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ABSTRACT: Surface and interface control is fundamentally important for crystal growth
engineering, catalysis, surface enhanced spectroscopies, and self-assembly, among other
processes and applications. Understanding the role of ligands in regulating surface properties of
plasmonic metal nanocrystals during growth has received considerable attention. However, the
underlying mechanisms and the diverse functionalities of ligands are yet to be fully addressed. In this
contribution, we report a systematic study of ligand-mediated interface control in seeded growth of
gold nanocrystals, leading to diverse and exotic nanostructures with an improved surface enhanced
Raman scattering (SERS) activity. Three dimensional transmission electron microscopy (3D TEM)
revealed an intriguing gold shell growth process mediated by the bifunctional ligand
1,4-benzenedithiol (BDT), which leads to a unique crystal growth mechanism as compared to other
ligands, and subsequently to the concept of interfacial energy control mechanism. Volmer-Weber
growth mode was proposed to be responsible for BDT-mediated seeded growth, favoring the
strongest interfacial energy and generating an asymmetric island growth pathway with internal

crevices/gaps. This additionally favors incorporation of BDT at the plasmonic nanogaps, thereby



generating strong SERS activity with a maximum efficiency for a core-semishell configuration
obtained along seeded growth. Numerical modeling was used to explain this observation.

Interestingly, the same strategy can be used to engineer the structural diversity of this system, by

using gold nanoparticle seeds with various sizes and shapes, and varying the [Au3+]/[Au0] ratio.
This rendered a series of diverse and exotic plasmonic nanohybrids such as semishell-coated gold
nanorods, with embedded Raman-active tags and Janus surface with distinct surface functionalities.
These would greatly enrich the plasmonic nanostructure toolbox for various studies and applications
such as anisotropic nanocrystal engineering, SERS, and high-resolution Raman bioimaging or

nanoantenna devices.

INTRODUCTION

Surface and interface control of nanomaterials is fundamentally important for various issues,
including crystal growth engineering, catalysis, surface enhanced spectroscopies such as surface
enhanced Raman spectroscopy (SERS) and metal enhanced fluorescence (MEF), self-assembly,
and colloidal stability. Surface chemistry additionally dictates the interaction of target analytes with
solid supports in practical applications including localized electric field (E-field) probing,
nanoantenna, fuel cell, solar cell, and SERS-based sensing/imaging among others.'™
Understanding the role of ligands in controlling surface properties in plasmonic metal nanocrystal
growth has therefore received considerable attention.®® Traditionally, ligand is well-known as
capping agent, shape-direct reagent, mediator of reduction kinetics, and even as reducing agent,
e.g. in metal crystal growth/engineering for its interaction with the surface of crystal facets, where
facets with preferred ligand binding are less exposed and thus grow slower during the metal

deposition, as exemplified from different colloidal synthesis such as CTAB-gold NR,®’ PVP-silver

8
nanocube, PVP-gold nanostar system.’ Recently, ligand has been reported to be directly
embedded into metal-metal interfaces during the crystal growth for diverse applications, such as the

formation of Au decahedra from destabilization of Auss clusters,'' DNA-embedded core-shell gold



nanoparticles for SERS,**** Raman-tag encoded nanoparticles for multiplex assays,** ‘BRIGHT’

SERS probe as imaging reagent,® and block copolymers-mediated gold particles with Raman

tag-encoded nanogap for cancer cells detection.16 More recently, ligand has been reported to
continuously tuning of Au—Ag interfacial strain regulating metal crystal growth pathways resulting in
dramatically different morphologies including concentric core—shell, eccentric core—shell, acorn, and
dimer structures.*” However, the underlying mechanisms and the diverse functionalities of ligands
are yet to be fully explored.*>?® Few insights of ligand’s role in the plasmonic nanocrystal growth with
solid experimental evidence have been revealed. Mechanistic understanding the role of ligand in

metal crystal growth engineering and multi-functionality are thus highly desirable.

We herein report a systematic study of ligand-mediated interface control in plasmonic gold
nanocrystals, leading to diverse and exotic nanostructures with an improved activity in surface
enhanced Raman scattering (SERS). Three-dimensional analysis based on electron tomography
revealed an intriguing gold shell growth process mediated by the bifunctional ligand
1,4-benzenedithiol (BDT), which leads to a unique crystal growth mechanism as compared to other
ligands, and subsequently to the concept of interfacial energy control mechanism. The efficiency
toward the enhancement of Raman scattering was found to be maximum for a core-semishell
configuration obtained by tuning the overgrowth conditions. Numerical modeling was used to explain
this observation. Interestingly, the same strategy can be used to engineer the structural diversity of

this system, by using gold nanoparticle seeds with various sizes and shapes, and varying the

[Au3+]/[Au0] ratio. This generates a series of diverse and exotic plasmonic nanohybrids such as
semishell-coated gold nanorods, containing embedded Raman-active tags, which could be used for
various applications such as high-resolution Raman bioimaging, or nanoantenna devices, among

others.



RESULTS AND DISCUSSION

In our synthetic approach, a coordination complex between Au(l) and cetyltrimethylammonium
chloride (Au(l)-CTAC) was selected as the metal precursor in the growth solution while using
BDT-modified Au nanocrystals as seeds, with CTAC as stabilizer.?’ As shown by UV-Vis
spectroscopy and transmission electron microscopy (TEM in 2D projections and 3D tomography) in

Figure 1, the seeded growth mediated by BDT leads to a structural evolution from quasi-spherical Au

nanocrystals that were used as seeds and grown at different [Au3+]/[AuO] ratios (R). At a low R value
(R = 0.6), a majority of dimer-like nanostrutures were observed (seeds are the bigger components,
Figures 1b, S1), which displayed two distinct localized surface plasmon resonance (LSPR) bands
(Figure 1a, black curve). The band close to 520 nm can be interpreted as a transverse LSPR,
whereas the band around 750 nm can be seen as a longitudinal LSPR. However, when higher R
values were used, no low energy bands were present in the spectra and the transverse LSPR was
slightly red-shifted (see blue arrows in Figure 1a), corresponding to different nanostructure
morphologies including semishells (seeds are the smaller component; R = 2.3) and full shells (R =
11.7) (Figures 1b, S1). Morphological characterization was completed by means of electron
tomography reconstructions that allowed us to more clearly recognize different morphologies of the
obtained gold nanostructures (Figure 1c). Interestingly, bubble-like regions were consistently found
(especially for full shells), indicating the presence of a gap between the seed core and the shell.
Such detailed 3D reconstructions obtained by electron tomography allowed us to obtain information
on the inner part of the nanostructures (Figure 1d), which clearly revealed the presence of such
internal gaps between the BDT-modified seed cores and the grown gold shells. Whereas for R = 0.6
core and shell appear to be in full contact, for R = 2.3 extensive contact but also small nanogaps are
found, and for R = 11.7 smaller contact areas and larger nanogaps are present. Further inspection of
the 3D reconstructions indicate that the gold shells are not homogeneously coated around the core,

i.e. shell growth occurs in a non-conformal manner (Figures S2, S3, S4). Interestingly, previous



examples of similar processes have been reported, such as core-shell gold nanostructures tailored
by DNA,* but these were found to be the isotropic, even though the size of seeds and overall
dimensions are similar to the present case (20 nm, and ~55 nm, respectively). The distinct structural
difference highlights the role of ligands in mediating gold shell crystal growth, directing either

Isotropic or anisotropic growth.

To further understand the ligand-mediated core-shell growth, real-time UV-Vis spectroscopy
correlated with TEM was used to monitor the process (Figure S5). Interestingly, a second band
emerges in the UV-Vis spectrum at the early stages of reaction, which corresponds to a
poorly-defined semishell with small protrusions, partly covering the BDT-modified seed surface. This
spectral feature however, gradually evolves into a minor shoulder relative to the main LSPR peak in
the final spectrum, similar to the spectral transition reported for DNA-mediated nanostructures.*?
This happens as the semishell transforms into a smooth and rounded nanostructure, resembling the
typical morphological changes observed during gold nanostar reshaping.'*?* Lower Au(l)-CTAC
concentrations render a slower kinetics but a clearer view of the LSPR spectral evolution (e.g. the
dimer structure) whereas a higher precursor concentration leads to faster kinetics, in which only a
single plasmon band is visible (e.g. the full shell structure).*

Based on the above observations, we hypothesize that the gold shell growth starts from high energy
sites on the BDT-modified gold particle surface, with one or a few initial contact points, then grows
into a dimer-like nanostructure, and gradually encapsulates the rest of the BDT-modified seed while
becoming smoother, and finally transforms into a semishell or full shell nanostructure, keeping an
anisotropic internal structure.

Growth Mechanism

Further insight into the ligand-mediated growth process was obtained by comparing the growth of
NPs covered with different ligands, as well as bare NPs. Specifically, bifunctional aromatic ligands,
4-mercaptobenzoic acid (MBA) and 4-aminothiolphenol (ATP), were selected and compared with
1,4-benzenedithiol (BDT) as well as nonfunctionalized seed NPs (No Ligand) as a reference. Inter-

estingly, even though the same reaction conditions were used in all cases, the use of different



ligands resulted in notably different morphologies, as shown in Figures 2 and S6. For a low R of 0.6,
the obtained geometries included spheres (for No Ligand), faceted quasi-spheres (for MBA), and
core-satellite structures (for ATP), in contrast to the dimer configuration obtained with BDT, which
comprises a minimum contact area between the core and the shell. When increasing the R value to
2.3, the BDT-modified seed becomes the smaller part of the dimer nanostructure, clearly indicating
continued overgrowth (Figure 1b). For other cases using different ligands, the observed particle
morphologies are maintained but with larger features (Figure 2a). Further increasing the R value to
11.7 leads to complete encapsulation of the seed particles in all cases. UV-Vis spectra of the
corresponding colloids clearly reflect the observed morphological evolution for increasing R values.
The distinct growth pathways observed when using different ligands are the basis to interpret the

formation of the different gold nanostructures.

Three principal growth models for the growth of a metal layer on a different metal (either as thin films
or core-shell particles) have been reported, namely layered growth (Frank-van der Merwe mode, or
FM mode), island growth (Volmer-Weber mode, or VW mode), and an intermediate type
(Stanski-Krastanow mode, or SK mode) involving an initial layer-by-layer growth followed by mode
122 jsland growth The concept of overall excess energy is used to explain the differences among
these growth models, so that a high overall excess energy value would lead to VW mode, an
intermediate value to SK mode, and a low value to FW mode. The term of overall excess energy (Ay)
comprises the combination of surface energy (seed, yB), surface energy (shell, yA), strain energy
(mainly lattice mismatch between core and shell, ystrain), and interfacial energy (yi) (see Figure 2C).
The key criteria for thin film/core-shell growth is the minimization of the overall excess energy. Since
in our system the core and the shell have the same composition, the same surface energy, and no
lattice mismatch, the major contribution to overall excess energy should come from the interfacial
energy term. Considering that our seeded growth only differs in the selection of ligand, where the
different ligands have different binding affinity to gold atoms (-SH > NH2 > -COOH > bare), it could

be possible that the ligand binding difference to gold changes the interfacial energy between the core

and the shell and then the overall excess energy, which in turn result in different crystal growth



modes. This hypothesis is strongly supported by our experimental observation, where the
layer-by-layer mode for No Ligand (FM growth mode with low interfacial energy), the intermediate
growth mode for MBA (SK growth mode with medium interfacial energy), and the island growth mode
for ATP and BDT (VW growth mode with high interfacial energy) where higher interfacial energy
propels the growth system (R = 2.3) to minimize contact area between the core and the shell
resulting in a majority of dimer-like nanostructures for BTP but satellite configuration for ATP. In
addition, full-shell gold nanostructures under VW growth mode show highly heterogeneous shell
coatings (R = 11.7) (Figures 1b,c and 2a). Furthermore, we also found that the ligand incubation
conditions affect the growth pathway, meaning that the interfacial energy could be further tuned by
ligand density on the seed surface (Figure S7), similar to recent work where 2-
mercaptobenzoimidazole-5-carboxylic acid was used as the ligand regulating metal growth.*’
Considering the above information, we conclude that interfacial energy plays a crucial role in the
overgrowth of the second metal, and ligands with different affinity and surface density could be used
to tune this term and regulate the seeded-growth pathway in aqueous CTAC solution. Particularly,
the BDT-mediated VW growth mode for anisotropic core-shell nanostructures seems to suggest a
higher weight of thermodynamic control vs. kinetic control. The concept of interfacial energy control
could be applied and used as the growth driving force to explain other experimental observations on
the ligand-embedded metal nanostructures in the literature, such as metal- organic layer—metal
nanohybrid formation mediated by DNA,**** block copolymers®® or other small molecules.*>” The
manipulation of the interfacial energy by ligands may stimulate new synthetic routes in plasmonic
metal crystal growth engineering.

Study of Raman Enhancement

Considering that the internal gap inside the core-shell nanoparticles is larger than the BDT molecule
dimension as seen from 3D TEM (Figure 1c), VW growth mode with high interfacial energy favors the
incorporation of the Raman-active ligand (BDT) into the plasmonic nanogap so that it is embedded
between core and shell, meaning that BDT can serve as both interface control agent and Raman
probe. The metal-organic layer-metal configuration is also supported by general observation of

internal interfaces in TEM images (Figure 1b), which become less sharp upon repeated electron



beam scanning (data not shown). These core-shell nanostructures with internal nanogaps can
largely enhance Raman scattering from the ligand because large plasmon-enhanced
electromagnetic fields are created precisely at the positions where the Raman-active molecules are
located.”* The SERS response was thus correlated with TEM images, as well as with 3D
finite-difference time-domain (FDTD) calculated E-field enhancement maps (Figures 1, 3).
Characteristic BDT SERS signals were detected when using three different excitation wavelengths,
with the strongest intensity recorded at 785 nm excitation, a lower signal at 633 nm exci-tation, and

nearly no response at 532 nm (Figure 3a). The characteristic peaks of BDT at 1057 and 1557 em~1

(Figure S8), were in agreement with previously reported spectra.?® The SERS response was studied
for gold nanostructures obtained using different R values (Figure 3a). At the same particle

concentration (based on seed particle number), the maximum SERS intensity (based on the CH

bending mode, 1057 cm'l) was obtained from the semishell configuration (R values between 2.3
and 4.7). Even though the dimer configuration has a better LSPR overlap with the 785 nm laser
excitation, it was found to yield a lower SERS intensity, which may be due to the smaller size and in
particular to a reduced plasmonic gap site, in which fewer molecules are efficiently enhanced. On the
other hand, the fully coated particles also display lower SERS intensity than that of the semishell, in
spite of containing more available plasmonic nanogap sites. This effect may result from the
anisotropy of the semishell configuration, leading to the so-called nanoanntena effect and thus
contributing to the overall SERS enhancement.?*?®?" In the full shell system, this effect may be
hindered by losses due to damping through the metal shell.

In addition, the Raman peak position of BDT-mediated nanostructures was also monitored and
compared for different samples obtained during shell growth (Figure 3b). With increasing R values,

the phenyl ring stretching mode (ca. 1557 cm'l) showed a shift to lower wavenumbers (inset in

Figure 3b), which is in accordance with previous %%

reports,and related to the
orientation-dependent gold surface-BDT phenyl ring tr-orbital interaction, (see cartoon illustration in
the inset of Figure 3b). All these observations further support that the Raman tag is embedded in the

plasmonic core-shell nanostructure, and generates different SERS responses due to local



environmental changes.

In order to better understand this geometry-dependent SERS, 3D finite-difference time-domain
(FDTD) simulations were carried out for the dimer, semishell and full-shell configurations (Figure 3c).
The average E-field enhancement on the surface of the gold seed for each nanostructure at different
excitation wavelengths (532, 633 and 785 nm) is presented in Figure 3c-i. The E-field enhancement
under non-polarized incidence was estimated by averaging the E-field enhancements from two
simulations with 0° and 90° polarized incidences (Figure S9). Figure 3c-i shows that the dimer
exhibits a much smaller E-field enhancement as compared to the other nanostructures under any of
the three excitation lines. Interestingly, the most pronounced differences were found at 785 nm
excitation, where non-polarized excitation yields ca. two-fold higher E-field enhancement for the
semishell than for the full shell. According to the SERS electromagnetic enhancement mechanism,
the semishell nanostructure is thus expected to provide 4 times higher SERS intensity than the
full-shell nanostructure, in agreement with our SERS experiments (Figure 3a). E-field mappings at
785 nm for both semishell and full-shell were compared (Figure 3c-ii), showing that the full shell
yields intense E-fields within the core-shell gap region under either 0° or 90° polarization, originating
from strong plasmon coupling within the nanosized gap space. On the other hand, the semishell
shows very small E-field enhancement at 0° polarization. However, largely enhanced E-fields are
observed in the semishell at 90° polarization within almost the whole core-shell gap region, likely
arising from the cooperative interaction of near field coupling and nanoantenna effects. In addition,
the higher SERS intensity of the semishell as compared to the fullshell was indeed related to the
damping when both the incident and scattered photons pass through the metallic shell. Photon
damping in the metallic shell results in a decreased SERS intensity, as exemplified by the shell

thickness-dependent E-field enhancement for the full-shell configuration (Figure S10).

Growth of Diverse Gold Nanostructures

Considering that SERS is highly sensitive to the geometry of the plasmonic nanostructures, we
extended the ligand-mediated interfacial control strategy to grow diverse gold nanostructures by

using gold seeds with different sizes and shapes (Figure 4), including gold nanospheres (20 and 50



nm) and anisotropic nanoparticles resulted in a similar series of dimer, semishell, and fullshell hybrid
nanostructures with visible nanogaps for the semishell and full-shell, as seen from HAADF-STEM
(nanotriangles and nanorods). Increase in particle size of the spherical BDT-modified seeds from 20
nm to 50 nm images (Figure 4a). The corresponding extinction spectra show gradual changes in
correlation with the different nanostructures (Figure 4b). Similar observations were found in the
seeded growth using anisotropic nanopatrticles including triangular plates and nanorods (Figures 4,
S11). Particularly large spectral changes were observed in gold nanorod seeded growth, where the
longitudinal LSPR band eventually disappears while the transverse band redshifts and broadens for
larger R values. These optical changes were correlated with significant changes in nanostructure

morphology as revealed by electron tomography imaging (Figures 4, S11).

When comparing the nanocrystal growth modes for different seeds, we found that the VW island
growth model for nanosphere seeded growth appears to apply also to the anisotropic particles.
Anisotropic gold nanoparticles show a preference toward growth on surfaces with high curvature, as
exemplified by the semishell growth on one end of the nanorods and preferential growth along the
edges of nanotriangles (Figures 4a and S11). This minimizes the contact area between core and
shell and thus keeps the lowest interfacial energy during shell growth. As a consequence, gold
nanorod seeded growth leads to intriguing encapsulation of the nanorod seed starting from just one
tip (Figure S11). This effect of the bifunctional ligand to minimize interfacial energy leading to
anisotropic nanocrystal growth is significantly different from previously reported ones, involving the
use of halides, silver under potential deposition (UPD), or templating surfactant micelles.?®%° Better
understanding surface and interface control would thus provide access to more complex shape
control and engineering of noble metal nanocrystals.

The SERS performance of these novel nanostructures was compared using both the analytical

enhancement factor (AEF) and the overall SERS intensity at the maximum Raman band from a

single nanoparticle entity. Average SERS spectra (from solution) were collected under 785 nm

excitation and the most intense SERS band (CH bending mode at 1057 cm'l) was used for com-

parison (Figure S12). Assuming a closely packed BDT monolayers around the seed nanoparticle



with a footprint of 0.2 nm?

, the AEF was determined by comparing the ratio of the SERS intensity for
a given analyte (ISERS) to the corresponding Raman intensity (IRS) under identical experimental
conditions, using the following equation: AEF = (ISERS/CSERS)/(IRS/CRS), where CSERS and

CRS refer to the analyte concentrations during the SERS and Raman scattering measurements,

respectively.*

AEF factors were determined for each type of nanostructures, and the maximum AEF values

(AEF(max)) are displayed in Table 1, together with the corresponding R values and volume sizes.
For instance, cylinder-head gold NR-seeded nanostructures show an AEF from 4.83 x 103 (R=0)

up to 5.90 x 10° (R = 28.7), along with the observed spectral changes (Figure S11). When com-

paring the maximum AEF of different seed types, nanorods were found to produce the largest
enhancement factor (5.90 x 105), followed by 50 nm nanospheres (AEF = 2.16 x 105), nanotriangles

(AEF = 1.10 x 105), and 20 nm nanospheres (AEF = 5.14 x 104). The remarkable AEF(max) for

BDT-embedded colloidal particles is comparable to other highly active nanoparticle assemblies,

such as gold nanotriangle arrays. 31 Furthermore, assuming one BDT molecule rendering one
Raman intensity unit, the overall SERS intensity from a single nanoparticle through the
ligand-mediated interfacial control has also been given at the maximum SERS enhancement for the

different seed types (see Table 1). The nanosphere (50 nm) seed type gives the highest SERS
intensity (AEF = 8.49 x 109) with similar order of magnitude as nanorod and nanotrigangle but one

order of magnitude higher than nanosphere (20 nm) seed type intensity (AEF = 3.23 x 108). The
SERS intensity difference among them is probably due to the difference of localized E-field due to
the size and shape-dependent plasmonic coupling besides the plasmonic nanogap. The above
information would be very useful and important in single particle Ramanbased applications such as

high-resolution cancer cell Raman imaging.



Table 1. SERS performance of plasmonic nanostructures with diverse geometries

Nanosph Nanosphe Nanotria N

APy (Wi sestytiesl| | = 5 114E504 2.16E+05 1.10E+05 5.90E+05

ancement factor)
) (SERS intensity
s

suming
dering 1 3.23E+08 8.49E+09 3.70E+09 5.52E+09

one Bl
Raman intensi ity unit)

R (Ratio of [Au™]/[Au"] at 233

R 0.93 181 287

Volume of a Single NP (nm?) 4.19E+03 6.55E+04 3.12E+04 4.78E+03

Notes: 1) BDT is assumed to form a closely packed monolayer around the gold particle seed and has

a footprint of 0.2 nm2. 2) Solution SERS was measured under 785 nm excitation. 3) BDT solution (20

mM) was used as the reference for AEF calculation.

CONCLUSIONS

In summary, we report a systematic study of the seeded growth of plasmonic gold nanocrystals
containing internal nanogaps, through ligand-mediated interfacial control with diverse
nanostructures. With the aid of electron tomography revealing the internal structure, solid
experimental evidence was provided of an intriguing gold shell growth mechanism mediated by BDT,
as compared to ligands with different gold-binding affinities, and rationally interpreted with the
concept of interfacial energy control mechanism. We conclude that the VW growth mode for
BDT-mediated seeded growth favors the strongest interfacial energy, generates an asymmetric
island growth pathway with internal crevices/gaps. This additionally favors embedding BDT in the
plasmonic nanogaps, and thereby generates strong SERS activity, especially for the semishell
configuration. 3D FDTD simulations support the observed geometry-dependent SERS activity.

Moreover, the same strategy was employed to engineer the nanocrystal structural diversity by

varying gold seed sizes and shapes as well as the [Au3+]/[Au0] ratio. This rendered a series of exotic
plasmonic nanostructures such as semishell-coated gold nanorods, with embedded Raman-active
tags and Janus surface with distinct surface functionalities (clean Au surface v.s. ligand-modified
one). The demonstrated general strategy to prepare diverse SERS-active plasmonic nanostructures
could be readily extended to 1) different plasmonic substrates with ligand-interactive surfaces (e.g.

Ag-Ag interface); 2) multicomponent systems (e.g. Au-Ag interface); 3) different bifunctional ligands



for multiplex probe development; and 4) multiple organic-metal interfaces. These would greatly
enrich the plasmonic nanostructure toolbox for various studies and applications such as anisotropic

nanocrystal engineering, nanoplasmonics, nanoantenna devices, solar cells, SERS, Janus

particles,32 and high-resolution Raman biocimaging, among others.



MATERIALS AND METHODS

Materials. Hydrogen tetrachloroaurate (lll) trihydrate (HAuCl4-3H20, = 99.9%),
cetyltrimethylammonium chloride (CTAC), cetyltrimethylammonium bromide (CTAB), sodium
borohydride (NaBH4), silver nitrate (AgNO3, = 99.0%), L-ascorbic acid (AA, = 99%), sodium iodide
(Nal), 1,4-benzyne dithiol (BDT), 4mercaptobenzoic acid (MBA), 4-Aminothiophenol (ATP), and
other chemicals were all purchased from Sigma-Aldrich, and used as received without further
purification. Milli-Q water (18.2 MQ-cm, Millipore) was used in all experiments.

Gold nanoparticle (Au NP) seed preparation and surface functionalization. Au nanospheres

(diameter: 20 nm) were prepared by seed-mediated growth with slight modifications.1® The seeds
were made by adding a freshly prepared NaBH4 solution (0.45 mL, 0.01 M) to another solution
containing HAuCI4 (0.515 mL, 4.9 mM), CTAC (5 mL, 0.2 M) and Milli-Q (4.5 mL). The growth
solution was prepared by adding ascorbic acid (0.15 mL, 0.04 M) to a solution containing HAuCl4
(2.03 mL, 4.9 mM), Milli-Q water (9.0 mL) and CTAC (10 mL, 0.2 M). After aging the seed solution for

1 h, 100 pL seed solution was added into the as-prepared growth solution and left undisturbed

overnight. Au nanospheres (diameter: 50 nm) were synthesized via seed-mediated growth.33
Briefly, initial gold seeds were prepared by reduction of HAuCl4 (5 mL, 0.25 mM) with NaBH4 (0.3
mL, 10 mM) in agueous CTAB solution (100 mM). An aliquot of initial seed solution (0.11 mL) was
added to a growth solution containing CTAC (20 mL, 200 mM), HAuCI4 (20 mL, 0.5 mM) and AA (15
mL, 100 mM), and produce 10 nm gold nanospheres seeds. An aliquot of 10 nm gold nanosphere
seeds (0.04 mL) was added to a growth solution containing CTAC (20 mL, 100 mM), and AA (1.3 mL,
10 mM), followed by dropwise addition (2 mL/h) of aqueous HAuCI4 solution (10 mL, 1 mM). This

leads to formation of 50 nm monodispersed Au nanospheres. Au nanotriangles (edge/thickness:

60/20 nm) were prepared with a modified protocol.?’l Briefly, the seeds were made by adding a
freshly prepared NaBH4 solution (0.3 mL, 0.01 M) to another solution containing HAuClI4 (0.025 mL,
0.05 M) and CTAC (4.7 mL, 0.1 M). The seed was diluted 10 times in 0.1 M CTAC. Then, two growth
solutions were prepared: Solution 1) CTAC solution (1.6 mL, 0.1M) was added to Milli-Q water (8

mL), followed by HAuCI4 solution (40 pL, 0.05 M), Nal solution (15 L, 0.01 M) and ascorbic acid (40



pL, 0.1 M); Solution 2) HAuCl4 solution (500 pL, 0.05 M) was added to CTAC (40 mL, 0.05 M)
followed by Nal solution (300 pL, 0.01 M) and ascorbic acid (400 uL, 0.1 M). Subsequently, 100 uL of
the seed solution was added to Solution 1, and immediately 3.2 mL of this solution was added to
Solution 2. The Au nanotriangle dispersion was left undisturbed at room temperature for 1 h. Finally,
the particle dispersion was purified by addition of 6.65 mL of 25 wt % CTAC to Solution 2. The
solution was left overnight and the supernatant was removed. The Au nanotriangles at the bottom

were then redispersed in CTAC solution. Au nanorods (length/diameter: 46/12 nm) were synthesized

by the seed-mediated growth.34 The seeds were made by adding a freshly prepared, ice-cold
agueous NaBH4 solution (0.6 mL, 0.01 M) to another solution containing HAuCI4 (0.25 mL, 10 mM)
and CTAB (7.5 mL, 0.1 M). The growth solution was prepared by adding ascorbic acid (0.32 mL, 0.1
M) to a solution containing HAuCl4 (2 mL, 0.01 M), AgNO3 (0.4 mL, 0.01 M), H2S04 (0.8 mL, 0.5 M),
and CTAB (40 mL, 0.1 M). After that, the seed solution (96 uL) was added into the growth solution
and left undisturbed overnight. These obtained NP solutions were washed and redispersed in
agueous CTAC solution (5 mM) before further use.

Surface functionalization of Au NP seeds were done by adding bifunctional ligands (BDT, ATP, or
MBA) to the as-prepared NP colloid under vigorous mixing, followed by bath sonication for 1 h. A
typical functionalization process employed 10 uM ligand incubating with 0.37 nM Au nanosphere (20

nm in diameter) to make sure the excess amount of ligand saturating Au nanoparticle surface

(assuming one BDT foot print occupies 0.2 nm 2). Afterwards, the sample solutions were centrifuged
twice and washed to remove free ligands in the solution, which is followed by redispersion in
agueous CTAC solution (5 mM) before further use.

Seeded growth of gold nanostructures. The as-prepared ligand-modified Au NPs were used as
the seeds for the gold shell growth. Typically, a growth solution containing CTAC, HAuCl4, and AA

3+ absorbance

was first prepared to obtain a transparent solution (complete disappearance of Au
peak indicate Aul+ formation). Afterwards, bifunctional ligand-modified Au NP seeds were added
into the growth solution while mixing to initiate the seeded growth. The reaction solutions were left

undisturbed overnight. After the reaction, the product was centrifuged twice and washed, then



redispersed in CTAC solution (5 mM). The obtained morphology was tuned by changing the R value

R = [Au3+] / [Auo]) during synthesis. Kinetic studies were done by recording real-time UV-Vis
spectra of the growth solution upon addition of ligand-modified seeds and mixing. Control
experiments were also carried out using bare Au NP seeds without bifunctional ligand modification.
Instrumentation and Characterization. UV-vis spectroscopy (Agilent UV—-Visible, ChemStation)
was used to collect extinction spectra of colloidal solutions. A Raman-IR microscope (Renishaw in
Via Raman spectrometer) was used for solution SERS studies under 532, 633, and or 785 nm laser
excitation (100% laser power; 10 s exposure time), using ethanol as the calibration sample. Glass
vials (Thermo Scientific, National C4015-96, 1 mL clear sepcap vials, 8 x 40 mm) were used for all
solution Raman measurements. For each Raman spectrum, the background signal was subtracted.
When calculating SERS enhancement factor, pure BDT molecule solution (20 mM in 0.3 M NaOH
solution) was used as the reference sample. Note that the SERS response of as-synthesized
nanostructures was stable and maintained longer than six months storage at 4 °C. Conventional
transmission electron microscopy (TEM) images were obtained using JEOL JEM-2010 (120 kV) or
JEM-2100F (200 kV) electron microscopes. TEM sampling was done by drop-casting the particle

solution on the TEM copper grids and dried in air.

Electron tomography. Electron tomography experiments were carried out using an FEI Tecnai G2
electron microscope operated at 200kV. A Fischione single tilt tomography holder was employed for
the acquisition of the tilt series of 2D projection images. The images for electron tomography tilt
series were recorded using high angle annular dark field scanning transmission electron microscopy
(HAADF-STEM) with an angular range from -74° to 73° and a tilt increment step of 3°. Alignment of
the series was performed using the Inspect 3D software (FEI). Subsequently, the reconstructions

were performed using the simultaneous iterative reconstruction technique (SIRT), as implemented in

ASTRA Toolbox.3°

Electric field (E-field) simulation. 3D E-field simulations were performed using a finite-difference
time-domain (FDTD) simulation program (FDTD solutions 8.6.3, Lumerical Solutions, Inc.,

Vancouver, Canada). The parameters for all structures were based on TEM images and extinction



spectra. During all calculations, a total-filed scattered-field source is used to simulate the interaction

between propagating waves and metallic nanostructures. The dielectric function of gold was ob-

tained from data provided by Johnson and Christy.36 External medium was water with a refractive
index of 1.33. The gap (1.3 nm) region between gold core and gold shell was assumed to be filled
with water. To get accurate results, override mesh regions with 0.25 nm mesh size were used to
enclose the whole structure.
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Figure 1. Evolution of quasi-spherical gold nanocrystals during BDT-mediated seeded growth. a)

UV-Vis spectra (the inset is a TEM image of the seeds). b) HAADF-STEM images of samples with
varying [AuS*)[AuO] ratios (R): (i) 0.6, (i) 2.3, (iii) 11.7. c,d) Electron tomography reconstructions
and slices through the reconstructed internal structure, of single gold nanostructures at different

growth stages.
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Figure 2. Gold shell growth with different ligands: ATP, MBA, and No Ligand. Synthesis conditions
were the same for samples with the same R values: (i) 0.6, (ii) 2.3, (iii)
11.7. a) TEM images, b) UV-Vis spectra, c) schematic illustrations of different crystal growth modes,

where the overall excess energy (Ay) determines the core-shell growth mode (see text for details).
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Figure 3. SERS response of plasmonic gold nanostructures. a) SERS intensity of the CH bending

mode (1057 cm'l) as a function of R, at different excitation wavelengths (785, 633, and 532 nm).

The inset shows SERS bands (R = 2.3, different excitations). b) SERS bands corresponding to the

phenyl ring stretching mode (1557 cm'l) from nanostructures grown with different R values, under
785 nm laser excitation. Inset: Raman shift vs. R. c,d) E-field simulation of plasmonic
nanostructures: c) Average E-field enhancement for three different nanostructures (dimer, semishell
and fullshell) under unpolarized excitation at 532 nm, 633 nm, and 785 nm. The inset shows the
geometric models used for the simulations. d) E-field mapping of semishell and full-shell
nanostructures under 785 nm excitation with both 0° and 90° polarization as indicated; all scale bars
indicate 20 nm. Note that SERS spectra were collected from samples with the same particle

concentration and presented after background subtraction.



&

N

Extinction Intensity (a.u.)

b
rd

N

o

inction Intensity (a.u.)

B0

Figure 4. Diversity of the plasmonic nanostructures via ligand-mediated interfacial control. a) Upper
panel: HAADF-STEM and TEM images of nanostructures obtained using different nanoparticle
seeds including (i) nanospheres (20 nm), (i) nanospheres (50 nm), (iii) nanotriangles (60 nm * 20
nm), (iv) nanorods (46 nm * 12 nm). Lower panel: 3D TEM and slice images of nanostructures using

different nanoparticle seeds. b) Extinction spectra from the same BDT-embedded plasmonic
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