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Thermoresponsive Assembly of Charged Gold Nanoparticles and Their
Reversible Tuning of Plasmon Coupling**
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Plasmonic metal nanostructures have been intensively stud-
ied for a wide range of applications such as chemical sensing,
optoelectronics, and photothermal therapy, because of their
unique optical properties caused by localized surface plasmon
resonance (LSPR).! Since the assembly of plasmonic nano-
particles into secondary structures may induce near field
coupling of surface plasmons between adjacent particles, new
optical properties can be obtained, inducing shifts of plas-
monic peaks, and the generation of “hot spots” that are very
useful for enhancing Raman scattering.” Of particular
interest is the reversible assembly of such plasmonic nano-
structures, which is expected to enable dynamic tuning of the
surface plasmon coupling in response to the external stimuli,
and therefore produce active optical materials for applica-
tions such as color signage, bio- and chemical detection, and
environmental sensing.”! However, despite extensive studies
on nanoparticle assembly,?*4 it remains a great challenge to
develop stimuli-responsive systems with reversibly tunable
plasmonic properties. In the few available reports for gold
nanoparticles (AuNPs), some are designed to respond to pH
changes,*! while others involve thermoresponsive polymers
so that the systems are sensitive to temperature variations.

Recently, it was found that charged AuNPs can self-
assemble into linear structures in aqueous media and show
significantly altered optical properties because of surface
plasmon coupling.””! The linear assembly is believed to be
the result of a balance between various interparticle attractive
and repulsive forces, such as van der Waals attraction and
electrostatic repulsion, and is primarily promoted by the
relatively weak electrostatic repulsion experienced by
a AuNP during end-on attachment to an existing nanochain
relative to side attachment. We also reported recently that
when the AuNPs are capped with sufficiently strong ligands,
such as bis(p-sulfonatophenyl)-phenylphosphine (BSPP), the
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assembly process becomes reversible, with the linear chain
structures forming at high ionic strength, and dissociating
after dilution.® It is believed that the short-range steric
repulsion enabled by the BSPP layer counters the van der
Waals attraction when the particles are brought into close
contact, and thus enables the reversible assembly and
disassembly.

While the van der Waals attraction mainly depends on the
properties of the nanoparticles themselves, such as density,
shape, and volume, the electrostatic interaction depends not
only on the surface properties of the nanoparticles but also
the properties of their surroundings, such as the dielectric
constant of the solvent, the ionic strength, pH, and temper-
ature.*t**) Herein, we demonstrate the thermoresponsive
assembly and disassembly of charged AuNPs through the
manipulation of the electrostatic interactions by temperature
variation, and further show dynamic and reversible tuning of
the surface plasmon coupling by controlling the temperature
of the solution. Based on experimental measurements and
theoretical calculation, we reveal that the reversible assembly
and disassembly can be attributed to the temperature
dependence of the surface charges on the colloidal nano-
particles.

Negatively charged AuNPs covered with BSPP ligands
were synthesized by using the classic citrate reduction method
followed by a ligand exchange process. Then the AuNPs,
about 15 nm in diameter, were dispersed in an aqueous
mixture of 0.09M NaCl and 2 wt % agarose at 70°C. Cooling
the sample down greatly increased the viscosity of the system
and eventually converted the solution into a hydrogel when
the temperature is below 40 °C. By sweeping the temperature
in the range of 40-5°C, AuNPs can be assembled or
disassembled, and show temperature-dependent optical prop-
erties (Figure 1a). The sample at high temperature appeared
ruby red, indicating a disassembled state, while at low
temperature it became dark blue, suggesting a linear chain
structure as described in earlier reports.”® As shown in the
temperature-dependent extinction spectra in Figure 1b,c,
when the temperature was lowered from 40°C, the plasmonic
peak originally at about 525 nm gradually decreased in
intensity, while a shoulder at longer wavelengths started to
develop and eventually evolve into a distinct peak at about
685 nm upon the temperature reaching 5°C. This new peak
represents a 1D longitudinal plasmon coupling between
AuNPs, revealing the chain structure of the assemblies.?+*1%
The red-shift of the original 525 nm peak to about 560 nm is
most likely because of the irregularity of the chain-like
aggregates which results from the high salt concentration in
our systems."'l When the same sample was heated from 5°C
back to 40°C, the extinction spectra gradually reverse
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Figure 1. The thermoresponsive tuning of plasmonic properties of
charged colloidal AuNPs: a) AuNPs switching between the disassem-
bled and assembled states in response to temperature changes, b) the
extinction spectra of a typical AuNP dispersion when cooled from
40°C to 5°C, and c) the extinction spectra of the same sample when
heated from 5°C back to 40°C. There is a 5°C temperature difference
between each neighboring spectrum.

direction and fully recover the single isotropic surface
plasmon (ISP) band, suggesting the disassembly of the
chains into isolated nanoparticles. The assembly and disas-
sembly processes also occur in the AuNP solution containing
no agarose. The presence of the agarose hydrogel network,
however, helps to limit extensive chain growth, prevent
precipitation of the assemblies, and ensure uniform distribu-
tion of the AuNPs in the sample, so that a consistent optical
tuning can be achieved and recorded.

To investigate the stability and reversibility of the system,
a similar sample was prepared and cycled 9 times between
5°C and 40°C. As shown in Figure 2a, the recorded spectra
essentially show two bands of nearly overlapped curves
corresponding to extinction profiles at high and low temper-
atures, respectively. Figure 2b plots the peak positions of the
coupled surface plasmon (CSP) band at 5°C and the ISP band
at 40°C, further demonstrating the complete reversibility of
the thermoresponsive optical switching. Compared to the pH-
responsive assembly systems, our system exhibits impressive
reversibility and reproducibility.*<!

www.angewandte.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

5°C
0.8+

//a.u.

40°C
0.4+

0.0 T T T 1
400 500 600 700 800

Alnm ——>

b
) 680

l....ll.-5°C

640

600

Alnm

5604

520 40°C

Cycle Count

Figure 2. a) The extinction spectra of a typical AuNP dispersion during
nine cycles of repeated heating (at 40°C) and cooling (at 5°C). b) The
repeated switching of plasmonic peak positions (ISP peak at 40°C and
CSP peak at 5°C) for nine cycles.

Combining the two major interactions commonly consid-
ered in the Derjaguin-Landau—Verwey—Overbeek (DLVO)
theory results in a net potential that is predicted to approach
a value of negative infinity upon particle contact.”'*! Appa-
rently, such an infinitely deep primary minimum is not
consistent with the reversible assembly observed in this
study." Therefore, non-DLVO interactions accounting for
short-range repulsion cannot be neglected when nanoparti-
cles begin to contact.”! Theoretically, whether nanoparticles
are in assembled or disassembled states as well as the
reversibility of nanoparticle assemblies should be determi-
nable by examining the interparticle energy diagrams under
specific conditions. If the interparticle energy minimum
appears at a short interparticle distance, the assembled state
is thermodynamically preferable; otherwise, the disassembled
state is preferred.’'! The total interaction energy (V7or)
between colloidal nanoparticles is the sum of electrostatic
energy (V,..), van der Waals potential energy (V,,v) and
short-range repulsion energy (Viz) [Eq. (1)].7+*" For nano-

Vior = Veee + Viaw + Vsr 1)

scale spherical particles, the electrostatic and van der Waals
potential energy can be expressed by Equations (2) and (3).1

Veee = 2ese0apl(T) In{1 + exp[—ax(R — 2)]} ()
Al 2 2 R-4
Vo = =5 (gt 0 ) ®
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In Equation (2), €&, is the dielectric constant of the solvent, a
is the radius of the particle, ¥, is the surface potential of the
particle, T is absolute temperature,x ' is the Debye length
[shown in Eq.(4)], and R =r/a where r is the distance

k! = %’% (4)
between the neighboring particle centers. In Equation (3), A
is the Hamaker constant between particles in the solvent
which is 3x 107 J for Au-H,0-Au.'"! In Equation (4), kj is
the Boltzmann constant, e is the charge of electron, and / is
the ionic strength of the solvent. In this system, the short-
range repulsion is mainly due to the steric interactions
between BSPP and the hydration force experienced by the
interacting AuNPs. Without referring to the precise details of
the short-range forces, we find it convenient to resort to the
mean Born potential formulation developed previously for
the examination of reversible coagulation or adsorption
phenomena,™ as shown in Equation (5), in which o, is the
collision diameter with a typical value of 0.5 nm.!'>1%]

Vg =

a(C\ (A1 (R—14R+54 2R +60 R +14R+54
(7) (o) & ®-2) TR TRy

5)

According to Equation (2), electrostatic interaction is mainly
affected by temperature, Debye length, dielectric constant of
the solvent, and particle surface potential. The first three
parameters can be directly obtained or derived, while the
particle surface potential in solutions with defined ionic
strength and temperatures can be measured. Figure 3a shows
the zeta potential values for AuNPs dispersed in a 0.09m NaCl
solution at four different temperatures, which was found to
change from —64.3 mV to —43.3 mV with the decrease in
temperature from 40°C to 10°C. The nearly linear increase in
the magnitude of zeta potential with temperature is consistent
with the results reported in the literature, and it is often
attributed to the changes in surface adsorption/desorption
equilibrium, charge dissociation equilibrium, and the diffuse
double-layer thickness.” Our calculation shows that the
change in zeta potential with temperature leads to a prom-
inent change of electrostatic energy. With an assumed ligand
layer thickness of 0.5 nm (Supporting Information), Figure 3b
plots the total interaction energy versus interparticle distance,
as calculated according to Equations (1)-(5). The energy
diagrams show obvious differences for cases at different
temperatures. The primary energy maximum, which plays
arole as an energy barrier for the assembly process, gradually
vanishes with decreasing temperature. At the same time, an
energy well at about 1.3 nm gradually evolves, which is in
favor of a stable assembled state. This result is in agreement
with experimental observations that a disassembled or
isolated state is energetically favored for AuNPs at higher
temperatures such as 40°C; while at low temperatures such as
10°C or lower, AuNPs can stay in the assembled state because
of the presence of a well-defined energy well. Meanwhile, the
considerably shallow energy well at low temperatures
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Figure 3. a) Zeta potential versus temperature plotted for colloidal
AuNPs in 0.09 M NaCl aqueous solution. b) Interparticle energy versus
interparticle distance plot of AuNPs in 0.09 M NaCl aqueous solution.

(<4KkT) is critical for the reversible assembly—disassembly
processes.!"”!

The ionic strength of the solution has a profound effect on
electrostatic interactions. As expected, the salt concentration
plays an important role in governing the particle interaction
energy and therefore the assembly behavior. Figure 4 com-
pares the extinction spectra of the samples with lower (0.05m)
and higher (0.13 M) NaCl concentrations relative to the typical
value (0.09Mm) that we tested. At a low salt concentration, no
extensive assembly of AuNPs occurred, resulting in a CSP
band that appeared only as a shoulder even at 5°C. At a high
salt concentration, assembly of AuNPs was difficult to
prevent, with a CSP band prominent even at high temper-
atures such as 40°C. Calculation of the particle interaction
energy for the case of low salt concentrations by using the
measured zeta potential values suggests that even though
distinct energy wells form throughout the entire temperature
range, the overall positive interaction energy and the high
primary energy maximum make it difficult to form assemblies
(Figure 4c¢). In the case of high salt concentrations, a small
interparticle distance is energetically preferable, as suggested
by the considerably deep energy wells in the calculated
particle interaction energy diagram in Figure 4d, suggesting
a significantly higher tendency to assemble.

The concentrations of both nanoparticles and agarose
have been found to affect the extent of the AuNP assembly
and consequently the plasmonic properties. When other
parameters are fixed, the variation in the concentration of
AuNPs change the average size of the assemblies, as expected
from the mass action kinetic analysis.””) When assembled at
5°C, the CSP peak shifts more to the red and shows
a continuously increasing intensity at higher AuNP concen-
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to dark red. Upon cooling down to room temperature, the
solution was mixed with an aqueous solution of BSPP
(0.5 mL, 40 mgmL ') and then stirred for 12 h. The AuNPs
were isolated by centrifugation, washed with DI water
(18 MQcm) 2 times, and dispersed in 10 mL of water. To
prepare the AuNP/gel sample, a solution containing modified
AuNPs (100 pL) was mixed sequentially with a BSPP solu-
tion (50 uL, 40 mgmL™"), an agarose sol (1 mL, 2wt%)
preheated at about 70°C, and a NaCl solution (100 pL) of
various concentrations. The mixture was transferred to
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a plastic cuvette after ensuring homogeneity. For both optical
and zeta potential analyses, the samples were stabilized at
defined temperatures (variation < 0.2°C) for 10 min before

each measurement.
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Figure 4. The extinction spectra measured at 40 and 5°C for AuNP dispersions
containing a) 0.05m and b) 0.13 m NaCl solutions, and the plots showing the
interparticle energy versus separation calculated for various temperatures for

AuNP dispersions containing c) 0.05m and d) 0.13 m NaCl solutions.

trations. The concentration of agarose does not significantly
affect the optical property of the AuNPs in the disassembled
form at high temperatures, however, it changes the average
chain length during the assembly of the AuNPs because the
gel density determines the local availability of the AuNPs.['2*!
As a result, the CSP peak shifts to longer wavelengths when
the particles are assembled at 5°C in a diluted agarose
solution. Because a higher agarose concentration is beneficial
to maintaining the stability of AuNP assemblies against
precipitation, we found 2wt% to be a good compromise
between the plasmon shift and the stability against precip-
itation.

In summary, we have studied the thermoresponsive
assembly and disassembly of colloidal AuNPs in aqueous
solution and demonstrated the reversible tuning of plasmon
coupling by controlling the temperature of the colloidal
dispersion. The thermoresponsive tuning was made possible
by the temperature dependence in the zeta potential of the
charged nanoparticles which allows reversible manipulation
of the electrostatic interactions by temperature variation. The
dynamic tuning of the surface plasmon coupling demon-
strated in this work represents an important step towards the
development of novel LSPR-based functional optical devices.

Experimental Section

Negatively charged AuNPs were synthesized by the classic citrate
reduction method followed by a ligand exchange process. Typically,
HAuCl,-3H,0 (19 pL, 1gmL™") aqueous solution was added to
boiling deionized (DI) water (95 mL) under stirring, followed by the
addition of an aqueous solution of tri-sodium citrate (5 mL, 1 wt%).
After boiling for 20 min, the solution gradually turned from colorless
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