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ABSTRACT Metal nanoparticles exhibit unique optical characteristics in visible
spectra produced by local surface plasmon resonance (SPR) for a wide range
of optical and electronic applications. We report the synthesis of poly(N-
isopropylacrylamide) surfactant (PNIPAM-C18)-functionalized metal nanoparticles
and ordered superlattice arrays through an interfacial self-assembly process. The

method is simple and reliable without using complex chemistry. The PNIPAM-C18-
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functionalized metal nanoparticles and ordered superlattices exhibit responsive behavior modulated by external temperature and relative humidity (RH).

In situ grazing-incidence small-angle X-ray scattering studies confirmed that the superlattice structure of PNIPAM-C18 surfactant-functionalized

nanoparticle arrays shrink and spring back reversibly based on external thermal and RH conditions, which allow flexible manipulation of interparticle

spacing for tunable SPR. PNIPAM-C18 surfactants play a key role in accomplishing this responsive property. The ease of fabrication of the responsive

nanostructure facilitates investigation of nanoparticle coupling that depends on interparticle separation for potential applications in chemical and

biological sensors as well as energy storage devices.
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etal nanoparticles such as gold' >
and silver*® nanoparticles exhibit
unique optical properties in the

visible spectrum produced by local sur-
face plasmon resonance (SPR). Coupling of
nearest neighbor nanoparticles within self-
assembled arrays further results in new pro-
perties, so-called collective SPR,”~'° which
induces a shift of the plasmonic peaks or
creates hot spots that depend on the inter-
particle distance."' ~'* These properties pro-
vide the essential and technological basis
for fabrication of chemical and biological
sensors, for chemical deposition, and for
understanding charge or energy transfer
between nanoparticles.’>'® Precise control
of interparticle spacing is required for effi-
cient integration of this concept for the
above applications. To this end, a wide
range of efforts have been made to explore
adjusting interparticle distance in order to
tune the SPR.'”'8 Early efforts were focused
on synthesis of monodisperse nanoparti-
cles with controlled organic chain length.'
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Organic ligands on a nanoparticle surface
play an important role in preventing nano-
particles from aggregating, which essen-
tially enables control of interparticle spac-
ing. Depending on the chain length, the
interparticle distance can be varied when
nanoparticles self-assemble into ordered
arrays.?® The advantage of this method is
that the interparticle spacing can be pre-
cisely tuned at the atomic level using
molecular alkane chains. For example,
monodisperse gold nanoparticles were
synthesized using alkanethiols (CH5(CH,),SH).
The length of each —CH, group is ~1.2 A. By
changing the alkane length (e.g., changing
the n number), the overall interparticle spac-
ing can be varied on the basis of 1.2 A. The
drawback of this method is that when the
alkane chains are too short (e.g., fewer than
six —CH, groups), it is synthetically difficult
to retain the monodispersity. Thus, the
interparticle distance of the resulting
nanoparticles are ill-defined, which limits
the ability to tune the SPR. Moreover,
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complicated chemistry is involved during synthesis,
which often also results in poor quality control of the
monodispersity of the functionalized nanoparticles.
Additionally, tedious postseparation and purification
make the final yield very low.

Driven to overcome the limitations, recent efforts
were made to achieve dynamic and reversible tuning
of the surface plasmon coupling. One way to accom-
plish this is to use organic ligands that respond to
external environmental stimuli (e.g., thermal or pH
changes), in order to functionalize the nanoparticle
surface (through chemical bonding) so that the inter-
particle spacing of the resulting functionalized nano-
particles varies in response to external temperature or
pH changes.>?'~* Similarly, Liu et al. recently devel-
oped a thermoresponsive gold nanoparticle assembly
for reversible tuning of surface plasmon coupling. This
method relies on charge-stabilized gold nanoparticle
assemblies.?

Here we developed a simple and reliable method to
synthesize poly(N-isopropylacrylamide) (PNIPAM) de-
rivative functionalized silver nanoparticle micelles and
arrays that are responsive to external environmental
changes.

RESULTS AND DISCUSSION

PNIPAM derivative functionalized silver nanoparticle
micelles were synthesized through an interfacially
driven microemulsion (u-emulsion) method that we
developed in the past?®*?’ In our previous work,
u-emulsions were fabricated through dispersion of
an organic solution containing nanoparticles as the
building blocks to another immiscible aqueous solu-
tion; subsequently, we removed the organic solvent
through thermally driven evaporation, which induces
nanoparticle self-assembly that was confined within
u-emulsion droplets.'? The balanced interactions (van
der Waals, dipole—dipole interactions, ligand—ligand
attractions, etc.) between nanoparticles lead to forma-
tion of ordered nanostructured particle arrays. Herein,
we extended this method to synthesize PNIPAM deri-
vative functionalized silver nanoparticle micelles by
using long alkyl chain substituted PNIPAM surfactant
(PNIPAM-C18; see Scheme 1) and metal (gold and
silver) nanoparticles that were functionalized with
myristic acid or 1-dodecanethiol. In a general prepara-
tion, PNIPAM-C18 surfactant was added to deionized
water to form solution A. Solution A was sonicated to
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Scheme 1. Molecular structures of PNIPAM-C18 surfactant,
poly(N-isopropylacrylamide) (PNIPAM), and polystyrene (PS).
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completely dissolve the PNIPAM-C18 surfactant. In another
preparation, 5.5 nm silver nanoparticles were dissolved
in 1T—2 mL of chloroform to form solution B. Solutions A
and B were mixed together with vigorous stirring, and
the chloroform was removed by vacuum or heat
treatment to complete the formation of silver PNI-
PAM-C18 nanoparticle (Ag-PNIPAM-C18) micelles in
water. Due to the amphiphilic nature of the PNIPAM-
C18 surfactant, the method is very simple and enables
preparation of silver nanoparticle micelles without
using chemical reactions. The resulting Ag-PNIPAM-
C18 micelle solution is light brown and was diluted for
UV—vis spectroscopy or TEM characterization. The
micelle solution was very stable, and no visible pre-
cipitate was observed over 3 months. Self-assembly of
these silver nanoparticle micelles can further form
ordered arrays that respond to external temperature
changes. In situ grazing-incidence small-angle X-ray
scattering (GISAXS) was carried out to monitor the
evolution of interparticle spacing changes during a
thermal cycling process.?®

Figure 1A,B show representative transmission elec-
tron micrograph (TEM) images of Ag nanoparticle
micelles. Dynamic light scattering measurements
(Figure S1) show a similar narrow size distribution to
the Ag nanoparticles. Formation of ordered hexagonal
(A) and cubic lattice (B) arrays confirmed the mono-
dispersity of the Ag nanoparticle micelles. The GISAXS
image (Figure 1C) of the ordered Ag nanoparticle
micelle arrays prepared by drying the stock solution
on a Si wafer exhibits face centered cubic (fcc) lattice
patterns. On the basis of fcc symmetry, the primary
peaks in line scan pattern (Figure 1D) could be as-
signed as corresponding to the 111, 200, 220, and 311
Bragg planes. The calculated unit cell parameter
a=1143A.

The thermoresponsive properties of Ag-PNIPAM-C18
micelles was studied by UV—vis absorption spectros-
copy, and the result is shown in Figure 2A. At 25 °C, the
aqueous micelle solution was transparent. Upon heat-
ing the micelle solution to above 32 °C (lower critical
solution temperature, LCST),?° 3" the solution became
cloudy due to the coil-to-globule transition of the
PNIPAM-C18 chain, which caused light scattering in
the aqueous phase. The plasmon peak red-shifted from
435.2 nm to 458.9 nm. This is likely due to the result of
the decreasing of interparticle distance caused by the
shrinkage of PNIPAM-C18 and the increasing of the
refractive index of PNIPAM-C18 chain segments sur-
rounding the Ag NPs at increased temperature. Upon
cooling from 40 °C to 25 °C, the plasmon peak shifted
back to 435.2 nm. This process was fully reversible
during heating—cooling cycles between 25 and 40 °C
as shown in Figure 2B,C.

The thermoresponsive behavior of thin films of Ag-
PNIPAM-C18 micelle arrays was studied with GISAXS
during the thermal cycling processes. In order to study
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Figure 1. Characterization of Ag nanoparticle micelles and ordered arrays. Representative transmission electron micrographs
(TEM) of individual Ag nanoparticle micelles (A) and ordered arrays (B). (C) Representative GISAXS image of ordered Ag
nanoparticle micelle arrays at room temperature and RH of 44% and (D) a 2D line cut obtained from the image in (C).
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Figure 2. Responsive optical property of PNIPAM-C18-functionalized Ag nanoparticle micelle in water. (A) UV—vis spectra of
the aqueous solution of Ag-PNIPAM-C18 micelles during increasing and decreasing temperature and (B) during a reversible
heating and cooling process. (C) Reversible changes of Ag nanoparticle SPR peak during heating and cooling cycles in (B).

the change of the lattice constant at various tempera-
tures, thin films of ordered Ag-PNIPAM-C18 micelle
arrays were prepared on Si wafers and were placed on
a thermal stage in a sealed chamber with controlled
temperature. GISAXS measurements were carried out
to monitor the superlattice structural evolution during
the thermal cycling process. Figure 3 shows the GISAXS
results from the thermal cycling of thin films of
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Ag-PNIPAM-C18 micelle arrays at different tempera-
tures. The Ag-PNIPAM-C18 micelles formed a cubic,
fcc superlattice at 25 °C, with a lattice parameter a of
1143 A (Figure 3A). When the temperature was in-
creased to 40 °C, all the peaks from SAXS patterns
shifted to a smaller d-spacing. The overall dimensions
of the fcc lattice shrank as indicated by the shrinkage
of the d;;; spacing (Figure 3B). This further caused
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Figure 3. Responsive behavior of Ag nanoparticle arrays at varied temperature. (A) 2D line cut GISAXS patterns of a film of Ag-
PNIPAM-C18 arrays at varied temperature. (B) d1, spacing and interparticle spacing dyy calculated from GISAXS patterns in

(A) at the corresponding temperature.
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Figure 4. Responsive behavior of Ag-PNIPAM-C18 micelle arrays at varied RH. (A) GISAXS patterns of Ag-PNIPAM-C18 arrays
under different RH at 40 °C. (B) GISAXS spectra of Ag-PNIPAM-C18 arrays under different RH at 25 °C. (C) d,,, spacing of a Ag-
PNIPAM-C18 micelle array. (D) GISAXS spectra of Au-PS arrays under different RH at 40 °C.

the interparticle distance dyy to shrink (Figure 3B).
This is likely due to the thermoresponsive nature of
PNIPAM-C18 around the Ag nanoparticle surface. When
the temperature is above the LCST, PNIPAM-C18
chains shrink due to coil-to-globule transition, which
leads to overall shrinkage of the lattice dimension of
Ag-PNIPAM-C18 micelle arrays.

In addition to the thermoresponsive behavior, we
also found out that Ag-PNIPAM-C18 micelle arrays
exhibit another responsive property due to the exter-
nal environment. The spatial lattice dimension of
Ag-PNIPAM-C18 micelle arrays changes according to
external relative humidity (RH). During controlled
experiments, the thin films of Ag-PNIPAM-C18 arrays
were placed in a sealed chamber with controlled
temperature and RH. GISAXS was carried out to moni-
tor structural evolution of the Ag-PNIPAM-C18 super-
lattice. At the beginning of the experiments, the lattice

LI ET AL.

structure exhibits an fcc cubic superlattice structure
with a lattice parameter g of 117.5 A at 40 °C and RH of
99.9%. When the RH inside the chamber was lowered
to ~44%, all the peaks in the SAXS patterns shifted to
smaller d-spacing, as shown in Figure 4A. This suggests
that the superlattice dimension shrunk while the RH
decreased. The calculated lattice parameter a changed
to 113.4 A. When the RH in the chamber was raised
back to 99%, the GISXAS patterns returned to their
original positions, which indicates that the shrunken
superlattices sprang back. Experiments at different
temperatures showed similar shrinkage and spring-
back behavior (Figure 4B). We found that the shrinkage
and spring-back processes of the Ag-PNIPAM-C18
superlattice structure are reversible (Figure 4C). To
further confirm the function of the PNIPAM-C18 sur-
factant surrounding nanoparticles, similar experiments
were performed using thin films of nanoparticle arrays
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with polystyrene instead of PNIPAM-C18 surfactant
as a comparison. The GISAXS patterns (Figure 4D)
from these films showed no shift when the RH was
changed back and forth. This suggests that the external
RH has no influence on the superlattice structure of the
nanoparticle arrays. It unambiguously establishes that
PNIPAM-C18 plays a key role in inducing lattice respon-
siveness to external RH.

CONCLUSION

In summary, we prepared PNIPAM-C18-functionalized
metal nanoparticles and ordered superlattice arrays
through an interfacial self-assembly processes. The
method is simple and reliable without using com-
plex chemistry. The Ag-PNIPAM-C18 nanoparticles

METHODS

Materials. Polystyrene (PS) was purchased from Aldrich. The
PNIPAM-C18 was synthesized by free radical polymerization in
the presence of octadecanethiol, which acted as a chain transfer
agent. The myristate-protected silver (Ag)32'33 and gold (Au)>*
nanoparticles capped with 1-dodecanethiol were synthesized
according to literature methods. The standard size distribution
is ~5%.

Preparation of Ag-PNIPAM-C18 Micelles and Ordered Arrays. In a
general preparation, PNIPAM-C18 surfactant was added to
deionized water to form solution A. Solution A was sonicated
to completely dissolve the PNIPAM surfactant. In another pre-
paration, 5.5 nm silver nanoparticles were dissolved in 1—2 mL
of chloroform to form solution B. Solutions A and B were mixed
together with vigorous stirring, and the chloroform was re-
moved by vacuum or heat treatment to complete the formation
of silver PNIPAM-C18 nanoparticle (Ag-PNIPAM-C18) micelles in
water. Specifically, Ag nanoparticles (40 mg) were dispersed in
0.8 mL of chloroform and added into an aqueous PNIPAM-C18
solution (45 mg in 1 mL of DI water). The mixture was shaken
vigorously. The chloroform was allowed to evaporate slowly
while the mixture was stirred at 800 rpm and heated at 50 °C.
The colorless aqueous phase became brownish after the chloro-
form was gone, which indicated the formation of Ag-PNIPAM-
C18 micelles.>® The resulting suspension was centrifuged at
4000 rpm for 2 min to remove large clusters, and a clear brown
aqueous solution of Ag-PNIPAM-C18 micelles was obtained.
To prepare Ag-PNIPAM-C18 arrays, Ag-PNIPAM-C18 micelle
solutions were dropcast on a Si wafer and allowed to dry
slowly at 40 °C.

Characterization. Transmission electron microscopy was per-
formed on a JEOL 2010 with a 200 kV acceleration voltage,
equipped with a Gatan slow scan CCD camera. UV—vis spectra
were obtained on a Lambda 950 spectrophotometer (PerkinElmer).
Grazing-incidence small-angle X-ray scattering® was per-
formed on the D1 station at the Cornell High Energy Synchro-
tron Source using monochromatic radiation of wavelength 1 =
1.1688 A. The sample to detector distance was 603.3 mm, as
determined using a silver behenate powder standard. The
incident angle of the X-ray beam was varied from 0.1° to 0.5°.
Typical exposure times ranged from 0.1 to 2.0 s. Scattering
images were calibrated and integrated using the Fit2D software.
Dynamic light scattering (DLS) was measured on a Zetasizer
Nano S, Malvern.
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and ordered superlattices exhibit responsive behav-
ior modulated by external temperature and RH.
GISAXS studies confirmed that the superlattice
structure of PNIPAM-C18 surfactant functionalized
nanoparticle arrays shrinks and springs back revers-
ibly based on external thermal and RH conditions,
which allows flexible manipulation of interparticle
spacing for tunable SPR. PNIPAM-C18 surfactants
play a key role in accomplishment of the respon-
sive property. The ease of fabrication of the respon-
sive nanostructure facilitates investigation of nano-
particle coupling that depends on interparticle
separation for potential applications in chemical
and biological sensors as well as energy storage
devices.
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