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We report the first observation of spectral blue shift of plasmon resonance of synthesized silver
nanoparticles (AgNPs) due to a negative optical nonlinearity of a local ambient medium, i.e., indigo
carmine (IC) solution at around 420 nm wavelength. The blue shift occurred at a larger concentration of
AgNPs or at a larger concentration of IC solution, being in obvious contrast to spectral red shift which
was widely witnessed in plasmon spectral shift in a linear regime. Plasmon-enhanced local fields could
excite the third-order optical nonlinearity for blue shift even under continuous (non-pulsed) light
illumination. We also found that the plasmon-excited nonlinearity could allow for differential nonlinear
response of the IC solution to be even greater than its differential linear response, though appearing to
be somewhat inconsistent with what was generally known in light—matter interaction. The demonstrated

properties of such anomalous shift of plasmon spectral peaks and its accompanying properties indicated
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1. Introduction

Localized surface plasmon resonance (LSPR) arises from the
coherently coupled mode between collective oscillation of
conduction electrons and electric fields of incident electro-
magnetic (EM) radiation at metal-dielectric interfaces.”® Nano-
scaled metallic structures enable surface-parallel momentum
(phase) matching between incident EM fields and surface
plasmons. Noble metals such as gold (Au) and silver (Ag)
provide nanomaterial platforms for the dispersion relation of
local plasmons to be tuned at visible and near infrared wave-
lengths. A dielectric medium that forms an interface with
a metallic nanostructure, such as liquid solvent in colloidal Ag
nanoparticles (AgNPs), plays a role in determining the wave-
length (frequency) of LSPR. A larger refractive index of the
dielectric medium leads to longer wavelengths (smaller
frequencies) of LSPR due to dielectric screening effects,” i.e.,
spectral red shift of LSPR. This spectral red shift has been
widely exploited for applications in chemical and biological
sensing due to its high sensitivity to refractive index change in
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ambient dielectric medium the metallic
nanostructures.' 7

One of the intriguing benefits of LSPR is the confinement of
radiation energy within sub-diffraction-limited volume near the
surface of metallic nanostructures, producing local enhance-
ment of photonic density. This local field enhancement could
boost the optical nonlinearity of the ambient dielectric medium
or metal itself for various applications including surface
enhanced Raman spectroscopy,”™ second harmonic
generation,'*"” all-optical signal processing,'** and ultrashort
pulse generation.”*

In this work, we studied the LSPR-boosted nonlinear effects
of colloidal AgNPs using absorbance spectroscopy in the visible
wavelength region. AgNPs synthesized using B-cyclodextrin (B-
CD) as a stabilizing/reducing agent were made into colloids
with various solvents such as water, solution of N-dimethyl
formamide (DMF) and solution of indigo carmine (IC). We
adopted IC as a nonlinear medium due to its large third-order
optical nonlinearity at visible wavelengths.>*>* Absorbance
spectroscopy of colloidal AgNPs demonstrated the spectral blue
shift of plasmonic peaks with increasing AgNP concentration
only when IC solution was used as solvent. For a given AgNP
concentration, the blue shift was also observed when increasing
IC concentration, which was in contrast to the spectral peak red
shift of LSPR typically observed when increasing the concen-
tration of an ambient medium. These abnormal phenomena
were due to the negative optical Kerr effects that arose from IC

surrounding
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third-order optical nonlinearity enhanced by plasmon-induced
local field enhancement. We provided detailed discussion with
analysis of plasmon spectral peak shift, which could be split
into linear and nonlinear ones to understand such anomalous
spectral shift.

2. Materials

2.1 Chemical components

IC, a blue-colored dye with a molecular weight of 466.35 Dalton,
silver nitrate (AgNO3), sodium hydroxide (NaOH), DMF, and B-
CD were purchased from Sigma-Aldrich (Rahway, NJ, USA).
Double-distilled water was used as a solvent to dissolve IC
powder under ultra-sonication for 30 minutes into IC solutions
of various concentrations, i.e., 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6
mM. All other reagents used in this study were of analytical
reagent grade.

2.2 Synthesis of colloidal AgNPs

Fig. 1 shows the schematic for the synthesis of AgNPs using -
CD as a stabilizing agent.”® The cyclic oligosaccharide B-CD
(0.396 g) was mixed with 49 mL of water and stirred until the
mixture became transparent. NaOH (1 M, 0.5 mL) was then
added to the solution to maintain its pH at ~11. After 2
minutes, 0.6 mL of 10 mM AgNO; was added dropwise to the
solution.

The final mixture was placed in a water bath at 80 °C for 20
min to ensure an efficient reaction. The colorless-to-yellow
change indicated the formation of AgNPs, which was further
verified by high-resolution transmission electron microscopy
(HR-TEM) (JEM-2100, JEOL Ltd, Japan). Colloidal AgNPs were
made with two types of dispersion media, i.e., IC solution or
DMF for various concentrations using a magnetic stirrer for 5
min. The absorbance of the colloidal AgNPs in IC solution was
characterized with a UV-VIS spectrophotometer (Ultra-3660
series, Rigol, USA) with a spectral resolution of 0.5 nm (visible
wavelengths) to investigate spectral plasmon resonance.

The interaction of IC molecules and AgNPs could be made
through the hollow truncated structures of B-CD, where the
inner part was hydrophobic while the outer part was hydro-
philic (-OH) as seen in Fig. S1.7 The fac that IC molecules-AgNP
interaction did not lead to substantial change in the AgNP size
was confirmed by X-ray diffraction measurement (XRD) and X-
ray photoelectron spectroscopy (XPS) as follows. The XRD
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results obtained with freeze drying of AgNPs showed charac-
teristic peaks at 37.6° (111) and at 44.3° (200)*’ that remained
unchanged between both cases of before and after addition of
IC molecules (B-cyclodextrin has characteristic peak positions at
12°, 17° and 35°)*® as shown in Fig. S2.1 In addition, the XPS
results obtained using AgNPs in both cases produced oxidation
states at 373.5 eV and 367.5 eV of Ag,* which remained
unchanged as seen in Fig. S3.}

3. Results and discussion
3.1 Morphology of AgNPs

For HR-TEM images of AgNPs, 1 mL of colloidal AgNP solution
was sonicated for 10 min and deposited on a copper grid, fol-
lowed by heat treatment in an oven at 60 °C to evaporate the
solvent. Then HR-TEM images were taken and processed using
Image ] software to obtain AgNPs' morphological structure
including particle size information. Fig. 2(a) shows the HR-TEM
image of the AgNPs, revealing the nearly spherical shape of
AgNPs. The inset of Fig. 2(a) provides the SAED pattern of AgNPs
with clear Debye-Scherrer rings, which indicate their crystal-
linity. The size of AgNPs was estimated to be 8 + 2 nm.

3.2 Spectral red shift of plasmons and its sensitivity to an
ambient refractive index

To investigate the spectral peak shift of the plasmon resonance
peak of colloidal AgNPs with absorbance spectroscopy, DMF
solutions of various concentrations were used as solvent for
colloids. Increasing the concentration (volume-to-volume ratio)
from 0% (DI water) to 100% (pure DMF) in steps of 10% made
the (linear) refractive index of the ambient medium around
AgNPs increase linearly, producing the spectral red-shift of the
LSPR peak (maximum shift of ~14 nm at 100%), as shown in
Fig. 3(a). In addition, the fact that the absorbance at the plas-
monic resonance increased with increasing DMF concentration
was attributed to the properties of dipole scattering of AgNPs.*
Meanwhile, to estimate the sensitivity of the spectral peak shift
of AgNP LSPR to change in an ambient medium refractive index,
we measured independently the refractive index of DMF solu-
tion versus its concentration using an Abbe refractometer (DR-
A1; Attago, Tokyo, Japan). The linear relationship between them
was fitted (R> = 0.992) with the linear regression of n = 1.3295 +
0.00104C, where n is the refractive index of DMF at its
concentration. Fig. 3(b) shows the spectral red shift versus

NaOH 0.5mL 1M 0.5mL 0.01M AgNO3

B-Cyclodextrin
0.396gram in 49ml DI water /
{

\ 20mins
L)

=

Silver Nanoparticles

(@ o) 3 <)

Fig. 1 Synthesis procedure for AgNPs.
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Fig. 2
Scherrer rings are added. (b) Particle size distribution.

a refractive index of an ambient medium for AgNPs. The plots
exhibited a monotonically increased red shift as the refractive
index increased. The sensitivity defined as S = AA/An, where A4
and An are the spectral peak shift and the index change,
respectively, was then estimated to be ~131.6 nm per RIU. The
above-defined S represented the effective sensitivity, taking into
account the characteristic decay length of local fields,” and thus
assumed linearity between them though slight nonlinear
digression was present in the range.

3.3 Plasmon spectral blue shift of colloidal AgNPs

First, we arranged colloidal AgNPs of various concentrations,
i.e.,, from 3 nM to 48 nM, in a step of 3 nM using DI water as
solvent to measure their absorbance spectra. This was to check
if there occurred spectral shift due to a possibility that the
ambient refractive index around AgNPs might have changed via
an increased density of AgNPs within local ambient medium
around AgNPs. Fig. 4(a) shows that the absorbance spectral
peak remained nearly unchanged even if AgNP concentration

(a)
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(@) HR-TEM image of AgNPs. The inset shows the SAED pattern where the lattice planes of AgNPs which correspond to the Debye—

was increased. The fact that DI water was not optically nonlinear
manifested negligible change in the effective index of an
ambient medium near AgNPs despite possible plasmonic
enhancement of local fields around the particles. This also
would indicate a possibility that, under light illumination, the
interparticle distance would have been much longer than the
dimension of local dielectric space near AgNPs, into which
plasmonic evanescent fields would have been penetrated.

We replaced DI water by IC solutions for solvent of colloidal
AgNPs and measured the effective refractive index versus AgNP
concentration for various concentrations of IC solutions, using
an Abbe refractometer (DR-A1; Attago, Tokyo, Japan). Negligible
dependence of the effective index of colloids on AgNP concen-
tration was observed for all concentrations of IC solution, as
shown in Fig. 4(b). This revealed that increasing concentration
of AgNPs did not change significantly the effective linear
refractive index of the colloidal AgNPs (with solvent of IC
solution).

Given the above-mentioned properties of an effective linear
index of the colloidal AgNPs, we performed their absorbance

(b)
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(a) Absorbance spectroscopy of colloidal AgNPs (100 uM) when using DMF solution of various concentration as colloidal solvent. (b)

Spectral peak shift of the AgNP absorbance peak versus refractive index of a DMF concentration with linear regression.
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Fig. 4 (a) Absorbance spectroscopy of colloidal AgNPs at various concentrations (water as colloid solvent). (b) The measured linear refractive

index (n.) of AgNP colloids (IC solution as solvent) versus AgNP concentration for various concentrations of IC solution. An Abbe refractometer

was used to measure them.

spectroscopy for various IC concentrations to examine the shift
of the plasmon spectral peak when increasing the AgNP
concentration. Each absorbance spectrum data point was
normalized with respect to the respective plasmon spectral peak
that occurred at around 400-420 nm. For all IC concentrations,
the blue shift of the plasmon spectral peaks (shift towards
shorter wavelengths) was observed when increasing AgNP
concentration, as shown in Fig. 5(a)—(f). This apparently differed
from the cases of nearly no peak shift shown in Fig. 4(a) for
which DI water was used as solvent for colloidal AgNPs.

Meanwhile, the blue shift of the spectral peaks was even
enhanced for larger IC concentration as seen in Fig. 6(a).
Accordingly, the fact that larger concentrations of IC solution
produced the bluer shift of spectral peaks appeared to contra-
dict the fact that a larger concentration of DMF solution
produced the red shift of spectral peaks in terms of the plasmon
peak shift direction (see Fig. 3(a)). It was worth noting that
another spectral peak at ~610 nm (not shown in Fig. 5(a)-(f) but
shown in Fig. S41) made no shift at all when increasing the
concentration of AgNPs or IC solutions no matter what solvent
was used (DMF or IC solution). This indicated that the spectral
peak at ~610 nm did not arise from the plasmons of AgNPs but
from the characteristic absorbance of I1C.>***

Regarding the mechanism of the unusual direction of plas-
mon peak shift, i.e., blue shift, we excluded the possibility of
AgNP assembly formation because it generally produced the
spectral red shift.*® Meanwhile, the charge transfer between
AgNPs might account for the presence of the blue shift.*
However, the colloidal form of AgNPs where the interparticle
distance was much longer than a wavelength of incident light
would not serve for the nano-scaled bridge through which
charge transfer could occur. Conversely, such blue shift of
plasmon spectral peaks could be explained by the negative
nonlinear refractive index of IC solution, which formed an
ambient local medium around AgNPs. This was because IC

© 2024 The Author(s). Published by the Royal Society of Chemistry

third-order optical nonlinearity was activated by plasmon-
enhanced local fields around AgNPs at 400-420 nm. Previously,
the third-order optical nonlinearity of IC was demonstrated as
negative nonlinearity at around 405 nm in an optical Z-scan
experiment, where the high intensity of picosecond pulsed light
enabled its excitation.>® In this work, enhanced local fields
around plasmonic AgNPs were substituted for the high intensity
of the picosecond pulsed light, to excite such negative third-
order nonlinearity.

The blue shift that occurred at larger IC concentrations or at
larger AgNP concentrations as shown in Fig. 6(a) could be
considered as net shift of the peak wavelength (Al,) resulting
from two contributions at larger concentrations, the red shift of
the peak wavelength (A4, > 0) induced by increase in the linear
refractive index (n;) and the blue shift (AAx;, < 0) induced by
increase in the negative nonlinear index (nxg, < 0), as given by

Alpet = AAL + AdnL 1)

For a given concentration of AgNPs and IC solution, the net
refractive index of colloids is given by

Npet = N T ANL (2)

Here ny, is the effective index of linear refraction, and ny;, = n,I
is the effective index of nonlinear refraction of the AgNP colloid,
where 1, is the optical Kerr coefficient. The optical intensity (I)
dependence of a refractive index was governed by the third-
order optical nonlinearity under optical Kerr effects. Our group
previously reported 1, ~ —1.0 x 10~7 ecm* W' of IC solutions
(~1 mM) at 405 nm, which was higher than those of silica fibers
or inorganic semiconductors, and its large magnitude was due
to delocalized T electrons in the aromatic conjugation structure
of IC molecules. It was also noted that n, was negative at near
405 nm,*** which was close to the AgNP plasmon wavelengths
(400-420 nm) of the current studies.

Nanoscale Adv., 2024, 6, 2636-2643 | 2639
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Fig. 5 The blue shift of the absorbance spectral peaks of colloidal AgNPs for which indigo carmine (IC) solution was used as solvent. IC
concentrations were 0.05 mM (a), 0.1 mM (b), 0.3 mM (c), 0.4 mM (d), 0.5 mM (e), and 0.6 mM (f).

When increasing the AgNP concentration in colloids, the
plasmon-enhanced intensity of local fields near AgNPs
enhanced ny;, (<0) due to its intensity dependence, while n;,
remained nearly unchanged as shown in Fig. 4(b). For all IC
concentrations, this enhancement of nyy, i.e., Any;, produced
the blue shift when increasing the AgNP concentration until
about 20 nM concentration, beyond which it saturated as shown
in Fig. 6(a). It was also found that such a blue shift was greater at
larger concentrations of IC solutions for a given concentration

2640 | Nanoscale Adv, 2024, 6, 2636-2643

of AgNPs, indicating the clear manifestation of the negative
nonlinearity of IC solutions that played a significant role in the
anomalous spectral peak shift.

Fig. 6(b) shows the maximum blue shift of a spectral peak
that occurs at the maximum AgNP concentration (48 nM), as
a function of IC concentration (solvent). The plasmonic peak
sensitivity to an ambient refractive index change, i.e., S ~ 132
nm per RIU obtained above (see Fig. 3(b)), enabled us to esti-
mate, at an IC concentration of 0.6 mM, the nonlinear refractive

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Plasmon spectral peak shift versus AgQNP concentration for various IC concentrations. (b) Spectral peak shift and the corresponding
nonlinear refractive index change (An) as a function of IC concentration at an AgNP concentration of 48 nM (thus the maximum peak shift and
An).
index changes as Any;, = —0.19 from the measured maximum 3.4 Simulation of plasmon local field enhancement

blue shift of A, = —25 nm. For this estimation of Anyy, eqn
(1) and (2) were used with both the measured values of ny,
(shown in Fig. 4(b)) and the correspondingly estimated linear
red shift of a spectral peak, i.e., AA;, = S (ny, - Nyater)- It Wwas worth
noting that the magnitude of Any;, was surprisingly far greater
than An;, so was that of Ay than that of A, as shown in
Fig. 6(b). This could appear to be somewhat contradictory to the
general optical properties that a linear response of a medium
such as the refractive index was always much greater, in
magnitude, than its nonlinear response at a given wavelength.
However, in this work, focus was placed not on the refractive
indices themselves (i.e., ny and ny) but on their change (i.e.,
Ang, and Anyg) under the influence of AgNP plasmon-enhanced
local fields that greatly enhanced the nonlinear response. These
intriguing properties led to an expectation that the differential
response of materials to electric field stimuli achieved by
nonlinear plasmon technologies could be exploited for appli-
cations that deal with incremental signal change, such as in
biomolecular/biochemical sensor technologies and the relevant
imaging technologies.

(a) 405nm

15 12.5
10 10.4
5 8.34
0 6.26
5 4,19
-10 2.11
15 0.029

-10 5

75 -0 5 0

(b) 500nm

To investigate the electric field distribution close to the AgNP
surface, numerical modelling and three-dimensional finite
difference time domain (3D FDTD) calculations were carried out
using a commercial program (Ansys Lumerical FDTD, Ansys,
USA). A total field scattered field (TFSF) light source was used. A
frequency domain monitor was applied for evaluating and
visualizing the final E-field enhancement. Material and optical
parameters used in the calculation included the experimentally
measured values such as the average size of spherical AgNPs (8
+ 2 nm obtained from the HR-TEM image) and the refractive
indices of solvents (from Abbe refractometer measurement).
The complex dielectric constant of Ag found in the literature®
was also used in the calculation. The incident light wavelength
was varied from A = 200 to 800 nm to find the plasmonic
resonance wavelength. The mesh step was set to a minimum,
i.e., 0.1 nm for a given limited computation capacity. As shown
in Fig. 7, the calculation of local electric fields around a single
nano-particle exhibited the highest enhancement (more than
10-fold) over incident fields at a wavelength of 405 nm among

(c) 600nm

15
10 I 3.34
5 2.68
0 2.02
5 1.36

-10 l 0.703

-15, 0.043

-5 <10 5 0

Fig.7 Numerical simulation of electric field strength |(x, y)|* around AgNPs at the wavelengths of 405 nm (a), 500 nm (b) and 600 nm (c). Here (x,
y) is the electric field as a function of horizontal and vertical coordinates in nanometres (x and y). Yellow and red arrows denote the incident light
direction and its polarization, respectively. White dashed lines represent the AgNP boundary.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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all the wavelengths probed, corresponding to the LSPR
wavelength.

4. Conclusions

We demonstrated the blue shift of surface plasmon spectral
peaks of AgNPs when increasing the concentration of an
ambient dielectric medium, the first observation of such
anomalous shift to the best of our knowledge. The ambient
dielectric medium was an IC solution that interacted non-
linearly with the plasmon-enhanced local fields near AgNPs
under (non-pulsed) continuous wave light illumination. This
accounted for such a blue shift of plasmon resonance via
negative optical Kerr effects that exhibited the intensity
dependence of the nonlinear refractive index, i.e., nyy, = 1,1 (1, <
0).

More interestingly, as the IC concentration increased,
incremental change in nonlinear effects, i.e., magnitude of
nonlinear blue shift turned out to be much greater than that in
linear effects such as the magnitude of linear red shift. This
appeared to be somewhat in disagreement with a general
feature in light-matter interaction, i.e., a linear response of the
material to a stimulus such as an externally applied electric field
would be much greater than its nonlinear response. However,
the properties demonstrated in this study showed possibility
that differential nonlinear response could be much greater than
differential linear response when using plasmon-induced
enhancement of local fields that were made to interact with
a nonlinear medium. These features need to be critically
considered particularly in optoelectronic devices that harvest
plasmon energy with optical parameters required to be fine-
tuned such as those that employed surface enhanced spec-
troscopy/microscopy, biomedical sensing/imaging and
nonlinear plasmonics.
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