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ABSTRACT: Control of interparticle interactions in terms of their
direction and strength highly relies on the use of anisotropic ligand
grafting on nanoparticle (NP) building blocks. We report a ligand
deficiency exchange strategy to achieve site-specific polymer
grafting of gold nanorods (AuNRs). Patchy AuNRs with control-
lable surface coverage can be obtained during ligand exchange with
a hydrophobic polystyrene ligand and an amphiphilic surfactant
while adjusting the ligand concentration (Cpg) and solvent
condition (C,y, in dimethylformamide). At a low grafting density
of <0.08 chains/nm? dumbbell-like AuNRs with two polymer
domains capped at the two ends can be synthesized through surface
dewetting with a high purity of >94%. These site-specifically-
modified AuNRs exhibit great colloidal stability in aqueous
solution. Dumbbell-like AuNRs can further undergo supracolloidal
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polymerization upon thermal annealing to form one-dimensional plasmon chains of AuNRs. Such supracolloidal
polymerization follows the temperature—solvent superposition principle as revealed by kinetic studies. Using the
copolymerization of two AuNRs with different aspect ratios, we demonstrate the design of chain architectures by varying
the reactivity of nanorod building blocks. Our results provide insights into the postsynthetic design of anisotropic NPs that
potentially serve as units for polymer-guided supracolloidal self-assembly.
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INTRODUCTION

Nanoparticle (NP) assemblies have been considered as a
prototype for artificial molecules/atoms;' " however, the level
of their structural complexity and hierarchy is far less than
those in molecular or atomic systems.'”'" Unlike molecules
with asymmetric shapes and bond polarization, colloidal
synthesis favors high symmetry,' " often leading to isotropic
interparticle interactions and the formation of close-packing
assemblies.''* As pointed out by Glotzer and others,'®"” the
key structural feature to create directional interaction, but not
yet included in those colloidal building blocks, is anisotropy.
Despite notable progress in the controlled synthesis of
colloidal NPs in terms of their size,'®"’ shape,zo_22
chemical composition,”® precise control of interparticle
interactions (direction and strength),z’ﬂ_31 even for aniso-
tropic NP building blocks,” remains at its early stage in
comparison with their covalent counterparts such as atomic or
molecular bonding. Among many NP building blocks, there

and
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has been growing interest in the self-assembly of plasmonic
metal NPs with a localized surface plasmon resonance (LSPR)
as a means to harness their collective properties through
interparticle near-field coupling.”>~** While the LSPR peak of
individual NPs is sensitive to their shape and size, the LSPR
coupling is dominated by the macroscopic packing as an
ensemble: e.g, assembly direction and aggregation num-
bers 36374142

Adding surface ligands to colloidal building blocks provides
a meaningful postsynthetic way to design anisotropic metal
NPs and potentially guide their self-assembly in a specific
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pathway.”*~* A number of methods in the literature have
been reported to introduce surface ligands on metal NPs with
regioselectivity: e.g., surface facet recognition,”’ >” templated
surface grafting,”*>* and phase segregation of mixed ligands.”
Together with anisotropic NP topologies, site-specific ligand
grafting can provide, or sometimes amplify, the directional
interparticle interactions to drive NP assembly in a desired
manner.””**"% For example, gold nanorods (AuNRs) are a
classic type of anisotropic building blocks having distinct LSPR
bands along their transverse and longitudinal directions.®*®®
Without regioselective ligand coverage, AuNRs can pack as
clusters with a local preferential direction along their sides;*®”
however, with site-specific modification with ligands, AuNRs
can be organized in an end-to-end fashion that allows their
longitudinal LSPR coupling.”*”"> An early example from
Kumacheva and co-workers demonstrated that thiol-termi-
nated polystyrene (PS-SH) could preferentially bind with Au
(111) facets located at the two ends in tetrahydrofuran
(THF),”” because the grafting density of cetyltrimethylammo-
nium bromide (CTAB) on convex (111) facets was
considerably lower as compared to that on flat (110) and
(100) facets as the sides of AuNRs. With PS-SH grafted at the
two ends of AuNRs, those triblocky AuNRs could mimic the
self-assembly of amphiphilic block copolymers (BCPs). Driven
by the hydrophobicity of PS, PS-grafted AuNRs could
assemble to form rings in a poor solvent of PS. The site-
specific grafting is also impacted by the binding motifs as
reported by the Murphy group.”’ Thiol-terminated poly-
(ethylene oxide) (PEO-SH) would replace CTAB on the
entire surface of AuNRs; however, the disulfide form (PEO-S-
S-PEO) led to selective CTAB replacement only at the two
ends of AuNRs.

Recent studies suggest that the use of polymer ligands offers
a promising solution to break the symmetry of plasmonic metal
NPs driven by surface dewetting of polymer ligands upon
reduction of solvent quality.*””*~’® Under ligand deficiency
conditions, hydrophobic polymer ligands can form anisotropic
surface patches, i.e., partially dewetting the surface of isotropic
metal NPs. These anisotropically patched NPs have directional
interparticle interactions that guide the assembly of the
plasmonic NP building blocks into hierarchical superstructures
not feasible previously.””~”” While the affinity of the binding
motifs to different facets is important, the shape complexity of
anisotrogic NPs, e.g, local surface curvature of anisotropic
NPs,”>*” may enable the interplay of surface energy by varying
the solvent quality. Synthesis of water-soluble patchy AuNRs
with polymers, however, is technically challenging because
their anisotropic structures are sensitive to thermal heating.*’
In this study, we demonstrate a ligand deficiency exchange
method to carry out site-specific chemistry on AuNRs. Using
single-crystalline AuNRs with symmetry-equivalent (310)
surface facets as the lateral and end planes,®’ we showed that
the ligand coverage of hydrophobic PS-SH on AuNRs was
solely dependent on the concentration of PS-SH (Figure 1a).
With the interplay of hydrophobicity-driven surface dewetting
and the local surface curvature, polymer-grafted AuNRs
evolved from a complete core—shell to a defective core—shell
to an end-selectively patched dumbbell (Figure 1b—d). Those
dumbbell-like structures were water-soluble with a purity of
>94% (Figure 1b). AuNRs with dumbbell patches could act as
difunctional monomers to undergo supracolloidal polymer-
ization and generate one-dimensional (1-D) chains with
controllable interparticle distance upon thermal annealing
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Figure 1. (a) Ligand sufficiency or deficiency exchange on AuNRs
to form different surface coverages. (b—d) Electron microscopy
characterization of nanorod dumbbells prepared at Cpggy = 2.1
UM and C,,, = 12 vol % in DMF: SEM images (b, c) and TEM
image (d) of dumbbell-like AuNRs. (e—g) Electron microscopy
characterization of nanorod chains prepared at Cpggy = 2.1 uM
and C,, = 9 vol %: SEM (e) and TEM images (f, g) of nanorod
chains.

(Figure le—g). We systematically studied polymerization
kinetics under different solvent conditions where the temper-
ature—solvent superposition principle could be applied. Those
plasmonic 1-D chains with controllable interparticle distance
showed length-dependent plasmon coupling along the
longitudinal direction. This robust system also allowed us to
carry out colloidal copolymerization of two different building
blocks that controls the chain topologies and architectures.
Those findings provide insights into the design of surface
anisotropy on NP building blocks and their polymer-guided
supramolecular-like self-assembly.

RESULTS AND DISCUSSION

Ligand Deficiency Exchange of AuNRs. CTAC-capped
AuNRs (59.4 X 15.9 nm; Figure S1) were synthesized using a
method reported by Murray et al®’ The transverse and
longitudinal LSPR bands of as-synthesized AuNRs in water are
at 509 and 767 nm, respectively. To prepare patchy AuNRs,
PS6o-SH (M, = 17.6 kg/mol, PDI = 1.2; Figure S2) was used
as a ligand, and amphiphilic BCP polystyrene-block-poly-
(ethylene oxide) (PS,y-b-PEO,,, M, = 9.2 kg/mol, PDI = 1.1)
was used as a surfactant to stablhze the nanostructures in
water.*” In a typical synthesis procedure, preconcentrated
AuNRs (1.54 mg) were quickly added into 2 mL of DMF
containing PS;¢-SH (concentration range of 5.7—0.71 uM)
and PS,;-b-PEO;;, (54 uM). After sonicating for 3 min, the
solution was incubated at room temperature for 4 h. Afterward,
9 vol % of H,O (Cyae) Was added to the above solution to
quench the grafting process followed by thermal annealing at
90 °C for 20 min. After cooling to room temperature, the
solution was diluted with 10 mL of water containing 25 mM of
CTAC and purified by centrifugation. The final AuNRs were
dispersed and stored in water at a concentration of 0.14 mg/
mL.
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Figure 2 shows the transmission electron microscopy
(TEM) and scanning electron microscopy (SEM) images of
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Figure 2. TEM and SEM images of patchy AuNRs prepared at
different Cpg gt (a, b) Cpg.s = 5.7 uM; (¢, d) Cps.gir = 4.3 uM; (e,
f) Cps.sn = 2.9 uM; (g, h) Cps.s = 2.1 pM; (i j) Cpssy = 0.71 pM.
Cyater = 9 vol % in all cases. (k) UV—vis spectra of patchy AuNRs
prepared at different Cpggy. (1) Summarization of the end-to-end
distance (d) and LSPR peak of nanorod chains prepared at five
different Cpggy. The end-to-end distance of AuNRs was the

statistical average from >200 particles.

patchy AuNRs prepared under different concentrations of
PSi6-SH (Cps.gny) in the range of 0.71—5.7 uM. There are
clearly morphological transitions when decreasing the concen-
tration of PS;4-SH. At Cpggy = 5.7 uM, the TEM image in
Figure 2a shows core—shell nanostructures, where the dark
gold core was surrounded by a light polymer layer. The shell
thickness was 122 + 1.2 nm (Figure S3), and the entire
surface of AuNRs was covered by polymers. The contrast
between AuNRs and the polymer was reversed in the
corresponding SEM image (Figure 2b). The longitudinal
LSPR band of the core—shell structure was located at 750 nm,
while the transverse band stayed unchanged. With Cpg gy down
to 4.3 uM, incomplete core—shell nanostructures with an open
patch at the lateral side were seen in TEM and SEM images, as
shown in Figure 2¢,d. The open patch was attributed to the
dewetting of polymer ligands under deficiency conditions, as
the area of the open patch increased when further lowering
Cps.su (Figure S4). Thermogravimetric analysis (TGA)
revealed that the overall grafting densities of PS were 0.17
and 0.08 chains/nm? at Cpggy values of 5.7 and 4.3 uM,
respectively (Figure S5 and Table S1). This suggests that the
surface dewetting of PS 4-SH occurred approximately at a
grafting density of 0.08 chains/nm? close to the reported
values (0.10 chains/nm?) for spherical AuNPs.”*”> The surface
dewetting was presumably driven by the change in solvent
quality for PS 4-SH grafted AuNRs in the mixture of DMF/
water. PS ,-SH, instead of core—shell coverage on AuNRs,
would segregate or dewet the surface of AuNRs to minimize
the interface of the solvent. Phase segregation is only possible
at a low grafting density where the entropic repulsion among
bound ligands is minimum.

The surface curvature of AuNRs played an essential role in
determining the regioselectivity of the polymer ligands. PS;4-
SH favorably segregated to the two ends of AuNRs at its low
concentration range. Upon further decreasing Cps.gy to 2.9
#M, the coverage on the lateral sides continued decreasing

until polymer domains were only present on the two ends
(Figure 2e,f). The longitudinal LSPR band of such
nanostructures was blue-shifted to 739 nm, presumably due
to less polymer coverage. The thickness (along the AuNR
longitudinal direction) and length (along the AuNR transverse
direction) of polymer domains were 11.0 = 1.4 and 36.4 + 2.5
nm (Figure S6), respectively. This thickness is similar to that of
core—shell AuNRs prepared at Cpggy = 5.7 uM (12.2 + 1.2
nm, Figure S3). As CTAC-capped AuNRs have symmetry-
equivalent (310) surface facets,”’ the phase segregation of
PS,49-SH is unlikely to be determined by the binding strength
on different facets. Given the difference in surface curvature at
the lateral and end planes, the attachment of polymer domains
at the two ends would lead to a smaller interface for polymers
and solvent.

When Cpg.gy reached <2.1 uM, AuNRs formed 1-D chains
(Figure 2g—j and Figure S4). At Cpg.gy = 2.1 uM, TEM and
SEM images clearly show polymerized AuNRs interlinked by
polymer domains. The formation of a 1-D nanochain was also
confirmed spectroscopically. The UV—vis spectrum showed
that the longitudinal LSPR band was red-shifted to 823 nm
due to the end-to-end plasmon coupling of AuNRs (Figure
2k), which is indicative of nanochain formation. With the
further decrease of Cpg_gyy, there was a clear change in the end-
to-end distance (d) between adjacent AuNRs (or average
interparticle distance of adjacent AuNRs, Figure 2j). At Cpg.gyy
= 0.71 puM, AuNRs were very close to each other, and d
decreased to 1.9 + 0.6 nm. The end-to-end distance (d)
between adjacent AuNRs in chains was analyzed at different
concentrations of PS,¢-SH (Figure 2I). d decreased with
Cps.siy Which can be attributed to the low grafting density of
PS;4o-SH. TGA results (Figure S5 and Table S1) indicated that
the tip grafting density decreased from 0.25 to 0.09 chains/nm*
when Cpg gy decreased from 2.1 to 0.71 M. Note that since
the lateral side of AuNRs was exposed in the chain condition,
our grafting density was estimated from the surface area at the
two ends of AuNRs (see details in Supporting Information).
When d is much smaller than the end-to-end distance of PS4y
SH, it is likely due to the chain redistributed along the outer
surface to interact with the BCP.*® The shorter distance
resulted in strong coupling of the longitudinal plasmon band of
AuNRs. The LRSP had a red shift to 940 nm in the case at
Cps.su = 0.71 uM. It is noteworthy that patchy AuNRs and
nanorod chains are water-soluble due to the presence of the
BCP surfactant PS,;-b-PEO,, at the two ends and CTAC at
the lateral facets. Our control experiment verified that the
supplementary CTAC is of vital importance to maintain the
stability of dumbbell-like AuNRs and nanorod chains. Without
the addition of CTAC before centrifugation, the nanorod
chains precipitated out from the water in 30 min after
purification. Thus, it is reasonable to assume that the exposed
lateral facets of AuNRs are still covered by CTAC (also see
below the study of the surface coverage). The water solubility
of patchy AuNRs and nanorod chains is a result from the
coexistence of CTAC and ampbhiphilic PS,;-b-PEO,, that is
different from core—shell structures, where water stability
solely comes from the hydrophilic PEO corona.

The results at different C,,,., and Cpg_g; are summarized into
a phase-like diagram as given in Figure 3 (see more TEM
images in Figures $7—S12). Three different nanostructures of
AuNRs, denoted as core—shell, dumbbell, and chain, can be
yielded by varying C,.; and Cpg.gyy. The core—shell structures
are seen at the top of the diagram, as a higher Cpg gy causes a
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Figure 3. Phase-like diagram of patchy AuNRs obtained at various
Cps.sy and C,: core—shell (rectangles), dumbbell (triangles),
and chain (cross marks). AuNRs shown in the left bottom corner
with low Cpggy and/or C,,. are not stable during ligand
deficiency exchange.

higher grafting density of PS,¢-SH; thus, symmetrical surface
coverage of polymer ligands is observed. At a low Cpggy and a
high C,,r dumbbell-like AuNRs with polymer domains
selectively attached at the two ends of AuNRs are obtained.
Those patchy AuNRs are a result of complete phase separation
of Cpg.gy. A higher water content tends to prefer the dumbbell
nanostructures rather than core—shell, giving the boundary line
between core—shell and dumbbell a positive slope, since the
poor solvent quality would increase the interfacial energy of
polymer ligands and solvents. At Cpggy of 4.3 uM, the
morphology could vary from core—shell to a core—shell/
dumbbell mixture and dumbbell upon increasing C,,. from 9
to 18 vol %. A higher water content would stop the
polymerization of dumbbell-like AuNRs to form chains. This
is likely because the thermal annealing at 90 °C did not
“activate” the PS domains at the two ends of AuNRs in a
DMF/water mixture with a high amount of water (see below).
Nanorod chains would only form at a very narrow window of
Cuater & 9 vol %.

Time-Dependence Study: Temperature—Solvent
Superposition. To gain mechanistic insights into the
formation of nanorod chains, the time-dependence study of
supracolloidal polymerization was carried out with UV—vis
spectroscopy and TEM by taking advantage of longitudinal
plasmon coupling. We first carried out the ligand deficiency
exchange in DMF at C,,, = 9 vol % and Cpggy = 1.4 uM as
described previously without thermal annealing. It is surprising
that nearly all modified AuNRs in the solution mixture were
dumbbell-like (98%, Figure S13). Its initial LSPR peak
appeared at 739 nm, in close agreement with that of
dumbbell-like AuNRs. Upon annealing in an oil bath preheated
at 90 °C, the LSPR peak had a large red shift after 1.5 min to
805 nm, indicating the end-to-end polymerization of those
end-capped dumbbell-like AuNRs. After 2.5 min, the LSPR
peak red-shifted to 835 nm, close to that given in Figure 2. We
used TEM to characterize the intermediates by quenching the
samples with water (Figure 4a—d). Figure 4a shows the
nanostructures at 0.5 min. ~90% of AuNRs were dumbbell-
like, and a few dimers could also be seen in the TEM image
with a fraction as low as 9% (Figure S14). At 1 min, some
multimers can be seen under TEM (Figure 4b), indicating the
ongoing growth, but the fraction of single dumbbell-like
AuNRs was still as high as 81%. The low monomer conversion
agrees with UV—vis spectra, where no red shift of the LSPR
peak was observed (Figure 4e). A pronounced transition was
seen after 1.5 min. The UV—vis spectrum has a clear peak
appearing at 805 nm, indicating the formation of short
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Figure 4. (a—d) TEM images of patchy AuNRs (prepared at Cpg gy
= 1.4 uM and C,,,., = 9 vol %) at different thermal annealing times:
(a) 0.5 min, (b) 1 min, (c) 1.5 min, (d) 2.5 min. (e) Monitoring
the formation of AuNRs chain during thermal annealing at 90 °C
using UV—vis spectroscopy. (f) Low-magnification TEM image of
nanorod chains after annealing for 2.5 min.

nanorod chains, while the shoulder peak of dumbbell-like
AuNRs is still visible. The TEM images in Figure 4c and Figure
S14 confirm that short chains were formed with a dramatic
decrease of single dumbbell-like AuNRs (~22%). After 2 min,
the LSPR peak shifted to 830 nm, and the further increase of
annealing time would have a minimum impact on their LSPR
peaks. TEM images in Figure 4d,f indicate the formation of
long nanorod chains of up to micrometers (>20 AuNRs in a
single chain). The average degree of polymerization (DP) of
nanorod chains increased with polymerization time, as
summarized in Figure S14. After polymerization for 2.5 min,
the average chain length was 8.0 + 5.6 with a polydispersity
index of 1.6.

The results of kinetic measurement reveal that the structural
transition of dumbbell-like AuNRs to nanorod chains is
strongly temperature-dependent. At room temperature, dumb-
bell-like AuNRs are capped by the BCP, PS,,-b-PEO, ,, where
the PEO corona stabilizes those patchy AuNRs and
simultaneously prevents the growth of interparticle assemblies.
When AuNRs are annealed with site-specifically-grafted
polymers, the dynamics of such systems will increase
dramatically. We attribute these dynamics to the change in
the polymer solubility (mainly for the PS block). The increase
of PS solubility will destabilize dumbbell-like AuNRs with the
partial removal of PS,-b-PEO,,,, as the hydrophobic cores
(PShgand-PSBCP) could be weakened when the solvent quality
changed accordingly.”””*** The exposed PS end of dumbbell-
like AuNRs, in the absence of the PEO block, becomes
thermodynamically unfavorable, and those activated difunc-
tional AuNRs would assemble with each other to propagate
(Figure Sa). The activation of dumbbell-like AuNRs was also
evidenced by the initial change of the longitude LSPR peak,
where a slight blue shift was observed from 739 to 734 nm in
the first 60 s of thermal annealing. This shift was also
confirmed in different solvent compositions (Figure Sb). We
attribute this blue shift to the resolvation of polymer domains
where the refractive index of the solvent (1.40) was lower than
that of PS (1.59). Additionally, the formation of chains is not
only driven by minimizing the interface of PS ligands with
solvents but also limited by electrostatic repulsion among
AuNRs. Therefore, the end-to-end polymerization of dumb-
bell-like AuNRs dominates with minimum side-to-side
polymerization. Since the surface energy gain through
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Figure 5. (a) Scheme showing the proposed supracolloidal
polymerization mechanism. (b) UV—vis spectra showing the
formation of AuNRs chains (prepared at Cpg.gy = 1.4 M, C,peer
= 9 vol %) during thermal annealing at 80 °C. (c) Plotting the
longitudinal plasmon band of patchy AuNRs (prepared at Cpg.gy =
1.4 uM) at different C,,, against annealing time during thermal
treatment at 100 °C.

polymerization is largely negative, the supracolloidal polymer-
ization occurs much faster, as compared to the self-assembly of
those NP building blocks.*” However, the kinetic barrier would
be the initial removal of PS,,-b-PEQO,, that is controlled by the
solubility of PS.

To confirm the supracolloidal polymerization mechanism,
we carried out three sets of control experiments. First of all,
dumbbell-like AuNRs prepared at different water contents
(e.g, 12—18 vol %) with Cpg.gy = 1.4 uM were annealed at a
higher temperature. UV—vis spectroscopy was again used to
monitor the polymerization kinetics. At 100 °C, all three
samples prepared at C,,, of 12, 15, and 18 vol % water
content could polymerize, but their kinetics were very different
(Figure S15). For example, the transition time (t4,) from
dumbbell-like AuNRs to nanorod chains, defined by the abrupt
increase of their LSPR peak; is about 9 min at C,,, of 12 vol%,
while t,,,,, increased to 36 and 80 min for C,,., of 15 and 18
vol %, respectively (Figure Sc). Second, we investigated the
supracolloidal polymerization of dumbbell-like AuNRs at 80
°C with C,er of 9 vol % (Figure Sb). ty,,, is about 12 min, as
compared to 90 s measured at 90 °C. Lastly, the BCP of PS,,-
b-PEO,, has nearly no role in supracolloidal polymerization,
but stabilizes the final nanostructures. We varied the BCP
concentration in the range of 0.05 mg/mL (5.4 uM) to 1 mg/
mL (108 uM) at C,,e of 9 vol % and Cpggy of 1.4 uM.
Nanorod chains were obtained in the broad range of the BCP
concentration (Figure S16). These results signify that (i) the
nanorod chains are indeed evolved from dumbbell-like AuNRs
through end-to-end polymerization and (ii) the temperature
and solvent play a crucial role in governing the dynamics of
polymer domains. The dumbbell-to-chain transition can be
concluded as a longer time is needed at a higher water content
at the same annealing temperature or less time is needed at a
higher annealing temperature with the same water content. In
other words, the supracolloidal polymerization follows the
temperature—solvent superposition principle.

Surface Coverage Identification. We then investigated
whether the surface coverage of AuNRs, by PS,-SH, is
changed during the dumbbell-to-chain structural transition
since Au-thiolate coordination is known to be unstable at high
temperature. We used the seed-mediated growth of palladium
(Pd) on the lateral facets of AuNRs.*> Both dumbbell-like
AuNRs and nanorod chains can be used as seeds to template
the growth of Pd by taking advantage of the exposed lateral
sides (Figure 6a). Figure 6b shows the TEM image of
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Figure 6. (a) Scheme showing selective Pd growth to form coaxial
Pd@AuNR. (b, c) TEM image (b) and HADDF and EDX mapping
(c) of dumbbell-Pd@AuNRs. (d, e) TEM image (d) and HADDF
and EDX mapping (e) of PA@AuNR chains.

dumbbell PdA@AuNRs using Na,PdCl, as a precursor and
ascorbic acid (AA) as a reductant. Pd selectively grew on the
side of the AuNRs as a uniform shell. The high angle annular
dark field (HAADF) and energy-dispersive X-ray spectroscopy
(EDX) mapping images (Figure 6¢) further confirmed that the
growth of Pd only occurred on the lateral side of AuNRs due
to the capped polymer domain tips. The thickness of the Pd
layers is around 7.2 nm. The Pd layer did not fully cover the
lateral side, where some polymer ligands reside on. We
estimated the surface Pd coverage of AuNRs, defined as the
length ratio Ipg/ly g, to be 0.64; that is, roughly 38% of the
AuNR surface was covered by polymer ligands. Moreover, the
growth of Pd fully wetted the surface of AuNRs, unusual in the
case of templated secondary growth of Pd on Au.**’*** This
was attributed to the high index (310) facets of AuNRs,
overcoming the lattice mismatch of Au and Pd to generate
uniform shells. The plasmonic properties of dumbbell-Pd@
AuNRs changed dramatically after Pd coating due to plasmon
damping. The intensity of the longitudinal band decreased by
80% as compared to dumbbell-like AuNRs, while the
transverse band was nearly unidentifiable due to the close
contact with Pd (Figure S17). In addition, the seed-mediated
growth could be performed with HAuCl, to grow the coaxial
Au on the lateral facets. The longitudinal plasmon band blue-
shifted due to the increased diameter of the grown AuNRs,
producing a reddish solution (Figure S18).

Similar seed-mediated growth was carried out using nanorod
chains as seeds, leading to the asymmetric but coaxial Pd
growth as summarized in Figure 6d. Pd domains grew only on
the exposed surface of individual AuNRs. Each of them was
well-separated by polymer domains at the end of AuNRs.
HAADF and EDX mapping images (Figure 6e) confirm that
uniform Pd shells completely formed on the side of AuNRs.
The chain morphology was not changed after growth, and the
polymer domains were preserved at the junction of adjacent
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AuNRs. A similar Pd thickness of 7.6 nm was observed at the
same precursor feeding amount. The surface Pd coverage of
nanorod chains is approximately 0.64, nearly identical with that
of dumbbell-like AuNRs. We, therefore, deduced that AuNRs
in the forms of chains and dumbbells have the same surface
coverage. This result also aligns with our supracolloidal
polymerization mechanism, where polymer ligands are not
dynamically removed from the two ends of AuNRs.

Plasmonic Chains. We further investigated the shape and
chain length dependence of the plasmonic properties of
nanorod chains. In view of their length heterogeneity in the
ensemble in solution, correlated measurements of single-
particle hyperspectral dark field scattering and electron
microscopy were utilized.*> Hyperspectral dark field imaging
resolves this heterogeneity by producing a spectrum for every
assembly in a given field of view.*>*® Nanorod chains shown in
Figure S11i with an end-to-end distance of 7.7 + 1.2 nm were
studied, and their spectral changes with respect to chain
lengths were analyzed.

As nanorod chains grow in an end-to-end fashion, the
scattering peak shows an obvious shift along with the increase
of scattering peak intensity due to the near field plasmon
coupling. Figure 7a,b depicts the SEM images of a dimer and a
heptamer of AuNRs, respectively, and their correlated
scattering spectra are plotted in Figure 7c. A clear red shift
from 670 to 736 nm can be observed as the AuNR chain
elongates, due to the in-phase coupling of AuNRs along the
longitudinal axis.*”*® The peak intensity increases by 3-fold.
This trend holds for the entire length distribution of AuNR
assemblies, where the scattering peak shifts to a longer
wavelength with the number of AuNRs (Figure 7d). However,
the red shift of the resonance wavelength will diminish and
eventually plateau with additional AuNRs due the saturation of
electronic interactions between AuNR components in the
assembly (Figure $19).*” Notably, a broader LSPR distribution
is observed for the dimer and trimer assemblies. This is likely
due to the greater orientation dependence in these structures
as reported previously.”’

Copolymerization: Reactivity Ratio of AuNRs. Taking
inspiration from the classic polymerization of organic
monomers, we further used NP mixtures with different sizes
to study the reactivity of dumbbell-like AuNRs (Figure 8a).
We first synthesized another set of longer AuNRs with a length
of 99.8 nm and a diameter of 56.1 nm (Figure S20). Their
surface dewetting showed a similar trend where the polymer
domains capped the two ends of AuNRs at Cpg gy of 0.28 M
(Figure S21). Those two difunctional dumbbell-like AuNRs
(AuNR-1 99.8 X 56.1 nm and AuNR-2 59.4 X 15.9 nm) were
mixed in DMF at different feeding ratios (f; = Naur.1/
NauNr-1:aunr2 Where Nyng is the number of corresponding
AuNRs). After adding 9 vol % of water, the solution mixture
was annealed at 90 °C for 20 min. Those two different
dumbbell-like AuNRs copolymerized to form nanorod chains
with random sequences, as revealed in TEM (Figures 8b—e).
Longer AuNRs would tether to the end of chains or behave
like a branch point when the feeding ratio (f,) of AuNR-2 was
below 0.2. The branching could be understood as a diameter
mismatch of the two AuNRs. When increasing the feeding
ratio (f,) of AuNR-2 to 0.307, the chain structures resemble
random copolymers as displayed in Figure 8e.

The molar fraction of AuNRs in nanorod chains (F;) or feed
(f1) could be analyzed from low-magnification TEM images
(Figures $22—S25). The copolymer composition (F;) was
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Figure 7. (a, b) SEM images of a dimer and a heptamer AuNR
assembly for correlated measurements of single-particle scattering.
The interparticle distance between AuNRs was 7.7 + 1.2 nm. (c)
Representative scattering spectra of AuNR assemblies depicted in
(a) and (b), respectively. The peak wavelengths were observed at
670 and 736 nm for the dimer and heptamer, respectively. (d)
LSPR peak wavelength of nanorod assemblies vs chain length (the
number of AuNRs per chain). Red triangles indicate the median
resonance wavelength, and blue lines indicate the interquartile
range of all measured data.

further plotted against the feeding ratio (f;) and fitted by a
classic copolymerization theory

A
rlfl2 +2ff, + rzfz?' (1)

where r, f, and F; stand for the reactivity ratio, the molar
fraction of feeding, and the molar ratio in chains of AuNR-,
respectively. Our four data points fit very well with the
copolymerization model, although the dumbbell-like AuNRs
obviously have different diffusion coeflicients. The fitting
results showed that r, and r, are 7.1 and 4.4, respectively.
These high reactivity ratios demonstrate that both AuNR-1
and AuNR-2 had a higher tendency to polymerize themselves
rather than to each other. This is consistent with the sequential
structures as observed in TEM. We assume that the structural
mismatch of the two AuNRs is mainly responsible for the
sequential copolymerization. Although AuNR-2 has a much
slower diffusion rate than AuNR-1, its homopolymerization

1
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Figure 8. (a) Supracolloidal copolymerization of dumbbell-like
AuNRs with two aspect ratios. (b—e) TEM images of copolymer
nanorod chains prepared at different feeding ratios AuNR-1 (99.8
X 56.1 nm):AuNR-2 (59.4 X 15.9 nm): (b) 0.098; (c), 0.193; (d)
0.231; (e) 0.307. Scale bars are 200 nm. (f) Molar fraction in the
chain (F,) as a function of the molar fraction in the feed (f;). The
red curve is the fitting result using eq 1. F; was the statistical
average from >2000 AuNRs from low-resolution TEM images.

would encounter a greater contribution to the minimization of
surface energy.

CONCLUSIONS

In summary, we demonstrated a ligand deficiency exchange
method to carry out site-specific surface modification of
AuNRs by taking advantage of hydrophobicity-driven surface
dewetting. Dumbbell-like AuNRs with selectively grafted
polymer ligands at the two ends could be prepared by simply
varying the concentration of water and hydrophobic PS,¢-SH
ligands in the presence of an amphiphilic BCP surfactant of
PS,y-b-PEO, 14 At C,per of 9 vol % in DMF, patchy AuNRs
showed structural evolutions from core—shell to defective
core—shell and to dumbbell nanostructures (<2.1 uM) at
PS,49-SH concentrations from 5.7 M to 0.71 uM. The surface
dewetting occurred at a relatively low grafting density of ~0.08
chains/nm?. We further demonstrated that dumbbell-like
AuNRs could polymerize to 1-D nanochains upon thermal
activation of the end PS domain. At C,,,, of 9 vol %, 1-D
nanochains were obtained through supracolloidal polymer-
ization upon thermal annealing at 90 °C. Our time-dependence
studies revealed that such supracolloidal polymerization
follows the temperature—solvent superposition principle; in
other words, the polymerization at a high C,,., would need
either longer activation time or higher temperature. The
polymerized 1-D nanochains with an adjustable end-to-end
distance showed length-dependent longitudinal plasmon
coupling and propagation. Such a supracolloidal polymer-
ization strategy further allowed us to study the colloidal
copolymerization of two different building blocks. Our findings
in this work provide a platform for the preparation of
nanocomposites and are insightful for the supramolecular
colloidal self-assembly.

METHODS
Synthesis of CTAC-Capped AuNRs. 365 mg of CTAB (365 mg)

was dissolved in 9.9 mL of warm water in a 20 mL glass vial by stirring
at 30 °C for 30 min to afford a clear and transparent solution. Then,
0.1 mL of HAuCl, aqueous solution (10 mg/mL) was slowly placed

prepared NaBH, aqueous solution (0.01 M, 0.38 mg/mL) was mixed
with 0.4 mL of DI water in another vial, which was quickly injected
into the previous Au-CTAB solution with vigorous magnetic stirring
(900 rpm), and the solution color changed from yellowish to
brownish immediately. The seed solution was stirred at 400 rpm for S
min and left at 30 °C for 2 h before use.

AuNRs with an aspect ratio of 3.9 were synthesized based on the
following procedure. First, 12.3 g of CTAC and 3.086 g of sodium
oleate (NaOL) were mixed with 1 L of DI water in an Erlenmeyer
flask, which was put into a 70 °C water bath. The flask was heated at
70 °C for ~20 min until CTAC and NaOL were totally dissolved.
Then the water bath was removed, and the flask was allowed to cool
to ~30 °C. 12 mL of AgNO; aqueous solution (8 mM, 1.36 mg/mL)
was added, and the mixture was kept undisturbed at 30 °C for 15 min.
19.7 mL of HAuCl, aqueous solution (10 mg/mL) was placed in the
flask, which afforded a slightly yellowish solution. The solution was
stirred at 30 °C for at least 150 min until it became colorless. 8 mL of
concentrated HCl solution (37 wt %) was placed in the flask to adjust
the pH. After stirring for another 15 min, 2.5 mL of AA aqueous
solution (0.064 M, 11.27 mg/mL) was added, and the solution was
stirred at 700 rpm for 1 min. Finally, 3.2 mL of the aforementioned
seed solution was quickly placed in the flask, and the solution was
vigorously stirred for 30 s. The flask was kept undisturbed at 30 °C for
12 h. The length and diameter of as-synthesized AuNRs were 59.4 +
4.1 and 15.9 + 1.2 nm, respectively. The final product was isolated by
centrifugation at 8000 rpm for 20 min.

AuNRs with an aspect ratio of 1.78 were synthesized by using the
same procedure as mentioned above except that the amount of HCI
was increased to 10 mL while the volume of seeds was decreased to
1.6 mL. The length and diameter of as-synthesized AuNRs were 99.8
+ 6.0 and 56.1 + 2.3 nm, respectively. The final product was isolated
by centrifugation at 6000 rpm for 20 min.

Synthesis of PS;49-SH. PS,,-SH was obtained by the reduction
of PS ending with a chain transfer group. RAFT agent 3-
(benzylthiocarbonothioylthio)propanoic acid (BCTPA) was used in
the controlled/living radical polymerization of styrene (St). 10.4 g of
St (100 mmol, 200 equiv),16.4 mg of azobisisobutyronitrile (AIBN)
(0.1 mmol, 0.2 equiv), 136 mg of BCTPA (0.5 mmol, 1 equiv), and
20 mL of anisole were mixed in a 50 mL flask, which was purged with
N, for 30 min. Then the reaction was carried out at 90 °C for 24 h.
PS-BCTPA was obtained by precipitating the polymer solution in
excess ethanol. The unreacted monomer and anisole were removed by
two rounds of consecutive precipitation.

The synthesized PS;4;-BCTPA was reduced under a N,
atmosphere to afford PS-SH. 1 g of PS-BCTPA was dissolved in 24
mL of chloroform, which was followed by purging with N, for 15 min.
Then, 2 mL of n-butylamine was slowly added to the polymer
solution. The aminolysis of PS-BCTPA was carried out at room
temperature for 2 h until the yellow color completely diminished. The
polymer solution was concentrated, and the product was purified by
three precipitations using excess ethanol.

Preparation of Patchy AuNRs. A one-pot ligand exchange
method was used to prepare patchy AuNRs, where PS -SH and
PS4-b-PEO,;, were used as the ligand and amphiphilic BCP
surfactant, respectively. Various amounts of PS¢-SH (M,= 17 kg/
mol, D = 1.2 and 2.1 uM), 2 mg of PS,-b-PEO,,, (M, = 9.2 kg/mol,
b = 1.1 and 54 yM), and DMF were mixed in a 4 mL glass vial to
make the total volume of solution precisely 2 mL. For the surface
modification of CTAC-AuNRs, 40 mL of AuNRs (8 mg) was first
centrifuged at 8000 rpm for 20 min to remove excess CTAC ligands.
The supernatant was discarded, and the sediments were redispersed
into 15 mL of DI water. Then 3 mL of concentrated AuNR aqueous
solution (1.6 mg) was centrifuged for a second time, and the
precipitates were collected with a total volume of ~8 uL, which were
quickly injected into the above 2 mL of polymer solution with gentle
shaking. The vial was capped and sonicated for S min. The solution
was incubated at RT for 4 h without any disturbance. Then 9 vol % of
H,0 (0.2 mL) was added, and the mixture was further sonicated for 4

https://doi.org/10.1021/acsnano.3c03929
ACS Nano 2023, 17, 12788—-12797


https://pubs.acs.org/doi/10.1021/acsnano.3c03929?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c03929?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c03929?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c03929?fig=fig8&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c03929?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

min. The solution was annealed in an oil bath at 90 °C for 20 min.
For purification and characterization, 0.2 mL of the solution was
injected into 1 mL of DI water followed by the addition of 10 mg (25
mM) of CTAC as the compensatory ligand. The solution was further
centrifuged twice to remove the free polymer. The nanorod chain
aqueous solution is stable at RT for months; however, it caused fast
precipitation without the addition of external CTAC before
purification. For patchy AuNRs with different surface coverages, like
core—shell, dumbbell, or nanorod chains, the procedures stated above
were almost identical except the amount of PS;;-SH or the water
content was adjusted accordingly as described in the main text.

Supracolloidal Copolymerization. The colloidal copolymeriza-
tion of AuNRs with different aspect ratios (3.9 and 1.8) was carried
out in DMF/water (91/9, vol %) mixed solvent at 90 °C. Various
amounts of PS-SH-modified AuNRs (M,) were centrifuged and added
to a DMF/water solution containing a constant M,, and then the
mixture of two monomer solutions was sonicated for 2 min and
thermally annealed at 90 °C for 20 min. Afterward, the nanochains
were quenched by water containing 25 mM of CTAC, which was then
purified by centrifugation and characterized by TEM.
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