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Abstract

Achieving shape control of high-quality metal nanocrystals is a critical challenge in the
fabrication of bottom-up plasmonic materials. Here, we synthesize a uniquely anisotropic Ag
nanocrystal shape using a modified polyol method. Single-crystalline Ag square prism
nanocrystals— which possess two square facets and four rectangular facets— with uniform size
distributions and high yield (up to 96%) are generated by the controlled addition of Br™ anions
during the nucleation and growth process. Br™ acts as a reshaping agent for the generation of
single-crystalline seed nanoparticles that direct subsequent anisotropic growth in the <100>

direction. Nanocrystal growth and shape development is monitored through optical absorption



spectroscopy, which reveals the localized surface plasmon resonances of the square prisms.
Electrodynamic simulations indicate strong near-field enhancement associated with the high
aspect-ratio shape, and indicates the potential application of these nanocrystals as optical
nanoantenna in plasmonic platforms, such as surface-enhanced Raman spectroscopy sensors and

optoelectronic junctions.



Introduction

Shaped metal nanocrystals, especially those composed of Au and Ag, possess unique optical
properties that result from the excitation of localized surface plasmon resonances (LSPRs),
where collective oscillations of conduction electrons are excited by incident light. Anisotropic
shapes are known to provide a strong enhancement of the electric field localized near sharp
nanocrystal corners or edges, and have been demonstrated for applications in surface-enhanced
Raman scattering (SERS),'”* optical labeling and imaging,* chemical sensing,’ and diagnostics.®
For example, Ag nanocubes (AgNCs) have been employed in a number of device architectures
including plasmonic nanocomposites embedded in polymer membrane,” deposited onto solid
supports as surface-enhanced Raman scattering (SERS) chips,® modified with lipid bilayers as

10

protein-binding sensors,” and assembled as metal-insulator-metal junctions for light

generation.!!

Colloidal synthesis has been demonstrated to produce a wide variety of Ag nanocrystal shapes
such as cubes, octahedrons, bars, bipyramids, plates, decahedrons, rods, and wires with high
yields (> 80 %) and in a scalable manner.'>?° In many cases, shape control is achieved by the
addition of a chemical stabilizing agent that coordinates to specific crystal facets during
nanocrystal growth. This selectivity is typically attributed to: (i) lattice matching of a given
crystal plane with the molecular geometry of the coordinating agent,?® or (ii) site-selective
binding where strong coordination only occurs at specific atomic or surface features.'*?’ One
common and important synthetic method for producing shaped metal nanocrystals is the polyol
method, where metal salt precursors and a chemical stabilizing agent are reacted in a polyol
solvent (e.g. ethylene glycol'* 2! or pentanediol'®). Polyols serve as a mild reducing agent and

are particularly well-suited for nanoparticle synthesis given their relatively high boiling points,



temperature-dependent reducing power, and the ability to solubilize a variety of metal precursors.
Poly(vinyl pyrrolidone) (PVP) has been demonstrated as a useful surface protecting agent in the
polyol reaction because it can coordinate readily to metal ions through the pyrolidone functional
group and is also highly soluble in polyol solvents. For example, PVP has been shown to direct
the polyol synthesis of AgNCs and symmetry-related shapes such as cuboctahedra and
octahedra.!> '* These resulting shapes have been attributed to the ability of PVP to coordinate

selectively to Ag{100} facets over other low-energy crystal planes.'*

More recently, a number of anisotropic shapes beyond AgNCs have been demonstrated using
various modifications of the general PVP-assisted polyol method described earlier.!* 1% 21> 22
Methods for tailoring shape include microwave-assisted reduction, where microwaves provide
homogeneous and fast heating (compared with conventional heating methods utilized in colloidal
synthesis) of the reaction bath to promote uniform seed nucleation — the nucleation sites for
nanocrystal growth — and controlled nanocrystal growth rate.?®: 2 The use of ionic additives to
the polyol reaction has also been successful for nanocrystal shape optimization.?"> 2> 3% For
example, Wiley et al. demonstrated that Ag nanobars and triangular bipyramids could both be
obtained using the PVP-assisted polyol method upon the addition of Br” to an AgNC reaction

mixture. Zheng et al. confirmed that Br~ participates in a selective etching mechanism, where

spherical seed particles are generated at the expense of cube-shaped particles.>! The addition of
Br results in the oxidation of Ag® to AgBr, which is a soluble product under polyol reaction
conditions. The authors observed that differently shaped seeds could be obtained at varying Br.

concentrations. For low [Br ] where the ratio of [Ag"]/[Br7] precursors is high, multiply-twinned

seeds were etched away to leave only singly-twinned seeds that produced elongated bipyramid

nanocrystals. For higher [Br-] where the ratio of [Ag']/[Br] precursors is low, only single-



crystalline seeds are generated. These seeds grow into nanobars resembling an elongated cube
structure, possessing two square facets and four rectangular facets (Figure 1).2"?? Chloride-
assisted polyol methods have also been reported to generate the controlled growth of various
nanocrystals shapes such as octahedra, nanocubes, nanowires, and multipods, as well as shaped
composite nanocrystals composed of Ag, Au, Rh, and Pd.!®3% 3237 However, the reason for this

preferred anisotropy (over the more symmetric nanocube shape) is unclear.

Here, we explore the shape control offered by Br™ addition to the PVP-assisted polyol method to
produce a unique shape with anisotropy related to AgNCs and nanobars: Ag square prisms
(AgSPs). Just as rods and disks represent two extreme forms of ellipsoids, AgSPs and nanobars
represent two extreme forms of AgNCs. Diametric to nanobars, AgSPs are elongated nanocubes
but they possess large aspect-ratios where height (H) is smaller than length (L). We demonstrate
that AgSPs can be generated by tailoring the [Ag"]/[Br] ratio in the polyol reaction, producing a
single-crystalline structure capped by Ag{100} facets. The LSPRs of the resulting nanocrystals

can be tuned through synthetic control of H and L.

Chemical reaction for the polyol process
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Figure 1. Schematic shows the effect of bromide ion concentration on the crystal structure of seed and
shape of nanocrystal in bromide additive polyol synthesis.



Results and Discussion

We have developed a modified polyol process to fabricate AgSP nanocrystals with tunable sizes
ranging from 20.3 to 46.1 nm in height and from 56.9 nm to 82.4 nm in length. In this synthesis,
ethylene glycol (EG) acts as the solvent; EG and its derivatives, such as glycolaldehyde
generated from oxidation of ethylene glycol, serve as reducing agents; and PVP serves as a
capping ligand for anisotropic nanocrystal formation. (Figure 2). The reaction mixture is made
by adding 10 mL EG and 50uL of 1mM NaBr solution in EG to a flask and heated in an oil bath
at 145°C for 1h. To this reaction mixture, a 6 mL AgNOs3 solution in EG (16.67mg/mL) and a
6mL PVP and NaBr solution in EG (16.67mg of PVP/ mL and 0.0125mg of NaBr/mL) were
added dropwise via syringe pump at a rate of 1 mL/min. We monitored this reaction by UV-

visible absorption spectroscopy.

Our results confirm that Br™ addition results in the formation of AgSPs (Figure 2a) with uniform
shape and size distribution. This result from two contributing factors: (1) moderate Br
concentration and (2) a lower growth temperature. The growth of AgSP nanocrystals begins with
the formation of near-spherical single-crystal seeds, followed by anisotropic growth into AgSPs
(Supporting information, S2 and S3). Compared to Ag nanobars where growth is inhibited in two
of the three orthogonal <100> directions, the shape of the square prism results from inhibited
growth in only one <100> direction. This arises from the lower Br” content, which discourages
the AgBr etching reaction from occurring over the entire the nanocrystal surface (Supporting
information, S7). We also observe a slower nanocrystal growth rate when using a lower reaction

temperature than employed in the AgNC synthesis, which may contribute to more uniform



colloidal dispersions (Supporting information, S7). Figure 2b shows the extinction spectra of
reaction mixture for various reaction times (t,,,) in the range of 10-360 min. The extinction
spectrum shows the formation of pseudo-spherical nanocrystals at the beginning of the reaction,
indicated by a single absorption maximum at 405 nm. Electron microscopy confirms that these
seeds possess average diameters of 10.3 = 0.73 nm (Supporting information, S2). Anisotropic
growth and the formation of AgSPs is indicated by the growth of four separate extinction peaks
in the visible region over the reaction period. (See Supporting Information, S1). At t,.,,,=60 min,
we observe three extinction peaks at 515 nm (dipole LSPR), 410 nm, and 360 nm (higher order
mode of LSPR), indicating the formation of an anisotropic nanocrystal shape. Scanning electron
microscope (SEM) images of the AgSP nanocrystals (“top-view”) show that the dispersion
consists of nanocrystals with uniform square facets (Figure 2¢) and images taken at a 45° tilt
(“tilt-view”) shows that L>H (Figure 2d). With increased reaction time, the dipolar LSPR peak at
515 nm red-shifts while an extinction peak at 475 nm (quadrupolar mode of LSPR) appears at

trxn= 150 min and intensifies over time (Figure 2b).
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Fig 2. a) Schematic shows that square prism NPs formation under the polyol synthetic method. The
morphology of Ag NPs changes from small spherical-like to bigger square prism with increasing the
reaction time. Here, the bromide ion acts an important role for anisotropic growth of square prism. b) The
extinction spectra of spherical-like and three different square prisms colloidal solution with different
reaction time, t,.,. ¢) Top view of square prism shows the length of square facet is uniform. d) SEM
image with 45¢° titling shows length, L > height, H.

In order to characterize the size distribution of the resulting AgSP dispersion, we measured the
average length (L,,,) of AgSPs by top-view SEM imaging of >200 nanocrystals and the average
height (H,,) of AgSPs tilt-view SEM imaging (at 90°) of >100 nanocrystals. The size of AgSPs
(L4 and H,,,) 1s observed to increase exponentially with extending t,,. At t,,,= 1h, the L.
and H,,, of the AgSPs are 56.9 = 2.94 nm and 20.3 + 0.90 nm, respectively. After elongating t,.,,,
to 8h, L, increases to 82.4 + 4.02 nm and H,, increases to 46.1 + 2.44 nm, as shown in the
histogram in Figure 3(a-d). The insets in Figure 3 show SEM images for a single AgSP rotated at

45° to clearly confirm that L>H for each t,,,.



Fig 3. The shape and size distribution of square prisms with 1hr, 2hr, 4hr, and 5hr at 155°C in (a-d),
respectively. The size distributions of the square prisms were characterized by SEM imaging to measure
the average of length, L,,., and cross-sectional (tilted by 90°) imaging to measure the average of height,
H,,. and aspect ratio (AR) of square prism. L, is calculated from more than 200 square prisms. The
histograms show that L,,, = 56.9 + 2.94 nm, 64.0 + 3.02 nm, 72.5 + 3.28 nm, and 82.4 + 4.02 nm for
the corresponding prism samples in (a-d), respectively. H,,,. and AR of square prism are measured over
more than 100 square prisms from cross-section SEM images. The histograms show that H,,,,=20.3 +
0.90 nm, 30.4 + 1.85 nm, 39.6 + 2.38 nm, and 46.1+ 2.44 nm for the corresponding samples in (a-d),
respectively. The histograms show that AR of square prism = 2.74 + 0.03 nm, 2.08 £ 0.02, 1.81+£ 0.01 nm,
and 1.77+ 0.01 for the corresponding samples in (a-d), respectively. The inset shows SEM images for
single square prism rotated by 45°, clearly showing that L > H. Scale bar: 65 nm

In order to confirm the crystal morphologies of the AgSPs, we compared the XRD spectrum for

two different sample preparations: (i) a powder sample of dried AgSPs (randomly oriented



nanocrystals), and (ii) close-packed AgSP films deposited on a Si substrate (aligned
nanocrystals). This close-packed film is fabricated by Langmuir-Blodgett deposition,” where the
square facets of the AgSPs are oriented parallel to the air-water interface (and thus, parallel to
the Si substrate) due to the hydrophilic nature of the PVP-coated AgSP surfaces (inset in Figure
4b). The XRD spectrum of the powder sample is shown in Figure 4a, and indicates that AgSPs
are crystalline, but that X-ray scattering from the (100) family of crystal planes is dominant due
to nanocrystal shape. The XRD spectrum of the aligned sample shows the (200) peak is even

more greatly enhanced, indicating that the square facets are (100) terminated.

Fig 4. Characterization of crystal structure and orientation square prisms. a) The XRD spectra of: a
powder sample of dried square prisms (black line), a close-packed nanoprism film deposited on a Si
substrate (red line), and the ideal face-centered cubic (fcc) Ag (JCPDS File 04-0783, blue vertical line).
The (200) peak is strongly enhanced in the close-packed film, indicating that the square facets of prisms
belong to the (100) family of crystal planes. b) SEM image of a close-packed square prism film fabricated
by Langmuir-Blodgett deposition. The inset image shows that the square facet of the prism is oriented
parallel to the substrate.



The LSPRs of the AgSPs can be assigned by carrying out finite-difference time-domain (FDTD)
calculations using the Lumerical software package. We calculated the extinction cross-section of
an AgSP with L= 85 nm and H = 45 nm (blue line, Figure 5b) which we expect to be consistent
with the extinction spectrum of the colloidal solution with L,,, = 82.4 £ 4.02 nm and H,,, = 46.1
+ 2.44 nm (black line in Figure 5b). The extinction cross-section is obtained by adding the cross-
sections for incident light polarized in three orthogonal directions (as insert schematic in Figure
5a): x-polarization (black dashed), y-polarization (red dashed), and z-polarization (blue dashed).
The extinction spectrum shows four peaks, in contrast with three peaks observed for the smaller
AgSPs with L, = 56.9+ 2.94 nm and H,,,, = 20.3 £ 0.90 nm (supporting information S4). The
lowest energy peaks for both AgSP sizes (at 600 nm and 515 nm, respectively) results from x-
and y-polarized excitation. The electric field distributions (Figure 5S¢ and S4) and vector plot
(Supporting information S5 and S6) indicate these peaks correspond to the dipole LSPR modes
where the field is localized in the eight corners of the AgSP. This dipole mode undergoes an 85
nm red-shift with increasing L,,, from 56.9 nm to 82.4 nm (See time-dependent of extinction
spectrum in S1). Comparing the plasmonic modes of AgNCs with similar edge lengths to those
of the AgSPs, the dipole mode of AgNCs only exhibit a ~36 nm red-shift when the edge length is
increased from 57 nm to 82.5 nm.!®3® Thus, the dipole LSPR of AgSPs is much more sensitive
to nanocrystal size, volume effects, and aspect-ratio than the dipole LSPR of AgNCs. This has
important consequences in the ability to tune the resonance wavelength associated with intense
near-field localization, which is difficult to carry out for highly symmetric shapes such as
AgNCs whose LSPRs can only be tuned through size and volume effects. In addition, AgSPs
exhibit sharped corners and edges that facilitate more intense near-field localization than other

nanocrystal shapes (triangular nanoplates, nanorods, and nanodisks) whose LSPR wavelengths



can be broadly tuned by controlling aspect-ratio, but do not exhibit as strong near-field
enhancements.*>> 4° The second lowest energy peak (475 nm) results from y- and z-polarized
excitation (red and blue dashed lines in Figure 5a) and field distributions also show localization
in the corners of the AgSP. This LSPR mode only shows up at the size of AgSPs beyond a
critical size where L,,,> 65 nm and H,;,,> 30 nm (Figure 2b). This mode intensifies without a
significant shift in wavelength when AgSP size is increased. The remaining two high energy
LSPR peaks (410 nm and 360 nm) stem from excitation with all three polarization directions and
possess wavelengths that are independent of nanocrystal size. The electron field distribution of
these two modes in the xy-plane and xz-plane (Figure Se,f and S4d,e) indicate that these two
peaks correspond to higher order LSPR modes where the field is localized near the AgSP facets

and edges.
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Fig 5. a) FDTD simulations of the extinction cross-section for a square prism with L=85 nm and H=45 nm
for x-polarization (black dashed line) and z-polarization (red dashed line). b) The experimental (black)
extinction spectrum of colloidal square prism nanoparticles dispersed in ethanol with L=82.4 + 4.02 nm
and H=46.1 + 2.44 nm. For comparison, we plotted the simulated extinction cross-section (blue) resulting
from the sum of x-polarization, y-polarization, and z-polarization. c-f) Color maps for the simulated optical
near-field at four different wavelengths: at 600, 475, 410 and 360 nm, respectively, which correspond with
the four peaks at FDTD calculated and experimental extinction spectra.

Conclusions

We have demonstrated the fabrication of AgSP nanocrystals with uniform size distributions and
high-yield by a modified polyol synthesis. This single-crystalline nanostructure is capped by
Ag{100} facets and experience anisotropic growth such that H<L. The unique AgSP shape
demonstrates that the [Ag+]/[Br-] ratio in the polyol reaction serves as a determinant of
nanocrystal growth rate in the <100> direction by controlling the kinetics of Ag" reduction. Like
other highly anisotropic plasmonic nanocrystals, AgSPs exhibit LSPRs that are sensitive to its
overall shape morphology. The degree of AgSP anisotropy dictates overlap of the dipolar and
quadrupolar LSPR modes, with better LSPR mode separation occurring for increased H:L ratios.
This work provides a rational pathway for the chemical synthesis of anistropic Ag nanocrystals
whose optical response can be tuned through aspect-ratio. We expect this to further the
application of colloidal materials in plasmonics and metamaterials that rely on the precise

fabrication of shaped optical antenna.

Materials and Methods

Chemicals and Materials



Silver nitrate (AgNOs Fisher), Ethylene glycol (EG, J. T, Baker), poly (vinyl pyrrolidone) (PVP,
Mw=55,000, Aldrich), sodium bromide (NaBr, J.T. Baker), ethanol (CH3OH, Goldshield
chemical), chloroform (CHCIls, Aldrich).

Synthesis of Ag square prisms

10mL ethylene glycol (EG) was added to a 50mL and 50uL, 1 mM NaBr (0.103mg NaBr in ImL
EG) in glass flask which was placed in an oil bath setting at 145°C for 1h with magnetic stirring.
Two solutions were simultaneously injected into glass flask with an injection rate of 1mL per
minutes by syringe pump. One solution contained 100 mg AgNO3 in 6mL EG, the other
contained 100 mg PVP and 0.075 mg NaBr in 6mL EG. The color of solution changes from
yellow, yellow-orange, orange, orangish pink, yellowish pink, to pink opaque. The nanocrystal
undergoes the anisotropic growth into square prism-shaped nanoparticle. The size of square
prisms can be controlled by reaction time. The size of square prisms can be controlled by
reaction time. The reaction time can be extended from 1-6 hours where longer reaction times
result in increasing both height and length of the AgSPs, but a reduced overall aspect-ratio. The
colloidal solution was washed with ethanol and DI water (volume ratio of ethanol: DI water=1:1)
twice to remove the un-reaction precursor (Ag") and excess PVP. During the washing process,
the 22ml colloidal solution with 22ml ethanol/water mixture was centrifuged at 3,400 rpm for
I5min. Finally, Ag square prism-shaped nanoparticles was dispersed in EG for storage and
further characterization.

Fabrication of Ag square prisms orderly array for XRD and cross sectional SEM

Silicon substrates were sonicated in ethanol for removing dust and then further cleaned in a
freshly prepared piranha solution of 70% (v) concentrated H2SO4 and 30% (v) H20:2 for

removing the organic materials. To prepare the orderly composite film, as-made square prims



colloidal 1ml was diluted in a 3ml ethanol and then precipitated for removing free PVP twice.
The square prism was dispersed in 1 ml CHCls. A glass petri dish was thoroughly rinsed with
ethanol and DI water. The colloidal nanocrystal solution was then added dropwise to the air—
water interface of the petri dish, leaving an isotropically distributed monolayer of NCs floating at
the air—water interface. After the desired amount of colloidal solution was added, the film was
allowed to equilibrate for about 15 min. Nanocrystal monolayers were then transferred onto the
clean Silicon substrate by dip-coating. The orderly array of square prism on silicon substrate was
cut and mounted vertically for measurement the height of square prism by cross sectional SEM.
For the thin film XRD sample, the isotropically distribution monolayer of NCs in air-water
interface was further compressed to form the close packed thin film with square plane of square

prism parallel to air-water interface and then transfer to silicon substrate by dip-coating.

Associated content

Supporting Information

The Supporting Information is available free of charge on the ACS Publications website at DOI:

XXXXXXXX.

Figures S1-S7: time-dependent of extinction spectrum; size distribution of spherical-like seed;
time-dependent SEM image of the shape of nanocrystals; FDTD simulation extinction cross-
section of square prism nanocrystals; electron field distribution and vector plot of square prism

nanocrystals; effect of shape of nanocrystals on Br- concentration and reaction temperature/time.
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