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Patchy metal nanoparticles with polymers:
controllable growth and two-way self-assemblyt
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We report a new design of polymer-patched gold nanoparticles (AuNPs) with controllable interparticle
interactions in terms of their direction and strength. Patchy AuNPs (pAuNPs) are prepared through hydro-
phobicity-driven surface dewetting under deficient ligand exchange conditions. Using the exposed
surface on pAuNPs as seeds, a highly controllable growth of AuNPs is carried out via seed-mediated
growth while retaining the size of polymer domains. As guided by ligands, these pAuNPs can self-assem-
ble directionally in two ways along the exposed surface (head-to-head) or the polymer-patched surface
of pAuNPs (tail-to-tail). Control of the surface asymmetry/coverage on pAuNPs provides an important
tool in balancing interparticle interactions (attraction vs. repulsion) that further tunes assembled nano-
structures as clusters and nanochains. The self-assembly pathway plays a key role in determining the
interparticle distance and therefore plasmon coupling of pAuNPs. Our results demonstrate a new para-
digm in the directional self-assembly of anisotropic building blocks for hierarchical nanomaterials with

rsc.li/nanoscale interesting optical properties.

1. Introduction

There has been remarkable progress in controlled synthesis of
metal nanoparticles (NPs) with a variety of shapes, sizes, and
chemical composition.'™ These metal NPs as building blocks
provide tremendous opportunities in design of functional
materials using  bottom-up  self-assembly.*'*  Synthesis
favors symmetry to lower the surface energy under given syn-
thetic
asymmetry.'*'® Adding asymmetry to NP building blocks has
a significant impact on interparticle interactions that guides
and potentially programs self-assembly in a specific pathway.
Using truncated tetrahedral quantum dots as an example,

conditions;"”
16—

however, self-assembly benefits from

asymmetric surface ligand modification on their (1011) and
(0002) facets led to the formation of quasicrystalline superlat-
tices with a 10-fold rotational symmetry.'® Reducing or break-
ing the symmetry on the surface of NPs, therefore, provides
directional interparticle interactions to guide the self-assembly
of NPs in an unprecedented way. To this end, one area that
has drawn increasing interest is the selective ligand modifi-
cation of metal NPs to form the so-called patchy NPps. 202!
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Ligands can pattern the surface of NPs through a number of
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methods, including templated surface modification,

specific grafting,>*>°

phase separation of mixed ligands,
and hydrophobicity-driven phase segregation.’>** As a post-
synthetic method, surface ligands pattern the surface of metal
NPs having pre-designed nanostructures without re-designing
and re-synthesizing of NPs. When grafting hydrophobic poly-
mers on plasmonic metal NPs, hydrophobicity-driven surface
dewetting has proved to anisotropically pattern the NP surface
as demonstrated by Kumacheva,*> Nie’* and us.*>*° When
transferred from a good to a selective solvent, hydrophobic
polymer ligands show a transition from isotropic (core-shell)
to anisotropic (patched) coating on metal NPs, namely surface
dewetting.37 As a result, distinct properties between the
covered and exposed NP surfaces can potentially provide direc-
tional interparticle interactions to assemble patchy NPs.2®

While asymmetric patches with various chemical compositions
can guide self-assembly as reported recently,’®™* there is very
limited controllability over the balance of attractive and repul-
sive interparticle interactions that play a key role in determin-
ing the self-assembly outcomes.

In the current contribution, we report a versatile synthetic
strategy to precisely pattern gold NPs (AuNPs) with well-
defined ligand coverage and/or topologically asymmetric
patches. We further demonstrate the use of asymmetric ligand
distribution to guide the self-assembly of patched AuNPs
(pAuNPs) in two opposite directions, namely head-to-head
(H-H) and tail-to-tail (T-T). The key findings are three-fold.

This journal is © The Royal Society of Chemistry 2022
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First of all, we resolve the synthetic challenges in controlling
surface  asymmetry/coverage to balance interparticle inter-
actions. Through the combination of hydrophobicity-driven
surface dewetting and seed-mediated growth, the exposed Au
surface can further grow with great size precision to tune
ligand coverage on pAuNPs stoichiometrically (Scheme 1).
Second, these pAuNPs can self-assemble directionally in two
ways: along the exposed surface (or H-H) or the polymer-
patched surface of pAuNPs (or T-T). By selectively removing
the capping ligands or chemically grafting hydrophilic poly
(ethylene oxide) (PEO) on the newly grown Au surface, we can
switch the two self-assembly pathways (Scheme 1). The two-
way self-assembly shows a distinct impact on the interparticle
localized surface plasmon resonance (LSPR) coupling. Third,
the balance of attractive and repulsive interparticle inter-
actions provides a powerful tool to vary the self-assembly out-
comes in both H—-H and T-T pathways. With dedicated re-
balance of thermodynamic driving forces, the self-assembly
kinetics and nanostructures of pAuNPs in each pathway can be
controlled. Our results therefore open up enormous new possi-
bilities to design not only symmetry-breaking metal NP build-
ing blocks but also their assembly with predictable nano-
structures with new ensemble properties.

2. Results and discussion

The preparation of initial Janus-type pAuNPs (Fig. la) was
carried out using a previously reported procedure.’® In brief,
PS500-SH (M, =20.7 kg mol ', D =1.1) and PS,-b-PEO; 14 (M,, =
9.2 kg mol ' b=1.1, Fig. S11)were dissolved in N,N-dimethyl-
formamide (DMF). A pre-concentrated citrate-capped AuNP
solution (14.6 £ 1.3 nm, Fig. S2t) was then added dropwise
into the above DMEF solution. After gentle shaking, the solu-
tion was incubated at room temperature overnight, followed by
the addition of deionized water (15 vol% relative to DMF) as a
non-solvent to trigger the coil-globule transition of PS. The
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Scheme 1 Preparation and self-assembly of pAuNPs as guided by
polymer patches. Representative TEM images: H-H clusters (left top),
T-T clusters (right top), pAuNP-14 seeds (left bottom) and
Pt@pAuNP-14 hetero trimers (right bottom).
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glass vial was then sealed and annealed at 100 °C for 1 h. After
cooling, the formed Janus-type pAuNPs were quenched by
injecting the solution into excess water. The pAuNPs were cen-
trifuged three times to remove free polymers. The LSPR peak
of pAuNPs is 527 nm in water (Fig. S3t), about 8 nm redshift
as compared to original AuNPs. These pAuNPs are very stable
in water and no change was seen after one-year storage.

The nanostructure of pAuNPs was first revealed by trans-
mission electron microscopy (TEM, Fig. 1b and c). pAuNPs
show typical snowman shapes where the polymer domain
forms a micelle-like patch on the surface of AuNPs. AuNPs
appear darker than the polymer domains, due to their differ-
ence in electron density. The diameter of AuNPs (d,) and
the size of polymer micelles (d,y, cross with AuNPs) were
measured to be 14.8 £ 1.1 nm (Fig. 1f) and 20.3 + 2.2 nm
(Fig. S37), respectively. Low-resolution TEM confirms the high
uniformity of pAuNPs with a yield of >95% for Janus-type
patched pAuNP-14 (Fig. S3 and S4t). pAuNP-14 was examined
by TEM at different tilted angles (Fig. 1d). The projected
polymer domains at high tilted angles (55° and —55°) become
crescent and obviously smaller as compared to the projected
images at low tilted angles, while the size and shape of AuNPs
had a minimum change. This is due to the overlap of AuNPs
and polymer domains at high tilted angles which shields the
lighter polymer domains. These results confirm the formation
of asymmetric polymer coverage on AuNPs. All pAuNPs likely
have polymer domains directly dried on the TEM grids
because the high-angle images show the flat interface of
polymer domains with the grid. The formation of Janus-type
PAuNPs is driven by surface dewetting under deficient ligand
exchange (DLE) as reported previously.***** When transfer-
ring from a good solvent to a poor solvent for PS-SH, the col-
lapsed PS ligands de-wetted the surface of AuNPs, leading to
the formation of polymer patches in the presence of PSyy-b-
PEO;;4. The surface coverage of AuNPs by the polymer
domain, denoted as A, is ~62% as estimated from TEM
(Fig. S57).

These Janus-type pAuNPs have two distinct surfaces, i.e.,
the exposed surface (likely capped by citrate, see below) and
the covered surface by polymer micelles. Using the seed-
mediated growth, metals (or a second metal) can further grow
from the exposed surface to tune the A. while polymer
domains remain frozen below the glass transition temperature
(Tg, ~110 °C). The typical growth solution was prepared by
mixing cetrimonium bromide (CTAB), HAuCl; and ascorbic
acid (see details in the ESIT).* After adding pAuNP-14 as
seeds, the growth was evidenced by the solution color change
(Fig. 2g). Atan Au equivalence (Aug) of 24 (Au in the growth
solution relative to pAuNP-14 nm) to grow pAuNP-38 (Fig. lc,
S6 and Table S1t), upon the mixing of the seed solution and
the growth solution, the color turned from light pink to pur-
plish red gradually. As monitored by UV-vis (Fig. 1h), the LSRP
for pAuNP-14 seeds peaked at 527 nm and an immediate
increase of the peak intensity was seen along with the red shift
to 534 nm after 30 s. The LSPR absorbance of pAuNPs kept
increasing in the first 5 min, due to the larger molar absorp-
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Fig. 1 (a) Scheme illustrating the preparation of pAuNPs and seed-mediated growth to control surface coverages and topologies. (b and c) Low-
resolution TEM images of pAuNP-14 (b) and pAuNP-38 (c). The inset in c shows the polycrystalline Au core with an arrow indicating the direction of
the polymer patch. TEMimages of pAuNP-14 seeds (d) and pAuNP-38 (e)at different tilted angles: —55°, —20°, 20° and 55° (left to right). Histograms
of day before (f)and after growth (g). (h) In situ UV-vis spectra monitoring the growth of pAuNP-38 nm with atime interval of 30 s.
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Fig. 2 (a—d) TME images of pAuNPs with different Au sizes: 19.9+ 1.9 nm (a); 24.6 £ 1.3nm (b); 28.4 £+ 2.1nm (c); and 30.8 + 1.6 nm (d). (e) Plotting
the diameter of pAuNPs against Aueq. Red square: the ideal size with 100% conversion and black circle: the measured size from TEM. (f) Plotting
dpoly Of Janus-type pAuNPs against the diameter of the Au core. (g) Images of pAuNP aqueous solutions with different Au sizes. (h) UV-vis spectra of
pAuNPs with different Au sizes.
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tion coefficient (€) for larger AuNPs given their constant molar
concentration.*” A new shoulder peak was found at 638 nm
after 3 min. This is somewhat different from the size increase
of Au due to the layer-by-layer growth, known as the Frank-van
der Merwe mechanism, where no shoulder peak is expected
for spherical AuNPs with a larger size.*' The shoulder peak is
presumably due to the asymmetric growth of AuNPs along the
exposed surface of pAuNPs, leading to the appearance of a
dipole resonance mode. Similar LSPR peaks were reported in
the formation of Au@Au dimers.* The d,, value increases to
38.9 £2.2 nm (Fig. 1g), while the size of the polymer domain
(dpory) is 19.3 £2.4 nm (Fig. 2f), comparable to that of pAuNPs-
14 seeds.

The seed-mediated growth also provides great precision on
the size of freshly grown Au domains by varying Au., Fig. 2a—
d show the TEM images of pAuNPs at various Aug, values.
When increasing Aug, a continuous growth of Au domains
was observed in the range of 14—38 nm. Allthese pAuNPs show
uniform distribution with a high yield of >90% to Janus-type
pAuNPs (Fig. S7-S97). For example, at Au, = 6, the d,, value
increased to 24.6 nm as pAuNP-24, while the d,,, value
remained as 19.4 nm. The yield of Janus-type pAuNP-24 nm is
close to 95% where only one polymer domain attaches on
AuNPs. More quantitatively, the size of Au domains fits well
against Au.q through a scaling law, dy, < Aueqo‘37 (Fig. 2e). It is
very close to the power law of Aucqo'33 assuming the conversion
of HAuCl, to be 100%. These results suggest that the growth of
Au domains was mediated and
surface of pAuNP-14 seeds.

The growth of pAuNPs also has a strong impact on the
LSPR absorption of AuNPs. Fig. 2g shows the typical image of
pAuNP solutions at different Au,, values. With a larger Au

initiated on the exposed

domain, the solution became deeply red. With d,, > 30 nm,
the solutions were slightly purplish. The UV-vis spectra of
pAuNPs are shown in Fig. 2h. As the concentration of
pAuNP-14 remained as 0.288 nM, the peak intensity had an
obvious increase with the size of AuNPs. For d,, > 30 nm,
pAuNPs show a similar shoulder peak at 634 nm, close to that
of pAuNP-38 at a long growth time (Fig. 1h). These results are
consistent with the asymmetric growth on pAuNP-14 seeds.

Interestingly, no significant change of polymer domains
was seen during the seed-mediated growth (Fig. 2f). The d,oy
value is approximately 20 nm regardless of the size of Au
domains. Polymer domains were likely frozen in water; there-
fore, the size of freshly grown Au domains that are only
covered by CTAB can be independently tuned. Since d,,, as
well as the polymer—Au interface did not vary, the surface cov-
erage of pAuNPs with polymer ligands (A.) would continuously
decrease (Table S2 and Fig. S57). Qualitatively, the A. will be
propositional to da,  (see details in the ESIt). For pAuNP-19,
the A, value is 33%; the A, value further decreasesto 8.7% for
pAuNP-38. It is therefore expected that these pAuNPs would
have controllable surface ligand composition and coverage.

We further confirm the critical role of the second capping
ligand, e.g., CTAB, in the controlled growth of new Au domains
during the seed-mediated growth. With a strong capping

This journal is © The Royal Society of Chemistry 2022
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ligand, like CTAB, cetyltrimethylammonium chloride (CTAC),
polyvinylpyrrolidone (PVP), and poly(acrylic acid) (PAA), we
observed a similar growth trend of pAuNPs where spherical Au
domains were seen after growth (Fig. S107). In the presence of
a weak ligand like citrate, multi elongated Au islands were
grown on pAuNP-14 seeds. These Au islands were easily distin-
guished, and they had smaller interfaces with the original
seeds, similar to those obtained without the second capping
ligands (Fig. S117). This presumably is attributed to the fast
deposition rate where the weak ligands allow the fast binding

and diffusion of adatoms.** We measured the UV-vis spectra of

pAuNPs grown with different second capping ligands at Au,, =

6. The LSPR peaks of pAuNPs for CTAC, PVP and PAA capped
pAuNPs are around 540 nm (Fig. S107), close to pAuNP-24 nm
with CTAB. These LSPR peaks are sharp, indicating the uni-
formity of newly grown Au domains. However, pAuNPs grown
with citrate have two distinct LSPR peaks located at 536 nm
and 613 nm, arising from these elongated Au islands.

Our synthetic strategy can be further extended to design
other more sophisticated patchy structures on AuNPs, like A-
B-C topological heterotrimers with two different patches.**
Noble metals, like Ag (Fig. 3a—c and S127), Pd (Fig. S13 and
S14t) and Pt (Fig. 3d—f and S15%), can be grown on pAuNP-14
seeds.** The examples of Agand Pt domains selectively grown
from the exposed Au surface have a yield of >95% and reason-
able uniformity. The energy-dispersive X-ray spectroscopy
(EDX) mapping and high-angle annular dark-field (HAADF)
images confirm the formation of asymmetric coating (Fig. 3).
The high-resolution TEM images suggest that (i) Ag and Au
have a close interface given the close match of their lattice
structures (Fig. 3c) and (ii) Pt domains form as a corona with a
porous structure on pAuNP-14 seeds (Fig. 3f) under this
specific condition.*>*

Surface anisotropy was further used to guide the self-assem-
bly of these NP building blocks. Using pAuNPs as an example,
the unique two-way self-assembly in H-H and T-T modes as
directionally guided by polymer patches is illustrated in
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Fig. 3 Low-resolution TEM image (a), EDX mapping and HADDF (b),
and high resolution TEM image (c) of Ag@pAuNP-14. Low resolution
TEM image (d), EDX mapping and HADDF (e), and high resolution TEM
image (f) of Pt@pAuNP-14.
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Scheme 2. In the H-H mode, we used the van der Waals inter-
actions of the exposed Au surface capped with CTAB. After
selective removal of CTAB, pAuNPs form aggregates along
the exposed Au surface while the polymer patches stabilize
such assemblies.*® Strong interparticle plasmon coupling is
expected since no ligands are in between pAuNPs. In the T-T
mode, the exposed Au surface of pAuNPs was further grafted
by hydrophilic polymer ligands like PEO4-SH. After removal of
polymer domains, pAuNPs become amphiphilic where PEO,4-
SH and PS,y-SH pattern the surface of AuNPs as Janus-type
amphiphiles (PEO—pAuNP-PS). In the poor solvent of PS,
PEO—pAuNP-PS can assemble in the T-T mode with a weak
plasmon coupling due to the large interparticle distance. More
importantly, the delicate balance of A, enables the interaction
strength to be controlled, in addition to simply providing
directional forces among pAuNPs. It is, therefore, possible to
access hierarchical assemblies with directional and controlla-
ble interparticle forces.

To trigger the H—H self-assembly, the aqueous solution of
pAuNPs was first centrifuged twice to remove excess CTAB. The
final pAuNPs were re-dispersed in 0.1 mL of water, followed by

View Article Online
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adding 0.9 mL of ethanol.*® The self-assembly was monitored
by in situ UV-vis spectroscopy. Using pAuNP-28 nm as an
example, a large hump appeared as a shoulder peak in the
range of 600—700 nm after incubation for 1 h (Fig. 4b). This
shoulder peak grew gradually, and the solution color turned
from red to purplish. The peak at 604 nm became much more
pronounced at a longer incubation time and no further
decrease at 533 nm was seen after 1 h incubation. The self-
assembly was quenched by adding excess PVP. We assigned
this new UV peak to the strong plasmon coupling of
assembled pAuNP-28. A similar trend was found for pAuNPs
with different Au sizes (Fig. S18 and S20t1); however, the

plasmon shift is highly determined by the size of AuNPs.* For

pAuNP-38 nm, the new peak at 676 nm rose as fast as com-
pared to that of pAuNP-28 nm (Fig. 4c). It took around 3 h to
have the comparable peak intensity with the main LSPR peak
at 534 nm. Asthe A, value decreased, larger pAuNPs had more
surfaces capped by CTAB. The removal of CTAB, essentially
driven the self-assembly, would theoretically provide stronger
interparticle attraction, although larger AuNPs have a slower
diffusion in solution. As a control, pAuNP-14 seeds did not
show any color change even after 24 h (Fig. 4a), indicating that
pAuNP-14 seeds with a high A. value were stable in an ethanol/
water mixture. Note that, the H—H self-assembly of pAuNPs is
irreversible and cannot be reversed by changing the ratio of
ethanol/water.

Assembled nanostructures of pAuNPs were further exam-
ined by TEM. Fig. 4d shows pAuNP-14 seeds incubated in
ethanol/water after 24 h. Well-dispersed individual pAuNPs
were observed, consistent with the UV-vis result (Fig. 4a).
When increasing the Au domains of pAuNPs, there is a clear
morphological transition from individual NPs to clusters and
eventually to chains (more TEM results in Fig. S16-S227). The
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Fig. 4 UV-vis absorption spectra (a—c) and TEMimages (d—f ) of pAUNP-14 nm (aand d), 28 nm (b and e) and 38 nm (c and f). All experiments were

carried out in an ethanol/water mixture (9/1, vol) at room temperature.
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typical TEM image of assembled pAuNP-28 nm is shown in
Fig. 4e. With an A, value of 16.3%, clusters of pAuNP-28 were
seen under TEM. Dimers and trimers are the major products
with a total yield of 81% (Fig. S197). All these clusters have
polymer domains facing out to the solvent in order to stabilize
these nanoclusters. Notably, there is nearly no interparticle
spacing seen from TEM. Adjacent AuNPs were in close contact
where the near field coupling of AuNPs is strong, as seen by
UV-vis. Further increasing the size of Au domains leads to the
formation of larger aggregates that better shields the interface
of uncovered Au with the solvent. For pAuNP-38, the dominant
assemblies were short nanochains. Among these nanochains,
the Au domains of pAuNP-38 formed different packing, includ-
ing linear chains, zig-zag chains and bundled double chains
(see schemes and more images in Fig. S217), while polymer
patches were around the surface of these aggregates.

In the case of T—T self-assembly, the exposed surface of
pAuNPs was first modified through ligand exchange with
hydrophilic PEO44-SH in water.”® After PEO,,-SH replaced
CTAB, we used DMF to dissolve and further remove free CTAB
and PS,-b-PEO;;; through centrifugation (see experimental
details in the ESIT). The final pAuNPs were thus patterned
asymmetrically with PEO4-SH and PS,0-SH as Janus-type
PEO-pAuNP-PS (Scheme 2). As amphiphiles,®' they can assem-
ble in a selective solvent like water. Fig. 5c and e show the
TEM images of PEO-pAuNP-PS assemblies obtained from
pAuNP-14 in water. Since pAuNP-14 has an A, value of 62%,
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Fig. 5 UV-vis spectra of PEO-SH grafted 14 nm-pAuNP (a)and PEO-SH
grafted 28.4 nm-pAuNP (b) assemblies. (c—f) TEM images at two
different magnifications of PEO-SH grafted 14 nm-pAuNP (c and e) and
PEO-SH grafted 28.4 nm-pAuNP assemblies (d and f).
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the AuNP surface is largely covered with PS,p-SH. There is a
strong hydrophobicity to drive the self-assembly to form nano-
chains (~97% of AuNPs in chains). Some chains are very long,
up to a few micrometers. These nanochains are very different
from the H—H nanochains as given in Fig. 4f. There are clear
gaps in between adjacent AuNPs which were filled with PS,(0-
SH (see more zoomed-in images in Fig. S23t). The UV-vis
results of the T-T nanochains are shown in Fig. 5a. A large
and broad LSPR band with a peak at 539 nm was seen. It is
similar to that of nanochains formed by PS-grafted AuNPs in
the literature.’*™* It is noteworthy that the T—T self-assembly
is reversible. When redispersing these nanostructures in DMF,
a good solvent to both PEO and PS, the LSPR peak of pAuNPs
can be fully restored. Subsequent dialysis against water would
trigger re-self-assembly reversibly, resulting in the formation
of T-T assemblies.

The assembled nanostructures of PEO—pAuNP—PS obtained
from pAuNP-28 are compared using TEM (Fig. 5d and f). As
the A, value of pAuNP-28 nm reduced to 16.3%, the hydropho-
bicity of these PEO—pAuNP-PS became weaker. These amphi-
philic AuNPs only formed clusters in water. The yield of
dimers and trimers is ~65%; while ~29% of AuNPs did not
assemble as measured from TEM (Fig. S247). Under TEM,
lighter polymer domains formed by hydrophobic PS,,-SH are
also visualizable (Fig. 5b). Among these clusters, the gap
between AuNPs is around 4.2 nm. These results confirm,
again, that the T-T assemblies were formed along the AuNP
surface grafted with PS,5-SH. The LSPR peak of these clusters
appeared at 542 nm (Fig. 5b), in good agreement with our
TEM observation. The larger LSPR shift as compared to that of
nanochains (Fig. 5a) is presumably due to the size increase of
AuNPs. In addition, for A-B-C heterotrimers, similar T-T
assemblies could be designed using the hydrophobicity of PS.
Pt@pAuNP-14 as an example formed more complicated clus-
ters along the surface covered by PS where Pt domains covered
by PVP were at the ends to stabilize these clusters (Fig. S257).

3. Conclusions

In summary, we demonstrated the combined use of hydropho-
bicity-driven surface
precisely pattern AuNPs with different surface

dewetting and seed-mediated growth to
coverage and
topologically tune the asymmetric patches on AuNPs. The for-
mation of Janus-type polymer patches was carried out under
DLE conditions to produce high-quantity and water-soluble
pAuNPs. Using the exposed surface on pAuNP-14 nm as seeds,
we showed a highly controllable growth of AuNPs while retain-
ing the size of polymer domains. The growth on pAuNPs could
be extended to different metal precursors, like Ag, Pd and Pt,
to yield A-B-C heterotrimers. As the freshly grown surface of
like CTAB, such
surface anisotropy could further trigger the two-way self-
assembly. By selective removal of CTAB, pAuNPs assembled
along the exposed Au surfaces as the H-H assembly, driven by

AuNPs was covered by capping ligands,

van de Waals interactions of uncovered Au surfaces. Reducing

Nanoscale, 2022, 14, 7364-7371 | 7369


https://doi.org/10.1039/d2nr01221a

Published on 14 April 2022. Downloaded by University of Connecticut on 5/31/2023 2:15:27 PM.

Nanoscale

the A, that increases the attractive interaction among pAuNPs
resulted in clear morphological transitions from individual
NPs to clusters and nanochains. Further modification of the
exposed Au surface with PEO4-SH could drive the T-T self-
assembly where the hydrophobic PS collapsed in its non-
solvent. We showed that the assembly modes played a key role
in controlling the interparticle distance and therefore plasmon
coupling of AuNPs.

Self-assembly of pAuNPs selectively grafted by amphiphile
block 3436
copolymers, and mixed homopolymer brushes,”'=**%! has
been demonstrated previously. The formation of Janus-type

amphiphilic pAuNPs was usually carried out through selective
6263

polymers, including linear random

57,58

copolymers,

surface modification templated by liquid-liqui or solid—
liquid*®* interfaces. A well-known example from Li et al.
demonstrated the use of PEO-SH single crystals that physically
adsorbed AuNPs to allow selective modification on the exposed
surface with poly(methyl methacrylate). In spite of the direc-
tional interaction to guide the self-assembly, the balance of
interparticle driving forces, i.e., the attractive interaction to drive
self-assembly and the repulsive interaction to stabilize
assembled nanostructures, has not been possible in previous
designs. Combining the surface dewetting and seed-mediated
growth, our strategy provides a clear solution to precisely design
and essentially program the interparticle interaction. The
current design allows us to not only control the directional self-
assembly of pAuNPs in these two-way approaches, but also to
precisely tune the interparticle interaction to vary the self-assem-

bly nanostructures. Our results illustrate an alternative way for
the directional self-assembly of anisotropic building blocks with
great potential in programmable hierarchical assemblies. As an
outcome, the two-way self-assembly of pAuNPs can tune the
plasmon coupling strength. In the case of H-H self-assembly,
the strongly coupled pAuNPs can be further used in sensing
through surface enhanced Raman scattering (SERS) spectro-

scopy®>® and/or plasmon-enhanced photocatalysis.®’
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