqueous mixture containing 0.5 mM
HAuCl, and 5 mM BDAC was introduced into a two-neck round-
bottomed flask under mild magnetic stirring. After that, the solution
was heated to the desired temperature (70, 75, 80, 85, 90, or 95 °C).
Then, 100 uL of 3BA (11.4 M) was added, reaching a final [3BA] =
22.8 mM and a [3BA]/[HAuCl,] ratio of 45.6. The complete
reduction of available HAuCl, to Au’ was confirmed by UV—vis
analysis, and the solution was allowed to cool down to RT. Finally, the
excess of 3BA and BDAC was removed by centrifugation at 5500 rcf
(relative centrifugal force) for 30 min in every case. The supernatant
was discarded, and the pellet was redispersed in S0 mL of 4 mM
BDAC.

Synthesis at Different pH Values. For the synthesis at several
pH values, at a selected temperature of 75 °C and keeping constant the
amounts of BDAC (5 mM) and 3BA (100 pL), different amounts of a
1 M NaOH solution were added into the reaction mixture (0, 25, SO,
75, 100, 200, 400, and 800 uL corresponding to pH values of 5.7, 6.1,
6.8,7.5,82,9.3, 10.5, and 12.5, respectively). In a typical synthesis, SO
mL of a mixture containing 0.5 mM HAuCl, and S mM BDAC was
heated to 75 °C. Then, 25 puL of 1 M NaOH was added under mild
magnetic stirring. Immediately after that, 100 uL of 3BA was added
into the mixture, which was left to react until all of the HAuCl, was
reduced to Au’, as confirmed by UV—vis analysis. The solution was
allowed to cool down to RT, and the excess of 3BA and BDAC was
removed by centrifugation at 5500 rcf for 30 min in every case. Finally,
the supernatant was discarded and the pellet was dispersed in S0 mL of
4 mM BDAC.

Purification of AuNTs. For particle separation, the mixture of
AuNTs and AuNOCs was purified by the depletion-induced
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Table 1. Summary of Molar Ratio R, Seed Concentration [Au’], Concentration of Gold Precursor Salt, Average Thickness
Tggspny and Edge Length Ly Evaluated by FESEM and TEM Image Analysis, Average Thickness Tgaxs and Edge Length L,y
Determined by SAXS, Difference in Edge Lengths AL (=Lgaxs — Lygm), Tip Rounding s, and LSPR Extinction Maxima for

AuNTs of Increased Sizes Obtained from Au Overgrowth

R [Au"], nM  [HAuCl,], mM Lygy, nm Trpseny DM
seeds 54.8 + 4.0 33.0 + 34
2.5 0.0585 0.1375 86.3 + 4.0 524 + 4.2
S 0.055 0.275 103.6 + 4.2 62.0 + 4.3
7.5 0.055 0.4125 128.1 £ 5.2 70.8 £ 3.2
10 0.055 0.55 137.0 + 4.5 747 £ 2.9
15 0.055 0.825 1737 £ 7.1 814 + 5.1

Tsaxsy NM Lgaxsy nm Lsaxs — Lygyy nm Stips % LSPR, nm
32+23 7S £ 3.8 202 £ 8.5 15.6 + 4.9 591
S0+ 1.5 105 + 3.2 18.7 £ 52 10.3 £ 3.2 617
58 + 8.7 130 £ 9.1 264 + 10.0 1.7 £ 5.3 633
68 + 10.2 145 + 5.8 169 + 7.8 6.7 + 34 669
72 £ 94 187.5 £ 142 20.5 + 149 7.5+ 62 684
80 + 12.0° 162.5 + 11.4° “ “ 742

“SAXS values of the largest NTs (R = 15) are affected by particle sedimentation owing to a limited colloidal stability over the integration time.

A temperature / °C B solution pH cz_
95908580 75 70 ) 68 6.1 5.
100 B g4 fe 4o | 100 Go 2 9ape | .
= -
o ‘ increasing / 30 increasing G - um?)etlﬂrrlged
& AuNT = 7 <A AuNT ~
- size c yield c
0 9 2,
0 - »n 7]
S £ c
) [ =
> o > ";<'
c c o A
3 T 3
o AuNTS
¥, pH 5.5 75 °C i
0- | T T T T T T T | | T T | T I I I I I
0 600 1200 1800 2400 0 600 1200 400 500 600 700 800
Time/s Time/s Wavelength / nm

Figure 1. Synthesis of AuNT seed particles: (A) temperature-dependent and (B) pH-dependent conversion kinetics of Au precursor to Au’ by time-
resolved UV—vis spectroscopy. The lines are a guide to the eye. (C) Extinction spectra of unpurified as-synthesized seed mixture (black: 75 °C, pH
5.5) and after purification by depletion-induced separation: purified AuNTs (blue) and purified AuNOCs (red).

separation approach using CTAC at room temperature.56 The
concentration of CTAC was varied as a function of the AuNT size.
For instance, the as-synthesized particles at 75 °C were centrifuged at
5500 rcf for 30 min. The supernatant was discarded, and the
precipitate was redispersed in a 5 mL vial containing 2 mL of 100 mM
CTAC. After 4 h at room temperature, the precipitate formed at the
bottom of the vial was discarded. The supernatant, containing a
mixture of AuNTs and AuNOCs, was again centrifuged at S500 rcf for
30 min. The supernatant was discarded, and the precipitate was
redispersed in a S mL vial containing 2 mL of 175 mM CTAC. After 4
h, the supernatant, containing AuNOCs, was separated, and the
precipitate formed at the bottom of the vial, containing AuNTs, was
redispersed in 10 mL of 5 mM BDAC.

Seed-Mediated Gold Overgrowth. For the overgrowth, purified
AuNTs synthesized at 75 °C were used as seeds. The initial HAuCl,
concentrations were calculated to obtain different molar ratios, R
([HAuCl,])/[Au’] = 2.5, 5, 7.5, 10, and 15), while the concentration of
seeds was kept constant ([Au’] = 0.055 mM). For a typical synthesis,
for example, R = 2.5, the growth solution containing 44.53 mL of
0.1375 mM HAuCl, and 5 mM BDAC was heated to 70 °C. Then, 50
uL of 3BA (114 M) was added under mild magnetic stirring for
[3BA]/[HAuCl,] ratios of 82.9, 41.5, 27.6, 20.7, and 13.8. When the
mixture became colorless, 5.47 mL of AuNTs ([Au’] = 0.63 mM) was
added. The solution was stirred at 100 rpm (70 °C) for 1 h. Finally,
the excess of 3BA and BDAC was removed by centrifugation at 4500
rcf for 30 min. The supernatant was discarded, and the pellet was
redispersed in 5 mM BDAC. Table 1 shows a summary of the
synthesis parameters as well as the final size of AuNTs.

B RESULTS AND DISCUSSION

AuNT Seed Synthesis: Influence of Temperature, pH,
and the Reducing Agent Concentration. For the synthesis

11155

of large AuNT seeds (>30 nm), we applied an approach based
on 3BA as a reducing and shape-inducing agent, as recently
reported (step 1 in Scheme 1).°> Because 3BA can be
considered as a mild reducing agent, it will not be able to
reduce Au’* salt to Au’ at room temperature. Thus, the
reducing power of 3BA could be increased by increasing either
the temperature or basic pH values. To find ideal conditions for
controlling size and yield of AuNT seeds, we tested different
temperatures and pH values (see Figure 1). The total
conversion of Au*> to Au’ was monitored by time-resolved
UV—vis spectroscopy on the basis of the molar extinction of
Au® at 400 nm as a reference.”””® Figure 1A shows that the
conversion rate dramatically depends on the temperature
(between 40 min at 70 °C and 7 min at 95 °C, see Section SL1
and Figures S1—S3). The temperature-dependent reducing
power of 3BA determines the balance between the nucleation
and growth processes. Consequently, AuNT seed size can be
controlled by temperature. We found a linear correlation
between edge length L and temperature ¢, which enables the
seedless fabrication of size-tailored AuNTs in a controlled
manner (see Figure S4, L/nm = 132 — 1 X t/°C). Figure 1B
shows that the conversion speed also depends on the pH of the
precursor solution. By addition of NaOH, the conversion speed
can be adjusted (between 22 min at pH 5.5 and 2 min at pH
9.3, see Section SI.2 and Figure SS). However, the yield of
AuNT seeds was found to decrease with the increasing pH (see
Figure S6). Above pH 9.3, the yield is dramatically reduced and
the AuNT shape is almost completely lost. The yield of mainly
spherical NPs indicates a pH-induced transition from
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Figure 2. TEM images of horizontally oriented AuNTs before (A) and after Au overgrowth at different ratios (R): 2.5 (B), S (C), 7.5 (D), 10 (E),

and 15 (F). Inset photographs show the optical transmission.

thermodynamic to kinetic control. Like temperature, the pH
determines the reducing power of 3BA and consequently
controls the size of resulting AuNT seeds. Within a limited pH
range of 5.5—9.3, the edge length scales linearly with pH (see
Figure S7, L/nm = 82 — 5 X pH). Thus, by pH, the AuNT seed
size can be tuned between 55 and 30 nm, however, considering
a reduced yield of AuNTs.

We have also tested the influence of the reducing agent
concentration at 75 °C by analyzing different [3BA]/[HAuCl,]
ratios ranging from 11.4:1 to 91.2:1 (see Figure S8). The
obtained results were the same in all cases, which are as follows:
(i) no reaction takes place at room temperature; (ii) an increase
in the reaction temperature above 60 °C is needed to trigger
the nucleation process; and (iii) a mixture of triangular,
octahedral, and decahedral particles of similar percentages was
obtained. On the other hand, the presence of a higher
concentration of reducing agent led to a decrease in the
reaction time from 110 to 80 min when the [3BA]/[HAuCl,]
ratio was increased from 11.4:1 to 91.2:1. Therefore, we can
conclude that the [3BA]/[HAuCl,] ratio affects only the
kinetics of the process but not the actual yield of differently
shaped products.

For the overgrowth, we selected AuNT seeds synthesized at
75 °C and at pH 5.5. These conditions yield AuNTs with an
edge length of 55 + 4 nm at a maximum yield of approximately
50% (as estimated from TEM images). Figure 1C shows the
UV—vis spectra of the unpurified as-synthesized seed mixture
(black) with a broad LSPR band at 566 nm. The AuNT seeds
were separated by depletion-induced purification using 0.175 M
CTAC.

We used CTAC because the surfactant-induced separation
can be performed at room temperature without additional
heating. In the case of using BDAC or CTAB, we have
observed that surfactant precipitation would necessitate heating

of the solution during depletion flocculation. In the pioneering
work of Park et al,>° CTAB/BDAC mixtures have been
reported. They observed that BDAC dominates the overall
properties over most of the mole fraction range because BDAC
forms micelles at a lower critical concentration than that of
CTAB as well as because of differences in aggregation numbers
(micelle size). Consequently, this results in a greater depletion
potential for a BDAC solution than for a CTAB solution at the
same absolute surfactant concentration. Liz-Marzan et al.
applied CTAC for the purification of AuNTs,” using the
equation proposed by Park et al. In principle, the molar
concentration of the surfactant and the critical micelle
concentration are the determining parameters. We want to
emphasize, using BDAC instead of CTAC, that it would be
necessary to change the surfactant concentration accordingly as
well as provide additional heating during flocculation.

After purification, the supernatant containing AuNOCs
exhibited a LSPR at 548 nm (Figure 1C, red), whereas the
precipitate containing AuNTs showed a narrow main (in-plane,
longitudinal) mode at 591 nm and a second (out-of-plane,
transversal) mode at 520 nm as a shoulder (Figure 1C, blue).*”

Au Overgrowth of AuNT Seeds. Next, the purified AuNT
seeds were overgrown, retaining their shape, by reducing
HAuCl, with 3BA in the presence of BDAC (step 2 in Scheme
1; see Experimental Section for details). Once all of the AuCl,~
was reduced to AuCl,~, the purified AuNT seeds were added to
promote the catalytic reduction of AuCl,™ at their surface. In
this way, the size of the AuNTs was increased, whereas their
triangular shape was maintained. This process allowed the
preparation of monodisperse AuNTs with a range of sizes by
simply varying the molar ratio of HAuCl, to AuNT seeds (R).
Figure 2 shows representative TEM images of AuNTs obtained
at high yield with different R values (2.5, S, 7.5, 10, and 15),
indicating an increase in the edge length of AuNTs with R (see
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Figure 3. FESEM images of vertically oriented AuNTs before (A) and after Au overgrowth at different ratios (R): 2.5 (B), S (C), 7.5 (D), 10 (E),

and 15 (F). Inset photographs show the optical reflection.

also Figure S11 for low-magnification images). It should be
pointed out that the overgrowth process of the purified AuNTs
was performed at a constant concentration of the reducing
agent ([3BA]/[HAuCL]).

As the first step, the overgrown particles were analyzed by
TEM and FESEM to quantify the increase in the edge length
and thickness after each overgrowth step. The TEM data clearly
shows an increase in the average edge length (L1gy) from SS +
4 nm (seeds) to 86 = 4 nm for the lowest overgrowth
relationship (R = 2.5) and up to 174 + 7 nm for the highest
overgrowth relationship (R = 15) (see Figure S12). To quantify
the AuNT thickness, we also performed tilted TEM imaging.
Figure S13 shows exemplary TEM images for several R values
at tilting angles of 0 and 60°. Unfortunately, we need to point
out that the tilting angle is limited to +60°. Consequently, a full
90° tilt, which would give access to directly measure the AuNT
thickness, is not possible. Thus, the thickness cannot be
accurately resolved by tilted TEM.

Alternatively, the average thickness (Tpggpy) Was evaluated
by FESEM image analysis of closely packed layers of vertically
oriented AuNTs (Figure 3).°%" The thickness increased from
33 + 4 nm (seeds) to 53 + 3 nm for the thinnest overgrowth
(R =2.5) and up to 82 = 3 nm for the thickest overgrowth (R
= 15) (see Figure S14). Figure 3 shows representative SEM
images of NTs assembled at relatively high surfactant
concentrations (see Experimental Section), leading to assem-
blies of vertically oriented particles in an alternating (honey-
comb) configuration.”” In summary, this methodology allows
us to obtain monodisperse AuNTs with a tight size control in a
size range of 55—175 nm in the edge length and 30—80 nm in
thickness (see Table 1).

The plasmonic properties of AuNTs are influenced by several
morphological parameters including edge length, thickness, and
tip rounding. Figure 4 shows the schematic representation of

the NT morphology at different stages of the overgrowth: with
the lowest overgrowth relationship R = 2.5 (A, yellow) and the
highest overgrowth relationship R = 15 (B, orange). However,
an analysis of the morphological parameters by electron
microscopy image analysis is statistically challenging and
cumbersome, which is especially true for the evaluation of the
tip/edge rounding. For this purpose, we performed small-angle
X-ray scattering (SAXS) to characterize the NT morphology.
SAXS has been recently applied to investigate the time-
dependent Ostwald ripening growth mechanism of NTs using a
simple analytical model of a homogeneous cylinder/disk as a
first-order approximation of the NT’s thickness and radius of
gyration.46

Here, we use an alternative approach based on three-
dimensional (3D) atomistic modeling, which allows the
characterization of highly anisotropic and complex morpholo-
gies." > The model consists of 30000 scattering centers
randomly placed within the boundaries set by the idealized NT
geometry of a triangular bifrustum,” that is, a symmetrically
truncated triangular bipyramid (see Section SL4 and Figure
S15). The model consists of beveled sides™ (protruded {100}
facets) at an angle of 120° as indicated by FESEM.** The
SAXS analysis considers sharp tips unaffected by edge
rounding, for which edge length Lg,ys is defined by the total
tip-to-tip distance. In the SAXS model, the tip and edge
rounding can be neglected because the NT dimensions
(volume) are the most dominant scattering contributions in
the observed g-range of 0.025—1 nm™, as discussed recently."*
Figure 4C shows the SAXS scattering curves (gray) fitted by
the 3D model (black) over the experimentally measured g-
range (for details, see Figure S16). The best fit was determined
by a brute-force approach for which all combinations of the
four independent parameters (edge length, dispersity in edge
length, thickness, and dispersity in thickness) were systemati-
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Figure 4. Morphological characterization of AuNTs from the colloidal dispersions by small-angle X-ray scattering. Schematic representation of the
NT dimensions and shapes for different stages of the overgrowth process: (A) thin overgrowth with R = 2.5 and (B) thick overgrowth with R = 1§
(TEM insets highlight the differences in tip rounding). The dashed circles in red (R = 2.5) and blue (R = 15) colors indicate the respective tip
curvature, 7, (B) Differences in tip/edge sharpness (orange) of the largest AuNTs by direct comparison with the smaller AuNTs (A), scaled to the
same size. (C) Experimental scattering signatures (gray dots) and simulations (black lines) for different molar ratios R (offset applied for clarity).
(D) Size parameters evaluated by SAXS (black), TEM (red), FESEM (green), and differences in edge lengths AL (blue) owing to edge rounding.
The lines are a guide to the eye. (E) Linear correlation of edge length and the thickness indicating the controlled Au overgrowth (black) and

evolution of tip rounding sy, (red) with the increase in size.

cally calculated. The simulation resulted in four-dimensional
maps, in which the best fit was selected by comparison of the
mean-squared error with the complete experimental scattering
profile. Figure 4D shows ensemble-averaged thickness Tgaxg
and edge length Lg,xg, as determined by SAXS (see also Table
1). The high agreement of the thickness values obtained from
FESEM (green) and SAXS (black) further proves that the
SAXS modeling is accurate (Figure S17). The linear correlation
of the edge length and thickness indicates a controlled
overgrowth (black) depending on the amount of available Au
precursor (Figures 4E and S14). As expected, the SAXS-
evaluated edge lengths, Lgaxs, (black) differ from the TEM
results, Lgy, (red) and exhibit a constant offset (AL = Lgaxg —
Lrgy) of 17-26 nm (blue), which originates from tip/edge
rounding (Figure 4D). The rounding of the NT tips, Seips 1S
defined by the local radius of curvature, ryy, (compare Figure
4A,B) scaled by the total edge length.'® By simple geometric
considerations (see Section S1.4), Syp can be calculated from the
differences in edge lengths AL. Figure 4E shows the evolution
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of tip rounding with the increasing size (red). Because the
radius of curvature remains almost constant (10—15 nm) for all
sizes, the tip rounding decreases for the increasing NT sizes.
Consequently, the tip sharpness was maintained throughout the
overgrowth, which is an indicator of the NT quality and
essential for application in SERS.

Next, we address the impact of the overgrowth on the optical
properties, for which two opposing effects take place: (1) an
increase in the edge length causes a red shift of the main LSPR
mode and (2) an increase in the thickness correlates to a blue
shift (truncation) of the main LSPR mode.”’ Consequently, a
concomitant growth in lateral and transversal direction by Au
overgrowth will result in an extenuated linear red shift and a
broadening of the main LSPR band. Figure SA shows the UV—
vis spectra of AuNTs obtained with different R values. Both
red-shifting and broadening of the LSPR band can be clearly
observed for increasing R values. The seed LSPR peak at 591
nm initially shifted to 617 nm for small AuNTs (R = 2.5) and
subsequently shifted toward the NIR for large AuNTs (R = 15)
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at 742 nm (see Table 1). The linear dependence between the
AuNT size and the LSPR maximum in the visible range was
initially reported by Scarabelli et al.*’ using a different synthetic
approach and is in complete agreement with our findings using
the 3BA approach (see Figure SB).

SERS Performance. Next, we investigated the SERS
performance of the prepared AuNTs for the ultrasensitive
detection of molecular traces. For benchmarking, we selected 4-
mercaptobenzoic acid (4MBA) as a low-molecular-weight
aromatic ligand with high binding affinity for metal surfaces.
The choice of CTAB for the SERS measurements was based on
several reasons: First, CTAB serves as a stabilizing agent to
avoid particle aggregation and aggregation-induced SERS
enhancement. Second, CTAB is a nonaromatic surfactant
with low Raman cross section and low spectral background.
Third, in earlier studies, we already addressed the topic of
CTAB detection on gold nanoparticles; thus, the vibrational
signals of CTAB were well-known.”” The detection and
removal of surfactants and molecular contaminants (e.g., from
synthesis) are vital for a controlled particle surface chemistry
and are required for many applications.

By comparison of equimolar NT samples (in terms of gold),
each containing 0.25 mM Au’ and 1 uM 4MBA, the different
SERS enhancements at 785 nm excitation were probed. The
obtained spectra are rich in information (Figure 6A) and can be
readily evaluated by multipeak fitting (Figure 6B). The spectral
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Figure 6. SERS performance of differently sized AuNTs in solution.
(A) SERS spectra at constant concentrations of Au (0.25 mM), CTAB
(0.0s mM), and 4MBA (1 uM) excited at 785 nm (offset applied for
clarity; before background correction). (B) Relative signal intensities
of the breathing mode (vc(,, 1070 cm™, red circles) and axial ring
deformation (vcp,,, 1580 cm™", blue squares) of the aromatic phenyl
ring evaluated by spectral deconvolution. (C) Analytical enhancement
factors (AEFs): The AuNTs of R = S and 7.5 yield the highest
enhancement at 1070 cm™' (vcc,.) and 1580 cm™! (vemar)
corresponding to the aromatic vibrations of 4MBA (D). The lines
serve as a guide to the eye.

background cannot be attributed to either the fluorescence of
4MBA or any other chemical component of the NP dispersion.
To the best of our knowledge, it does not originate from the
NP dispersions but might be related to optical components of
the Raman setup because the same background was found for
pure water (Figure S20A,B).

The highest signal intensities can be found for the breathing
mode (vee,, 1070 cm™, red circles) and axial ring deformation
(Vcrars 1580 cm™, blue squares) corresponding to the phenyl
ring of 4MBA.** The CS stretching (513 and 625 cm™") and
carboxyl bending and stretching signals (800, 870, 1180, 1280,
and 1440 cm™) are detectable but less pronounced.”” The
broad signal at 1630 cm™ can be attributed to the bending
vibration of H,0.%

In retrospect, it is likely that a fair share of SERS studies in
the literature might be affected by particle aggregation.
However, we were not able to find any indication of
aggregation in our samples. UV—vis—NIR before and after
4MBA addition did not show any indication of aggregation for
all SERS samples. Reversible aggregation/association of NTs
could be ruled out because of the presence of a sufficient
amount of stabilizing agent (CTAB) in the solution. 4MBA is a
commonly used Raman marker and not expected to induce
particle aggregation. The single thiol and carboxyl groups of
4MBA would not be able to act as a molecular linker among
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particles. In addition, the amount of 4MBA added is much
lower than that of the available CTAB (>50-fold molar excess).
Also, the video feedback of the Raman microscopy did not give
any indication of possible formation of aggregates even after the
extended laser exposure. In the case of irreversible aggregation,
we would expect a loss of particles over time, which was not
observed. The AuNT dispersions were found to exhibit high
colloidal stability for the reported surfactant concentrations,
and the SERS responses could be detected reproducibly. Thus,
we are confident that, even if aggregation (below the detection
limit) would be present, it would be of negligible contribution
and should not affect the registered SERS signals.

The SERS performance was quantified by a mean of the
analytical enhancement factor (AEF), as defined by the ratio of
the SERS intensity for the selected mode of a given analyte
(Isgrs) to the corresponding (nonenhanced) Raman intensity
(Izs) under identical experimental conditions and at the
respective concentrations, ¢, in the SERS and Raman
experiments (see Section SLS and Figure 818).67

AEF = Isers/ Csers
Lys/crs (1)

This definition is particularly well suited for SERS-active liquids
(colloidal dispersions) and analytical chemistry applications,
provided that all experimental procedures are clearly stated and
a submonolayer coverage of the analyte is ensured.”” The
obtained AEFs range between (0.9—2.2) X 10* at 1580 cm™
and (1.6—5.6) X 10* at 1070 cm™" for a gold concentration of
250 uM (see Table S1) at 785 nm excitation. This result agrees
well with the reported value of 1.2 X 10° by Scarabelli et al. for
a different analyte (benzenethiol) and obtained at a gold
concentration twice than that used by us (495 uM).*° For
Raman markers at nonresonant conditions, this result
represents a remarkable high signal yield per mole Au (AEF/
Caq Of approximately 2.24 X 10° mM™'), which is among the
highest AEF/c,, efficiency values presented in the literature for
SERS-active colloidal dispersions.*>®” The enhancement in
dispersion even compares well to substrate enhancement
factors (SSEFs) of densely packed NT monolayers on solid
supports reported by Liebig et al. (2.76 X 10* 4-nitro-
thiophenol)”” and monolayer-over-mirror substrates reported
by Lee et al. (1.6 X 10% 2-naphthalenethiol).*®

For comparison, we also determined the SERS performance
for excitation at 633 nm and found the same trends as for the
785 nm laser. Maximum SERS intensity was found for AuNTs
of R = 5 (see Figure S19). However, the overall signal yield was
remarkably lower than that obtained at 785 nm. This could be
explained by either losses by diffuse scattering contributions
and the consequent limited laser penetration (into the
dispersion) or differences in the SERS activity. Here, matching
of the laser to the extinction maximum seems not to yield the
best SERS activity. In fact, the extinction cross section and the
confinement/enhancement of the electric nearfield are
expected to exhibit a nonlinear scaling dependency. This off-
resonant behavior has been reported earlier by Murphy et al.
for nanorods.”” The hotspot intensity is not directly correlated
to the optical properties; thus, the extinction maximum is in
many situations not the best excitation wavelength for SERS.
An increase in SERS activity is generally expected for situations
in which the laser line is shifted to the red, compared to the
extinction maximum. Thus, the Stokes-shifted Raman signals
would lie in the low-energy shoulder of the plasmon band. In

our work, we found the highest SERS activity for the 785 nm
laser line and for the particles of 100—130 nm size and
extinction maxima between 630 and 670 nm, in line with the
findings by Murphy et al.

The highest SERS enhancement could be identified at 785
nm excitation for the AuNT samples of R = S and 7.5 with
AEFs of 4.9 X 10* and 5.6 X 10* respectively (Figure 6C, Table
S1). Thus, these particles and laser wavelength were used for
the quantification of the detection limit.

After that, to determine the limit of detection, aliquots of the
AuNTs samples (R = S and 7.5) with a decreasing
concentration of 4MBA (from 107* to 10™'> M) were prepared
and tested. Figure 7 shows the SERS spectra of AuNTs (R = )
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Figure 7. Limit of detection of 4MBA using CTAB-stabilized AuNTs
(R = 5): (A) SERS spectra at constant concentrations of Au (0.25
mM) and CTAB (0.5 mM) excited at 785 nm (offset applied for
clarity; before background correction). (B) Relative signal intensities
and (C) concentration-dependent changes of the breathing mode
(vecars 1070 em™, red circles) and axial ring deformation (Veraes 1580
cm™', blue squares) of the aromatic phenyl ring of 4MBA and skeletal
vibrations (vcy;, 1380 cm™, green triangles) of the surfactant
evaluated by multipeak fitting. (D) Linear decay of the intensity ratio
of aromatic to aliphatic signals corresponding to a limit of detection of
1078-10" M. The plateau at lower concentrations (gray area)
indicates a residual trace amount (1—10 nM) of the aromatic
surfactant BDA" at the AuNT interface, which originates from the
particle synthesis using BDAC and could not be removed even after
excessive washing with CTAB.

at constant concentrations of Au (0.25 mM) and CTAB (0.5
mM) excited at 785 nm before (Figure 7A) and after
background correction and spectral deconvolution by multi-
peak fitting (Figure 7B). In this study, we increased the CTAB
concentration to increase the particle stability. In particular, the
signals at 1070 (vcc,, red), 1380 (vey, green), and 1580
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em™" (Ve blue) exhibit distinct concentration-dependent
changes in intensity. Because of its high binding affinity, 4MBA
acts as a competing ligand to the stabilizing surfactant CTAB
and can be considered to readily adsorb on the NT surface.
Consequently, with decreasing 4MBA concentrations, the
aromatic signals (CC and CH) are reduced because of their
depletion on the AuNT surface (see Figure 7C). The
coincident increase in the aliphatic signals (vcy ., green) can
be attributed to the alkyl chain of the nonaromatic surfactant
CTA" also present at the AuNT interface.”’ The linear decay of
the intensity ratio of aromatic to aliphatic signals indicates a
limit of detection of 4MBA of 107°~107° M (Figure 7D),
which is in the same order of magnitude as for AuNTSs obtained
from a previously reported seed-mediated approach.” At lower
4MBA concentrations, a plateau value is reached, which
indicates a residual amount of the aromatic surfactant BDA"
originating from the particle synthesis performed using
BDAC.>* This trace amount of BDA* of 1—10 nM could not
be removed even after excessive washing with CTAB. The data
for AuNTs of R = 7.5 agrees well with these findings (see
Figure $20). Differences between binding affinities of non-
aromatic (CTA*) and aromatic (BDA") surfactants toward
particle surfaces result from additional z-interactions of the
electron-rich benzyl headgroup.'® To the best of our knowl-
edge, the nonquantitative nature of this ligand exchange has not
been shown before. This proves that these particles provide
high sensitivity for molecular sensing and quantitative
information about the amount of molecules attached to the
particle surface.

B CONCLUSIONS

We have presented a detailed study of the 3BA-mediated
seedless synthesis of AuNTs and their use as large seeds for
controlled Au overgrowth. First, we demonstrated that both
temperature and solution pH need to be taken into account to
obtain a high initial yield (50%) of monodisperse AuNT seeds
of 30—55 nm size. Although the AuNT size can be controlled
by its linear scaling with temperature from 70 to 95 °C, the
AuNT shape yield depends critically on the solution pH. From
pH 5.5 to 9.3, the synthesis gradually converts from
thermodynamic to kinetic control with a consequent decease
in the shape yield. Above pH 9.3, the anisotropic shape is
completely lost, obtaining principally spherical morphologies.
On the other hand, the concentration of the reducing agent
(3BA) was found to not affect the shape yield of AuNTs.

Second, we investigated the seed-mediated overgrowth using
the obtained AuNTs as seeds. Controlled by the molar ratio of
HAuCl, to AuNT seeds (R), we prepared AuNTs between 100
and 180 nm in edge length and 50 and 80 nm in thickness
while maintaining their triangular shape and tip sharpness. To
the best of our knowledge, this is the first report in which well-
defined gold triangles could be overgrown retaining their well-
defined truncated triangular bipyramid morphology upon size
increase. We employed TEM, FESEM, and SAXS to character-
ize the AuNT morphology, giving insight into the anisotropic
nature of the seed-mediated overgrowth. The correlation of
electron microscopy and SAXS analysis enabled us to quantify
the ensemble-averaged tip sharpness, a key parameter for
AuNT quality, and to follow its evolution upon an increase in
size.

We determined the size-dependent SERS performance of the
AuNTs using 4MBA as a model analyte yielding analytical
enhancement factors (AEFs) between 0.9 X 10* and 5.6 X 10*
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for excitation at 785 nm. Maximum enhancement was identified
for off-resonant excitation, that is, for AuNTs in the size range
of 100—130 nm in edge length and 60—70 nm in thickness.
The limit of detection was found to be between 107 and 107'°
M for a given particle concentration of 0.25 mM ([Au’]). In
addition, we found first evidence for the nonquantitative nature
of the ligand exchange of aromatic (BDA*) versus nonaromatic
(CTA") surfactants. It was possible to detect a trace amount of
BDA" of 1-10 nM, which originates from the AuNT seeds and
could not be removed even after excessive washing with CTAB.
This proves that these particles provide high sensitivity for
SERS sensing and quantitative information about their
molecular environment.
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