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ABSTRACT: We report on the synthesis of novel branched organic—inorganic azo-polyhedral oligomeric silsesquioxane
(POSS) conjugates (Azo-POSS) and their use as a stable active medium to induce reversible plasmonic modulations of
embedded metal nanostructures. A dense monolayer of silver nanocubes was deposited on a quartz substrate using the
Langmuir—Blodgett technique and subsequently coated with an ultrathin Azo-POSS layer. The reversible light-induced
photoisomerization between the trans and cis states of the azobenzene-terminated branched POSS material results in significant
changes in the refractive index (up to 0.17) at a wavelength of 380 nm. We observed that the pronounced and reversible change
in the surrounding refractive index results in a corresponding hypsochromic plasmonic shift of 6 nm in the plasmonic band of the
embedded silver nanocubes. The reversible tuning of the plasmonic modes of noble-metal nanostructures using a variable-
refractive-index medium opens up the possibility of fabricating photoactive, hybrid, ultrathin coatings with robust, real-time,
photoinitiated responses for prospective applications in photoactive materials that can be reversibly tuned by light illumination.
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B INTRODUCTION

Noble-metal nanoparticles, especially those made of gold, silver,
and platinum, have found many applications related to hght—
matter interactions such as photovoltaics,"* catalysts,® solar
concentrators, and surface-enhanced Raman scattering (SERS)
sensors.”> The nanoscale light confinement in surface plasmon
(SP) modes can be used to design optical plasmonic
waveguides, switches, and light-conversion materials and also
facilitates the miniaturization of optoelectronic circuits.”” The
localized surface plasmon resonance (LSPR) is characteristic of
nanoparticles with dimensions smaller than the wavelength of
light and is extremely sensitive to nanoparticle material, shape,
size, and coupling between nanoparticles as well as the
dielectric environment surrounding the nanoparticle.® The
coupling between metallic nanostructures can lead to their
hybridization and a strong electromagnetic field enhancement
in the interparticle gap.” This eﬁect is particularly useful in
sensing and photoenhancement " Furthermore, by changing
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the refractive index of the dielectric environment surrounding
the nanoparticle, it is possible to modulate the plasmonic
characteristics, which opens up the possibility of fabricating
active plasmonic devices with real-time responses.™”

The most promising approach for creating a variable-
refractive-index environment is the use of stimuli-responsive
polymeric materials.'* For instance, the transition between the
hydrophilic swollen state and hydrophobic collapsed state of
polymers such as poly(N-isopropylacrylamide) (PNIPAM)
upon heating and cooling across the lower critical solution
temperature (LCST) results 1n a change in the local refractive
index of the polymer matrix.">"*° Furthermore, refractive index
changes can be observed in pH-responsive polymers such as
poly(acrylic acid) (PAA), poly(2-vinylpyridine) (P2VP), and
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Figure 1. Branched Azo-POSS conjugates as a variable-refractive-index matrix for plasmonic nanoparticles.

poly(methacrylic acid) (PMAA).*"** With pH-responsive
polymers, the LSPR shift and damping can be controlled by
both the alteration of interparticle distance, and hence coupling,
and the change in the refractive index as the polymer matrix
swells in response to protonation or deprotonation.’***
Electrochromism of organic molecules and polymers induced
by both chemical and electrochemical redox stimuli can also
change the refractive index environment,'>%%¢

A combination of responsive materials with plasmonically
active nanostructures can be used to control light con-
version.”” ' For instance, liquid-crystalline matrixes allow for
the tuning of the dielectric environment around noble-metal
nanostructures as the light-induced isotropic-to-nematic phase
transition occurs.”>>> Azobenzene-based materials can also be
used as an active medium with a changeable refractive index for
noble-metal nanostructures.>*™>® The photoswitching of the
LSPR of gold and silver nanostructures was recently
demonstrated using self-assembled monolayers (SAMs)
deposited on gold nanostructures.>”*® In particular, an
extremely small LSPR shift of 0.04 nm was observed upon
the trans—cis photoisomerization of simple azobenzenes with a
propylene spacer.*® Another report showed that an azobenzene
SAM on gold nanoprisms induced up to a 21-nm LSPR shift
upon trans—cis isomerization of the SAM.* It should be noted
that both reports utilized gold nanostructures with an LSPR far
from the 7—z* and n—7z* absorption bands of azobenzenes.
Furthermore, SAM-based systems are often unpredictable and
can depend strongly on monolayer packing and preparation
conditions.*' In photochromic materials, the change in
refractive index stems from the change in electronic distribution
and, hence, the molecular polarizability.42

Some reports have clearly demonstrated that the refractive
index variation during photoisomerization is highest near the
absorption wavelength of a photochromic material. For
instance, Nishi et al. employed photochromic diarylethene
polymer coatings of gold nanoparticles to induce changes in
LSPR peak position and magnitude.*> Baudrion et al. used a
spiropyran molecule in its monomeric form to create a variable-
refractive-index medium.** By varying the diameter of the
nanoparticles, they were able to achieve strong coupling
between the surface plasmon and the excited state of an
organic molecule, resulting in a large plasmonic response.
Finally, our group recently established reversible LSPR
switching using electrochromic polymers driven by a substantial
refractive index change that accompanied a colored-to-trans-
missive transition." Despite significant progress, issues in
achieving stable and reproducible plasmonic modulation
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remain. For instance, the use of electrochromic active matrixes
requires metal structures with high oxidative stability, and many
photochromic systems lack chemical and thermal stability.**°

Here, we report on the fabrication of light-responsive silver
nanocube arrays embedded in a photoactive medium based on
newly synthesized branched azobenzene-modified polyhedral
oligomeric silsesquioxanes (POSS), Azo-POSS, that are able to
form uniform, stable, ultrathin films and have an absorption
peak overlapping with the LSPR of silver nanocubes (Figure 1).
This design induces LSPR modulation through the high
refractive index change of azobenzene in its trans and cis states
in the wavelength range of 350—500 nm that is easily
measurable with conventional spectrophotometers.

Furthermore, we investigated the properties of these hybrid
materials in search of an optimal molecular structure with the
highest photoinitiated changes. We found that the Azo-POSS
branched conjugate with a short spacer between the core and
the dye branches has a larger refractive index variation than
azobenzene dye embedded in a poly(methyl methacrylate)
(PMMA) matrix. Most importantly, we observed a stable and
reversible LSPR switching upon alternating irradiation of the
coating with UV and visible light. The experimental results are
supported by finite-difference time-domain (FDTD) simula-
tions. Finally, the observation of reflectance in total-internal-
reflection (TIR) experiments under polarized light revealed the
polarization-dependent LSPR modulation of embedded nano-
cubes. We suggest that the design of an active plasmonic array
reported here can be further extended to include azobenzene
analogues covering the entire visible spectrum for applications
in stable, tunable optical materials.

B EXPERIMENTAL SECTION

Compounds 1 and 2 were prepared using a hydrosilylation approach
with POSS-H as a scaffold for the attachment of azo dyes bearing
reactive allgloxy groups. Compounds AB and 2 were reported
previously;*” synthesis of compound 1 is described in the Supporting
Information (see Scheme S1).

The UV—vis spectra were recorded on a Shimadzu UV-2450
spectrophotometer with a spectral resolution of 0.5 nm for the UV/vis
cycling experiment and 1 nm for other measurements. Peak picking
was performed using the OriginLab Origin 8.5 built-in peak analyzer
tool (20-point local maximum). Photoisomerization experiments were
performed by irradiating the samples at a 10-cm distance with 365-nm
unpolarized UV light from a Blak-Ray model B-100A UV lamp (100
W) and then recording the absorbance spectra. Visible light irradiation
for the reverse isomerization was conducted with unpolarized light
from a 26-W compact fluorescent lamp. For kinetics measurements,
the quartz cuvette containing the sample was irradiated with 365-nm
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Scheme 1. Azo-POSS Conjugates Used in This Study
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Figure 2. AFM topographical images of ultrathin films prepared by spin-casting (a) compound 1 and (b) compound 2 onto silicon substrates at

different magnifications.

UV light, and the absorption spectrum was recorded every 10 s. The
experiment was performed in triplicate.

Spin-coating was performed by dropping the solution of compound
1 or 2 in toluene (2 wt %) onto a silicon or quartz substrate and
rotating the sample for 30 s at 3000 rpm on a spin-coater (Laurell).
The solutions were filtered through a filter with a mesh size of 200 nm
before spin-coating, and the films were dried in ambient conditions
before measurements. The AB-PMMA thin films where the dye was
not tethered to a POSS core were prepared by spin-coating from an 8
wt % solution of AB-PMMA (3:5, w/w) in anisole under the same
conditions. The resulting film had a thickness of 210 nm as
determined by spectroscopic ellipsometry.

Spectroscopic ellipsometry was performed on a M-2000U
ellipsometer (Woollam). The spectral range was 245—1000 nm (D2
and QTH lamps). Ellipsometry data from all samples were acquired at
65°,70°, and 75° angles of incidence over the spectral range. The Azo-
POSS layers were fit with a three-layer model consisting of a silicon
substrate, a silicon oxide layer (2-nm layer thickness), and a Cauchy
layer [mean squared error (MSE) < 4] in the range from S50 to 1000
nm. The complex refractive index was then determined by point-by-
point fitting over the entire spectral range. This reference function was
used in the general oscillator layer to obtain dispersion curves by
fitting with Gaussian functions.

Atomic force microscopy (AFM) scanning of the thin films was
conducted using a Dimension 3000 microscope (Digital Instruments)
in tapping mode. Scans were performed at a rate of 0.5—1.0 Hz for
surface areas of 1 X 1 ym? S X § ym? and 10 X 10 ym”* according to
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the usual procedure employed in our laboratory.*® Silicon nitride AFM
tips (MikroMasch) with a spring constant of 7 N/m and a resonant
frequency of ca. 150 kHz were used for AFM imaging. The AFM
images were collected at a resolution of 512 X 512 pixels.

Total-internal-reflection (TIR) measurements for the silver nano-
cube films were conducted with the spectroscopic ellipsometer in
reflection mode over a wavelength range of 300—1000 nm using both
s- and p-polarized light at an incident angle of 50° with a spectral
resolution of 1.59 nm. The spectra were smoothed using a seven-point
fast Fourier transform (FFT) filter (OriginLab Origin 8.5). For total
internal reflection, we employed a CaF, prism (25-mm base, right
angle, uncoated, from Thorlabs). A single drop of diethylene glycol
was applied to the bottom of the prism as immersion oil where the
opposite (uncoated) side of the nanocube and Azo-POSS-covered
quartz slide made contact. Care was taken with proper coverage of
immersion oil to ensure that no air gaps occurred at the prism—slide
interface. The prism—oil—slide setup was mounted on the ellipsometer
stage with the silver nanocube coating facing down, making no contact
with the stage. As a control, an uncoated quartz slide was measured for
every polarization measurement.

Finite-difference time-domain (FDTD) simulations were conducted
using commercial software from Lumerical Solutions (FDTD
Solutions 8.7.4). Nine nanocubes were modeled in a “square”
configuration with a 50-nm edge length, 25% edge rounding, and a
127-nm interparticle distance based on transmission electron
microscopy (TEM) and scanning electron microscopy (SEM) analysis
of a typical sample. The average nanocube edge length and edge
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Figure 3. UV—vis absorbance spectra of (a) compounds AB, 1, and 2 in CHCl; (0.01 mg/mL) and (b) compounds 1 and 2 in thin films

(thicknesses of 68 and 60 nm, respectively).

rounding were determined using Image] software (Figure SI,
Supporting Information). The interparticle distance was calculated
using the commercial SPIP image processing software. Multiple
nanocubes were modeled to take into account interparticle coupling
between nanocubes and the resulting changes in their optical behavior.
Nanocubes were also modeled with a 2-nm poly(vinylgyrrolidone)
(PVP) coating, as determined in our previous studies.”® An 80-nm
POSS layer was added using refractive index values imported from
ellipsometry measurements for both the trans and cis isomers. Silver
nanocube dielectric values were obtained from the built-in CRC
material data.* Perfectly matched layer (PML) boundaries were used
in simulations to prevent interior reflection at the boundaries. A total-
field scattered-field plane-wave light source with a wavelength range of
300—1000 nm was used for excitation. Last, a 2-nm mesh was used
across the entire simulation region in all directions.

B RESULTS AND DISCUSSION

Azobenzene-Based Hybrid Materials. Conjugation of
azobenzenes to POSS results in hybrid materials with high
thermal and photostability that are compatible with organic
solvents for solution processing.so_52 Indeed, it has been found
that it is possible to obtain stable ultrathin films from Azo-
POSS conjugates.”>*” Importantly, the reversible photoisome-
rization of azobenzene still occurs in such stable Azo-POSS
films, enabling their applications in photoresponsive systems.
The azobenzene conjugates, such as 4-phenylazophenol
derivatives, have a relatively high energy barrier for cis-to-
trans thermal relaxation, with cis isomer lifetimes on the order
of days. This behavior can facilitate the examination of the
material in different states. The rate of trans-to-cis photo-
isomerization of azobenzene in solution was found to depend
only slightly on grafting to the POSS core.’**" To elucidate the
role of azobenzene conjugation, we utilized two AZO-POSS
compounds, 1 and 2, with different spacer lengths between the
inorganic core and the azobenzene moiety (Scheme 1). As is
known, the linker length (4 versus 10 methylene units) has a
pronounced effect on thermal cis-to-trans relaxation.>* There-
fore, we synthesized two compounds: compound 1 with a
linker length between a Si atom of the POSS moiety and a
benzene ring of 1.87 nm when fully extended and compound 2
with a linker length of 0.7 nm (estimated from Chem3D
modeling). Furthermore, we employed a precursor azobenzene
compound AB for comparison with Azo-POSS conjugates
(Scheme 1).

Ultrathin Films from Azo-POSS Compounds. Ultrathin
films of compounds 1 and 2 can be spin-cast onto flat
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substrates from solutions in toluene or chloroform. A 2 wt %
solution of compound 1 or 2 in toluene formed uniform films
of 68 or 60 nm, respectively, when spin-cast at 3000 rpm
(Figure 2).

Surface analysis using AFM revealed that compound 1
yielded a smooth film with a root-mean-square (RMS)
roughness (Rq) of 1.3 nm (in a 10 ym X 10 ym selected
surface area). Compound 2 under the same conditions gave a
somewhat less uniform film with an increased microroughness
of 5.5 nm (Figure 2b).

Although the UV—vis spectra of compounds AB, 1, and 2 in
chloroform solutions are very similar, thin-film absorption
spectra reveal a striking difference between compounds 1 and 2
(Figure 3a,b). The absorbance of compound 1 is weaker and
blue-shifted (320 nm) compared to that of compound 2 despite
the similar film thicknesses. Because of the sensitivity of the
m—m* transition of azo dyes to aggregation, the hypsochromic
shift might indicate the face-to-face stacking of planar trans-
azobenzene moieties and formation of H-aggregates.>* We
suggest that the longer spacer between the POSS core and
azobenzenes of compound 1 allows for more rotational
freedom and, consequently, leads to favorable packing of the
azobenzene moieties. The ability of POSS-containing com-
pounds 1 and 2 to form ultrathin films makes it possible to
accurately determine the refractive indexes of the trans and cis
isomers of these compounds for use as a photoactive layer.

Refractive Index Variation. We first investigated the
photoswitching behavior of compounds 1 and 2 in 0.01 mg/mL
chloroform solutions by monitoring the decay of the z—n*
transition of trans-azobenzene at 350 nm. The first-order rate
constant of photoisomerization can be determined from the
slope of a plot of In[ (4, — As,)/(A; — A,)] versus time, where
Ay Ay, and A, are the absorbances before irradiation, after
reaching a photostationary state, and at a given time ¢
respectively.> The photoisomerization experiment was per-
formed in triplicate for each sample, and the averaged data
points and linear fits are presented in Figure S3c (Supporting
Information). We found that compounds 1 and 2 had similar
photoisomerization rates in chloroform solution: 0.192 + 0.054
and 0.186 + 0.029 s, respectively (Figure S3, Supporting
Information).*’

This difference indicates that the spacer length between the
POSS core and the azobenzene moiety of compound 2 is
already sufficient for unrestricted photoisomerization of the
azobenzene arms in solution. A further increase in linker length
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Figure 4. (a) Dispersion curves for thin films of compound 2 in trans and cis forms. (b) Refractive index difference between the trans and cis forms
in a thin film of compound 2. (c) Dispersion curves for thin films of AB-PMMA in trans and cis forms. (d) Refractive index difference between the

trans and cis forms in a thin film of AB-PMMA.

in compound 1, therefore, has only a small effect on the rate of
photoisomerization in solution. In contrast, when the film of
compound 1 was irradiated with an unpolarized 365-nm UV
light, virtually no change in absorbance was observed. The thin
film of compound 2, however, exhibited a pronounced change
in intensity of the m—n* transition at 350 nm, indicating
efficient trans-to-cis isomerization (Figure S3e, Supporting
Information).*” We therefore focused on compound 2 as a
variable-refractive-index medium for subsequent studies.

A study of film morphology during photoisomerization
showed that the as-spun film of compound 2 had a roughened
surface with crystalline domains clearly visible in an AFM phase
image (Figure S4a, Supporting Information). However, after
UV irradiation, the film surface became extremely smooth
without any visible phase contrast (Figure S4b, Supporting
Information). This observation can be explained by the
tendency of linear-shaped trans-azobenzene to crystallize and
the nonplanar cis isomer to have less favorable packing,
resulting in a smooth thin film. The thin film of 2 returned to
its initial roughened state after cis-to-trans thermal relaxation in
the dark for several days. However, the cis—trans photo-
isomerization upon alternating UV/vis irradiation did not affect
the thin-film morphology (Figure S4c, Supporting Informa-
tion). To exclude the effect of film morphology, all subsequent
experiments were conducted after the ultrathin film of
compound 2 was subjected to one UV/vis irradiation cycle.
Also, the overall thickness of azobenzene-containing thin films
was reported to change on the order of 1—2% in some cases.*®
In our experiments, we observed that the thickness of films of 2
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determined by spectroscopic ellipsometry did not change upon
photoisomerization.

To compare the performance of the Azo-POSS material to
azobenzene-doped polymer films, we considered films in which
a poly(methyl methacrylate) PMMA matrix was mixed with the
precursor compound AB in the highest possible ratio of 3:5
(henceforth AB-PMMA). We used thin films of compound 2
and AB-PMMA to obtain the real part of the complex refractive
index. In a typical experiment, the sample was irradiated for 5
min at 365 nm to achieve trans-to-cis photoisomerization and
then for S min with white light for reverse isomerization. The
refractive indices of the composites were obtained by fitting the
reference data for the imaginary part of the refractive index with
five (cis form) or six (trans form) Gaussian oscillators followed
by a Kramers—Kronig transformation (Figure 4).

Analysis of the dispersion curves revealed that a significant
change in refractive index occurred in the spectral window from
250 to 500 nm for compound 2 and AB-PMMA films. The
refractive index difference (An) between the trans and cis forms
of azobenzene-containing materials is defined as An(4) =
f16s(4) — Migans(4). The largest change was found to occur at 380
nm and equaled —0.17 refractive index units (RIU) for
compound 2 and —0.13 RIU for the AB-PMMA film upon
trans-to-cis isomerization. These values compare favorably with
the literature data for other chromic compounds.*****” The
photochromic spiropyran has the highest refractive index
variation at approximately 500 nm (—0.06 RIU) and 610 nm
(from +0.16 to +0.19 RIU depending on the dye doping level).
The electrochromic bistable rotaxane system provides a change
of +0.011 RIU at 690 nm and —0.017 RIU at 970 nm.
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Figure S. (a) SEM image of silver nanocubes on a silicon substrate prepared by LB deposition. The inset shows a TEM image of silver nanocubes
(scale bar is 100 nm). (b,c) AFM topographical images (S X 5 ym?) of (b) silver nanocubes on a quartz slide deposited by LB deposition and (c)
composite material composed of a silver nanocube monolayer covered with compound 2. The scale bar is 1 gm for all images.
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Therefore, the Azo-POSS photochromes investigated in this in phase separation in AB-PMMA films. Because of the higher

study complement the existing active matrixes in the 350—500 photoinduced refractive index variation of Azo-POSS com-
nm spectral window where the plasmon resonances of pound 2 compared to the AB-PMMA, the Azo-POSS
individual silver nanocubes are located. The larger refractive compound is promising as an active medium to induce the
index variation for compound 2 compared to AB-PMMA can variation in plasmon resonances of noble-metal nanoparticles in
be explained by a higher functional group density. Indeed, response to UV irradiation of a photoswitchable matrix.
compound 2 has a POSS core-to-azo dye ratio of 1:1.7, whereas Silver Nanocube-(Azo-POSS) Ultrathin Coatings. Silver
AB-PMMA has a ratio of 1:0.6 (as determined by solution nanocubes with a 50-nm edge length were transferred onto
concentration). The extinction coefficients measured in thin precleaned quartz and silicon substrates using the Langmuir—
films, however, are similar: 0.32 for compound 2 compared to Blodgett (LB) technique and formed densely packed
0.22 for AB-PMMA film. It should be noted that an monolayers (Figure S5ab).>*>” The relatively low surface
azobenzene-to-polymer weight ratio higher than 3:S resulted pressure during monolayer transfer resulted in well-separated
4907 DOI: 10.1021/am508993z
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states. The scale bars are in units of E/E,,.

silver nanocubes with minimal aggregation. The average
interparticle distance was estimated to be 127 + 30 nm based
on SEM image analysis.

Next, a solution of compound 2 in toluene (2 wt %) was
directly spin-cast on top of the LB monolayer at 3000 rpm.
Using AFM cross-section analysis, we established that the total
thickness of the composite was 80 nm (Figure SS, Supporting
Information). The Rq value of the film was 2.7 nm, which is
similar to that of the ultrathin film of Azo-POSS. Compound 2
covered all surfaces of the silver nanocubes completely for
maximum exposure to active material (Figure Sc).

The extinction spectra of the silver nanocubes are presented
in Figure 6a. The LSPR position is located at 430 nm in water
and shifts to 446 nm after the transfer to chloroform (see the
Experimental Section). This change is due to the higher
refractive index of chloroform (1o, = 1.449) compared to water
(nseo = 1.335) and possibly minor cube-edge rounding during
the solvent-exchange procedure. Upon the LB deposition of the
nanocube monolayer onto the quartz substrate, the LSPR peak
splits into antibonding (373 nm) and bonding (398 nm) modes
because of the high refractive index of the quartz substrate (n =
1.46 at a wavelength of 400 nm).%

After deposition of a high-index material (compound 2) on
top of and around the silver nanocube monolayer, the LSPR
position red-shifted to 445 nm, and the peak splitting
disappeared because of the similar refractive indices of the
substrate and the active composite layer (Figure 6b). Despite
the LSPR of the composite material being shifted from the
wavelength of maximum refractive index variation (380 nm),
the —0.06 refractive index unit (RIU) change at 445 nm should
lead to a significant LSPR modulation, as discussed below.

Photoinduced LSPR Shifting. Silver nanocubes coated
with compound 2 showed a 4-nm hypsochromic shift of the
LSPR peak from 443 nm when the surrounding Azo-POSS was
irradiated with 365-nm light (Figure 7a). Upon exposure to
visible light (>450 nm), the LSPR peak returned to its initial
position, demonstrating the reversibility of the photoinitiated
process. To eliminate the overlap from the changing
azobenzene absorption, the corresponding spectra of the film
of compound 2 were subtracted from those of the coated
nanocube monolayer, thus increasing the apparent shift to 6 nm

(Figure 7b).
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The LSPR shift can be explained based on exact measure-
ments of the change in refractive index (An) upon photo-
isomerization of compound 2 and the refractive index
sensitivity of silver nanocubes. The refractive index change of
compound 2 at a particular wavelength can be found from
Figure 4a and equals 0.06 RIU at 445 nm (LSPR wavelength).
The refractive index sensitivity (RIS = A4, gpr/An) is a measure
of the change in plasmonic wavelength in response to the
refractive index of the surrounding medium. The RIS depends
on multiple factors such as the nanoparticle material and shape,
nature of the substrate, size, edge rounding, and interparticle
distance.®®? Furthermore, the change in LSPR wavelength of
silver nanocubes has a linear dependence on the refractive
index: a decrease in the surrounding refractive index results in a
reduction of the LSPR wavelength (blue shift).® The refractive
index sensitivity of 65-nm silver nanocubes on a quartz
substrate was previously found to be 113 nm/RIU.%*

Considering the above results, a 6.8-nm hypsochromic LSPR
shift can be expected for the combination of materials
components, which is close to the experimentally observed
LSPR peak shift of 6 nm. The same sequence of estimations can
be repeated for a silver nanocube array coated with AB-PMMA
layer as an alternative variable-refractive-index material. In this
case, because of the smaller change in refractive index of the
dye—polymer material (—0.05 RIU at 445 nm), a lower LSPR
shift should be and was observed (5 nm) than for the
composite layer based upon compound 2 (Figure 7c).
Therefore, the higher photoinduced refractive index variation
of branched compound 2 with a weight fraction of grafted
azobenzene arms and the ease of the robust ultrathin coating
fabrication make such hybrid materials promising for
applications in photoresponsive plasmonic coatings.

The experimental findings were further confirmed by FDTD
simulations (Figure 8a). Silver nanocubes were modeled with a
50-nm edge length and 25% edge rounding based on TEM
analysis (see the Experimental Section). A blue shift of 6 nm
was observed in the LSPR peak due to refractive index changes
of the surrounding material as a result of trans—cis isomer-
ization. It should be noted that the simulated nanocube
extinction peak was red-shifted by 20 nm from the experimental
findings, most likely because of the monodispersity and perfect
periodicity of the FDTD model.
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Figure 9. (a) Photoinitiated switching behavior of silver nanocubes coated with Azo-POSS compound 2. The upper curve is the LSPR position,
whereas the bottom curve is the Azo-POSS absorbance at 350 nm. (b) LSPR peak position modulation upon exposure to 365-nm UV light over 10
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Figure 10. (a,b) TIR measurements of different photoisomerized states with (a) p- and (b) s-polarized light. (c) Switching behavior of the
reflectance minimum under alternating irradiation with UV and visible light. The dotted lines correspond to UV irradiation events.

The electric field intensity distributions of the nanocubes
embedded in compound 2 for the trans and cis states exhibit
relatively minor differences (Figure 8b). Although the
plasmonic modes are oriented away from the substrate and
would typically be classified as antibonding modes, it should be
noted that the direction of light propagation (from the bottom
through the quartz substrate) causes this effect and that the
observed modes are, in fact, bonding modes.>%

Next, we investigated the control over the LSPR modulation
and cycling stability of ultrathin silver nanocube—Azo-POSS
films. A plot of LSPR wavelength versus irradiation time is
presented in Figure 9a. These data show that fine control of the
ratio of trans and cis isomers in the ultrathin film of compound
2 can be achieved by varying the irradiation time. The upper
curve is the LSPR position of silver nanocubes, and the bottom
curve is the extinction at 350 nm of the Azo-POSS matrix
(nm—n* transition of trans-azobenzene). It can be seen that the
LSPR modulation follows the change in the trans-isomer
fraction in the film of compound 2. Therefore, it is possible to
control the exact LSPR shift by changing the UV exposure time.

A stable switching of compound 2 is illustrated by the highly
repeatable reduction and recovery of the trans-azobenzene
absorption. Reproducible silver nanocube LSPR modulation
was observed between 443 and 447 nm as the sample was
alternately irradiated with UV and visible light (Figure 9b). The
corresponding transmission spectra are provided in Figure S6
(Supporting Information). The average plasmon resonance
shift over 10 cycles was 3.8 + 0.4 nm, with local deviations
within 10%. Such stability arises from a strong adhesion of the
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LB monolayer of silver nanocubes to the quartz substrate and
the photostability of ultrathin coatings of Azo-POSS compound
2. Topographical images of the composite material obtained
after multiple switching cycles show a relatively smooth
morphology with an Rq value of 2.4 nm after UV irradiation
and 2.5 nm after visible light irradiation (Figure S7, Supporting
Information). Azobenzene-containing thin films can form
surface relief gratings (SRGs) as a result of photoinduced
molecular displacement when in close contact with metallic
nanostructures.*>®” This aspect of the photoresponsive
plasmonic system reported here will be investigated in due
course.

LSPR Modulations in the Total-Internal-Reflection
Regime. The placement of silver nanocubes as a monolayer
at the surface of the quartz slide coated with a layer of
compound 2 creates an anisotropic environment where the
refractive index of the substrate (1,50 = 1.47) is lower than that
of the active matrix (n,5, = 1.67). We considered that this index
mismatch generates symmetry breaking and dipolar mode
broadening similar to that observed for the quartz—air
interphase (Figure 6). The modes oscillate parallel and
perpendicular to the quartz—Azo-POSS interphase and can be
distinguished under incident polarized light. Thus, we chose a
total-internal-reflection (TIR) setup to probe the refractive
index variation of silver nanocube—Azo-POSS ultrathin films by
exciting the nanocube LSPR with evanescent waves. As is
known, the TIR regime occurs at an angle beyond the critical
angle of the quartz—air interface (>43°), known from the
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followir61§ relation derived from Snell’s law: 6. = sin™'(n/

n uartz)'

qUnder TIR conditions, a pronounced difference in reflection
spectra between s- and p-polarized incident light is observed
(Figure 10). There is a noticeable blue shift and line-width
narrowing of the LSPR from p-polarized light to s-polarized
light. For the trans state, the LSPR is observed at 468 nm under
p-polarized (parallel to the plane of incidence) light and at 427
nm under s-polarized (perpendicular to the plane of incidence)
light. This difference can be explained by the fact that, at a 50°
angle of incidence, p-polarized light excites oscillation both
perpendicular and parallel to the interphase whereas s-polarized
light excites only the component parallel to the interphase
(Figure 10b).%” The measurement under p-polarized light is
therefore more sensitive to the refractive index variation, and
the LSPR shifts during photoisomerization were measured at
44 + 0.7 and 34 + 1.3 nm for p- and s-polarized light,
respectively, over four cycles (Figure 10 c). As with
transmission extinction measurements, we observed a reversible
cycling of reflection in the TIR regime when the sample was
alternately irradiated with UV and visible light.

B CONCLUSIONS

In conclusion, we have reported the fabrication of responsive
silver nanocube arrays embedded in an active medium based on
newly synthesized branched Azo-POSS compounds. The
branched conjugate with a long spacer between the core and
the azobenzene branches undergoes photoisomerization in
solution but not in an ultrathin solid film. Azo-POSS conjugate
2, with a shorter spacer between the core and the azobenzene
moieties, exhibits a large refractive index variation when
irradiated with UV light (—0.17 RIU change at a wavelength
of 380 nm), higher than that of simple azobenzene embedded
in a polymer matrix. We observed significant, reversible, and
repeatable shifts in silver nanocube LSPR peak position (from 4
to 6 nm) upon alternating irradiation of the composite Azo-
POSS—nanocube ultrathin film with UV and visible light.
Furthermore, a polarization-dependent variation in reflectance
was observed in the TIR regime, supporting the ability to
reversibly tune the LSPR by external stimuli such as light.
Although the plasmonic response of the hybrid material based
on mono azobenzene reported here is relatively slow (on the
order of minutes), the use of push—pull azobenzenes with faster
photoisomerization kinetics in a similar setup can shorten the
response time and shift the operational wavelength into the
visible wavelength range. Such robust photoswitchable
plasmonic materials could find application in plasmonic devices
with real-time and polarization-dependent responses, which
have the potential for optical switching and filtering
applications. In future research, the polarization-dependent
behavior of azobenzene-containing materials can be combined
with nanoparticle arrays to probe the photoinduced anisotropy
of the photoactive materials. Furthermore, oriented anisotropic
nanostructures combined with such active layers could result in
active polarizers and other devices.
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