Plasmonic nanogels with robustly tunable optical properties
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ABSTRACT

Low viscosity fluids with tunable optical properties can be processed to manufacture thin film and interfaces for
molecular detection, light trapping in photovoltaics and reconfigurable optofluidic devices. In this work, self-assembly in
wormlike micelle solutions is used to uniformly distribute various metallic nanoparticles to produce stable suspensions
with localized, multiple wavelength or broad-band optical properties. Their spectral response can be robustly modified
by varying the species, concentration, size and/or shape of the nanoparticles. Structure, rheology and optical properties
of these plasmonic nanogels as well as their potential applications to efficient photovoltaics design are discussed.
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1. INTRODUCTION

Localized surface plasmons that can be excited in noble metal nanostructures" > have potential applications in the
broadband manipulation of light at the nanoscale.’ The surface plasmon resonance occurs in the visible region of the
electromagnetic spectrum for plasmonic nanoparticles (NPs) that are made of noble metals such as Ag, Au and Cu."*>
The strong size and shape-dependence of the optical extinction spectrum gives rise to a variety of colors to suspensions
of such NPs.* NPs with lower shape symmetry can support more plasmon modes and hence possess a broader extinction
spectrum.® Nanorods, for example, have two resonances corresponding to the axial and longitudinal dimensions.” ®
Hence, complex shapes such as nanocages, nanoprisms and aggregates have a relatively broader extinction and
scattering spectrum.” ° The tunability of plasmonic properties is highly desirable for many applications that rely on
nanoscale light manipulation such as surface-enhanced Raman scattering (SERS),'’ sensing,'' imaging,'? therapeutics,"
photocatalysis, light harvesting'* '> and optofluidics.'®'” The strong interaction of metal NPs with the optical field also
allows for light trapping that can be used for efficient photovoltaic design.'®

Optofluidics refers to a class of optical systems that are synthesized with fluids, which have unique properties that
cannot be found in solid equivalents.'” The advantages include the ability to change the optical property of the fluid
medium within a device by replacing one fluid with another, creation of optically smooth interfaces between two
immiscible fluids and the ability of flowing streams of miscible fluids to create gradients in optical properties by
diffusion.'” Growth in this area has been driven by the progress in the modeling and handling of fluid systems at micro to
nanometer scale, which leverages the fabrication techniques originally developed for integrated circuits and micro-
electromechanical systems. NP suspensions offer important advantages to optofluidic systems since the nanoparticle
type, shape and concentration can be used to tailor the optical properties of the suspension.'” The design of
multicor%)glnent NP suspensions can be guided by effective medium theories for the dielectric function of the composite
material.

Typically, metal nanoparticles in a solution tend to agglomerate. This often leads to phase separation. In this work, we
used a network of aqueous wormlike surfactant micelles (WLMs) as a template for producing stable multicomponent
suspensions of Au and/or Ag, hereafter referred to as plasmonic nanogels (PNGs). Cetytrimethylammonium bromide
(CTAB) is one of the most well-studied wormlike micelle (WLM) forming surfactants.”> Wormlike micelles are
elongated and semiflexible cylindrical aggregates formed by the self-assembly of amphiphilic surfactants in aqueous
solutions. At sufficiently large concentrations, the micellar chains entangle to form a viscoelastic network with linear
dimension on the order of (k,7/G,)'” where G, is the plateau storage modulus and k, and T represent the Boltzmann
constant and absolute temperature respectively. The headgroup of the cationic surfactant molecules can bind to the
surface of the metal nanoparticles as suggested by Fourier transform infrared spectroscopy and thermogravimetric
analysis.” Colloidal particles in a WLM solution are known to form a network consisting of particle-micelle junctions.**
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2% Such networks are capable of distributing nanoparticles with different sizes and shapes within the fluid in a stable and
uniform fashion.

Our design of the plasmonic nanogels was based on the existing knowledge of plasmon resonance in small particles.’
Specifically, the plasmon resonance in particles that are much smaller than the wavelength of light can be modeled
accurately by Maxwell equations under the quasistatic approximation.”® The polarizability, o, of a spherical particle is
given by eq. 1 below.’
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Here, ¢, and ¢, are the relative permittivities of the particle and surrounding medium respectively and a is the particle
radius. Resonance occurs when the denominator in eq. 1 approaches zero, i.e. ¢, = -2¢, . However, for larger

particles, higher order terms that correspond to the electrical and magnetic multipoles in Mie series solution need to be
considered.” The resonance wavelength shifts to the red region for relatively larger particles because the Coulombic
coupling of the regions of positive and negative surface charge becomes relaxed at larger diameters. The factor of 2 in
the denominator changes for small non-spherical particles.* °> Based on this understanding of the polarizability of
nanoparticles of various materials and shapes, it was possible to design PNGs that possessed a desired optical extinction
spectrum.

2. ONE-COMPONENT PLASMONIC NANOGELS

CTAB WLMs were prepared by vortex mixing CTAB powder with deionized water to the desired final concentrations,
followed by growth under 50 °C for 1 hour. Plasmonic nanogels (PNGs) were made by the addition of nanoparticles NPs
(Au NPs: Nanopartz, Inc.; Ag NPs: Sigma-Aldrich) to the stable WLMs under agitation. All samples were equilibrated
at 24 °C overnight prior to measurements. The extinction spectrum of PNGs with gold nanospheres (S) is shown in
Figure. 1. The resonance peak redshifts from =~ 520 nm to ~ 580 nm as particle size increases from 30 nm to 90 nm. The
extinction of small particles is dominated by the absorption. Scattering dominates over absorption for large particles.’
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Figure 1. Redshift of the plasmonic resonance peak of Au nanogels with increasing diameter. The curves show
extinction spectra for particle diameters of 30 (black), 50 (red), 70 (green) and 90 nm (yellow).

The refractive index of the NPs depends on both material composition and the particle shape.?” So, the peak extinction
wavelength is also strongly dependent on the shape of the NPs. NPs can be produced in a variety of shapes as well,
including sphere, rod, cube, triangle/prism, hexagon, star, etc. For non-spherical particles, multiple resonances will
appear. For instance, gold nanorods have two extinction peaks, which correspond to the transverse (short axis) plasmon
resonance and longitudinal (long axis) plasmon resonance. The crucial factors determining the position of the extinction
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peaks of gold nanorods are their aspect ratio and the radial dimension. All the nanorods in Figure 2 have a diameter of =
25 nm. So, by increasing the aspect ratio, the longitudinal absorption peak redshifts to the near-infrared region as shown
in Figure 2. For NPs of more complex structures, numerical methods are used to study and predict the plasmon
resonance spectrum, such as finite difference time domain (FDTD) and finite element method (FEM).
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Figure 2. Extinction spectra of gold nanorods (diameter = 25 nm) with aspect ratio (4) ranging from 1.4 to 3.0.
Nanorod with an aspect ratio of 1.4 shows one resonance peak (black) while rods with larger aspect ratios show
two peaks (red, green and yellow).

3. MULTICOMPONENT PLASMONIC NANOGEL

NPs of various materials, sizes and shapes exhibit different extinction spectra due to the differences in their
polarizability. Extinction increases linearly with concentration for relatively low nanoparticle concentrations.” The
addition of multiple species of NPs resulted in an extinction spectrum, which is a linear superposition of the individual
spectra. Au nanosphere, Ag nanosphere and Au nanorod exhibited red, yellow and blue colors respectively. Various
colors could be produced by suitably mixing metal NPs exhibiting those three primary colors. As shown in Figure 3,
PNGs consisting of different types of NPs provided a fascinating range of colors. Small angle X-ray scattering
experiments suggest that the nanoparticles are uniformly distributed in the micelle matrix without agglomeration.” The
optical property of each sample was examined by UV-Vis-spectrometry. The multicomponent PNGs showed multiple
plasmon resonance peaks in the visible light to near-infrared region. For example, sample 5 (green curve in Figure 3)
showed three absorption peaks at =~ 420 nm, ~ 520 nm and = 640 nm. The first peak is due to the plasmon resonance of
Ag nanospheres while the other two peaks were attributed to the transverse and longitudinal plasmon resonance of Au
nanorod. This offers a new approach to tune the optical property of optical fluids. Specifically, instead of synthesizing
nanoparticles in complex geometries, such as crescent moon structures,”’ star-shaped gold nanoparticle,” one can
produce nanomaterials with desired optical properties by suitably mixing nanoparticles that can be easily synthesized.

Light trapping can be achieved in a wide range of wavelength by changing NPs types and geometries. Sample 8 with
five nanoparticle species (as listed in the Figure 4) were prepared to obtain a more uniform extinction spectrum. Upon
tuning the fraction of each component in the nanogel, the multicomponent PNG showed a broadband absorption
capability. As shown in Figure 4, sample 8 exhibited four peaks at =~ 420 nm, =~ 520 nm, = 640 nm and = 750 nm. The
last peak is due to the addition of gold nanorod with a larger aspect ratio of 3.5. Such PNG samples have potential
application as a simple and direct method of optimizing light trapping layers in photovoltaic devices. In addition, due to
their tunable optical absorption, PNGs can be potentially used in photothermolysis.*'
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Figure 3. Plasmonic nanogels with tuned optical properties. 1) 20 ppm 50 nm Au nanosphere (red). 2) 20 ppm Au
nanorod with an aspect ratio of 2.3 (blue). 3) 20 ppm 35 nm Ag nanosphere (yellow). 4) 10 ppm Au nanosphere +
10 ppm Au nanorod (purple). 5) 25 ppm Ag nanosphere + 10 ppm Au nanosphere (green). 6) 10 ppm Au nanorod
+ 10 ppm Ag nanosphere (orange). 7) 15 ppm Ag nanosphere + 5 ppm Au nanosphere + 10 ppm Au nanorod
(brown). Nanoparticles are distributed in the wormlike micellar solution of 100 mM CTAB/100 mM NaNO;.
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Figure 4. A multicomponent plasmonic nanogel with a relatively uniform extinction spectrum over the visible
range. Five different nanoparticles (A-E) are suspended in the nanogel. Nanoparticles are distributed in the
wormlike micellar solution of 100 mM CTAB/100 mM NaNO;.

4. RHEOLOGY AND STRUCTURE OF PLASMONIC NANOGELS

PNGs are promising materials for optofluidics, not only because they have tunable optical properties, but also due to
their low viscosity that allows it to flow at room temperature. To decipher the flow behavior and structural properties of
the PNGs, we performed rheological measurements. A TA Instruments AR-G2 rheometer was used for this purpose. 100
mM CTAB/100 mM NaNOj; samples with 0, 0.01, 0.05, 0.1 and 0.2 wr. % Ag nanoparticles were prepared and studied
under steady shear flow rate from 1 s™' to 1000 s'. The neat WLM solution (no nanoparticles) exhibited a plateau at low
shear rates and shear thinning at shear rate abovel00 s™. The decrease in viscosity at sufficiently large shear rate is due
to flow alignment and breakage of the network. The shear rate y* at which shear thinning manifests can be used to

estimate the relaxation time /1, = ;/*' The relaxation times and zero shear viscosities (7,) were obtained by fitting the

Carreau model to shear viscosity.’> With 0.01 wz.% nanoparticle added, the zero shear viscosity increases from 0.04 to
0.09 Pa's. The increase in the zero shear viscosity for samples with Ag NPs was much greater than what the Einstein
equation for viscosity of dilute suspensions would predict. This is indicative of the formation of micelle-nanoparticle
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junctions. Significant rheological changes occured upon the addition of 0.2 wt.% nanoparticles. Besides the increase in
79, the onset of shear thinning shifts to a lower shear rate, which is indicative of a longer relaxation time.

Nanoparticles materially participating in the WLM network can enhance the network viscoelasticity leading to a
substantial retardation of the nanoparticle mobility. Figure 6 shows the storage and loss moduli G’ and G” of PNGs as a
function of imposed frequency ranging from 0.1 to 100 Hz. 100 mM CTAB and 100 mM NaNO; WLM solution with
0.01 wt.% Ag nanoparticles did not exhibit any viscoelasticity. With the addition of 0.20 wz.% the sample was noticeably
viscoelastic. Another method to enhance viscoelasticity of the PNGs is by introducing salt into the gel. As shown in
Figure 6, with 200 mM NaNO; and only 0.01 wt.% Ag, the sample also exhibited viscoelasticity. The increase in G
observed upon the addition of the nanoparticles or salt can be interpreted as a commensurate increase in the network
density p = Gy/k,T that is caused by the formation of NP-mediated network junctions. The network mesh size of each
sample can be estimated as (k,7/Go)"”. The mesh size decreased from 82 nm to 55 nm as nanoparticle concentration
increases from 0.01 to 0.20 wt.%. These results provide a promising road map for using nanoparticle or salt as a means
to contr(;; plasmonic nanogel flow behavior for new applications in plasmonics, micro/nanofluidics-based sensing and
biology.
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Figure 5. Steady state viscosity of plasmonic nanogels of 100 mM CTAB and 100 mM NaNO; as a function of Ag
nanoparticle concentration. Lines represent fits to the Carreau model.
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Figure 6. Linear viscoelastic spectrum of plasmonic nanogels (Storage modulus, G’, open symbols and loss
modulus, G”, closed symbols). Sample I (#): 100 mM CTAB + 100 mM NaNO3 + 0.20 wt.% Ag. Sample II (V):
100 mM CTAB + 100 mM NaNO; + 0.01 wt.% Ag. Sample III (m): 100 mM CTAB + 200 mM NaNO; + 0.01
wt.% Ag.
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5. CONCLUSION

Nanoparticles in solution are unstable and tend to agglomerate leading to phase separation, which limits the application
of nanoparticle in fluidic systems. In this study, we design and synthesize multicomponent plasmonic nanogels by the
self-assembly of different types metal nanoparticles with wormlike micelles in an aqueous solution. The nanogels have a
long shelf life (~ weeks) and exceptional color uniformity. The optical properties of the gels can be easily tuned by
varying the type, shape and/or composition of nanoparticles. Nanogels with localized, multiple wavelength and broad-
band optical properties are synthesized in this work. Both nanoparticle and salt concentration have significant influence
on the zero viscosity and viscoelasticity of the plasmonic nanogels. Their relatively low viscosity allows them to flow at
room temperature. Thus, plasmonic nanogels combine the tunable optical properties and flow behavior. They are
potentially suitable for optofluidic systems. Further, they can be processed by dip or spin coating onto substrates to
produce thin films and interfaces that can be applied in photovoltaic devices and bio-molecular detection.
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