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ABSTRACT: Controlling the interaction between linking
components and nanoobjects is expected to offer exciting new
opportunities to induce tunable assembly and modulate the
topology and properties of nanostructures. In this work,
engineering the exclusive and inclusive host—guest interaction
between cucurbit[n]urils and salts is demonstrated as a novel
strategy to simultaneously realize tunable assembly of
plasmonic nanoparticles (NPs) with controllable size and
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composition and manipulate the stability of the assemblies. As a proof of concept, one-dimensional nanochains of gold, silver,
and their alloys with rigid subnanometer interparticle separation and widely tunable optical properties are generated. These
exhibit strong dipole coupling between the plasmonic NPs, confirmed by experiments and theoretical simulations. This
controllable assembly principle will lead to significant interest not only in supramolecular chemistry and the interactions between
supramolecular and plasmonic NPs but also in interaction mechanisms and light management and light harvesting in advanced
applications. It is also expected that our approach will be applicable to a wide range of NPs beyond plasmonic NPs with varied

sizes and compositions.

B INTRODUCTION

Interactions (e.g, electrostatic, van der Waals, dipolar, and
charge—dipole interactions) between nanostructures, as well as
between nanostructures and linking elements, determine their
dynamic behaviors, including stability and assembly, topology,
and properties of nanostructures.' ® Establishing a novel
approach to integrate nanoobjects into assemblies with better
and predictable synthetic control and understanding of the
interaction mechanism can be of significant benefit for
engineering the topology and properties of assembled
structures, as well as obtaining innovative applications and
valuable insights into different interactions at nano-
scale."#>?~13 Several mechanisms and interactions have been
reported to control the assembly of plasmonic nanostructures,
which exhibit unique electronic, optical, and chemical proper-
ties, originating from the remarkable interplasmon coupling
effects between the constituted components.'* These assem-
blies find broad uses, especially in ultrasensitive chemical and
biological sensing through colorimetry, surface-enhanced
Raman scattering (SERS), etc. However, it is still difficult to
induce assembly of nanoparticles (NPs) to generate one-
dimensional (1D) nanostructures with subnanometer inter-
particle separation.

Here, engineering the exclusive and inclusive host—guest
chemistry of cucurbit[n]urils (CB[n]s) is established to be a
novel approach to modulate assembly of plasmonic NPs and
stability of the assemblies in the solution. One-dimensional
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plasmonic nanochains with subnanometer interparticle separa-
tion can be generated. This work is important not only for
achieving reproducible and controllable performance and
structure of the assemblies in CB[n]s chemistry but also for
providing new aspects of understanding and modulating the
interaction between NPs and other supramolecular macro-
cycles, such as cyclodextrins, calixarenes, and pillar[n]arenes.15
Strong synergistic effects will be trigged by the combination of
plasmonic NP assemblies and outstanding host—guest chemical
properties of CB[n]s, coupled with the ability to form stable
host—guest exclusion and inclusion complexes with various
guest molecules in aqueous media, which allows significant
improvement in the performance of plasmonic NPs with many
potential applications in sensing (e.g, SERS, colorimetric
assistant ion detection and recognition), drug delivery, and
catalysis."> >

B RESULTS AND DISCUSSION

Our strategy in this work was inspired by the unique structures
and outstanding multiple recognition host—guest chemical
properties of CB[n]s. CB[n] possesses a hydrophobic cavity,
which is accessible through two polar carbonyl-laced and
partially negatively charged portals (Figure 1a).”' Formation of
exclusion complexes from CB[n]s and cations (e.g., alkali metal
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Figure 1. Schematic illustration of (a) CB[n] and (b) the assembly mechanism. CA, salt; C, cation; A~, anion; Cit”, citric anion.

ions, ammonium ions), via a combination of ion—dipole,
hydrogen-bonding, and hydrophobic interactions between
negatively charged carbonyl portals and cations, is ex-
pected.">'”'®** In addition, the negatively charged surface of
citrate-stabilized plasmonic NPs makes them highly attractive
to oppositely charged species. On the basis of these principles,
we recognized that it could be possible to modulate the
exclusive host—guest chemistry via building a hinge (cations) to
link the molecule bridge (CB[n]s) and plasmonic NPs to
induce and tune assembly of NPs (Figure 1b). In contrast, the
hydrophobic cavity renders CB[n]s good candidates as host
molecules for various guest molecules, which can be
encapsulated in CB[n]s.'>*® Thus, far, the remarkably high
selectivity of CB[n]s toward the shape and charge of a wide
variety of guests with high association constants of host—guest
inclusion complexes has been well established.”*** This
exceptional inclusive host—guest chemical property promises
an interesting possible way to manipulate the concentration of
possible guests (e.g, anions) in the solution, which may
influence the electrostatic interactions between cations and
anions, giving another approach to engineer the assembly
behavior of NPs (Figure 1b).'>**

Control of Exclusive Host—Guest Interaction. To
validate the research ideas and achieve control over the
assembly process of plasmonic NPs, three typical compositions
of citrate-stabilized NPs—namely, Au, Ag, and AuAg alloy
NPs—were selected as the prototypical systems and were
prepared in our group.*® Centrifugation was adopted to remove
excess salt and citrate ions, and then the deposited NPs
(namely, c-Au, c-Ag, c-AugAgs, and c-AuysAg,s NPs) were
redispersed into water. In this work, CB[S]s were chosen as a
model. Monitoring the assembly process of NPs in the presence
or absence of CB[S5]s and/or additive salt was carried out by
UV—vis spectroscopy, which was considered to be the most
appropriate technique due to the surface plasmon resonance
(SPR) of individual NPs and their assemblies. Transmission
electron microscopy (TEM) was also employed to observe the
tuned topological nanostructures.

For the first step, CB[S] solution (0.12 mM) with volume of
30 uL was added into the c-Au NP solution (2 mL, 16 nm
diameter, as shown in Figure S1a). No obvious change could be
determined comparing the absorption spectra and the color of
the solutions with and without CB[S]s (Figure S1b and
inset).">*"***” These results implied that no assembly of c-Au
NPs was generated by use of CB[S]s alone, and this was
confirmed by the TEM image (Figure Slc). In fact, even 50 uL
of CB[S] solution could not lead to assembly of c-Au NPs.

The establishment of strong electrostatic attractive inter-
action between CB[n]s and alkali metal ions and formation of
exclusion complex with positively charged surface, owing to
coordination of the metal ions with the portal carbonyl oxygen
atoms, suggest that alkali metal cations may act as an effective
hinge to link the two negatively charged components, citrate-
functionalized c-Au NPs and CB[n]s, as illustrated in Figure
162573 In this case, two typical alkali metal ions, Na" and K,
were chosen as the positively charged hinges. Figure 2a shows
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Figure 2. (a) Absorption spectra of c-Au NPs (16 nm) and c-Au NPs
with addition of NaCl (30 uL) in the presence of CB[S]s after
different incubation time: 0, 3, S, 10, 30, 60, 120, 180, and 240 min.
(Inset) Corresponding optical images of the solution. (b) Typical
TEM image of assemblies (240 min). (c) Interparticle gap size
distribution. (d) Particle number in nanochains.

the absorption spectra upon addition of 30 yL of NaCl (120
mM) into the CB[5]/c-Au NP (30 uL/2 mL) solution.
Decrease of absorbance at 519 nm and a red shift from 519 to
524 nm are observable, which are assigned to assembly
formatlon and the subsequent screening of the electrostatic
repulsion.* A broad absorption band above 600 nm arises and
evolves to become stronger with increasing incubation time and
nearly stable after 2 h, which is accompanied by an obvious
color change of the solution from red to blue (inset, Figure 2a).
The appearance of a new absorption band at longer wavelength
can be explained by dipole coupling between the plasmons of
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NPs, which is indicative of generation of 1D chainlike
nanostructures, confirmed by the TEM image (Figure
2b)."**" The average gap between NPs is about 1 nm as
determined from the TEM image (Figure 2c), and this verifies
the possibility to generate subnanometer interparticle gaps in
plasmonic assemblies.'”'® This clearly indicates that the
presence of NaCl triggers Au NP assembly in the CB[S]/c-
Au NP solution. More TEM images under different
magnifications were provided to confirm the production of
1D Au assemblies, as shown in Figure S2, which also implied
that nearly all the Au NPs were assembled into chainlike
structures. The average number in each chain is determined to
be about 12, as displayed in Figure 2d. As expected, less NaCl
induced smaller assemblies, as demonstrated by absorption
spectra (Figure S3a), optical images (inset, Figure S3a), and
TEM image (Figure S3b). In this case, some monodispersed Au
NPs could be seen. A weak plasmon coupling band is seen,
confirming that the presence of NaCl plays an important role in
the assembly process of Au NPs. These also imply the
possibility to control the length of the nanochains. To verify
that the Na" ions, not the CI7, are responsible for the assembly
behaviors, a control experiment adopting NaNO; under
identical conditions was carried out. Generation of assemblies
was confirmed by the absorption spectra (Figure S4a). In this
case, the new peak increases more slowly and is weaker,
together with a smaller shift (3 nm) of the single-particle SPR
peak, than that with NaCl. These results evidence that Na* jons
can induce assembly of Au NPs in the presence of CB[S]s and
that anions may also affect the resulting assembly dynamic
behaviors, for which more discussion will be given.
Furthermore, our experiments confirmed that the generation
of chainlike structures was reproducible, and the stability of the
absorption behavior showed that the generated nanostructures
could be stable for at least several hours. To reveal the
potentially reversible nature of the assembly, we diluted the
assembly solution with water (2 mL), and the blue color
became a little weaker, but no other obvious color change could
be seen, which showed that the process was irreversible and
confirmed by the absorption spectrum (Figure SS).

Previous reports suggested that larger-sized K" could
coordinate to the carbonyl oxygen atoms and cover the
CB[S] portals more efficiently, subsequently interacting with
CB[5]s more strongly than Na*, which implies the possibility of
causing faster assembly of Au NPs by use of K*.****** This
proposal is validated by the fact that the coupling plasmonic
band is much stronger and evolves more quickly after addition
of KClI (Figure 3a), accompanied by an immediate color change
from red to blue. Significant decrease of the peak at 519 nm
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Figure 3. (a) Absorption spectra of c-Au NPs (16 nm) with addition
of 30 uL of KCL (b) r (= L,,/I,;) upon addition of NaNOs, NaCl,
KNO;, KCl, and NH,NO; after different incubation times.

with a large red shift of 13 nm (after 240 min) can be
determined. Furthermore, in this case, the assemblies were not
stable and precipitation happened in less than 1 h. The
distinguishing difference can also be seen from the different
ratios (r = IPZ/Ipl) of the coupling plasmonic band intensity
(Ipz) to that of the individual particle SPR (Ipl), as revealed in
Figure 3b, which is dependent on the length of the chains. In
the presence of NaCl, r increases rapidly from ~0.4 to ~0.9 in
10 min and keeps nearly constant (~1.16) after 120 min,
whereas r reaches about 1.49 and decreases after addition of
KCl in 3 min, which also indicates that the generated
assemblies are larger and unstable. In comparison, without
CB[S]s no assembly occurred, as displayed in Figure S6, and
this confirmed that increasing ion strength of the solution was
not responsible for the assembly of NPs. Furthermore, as it is
proposed that CB[S]s act as bridges to build the 1D assemblies,
more CB[S]s should lead to more efficient assembly, which is
consistent with the experimental result upon adding 40 uL of
CB[S]s solution, as displayed in Figure S7. These results and
discussions indicated that the proper amount of salt and
CB[n]s is significantly important for generation of stable 1D
assemblies as well as for controlling the chain length.

These results imply that the controllable assembly of Au NPs
can be obtained by modulating exclusive host—guest inter-
action. The suggested proposal was further evaluated by
another control experiment, based on the inspiration that
efficient coordination between the positively charged hinges
and negatively charged CB[S]s before addition to the Au NP
solution may facilitate the formation of assembly. To verify this
suggestion, we prepared a mixture (1/1 v/v) of CB[S]s and
NaCl to let them interact efficiently at first. Immediate
assembly of Au NPs was caused by using this mixture solution,
as demonstrated in Figure S8a. The assemblies were unstable
and precipitated quickly from solution, confirmed by the
decrease of r with increasing incubation time (Figure S8b). The
faster assembly and higher ratios, compared to those for adding
NaCl into the CB[S]/c-Au NP solution, evidence our
suggestion.

Control of Inclusive Host—Guest Interaction. As
discussed above, CB[n]s exhibit excellent host—guest chemical
properties with high selectivity toward the shape and charge of
various guests, which can be encapsulated in the cavity with
high association constants of host—guest inclusion complexes.
For instance, chlorine anions could be encapsulated in CB[5]s
more easily to form molecular capsules than nitrate, owing to
the smaller size of CI™.>*** This selective inclusive host—guest
chemistry toward different anions prompts us to another
interesting approach to engineer the assembly of Au NPs and
the topological structures of the assemblies. This idea is
supported by the aforementioned fact that NaCl leads to more
pronounced assembly effects than NaNO;. To further confirm
the validity of our proposed technique, KNO; was tested to
control the assembly of c-Au NPs. The absorption spectra
(Figure S4b) exhibit a weaker and more slowly growing
coupling SPR peak and a smaller red shift (3 nm) of the
individual SPR peak, compared with Figure 3a, suggesting that
KNO; caused assembly much less efficiently than KCl did. As
there are always competing interactions between different
species with negatively charged species and cationic ions, the
electrostatic interactions between cations and anions from the
salt may shield cations to weaken their ion—dipole interaction
with CB[S]s and/or c-Au NPs, slowing down the assembly.
Therefore, the encapsulation of Cl™ in the cavity of CB[S]s

DOI: 10.1021/acs.jpcc.6b07134
J. Phys. Chem. C XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b07134/suppl_file/jp6b07134_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b07134/suppl_file/jp6b07134_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b07134/suppl_file/jp6b07134_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b07134/suppl_file/jp6b07134_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b07134/suppl_file/jp6b07134_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b07134/suppl_file/jp6b07134_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b07134/suppl_file/jp6b07134_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b07134/suppl_file/jp6b07134_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b07134/suppl_file/jp6b07134_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b07134/suppl_file/jp6b07134_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b07134/suppl_file/jp6b07134_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.6b07134

The Journal of Physical Chemistry C

attributed to the host—guest chemistry effects will result in a
decrease of ClI” surrounding the cations, which weakens the
“protective” shielding. Furthermore, the hydrogen bonds
between counteranions and coordinated water molecules
around cations can also be reduced.*® Consequently, stronger
electrostatic interactions between CB[S]s and cations accom-
panied by more pronounced assembly is expected. To further
evaluate this principle, we switched to sodium hydrogen
phosphate (Na,HPO,) and sodium sulfate (Na,SO,), whose
anions, HPO,*~ and SO,*, are too big to be encapsulated in
the cavity of CB[5]s.”” ™ Figure S9a shows the absorption
spectra of Au NPs with increasing incubation time after
injection of Na,HPO, solution. The peak above 600 nm is
weaker than that in the presence of NaCl with the same Na*
concentration. Especially, much weaker plasmon coupling
resonance is seen after addition of Na,SO,, as revealed in
Figure S9b. Another control experiment was also performed
with CB[7]s, whose cavity is bigger than the radius of SO,*".
We found that fast assembly occurred, assisted by SO,>7, as
demonstrated in Figure 4a, with an intense coupling peak above
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Figure 4. (a) Absorption spectra of c-Au NPs (16 nm) with addition
of Na,SO, in the presence of CB[7]s. (b) Absorption spectra of c-Au
NPs with addition of 30 uL of CB[S]s followed by 30 uL of NH,NO;.

600 nm rapidly appearing and large r. In addition, another
interesting phenomenon is worth noting: though r is large, no
precipitation was observed after 4 h, indicating high stability of
the assemblies. These results verify that the interaction between
anions and cavity of CB[n]s plays an important role in inducing
assembly of plasmonic NPs, and regulation of inclusive host—
guest chemistry offers an effective strategy to tailor the
assembly of Au NPs and their stability.

Control of Stability of the Assemblies. We further
examined another type of bigger-sized cation, ammonium ion,
which can interact with the negatively charged portals through
not only charge—dipole but also hydrogen-bonding inter-
actions, resulting in a larger enthalpy gain and in turn higher
binding affinity between ammonium ions and CB[S]s than that
between Na* or K* ions and CB[S5]s.'”*" Therefore, it can be
predicted that NH,* will induce assembly more efficiently.
Figure 4b displays the absorption spectra of Au NPs in the
presence of NH,* (NH,NO;). Obvious assembly is observed
with larger r (Figure 3b) than that in the presence of Na* or K7,
consistent with the proposed mechanism. In addition, the
assembly was slower than with KCI, which confirmed that
inclusive host—guest interaction played an important role in the
induced assembly process of Au NPs. Furthermore, although r
was larger than with KCI after about 2 h, the assemblies were
stable and no aggregation was found after 4 h, which suggested
that stability manipulation was allowed via controlling the
host—guest chemistry.

Taken together, the fact that from Na" to K* and then to
NH,"* the interaction between cations and CB[5]s becomes
stronger, resulting in faster and more efficient assembly, and the
determination of significant difference of the assembly
behaviors induced by CB[5]/Na,SO, and CB[7]/Na,SO,, as
well as by CB[5]/NaNO; and CB[5]/Na,SO,, clearly support
the proposed mechanism in Figure 1b. The data unambiguously
show the possibility of managing assembly of Au NPs and the
topological structures and properties of assemblies by
modulating host—guest chemistry.

Assembly Control of Nanoparticles with Different
Sizes and Compositions. Our methodology for assembly
management via control of host—guest chemistry is potentially
broadly applicable to Au NPs and other plasmonic NPs with
different sizes. In order to confirm the generality, by use of 30
nm c-Au NPs, as observed in Figure S10a, significant and fast
assembly can be determined, and 1D Au nanochains were
displayed in Figure S10b. Here, the position of plasmonic peak
P, is around 714 nm, which indicates that the coupling
plasmonic optical response is tunable with adjusted conditions,
such as particle size. We further examined other NPs (e.g., Ag
NPs and AugAgs, and AuysAgys alloy NPs), whose optical
performance is also extremely sensitive to their aggregation
state. Significantly, we observed an obvious color change with
the addition of CB[S]s and NaCl. As typical examples, dipole
coupling plasmon peaks corresponding to 1D nanochains were
observed. One-dimensional nanochains consisting of c-Ag, c-
AugoAgsp, and c-Au,sAgys alloy NPs are shown in Figure
Spanels a—c, respectively. We confirmed that CB[S]s or NaCl

a

50 nm
fva=g

Figure 5. c-Au NP nanochains: (a) 36 nm c-Ag, (b) 44 nm c-Aus,Ags,
(c) SO nm c-AuysAgys, and (d) 16/30 nm.

alone could not induce assembly of Ag or AuAg alloy NPs.
One-dimensional plasmonic nanochains can also be synthesized
from NPs with different sizes. As revealed in Figure 5d, 1D NP
assembly constructed of c-Au NPs with size of 16 and 30 nm
can be observed.

Simulation of Optical Response of One-Dimensional
Au Nanoparticle Chains. To understand further the optical
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properties determined in experiments, we performed simu-
lations of the optical response of 1D Au NP chains. We began
by considering a linear chain consisting of Au NPs with
diameter 16 nm, separated by a 1 nm interparticle gap (lgap =1
nm) and illuminated by an unpolarized plane wave (orthogonal
to the chain). A strong coupling plasmon resonance peak in the

nanochain is seen in Figure 6a, which confirms the
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Figure 6. (a) Calculated extinction spectra of 1D Au (16 nm)
nanochains with different particle numbers. (b) Experimental (black
line, Figure 2a, 4 h) and simulated extinction spectra of 1D Au (16
nm) NP nanochain with N = 12 (l,, = 1 nm). Blue line, linear chain
orthogonal to the unpolarized plane wave; red line, influence on
extinction spectra of nanochain random spatial orientation (6 = 0—
90°); green line, additional influence of nanochain nonlinearity on

extinction spectra.

experimental results. Figure S11 shows that increasing Au NP
number (N) from 2 to 16 results in a red shift of the coupling
peak (P,) position. Furthermore, when the number reaches
about 12—16, the resonance red shift is small and nearly
saturates."’ To explore potential ways to tailor the optical
response of NP chains by introducing additional degrees of
freedom, we also checked the effect of the interparticle gap
(Igp)- In this case, the particle number was set to 12. The Au
nanochain exhibits a large red shift in extinction spectra with
decreasing interparticle gap (Figure S12). This behavior
confirms the importance of controlling the interparticle gap
in plasmonic assemblies, as stated previously and provided here
for instance by the CB[n]s. We also checked the optical
response of nonlinear nanochains, as well as the effect of
relative angle (0) between the chains and the irradiated light
electric field. Figure S13a indicates that a small blue shift may
be caused by the shape change from linear to nonlinear.
Furthermore, the coupling peak becomes weaker and broader
when the direction relationship between the irradiated light
electric field and chain axis changes from parallel (6 = 0°) to
nonparallel (6 # 0°), and disappears when 6 = 90°, as displayed
in Figure S13b. A comparison analysis between experimental
and simulation results was carried out further, as revealed in
Figure 6b. After the effect of nonlinearity and spatial rotation (0
= 0—90°) was considered, the simulation extinction (green
line) is much closer to the experimental result, with a small blue
shift (AP, = S nm, and AP, = 20 nm) compared to the
experimental absorption. Several reasons may cause this
discrepancy, for example, simplification of the simulation
model and change of the dielectric function in the solution
due to the presence of salt and CB[n]s. The discrepancy also
implies that the realistic structure of the nanochains is more
complicated that the linear case, as shown in Figure 2b and
Figure S2.

Discussions. The previous report showed that cucurbit[n]-
urils (CB[n]s) can induce assembly of Au NPs to generate
aggregation.17 However, there has been little effort to control

the assembly and the mechanism has not been well revealed.
Therefore, it is still a grand challenge to gain better control and
understanding of the induced self-assembly behaviors, which
are significant issues lying at the heart of supramolecular
macrocycle—nanoparticle science. Furthermore, our controlled
experiments showed that CB[n] or salt does not necessarily
induce assembly of aggregation under certain conditions. There
have been no reports about engineering the host—guest
interactions of CB[n]s to tune the assembly of plasmonic
NPs. Here, we demonstrated that the exclusive and inclusive
interactions between CB[n]s and different salt ions provide a
versatile and general method to tune the assembly of Au NPs,
along with controlling the stability of the assemblies in the
solution. Our results promise a new concept and mechanism to
tune the assembly of plasmonic NPs in but beyond the
supramolecular chemistry.

B CONCLUSION

In summary, we have demonstrated simultaneously managing
assembly of plasmonic NPs with controllable size and
composition and stability of these assemblies by engineering
the exclusive and inclusive host—guest chemistry of CB[n]s
with the assistance of selected salts. One-dimensional
plasmonic nanochains with a rigid subnanometer interparticle
gap were formed, which exhibited strong tunable dipole
coupling between the NPs. Detailed discussions and compar-
ison with simulation investigations have been performed to
study the structure and plasmonic coupling properties of the
1D nanochains. We note that the proposed strategy can be
general and facile to be potentially applied to many positively
charged NPs to engineer a wide range of material properties
such as optical and electrical characteristics, where the particle
coupling is essential. This work contributes not only to the
tunable assembly of plasmonic NPs but also to fundamental
understanding of the host—guest chemistry of CB[n]s, as well
as providing useful information for their applications.

B EXPERIMENTAL SECTION

Methods. Synthesis of Gold Nanopatrticles (16 nm). Au
NPs with size of 16 nm were fabricated by the standard citrate
reduction of hydrogen tetrachloroaurate(III). Typically, 0.5 mL
of HAuCl, solution (30 mM) was injected into boiling H,O
(50 mL), followed by injection of 0.5 mL of sodium citrate
solution (120 mM). After boiling for 1S min under vigorous
stirring, Au NPs were separated by centrifugation (14 000 rpm/
min, 10 min). The deposited Au NPs were redispersed into
water.

Synthesis of Au (30 nm), Ag, Aus,Ags, and AuysAgss
Nanoparticles. Au (30 nm), Ag, AuspAgs,, and Au,sAg;s NPs
were synthesized by a seeded growth method developed by our
group.”®

Control of Assembly of Au Nanopatrticles with Addition of
CB[5]s and Salt. To control the assembly, typically, 30 uL of
CB[S]s aqueous solution (0.12 mM, Sigma—Aldrich) was
added into 2 mL of Au NPs solution (30 uL/2 mL), and the
solution was shaken to let it reach equilibrium. Then 30 uL of
NaCl solution (120 mM) was injected into the above mixture,
and slight shaking was performed for about 3 s to allow it to be
homogeneous.

Characterization. Absorption spectra were acquired with
an Epoch spectrophotometer (Biotek). TEM images were
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recorded by a high-resolution transmission electron microscope
(JEOL, JEM2010F).

Calculations. All of the theoretical results are obtained by
numerical simulations based on extended Mie theory."
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