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Dry Sintering Meets Wet Silver-Ion “Soldering”: Charge-Transfer
Plasmon Engineering of Solution-Assembled Gold Nanodimers From
Visible to Near-Infrared I and II Regions

Lingling Fang, Yueliang Wang, Miao Liu, Ming Gong, An Xu, and Zhaoxiang Deng*

Abstract: Achieving highly tunable and localized surface
plasmon resonance up to near infrared (NIR) regions is a key
target in nanoplasmonics. In particular, a self-assembly process
capable of producing highly uniform and solution-processable
nanomaterials with tailor-made plasmonic properties is lack-
ing. We herein address this problem through a conjunctive use
of wet Ag" soldering and dry thermal sintering to produce
nanodimer-derived structures with precisely engineered
charge-transfer plasmon (CTP). The sintered dimers are
water soluble, featuring gradually shifted CTP spanning an
800 nm wavelength range (up to NIR II). Upon silica removal,
the products are grafted by DNA to offer surface functionality.
This process is also adaptable to DNA-linked AuNP dimers
toward plasmonic meta-materials via DNA-guided soldering
and sintering.

Localized surface plasmon resonance (LSPR) is a coherent,
collective spatial oscillation of free electrons in a nanostruc-
tured material (typically Au, Ag, or Cu metal).!'! A plasmonic
structure therefore selectively absorbs and scatters light at
specific resonance wavelengths. In the case of a self-assem-
bled structure, LSPR is not only related to the shape, size,
charge, and dielectric environment of its structural units but
also strongly dependent on its spatial order and interparticle
gap®® or conductive junction (CJ).*! Plasmonic coupling of
nanoparticles is important to achieve tunable optical proper-
ties, which can be understood by a plasmon hybridization
model.®™ This enables LSPR to be controlled by accurately
positioning plasmonic units at pre-determined sites, and in
this regard DNA nanotechnology offers an especially power-
ful positioning tool.”! Pursuits along this direction would
create chances toward surface enhanced spectroscopy,®“*7!
molecular sensing,”®! bio-imaging/therapy,” light harvest-
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ing,""! hot-electron catalysis,""! and nonlinear optical devi-
ces."”!

Nanoparticle clusters are super-assemblies of solution-
synthesized colloidal particles, among which Au nanoparticle
(AuNP) dimers are the most basic and simplest form.
Theoretical modelling has revealed a widely tunable longi-
tudinal LSPR of Au dimers®™"! sensitive to the gap size
(untouched dimer) or junction width (coalesced dimer). With
a reduced interparticle gap, the longitudinal LSPR redshifts
before a quantum tunneling®™! is reached and then blueshifts
after a charge-transfer plasmon (CTP) appears for coalesced
particles. The CTP represents light frequency oscillations of
free electrons across a conductive interparticle junction. As
a result, electrical neutrality is only valid for the involved
particles as a whole (not for each particle). This unique
plasmon can lead to advanced devices including terahertz
photonic devices!"! and ultrafast nanoswitches.”) While the
interparticle gap is controllable by molecular linkers, such as
DNA, to realize plasmonic tuning,'®! it is very hard, due to
a charge-transport dilemma of solution-processed materi-
als,"” to make conductive interparticle junctions by a bulk
chemical process. To obtain such physically interfaced struc-
tures, Nam et al. synthesized Au—-Ag nano-snowmen using
DNA-grafted AuNPs for silver deposition.’® Lu et al. made
use of DNA adsorption to control the overgrowth of Au
nanorods into dumbbell structures.” Sun et al. built gold—
silver bi-domain dimers based on a heterogeneous silver
nucleation on gold.”” Others often relied on lithography
techniques®! or e-beam induced “melting”® under trans-
mission electron microscope (TEM) to realize coalesced
structures.

We herein report a highly reliable process (Figure 1) to
realize a widely tuned CTP of AuNP dimers from visible to
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Figure 1. Schematic illustration of the shape evolution of an Ag*
soldered AuNP dimer embedded in silica during thermal sintering.
Note that a higher temperature leads to a thickened sintering neck
(conductive junction).
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near-infrared (NIR) LII regions by combining in-solution Ag*
soldering®! and thermal sintering.”* Our idea is to use solid-
state sintering to build a conductive junction (CJ) between
two AuNPs. Because the sintering temperature is far below
the melting point of gold, only diffusional surface, volume, or
boundary atoms can migrate (driven by reduced surface free
energy) to fill the approximately 1 nm Ag*-soldered gap.*"
This allows a facile control on the CJ width (diameter of
a circular contact area) by simply altering the sintering
temperature. Note that any inter-dimer sintering should be
suppressed to avoid agglomeration. This is achievable by
a silica-shell-isolated thermal treatment,”! in which the silica
coating serves as a nanoreactor. Last and most importantly,
the inter-particle gap should be small enough so that the CJ
can be easily formed. This is why a powder sample needs to be
pressurized to improve sintering efficiency.”®! AuNP dimers
obtained by Ag" soldering®?" nicely meet this requirement.

Our strategy contains four major steps. 1) Self-assembled
dimers of AuNPs (Figure S1) are obtained by Ag* soldering
and purified by gel electrophoresis (Figure S2).2” 2) The
dimers are coated with protective silica shells to form
dimer@SiO, structures; 3) The dimer@SiO, solutions are
freeze-dried and subjected to a 15 min heating above 150°C
to form the desired CJ; 4) The silica layers are removed if
necessary by dispersing the structures in a NaOH solution
containing a BSPP (bis-p-sulfonatophenylphenyl phosphine
dihydrate dipotassium) capping agent. In step 1, Ag" is added
to a solution of AuNPs capped by BSPP to induce a self-
limiting colloidal aggregation (due to BSPP striping by
Ag")P into discrete AuNP clusters in the presence of fish-
sperm DNA stabilizer. Dimers are isolated by agarose gel
electrophoresis (see Supporting Information).

As shown in Figure S3 in the Supporting Information, the
dimer structures with or without silica coating exhibited well-
resolved transverse and longitudinal LSPRs due to gap-mode
plasmonic coupling.”’"! Based on the spectral data, inter-
particle gaps of 0.76-1.20 nm (Figures S4 and S5) could be
estimated by fitting with simulated data.® Redshifts of the
LSPR peaks after silica coating were caused by the larger
refractive index of SiO,(1.46) in comparison with
H,O (1.33).'?" Aqueous solutions of the dimer@SiO, struc-
tures (Figure S6) were freeze-dried to obtain fluffy powders
which were then subjected to sintering at given temperatures
for 15 min. TEM images in Figure 2 depict four typical
morphologies of the products sintered at selected temper-
atures. Note that the uniform and thick silica shells revealed
by TEM are important to suppress inter-dimer sintering.**) At
a relatively low temperature, a small CJ width was seen
between two AuNPs. With an increased temperature, the
junction became thickened. Further elevating the temper-
ature led to a flattened sintering neck, and the dimers had
a rod-like shape. At the highest temperature, a complete
fusion of two AuNPs happened. The CJ widths were
measured based on the TEM data of silica-removed products
(Figure 3) and shown in Figure S7. It should be emphasized
that no sintering happened between different dimers. The
silica shells were removed to release the Au structures
(Figure 3) in a hot NaOH solution mixed with BSPP, where
NaOH served as an etchant for SiO, and BSPP was a stabilizer
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Figure 2. TEM images of silica-coated AuNP dimers sintered at differ-
ent temperatures. Rows (a) to (d) correspond to increased diameters
(13, 25, 35, and 45 nm) of AuNPs. Columns 1-4 correspond to
increased temperatures.
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Figure 3. TEM images of silica-removed AuNP dimers sintered at
different temperatures. Rows (a) to (d) correspond to increased diam-
eters (13, 25, 35, and 45 nm) of AuNPs. Columns 1-4 correspond to
increased temperatures. Insets are enlarged images of sintered
dimers. See Figures S23-S38 for large-area TEM images. Note: no
purifications were performed before TEM imaging.

for gold. The silica-removed products were uniformly dis-
tributed, mirroring a good colloidal stability and product
purity. The highly uniform products allowed us to measure
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their optical extinctions without being interfered by irrelevant

aggregates.

The temperature-dictated CJ widths of the above struc-
tures resulted in very rich colors of the products (Figures S8—

S11) due to the well-tuned CTP reso-
nance, sharply different from the orig-
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wavelengths is critical. After silica removal, the extinction

peaks shifted to shorter wavelengths (Figure 4b1-b4). One

reason was the smaller refractive index of water in compar-
ison with SiO,. More significant shifts happened for weakly
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sintered structures, possibly due to a “collapse” of the very
narrow conductive necks which require a structural support
by the silica layer. This would be especially true for smaller
AuNPs where the contact area between two particles was the
smallest. Upon silica removal (Figure S12), the sintered
dimers showed a CTP wavelength as long as 1100 nm for
the 45 nm dimers. In the case of the 13 nm dimers, the longest
resonance wavelength moved to about 720 nm.

We employed agarose gel electrophoresis to further verify
the size/charge uniformity and colloidal stability of the shell-
removed products. Gel electrophoresis is good at inspecting
colloidal structures based on their mobility and visual color
without altering their native structures.® Structural changes
do happen during TEM imaging due to dehydration and e-
beam induced sample damage.”>?’*3l Moreover, TEM
cannot give a “whole picture” of a sample, which is sometimes
misleading. The gel data in Figure S13 show concentrated
major bands corresponding to silica-removed products. This
indicated a good purity and stability of the sintered dimers. In
rare cases, a weak gel band following a major product was
observed, implying the existence of negligible aggregates
(Figure S13). The gel-isolated products could run again in
a new agarose gel as very sharp and clean bands (Figure 4c),
signaling an excellent colloidal stability. Importantly, spectral
profiles (Figure S14) of the gel-purified products were almost
identical to the raw samples, which, along with the TEM
evidences, verified that the appealing spectral features in
Figure 4a,b were real reflections of the sintered dimers (not
of random aggregates).

To rationalize the very large plasmonic shifts and spectral
evolutions observed above, theoretical calculations were
performed using a discrete dipole approximation (DDA)
method.”” The 13 nm AuNP dimer was taken as an example.
To model a sintered structure, we employed two AuNPs with
a center-to-center distance (L) smaller than their diameter
(2a). This corresponded to a negative surface distance (d =
L—2a) of a dimer. Therefore, a smaller (more negative) d/
a ratio meant a larger junction width corresponding to
a higher sintering temperature. The simulated longitudinal
LSPR spectra (d/a=—0.2, —0.3, —0.4) of the coalesced 13 nm
dimers surrounded by silica showed a spectral evolution
(Figure 4d) consistent with our experiments as well as
previous calculations with a boundary element method
(BEM).™

Another important concern for the sintered dimers is the
possibility of surface functionalization, the key to applications
as self-assembly building blocks and sensing/therapeutic
probes. We examined DNA oligonucleotide as a biomolecular
ligand to functionalize the sintered 13 nm dimers. As shown in
Figure S15, after an interaction with the thiolated DNA via
Au-S bonding, the sintered dimers displayed significantly
lowered gel mobility, indicating a successful DNA decora-
tion.’™ 5 nm AuNPs mono-functionalized™*! with a comple-
mentary DNA sequence then hybridized with the DNA-
multifunctionalized sintered structures to form core-satellite
assemblies. The use of monovalent DNA-AuNP conjugate as
a satellite particle would guarantee the formation of non-
crosslinked assemblies.”**! Gel electrophoresis showed a fur-
ther retarded band after hybridization with the 5 nm AuNPs
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(Figure S15a). The core-satellites were eluted from the gel
band and subjected to TEM verifications. Figures S16a and
S17 showed monodisperse core-satellites with each core
surrounded by many (35 in average) satellites, benefiting
from the high DNA decoration efficiency. Interestingly, when
the 5nm satellites were replaced by 13 nm ones (Figur-
es S15b, S16b, and S18), the core particles were still distin-
guishable owing to their unique shape. Spectral data (Fig-
ure S19) showed a CTP at 640 nm originating from the
sintered cores. These results evidenced that our process did
not cause a surface passivation of the products.

We previously demonstrated an Ag" soldering of DNA-
assembled AuNP clusters to realize DNA-programmable
strong capacitive plasmonic coupling.”® According to this
success, it is natural to think about using a DNA-assembled
dimer for the sintering. Continuing with this idea, it will be
possible to combine our strategy with DNA-programmable
nanoparticle assemblies!® toward increased structural com-
plexity and versatile LSPR tuning. As a preliminary test, we
prepared DNA-assembled 13 nm AuNP dimers which were
soldered by Ag* to form ~1 nm interparticle gaps. Spectro-
scopic (Figure S20a) and TEM data (Figures S21 and S22)
unambiguously verified the DNA-linked dimers and their
strong coupling achieved by Ag* soldering.®! The approx-
imately 1 nm gap achieved by Ag* soldering was critical for
the formation of a CT junction (Figures S39a and S40)
between DNA-linked 13 nm AuNPs during a thermal treat-
ment, leading to a well-defined CTP peak (Figure S20a), in
sharp contrast to the unsoldered DNA-linked dimers (Figur-
es S39b and S41).

In summary, we have developed a strategy involving Ag"
soldering and silica-shell confined thermal sintering to
achieve a precise coalescence control of nanoparticle
dimers. The resulting structures exhibit a widely tunable
CTP spanning an 800 nm wavelength range. Our success
benefits from a perfect match between a newly developed
Ag" soldering technique and silica-isolated thermal sintering.
The resulting longitudinal LSPR is highly dependent on the
sintering temperature which controls the width of the
conductive sintering neck without changing the volume of
the structure. The final products have a good stability in
solution such that surface-functionalization by DNA is
achieved for programmable nanoparticle assembly, providing
novel anisotropic building blocks for DNA nanotechnology.
Based on our findings, some possible applications can be
envisioned. For example, previous work has achieved the best
Raman enhancement for coalesced AuNP dimers."3'! In
particular, the continuously tunable LSPR is ideal for surface-
enhanced resonance Raman scattering (SERRS) for which
a strict wavelength match among incidence laser, plasmon
resonance, and dye absorbance is required.® The sintered
structures with a CTP tuned to NIR are desired for nano-
biomedical applications to increase light penetration depth in
biological tissues."*?*** The small size of our material will be
advantageous owing to improved colloidal stability, facilitated
invivo clearance (reduced toxicity), and improved tumor
penetration.’® Our work is also helpful to solve the charge-
transport dilemma of solution-processed materials toward
bottom-up device fabrications.!'”!
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