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Nanoscale curvature is an important and powerful tool in understanding and tailoring chemical/surface
functionalities of nanostructures that dictate a host of important applications from biochemical recognitions,
catalysis to spectroscopy. However, it is a critical challenge in materials chemistry to rationally shape the
local nanoscale curvatures of colloidal nanoparticles during the growth owing to the constraints of their flat
facets. Here we demonstrate a synthetic mechanism that could cooperatively mediate local nanoparticle surface
curvature patchiness and shape symmetries during one-step colloidal growth. The idea is to tailor host-guest
supramolecular recognition using fluorocarbon and hydrocarbon molecules that regulate interfacial energy
during the nanoparticle growth. Such delicate regulation enables a degree of freedom in control over the local
nanoparticle curvatures during the growth, resulting in intriguing plasmonic properties. More interestingly,
a morphological shape transformation was induced by such curvature changes from anisotropic nanorods to
isotropic nanospheres. This unique approach of the spontaneous curvature/structural transformation of plasmonic
nanoparticles exploits the mutual interplay between competing supramolecules and colloidal growth. It may
ultimately allow for accurate controlling nanoscale objects with varied degree of complexity that could open the

door to a myriad of surface chemical, optical, and biomedical applications.
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I. INTRODUCTION

While size and shape of nanostructured materials sig-
nificantly affect their physicochemical properties, nanocur-
vature, a differential geometric property at the nanoscale,
plays a distinct and central role in determining surface
chemical functionality of the final nano-objects [1]. As evi-
denced, nanoscopic surface curvatures significantly modulate
nanostructure-biomolecule (nanobio) interactions through the
changes of confirmations and functionalities of biomolecules
in different local surface environments [2,3]. In another as-
pect, controlling the local curvatures of nanostructures could
lead to distinct surface chemical potentials that expose catalyt-
ically active sites making high effective catalysts [4].

It has been shown how local curvatures can affect the
immobilization and dissociation behavior of surface-bound
ligands [5-8]. Specifically, curvature alterations can regulate
the surface chemical states of nanoparticle known as Gibbs-
Thomson effect [9]. For example, pKa of coated ligands on
curved spherical nanoparticles is demonstrated to have more
than two pH units as compared to that of the normal pKa in
water [8]. Such an efficient surface control provides a fun-
damental way to directly engineer the local electrostatic po-
tential “electrostatic patchiness” on nanoparticles [10]. How-
ever, the surface curvature usually cannot be easily controlled
during the synthesis and most curvature manipulations are
restricted to simple spherical nanoparticles with its inverse
relation to the particle radius. Due to smooth crystal facets
and nontrivial size-curvature relation of anisotropic/arbitrary-
shaped nanoparticles, it remains critical challenges to synthe-
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size and manipulate such local geometric factor and chemical
patchiness at the nanoscale.

Here we report a synthetic chemistry approach that could
cooperatively synthesize and sculpt local nanoparticle surface
curvatures and shape symmetries during one-step growth. The
key idea is to use supramolecular host-guest recognitions that
regulate the local interfacial energy between supramolecular
template and inorganic precursors during the growth, sculptur-
ing local surface curvatures of nanoparticles. Manipulation of
such local curvature patchiness and geometric transformation
generates desired and high-quality plasmonic properties that
could open up a rich variety of important applications ranging
from biochemical reactions, optical and sensing devices, to
heterogeneous catalysis [11-14].

As a demonstration model, we targeted colloidal gold
nanorods (AuNRs) system, which offers localized surface
plasmon resonance over a broad range of spectra and leads
to vast technologies and applications including imaging, solar
cells, metamaterials, and spectroscopies [15-18]. Utilizing
well-developed seed-mediated growth method, all previous
wet chemical approaches to grow AulNRs are limited to the
control of size and aspect ratios (AR: length/width) [19-24].
To achieve the local control of surface curvatures, we devel-
oped a supramolecular templating scheme by hydrocarbon
(host molecule) -fluorocarbon (guest molecule) recognition

(Fig. ).

II. METHOD

Specifically, perfluoro-octanoic acid (PFOA), a nega-
tively charged fluorocarbon molecule is introduced, which is
strongly coupled to positively charged cetyltrimethylammo-
nium bromide (CTAB) molecules in solution [25,26]. The
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FIG. 1. Schematic illustration of surface curvature sculpturing growth of colloidal plasmonic gold nanoparticles. The uniqueness of
the approach is to introduce fluorocarbon molecule that possesses both hydrophobic and lipophobic properties. The compromised host
(hydrocarbon CTA™)-guest (fluorocarbon PFO™) recognitions are through (1) electrostatic attraction, (2) hydrophobic insertion, and (3)
lipophobic repulsion. Such synergistic supramolecular interactions thus generate microphased inhomogeneity of coupled micelle, structural
directing template and modulates its interfacial energy. Due to the direct proportional relationship between surface energy and surface
curvature, these unique compromised interactions simultaneously regulate surface curvature patchiness and growth of gold nanoparticles.
More specifically, PFOA/CTAB micelle regulates the local packing parameter and charge density that binds to gold precursor ion, which
governs the growth of curved gold nanoparticle and eventually leads to morphological transformation.

host-guest recognition could lead to synergism effect of in-
termolecular coupling, and thus regulate the growth in two
aspects: (1) transforming shape and phase of mixed micellar
structures that alter the adsorption density and surface energy
of preferentially binding surfactants on gold surface [27];
(2) more importantly, the uniqueness of fluorocarbon chain in
PFOA can cause both hydrophobic (attractive) and lipophobic
(repulsive) interactions with hydrocarbon chain in CTAB due
to high electronegativity of fluorine atom. Such competing
interfacial fluorocarbon-hydrocarbon interaction leads to in-
homogeneous microphased compartments distributed over the
binding micelles [28-30]. It therefore induces microcharged
surface inhomogeneity that interacts differently with gold
precursor species and governs the formation of local sur-
face curvatures along the resulting nanoparticle. The curva-
ture sculptured synthesis utilizing hydrocarbon-fluorocarbon
supramolecular coupling is thus fundamentally in contrast to
traditional seed-mediated methods [19,20] or growth by either
using additives or binary surfactants [22,23,31].

We initiate the growth by preparing viscoelastic micellar
solution of PFOA and CTAB to control synergistic micelliza-
tion, with their molecular ratio designed by R. Subsequently,
as-prepared complex micellar solution (denoted by R) was
gently mixed with HAuCl, - 3H,0 (1.8 mg) and slowly stirred
for 30 min, allowing gold precursor diffused into micelle sites.
The growth was induced by adding reducing agent ascorbic
acid and seed solution which is prepared as similar to seed-

mediated method (details in Supplemental Material, Sec. 1
[32]). The final product was centrifuged and collected without
further size and/or shape purification.

III. RESULTS AND DISCUSSION

To illustrate the unique ability to control surface curva-
tures, transmission electron microscopy (TEM) images of
AuNRs are shown at equivalent aspect ratios for facile com-
parison with selectively synthesized at R = 0, 0.11, and 0.125
[Figs. 2(a)-2(c)]. Even though all three samples have similar
sizes and present a similar averaged aspect ratio ~2.9 (Sup-
plemental Material [32], Fig. S1), they display completely
different nanoscopic local surface curvatures (indicated as
k). Without adding PFOA (R = 0), AuNRs show relative flat
edges and corner with small k£ [Fig. 2(d)]. However, when
the synergistic micellization is formed by fluorocarbon and
hydrocarbon coupled supramolecules (R = 0.11 and 0.125),
such geometric factor k changes dramatically as more rounded
head tips and curved edges are observed. Clear surface patchi-
ness with distinct curvature values (both positive and negative
k) have been observed in the surface profile of each repre-
sentative AuNRs [Fig. 2(d) and Supplemental Material, Sec
3). Increasing R leads to more curved surface (large k) and
eventually displays a “bullet”-like shape with quite sharp tips.
The patchy curvatures and £k become much wider distributed
as reflected by their color values across their boundaries with
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FIG. 2. Surface curvature sculptured growth of colloidal gold nanorods and related properties. (a)-(c) TEM images of gold nanorods at
the equivalent aspect ratio of 2.9 but with distinct surface curvatures at synthetic parameters (a) R = 0; (b) R = 0.11, and (c) R = 0.125. Scale
bar is 50 nm. (d) The quantitative analysis of local surface curvature (k) of synthesized gold nanorods represented by different curvatures
as values indicated in colormap as unit of nm~'. (¢) Plasmonic responses of curvature sculptured synthesized nanorods (extinction spectra
normalized by the geometry cross section). Different colored curves indicate different R values. (f) Comparison between experimental and
simulated data at resonance maximum for both longitudinal and transverse plasmon. Appreciable blueshift of longitudinal resonances was
shown due to the surface curvature change, while transverse plasmon peak almost remains as for the quasistatic limit. (g) Calculated plasmonic
energy confinement with normalized electric-field enhancement (E /E)) at resonant maximum for gold nanorods (distinct curvatures but same
aspect ratio). Color bar indicates the relative electric-field enhancement values. The highly curved surface of nanorod leads to much stronger
confinement of plasmon energy at designated high-k location.
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FIG. 3. Synergistic surface curvature and shape anisotropicity control. (a) TEM images of gold nanostructure transformation by
systematically increasing PFO™ (R) in the synthesis. As increasing R up to 0.055, the head tips of AuNRs become rounded and the shape
elongated. However, the anisotropy of gold changes inversely with shortened aspect ratio and even more rounded edges as further increasing R
and finally leading to nanospheres (R = 0.35). (b) The mean curvature «,, (averaged along the particle’s surface) of nanoparticles as a function
of aspect ratios with respect to controlling parameter R. The error bars are estimated by the standard deviation analysis from different batches.
As increasing k,,, the nanoparticle experiences an anisotropic structural transformation. The dotted line indicates that surface curvatures of
nanorods can be selectively tuned at a chosen aspect ratio. (c) The projected local surface curvature and AR profiles of each representative
nanoparticle at different R. The color bar indicates quantitative curvatures (nm~") exhibiting both positive and negative values.

a large difference as high as three times. Beyond tuning of the
shape and surface facets of nanorods at different aspect ratio
by other methods based on binary surfactants [23] our method
demonstrated the control of surface curvature even at the same
aspect ratio of nanoparticles.

Such a dramatic surface curvature variation with both
positive and negative values, therefore, not only has a
profound impact on its surface functionalities, but also on
their localized surface plasmon properties. Appreciable
blueshift of longitudinal plasmonic responses of nanorods are
observed as increasing k [Fig. 2(e)]. At the same aspect ratios,
the shifting of the surface plasmon resonance of gold nanorods
is solely determined by the change of their surface curvatures.
Such surface plasmon modifications can be understood by the
change of depolarization factors as the shape eccentricity of
nanorod varies by its curved surface [33], with well-matched
calculation results [Fig. 2(f)]. As such, our unique control of k

could result in an efficient engineered electromagnetic energy
distribution along the nanorods. Shown with field depolariza-
tion, the plasmonic energy is more confined at highly curved
tips [Fig. 2(g)], which could enable a plethora of applications
such as Tip or Surface enhanced Raman spectroscopy (TERS,
SERS), plasmonic waveguide confinement, biosensors, and
near-field single-molecular detections [34-37]. Indeed, the
electric-field enhancement (E/Ej) of curved gold nanorod
(higher k) is much stronger than the flattened rod with small
k at the same aspect ratio. In addition, the measurements
on the curvature-dependent SERS based on plasmonic field
enhancements directly illustrate the unique application
capability of nanoscale curvature in molecule sensing (see
Supplemental Material [32], Fig. S5 and Table S1).
Accompanied with surface curvature modification, our
supramolecular sculptured synthesis enables further control
of anisotropicity and surface deformation of AuNRs
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[Fig. 3(a)]. By introducing a small amount of PFOA
(R = 0.027) as shown, the elongation of AuNRs was observed
(average aspect ratio ~4.0) as compared to R = 0 sample
[Fig. 2(a). Further increasing R to 0.055 induces even longer
nanorods with averaged aspect ratio up to ~5.1. Moreover,
these samples display much improved monodispersity as
substantially lower fraction of size and shape impurities,
which can be ascribed to the unique surface properties and
stiffness of fluorine-rich alkyl chain of PFOA that provide
an excellent micellar stability promoting the yield of gold
nanorods. It is worth noting that the heads of nanorods become
increasingly rounded as raising R, which suggests alterations
of k. Very interestingly, instead of elongation, the nanorods are
shortened when R is raised to 0.11 and 0.125 [Figs. 2(b) and
2(c), but with identical AR with sample of R = 0). The change
of aspect ratios is due to the alteration of shape and phase of
adsorbed micelles, consistent with previous reports [22,23].
Nanorod shortening continues but exhibits more curved
surface (R = 0.22). At this higher R ratio, the dispersity in
size becomes larger as a result of micellar phase transition
due to CTA"/PFO~ coupling, which broadens ensemble
plasmonic responses (Supplemental Material [32], Fig. S6
and Table S2). Further deformation leads to a spherical shape
(R = 0.35) with average ~26-nm in diameter. However, the
trend of increasing curvature is clearly observed [Fig. 3(b)].
To directly visualize such relationship, the projected AR
and the surface curvature profiles were extracted for each rep-
resentative nanoparticle [Fig. 3(c)]. The correlation between
such a structural variation and the mean surface curvature
kn 1s exploited as a function of controlling parameter R
[Fig. 3(b)]. It can be clearly seen that the increase of «,, is
interdependent with structural change as controlled by R and
reflected by the modulation of nanorod aspect ratios. More
importantly, the zigzaglike relation as shown could allow one
to freely and selectively tailor the surface profiles and hence
optical properties of nanoparticles, as demonstrated here, at a
chosen aspect ratio (e.g., indicated by projected dotted line).
Fourier transform infrared spectroscopy (FTIR)
spectra were employed to confirm the role of coupled
hydrocarbon-fluorocarbon ~ supramolecular  interactions
(Fig. 4). The spectrum of pure PFOA (dotted line) as a
comparison shows a strong vibration mode at 1765cm™!
corresponding to the carbonyl group (C = O) free of binding.
In contrast, appreciable redshift of this vibrational mode was
observed exhibiting lower frequency as increasing R value.
This redshift indicates the stretching vibration of carbonyl
group is inhibited owing to the synergistic micellization
due to strong interactions between PFOA and CTAB [25].
Increasing peak magnitude as raised R implies increasing
number of PFOA interacting with CTAB. As a result, the
effective positive surface charge from CTA™ that binds
onto the surface gold nanoparticle has been reduced due to
the insertion of negative PFO~, leading to the alteration of
surface potentials (Supplemental Material [32], Fig. S7). The
vibrational bands of asymmetric and symmetric stretching
modes of CH, groups at 2925 and 2854 cm™!, respectively,
are coming from CTAB indicating synergistic coupling effect.
With such evidence of hydrocarbon-fluorocarbon interac-
tions, the phase behaviors of coupled micelles can be un-
derstood by the effective critical packing parameter P of
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FIG. 4. FTIR reveals synergistic supramolecular coupling. Dif-
ferent colors indicate samples of various R value. The dotted line
is the spectrum measured from pure PFOA molecules. Vibration
modes of —C = O and —CH, are marked in the graph. Free-binding
carbonyl group (C = O) in pure PFOA experiences an appreciable
redshift in wave numbers from 1765 to 1686cm™! as raising R,
indicating strong recognitions and interactions between templating
molecules of CTAB and PFOA.

surfactant [38,39], which is given by P = HULX] where V is
the hydrophobic chain volume, ay is the mean cross-sectional
area of the polar head group, and /. is the critical length of
the hydrocarbon chain. Introducing PFOA increases P by
virtue of micelle insertions (increasing V) and reduction
of effective ay interacting with Au(Ill) or Au(I) precursor
species. The increase of P refines the cylindrical micelles
until it reaches its optimal [39,40]. That is why enhanced
monodispersity was observed at small R (R < 0.055) (Fig. S8).
As further introducing PFOA, the phase change of micelle
involves cylindrical to bilayered packing with higher value of
P which tends to form vesicular structure in aqueous solution
[39]. Together with the aid of lipophobic interactions, the
micellar packing leads to highly curved gold nanoparticles
with a complex level of patchy surface curvatures. When
PFOA amount is significantly high, the curved nanostructures
are completely closed into vesicular spheres.

IV. CONCLUSION

In summary, we have proposed and demonstrated a
supramolecular recognized growth method for one-step sculp-
turing local surface curvature and anisotropicity of nanoparti-
cle with intriguing plasmonic properties. We have shown that
such an important surface geometric factors can be selectively
tuned in a broad range of gold nanorods, which is governed
by the guest-host chemistry between molecular interplays
between hydrocarbon and fluorocarbon supramolecular tem-
plate. This unique approach may be generalized and ulti-
mately allow for delicate colloidal lithography to nanoscale
objects with tailored surface geometric factors, which could
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enable platforms for both fundamental study and practical
applications in surface chemistry, biology, and optics.
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