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Evolution of Collective, Radiative Plasmon Coupling in

Confined, Soft Colloidal Films

Déborah Feller, Jiakai Wang, Julian Kippenberger, Christian Washeim, Jan A. Meissner,

Jan Meisner, Paul Mulvaney, and Matthias Karg*

Plasmon resonance coupling is a strongly distance-dependent phenomenon
that also critically depends on the spatial arrangement of its plasmonic
constituents, for example, plasmonic nanoparticles in periodic or random
assemblies. Here, we report electromagnetic coupling in ordered monolayers
of gold nanoparticles. The interparticle distances range from two to almost
six times the particle diameter. This is achieved by continuously monitoring
the optical response of a soft colloidal monolayer film that is confined at the
air/water interface and compressed through the barriers of a Langmuir trough.
The colloidal building blocks contain monodisperse, spherical gold nanopar-
ticles that are homogeneously encapsulated in soft, deformable microgel
shells. The soft shell enables continuous tuning of the interparticle distance.
This work directly compares the optical response measured in situ at the fluid
interface to the response of monolayers that are transferred to glass substrates.
Supported by COMSOL simulations and calculations using the coupled dipole
approximation this work observes plasmonic surface lattice resonances for
large spacings at the fluid interface. Reducing the interparticle distance leads to
increased damping and broadening of the coupled resonances. These results
demonstrate the feasibility of engineering 2D plasmonic structures with a wide
range of optical properties via mechanical manipulation of soft colloidal films.

can be tailored.*® Crucial for structural
control are the surface properties that ulti-
mately define the colloidal interactions.
Common examples are steric stabilizers
such as macromolecular ligands!’!] or
polymeric networks that encapsulate the
NCs.[1619) Depending on the molecular
weight of such surface decorations, dif-
ferent regimes of interparticle spacing
can be entered: Macromolecular ligands
typically cover interparticle distances
ranging from ~0.1 to 10 nanometers
while cross-linked polymer shells such
as hydrogel shells, cover spacings from
tens to many hundreds of nanometers
depending on the shell thickness.[?"]
Such polymeric coatings not only render
NCs colloidally stable but endow them with
long-range soft interactions.[?»?3] In con-
trast to rigid bodies with a steep interaction
potential, soft colloidal building blocks can
be assembled into periodic superstructures
with a range of periodicities that are gov-
erned by the packing fraction.[?*?’] For ex-
ample, when confined at a fluid interface,
that is, air/water or oil/water interfaces,

1. Introduction

Nanocrystals (NCs) can be synthesized with excellent control over
their size, shape and their polydispersity — parameters that define
the optical, electrical and magnetic properties of these nanoscale
building blocks.!'>) When NCs are assembled into ordered 2-D or
3-D superstructures new nanomaterials with unique properties

reduction of the available interfacial area leads to a compres-
sion of the thin colloidal film with a continuous decrease in
interparticle spacing.[?%] When using core-shell (CS) build-
ing blocks with NC cores and thick CS microgels, materials
with the same lattice structure but with varying lattice con-
stants can be fabricated using one type of building block.[31-3¢]
This is particularly interesting for studying distance-dependent
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collective effects. One important example of this is the electro-
magnetic coupling between plasmonic NCs. At small interparti-
cle distances localized surface plasmon resonances (LSPR) cou-
ple via the electric near field.*7*°1 At distances that are signif-
icantly larger than the individual NC diameter, long-range ra-
diative coupling via the far field can be observed. In 2D peri-
odic arrays of NCs with wavelength-scale interparticle distances
(divided by the local refractive index)!*°] such radiative coupling
can lead to collective interference modes. The resulting narrow
linewidths resonances are known as plasmonic surface lattice
resonances (SLRs) or lattice plasmons (LPs).3341=3] Understand-
ing, tuning and optimizing such coupling effects has been an
intense field of research for the last decade.[**41444] However,
most of the studies so far rely on investigation of superstruc-
tures on solid supports and the one-to-one preparation and in-
vestigation of samples. A few studies exist where flexible sub-
strates were used to post-modify the lattice spacing and/or lattice
geometry via substrate deformation.[**8] However, approaches
that can maintain the lattice structure while allowing dynamic
control over the lattice period have not been demonstrated
to date.

In this work, we present a method to directly modulate the
optical response of assembled plasmonic CS microgels at the
air/water interface in situ in a Langmuir trough using uniax-
ial compression. We are able to monitor in real-time the opti-
cal behavior and to record spectra at 1-s intervals, resulting in
more than 1800 spectra for one compression cycle of the col-
loidal film. Our in situ spectroscopic measurements allow us
to relate resonance position, strength and width to changes in
interparticle distance from almost six down to two times the
core diameter. The optical response of the colloidal film can
be recorded as a function of the interparticle distance for step-
sizes down to 0.2 nm. We observe a continuous blueshift and
broadening of the resonance peak with decreasing interparti-
cle distance. Our findings are directly compared to spectral re-
sults from colloidal films transferred to solid (glass) substrates.
COMSOL simulations and calculations using coupled dipole ap-
proximation were also performed to interpret the experimental
trends. The results demonstrate the feasibility of creating large-
scale, tunable plasmonic structures via simple mechanical ma-
nipulation of self-assembled films of colloidal building blocks.
This new spectroscopic approach also provides insights into the
phase behavior of soft colloidal monolayers confined at fluid
interfaces.

2. Experimental section

2.1. Materials

Gold(Ill) chloride trihydrate (HAuCl, - 3H,O; Sigma-
Aldrich, >99.999%), sodium citrate dihydrate (Sigma-
Aldrich, > 99%), sodium dodecyl sulfate (SDS; Sigma-Aldrich,
p-a.), butenylamine hydrochloride (BA; Sigma-Aldrich, 97%),
N,N'-methylenebisacrylamide (BIS; Sigma-Aldrich, >99%),
potassium  peroxodisulfate (PPS;  Sigma-Aldrich, > 99%),
cetyltrimethylammonium chloride (CTAC; Sigma-Aldrich,
25 wt% in water), ascorbic acid (Roth, p.a.), 1H,1H,2H,2H-
Perfluorooctyltriethoxysilane (FOCTS; J&K Scientific, 97%),
ethanol (Honeywell, p. a.), ammonia (PanReac Applichem,
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30% in water), hydrogen peroxide (Fisher Scientific,>30%
in water), cyclohexane (Fisher Scientific,>99.8%), and
Hellmanex III (Hellma GmbH) were used as received. N-
isopropylacrylamide (NIPAM; TCI, > 98.0%) was recrystallized
from cyclohexane. Milli-Q water (Millipore, resistivity>18
MQcm) was used for all syntheses and Langmuir trough
experiments.

2.2. Synthesis
2.2.1. Synthesis of Core-Shell Microgels

Monodisperse, nanocrystalline gold nanoparticles (AuNPs) of
near spherical shape were synthesized using the established
Turkevich method.[*] This yielded AuNPs with a diameter of 14.1
+ 1.1 nm determined by TEM analysis of at least 150 particles.
These NPs were then used as seeds in a seeded precipitation
polymerization to synthesize Au-PNIPAM CS microgels follow-
ing the protocol reported by Rauh et al.>! In short, the surface of
the AuNP seeds was functionalized with BA prior to the encap-
sulation. NIPAM as monomer and BIS as chemical crosslinker
(16.7 mol % (nominal) with respect to the amount of NIPAM)
were used to grow the microgel shell. PPS was used as radical
initiator. Upon successful encapsulation and purification, the CS
microgels were used to overgrow the AuNP cores to enhance the
plasmonic properties. The overgrowth of the cores was done fol-
lowing a protocol reported previously (Ponomareva et al.).?3] Af-
ter multiple steps of overgrowth, the AuNP cores reached a size
of 96.3 + 8.2 nm in diameter. The details of the synthesis can
be found in the Supporting Information. The CS structure of the
microgels with the hydrodynamic diameter D, is schematically
shown in Figure 1a. A TEM image of the final CS microgels is
shown in Figure 1d.

2.2.2. Preparation of Glass Substrates for Monolayer Transfer

Standard microscopy slides were cleaned by the RCA-1
method.’? This involved mixing five parts of water with
one part of ammonia solution (30%) and heating the mixture
to 80 °C under stirring. Once this temperature was reached,
one part of H,O, solution (30%) was added. The glass slides
were then immersed in the solution for 15 min and the solution
temperature was maintained between 75 and 85 °C. Afterward,
the glass slides were removed and thoroughly rinsed with water.
Before drying with a stream of compressed N,, the cleaned
substrates were left in water for an additional 5 min. The hy-
drophobization of the glass slides was carried out using chemical
vapor deposition. The slides were placed in a desiccator with
120 pL FOCTS and the pressure was reduced to 150 mbar. The
functionalization was allowed to proceed overnight. Following
this, the glass slides were removed and treated at 60 °C in an
oven for 2 h. Afterward, the slides were sonicated for 10 min in
ethanol and then dried with N,. The slides were cut in half along
the length and horizontal lines were scratched on the back of
the slide for further use. From the bottom of the slide, five lines
with a distance of 1 cm and a last line with a distance of 0.5 cm
were marked.
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Figure 1. a) Illustration of the structure of the CS microgels in bulk with the hydrodynamic diameter D,, indicated as dashed circles. b) Side and c)
top view of the microgels hexagonally assembled at the air/water interface with the diameter at the interface D; highlighted by the dashed circles. d)
Representative TEM image of the microgels. Photographs of the microgels assembled at the air/water interface at e,f) low and g) high compression.
h) 3D illustration of the setup combining extinction spectroscopy with a Langmuir trough. The large arrows show the direction of the movement of the
barriers. i=k) Photographs of the experimental set up with the self-built fiber holder with mounted optical fibers taken from different perspectives.

3. Methods

3.1. Atomic Force Microscopy

AFM height images were recorded in intermittent contact mode
in air using a Nanowizard 4 (JPK Instruments). Imaging was per-
formed with OTESPA-R3 AFM probes (Bruker), that feature a
visible apex tip geometry with a nominal tip radius of 7 nm. The
cantilevers had a resonance frequency of 300 kHz and a spring
constant of 26 N m~! according to the manufacturer. Exact values
were not measured. The images were tilt-corrected and flattened
with the JPK Data Processing software and further analyzed with
the software Image].l%!

3.2. Transmission Electron Microscopy

TEM imaging was performed with a JEOL JEM-2100Plus TEM
in bright-field mode using an acceleration voltage of 80 kV.
The samples were prepared on carbon-coated copper grids (200
mesh, Electron Microscopy Science) by drop-casting 7 uL of a
dilute aqueous microgel dispersion. The grids were dried at
room temperature. Core sizes were measured using the software
Image].1>%]

Adbv. Optical Mater. 2025, 13, e01657 e01657 (3 0f14)

3.3. Dynamic Light Scattering

DLS measurements were carried out with a Zetasizer Nano S
(Malvern Panalytical). The laser had a wavelength of 633 nm
and the scattered light was detected at a scattering angle of
173 °. A dilute aqueous CS microgel dispersion was measured
three times for 60 s in a semi-macro cuvette (polymethacry-
late, VWR). The hydrodynamic diameter, D, (z-average)
was determined by cumulant analysis via the instrument
software.

3.4. Extinction Spectroscopy

Extinction spectra were recorded using a Specord S 600 UV-vis
spectrophotometer (Analytik Jena AG) over a wavelength range
of 250 — 1019 nm. The spectra of dilute samples were measured
in transmission geometry using PMMA cuvettes with 1 cm path-
length. Water was measured as background. Substrate supported
monolayer samples (on glass) were placed vertically in the light
path with the monolayer facing the detector. We recorded spectra
at each marked line. Clean glass slides were measured as back-
ground.
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3.5. Computational Simulation

A finite element analysis (FEA) method was used to simulate
the near-field electric field distribution and optical extinction of
the hexagonally close-packed (HCP) AuNPs with COMSOL Mul-
tiphysics Wave Optics Module. The simulation solves Maxwell’s
equations in the frequency domain to model the interaction of
electromagnetic waves (EM waves) with the AuNP monolayer,
governed by the Equation 1.

1 (e -2 B
VX — (VXE) ko<er we)E_O (1)

Hy 0

where Eis the electric field, V x Eis the curl of the electric field, u,
is the relative permeability, k, is the free-space wavenumber, €,
is the relative permittivity, o is the conductivity of the material,
o is the angular frequency of the wave and € , is the vacuum
permittivity. Electromagnetic differential equations are solved to
model wave propagation and interactions within the system.

The model consists of two parts: the physical domain and the
perfectly matched layers (PMLs). The physical domain consists of
two layers: an air layer and an environment layer containing the
HCP AuNPs. The HCP unit cell comprises of a whole AuNP with
aradius of 46 nm placed in the center and four quarter-spheres at
the corners. The environment layer has the same thickness as the
diameter of the AuNPs, and the air layer is directly above the en-
vironment layer. Periodic boundary conditions are applied along
both the x- and y-axes to simulate an infinite monolayer array.
Perfectly matched layers (PMLs) are set to surround the entire
physical domain to absorb any outgoing waves and prevent inter-
nal reflections which may interfere with the simulations. A peri-
odic port was set at the boundary between the environment layer
and the bottom PML for excitation of the incident wave. A second
periodic port was set at the boundary between the air layer and
the top PML for the measurement of transmittance. The incident
wave was set to be normal to the AuNP monolayer, x-polarized,
with an electric field amplitude of 1 V m~! and an input power
of 1 W. The refractive index of air was set to be 1.0, and the op-
tical constants of gold (n and k) were sourced from Babar and
Weaver.[**] Different illustrations of the simulation environments
are depicted in Figures S1-S3, Supporting Information.

3.6. Compression Experiments

For compression experiments, we used polytetrafluorethylene
(PTFE) barriers and a film balance to measure the surface pres-
sure (x). Prior to the experiment, the trough and the barriers
were rigorously cleaned with water, followed by ethanol and wa-
ter. Before installing the Wilhelmy plate to the film balance, it
was heated in a flame until red-hot to remove any residues. The
clean trough was filled with water while the barriers were closed
until the water reached the edges of the trough. Then the barriers
were opened and the Wilhelmy plate was immersed in the water
at the middle of the trough, but in the last third of the width of the
trough. The microgels were applied only if 7 was below 0.1 mN
m~L. For our experiments, we applied 70 uL of the diluted stock
solution at the air/water interface using a micropipette. The side
view of the microgels at the interface with their interfacial diam-
eter D; is schematically shown in Figure 1b. The microgels are
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expected to show a " fried-egg”like shape at the interface with D,
larger than D, .15% As schematically shown in the top view of
the interface in Figure 1c, the microgels arrange into a hexago-
nally ordered assembly with the spacing here denoted as near-
est neighbor center-to-center distance d .15 In Figure 1le,f,
photographs of the interface with open barriers are depicted. The
light pinkish color is attributed to the surface plasmon resonance
of the AuNP cores that are part of the immersed colloidal film. In
addition, the slightly visible iridescence provides evidence for the
periodic arrangement of the CS microgels in the thin colloidal
film. After 15 min equilibration time, we started to close the bar-
riers at a speed of 10 mm min~!. A photograph with fully closed
barriers is depicted in Figure 1g. Here the intense pink color indi-
cates that the distance between the AuNPs is reduced compared
to the start. Thus, compressed microgels are assembled at the
interface.

3.7. Continuous Monolayer Transfer for Ex Situ Analysis

To analyze the microstructure of the CS microgels assemblies,
we performed Langmuir-Blodgett (LB) deposition onto a glass
substrate that was continuously retracted through the air/water
interface during reduction of the surface area.[?-45557] We used
the LB trough (Microtrough G2, Kibron Inc.) and a dip-coater to
retract the glass slide. The glass slide was mounted on the dip
coater at the center of the trough. The glass slide was placed per-
pendicular to the air/water interface and parallel to the barriers
and then immersed at a depth of 55 mm below the interface, so
that the meniscus of the water level touched the upper mark. The
glass slide was retracted as soon as the compression started. The
retraction speed of the dip coater (1.719 mm min~') was adjusted
to the closing speed of the barriers. Thus, it was possible to map
spatial positions on the substrate after the experiment to the sur-
face pressure at the interface during the experiment. After com-
plete drying of the glass slide, AFM height images were recorded
at the marked positions. The nearest neighbor center-to-center
distance (d..) was determined from the radial distribution func-
tion (RDF).

3.8. In Situ Spectroscopic Investigation During Uniaxial
Monolayer Compression

For the in situ experiments, we used a microscopy trough (Mi-
crotrough G2, Kibron Inc.) which was combined with a fiber-
optic-based VIS-NIR spectrometer (Ocean Optics). To position
the optical fibers below and above the microscopy window of
the trough, we used a self-designed, 3D-printed holder. The STL
file of the holder is available from the Supporting Information.
The fiber from the light source was placed below the microscopy
window of the trough (but not in contact), while the fiber lead-
ing to the detector was placed 2.6 cm above the window. The to-
tal distance between the two fibers was ~4.4 cm. The setup is
schematically shown in Figure 1h. The large black arrows indi-
cate the direction of the compression and also that of the move-
ment of the barriers. Photographs of the complete setup (without
sample) are shown in Figure 1li-k. For better visualization, the
cover box was removed in Figure 1j,k. A tungsten halogen lamp

© 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

d ‘v 'S20C 'TL0TS6TC

sdny wouy

85UB017 SUOWWIOD 9A 18D 3ot |dde au Ag peusenob a1e sajoie YO ‘8sn Jo o Joy Aeud 1 8uluO A8|1M UO (SUONIPUOD-PUR-SWB)W0D A3 | Im A leid 1[pul U0/ Sdny) SUORIPUOD pue Swis L 81 89S *[9202/T0/c2] U0 ARig18UIUO AB|IM ‘ HOPESSNA U101 (qIgsspUe ] pun -SEISIBAIUN AQ ZG9TOSZ0Z WOPe/Z00T 0T/I0p/W0d A3 | 1M Ae.q 1jpuljuo


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

(HL-2000-LL, Ocean Optics) was used as light source covering
a wavelength range of 360 to 2000 nm. The stability and the
drift of the lamp are 0.5% and < 0.3% per hour, respectively.
The lamp exhibits a bulb color temperature of 2800 K. The op-
tical fiber (P400-1-VIS-NIR, Ocean Optics) exhibited the best ef-
ficiency over the wavelength range from 400 to 2100 nm and had
a fiber core diameter of 400 + 8 um. As detector, we used a Sony
CCD array detector (FLAME-S-VIS-NIR-ES, Ocean Optics) with
2048 pixels and a minimum integration time of 1 ms. The op-
erating wavelength range was from 350 to 1000 nm with an op-
tical resolution of 1.33 nm. The connected optical fiber (P600-1-
VIS-NIR, Ocean Optics) exhibited the best efficiency from 400 to
2100 nm and had a fiber core diameter of 600 + 10 um. We used
Ocean View (Ocean Optics) as software to visualize and record the
spectra.

The light source was left to equilibrate for 15 min before we
adjusted the integration time to ~#85% of the measured capacity
of the detector. The exact integration times for all experiments
are listed in Table S1, Supporting Information. Each spectrum
is an average of five scans with boxcar widths of three. Refer-
ence spectra of the clean and empty air/water interface with and
without illumination of the light source were recorded, respec-
tively. For these two measurements, the ceiling light of the labo-
ratory was switched off to eliminate any perturbation from other
light sources. Extinction spectra were already recorded during the
equilibration time with a time resolution of 1 s. During the fol-
lowing compression of the colloidal film, we recorded extinction
spectra in intervals of 1 s while the surface pressure was contin-
uously measured, leading to a total of 1856 spectra per compres-
sion. The spectra were analyzed by a self-written python script
called PeakAnalyzer.

3.9. Spectroscopic Investigation of Monolayers Transferred to a
Glass Substrate

The coated glass substrate was measured with the same fiber-
optic based spectrometer as described in the previous section. A
clean glass substrate was used to record reference spectra. Then
the coated substrate was mounted into a dip-coater that allowed
for continuous translational movement of the substrate between
the two fibers with a speed of 1.719 mm min™ starting at the
first marked position. Here the coated side faced toward the de-
tection fiber. A spectrum was recorded every second from the first
marked position to the edge of the coated substrate. The first 18
spectra had to be rejected, as the fiber illuminated both the coated
and uncoated areas of the substrate. Hence, the spectra were not
fully representative of the monolayer on the substrate. In total,
we collected 1837 spectra covering the optical response of the re-
tracted monolayer. The recorded spectra were analyzed by a self-
written python script called PeakAnalyzer.

3.10. PeakAnalyzer Script

PeakAnalyzer is an open-source Python pipeline designed to au-
tomate the extraction of peak parameters from large collections of
wavelength—intensity spectra. Using a companion Jupyter note-
book, raw tab-delimited files are imported into Pandas, organized
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into project folders, and prefiltered over a user-defined spectral
range. For each spectrum, the wavelength of maximum inten-
sity is located and a Lorentzian function with a constant off-
set is fitted by nonlinear least squares, yielding the peak center,
amplitude, half-width at half maximum and fit quality. Option-
ally, raw peak and baseline values are averaged over neighbor-
ing data points for direct comparison. PeakAnalyzer then renders
high-resolution plots of every data-fit overlay, compiles all metrics
into a single CSV summary, and can assemble the figures into
a video for dynamic inspection. The package leverages numpy,
pandas, matplotlib, and scipy!®*°!l and is available at GitHub:
https://github.com/jthemmaster/PeakAnalyzer.

4, Results and Discussion

4.1. Monolayer Assembly and Transfer to Solid Substrate

The CS microgels were self-assembled at the air/water inter-
face in a Langmuir trough starting with open barriers, and a
maximum available surface area, A;. The spontaneously formed
colloidal film was visible by its light pinkish color as seen in
Figure 1e that covers the whole available interface. From previous
works, we know that “classical” and CS microgels assemble into
single monolayers at the air/water interface.[?#62] Thus, the col-
oration seen in Figure le results from a microgel monolayer. Dur-
ing the following uniaxial compression, the monolayer was con-
tinuously transferred to a hydrophobically modified glass slide
similar to the approach reported previously.”>! Previous works
found that microgels exhibit better adhesion toward hydrophobic
than hydrophilic substrates, as the polymer chains of the micro-
gels can replace unfavorable contacts between water molecules
and the hydrophobic substrate.[®*] On the substrate the microgels
stretch into a  fried-egg “like conformation to maximize the con-
tact with the substrate, similar to the situation at the air/water
interface, as schematically shown in Figure 1b.1255* The better
adhesion to the substrate can help to counteract attractive capil-
lary forces that alter the microgel arrangement during drying.[%]
As we will see later in this work, over a certain range of d__ val-
ues, capillary interactions nevertheless become relevant. Using
the known speed of substrate withdrawal and the barrier speed
of the LB trough, we can link the recorded surface pressure to
the vertical position on the substrate. A photograph of the glass
slide with the continuously transferred monolayer in Figure 2
bottom left reveals a color change from light pinkish at the top
to intense pink at the bottom. This change is mostly attributed
to an increase of the number of CS microgels per unit area. Due
to the monolayer compression in the trough, that is, reduction
of the available surface area, A, y,, 4. decreases from top to
bottom, that is with increasing surface pressure. Furthermore,
opalescence can be observed toward the top of the substrate, cor-
responding to low compressions, which points to the periodic ar-
rangement of the microgels with rather large domain sizes. The
horizontal, dashed lines with the corresponding surface pres-
sures indicate the positions on the glass slide where AFM height
images were recorded (see Figure 2i—vi). The corresponding sur-
face pressure isotherm is shown in Figure 3a in terms of [T as a
function of normalized trough area, A ,4n/Ay- The AFM images
reveal the hexagonal arrangement of the CS microgels with only
some local defects, which do not affect the overall arrangement
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Figure 2. Ex situ analysis of the microgel monolayer after Langmuir-Blodgett deposition and subsequent drying. Bottom, left: Photograph of the glass
substrate carrying the CS microgel monolayer. Horizontal, dashed lines mark surface pressure values and the corresponding positions where AFM
analysis was performed. AFM height images of the monolayer corresponding to different surface pressures (i — vi). The z-scale bar (height) is shown on

the top right and is the same for all presented AFM images.

at low compressions (images i to iii). These exemplary images
show single crystalline domains over the entire scanned 100 um?
area. This underlines the very low size polydispersity of the CS
microgels. Similar large domains were also previously reported
for comparable CS microgels.?*%%] From image i to iii values of
d.. decrease from 502 + 14 nm to 435 + 2 nm, as determined
from the radial distribution functions (RDF) that were calculated
from the AFM height images. The fact that these distances are
significantly larger than the value of D, = 350 + 3 nm measured
from dilute dispersion in the swollen state (20 °C), is related to
the lateral deformation (stretching) of the microgel shell to a di-
ameter D; at the interface as shown in Figure la—c. The ratio
D, /D, depends on the shell-to-core size ratio, the shell softness
as well as the overall dimensions.[2%5%] We note that AFM im-
ages depict the monolayer in the dried state with significantly re-
duced microgel dimensions leading to the non-close-packed ap-
pearance. Upon further compression, we observe a further re-

Adv. Optical Mater. 2025, 13, 01657 e01657 (6 Of'|4)

duction in d_ and the appearance of small clusters of microgels
with significantly smaller spacings at 19.5 mN m™'. The fraction
of clusters of microgels in close proximity increases upon further
compression. The clustering, observed in the AFM images iv to
vi, is attributed to drying artefacts, that will be further discussed
in the next sections. Despite these local changes, the overall mi-
crostructure still adopts hexagonal packing as confirmed by the
fast Fourier transforms (FFTs) provided in Figure S4, Support-
ing Information. At 30.5 mN m™!, we reach d_. = 259 + 3 nm,
which is significantly smaller than D, indicating that the micro-
gel shells are in a compressed state. At higher surface pressures
we approach the mechanical stability limit of the monolayer. We
will later see that the region of monolayer failure can also be de-
tected optically. Table 1 summarizes the determined values of d_
obtained from analysis of the AFM images performed at differ-
ent values of IT along the surface pressure isotherm that will be
discussed in the following.
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Figure 3. Optical response of assembled microgels with increasing sur-
face pressure. a) Compression isotherm recorded at the air/water inter-
face where the colored circles mark surface pressures at which extinction
spectra are compared. b) Ex situ raw extinction spectra measured from
the substrate-supported monolayer shown in Figure 2. ) In situ raw ex-
tinction spectra measured from the microgel monolayer at the air/water
interface.

Adbv. Optical Mater. 2025, 13, e01657 e01657 (7 0f14)

www.advopticalmat.de

Table 1. Measured surface pressures, I1, and corresponding values of the
nearest neighbor center-to-center distance, d_, determined from the po-
sition of the first peak in RDFs computed from AFM height images.

I [mN m™] d.. [nm]
3.4 502 + 14
6.4 476 + 7
13.9 435 +2
19.5 388+ 1
233 286 + 1
30.5 259+3

4.2. Evolution of Plasmon Resonance Coupling: Qualitative
Picture using In Situ Versus Ex Situ Spectroscopy

During the compression of the monolayer, we observe a
color change from light pinkish with slight iridescence
(Figure 1e,f) to intense pink (Figure 1g). To follow these changes
spectroscopically, we first analyze the substrate-supported mono-
layer shown in Figure 2. The colored dots in Figure 3a mark
surface pressures at which we will directly compare spectra
recorded at the fluid interface (in situ) and upon transfer to the
substrate (ex situ). We note that the AFM images provided in
Figure 2 correspond to these selected values of II. Figure 3b
shows spectra for different degrees of compression recorded
ex situ at the different positions on the substrate. The spectra
reveal single resonance peaks that clearly change in response to
the monolayer compression. At IT = 3.4 mN m~! we observe a
resonance peak with its peak position at 4,,, = 605 nm and a
peak width (full width at half maximum, FWHM) of FWHM =
150 nm. This peak is significantly redshifted compared to the
peak measured from dilute, aqueous dispersion shown in Figure
S5, Supporting Information (A,,,, = 581 nm, FWHM = 133 nm).
As reported by Ponomareva et al.,[**! this redshift is mostly
caused by the change in the effective refractive index (RI) envi-
ronment with water (n = 1.33) and highly water-swollen microgel
shells in dispersion and the high RI glass as substrate (n = 1.52),
air (n = 1.00) as superstrate and the collapsed microgel shell
surrounding the AuNP cores in case of the substrate-supported
monolayer. To decouple the influence of the RI environment
from potential electromagnetic interactions in our periodic
arrays, we also prepared a very dilute, random submonolayer
on a glass substrate. The corresponding extinction spectrum in
Figure S6, Supporting Information shows a resonance peak at
Amax = 594 nm with FWHM = 132 nm. While the peak width
matches closely to the one measured from dilute dispersion,
the redshift of the resonance by 13 nm underlines that the
effective RI environment has a larger value as compared to the
RI of water in the case of the measurement from dispersion.
As visible in Figure 3b, with increasing II, the resonance peak
blueshifts, gains in intensity and the FWHM reduces. The
increase in intensity is mostly related to the increase in number
of particles per area, N,,, as the interparticle spacing is reduced
upon compression.

To follow this change in situ, at the air/water interface, we
combined a Langmuir trough with an optical fiber-based extinc-
tion spectrometer. With this setup, it is possible to measure the
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surface pressure and extinction spectra simultaneously during
the continuous compression of the monolayer. Since the con-
tinuous compression of the monolayer is expected to lead to
a change in the lateral and vertical microgel morphology lead-
ing to an increase in polymer volume fraction in the interfa-
cial film which might affect any scattering background, we first
performed reference measurements. For these measurements
we used the CS microgels with the initial small AuNP cores
(Deore = 14 nm) prior to overgrowth. The optical response of
these microgels in dispersion (Figure S5, Supporting Informa-
tion) is dominated by the strong light scattering of the microgel
shell and the cores contribute only with a small, purely absorp-
tive resonance component.'®%7] Figure S7, Supporting Informa-
tion shows spectra recorded during the uniaxial compression of
the microgel monolayer. Independent of the state of compres-
sion measured extinctions are close to zero over the whole spec-
tral range. This proves that: i) The extinction cross-section of the
small AuNP cores is too low for in situ analysis of the plasmonic
response of a monolayer, and ii) Scattering from the microgel
shell is low, does not significantly contribute to the measured ex-
tinction and also does not change with monolayer compression.
Therefore, we continue our experiment with the Au-PNIPAM mi-
crogels with overgrown cores (D, = 96 nm) that show signifi-
cantly enhanced plasmonic extinction. Figure 3¢ shows the spec-
tra recorded in situ for the different points on the compression
isotherm as highlighted in Figure 3a. Generally, we observe sim-
ilar trends in the evolution of the peak position and intensity as
found for the substrate-supported monolayer (ex situ). In con-
trast the FWHM in the range of small IT where values of d__ are
largest are significantly smaller for the monolayer at the fluid in-
terface. At 3.4 mN m~! (dark green), a narrow resonance peak at
Amax = 619 nm with FWHM = 50 nm is observed. Compared to
the spectrum measured from dilute, aqueous dispersion shown
in Figure S5, Supporting Information (4,,,, = 581 nm, FWHM =
133 nm), the peak from the monolayer is significantly redshifted
with a much smaller peak width pointing to constructive electro-
magnetic coupling.

4.3. Evolution of Plasmon Resonance Coupling: Quantitative
Picture from In Situ Spectroscopy

In order to understand the spectral changes of the plasmonic
monolayer at the air/water interface more quantitatively, we need
to link the compression to changes in d_.. We do this by using
the microstructural information obtained by AFM (ex situ) at 3.4
mN m™! as a reference point. At this surface pressure, the micro-
gels are highly ordered with no evidence of clustering as shown
in Figure 2i. Thus, it is safe to assume that this microstructure
also resembles the structure at the air/water interface. To esti-
mate the total number of microgels (N, ) at the interface, we
counted the number of particles from three different AFM im-
ages resulting in the number of microgels per area (N/area). By
multiplying N/area by the total area of the trough (A,,,) at 3.4
mNm™, N, can be derived. We then can calculate the available
area per microgel (A,,ipe) for each step of the compression ex-
periment by dividing the respective trough area by N, ,.;. Because
of the hexagonal arrangement of the microgels we need to con-
sider the maximum area fraction for 2D arrangement of spherical
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Figure 4. Spectral evolution of the resonance peak during continuous re-
duction in d... from in situ spectroscopy at the air/water interface. a) Ex-
tinction data as recorded. b) Normalized extinction spectra. Normaliza-
tion was done by dividing each spectrum by the corresponding value of
N/area.

objects of ﬁ ~ 0.91. Values of d__ can then be calculated for the

e

whole isotherm by:

A, -091-4
d — avaﬂableﬂ- (2)

We want to note that this calculation might underestimate
real interparticle distances in the range of high compressions,
where the microgels are significantly compressed which might
lead to faceting and consequently area fractions >0.91. Due to
the square root in equation 2 this effect however, is almost
negligible.

Figure 4a shows the full series of extinction spectra (>1800)
for decreasing d_. from top to bottom. One clearly observes the
continuous blueshift from large d__, at the beginning of the com-
pression experiment, down to ~300 nm. For even smaller val-
ues of d_. the resonance position remains almost constant. The
blueshift is accompanied by a continuous broadening of the res-
onance peak. In the range of d_. < 270 nm, jumps in intensity
and peak width occur. These “jumps” are related to the failure
of the monolayer in the regime of large compressions. Here, we
assume the monolayer to buckle and break, ultimately leading to
mass transport to the subphase. It is possible that at intermedi-
ate steps, domains from the colloidal monolayer stack on top of
each other which would explain the jumps in intensity. While in
this work our aim was to measure the full compression isotherm
including the regime of monolayer failure, we want to note that
at intermediate surface pressures we expect the monolayer to re-
versibly respond to increases/decreases in available trough area.
This has been shown for similar CS microgels in a very recent
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Figure 5. Results from automated peak fitting. a) Intensity (black sym-
bols) and FWHM (grey symbols) of the resonance peak as a function of
d.... b) Peak position determined from in situ spectroscopy at the air/water
interface (black circles) and from the substrate-supported monolayer (ex
situ, open brown circles) as a function of d... The grey shaded area marks
the regime of particle distances where the beginning of clustering was ob-
served in case of the sample transferred to the substrate. The vertical red
dashed lines in both diagrams indicate the critical interparticle distance
for which mechanical failure of the monolayer was observed to begin.

work.[®®] In that work we have shown that after multiple cycles,
CS microgels always reached similar values of d_. at the same
surface pressures. Thus, for the present plasmonic system we
would expect that the resonance shifts will also be reversible with
respect to changes in the trough area. Since we know the num-
ber of particles per unit area for each spectrum, we can normal-
ize the extinction spectra to eliminate the effect of the increasing
number of microgels probed during the compression experi-
ment. Figure 4b shows the normalized spectra as a function of
d... Plotting the data this way it becomes clearer that we start
with an intense and sharp resonance at large values of d__ that
broadens, loses intensity and shifts to smaller wavelengths as d_
is decreased.

With the PeakAnalyzer script we analyzed the large number
of spectra recorded in an automated fashion to extract the peak
position, intensity and FWHM. Figure 5a shows the peak inten-
sity (left axis, black) and FWHM (right axis, grey) from the in
situ experiment as a function of d_.. The peak intensity (not nor-
malized) increases continuously until jumps in intensity are ob-
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served in the regime of mechanical monolayer failure. The ap-
proximate d_. where this begins is highlighted by the vertical, red
dashed line. The evolution of the peak intensity outside the re-
gion of monolayer failure clearly does not follow the expectation
for increasing number of optically non-interacting particles ac-
cording to the Beer-Lambert law. This is also visible in Figure 4b
where the maximum peak intensity does not remain constant al-
beit the normalization by the changing number of particles per
area. The FWHM increases from initial values below 50 nm to
values approaching ~90 nm when the monolayer is compressed.
These values are significantly lower than the ones measured from
dilute, aqueous dispersion. The filled black circles in Figure 5b
correspond to the peak positions that continuously blueshift with
decreasing d_. until the value remains constant in the regime of
monolayer failure. The fact that the blueshift of the peak position
is continuous indicates that also the change in interparticle dis-
tance is continuous. This means that from the in situ measured
spectral changes there is no indication for clustering of microgels
at the fluid interface, as was observed from the ex situ AFM anal-
ysis (images iv to vi in Figure 2). This is in agreement with our
recent works, where we have shown that capillary interactions
alter the microstructure of a microgel monolayer during drying
on a substrate.!?864] At large values of d. . where we observed the
intense and narrow resonance peak, the peak position depends
almost linearly on d_. . The near linear correlation between reso-
nance position and particle distance indicates that the mode has a
pronounced photonic character due to constructive interference
of the oscillating dipoles of the array. For a 2D periodic lattice, the
interplanar spacing d is related to the lattice constant a by:[*’]

= 3

1 _4 <h2+hk+k2>

Here h and k denote the Miller indices. For a hexagonal lat-
tice, the nearest neighbor interparticle distance is the lattice con-
stant, that is, a = d_.. Considering our largest estimated value
of d.. = 540 nm at the beginning of the compression experi-
ment and using n.e = 1.33 to account for water with a small
fraction of polymer in the space in between the AuNPs in the
thin colloidal film, we expect the primary photonic mode to oc-

cur at A, = Videe s o 618 nm. At this wavelength we have

a large spectral overlap with the uncoupled LSPR band (deter-
mined in aqueous solution, see Figure S5, Supporting Informa-
tion). Indeed, our measured resonance mode at this d__ is close
to 618 nm. The significantly smaller line width of our resonance
underlines that we deal with plasmonic surface lattice resonances
(SLRs). Previous works have shown that a homogeneous refrac-
tive index (RI) environment is necessary to allow for coupling
to in-plane modes of diffraction.33*1-3] Although we deal with
a low RI environment (mostly water surrounding the colloidal
film) and an asymmetric RI environment due to the nearby air
superstrate, collective coupling due to diffractive modes is still
pronounced. This implies that the in-plane RI environment is
rather homogeneous and sufficiently thick. In other words, the
AuNPs are expected to be fully immersed in the water subphase
as indicated in the sketch of Figure 1b. Since our excitation ge-
ometry (transmission) allows for dipole excitation that oscillate
in-plane, out-of-plane penetration of the electromagnetic fields
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Figure 6. Comparison of the experiment with simulations. a) Simulated extinction spectra of assembled AuNPs at the air/water interface with d._. from
142 to 592 nm in 50 nm steps. Spectra were normalized to the cross section per particle. The d_. increases from dark red to dark green. b) Resonance
peak positions plotted against d_. from the experiment (filled circles), MLWA (open squares) and COMSOL (filled squares) simulations.

into the nearby air superstrate is expected to be low. We want
to note that our coupling is relatively weak, leading to low qual-
ity factors due to the less-than-ideal RI conditions.[®! For similar
self-assembled structures embedded in a homogeneous, higher
RI environment Ponomareva et al. reported stronger plasmonic
SLRs.®¥] As d_. decreases, the peak position shifts to shorter
wavelengths and becomes broader, which is in good agreement
with the findings of Ponomareva et al. At d_. = 475 nm the pho-
tonic mode should occur at 4,, ~# 548 nm for RI = 1.33. This
means the diffraction edge is located on the high energy side of
the (uncoupled) LSPR. Here the real part of the inverse of the
AuNP polarizability (1/a) and the dipole sum (S) have the same
sign and conditions for coherent plasmonic-diffractive coupling
are not met.*!l Further reduction in d__ further blueshifts the res-
onance while the FWHM increases indicating weaker coupling
and significant damping. While the resonance width for smallest
distances is still below the width of the LSPR measured in dilute
aqueous dispersion, it seems to approach the width of uncoupled
(isolated) AuNPs. We want to note that we could not measure
extinction spectra of a random CS microgel monolayer or even
isolated CS microgels at the air/water interface to capture the
uncoupled state in the relevant RI environment. At the highest
surface pressure of 30.5 mN m~!, the peak position is at 4, =
555 nm. We want to note that our values of d__ in the experiments
at the air/water interface are too large to support near-field cou-
pling that would lead to a redshift of the resonance with decreas-
ing interparticle distance with a coupling strength that scales
with 1/d_ 3.7

In Figure 5b we also plot peak positions determined from the
substrate-supported monolayer (open, brown circles) that fea-
tures an even stronger mismatch in RI environment as discussed
previously. While we also observe a continuous blueshift with de-
creasing d_. there are some pronounced differences to the po-
sitions determined in situ at the air/water interface. Unlike the
case for particles at the air/water interface, at large d__ values the
peak position for the substrate-supported monolayer seems to
be slowly asymptoting and does not follow the predicted linear
trend. There is no indication for pronounced to in-plane diffrac-
tive modes. For a strongly asymmetric RI environment such plas-
monic arrays are not expected to support plasmonic SLRs.[3341]
For d__ values smaller than 480 nm, the data from both experi-
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ments overlap until d_. ~ 435 nm. The grey shaded area between
d.. of 435 to 388 nm marks the region where clustering of mi-
crogels was observed in the AFM images iv to vi. Analysis of
these clusters revealed interparticle distances that decrease from
~250 — 300 nm down to ~200 nm at maximum compression.
Thus, for the substrate supported sample we might enter regions
where near-field coupling could potentially start to become rele-
vant. The fact that the peak positions emerge less monotonically
in this region and down to values of d_. of 300 nm might imply
that near-field coupling due to the growing fraction of clusters
on the substrate is indeed relevant. Since we are in the regime of
weak coupling with many potential influences on the coupling
scenario of the substrate, we do not want to overinterpret our
findings.

To support our findings from the extinction measurements at
the air/water interface and in particular the coupling to diffractive
modes in the range of large distances, we will now turn to results
from analytical calculations.

4.4. Calculations using the Coupled Dipole Approximation

The coupled dipole approximation was used to model the optical
properties of lithographically prepared particle arrays by Schatz
etal.l”*72l and by Barnes et al.[**73] Using the modified long wave-
length approximation (MLWA), the polarizability of a spherical
particle is given by

adipole

()

(x =
M 2 B
3 dipole , dipole

Here the static polarizability of a small isolated sphere is given
by

g £ Em

£+ 2,

adipole = (5 )
where a is the particle radius, €, = 1.78 is the dielectric constant
of the non-absorbing solvent, and ¢ is the dielectric function of
the metal NP. Equation 5 accounts for retardation and radiative
damping in particles larger than the dipole limit. It is used to
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model the experimental spectra of our AuNPs in water (see Sup-
porting Information). When the particles are incorporated into
a 2D hexagonal lattice, the local field is affected by the coherent
superposition of the fields scattered by the other AuNPs in the
lattice. The modified polarizability, a,,,, can be written:

1
L _3

AMLWA

(©)

Mgt =

Here S is the sum of scattered electric fields due to all the other
AuNPs in the neighborhood of the particle under consideration.
It depends on the refractive index, the wavelength of the incident
light and the lattice symmetry. The lattice sum S is complex val-
ued and decays slowly. The modified absorption, scattering and
extinction cross sections are given by:

Cabs = 4”k Im (a]att) (7)

sca

8 2
Coea = 3 k! |alatt| (8)
The total extinction coefficient is then found using

Cext = Cabs + Csca (9)

4.5. Spectra of Isolated Particles

For AuNPs with radii of 46 nm, the extinction spectrum is due
to both light scattering and absorption. In Figure S8, Supporting
Information, we compare the experimental extinction spectrum
from dilute aqueous dispersions of our CS microgels to calcu-
lated single particle spectra. The experimental LSPR peak wave-
length is 581 nm. The peak is broadened primarily by polydisper-
sity in the particle size. Also shown is the spectrum predicted us-
ing the MLWA model which yields a peak at 583 nm for a radius
of 46 nm in excellent agreement with the experimental model.
The good agreement also shows that the swollen PNIPAM shell
in experiment has minor influence on the resonance position,
that is, the RI is expected to be close to the value of water indicat-
ing a high water content in the shell. Spectra calculated using the
full Mie theory, yields a surprisingly blue shifted peak at 560 nm
(see Table S1, Supporting Information). Notably, the Mie curve
does a much better job of matching the extinction at wavelengths
shorter than the LSPR band. COMSOL modelling yields a peak at
584 nm for 46 nm gold spheres in water (not shown for clarity).
Given the good fit to the MLWA model we can now calculate how
such particles couple in an ordered 2D film.

4.6. Spectra of Hexagonal Arrays

In Figure 6 we present the experimentally determined peak wave-
lengths for the CS microgel monolayer as a function of the sep-
aration together with the peak positions from coupled dipole ap-
proximation (MLWA model). In agreement with data from litho-
graphically prepared particle arrays,I’?! we find that the peak blue-
shifts with decreasing particle separation. At values of d__ above
about 600 nm, the shift is close to the expected shift for a purely
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photonic lattice mode where the peak is expected to shift ac-
cording to equation 4. The slope of the curve should be linear

Ao \/E”rFF

with a value of ¢ = “—& ~ 1.15. As the particle separation de-

creases, both the COMSOL and MLWA models show that the ex-
tinction cross-section per particle decreases and the FWHM in-
creases dramatically. To understand the reasons for this, we note
that resonances occur when the denominator in equation 7 ap-
proaches zero. In Figures S10 and S11, Supporting Information,
we present two graphs highlighting the interplay between S and
1/a.

When the lattice constant is significantly larger than the LSPR
wavelength (581 nm in water for 46 nm spherical gold particles),
the SLR closely follows the prediction based on equation 4, where

Ay = \/T; d._. n.g ~ 682 nm. A second resonance at ~560 nm
corresponds to the LSPR peak in water for the uncoupled AuNPs
but it is not a pure LSPR. The MLWA model also predicts a
weaker secondary peak at 4,; = g neg = 393 nm. This peak was
not resolved experimentally. These longer wavelength SLR peaks
are orders of magnitude sharper and more intense than the LSPR
peak. As the CS microgel monolayer is compressed particle ex-
tinction coefficient (per particle) decreases and the resonance
blue-shifts as shown in Figure 3. Importantly, once the photonic
mode merges with the interband transitions of the gold metal, at
wavelengths < 510 nm, there is always a large value for both Re(a)
and Im(«) and this weakens the coupling to in-plane diffractive
modes.

In summary, the MLWA model accurately predicts the extinc-
tion peaks experimentally observed during the continuous com-
pression of our CS microgel monolayer, as well as the decreasing
intensities and broadening. At the smallest separations there is
evidence for a small red-shift which reflects the onset of near-field
coupling between the AuNPs.

4.7. COMSOL Calculations

Because the MLWA model is restricted to a homogeneous re-
fractive index environment, it is worth exploring to what extent
the asymmetric dielectric surroundings may influence the 2D
films. Hence, the optical response of the AuNP monolayer at
the air/water interface was investigated via finite element anal-
ysis (FEA) using COMSOL Multiphysics. Figure 6a shows simu-
lated extinction spectra of the interfacial monolayers with d_ . val-
ues ranging from 592 to 142 nm, with 50 nm steps. These have
been normalized to the cross section per particle. In agreement
with the experiment, we observe a continuous broadening and
blue shift of the resonance peak with decreasing d_ . For large
d.. values, the extinction peak is intense and narrow pointing
to a more pronounced photonic character of the mode. As d__
decreases, coupling to the diffractive mode weakens, leading to
a reduction in peak intensity and an increase in FWHM due to
damping.

Figure 6b shows a comparison of the peak positions deter-
mined from simulations and experiment. The data points from
both simulations show the same trend as the experimental data.
The absolute agreement however is significantly better for the
calculations based on the coupled dipole approximation with the
MLWA (open squares). Here the peak positions match the ex-
perimental values closely over the whole range of interparticle
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Figure 7. Calculated electromagnetic intensity maps for the hexagonally ordered monolayer a) at the beginning, b) at the middle, and c) at the end of
the compression, respectively. The top and bottom row show two different angles of view. The same color scale applies to all maps.

distances. Slight deviations between experiment and simulation
might be related to the more complex RI conditions in the ex-
periments. The simulations assume a homogeneous medium
with a fixed RI. However, in actual experiments, the microgel
shells contribute to the effective RI in the interfacial layer and
this contribution should also depend on the degree of compres-
sion. This is expected to slightly increase the RI compared to the
value of a purely aqueous environment, and also to lead to local
heterogeneities due to the “fried-egg”-like morphology of the
stretched CS microgels at the air/water interface.

We then studied the optical response of the monolayer at differ-
ent stages of compression. We decided on three different d__ val-
ues: 538, 467, and 292 nm, which represent the start, the middle
and the end of the compression process, respectively. The near-
field electromagnetic intensity maps were simulated and con-
structed for the three cases and are shown in Figure 7. The inten-
sities were calculated at the incident wavelength corresponding
to their respective extinction peaks from the experiment. In all
three maps, the excitation of the dipolar resonance can be clearly
identified around the AuNPs. At the highest d__, the high inten-
sity between the particles can be ascribed to the in-plane diffrac-
tive band, which couples with the dipolar LSPR of the AuNPs.
Thus, the narrow peak is ascribed to a plasmonic SLR as a result
of the diffractive-plasmonic coupling. With decreasing d_., the
intensity of the diffractive band between the AuNPs decreases,
leading to weakening of the plasmonic SLR. Thus, the peak be-
comes broader and shifts to lower wavelengths as the interparti-
cle distance decreases. Importantly, we have shown that we can
tune the relative intensities and coupling of the diffractive and
plasmon modes in these 2D ordered lattices by tuning the inter-
particle spacing.

5. Conclusions

In this work, we have analyzed the optical response of plasmonic
core-shell microgels at the air/water interface in situ under con-
tinuous compression in a Langmuir trough. The experimental
setup allows measurement of the monolayer extinction in trans-
mission geometry with a temporal resolution of seconds — very
fast compared to the duration of the total compression experi-
ment. Thereby we can follow changes in the optical response re-

Adv. Optical Mater. 2025, 13, 01657 e01657 (12 0‘F14)

www.advopticalmat.de

x108

(€)1 d. .=292nm pgzo

." )I(—oy

lated to sub-nm changes in interparticle spacing. We have cal-
culated the interparticle distance of the microgels at the inter-
face by analyzing their microstructure ex situ at the maximum
available area, that is, at low states of compression. Under these
conditions monolayer transfer to solid substrates is not affected
by capillary interactions which lead to microgel clustering. This
has allowed us to correlate the d__ of the microgels with the peak
positions in the in situ extinction spectra. We observe a contin-
uous blueshift and broadening of the resonance mode with de-
creasing interparticle distance. The observed spectral changes are
related to coupling of the single particle plasmon resonances to
in-plane diffractive modes. In the range of large distances this
collective coupling leads to pronounced plasmonic surface lattice
resonances with peak maxima that closely follow the main pho-
tonic mode. As the interparticle distance decreases the coupling
strength weakens. This finding is supported by both MLWA cal-
culations and COMSOL simulations. Most importantly the blue-
shift in resonance position as the interparticle distance decreases
matches closely the experimental data.

This study demonstrates a relatively easy, fast and non-
destructive approach to analyze plasmonic colloidal monolayers
at the air/water interface upon reduction of the interparticle dis-
tance. Small changes in the optical response can be directly mon-
itored and linked to the surface pressure providing a direct link
to the interparticle distance. The setup not only facilitates on-
demand tailoring of the microstructure of the monolayer, but
also enables further studies of the microgel shell and its behav-
ior at different surface pressure. The high sensitivity of the peak
position offers immediate feedback on any change between the
microgels. This will enable a better understanding of core-shell
microgels, which are too small in size for light microscopy anal-
ysis. In future works, it might be interesting to study the regime
of stronger coupling for example by using silver instead of gold
nanoparticle cores and by using a liquid subphase with a higher
refractive index.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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