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Multicomponent plasmonic nanogels (PNGs) capable of broadband absorption of light in the
400—700 nm wavelength range were synthesized by the self-assembly of metal nanoparticles with
wormlike surfactant micelles. Small angle x-ray scattering and rheological experiments suggest
that the nanoparticles bridge micelle fragments to aid the formation a stable gel phase with
exceptional color uniformity. Their optical absorbance could be robustly tuned by changing the
nanoparticle type (Au/Ag), size, shape, and/or concentration. The PNGs have relatively low
viscosity and are thermoreversible. Potential applications to the manufacturing of coatings and
interfaces for solar energy harvesting and reconfigurable optical devices can be envisioned. © 2011

American Institute of Physics. [doi:10.1063/1.3615785]

Improving the efficiency of thin-film photovoltaic (PV)
devices using plasmonic interfaces is an area of active
research.! The incorporation of a light trapping layer made of
noble metal nanoparticles (NPs) is a promising approach.>
Such nanostructured plasmonic interfaces have been fabri-
cated by using lithography,*> vapor deposition,”® dewetting
of thin metal films by ns’ ' and fs'* pulsed lasers and wet
chemistry involving self-assembled monolayers.'> An eco-
nomical scale up and adaptation of such processes for the fab-
rication of interfaces with multiple NP species/shapes/sizes in
a controllable and repeatable fashion is not straightforward.'*
In this letter, we show that an aqueous solution containing a
network of wormlike surfactant micelles (WLMs) can be used
as a template for producing stable multicomponent suspen-
sions of Au and/or Ag NPs with desirable optical properties.
Such suspensions, hereafter referred to as plasmonic nanogels
(PNGs), exhibit a long shelf life (~weeks) and color uniform-
ity as shown in Fig. 1. The shape, size, and concentration of
the NPs can be varied to tune the optical properties of the
PNGs. In this way, the PNGs can be designed to absorb radia-
tion over a broad band of wavelengths. The multicomponent
PNGs reported in this work have a relatively low viscosity
and elastic modulus. So, they can be spin- or dip-coated onto
substrates to produce plasmonic interfaces or be used in opto-
fluidic devices.'>'®

Cetyltrimethylammonium bromide (CTAB) WLMs are
elongated and semiflexible cylindrical aggregates formed by
the self-assembly of amphiphilic surfactants in aqueous solu-
tions.'”'® At sufficiently large concentrations, the micellar
chains entangle to form a viscoelastic network with a linear
dimension (&) on the order of (ka/Go)l/ 3. Here, Gy is the
plateau storage modulus and k, and T represent the Boltz-
mann constant and absolute temperature, respectively.'®
Fourier transform infrared spectroscopy and thermogravi-
metric analyses reported in the literature'® suggest that the
headgroup of a CTAB molecule can bind to the surface of a
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NP. Further, the addition of NPs to an entangled WLM solu-
tion has been shown to influence the network structure
through the formation of a double network of entanglements
and NP-mediated junctions.”’*' We have characterized the
structure of the PNGs with small-angle x-ray scattering
(SAXS) measurements.>? Fig. 2(a) shows the SAXS data for
a 100 mM CTAB micellar solution with and without the
presence of monodisperse spherical 30 nm Au NPs (Nano-
partz, Inc.). For the pure WLM solution, a Bragg diffraction
peak was observed at a relatively large scattering vector
q~0.053 A~'. This corresponded to a linear dimension 27/q
~ 11.4 nm which is greater than the diameter of a single cy-
lindrical micelle (4.6 nm). The diameter is known to be
approximately twice the length of a CTAB molecule.”’
Hence, the peak in the scattering intensity /(¢g) signified the
cross sectional dimension of the micellar aggregates. For
¢ <0.01 A, the scattering intensity followed Porod’s law,
i.e., I~g * This indicated a sharp interface between the
micelles and the aqueous environment.”*** For larger ¢ val-
ues, I ~ ¢~ '. This is consistent with a gel-like structure com-
posed of cylindrical fibers.”® Upon the addition of Au NPs,
an increase in I(gq) was observed for ¢ in the range of
0.01—0.04 A~". The enhanced I(g) could be fitted well to the
form factor of a suspension with spheres of mean radius 16
nm (*10%). The peaks became more pronounced as the NP
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FIG. 1. (Color online) Multicomponent plasmonic nanogels with tunable
optical properties. (1) 13.3 ppm Au(S, d=30), (2) 8 ppm Au(S, d=30)
+ 10 ppm Ag(S, d=35), (3) 13.3 ppm Ag(S, d=35), (4) 10 ppm Ag(S,
d=135) 4 10 ppm Au (R, «=2.3), (5) 13.3 ppm Au (R, «=2.3), (6) 10 ppm
Au(S, d=30) + 10 ppm Au(R, «=2.3), and (7) 6.7 ppm Au(S, d=30)
+ 6.7 ppm Ag(S, d=35) + 5 ppm Au (R, «=2.3). S and R denote spherical
and rod-like NPs, respectively.
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FIG. 2. (Color online) (a) SAXS data for plasmonic gels with 30 nm Au
NPs. (b) SAXS data for plasmonic gels with polydisperse Ag NPs.

concentration was increased. Hence, the increase in the scat-
tering intensity was attributed to the presence of the dispersed
NPs.?> A peak corresponding to the particles’ mean nearest
neighbor distance was observed at ¢ =0.0114 A~". The corre-
sponding distance, 55.4 nm, is approximately twice the NP di-
ameter. Hence, the NPs were assumed to be uniformly
distributed without agglomeration. Further, for ¢ > 0.06 A
the addition of NPs did not significantly affect the scattering
intensity. This indicated that the local micellar structure was
preserved for length scales up to ~10 nm. A comparison of
the SAXS data for 100 mM CTAB samples with 0, 0.01, 0.1,
and 1 wt. % polydisperse Ag NPs (Sigma-Aldrich, average di-
ameter d,ye &~ 38 nm) is shown in Fig. 2(b). Local micellar
structure was seen to be preserved in this case as well.

The structural information deciphered from SAXS data
was complemented by linear and nonlinear rheological meas-
urements on 100 mM CTAB/200 mM NaNOj; samples with 0,
0.01, and 0.1 wt. % Ag NPs.** A TA Instruments’ AR-G2 rhe-
ometer was used. The storage and loss moduli G’ and G” were
fitted to the Maxwell model to determine the structural param-
eters and the stress relaxation time A.. As shown in Table I,
the mesh size of the micellar network decreased from 76 to 58
nm as NP concentration was increased from O to 0.1 wt. %.
The increase in G observed upon the addition of the NPs can
be interpreted as a commensurate increase in the network den-
sity p = Go/k,T that is caused by the formation of NP-medi-
ated network junctions. The observed three-fold increase in
the zero shear viscosity, 1, for the sample with 0.1 wt. % Ag
NPs is much greater than what the Einstein equation for the
viscosity of dilute suspensions would predict.”” This is a fur-
ther indication of the formation of micelle-NPs junctions.

The optical absorbance of the PNGs was measured using
a UV-VIS spectrometer (Ocean Optics, Inc., USB-4000).
PNGs containing spherical Ag, spherical Au and/or rod-like
Au NPs (Nanopartz, d,,, ~ 25 nm, aspect ratio ranging from
1.4 to 3) were studied.”” The compositions of nine representa-
tive samples I-IX with different NP types (A-F) are listed in
Table II. The absorbance increases linearly with concentration
for relatively low NP concentrations.”® Hence, the addition of
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TABLE I. Structural and rheological parameters of Ag-WLM PNGs. Linear
rheological data were fitted to the Maxwell model. Nonlinear rheological
data were fitted to Carreau model.

Property 0.00wt. %  0.01wt.% 005wt.%  0.10wt. %
1o (Pa - s) 1.32 1.36 1.70 3.47

/¢ (s, nonlinear) 0.101 0.112 0.134 0.192
Gy (Pa) 9.34 13.23 17.25 2143
p(x10*' m™3) 227 321 420 5.21
En (nm) 76 68 62 58

J: (s, linear) 0.103 0.108 0.117 0.201

multiple species of NPs resulted in an absorbance spectrum,
which was a linear superposition of the individual spectra.

Fig. 3(a) shows the extinction spectra of five two-com-
ponent samples I-V. Samples I (spherical and small aspect
ratio rod-like NPs), III, IV, and V (multicomponent spherical
NPs) have only two peaks in their spectra. Each peak corre-
sponds to the radial plasmon resonance of the individual con-
stituent. The longitudinal plasmon resonance peak coincides
with the radial peak for particles with a small aspect ratio.”®
The superposition of the off-resonant tails of the individual
spectra led to an absorption in the off-resonant regions that
were in between the two resonant peaks. Longitudinal plas-
mon resonance in the large aspect ratio NPs (A and E) of
sample II led to an additional characteristic peak. Samples
VI-IX with three or more NP species were prepared to obtain
a more uniform extinction spectrum [Fig. 3(b)]. Sample VI,
which contained equal amounts of NPs A-E, showed three
absorption peaks located at ~410 nm, ~520 nm, and
~680 nm. The first two peaks were due to the radial plasmon
resonance of species A-C, the third peak was attributed to
the longitudinal plasmon resonance of species D and E. The
peaks corresponding to the radial plasmon resonance of spe-
cies D and E were small and diffuse in comparison. Hence,
they contributed by increasing the overall absorbance in the
400—600 nm range. The ability to tune the spectrum was
explored further with the following guiding rules that were
derived from our experiments and the literature: %% (1) Tun-
ing the relative proportion of the NPs affected the uniformity
of the spectra; e.g., samples VI and VII had the same total
weight fraction, but an increase in the concentration of large
aspect ratio rod-like Au NPs (E) in sample VII led to a more
uniform spectrum. (2) An increase in the proportion of large
diameter spherical NPs led to broader red-shifted peaks. So,
the presence of NP species C in sample VIII led to the
appearance of a broader red-shifted peak near 520 nm. (3)
The longitudinal plasmon resonance of NPs with a moderate
aspect ratio lies in the red region. Rod NPs (D) with an as-
pect ratio of 2.3 gave rise to a peak that was near 620 nm in
samples VI and IX. The presence of this peak gave rise to an
improved uniformity of the spectrum.

In conclusion, we have shown that multicomponent
plasmonic nanogels with a broadband absorption capability
can be robustly synthesized by the self-assembly of metal
NPs with wormlike micelles in an aqueous solution. While
we focused on the visible range of the solar spectrum, it is
plausible to access the UV and/or IR regions by a suitable
selection of the constituent species such as different metals
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TABLE II. Composition (in weight fractions) of multiple species (A through F) plasmonic gels. The WLM concentration is 100 mM for all samples. The di-
ameter of spherical NPs (S) is denoted by d while d,.q and o represent the diameter and aspect ratio of rod-like NPs (R).

A (Ag, S) B (Au, S) C(Au, S) D (Au,R) E (Au,R) F (Au,R)
Sample d=35nm (ppm) d=30nm (ppm) d=90nm (ppm) dioa=25nm =23 (ppm) dioa=25mm o=3.0 (ppm) d;oq =25 nm o= 1.4 (ppm)
1 26.7 — — — — 21.3
11 26.7 — — — 21.3 —
it 13.3 — 21.3 — — —
v 26.7 21.3 — — — —
\% 13.3 21.3 — — — —
VI 6.7 6.7 6.7 6.7 6.7 —
VII 33 6.7 6.7 33 13.3 —
VI 6.7 — 13.3 — 13.3 —
X 33 33 13.3 6.7 6.7 —

and varying NP architectures.”’ The self-assembly route
described in this letter is a scalable room temperature process
and does not rely on specific chemical interactions. There-
fore, it is applicable to a variety of metals and shapes. Fur-
ther, the gels have a long shelf life and are thermally stable
up to ~80°C. The network melted at temperatures >80 °C,
resulting in a phase separated system consisting of a dense
NP layer beneath a transparent surfactant solution. However,
upon cooling to below 80 °C followed by vortex mixing, the
PNGs were reformed. Thus, the phase transition is thermore-
versible. Since the PNGs possessed a relatively low viscosity
(~1 Pa - s) and low elasticity, they can be processed by well-
established low cost techniques such as dip-/spin-coating
onto or spraying over substrates to produce thin films and
interfaces that are potentially suitable for applications rang-
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FIG. 3. (Color online) (a) and (b) Plasmonic response spectrum of multi-
component system (refer to Table II for composition details).

ing from light trapping in photovoltaic devices to molecular
detection in environmental and biological systems. Further,
the PNGs could be also used to develop reconfigurable plas-
monic devices using the optofluidics technology.'>"'®
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