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ABSTRACT: We apply the concept of “island formation”
established for planar substrates, where ligands laterally
cluster as they adsorb, to preparing nanoparticles (NPs)
with precisely sized surface patches. Using gold triangular
nanoprisms and 2-naphthalenethiols (2-NAT) as a
prototypical system, we show that the preferential
adsorption of 2-NAT on the prism tips leads to formation
of tip patches. The patches are rendered visible for direct
transmission electron microscopy and atomic force
microscopy imaging upon attaching polystyrene-b-poly-
(acrylic acid). Using this method, the shape of patchy
prisms is varied from small lobed, big lobed, trefoil, T-
shaped to a reuleaux triangle by increasing the 2-NAT-to-
prism concentration ratio. This trend matches with
predictions of island formation as elucidated by our self-
consistent field theory modeling, from which we exclude
Langmuir adsorption. The tip-patched prisms assemble
into unexpected twisted dimers due to the patch—patch
interactions. We expect the island formation as a
generalizable strategy to make patchy NPs of various
shapes for emergent assemblies and applications.

xtensive studies have shown that “island-like” ligand
domains can be formed in self-assembled monolayers of
thiolated molecules on planar gold substrates.' ™ This process
follows the Johnson—Mehl—Avrami—Kolmogorov (JMAK)
model, where ligand adsorption sites nucleate on gold
substrates, followed by lateral expansion of these sites into
islands.” This mechanism, if applicable to nanoparticles (NPs),
can pattern the NPs with precisely sized ligand islands, namely
surface patches, via a one-pot process, to realize the great
potentials of wmﬁnvw NPs in directed assembly,”™” catalysis,”
and drug delivery.” Such a ligand island formation method
differs from the prevailing synthesis of patchy NPs utilizing
postadsorption reorganization of uniformly coated polymer
ligands on NPs upon a change in solvent polarity'”'' or
temperature.'” Indeed, alkanethiolate patches were found to
form on gold nanospheres following the JMAK model,"’
although only with random patterns due to nonselective ligand
adsorption. Other proof-of-concept work suggested prefer-
ential ligand adsorption at the vertices or edges in gold
tetrahedral and octahedral NPs,'* although not realizing
further extension into controlled patches.
Here we implement the concept of ligand island formation
for the first time to make patchy NPs with precise patch size
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and shape. We use a combination of gold triangular
nanoprisms and 2-naphthalenethiol (2-NAT) ligands as a
prototypical system (Scheme 1). The gold prisms have planar

Scheme 1. Preparation of Tip-Patched Nanoprisms via
Ligand Island Formation and Their Self-Assembly into Stars
and Slanting Diamonds
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faces and curved tips, which allows selective ligand adsorption
at the prism tips. The 2-NAT ligands have strong lateral 7—x
attraction'>'® to promote the expansion of the initial
adsorption sites into islands of desired sizes. The hydro-
phobicity of 2-NAT allows polystyrene-b-poly(acrylic acid)
(PS-b-PAA) to attach on the 2-NAT patches due to
hydrophobic attraction,'” which facilitates transmission elec-
tron microscopy (TEM) imaging of the patch size and shape.
Self-consistent field theory (SCFT) modeling of PS-b-PAA
attachment to the prism reinforces our hypothesis that ligand
island formation dictates the controllable expansion of patches.
The steric hindrance and electrostatic repulsion of PS-b-PAA
patches lead to hitherto unachieved twisted assemblies (stars
and slanting diamonds, Scheme 1). We foresee that ligand
island formation can serve as a general and potent method to
pattern functional patches on NPs.

As a first demonstration, tip-patched prisms are robustly
prepared in low dispersity. The parent gold prisms (side
length: 58.9 + 4.7 nm, thickness: 21.6 + 1.8 nm, Figures S1
and S2) are synthesized following literature methods.'®"’
Next, an aqueous suspension of the prisms with a controlled
concentration is mixed with 2-NAT and PS-b-PAA in a
dimethyl formamide/H,0 mixture at 110 °C for 2 h (Table
S1). During this one-pot process, the 2-NAT molecules adsorb
onto the prism surface by gold—thiol bond, with PS-b-PAA
attached to the 2-NAT coated region and the negatively
charged PAA block sticking outward.””*" The product prisms
are redispersed in water and characterized by TEM (Figure
la,b), where tip patches are clearly seen from the TEM

Self-assembly

Received: May 17, 2019
Published: July 17, 2019

DOI: 10.1021/jacs.9b05312
J. Am. Chem. Soc. 2019, 141, 11796—11800



Journal of the American Chemical Society

Communication

10 15 20 25 30

a cE
s’ T
S 10
.vAva‘ ' ‘ ,, ) f 055 Is:)n:ls)mo
= =40
MY
- 10
vV 442 "= o 2
d Cpspaa — 7.5 15 22.5 30 — €
(nM) - f—+/+\+ "
‘ ‘ ‘ ‘ EGO / 10%
N E—
0

an
0

Cpspaa (nM)

Figure 1. Tip-patched gold triangular nanoprisms. (a,b) Low-magnification (a) and high-magnification (b) TEM images of tip-patched gold prisms,
the latter overlaid with prism contours colored to local curvature (Section 6.3 of Supporting Information). (c) Histograms of the cover length I and
patch thickness t of the patchy prisms in panel a. (d) Representative TEM images (top) and local thickness analysis (bottom, details in Section 6.2

of Supporting Information) of patchy prisms as Cospaa
(a), 20 nm (b,d).

increases, at a constant a. (e) Plot showing how ¢ and I change with ¢

pspaa- Scale bars: SO nm

contrast'” of PS-b-PAA. The cover length | of the patches
along the prism contour and the patch thickness ¢ (labeled in
Figure 1b and Figure S3) both have low dispersity of 4% and
13.5%, respectively (Figure 1c). Zoomed-in top and side views
of a representative patchy prism, overlaid by the prism’s
contour colored to local curvature, show that the patches only
cover the highly curved tips, leaving the flat basal plane and
sides of the prism free of polymer coating (Figure 1b).

The polymer patches are originated from selective 2-NAT
adsorption on gold prisms, as PS-b-PAA attaches only where 2-
NAT ligands are adsorbed.”””' Such site-selective ligand
adsorption is consistent with earlier work on tip-functionaliza-
tion of gold**™>* and CdSe’® nanorods, presumably due to
enthalpic preference of ligands to cover the less-coordinated
curved tips.””?”** Moreover, simulations suggested that
ligands attached to curved surface have more entropic gain
than those on flat surface, which depends on the ligand length
and structure.” Indeed, the tip-selectivity of ligand adsorption
in our system decreases when we use alkanethiols or flexible
polycyclic aromatic hydrocarbons (Figure S4, Section 3.4 of
Supporting Information). In comparison, 2-NAT has rigid,
conjugated polycyclic aromatic rings of inhibited rotational
freedom™ to favor site-selective adsorption on the tips. As a
result, when we fix the 2-NAT to prism ratio (a, the ratio of 2-
NAT molar concentration to optical density of the prism
suspension at its maximum extinction wavelength) and
consequently the size of the 2-NAT coated regions, the
polymer tip patches keep the same cover length [ even upon a
4-fold increase in the PS-b-PAA concentration (cysp,,) (Figure
1d,e, Figure SS). The patch thickness ¢ controllably increases,
possibly due to more extended conformation®" of PS-b-PAA as
the packing density on the prism tips increases with higher
Cpspaw Which was confirmed by the thermal gravimetric analysis

Figure S6). The combination of 2-NAT and PS-b-PAA was
used on gold NPs,*”*" where only uniform polymer coating
was observed. We attribute the difference to the 20—50 times
higher 2-NAT to NP ratio in those earlier studies than ours,

which can overwhelm the site-selectivity of 2-NAT with too
much ligand excess.

Now that the initial 2-NAT adsorption is tip-selective, we
increase the 2-NAT concentration to expand the ligand islands,
thereby controlling the lateral size of the patches (Table S2 for
synthesis details). Both projected TEM images and SCFT
modeling validate the hypothesis that ligand island formation
leads to the library of patchy prisms we obtain, including small
lobed, big lobed, trefoil, T-shape, and reuleaux triangle (Figure
2a—c and Figure S7). As a increases, the tip patches at low a (!
= 93.3 nm for @ = 0.12 mM) expand laterally over the prism
side, first into widened tip patches (I = 113.7 nm for a = 0.2§
mM; | = 149.7 nm for a = 1.0 mM), and then into T-shaped
patches with two adjacent patches merged (@ = 2.0 mM). The
latter symmetry-breaking is resultant from insufficient @ to
merge the three tip patches all together. As @ increases further,
we retrieve the reuleaux triangle patch as reported earlier.'”
Raman spectra of three types of 2-NAT coated prisms at
increasing a (Figure 2d) confirm a consistent increase of the
peak intensities at 1374, 1423, and 1444 cm™!, which
correspond to the stretching modes of polycyclic aromatic
hydrocarbon ring in 2-NAT,*”** validating our hypothesis that
increased thiol adsorption relates to patch expansion.
Furthermore, in SCFT modeling,‘M_38 we discern our
hypothesized ligand island formation from the alternative
possibility of a stochastic Langmuir adsorption on the prism
side as « increases (Figures S8 and S9). Specifically, we use a
two-dimensional model for the prism with site-specific
attraction to the polymer (¢, for the prism side; €, for the
prism tip; Section 7 of Supporting Information). We define a
coverage parameter 7 (6) along the side of the prism, where 0
is a coordinate along the prism away from the tip that is
already covered with 2-NAT. As shown in Figure S9, uniformly
increasing ligand adsorption (ny(0) = n4 as a constant) leads
to encompassing the entire prism as « increases. However, the
size of the lobes at intermediate a does not change; rather,
more PS-b-PAA adsorbs onto the prism side, which is
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Figure 2. Surface patches from ligand island formation. (a,b) TEM
images (a) and schematics (b) of patchy prisms synthesized at varying
a. (c) Plot showing increased cover length ! with increasing . Inset:
local thickness maps of small lobed (i), T-shaped (ii), and reuleaux
triangle (iii) patchy prisms. (d) Raman spectra of gold prisms at a =
0.12 mM (orange), @ = 1.0 mM (purple), and & = 5.0 mM (black)
(Table S3 for synthesis details). (e) Volume fraction maps of the
charged B block, ¢y, for patchy prisms obtained from SCFT, where
patches are formed from lateral expansion of ligand islands nucleated
at the tips. The patch size A, is 3, 7, 12, 20, 40 from left to right. Scale
bars: 20 nm (a,c,e).

inconsistent with the observed gradual expansion of the lobes
to reuleaux triangle (Figure 2a). If we instead use a ligand
island formation model (n (@) 1+ (0/M)'1™h)
characterized by an island growth length scale A, we see the
expected lobe growth along the prism side (Figure 2e),
supporting the hypothesis that ligand islands nucleated on the
tips expand along the prism side.

The ligand island formation is further elucidated in three
dimensions (3D) using atomic force microscopy (AFM),
which consistently contrasts with a Langmuir adsorption™*’
where lateral ligand—ligand interaction is negligible and
random adsorption on unoccupied surface occurs regardless
of initial ligand sites. As shown in Figure 3a,d,e, the small lobed
prism measures a net lobe height (z) of 4.6 nm. The trefoil
prism has a higher z of 9.4 nm (Figure 3b,d,f), with lobes
expanded into contact along the prism sides. The phase images
of the two samples (Figure S10) confirm the uncoated prism
regions at the center. Particularly interesting are the reuleaux
triangle prisms at the highest a. They resemble a donut shape
with a dent at the prism center (Figure 3c,d,g), which again
agrees with the island expansion from the prism tips, not from
stochastic ligand adsorption.

Lastly, we show that the tip patches on the prisms impact
the self-assembly, using the small lobed prisms as an example.
They stay dispersed in deionized water due to electrostatic
repulsion ({-potential: —56 mV). As we increase the ionic
strength I to 66.7 mM to screen the electrostatic repulsion
between PAA blocks, we obtain two types of unexpected
twisted dimeric structures (star, slanting diamond, Figure 4a,e,
and Figures S11 and S12). In stars, prisms bring their faces
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Figure 3. AFM analysis of 3D-shaped patches. (a—c) AFM images
and schematics of small lobed, trefoil, and reuleaux triangle patchy
prisms. (d) Height analysis on the patchy prisms based on line scans
labeled in red arrows in the AFM images (top in e—g) and the
corresponding side-view schematics (bottom in panels e—g). Scale
bars: 100 nm (a—c), 20 nm (e—g).
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Figure 4. Self-assembly of small lobed prisms into twisted (a—d) star
and (e—h) slanting diamond structures. (a,e) TEM images and
schematics with angle notation, (b,f) TEM tilt series, (c,g) histogram
of misaligned angles, and (d,h) TEM images of the assemblies. Scale
bars: 50 nm (a,e), 20 nm (b,d,fh).
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together, and rotate in plane such that patches are distant from
one another with a misaligned angle # (Figure 4a,b), whose
distribution centers at 52.4° (Figure 4c), likely due to
electrostatic repulsion and steric hindrance of the polymer
patches. More trimers and tetramers composed of the same
motifs are observed at a higher I (80—100 mM) (Figure 4d).
In slanting diamonds, prisms bring their sides together, and
rotate out of the plane (Figure 4e) such that two patches from
each prism overlap, as indicated by the TEM tilt series (Figure

DOI: 10.1021/jacs.9b05312
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4f, Figure S13). The dihedral angle y between the two prism
planes is 38.7 + 8.3° (Figure 4g, Figure S14, Section 6.4 of
Supporting Information), which extends to trimer, tetramer,
pentamer, and oligomer (Figure 4h, Figure S15). Yield analysis
of self-assembly shows that slanting diamond is the preferred
structure and its yield slightly increases at a higher I (Figure
S16). We expect a decrease in the patch size can favor the
assembly into stars to maximize the overlap between basal
planes, as suggested by previous work on self-assembly of bare
prisms.'” The twisted assemblies are different from those of
uniformly coated prisms.'”*" We expect the twisting to bring
distinct plasmonic behaviors,"”** chiral properties,**** and
large-scale assemblies with high porosity and mechanical
strength.**™** Considering the stimuli-responsiveness of the
patches to solvent polarity,'>"" pH," and temperature,'” we
foresee a potent library of reconfigurable NPs made by this
strategy to adapt to external environment.
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