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Abstract

Films of close-packed Au nanoparticles are coupled electrodynamically through their collective
plasmon resonances. This collective optical response results in enhanced light-matter interactions,
which can be exploited in various applications. Here, we demonstrate their application in sensing
volatile organic compounds, using methanol as a test-case. Ordered films over several cm® were
obtained by interfacial self-assembly of colloidal Au nanoparticles (~10 nm diameter) through
controlled evaporation of the solvent. Even though isolated nanoparticles of this size are inherently non-
scattering, when arranged in a close-packed film the plasmonic coupling results in a strong reflectance
and absorbance. The in-situ tracking of vapor phase methanol concentration through UV-Vis
transmission measurements of the nanoparticle film is first demonstrated. Next, in-situ ellipsometry of
the self-assembled films in the Kretschmann (also known as ATR) configuration is shown to yield
enhanced sensitivity, especially with phase difference measurements, A. Our study shows the excellent
agreement between theoretical models of the spectral response of self-assembled films with
experimental in-situ sensing experiments. At the same time, the theoretical framework provides the
basis for the interpretation of the various observed experimental trends. Combining periodic
nanoparticle films with ellipsometry in the Kretschmann configuration is a promising strategy towards
highly sensitive and selective plasmonic thin-film devices based on colloidal fabrication methods for

volatile organic compound (VOC) sensing applications.



Introduction

In multiple applications of nanoparticles, ordered periodic arrays are particularly interesting since the
light-matter interaction is enhanced in such periodic assemblies. Given an optimal spacing between the
nanoparticles, this effect occurs due to the coupling of the individual plasmon polaritons, resulting in

an amplified coherent optical response.' *

To exploit this plasmonic coupling, periodic arrays of
nanostructures have gained considerable attention.’ For instance, plasmonic nanostructure arrays have
been demonstrated for light-harvesting enhancement in photovoltaic applications®, photocatalytic
processes’, photothermal mediated processes®, etc. Furthermore, the intense near-field enhancement
upon plasmonic coupling in closely packed nanostructure arrays or clusters results in a significant
improvement in surface-enhanced Raman spectroscopy (SERS)’ * ?, fluorescence'’, surface-enhanced

infrared absorption spectroscopy (SEIRA)', photoemission and photodetection'? signals.

Self-assembly is a suitable technique to obtain periodic arrays of nanoparticles in a simple and cost-
efficient way."? '* The use of tailored nanoparticles as building blocks allows application-specific
functionalities in which the macro-scale interface or bulk phase properties arise from the individual
nanoparticles.'” '*'7 In recent years, self-assembled films of nanoparticles have gained attention, both
in terms of fabrication techniques and novel applications.'® ' Air-liquid interfacial assembly, a
technique originally devised for monolayer films of organic molecules, is also a promising route
towards nanoparticle arrays. Current approaches based on air-water interfacial assembly, such as
Langmuir-Blodgett troughs, involve precise control of the interfacial pressure through compression and
expansion of the interfacial area to tune of the film morphology. An alternative liquid phase is ethylene
glycol, which has been extensively used by, e.g., Murray and co-workers, for obtaining monolayer films

as well as binary nanoparticle arrays with nanoparticles of two different sizes.”?!

In self-assembly techniques, improved control over parameters such as the packing configuration, inter-
particle gap, number of layers, efc., facilitates tailoring towards specific applications.” # ** 2* % In
particular, self-assembled plasmonic nanoparticle (e.g. Au nanoparticles) films are interesting for
sensing applications because of the high sensitivity of the plasmon excitation to the local dielectric
environment.”® %’ ?* Importantly, to excite the surface plasmon polaritons in planar films, the
Kretschmann configuration is commonly used to compensate for the momentum mismatch between the
incident photon and the plasmon polariton wave.” In this work, self-assembled Au nanoparticle films
fabricated at the air-ethylene glycol interface are used as a sensing platform. The films consist of
discrete 10 nm oleylamine-capped Au nanoparticles that create a ligand-nanoparticle network-like
structure and exhibit collective coupled plasmon resonances due to the strong inter-particle coupling

which can be excited by both normal incident electromagnetic waves, and incidence following the

Kretschmann configuration. /n-situ optical transmission measurements using normal incidence and the



Kretschmann configurations were compared. In the Kretschmann configuration set-up, in-situ
ellipsometry was integrated in order to measure the relative optical response of the film to p- and s-
polarized incident light in the presence of the controlled dosing of methanol vapor. The same methanol
dosing procedure was also implemented in the in-sifu transmission spectroscopy set-up. It is shown that
our homogeneous ligand-capped plasmonic nanoparticle film obtained through facile wet chemical
procedures, holds the potential for a powerful volatile organic compound (VOC) sensing technology,

that may be expanded towards other application domains such as e.g. biosensing.
Results and discussion
Self-assembly of colloidal Au nanoparticles

In this work, a gold nanoparticle self-assembly procedure at the air-ethylene glycol interface is extended
to fabricate homogeneous films of several cm? as opposed to previously reported studies reaching only
several mm? films.?*** The advantage of ethylene glycol as a subphase is that, unlike water, there is no
need for careful regulation of the surface pressure for the self-assembly of small (~10 nm) nanoparticles.
As shown in Figure 1 (a), upon the evaporation of the solvent (toluene), the nanoparticles get trapped
at the interface due to the hydrophobicity of the surface ligands that does not allow the nanoparticles to
migrate to the bulk liquid. Pohjalainen et a/. showed that colloidal nanoparticles, especially with excess
ligands, spread with much greater ease on ethylene glycol than on water, with significantly lower
surface pressure.’’ Following the existing literature on large area air-water interfacial assembly with

larger nanoparticles (>100 nm) over a fixed water surface, 2 **

the initial experiments in this work with
water as a subphase (and small 10 nm Au nanoparticles) failed due to apparent migration of
nanoparticles to the walls, and formation of clusters of nanoparticles and oleylamine ligands in patches.
Due to the relatively low polarity and surface tension, ethylene glycol slows down this process, thus
facilitating gradual re-arrangement of the nanoparticles and ligands at the interface. This allows
formation of close-packed arrays, while at the same time preventing the nanoparticles and ligands to
migrate (or dissolve) into the bulk. As shown in Figure 1 (b), a glass beaker half-filled with ethylene
glycol was sealed leaving a small hole for the slow evaporation of toluene over ca. 8 hours. This
approach ensures well-controlled convection that induces slow evaporation of toluene from the opposite
side, resulting in gradual film formation (Figure 1 (d)). Figure 1 (d) shows the development of a self-
assembled film which is predominantly monolayer, from 20 mL (~10"* nanoparticles) of the as-
synthesized nanoparticle colloid concentrated into 400 pL in the toluene phase. As shown in the low
magnification SEM image in Figure 1 (c) and S6, the films obtained after transferring the self-assembled
layers to a glass substrate by the Langmuir-Blodgett deposition technique, are uniform over large areas.
The nanoparticles arrange themselves into hexagonal close packed arrays to form predominantly mono-
or multi-layered films depending on the concentration of the nanoparticles in the colloid suspension.

Although the as-synthesized nanoparticle colloid is deep red in color, the film appears blue due to the



interparticle coupling which red-shifts the collective plasmon resonance. The conversion of the optical
spectra of colloidal nanoparticles and the nanoparticle films to simulated color distributions as shown
in Figure 1 (d) matches the experimentally observed color changes, indicating the formation of a packed
film from the colloidal nanoparticles. Excess nanoparticles accumulate at specific locations, leaving
most of the film highly uniform. Importantly, excess nanoparticles or ligand in the toluene phase create
an extra surface pressure at the interface that helps the formation of the well-ordered film.* In the
conventional Langmuir-Blodgett self-assembly process, the surface pressure increases as the
nanoparticle film is gradually compressed, in a way similar to a gas volume compression.** The present
procedure, however, has a fixed surface area upon which the nanoparticles are introduced. Thus, as the
toluene phase evaporates leaving the nanoparticles trapped at the interface, the surface pressure
increases. As the surface pressure is generally low for ethylene glycol, the excess ligands increase the
surface pressure and thus facilitate a more controlled self-assembly process. The reproducibility of the
self-assembly procedure was ascertained by repeating the experiment and using containers of different

sizes, i.e., varying interfacial area and nanoparticle concentrations (see Figure 1(e)).
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Figure 1. (a) Schematic representation of the air-ethylene glycol interfacial self-assembly by trapping
of nanoparticles at the interface. (b) Schematic representation the self-assembly set-up for controlled
ethylene glycol evaporation. (¢) SEM image showing the uniformity of the films over large areas (scale
bar: 2 um). (d) The time evolution of the film-formation as the solvent toluene evaporates. Simulated
RGB color distribution of colloidal Au nanoparticles and self-assembled Au nanoparticle films obtained
by converting the optical spectra to colors by a dedicated MATLAB code (supporting information). ()

Picture of beakers after film formation.
Description of the optical configurations and modeling

The collective resonance by plasmonic coupling in periodic Au nanostructures or films can be described
adequately by classical electrodynamics.' *® In order to excite the surface plasmon polaritons in a planar
Au thin film, it is necessary to implement specific geometric arrangements such as the Kretschmann
configuration (or the Otto configuration) to compensate for the momentum mismatch between the
incident photon and the plasmon polariton wave.”” A nanoparticle film, on the contrary, does not
necessarily require such specific geometrical arrangements, i.e. there is no stringent need of a denser
medium for the incident beam with an incident angle larger than the critical angle. In fact, the collective
plasmon resonances in the periodic structure can be excited at direct normal incidence, where the
collective response can arise from near-field coupling, far-field coupling, or diffractive coupling.' ** *
In the case of small 10 nm nanoparticles in this work, the individual localized surface plasmon modes
(LSPR) of the close packed nanoparticles couple through near-field overlap to result in a collective
resonance of the periodic nanoparticle film. The excitation of the collective plasmon resonances is also
strongly determined by the incident angle of light. As shown in Figure 2 (a), as the incident angle 6
varies, the plasmonic coupling and the optical response also vary, depending on the E-field polarization
(defined by the angle ¢). For p-polarized (¢ = 90°) and s-polarized (¢ = 0°) incidence at an interface
between two dielectric media, the reflectance and transmittance can be defined by the classical law of
Fresnel reflection.*” However, the optical response for the nanoparticle film results from the excitation
of the collective plasmon resonances. The theoretical description of these resonances requires rigorous
numerical solution of the Maxwell’s equations or theoretical approximation due to the complex
structure. The shiny appearance of these films (Figure 1 (b, ¢)) when viewed from an angle, indicates
the reflection by a collective optical response. For the electromagnetic modeling of the optical response
of the films, a unit cell is constructed as the computational domain with Floquet periodic boundary
conditions on the side walls to account for the extension of the film in 2D to infinity (see Figure 2 (b)).
The schematic in Figure 2 (c) shows the Au nanoparticle film in the Kretschmann (or ATR)
configuration. In the Kretschmann configuration, a high refractive index is required from the side of
incidence, the nanoparticle film is located at the other side where a lower refractive index is required.
The incoming beam is incident at an angle higher than the critical reflection angle, to allow total internal

reflection and the resulting standing evanescent wave on the lighter medium interacts with the object of
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interest. Thus, in contrast to normal direct incidence, the collective plasmon resonance of the
nanoparticle film in the Kretschmann configuration is excited by the evanescent field. Also, only the
light absorbed by the object of interest is absent from the reflected beam and no light is transmitted. It
is important to note that the evanescent field excitation from the p- and s-polarized incident light has
completely different directionalities when studying nanoparticle films. While for p-polarized incidence,
the evanescent field has both in-plane (plane of the film) and out-of-plane components, for s-polarized
incidence, the evanescent field is confined to the plane of the film.*' To verify the accuracy of the used
electromagnetic models, results from literature were reproduced. The agreement of the results from
Mueller et al.** (finite difference time domain, FDTD) with our FEM models indicates the validity of
our approach for the normal incidence case (Figure S3). The electromagnetic model of the Kretschmann
configuration was first validated by comparing the computed reflectance and transmittance with
analytical solutions obtained from Fresnel’s coefficients in the absence of the Au nanoparticles (Figure
S4 (a)). Additionally, the angle-resolved reflectance of an Au thin film in the Kretschmann
configuration (experimental data from Vohnsen et al.*®) was satisfactorily reproduced by our model

(Figure S4 (b)).
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Figure 2. (a) Schematic representation of a Au nanoparticle self-assembled monolayer with incident
and electric field wave vectors w.r.¢. the 3-D cartesian axes and the plane of incidence (transparent blue
plane). (b) The unit cell rectangular domain which is implemented in the electromagnetic modeling of
the self-assembled films. (c¢) Schematic of the Kretschmann configuration: The Au nanoparticle film on

glass substrate is attached to a prism coupler with a connecting glycerol layer in-between.

Characterization of the films and computational validation



Transmission Electron Microscopy (TEM) measurements were performed to obtain the spatial
information required for electromagnetic modeling. As shown in Figures 3 (a) and (b), a well-ordered,
close-packed monolayer film is observed in TEM when nanoparticle concentrations were large enough
to cover the complete air-liquid interface. When the concentration is too high, bilayer or multilayers
form over significant areas of the film, Figure 3 (d) and (e). The nanoparticle size (~9.9 nm) and inter-
particle gaps (~ 2 nm) are given in Figure S5. In colloids of such small nanoparticles, the Localized
Surface Plasmon Resonance (LSPR) position and the bandwidth remain almost unaffected by the
polydispersity of the particle diameter.* Schatz and co-workers have shown that irregularities in the 2D
lattice, such as small variations in the particle diameter and the interparticle gap, can be circumvented
in the electromagnetic models by taking average values, in our case 10 nm and 2 nm, respectively.*
Also, minor deviations from the perfect hexagonal close packing can be ignored. Experimental and
modeled transmittance spectra of the monolayer and bi-layer Au nanoparticle films (measurements done
after vacuum drying at 40 °C for 72 hours) are compared in Figures 3(c) and (f), respectively. The
agreement between the experimental and theoretical resonance wavelength is clear from the position of
the dip at 585 nm. Also, in bilayer films, the relative position of the two nanoparticle layers has only a
weak effect on the optical spectra, as shown in Figure S2. The film’s collective plasmon resonance
position is significantly red-shifted w.r.z. the resonance of isolated nanoparticles (521 nm, ¢f. Figure 3
(1)) due to the interparticle coupling. Importantly, these ~10 nm nanoparticles almost do not scatter light
when isolated. However, as a close packed film, coherent scattering due to plasmonic coupling occurs,
this phenomenon results in a significant reflectance (Figure S7). As small nanoparticles exhibit only
non-radiative (or non-scattering) damping of the plasmons, the excited plasmons couple by near-field
interactions among adjacent nanoparticles resulting in the “non-diffractive” lattice resonances. Due to
their non-radiative property, the 10 nm Au nanoparticles cannot couple by far-field or radiative
coupling. As shown in Figures 3 (g) and (h), for an interparticle gap of 2 nm, the near-field coupling is
quite strong as indicated by the field enhancement maps. This strong near-field enhancement of up to
18 and 12 times the energy of the incident field for the monolayer and the bilayer, respectively, implies
the applicability of these films in surface-enhanced processes such as SERS, SEIRA, Fluorescence, efc.
Despite the same interparticle distance, the weaker near-field enhancement for the bi-layer film
compared to the monolayer is due to the fact that the wave transmitted through the top layer is reflected

back by the bottom layer to destructively interfere with the top layer field."
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Figure 3. (a, b) TEM images of a Au nanoparticle monolayer with fast Fourier transformation (FFT) in
the inset. (¢) Comparison of experimental and computed transmission spectra of the Au nanoparticle
monolayer. (d, ¢) TEM images of a respective Au nanoparticle bilayer. In (d), the contrast between
bilayer and monolayer is visible. (f) Comparison of experimental and computed transmission spectra of
the Au nanoparticle bilayer. (g, h) Near-field enhancement at the resonance of monolayer and bilayer
films w.r.¢. the incident field. (i) UV-Vis absorbance spectra of the Au nanoparticles as aqueous colloids

compared with the Mie analytical spectrum for spherical Au nanoparticles (10 nm).
Refractive index sensitivity of the optical response

For the optical characterization and further sensing experiments, a nanoparticle film as shown in Figure
1 was transferred to a 9 cm? glass slide. A large film area with uniform morphology is beneficial for the
sensitivity of these measurements so that the entire incident beam during UV-Vis spectroscopy or
ellipsometry can interact with the plasmonic nanoparticle film. Absorbance, reflectance, and
transmittance spectra for normal incidence from the top were collected to show the agreement with the

predicted plasmon resonance (Figure 4 (a) and (b)). Individually non-scattering ~10 nm Au



nanoparticles packed as a film exhibit strong reflection by coherent scattering at the collective plasmon
resonance of the lattice. The film’s theoretical refractive index sensitivity of 250 nm/RIU in the normal
incidence indicated by the red-shift of the collective resonance (cfi. optical intensity spectra) is
expectedly similar to the sensitivity of a grating coupler, Figure 4 (c).*® Similar sensitivities have also
been reported for the nanoparticle-on-a-mirror (NPOM) configuration*’ or nanoparticle films embedded
in a silica matrix.”® It is important to note that the refractive index of the entire embedding medium
outside of the prism is varied in the computations. In the Kretschmann configuration, the evanescent
wave outside the prism coupler excites the plasmon polaritons in the nanoparticle film. The evanescent
wave from s-polarized incidence attenuates faster with the distance from the interface than the
evanescent field from p-polarized incidence.* In Figure 4 (d, e), the computed optical responses of the
Au nanoparticle film to p- and s-polarized incident beams are significantly. The reflectance dip in both
cases indicates the collective plasmon resonance of the film. However, the resonance band is weaker
for the s-polarized beam as the penetration depth of the evanescent field for an s-polarized incident
beam is smaller.”® The polarization of the evanescent field due to s-polarized incident light is confined
to the plane of the dielectric interface. In contrast, the evanescent field by p-polarized light has both in-
plane and out-of-plane components. These results in the differences in the optical response of the two
types of polarization. Regardless of the polarization, the refractive index sensitivity of the film in the
Kretschmann configuration in Figure 4 (d, e) is similar to that of the normal incidence in Figure 4 (c).
Generally, in SPR- or LSPR-based sensing, the shift in the plasmon resonance wavelength or angle is
correlated with the refractive index change induced by the target molecules in the surrounding
environment. In the optical intensity mode as discussed so far, the wavelength interrogation in the
Kretschmann configuration has been shown in literature to be more sensitive compared to the direct
incidence configuration for nanostructured arrays such as diffraction gratings.’' The differences in the
polarization of the nanoparticles by p- and s-polarized incident beams are evident from the near-field
maps in Figure 4 (h). The ellipsometric responses originating from this polarization difference in optical
response, is sensitive to the changes in the dielectric properties in the direct surroundings of the surface.
The y spectra, corresponding to the amplitude ratio of reflected s- and p-polarized components, are
obtained from the complex reflectivity values for the two directions of polarization. They indicate the
collective plasmon resonance of the film by a characteristic dip in the  spectra, as seen in Figure 4 (f),
in line with the intensities in Figure 4 (d) and 4 (e). The A spectra, corresponding to the phase difference
between the reflected s- and p-polarized components, in Figure 4 (g), show a step close to the resonant
wavelength. The theoretical refractive index sensitivity study of the amplitude ratio y shows that similar
to intensity spectra, increasing refractive index of the air (or vacuum) medium results in a red-shift of
the plasmon band with an enhancement in the absolute value. The A spectra also show a similar response
to refractive index changes, however, with >5 times higher sensitivity than y. Moirangthem et al.

showed similar experimental trends in y and A spectra in the liquid phase over a larger refractive index



range in the sensing of Bovine serum albumin (BSA).” In the computational models for Figure 4 (c)
to 4 (g), the refractive index change is considered homogeneous around the nanoparticles in the
interparticle gaps as well as the rest of the medium. In reality, the probe molecules adsorb around the
nanoparticles inhomogeneously, giving rise to further differences in the p- and s-polarized responses
and hence, determining the true ellipsometric response. It has been shown that for a thin Au film, the y
and A responses from ellipsometry are 10 times more sensitive than in conventional intensity-based
spectroscopy.” A similar trend is also observed in the wavelength interrogation with orders of
magnitude higher shift in A spectra as compared to intensity spectra, shown in later sections when

applied to methanol vapor sensing.
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Figure 4. (a) Experimental transmittance, reflectance, and absorptance spectra of a self-assembled film
of ~10 nm Au nanoparticles. (b) Computed optical spectra of the films for comparison. (c) Computed
refractive index sensitivity of the Au nanoparticle film used in the sensing experiment under normal

incidence. Computed reflectance spectra and refractive index sensitivity of p-polarized incident light
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(d) and s-polarized incident light (e) in the Kretschmann (i.e. ATR) configuration. Computed (f) w and
(g) A spectra from ellipsometry and their refractive index sensitivity for the Au nanoparticle film in the
Kretschmann configuration. (h) Near-field enhancement around the self-assembled nanoparticles by p-
and s-polarized incident beam in the Kretschmann configuration. Nanopartices are shown not to scale.

(incidence angle for the Kretschmann configuration: 61°).

It is clear that 10 nm nanoparticles as studied here can couple effectively to exhibit a strong collective
plasmon resonance of the periodic structure for sensing applications. With smaller sizes < 5 nm, the
quantum size effects may become too strong weakening the individual plasmonic response as well as
the coupling.> With larger nanoparticles, the coupling can be stronger and larger inter-particle voids
could facilitate more adsorption of probe molecules. However, with larger nanoparticles i.e. larger
surface area, larger number of probe molecules will also be required to have a measurable effect on the

optical signal. Thus, investigating the optimal size is interesting for future investigations.
In-situ VOC (methanol) sensing

A major advantage of periodic plasmonic nanostructure arrays (e.g. Au nanoparticle films) over
traditional planar thin film SPR sensors for refractive index sensing is the highly localized near-field
enhancement (Figure 3(g), 4(h)). Consequently, the sensor response is only sensitive to changes in the
dielectric properties in very close proximity of the Au nanoparticle film. A probe molecule can be
selectively detected from a mixture if the molecules are selectively adsorbed on the nanoparticles’
surface. Even though the aspect of selectivity is outside the scope of this work, the in-sifu sensing
experiments here demonstrate the refractive index-based sensing of vapor phase methanol molecules

(N2 gas and methanol mixture) by two optical configurations as discussed below.

Methanol sensing experiments with in-situ spectroscopy. Intensity-based spectroscopy at direct
normal incidence is one of the simplest optical sensing set-ups. In this configuration, the choice of
reflectance or transmittance is equivalent as the plasmon band in the spectra in both cases originates
from the same collective plasmon resonance. It is also shown in Figure S8 that the ligand (i.e. dielectric
shell around the nanoparticles) does not result in any significant changes in the sensitivity to the
refractive index in the optical response. Next, the methanol dosing experiments were set up in which
the refractive index in the bulk gas phase and in the vicinity of the nanoparticles was systematically
varied while the film was continuously monitored at normal incidence in transmission mode, Figure 5
(a). The refractive index change in the vicinity of the nanoparticles is induced by the adsorption of the
methanol molecules on the ligand-nanoparticle network. As shown in Figure 5 (b), the red-shift of the
plasmon resonance is too small to be quantified accurately. However, the intensity changes can be
exploited to track the refractive index changes over time as shown in Figure 5 (¢) and (d). The sensitivity
and reversibility of the signal are illustrated in the dosing experiment (P/Py from 0% to 65.58%) in
Figure 5 (c) and 5 (d). The sensitivity (with reversibility) up to 4.63% methanol vapor indicates that

11



methanol adsorption in the organic ligand network contributes strongly to the refractive index increase
in the vicinity of the Au nanoparticles. Also, Figure 3 shows that the evanescent near-field is confined
close to the nanoparticles and in the interparticle gaps. Thus, the near-field can only interact with the
local dielectric environment over a short-range, therefore the far-field response also mainly represents

sensitivity in these regions.
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Figure 5. (a) Methanol vapor dosing set-up with in-situ transmission spectroscopy (yellow spheres: Au
nanoparticles, blue wires: oleylamine ligand). (b) Transmittance at the resonance wavelength for
increasing relative methanol saturation (% P/P,). (c) Time evolution of the transmittance at wavelength:
650 nm during the methanol dosing experiment with increasing concentration. (d) Isotherm showing

the dependence of the % transmittance vs. methanol %.

Methanol sensing in the Kretschmann (ATR) configuration with in-situ ellipsometry. The
Kretschmann configuration as shown in Figure 2 is exploited in sensing applications due to several
advantages. Firstly, in contrast to direct incidence, the attenuated total internal reflection (ATR) mode
preserves all the light that is not absorbed by the sample itself, i.e. no transmittance loss in reflectance.
Secondly, as the probe beam remains outside the setup, only the evanescent beam interacts with the
sample. Thus, the presence of contaminants or device components in the bulk does not interfere in the
optical path. The in-situ methanol sensing experiments in the Kretschmann configuration were set-up
with an angle of incidence of 61°. Figure S10 shows the angular dependence of optical spectra in the

Kretschmann configuration. For incidence angles above the critical angle (~41°), the transmittance is 0
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due to the total internal reflection. At 60° incidence angle, the reflectance for p- and s-polarized
incidence shows a clear plasmon band. The difference in the reflectance by the two polarization gives

rise to the ellipsometric response in .

The use of ellipsometry instead of intensity-based probing enables exploitation of polarization-specific
amplitude (as the amplitude ratio, ¥) and phase information (as the phase difference, A) of the film. By
exploiting the polarization dependence of the plasmonic response to refractive index changes in the
nanostructure surrounding, higher sensitivity can be obtained when using y and A.*® In the methanol
vapor dosing experiments, in contrast to the computational models where the refractive index is varied
uniformly in the entire medium, the local refractive index changes due to molecular adsorption in the
ligand-nanoparticle network is not necessarily uniform. Figure 6 (a) shows the open side of the film
facing the gas phase, which is expected to naturally contain a higher concentration of the methanol
molecules, compared to the interstitial gaps that pose an additional diffusion resistance. The non-
uniform distribution of methanol adsorption in the vicinity of the nanoparticles is also expected to
contribute to the difference in the optical response of the two orthogonal modes of incident polarization
with differently directed evanescent fields. In the Kretschmann configuration, it has been shown that
while the p-polarized incident beam can probe the vibration modes parallel and perpendicular to the
sample film, the s-polarized beam probes solely the components of the vibrational modes parallel to the
plane of the sample film.’® The in-situ ellipsometry set-up in this work enables to elucidate the effect of
the adsorption of methanol molecules on the plasmonic nanoparticle-organic ligand network by means
of the relative optical response to the in-plane and out-of-plane polarized evanescent fields. In the set-
up, the self-assembled Au nanoparticle film is combined with a (bottom face area: 4 cm?) prism coupler
to construct the Kretschmann configuration inside an environmental chamber into which the methanol

vapor was dosed systematically, Figure 6 (a).

Figure 6 (b) shows the y and A spectra of the nanoparticle film in the Kretschmann geometry. The dip
in y around ~640 nm again represents the plasmon resonance. In the A, a corresponding jump at ~700
nm is observed. The characteristic  and A spectra of the film as shown in Figure 6 (b) agree well with
the computed spectra in Figure 4. The variation of y and A with increasing concentration of methanol
vapor indicates the changes in the refractive index close to the nanoparticle film, Figure 6 (c, d).
Although the red-shift of the plasmon band in the y spectra is rather weak, the intensity experiences a
significant variation with methanol vapor concentration similar to the computed trends in Figure 4 ().
In contrast, A shows a strong red-shift of ~20 nm for the methanol vapor concentration variation from
0 to 65.58 % (P/P,). Due to the non-uniform refractive index change throughout the ligand-nanoparticle
matrix, the experimental y and A spectra variation with different methanol concentrations is expectedly
different from the computed results shown for the model nanoparticle film. Still, the general agreement
between the experiments in Figure 6 and the models in Figure 4 is clear with respect to the characteristic

plasmon band in y and the jump in A. Figure 4 also shows how the near-field enhancement of the film
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is distributed and the sensitivity to refractive index changes is strongly dependent on the direction of
polarization.”” Figure 6 (¢) shows the intensity variation of the dip in the y spectra around 640 nm with
increasing methanol vapor concentration. Probing the intensity at wavelengths longer than the
resonance wavelength is also useful as the change in w with concentration is of a similar order of
magnitude. The time evolution of the y intensity in Figure 6 (e) shows the reversibility of the
equilibrium adsorption/desorption process. Compared to the transmission mode experiments, an
improvement in the noise can be observed, especially at wavelengths close to the resonance. The
sensitivity is the highest close to the resonance at ~ 640 nm which gradually decreases as one moves
away from the resonance wavelength. The concentration vs. y data in Figure 6 (f) indicates a linear
relationship. A similar linear trend is observed in the concentration vs. A position data in Figure 6 (g),
the clarity of which however suffers from the wavelength resolution of the ellipsometer. The
concentration vs. A position data in Figure 6 (g) show that the high sensitivity of the phase difference A
can be exploited to obtain at least an order of magnitude higher sensitivity than y-based probing. While
the collective resonances in 2D Au nanostructure arrays can also be excited by normal incidence, the
Kretschmann configuration coupled to ellipsometric measurements is particularly advantageous. We
hypothesize that the improved noise level can be attributed to the fact that the plasmonic excitation in
the Kretschmann geometry is driven by the evanescent wave, while the incident beam is reflected by
total internal reflection with no transmission. Thus, unlike the transmission mode where reflection
losses are significant, the reflectance in the Kretschmann configuration facilitates the collection of the
entire light signal that is not absorbed by the nanoparticle film upon plasmonic excitation. Also,  and
A being relative parameters are free from the potential noise arising from the fluctuations in the light

source.
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Figure 6. (a) The in-situ ellipsometry set-up used for the methanol dosing experiment. (b) Experimental
ellipsometric y and A spectra at 61° incidence angle. (c) y at the resonance wavelength for increasing
relative methanol saturation (% P/P,). (d) Time evolution of y during the methanol dosing experiment
at different wavelengths. (e) Isotherm showing the dependence of the y vs. methanol %. (f) Isotherm

exported from y intensity. (g) Isotherm obtained from wavelength position of phase A jump.

It is important to note that the ligand-nanoparticle network does not have exceptionally high surface
area to accommodate a large number of probe molecules. Furthermore, no specific surface chemistry
is present for improving the adsorption selectivity. However, the selectivity in certain cases can be
determined by the hydrophobicity (or polarity) of the film. In this regard, combining a metal
nanoparticles film with porous materials, such as metal-organic frameworks (MOFs), can be a
promising approach to increase both the adsorption capacity as well as the selectivity, and is the subject

of ongoing research.’ % 39 €0 61 62

Conclusion
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Self-assembly of nanoparticles is a simple method to obtain functional thin films. At the ethylene
glycol-air interface, colloidal nanoparticles can be self-assembled over large areas up to several cm” by
controlled evaporation of the solvent phase. Once self-assembled into close-packed films, oleylamine
capped plasmonic Au nanoparticles exhibit collective optical properties through plasmonic coupling.
Such nanoparticle films exhibit a strong collective resonance by near-field coupling, as shown by
electromagnetic modeling. Due to the periodicity in the nanoparticle arrangement, the collective
plasmon modes of self-assembled Au nanoparticle films can be excited by normally incident
electromagnetic waves. However, the collectively coupled plasmon resonance can also be excited in
the Kretschmann configuration by the interaction of the evanescent field with the nanoparticles at the
low refractive index side. The refractive index sensitivity of the intensity spectra (i.e., transmittance,
absorptance, or reflectance) of the self-assembled films in both normal incidence and Kretschmann
configuration is similar to grating-based plasmonic sensing platforms reported in literature. When in-
situ ellipsometry and in-situ UV-Vis spectroscopy are compared, amplitude ratio () and phase
difference (A) measurements from ellipsometry provide significantly improved sensitivity, especially

when the phase difference (A) is probed.

The major advantage of using a periodically structured nanoparticle film as a sensing platform, is that
the optical response can be highly selective only to the molecules that are adsorbed on nanoparticles.
This, combined with the advantages of the Kretschmann configuration and ellipsometry, can be
promising for highly sensitive sensors. As a next step, further functionalization of these nanoparticle
films is encouraged to enable selective and highly sensitive sensing of volatile organic compounds

(VOCs).
Methods

Synthesis of Au nanoparticles and phase transfer. Au nanoparticles were synthesized by the citrate
reduction method. A 100 mL 5 mM tri-sodium citrate solution in water was brought to a boil before the
addition of 1 mL of 25 mM HAuCl, solution. Following the precursor addition, the solution was kept
boiling for 20 more minutes for complete reduction. The as-synthesized nanoparticles were centrifuged
at 11529g for 30 minutes and redispersed in 10 mL Milli-Q water to obtain a ten times more

concentrated colloid.

The concentrated Au nanoparticles in the aqueous phase were transferred to the toluene phase by using
oleylamine as a hydrophobizing ligand. 3 mL of toluene were added onto the surface of 1 mL of aqueous
Au nanoparticle colloid suspension, so that the toluene floats over the water as a separate phase. To this
bi-phasic liquid, 2 mL of oleylamine in ethanol solution (200 mg in 20 mL ethanol) were added followed
by gentle shaking for mixing and then resting for separation of the toluene and ethanol-water phases.

After resting the mixture for 24 hours, the nanoparticles appear in the toluene phase above (indicated
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by a distict red color) and the ethanol-water phase below becomes transparent. The nanoparticles in the

toluene phase were then carefully pipetted out for further processing.

Self-assembly. The nanoparticles in toluene (4 mL) after phase transfer were concentrated 10 times to
400 pl by centrifugation at 10625g for 30 minutes and then introduced onto the surface of ethylene
glycol contained in a 40 mL glass beaker of 4 cm in diameter. The beaker was then immediately covered
with a glass plate and parafilm, leaving only a tiny hole at the mouth of the beaker for the toluene to
evaporate slowly. After the complete evaporation of toluene (ca. 8 hours), the nanoparticle films were
transferred to a glass substrate by careful vertical dip coating similar to the Langmuir-Blodgett
technique. The films were vacuum dried at 100°C for 24 hours to remove the residual ethylene glycol.

For bi-layer films, two films were deposited sequentially one on the other.

Characterization. The UV-Vis transmittance spectra for the model validation of the initial films were
taken by a Shimadzu UV 2600 spectrophotometer. The reflectance and transmittance of the film used
in the in-situ measurements were taken by a Lambda UV/VIS 950 Perkin Elmer Spectrophotometer.
The absorbance was calculated from the measured reflectance and transmittance (100% - R% - T% =
A%). Bright-field transmission electron microscopy (TEM) images of self-assembled nanoparticles
were acquired using a Thermo Fisher Scientific Tecnai G2 operated at an accelerating voltage of 200
kV. The self-assembled film was immobilized on a hydrophobic copper grid using the same procedure
to immobilize self-assembly on glass substrates. The grid was dried at 100°C for 12 h in a vacuum oven.
Scanning electron microscopy (SEM) images of the films were acquired using an FEG-ESEM-EDX,
Thermo Fisher Scientific Quanta 250 at an accelerating voltage of 20 kV.

Dosing experiments. Vapor concentrations of methanol in N, flow were regulated in a custom-built
dosing setup. Concentrations were set by controlling the liquid methanol and N, gas flow with mass
flow controllers. The methanol was evaporated and mixed with the N in a controlled evaporation mixer.
The methanol and N> gas mixture was then passed through an environmental chamber where the Au
nanoparticle film was set-up for in-situ spectroscopic and ellipsometric measurements. During each run,

different concentrations were swept, alternated by a purge step to assess the reversibility of the response.

Conventional normal incidence configuration with in-situ spectroscopy. The nanoparticle film on the
glass substrate was placed on the sample holder, resulting in an upwards-facing gold nanoparticle film
on which the incident beam was directed from the bottom (simplified schematic in Figure 5). An
Avantes fiber optic UV-VIS-NIR spectrometer and an Avalight balanced deuterium light source were
used in the in-situ set-up. Measurements were performed in the transmission mode using Thorlabs

optical and mechanical components. A linkam THMS600 was used as an environmental cell.

Kretschmann configuration with in-situ ellipsometry. The Au nanoparticle film on the glass substrate
was placed facing the sample holder, using thin spacers at the edges to avoid contact and allow gas flow

to pass the particles. A right-angle prism is placed on the top of the glass slide using glycerol as a contact
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fluid. The beam of the ellipsometer is let in/out through fused silica glass windows of the stainless-steel
environmental chamber that contains the set-up. All ellipsometry measurements were performed with

an iSE Woollam Ellipsometer at an angle of 61° from the normal.

Electromagnetic modeling. For the electromagnetic modeling of the nanoparticle films, a Finite Element
Method (FEM) solver in COMSOL Multiphysics was used to solve the frequency domain form of the
Maxwell’s equations numerically. The infinite 2D films were approximated with rectangular unit cells
with periodic boundary conditions on the side walls. The incident electromagnetic field was excited at
the top as shown in Figure 2 (b) (and the wave outlet at the bottom) and the discretized equations were
solved for the full field solution. A perfectly matched layer (PML) was implemented on the top and the
bottom boundaries for the complete absorption of the propagating wave. The mesh and the domain
independence of the numerical results were ascertained by performing mesh and domain independence
tests, and comparison with existing numerical/experimental results. More details/schematics about the
numerical results are provided in the result and discussion section, and Figure S1. (further information

in the supporting document)
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