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ABSTRACT: In this article, we aim to investigate the
sensitivity of regular arrays of hybrid plasmonic nanostructures
to variations in properties of the local environment (temper-
ature, refractive index, polymer thickness), in the context of
sensing and active plasmonic applications. A proper
description and characterization of such hybrid systems is
indeed essential in order to provide designed criteria for
efficient stimuli-responsive devices. As an ideal model, we
introduce a novel kind of hybrid plasmonic core−shell system
made of lithographic gold nanorods (GNRs), coated by a
thermosensitive polymer shell based on poly(N-isopropylacry-
lamide) (pNIPAM). The grafting of the polymer on the GNRs results from a multistep but simple approach in order to confine
the pNIPAM brushes on the GNRs and to control the thickness of the polymer coating. We show that the optical response of the
plasmonic hybrid structures (GNR@pNIPAM) is strongly modified upon a variation of the external temperature, due to a
physical change of the conformation of the polymer coating. These thermo-induced changes of the optical properties can be
optimized by changing the aspect ratio of the GNRs and the polymer thickness to obtain very efficient optical reporters of the
polymer state in a controlled and reversible manner. This work could provide an important step toward the use of GNR@
pNIPAM structures for applications spanning from opto-mechanical modulators to nanoscale adhesion and molecular sensing.
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The patterning of inorganic nanomaterials combined with
soft matter can give access to a fascinating class of hybrid

structures and properties, in which the stimuli-responsive
properties of the soft component can drastically modify the
electrical, magnetic, optical, or catalytic properties of the
inorganic component.1,2 If the hybrid system is made of gold or
silver nanostructures coated with polymeric shells, their optical
properties can be dynamically modified or switched provided
that an external stimulus (pH, temperature, electrical
conductivity, light, etc.) impacts the physical or chemical
properties of the polymer.3−7 These optical properties are
governed by the excitation of localized surface plasmon (LSP)
modes, corresponding to a collective oscillation of the
conduction electrons at the particle surface.8 As a result, a
large extinction cross-section emerges at the resonance, in the
visible or near-infrared region (mainly for gold, silver, and
copper).9 The frequency of the LSP mode strongly depends on
the size and the shape of the metallic particles, the interparticle
distance, and the refractive index of the surrounding medium.10

In particular, the sensitivity of the plasmonic structures to a

tunable surrounding medium is the main criterion for the
development of active plasmonic applications.11,12 These
”smart” nanomaterials have recently shown great potential in
many applications such as optical switches at the nanoscale,13

surface-enhanced spectroscopies (Raman scattering or fluo-
rescence),14 molecular sensing,15 and drug delivery.16

Because of the different properties of the soft matter and the
inorganic part, the hybrid systems present a high degree of
complexity.17 In order to understand and optimize the physical
and chemical properties of both inorganic/organic components,
a fundamental study of their combined performances is
required. This fundamental study is possible provided that we
consider the design of perfectly calibrated hybrid systems with a
precise control of the particle geometry,18 as well as a control of
the thickness of the polymer shell. The combination of
lithographic arrays of gold nanoparticles sustaining LSP modes
with a thermosensitive polymer, poly(N-isopropylacrylamide)
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(pNIPAM), represents a good model for such hybrid systems.
The thermosensitive polymer exhibits a temperature-dependent
solution and surface behavior. It corresponds to a reversible and
abrupt phase transition upon going from a swollen conforma-
tional state to a collapsed state around its lower critical solution
temperature (LCST) at 32 °C in pure water.19,20 The time scale
for this transition has been estimated to be ∼1 ms.21,22 This
temperature-induced polymer phase transition is associated
with a hydrophilic to hydrophobic switch. Therefore, conforma-
tional changes of pNIPAM brushes, when varying the external
temperature, are expected to achieve dynamic and reversible
tuning of the LSP resonance frequency, due to a change in the
local refractive index around the particles.23−26

Up to now, most of the proposed hybrid systems with
pNIPAM were made of colloidal systems in aqueous solution or
assembled in two-dimensional disorganized substrates,24 which
represent a central obstacle for fundamental investigations and
extensive applications. More recently, ordered arrays of silver
particles covered by pNIPAM were proposed to facilitate the
investigation of the nanoparticle coupling.27 However, to our
knowledge, no extensive experimental studies have been made
on the influence of the particle geometry and the polymer
thickness on the optical performances of the hybrid systems.
The effect of the polymer shell thickness on the LSP
wavelength shift was studied only theoretically by M.
Tagliazucchi et al., evidencing a clear correlation between
both parameters.28

Many efforts have been invested in order to identify
plasmonic structures with a larger spectral LSP shift upon a
change of the local environment. Among them, gold nanorods
(GNRs) remain very favorable for plasmonic applications.
Indeed, the LSP wavelength can be finely tuned by changing
the GNRs aspect ratio and presents a strong extinction
efficiency due to a low LSP damping.29 In this work, we aim
to develop a novel kind of hybrid core−shell plasmonic
nanoparticles (NPs) with the following desired characteristics:
(i) a strong sensitivity to the local refractive index through the
design of regular arrays of GNRs, (ii) an organic shell confined
on the GNRs and presenting a high density of polymer chains
to allow for the phase transition between the swollen and
collapsed regime,17 and (iii) a controlled thickness of the
polymer layer, which can be adjusted by the polymerization
time.30 Another important aspect that should be considered
here for obtaining robust hybrid structures stable over time is
the chemical nature of the link between the pNIPAM brushes
and the GNR surface. A strong covalent coupling between the
stimulable organic coating and the GNRs should be promoted,
in order to investigate in a fully reversible manner the influence
of the organic shell on the tuning of the LSP resonance
wavelength, when varying the temperature.31,32 We address
these issues by considering regular arrays of gold nanorods of
different aspect ratios designed by electron-beam lithography
(EBL), deposited on an indium−tin oxide (ITO)-covered glass
substrate.33 The GNRs were covered by a polymer shell
through a well-established strategy, developed in our group,
based on initiators derived from diazonium salts and a
polymerization method called surface-initiated atomic transfer
radical polymerization (SI-ATRP).34 This chemical strategy
enables the confinement of the pNIPAM brushes exclusively on
the GNRs and not on the underlying ITO substrate. Atomic
force microscopy (AFM) images recorded in air and in water at
different temperatures allowed us to investigate the core−shell
characteristics of the GNR@pNIPAM structures as well as their

dynamic behavior by changing the external temperature. The
optical properties of the GNR@pNIPAM samples versus the
external temperature were investigated on GNRs of different
aspect ratios and different polymer shell thicknesses. This study
highlights the importance of a proper description of these
parameters in order to provide optimized GNR@pNIPAM
structures for the design of efficient chemical sensors with
architectural control.35

■ RESULTS AND DISCUSSION
Elaboration and Description of the GNR@pNIPAM

Core−Shell Systems. The GNR arrays were produced by
EBL. A 90 nm thick layer of PMMA (poly(methyl
methalcrylate)) was spin-casted onto a transparent ITO-coated
glass substrate.33 After chemical development of the exposed
areas, thermal evaporation of gold and a lift-off procedure
followed. The EBL technique enabled us to control the GNR
arrangement on the substrate (interparticle distance Λ = 280−
300 nm), as well as their aspect ratio, defined as r = a/b (a and
b represent the particle in-plane long and short axes,
respectively). In our study, the aspect ratio varies from 1.1 to
2.8, and the NP height (∼50 nm) is kept constant over the
different arrays. Typical scanning electron microscope (SEM)
images of the obtained arrays are depicted in the Figure 1a, with
a description of their optical response (Figure 1b) and
geometrical features (Table SI.1). Their optical response was
probed by far-field extinction microspectroscopy in the 500−
900 nm range. The spectrometer is coupled to an upright
optical microscope equipped with a 50× objective (numerical
aperture (NA) = 0.35). The investigated area was approx-
imately 80 μm in diameter, which is smaller than the array
dimensions (100 × 100 μm2). Due to their anisotropic shape,
the optical response of the bare GNRs is characterized by two
LSP modes: a transverse LSP mode located at 530 nm (in air)
for an incident polarization along the short axis b and a
longitudinal LSP mode for an incident polarization along the
main axis a. The latter mode is very sensitive in wavelength to
the local environment and to the aspect ratio, varying from 540
to 800 nm when increasing r from 1.1 to 2.8 (see Figure 1b).
We have thus mainly focused our attention on the longitudinal
LSP mode in our optical studies.
Our strategy for the surface modification of GNR arrays is

depicted in the Supporting Information (Figure SI.1a). It
involves the following steps: (i) A spontaneous covalent
grafting of hydroxyl (−OH)-terminated aryl moieties occurs on
the surface of the GNRs. This is achieved on a cleaned GNR-
coated ITO substrate by incubation with 4-hydroxyethylben-
zene diazonium tetrafluoroborate salt in water at room
temperature. (ii) The terminal hydroxyl groups are treated
with 2-bromoisobutyryl bromide (0.1 M, toluene) in the
presence of triethylamine (0.12 M) for 5 min, leading to
bromo-terminated ester groups able to initiate the polymer-
ization of NIPAM. Using this approach, the grafting of the SI-
ATRP initiators could be confined exclusively on the gold
nanoparticle surface. The spontaneous grafting of the aryl layers
derived from diazonium salts was found to be inefficient on the
underlying ITO substrate, which remained uncovered during
the whole functionalization procedure, as demonstrated by XPS
spectroscopy (see Figure SI.2). (iii) pNIPAM brushes are
grown from the initiator-covered GNRs using standard aqueous
SI-ATRP conditions.34 This procedure, detailed in the
Experimental Section, allows the control of the pNIPAM
thickness, by exposing the initiator-modified surface to a

ACS Photonics Article

DOI: 10.1021/acsphotonics.5b00280
ACS Photonics 2015, 2, 1199−1208

1200

http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.5b00280/suppl_file/ph5b00280_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.5b00280/suppl_file/ph5b00280_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.5b00280/suppl_file/ph5b00280_si_001.pdf
http://dx.doi.org/10.1021/acsphotonics.5b00280


polymerizing solution of N-isopropylacrylamide for various
times (at room temperature). Finally, it ensures homogeneous
polymer layers with high grafting density. Indeed, in a previous
work, we showed that the surface coverage of initiators was
estimated to be 10 molecules/nm2 by XPS spectroscopy, which
is high enough for the growth of dense polymer layers.30

Choice of the pNIPAM Shell Thickness. As previously
observed in the literature, the optical response of core−shell
plasmonic systems is expected to depend on the thickness of
the dielectric shell.36 In order to understand, for a given GNR
core, the influence of the shell thickness on the LSP
wavelength, extinction data have been correlated with the
discrete dipole approximation (DDA) simulations.37,38 This
model allows calculating the LSP resonance wavelength of a
gold/dielectric target for different dielectric shell thicknesses.
The target includes (i) a gold rectangle ended by two
hemispherical edges (height = 50 nm, main axis = 112 nm,
short axis = 60 nm, aspect ratio r = 1.87). This target has been
built since its shape is close to the GNR geometrical features
studied in this work. The target also includes (ii) a dielectric
overlayer coating of different thicknesses (varying from 0 to 40

nm), with a refractive index of n = 1.4 (close to the refractive
index of the thermosensitive polymer in the collapse regime).
Finally, the whole target is immersed in water (with a refractive
index of n = 1.33). Details on the DDA calculations are
indicated in the Experimental Section. At this point, it is
important to note that, to simulate the phase transition of
pNIPAM for the two states of pNIPAM (on both sides of the
LCST), the GNR@pNIPAM structures were modeled by two
different systems, as illustrated in Figure 2a: (a) Below the
LCST temperature, the pNIPAM brushes are fully swollen by
water and their refractive index is close to n = 1.33. Therefore,
the GNR@pNIPAM structures are modeled by bare gold
targets surrounded by water. (b) Above the LCST, the
pNIPAM brushes are collapsed and form an organic shell
with a higher refractive index (close to 1.4 as measured in
previous works).17 The hybrid structures are thus modeled by a
core−shell target immersed in water (with a shell refractive
index of n = 1.4). The DDA calculations show that the LSP
wavelength varies from 674 nm (for a bare gold target array) to
696 nm (for a gold target array covered by a 40 nm dielectric
shell thickness), as shown in Figure 2b. For dielectric shells
thicker than 40 nm, the LSP wavelength red-shift is quasi-
saturated (reaching 698 nm for an infinite dielectric thickness).
Therefore, a maximum LSP shift (between the bare particle in
water and the core−shell particle) of ΔλLSPDDA ≈ 24 nm is
obtained for a shell thickness greater than 40 nm (Figure 2b).
The DDA calculations indicate that an optimized polymer
thickness around the GNRs should be ∼40 nm in the collapsed
regime, in order to obtain a maximum LSP wavelength shift
ΔλLSPLCST = λT>LCST − λT<LCST (λT>LCST and λT<LCST representing
the LSP wavelengths above and below the LCST, respectively),
between the collapsed and swollen regimes, respectively.
Since the SI-ATRP method allows control of the polymer

thickness, we proposed in this work to achieve two sets of GNR
arrays of similar aspect ratios (varying from r = 1.1 to 2.8), with
two different organic shell thicknesses, in order to analyze the
influence of the organic thickness. (i) In a first set of arrays
(sample A), the polymer coating was chosen to be relatively
thick, with a thickness of ∼50 nm in the collapsed regime, in
order to obtain a large LSP shift, in agreement with the DDA
calculations. (ii) In contrast, in a second set (sample B), a very
thin layer of polymer (∼10 nm, in the collapsed state) has been
grafted on identical GNRs. Details of the procedure for grafting
the polymer brushes on samples A and B are indicated in the
Experimental Section.

AFM Characterization. Before grafting the organic shell on
the gold GNR arrays, the height of the GNRs was estimated by
AFM microscopy (see Figure SI.3a for GNRs with an aspect
ratio of 2.3). A height of 50 nm was deduced from the cross
section, and it was observed to vary by less than ±1 nm on the
whole sample (Figure SI.3b).39 To verify that the pNIPAM
growth could be confined exclusively around the GNRs and not
on the underlying ITO substrate, gold model and ITO
substrates were submitted to the pNIPAM grafting protocol
and then characterized by X-ray photoelectron spectroscopy
(XPS). The XPS spectra revealed that the bromo-terminated
groups were present on gold, while ITO appeared to be free
from bromide, confirming the confinement of the organic
coating around the GNRs (Figure SI.2). In order to measure
the polymer thickness, the AFM images of the functionalized
GNR array have been recorded in air for samples A and B. We
have first measured the initiator thickness for both samples. We
found 25 ± 1.5 nm for sample B and 3 ± 1 nm for sample A

Figure 1. (a) SEM images of a few examples of lithographic arrays of
gold bare nanorods (GNRs) investigated in this work, with increasing
aspect ratios r (from left to right). (b) Extinction spectra of the GNRs
with aspect ratios increasing (from left to right). The spectra are
recorded with an incident polarization parallel to the main axis, in air.
The longitudinal LSP mode is red-shifted from 540 to 800 nm, when r
goes from 1.1 to 2.8.

ACS Photonics Article

DOI: 10.1021/acsphotonics.5b00280
ACS Photonics 2015, 2, 1199−1208

1201

http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.5b00280/suppl_file/ph5b00280_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.5b00280/suppl_file/ph5b00280_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.5b00280/suppl_file/ph5b00280_si_001.pdf
http://dx.doi.org/10.1021/acsphotonics.5b00280


(Table 1). Therefore, the AFM images allow one to estimate
the shell height (including the initiator and the pNIPAM), with

a thickness of 50 ± 2 nm for sample A and 11 ± 1 nm for
sample B (Figure 3a and c). Those heights were deduced from
the cross section profile of the AFM images (see Figure 3e).
Note that the height of the dried organic coating (measured in
air) reflects the sum of the thickness of the initiator layer and
the polymer brushes. The dried thickness of the PNIPAM
brushes is ca. 25 ± 2 nm for sample A and ca. 8 ± 1 nm for
sample B. Table 1 summarizes the height of the GNRs at the
different polymerization steps, for both samples.
The AFM images recorded in air correspond to a regime

where pNIPAM is in a collapse state, because it free from water.
It should therefore be comparable to the collapsed regime in
water above the LSCT. In order to estimate the polymer
thickness in the brush regime (at a temperature below 32 °C),
we recorded the AFM images of the same GNR arrays in
aqueous solution at ∼25 °C (Figure 3b and d). The AFM
images reveal a thickness of swollen pNIPAM brushes of 50 nm
for sample A (thickness of 75 nm including the initiator) and

16 nm for sample B (thickness of 26 nm including the
initiator).
From the swelling ratio, defined as α = hswollen/hdry, one could

extract the molecular parameters of pNIPAM.40 Indeed, the
Alexander−de Gennes model describes the behavior of polymer
brushes in good solvent.41,42 In this model, the dry thickness
hdry is linked to the grafting density by eq 1:

=h d Nadry
2 3

(1)

where d is the average distance between the tethered chains (1/
d2 is the grafting density), N is the number of monomer units
per chain, and a is the monomer size.
In contrast, the swollen brush is pictured as formed of

stretched chains subdivided into blobs of size Db ∼ d (see
scheme of Figure SI.1b). The blob size is given by eq 2:

= νD g ab (2)

where g is the number of monomers in a blob, and ν is the
Flory exponent.20 The swollen brush thickness corresponds to
eq 3:

=h n Dswollen b b (3)

where nb = N/g is the number of blobs per chain. Replacing Db
by d in eqs 2 and 3 gives the following equation for the swollen
thickness:

= ν−h Na d a( / )swollen
1 1/

(4)

The swelling ratio therefore corresponds to eq 5:

α = = ν−h h d a/ ( / )swollen dry
3 1/

(5)

The exponent ν was chosen close to 1/2, considering a dense
brush regime. Assuming the monomer size to be a ≈ 5 Å,43 one
could then estimate the average distance between individual
brushes (d), the grafting density (1/d2), the number of
monomer units per chain (N), and the average molecular
weight of the grafted chains (Mn) (see Table 2).

Figure 2. (a) Scheme of the target array modeled for the DDA calculations: (i) Below the LCST, the GNR@pNIPAM structures are represented by
bare gold targets in a medium of refractive index n = 1.33; (ii) above the LCST, the hybrid structures are represented by a core−shell target in water,
wih a shell of refractive index n = 1.4. (b) Calculated longitudinal LSP red-shift for the gold targets (main axis: 112 nm, short axis: 60 nm, height: 50
nm), coated by the dielectric overlayer (OVL) of different thicknesses HOVL (OVL of refractive index n = 1.4): from λLSP

DDA = 674 nm for HOVL = 0 nm
to λLSP

DDA = 698 nm for an infinite dielectric thickness; the LSP shift ΔλLSPDDA between the gold target coated by the OVL and the bare gold target is also
represented. The maximum of ΔλLSPDDA(∼24 nm) is obtained for an infinite dielectric OVL. Inset: Two examples of calculated absorbance spectra of a
gold target: (black graph) immersed in water; (purple graph) covered with a dielectric OVL (n = 1.4) of 40 nm (the target is immersed in water).

Table 1. Height of the GNRs (Aspect Ratio r = 2.3) at the
Different Polymerization Steps, Including the pNIPAM
Coating for Samples A and Ba

sample bare GNRs

GNRs with
initiator
(initiator
thickness)

GNRs with dried
pNIPAM(thickness

hdry)

GNRs with
swollen

pNIPAM (nm)
(thickness
hswollen)

sample A 50 ± 1 nm 75 ± 1.5
nm
(25 nm)

100 ± 2 nm
(25 nm)

125 ± 2 nm
(50 nm)

sample B 50 ± 1 nm 53 ± 1 nm
(3 nm)

61 ± 1 nm(8 nm) 76 ± 2 nm
(16 nm)

aThe measurements have been deduced from the cross section profile
of the AFM images (Figure 3e).
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While AFM demonstrates the efficient grafting of the
pNIPAM brushes on the array of GNRs@pNIPAM and the
confinement of this polymer coating exclusively on the gold
nanoparticle surface, the molecular parameters estimated from
the Alexander−de Gennes model show that the grafting
densities are high and that the swelling ratios (α ≈ 2) are
similar for both samples despite a different initiator layer
thickness.
UV−Visible Absorption Characterization. To highlight the

sensitivity of the GNRs to the local surrounding medium, we
compared the UV−visible absorption spectra of GNR arrays of
different aspect ratios in air, before and after the polymerization
process (see Figure SI.4). One observes a red-shift of the
longitudinal LSP wavelength ΔλLSP after addition of the
polymer coating (Figure SI.4a). This red-shift is attributed to
an increase of the local refractive index around the GNRs in the
presence of the polymeric layer. This shift is even more
important for higher aspect ratios (Figure SI.4b). This larger
LSP red-shift is strongly related to the higher sensitivity of
anisotropic plasmonic structures to the surrounding medium, as
previously mentioned in the literature.44 Interestingly, it seems
that the maximum LSP shift takes place for GNR arrays with
aspect ratios ranging from 2.4 and 2.6, although not clearly
pointed out in Figure SI.4b. Note that similar maximum LSP
shifts have been also reported by J. Becker et al. using gold
colloidal GNRs of given aspect ratios.29 The LSP maximum
shifts were obtained for aspect ratios ranging from 3 to 4. This
difference from our results can be explained by the fact that the

lithographic GNRs are different in shape, in comparaison with
the colloidal rod-shaped NPs. These maximum LSP shifts have
been interpreted as a higher quality factor of the LSP band,
resulting in a more sensitive dependency on changes in the
local environment. Finally, for a given aspect ratio r, the LSP
red-shift is much less important when the shell thickness is
thinner (up to 35 nm for sample B, compared to ∼100 nm for
sample A, for a given GNR aspect ratio of r = 2.6), which is in
good qualitative accordance with the DDA calculations (Figure
SI.4c).

Thermoinduced Modifications of the Optical Proper-
ties of GNR@PNIPAM upon Bulk Solution Heating. Two
important parameters were selected in order to study their
influence upon the sensitivity of the optical properties of
GNR@pNIPAM to changes in temperature: (i) the GNR
aspect ratio and (ii) the pNIPAM brush thickness.

i. Influence of the GNRs Aspect Ratio. The influence of the
aspect ratio of GNRs on their optical response was analyzed on
sample A, below and above the LCST. A red-shift of the
longitudinal LSP wavelength is observed for the whole GNR
arrays, when the temperature increases from 18 °C to 52 °C. It
is noteworthy that, since temporal temperature gradients are
very small and pNIPAM is thin, thermal equilibrium between
water and GNRs should be reached within nanoseconds to
microseconds.45 This red-shift is due to an increasing of the
refractive index of the surrounding medium above the LCST
(32 °C). Indeed, the polymer density, at the vicinity of the
particle surface, is higher in the collapsed regime, as already
mentioned in previous works.24 Figure 4a shows an example of
the temperature-dependent extinction spectra of a GNR arrays
with r = 1.8. The LSP shift ΔλLSPLCST, between the collapsed and
brush regimes, is ∼14 nm. It is in good qualitative agreement
with the DDA calculations considering a gold target such as r =
1.8, with a 26 nm dielectric shell thickness immersed in water,

Figure 3. AFM images of a GNRs@pNIPAM lithographic array with an aspect ratio = 2.3, recorded at room temperature: (a) sample A in air
(collapsed state of the polymer); (b) sample A in water (swollen state of the polymer); (c) sample B in air (collapsed state of the polymer); (d)
sample B in water (swollen state of the polymer). (e) Profile of the cross sections of the samples, including two GNRs, from the AFM images: (I)
sample A in air (blue solid line) and (II) in water (blue dashed line). The height of the pNIPAM has been estimated as ∼25 nm in air (I) and ∼50
nm in water (II). Sample B: (III) in air (red solid line), (IV) in water (red dashed line). The height of the pNIPAM has been estimated as ∼8 nm in
air (III) and ∼16 nm in water (IV).

Table 2. Molecular Parameters of pNIPAM Brushes

sample
hdry
(nm)

swelling
ratio α

grafting density
(chains nm −2) N

mean molecular
weight, Mn

A 25 2 1.4 143 ∼16 180
B 8 2 1.1 458 ∼6560
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for which an LSP shift ΔλLSPDDA of ∼16 nm was obtained (Figure
2). ΔλLSPLCST is even more pronounced when increasing the
aspect ratio, reaching 22 nm for r = 2.6, due to the higher
environmental sensitivity of the GNRs (Figure 4b). Note that
the LSP shifts ΔλLSPLCST are less important in comparison with the
LSP shifts ΔλLSP after polymerization (Figure SI.4b). This is
related to a lower change in refractive index Δn of the
surrounding medium in the case of ΔλLSPLCST (Δn ≈ 0.06), to be
compared to ΔλLSP (Δn ≈ 0.4). For aspect ratios higher than r
= 2.6, the LSP shift decreases (down to ΔλLSPLCST ≈ 15 nm for r =
2.8, sample A), due to a decrease in the quality factor of the
LSP resonance.
ii. Influence of the Organic Shell Thickness. Another

important factor is the control of the thickness of the polymer
shell. For a fixed aspect ratio, we now compare the LSP shift
ΔλLSPLCST between the collapsed and swollen regimes for samples
A and B (see Figure 4b). As clearly observed, a decrease in shell
thickness leads to a significant decrease in the LSP shift for all
the sets of GNRs. As an example, ΔλLSPLCST decreases from 20 nm
to 3 nm for GNRs of identical aspect ratio (r = 2.4; see Figure
SI.5). This observation is in good qualitative agreement with

DDA calculations which show that ΔλLSPDDA between the LSP
wavelength of the core−shell gold target and the LSP
wavelength of a bare gold target is lower when the shell
thickness is smaller.

Optical Reading of the pNIPAM Phase Transition. Due
to their high sensitivity to the local environment, the GNR@
pNIPAM structures highlight their potential as efficient
structures for reporting the thermosensitive polymer state. In
order to investigate the phase transition LCST, the extinction
spectra were recorded versus the external temperature for both
samples A and B. See for instance the extinction spectra of the
GNRs (r = 2.4, sample A) in Figure SI.6, for which a
progressive LSP red-shift is observed as the temperature
increases. The temperature dependence of the LSP red-shift is
plotted in Figure 5 for two arrays of GNRs in sample A of

different aspect ratios: r = 1.4 and 2.4. The experimental data
can be nicely fitted by a sigmoid curve. The two curves display
two plateau regions below and above the phase transition and
an abrupt transition in between. One can note that the slope of
the sigmoid, in the intermediate region, is much more
important for GNRs of aspect ratio r = 2.4 than for GNRs of
aspect ratio r = 1.4. This higher slope is due to a stronger
sensitivity to the local environment for GNRs of aspect ratio r =
2.4. The graphs of the LSP shift versus the temperature is
presented in Figure SI.7a for the whole set of GNR arrays,
showing that the slope of the sigmoid is higher as the aspect
ratio increases. Note that all the data presented in Figure SI.7a
correspond to the longitudinal LSP wavelength versus the
temperature. As previously mentioned, if one considers the
transversal LSP mode wavelength, its sensitivity to the local
environment, and thus to the collapse of the pNIPAM, is much
weaker, as displayed in Figure SI.8.
In order to report more properly the maximum of slope of

the sigmoids, the derivative of the sigmoid curves versus the

Figure 4. (a) Extinction spectra of a GNRs@pNIPAM array displaying
the longitudinal LSP mode (aspect ratio r = 1.8, sample A) at 18 °C
(in blue) in the swollen regime, below LCST, and at 52 °C (in red) in
the collapsed regime, above LCST. The ΔλLSPLCST is ∼14 nm. (b) Plot of
ΔλLSPLCST versus the aspect ratio of the GNRs for samples A (triangles)
and B (circles). The maximum of ΔλLSPLCST is observed for aspect ratios r
between 2.4 and 2.6 for sample A (indicated with the green dashed
zone). For sample B, the maximum of LSP shift is less obvious,
although pointed out in the dashed zone.

Figure 5. Plot of the temperature dependence of the LSP wavelength
ΔλLSPLCST, measured in water, for GNR arrays with two different aspect
ratios: r = 1.4 and r = 2.4 (sample A). For GNRs with r = 1.4, the red
triangles represent the experimental data, and the red full line, the
sigmoid curve fitting the experimental data. For GNRs with r = 2.4, the
blue circles represent the experimental data, and the blue full line, the
sigmoid curve fitting the experimental data. The maximum values
deduced from the derivatives of the sigmoids represented with a
vertical dashed line are found at ∼33 °C for both GNR arrays r = 1.4
and r = 2.4.
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temperature has been calculated (curves not shown). The
maxima are indicated with a vertical dashed line in Figure 5.
Interestingly, it is found that the maximum is located at ∼33 °C
for both arrays, corresponding to the LCST.
In order to estimate the height of the pNIPAM at ∼33 °C,

we combined our optical measurements with AFM measure-
ments in water at temperatures varying from 25 to 42 °C (for
the GNR array r = 2.3 in sample A). Moreover, the AFM
measurements allow us to link the observed spectroscopic shifts
to the actual pNIPAM thicknesses. The variation of pNIPAM
thickness versus the temperature is reported in Figure 6. As

clearly shown from the AFM measurements, the pNIPAM
thickness is decreasing from ∼50 nm in the swollen regime at
25 °C to ∼25 nm in the collapsed regime at 42 °C, with an
abrupt slope between 28 and 37 °C. Interestingly, the pNIPAM
height, from the AFM data, can also be nicely fitted by a
sigmoid, with the derivative (absolute value) displaying a
maximum at ∼33 °C (dashed vertical blue line). Remarkably,
the maxima of the two slopes (deduced from AFM and
spectroscopic measurements) are obtained for the same
temperature, ∼33 ± 0.5 °C (see Figure 6). The combination
of the AFM and spectroscopic measurements allows us to
properly separate the temperature range of the two polymer
states. Moreover, the AFM measurements allow us to estimate
the thickness of the pNIPAM, hpNIPAM, separating the two
regimes. We found hpNIPAM ≈ 39 nm at ∼33 °C, which
corresponds to 50% of the height of the pNIPAM in the
swollen regime. Note that this thermo-induced response was
shown to be fully reversible over repeating cycles of
temperatures decreases from 52 °C to 18 °C, with a reverse
blue-shift of the LSP wavelength (see Figure SI7b). A small
hysteresis is observed during the heating−cooling cycles of
pNIPAM, which can be attributed to the formation of inter-
and intrachain hydrogen bonding between CO and H−N
groups above the LCST, acting as cross-linking points
modifying the swelling cycle (see Figure SI7c).46

In order to quantify and compare the ability of the different
GNR arrays to report the thermosensitive polymer state,

through a change in refractive index, we introduced the ratio γ
= ΔλLSP/(fwhmLSP × ΔT), where fwhmLSP represents the full
width at half-maximum of the LSP band below the LCST, and
ΔT represents the variation of temperature in the transition
region (between 28 and 40 °C). In this region, the sigmoid
curve can be approximated as a straight line. As shown in
Figure SI.9, the ratio γ is increasing with the aspect ratio of the
GNRs (for samples A and B). For instance, we found γ ≈ 10−2

for the GNR array with an aspect ratio of r = 2.4, and γ ≈ 6 ×
10−3 for the GNR array with an aspect ratio of r = 1.3 (sample
A). We can conclude that for the optical reading of the phase
transition the use of GNRs with r = 2.4 leads to a ∼2 times
more sensitive system than that for the GNRs with r = 1.3.
The influence of the shell thickness was investigated for the

optical reading of the phase transition. The temperature
dependence of the LSP shift for samples A and B is presented
in Figure 7 for a fixed GNR aspect ratio of r = 2.3. As expected,

the slope of the sigmoid curve fitted from the experimental data
is lower when the shell is thinner. From the derivative of the
curves, we could deduce a maximum at ∼32.5 °C from sample
A. However, in the case of the thinner shell (sample B), we
found a maximum close to 35 °C, which is far from the
expected value of the LCST given in literature. This
discrepancy is attributed to the fact that the fitting of the
experimental data is not satisfying because of the very weak LSP
shift ΔλLSPLCST measured (∼3 nm). As a consequence of the weak
LSP shift, the aspect ratio γ is lower for the GNRs of sample B,
whatever the aspect ratio, compared to the GNRs of sample A
(Figure SI.9).

■ CONCLUSION
In summary, lithographic core−shell GNR@pNIPAM systems
were elaborated as efficient models in order to investigate
properly the influence of the nanoparticle anisotropy and the
organic layer thickness on sensitivity to the local environment.

Figure 6. In red triangles: temperature dependence of the height of
the pNIPAM, measured by AFM (the experimental data are fitted by a
sigmoid curve, in red solid line). In blue dots: temperature dependence
of the longitudinal LSP wavelength (the experimental data are fitted by
a sigmoid curve, in blue solid line). The vertical dashed red and blue
lines represent the maximum of the derivative of the sigmoid curves
from the temperature dependence of the pNIPAM height and the LSP
wavelength, respectively. Figure 7. Plot of the temperature dependence of the longitudinal LSP

wavelength for a GNR array with an aspect ratio of r = 2.3, with two
different pNIPAM thicknesses (corresponding to samples A and B).
For sample A, the blue circles represent the experimental data, and the
blue solid line, the sigmoid curve fitting the experimental data. For
sample B, the red triangles represent the experimental data, and the
red solid line, the sigmoid curve fitting the experimental data. The
maximum values deduced from the derivatives of the sigmoid curves
are represented by dashed vertical lines (in blue for sample A and in
red for sample B).
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The optimization of the GNRs’ aspect ratio as well as the shell
thickness in order to provide a maximum of LSP shift when
varying the external temperature was obtained for GNR aspect
ratios in the range of r ≈ 2.4−2.6 and a pNIPAM thickness
hpNIPAM = 25 nm (in the dry state). The thermosensitive
behavior of the GNR@pNIPAM structures versus the temper-
ature has been also evidenced by AFM measurements in a
liquid cell: it was possible to estimate a thickness on the order
of 50% of the height of the pNIPAM in the swollen regime, in
the region of the phase transition. A factor of sensitivity has
been introduced in order to quantify and compare the ability of
such samples to report the thermosensitive polymer states: it
was found that for the optical reading of the phase transition
the use of GNRs with r = 2.4−2.6 leads to a 3 times more
sensitive plasmonic system than for GNRs with r = 1.3. These
results highlight the importance of a proper description and
characterization of hybrid systems in order to provide designed
criteria for efficient stimuli-responsive devices in the context of
a new generation of thermoswitchable platforms for sensing
and active plasmonic applications.47,48 In the context of
nanothermometry, such hybrid devices may be used as a direct
temperature-sensing system in order to estimate the temper-
ature increase of the plasmonic structures under LSP excitation.
In the context of biomedical applications, pNIPAM microgels
are also investigated for targeted drug delivery or tissue
engineering.49

■ EXPERIMENTAL SECTION

Organic Materials. Reagent-grade solvents were purchased
from VWR, Sigma-Aldrich, and Alfa Aesar. 2-Bromoisobutyryl
bromide (97%, Alfa Aesar), triethylamine (TEA) (99%,
Merck), Cu(I)Br (98%, Sigma-Aldrich), N,N,N′,N″,N″-pen-
tamethyldiethyltriamine (PMDETA) (99%, Acros Organics),
tert-butyl nitrite (90%, Sigma-Aldrich), and 2-(4-aminophenyl)-
ethanol (98%, Sigma-Aldrich) were used as received. N-
Isopropylacrylamide (NIPAM) (99%, Sigma-Aldrich) was
purified by recrystallization in n-hexane solution.
Synthesis of 4-Hydroxyethylbenzene Diazonium

Tetrafluoroborate Salt (+N2-C6H4-CH2-CH2-OH). A stirred
solution of 2-(4-aminophenyl)ethanol (0.69 g) and HBF4 (1.8
mL) in acetonitrile (3 mL) at −10 °C was added dropwise to a
solution of tert-butylnitrite (0.63 g) in acetonitrile (3 mL) at
−10 °C. The resulting mixture was kept overnight at −10 °C.
The precipitate was washed three times with 50 mL of diethyl
ether, then with 50 mL of acetone, and finally evaporated under
vacuum. The 4-(2-hydroxyethyl)benzene diazonium tetrafluor-
oborate salt was stored at −10 °C.
Grafting of the Polymer. Initiator-Modified Gold Sur-

face. The atom transfer radical polymerization initiator was
grafted in two steps. (i) Spontaneous grafting of 4-
hydroxyethylbenzene diazonium tetrafluoroborate salt (noted
HO(CH2)2BD) was achieved on a cleaned gold nanostructure-
coated ITO (indium−tin oxide) wafer by incubation at room
temperature for 4 h with a concentration of 10−2 M for sample
A and 5 × 10−3 M for sample B. (ii) Then, the terminal
hydroxyl groups were treated with 2-bromoisobutyryl bromide

(0.1 M, toluene) in the presence of TEA (0.12 M) for 5 min to
produce bromo-terminated ester groups. The Br-terminated
gold surfaces are abbreviated as Au−Br.

Atomic Transfer Radical Polymerization (ATRP) of NIPAM.
Solutions were prepared and kept at room temperature during
degassing by passing a continuous stream of argon through the
solution while being stirred. The polymerization solution was
prepared by adding a solution of an organometallic catalyst to a
solution of NIPAM monomer. The extremely oxygen sensitive
organometallic catalyst was prepared by adding a 5 mL solution
of PMDETA in MeOH (200 μL, 1 mmol) to 30 mg of CuBr
(0.2 mmol). A 3 mL portion of the resulting green solution
(which could possibly turn blue due to the presence of CuBr2
and provide unsuccessful ATRP) was added to a solution of
NIPAM monomer (2 g, 18 mmol) in 9 mL of deionized water
under a continuous stream of argon. The polymerization
solution was allowed to stir while degassing for 15 min and
then transferred into a degassed flask containing the initiator-
modified gold surface (Au−Br). The resulting solution was
allowed to stir at room temperature under argon for various
times (60 min for sample A and 30 min for sample B).
Substrates were then removed from the flask, rinsed thoroughly
with water and ethanol, and subsequently dried under a flush of
argon.

DDA Calculations. The DDA method was employed to
model the LSPR wavelength of the core−shell GNRs. This
method is one particular discretization method for solving
Maxwell’s equations in the presence of a particle in which the
continuum particle is replaced by an array of polarizable N-
point dipoles located on cubic lattice sites. Computations were
performed using the DDSCAT 7.0 software, which calculates
efficiency factors, Qext = Cext/πaeff

2 (Cext is the extinction cross
section and a the effective radius of the particle).37,38 In the
calculation, we consider that the gold nanorod can be
represented by a rectangle ended by two hemispherical edges
with a main axis of 112 nm, a short axis of 60 nm, and height of
50 nm. A dielectric overlayer (n = 1.4) of different thicknesses
covers the gold part, and the whole target is immersed in water
(nH2O = 1.33). The number of dipoles (Nd) depends on the
overlayer thickness (HOVL) (see Table 3): from 37 200 for
HOVL = 0 nm to 367 900 for HOVL = 40 nm. The distance
between each dipole remains constant, 2 nm. The interaction
between the GNRs is taken into account (interparticle distance
Λ = 280 nm), but not with the substrate, enabling us to make
only qualitative comparisons between the experimental and
calculated spectra.

Instrumentation. AFM measurements are performed in
tapping mode with a contact mode cantilever (on a SPM
Nanoscope III, Veeco, Bruker) atomic force microscope.
Contact mode AFM is applied in water with a contact SNL-
10 silicon tip commercially available from Bruker. Vibration
frequency of the tip is chosen at around 7 Hz to achieve a stable
signal to noise ratio in water. AFM images were processed and
analyzed using the application WSxM and FabViewer [WxSM,
FabViewer].

Table 3. Number of Dipoles Considered for the Core−Shell Targets of Various Dielectric Thicknesses HOVL, with the
Corresponding Calculated LSP Wavelengths

HOVL (nm) 0 6 14 20 26 30 40 ∞

Nd 37 200 60 388 103 818 146 970 199 818 372 200 367 900 37 200
λLSP (nm) 674 682 687 690 692 694 696 698
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