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Multi-functional nanoparticle thin films are being used in various applications ranging from biosensing to
photo-voltaics. In this study, we integrate two different numerical approaches to understand the interplay
between the mechanical deformation and optical response of polymer grafted plasmonic nanoparticle
(PGPN) arrays. Using numerical simulations we examine the deformation of thin films formed by end-
functionalised polymer grafted nanoparticles subject to uniaxial elongation. The induced deformation
causes the particles in the thin film network to rearrange their positions by two different mechanisms viz.
sliding and packing. In sliding, the particles move in the direction of induced deformation. On the other
hand, in packing, the particles move in a direction normal to that of the induced deformation. By employ-
ing a Green'’s tensor formulation in polarizable backgrounds for evaluating the optical response of the
nanoparticle network, we calculate the evolution of the plasmonic response of the structure as a function
of strain. The results indicate that the evolution of plasmonic response closely follows the deformation. In
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particular, we show that the onset of relative electric field enhancement of the optical response occurs
when there is significant rearrangement of the constituent PGPNs in the array. Furthermore, we show that
depending on the local packing/sliding and the polarization of the incident light there can be both
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1 Introduction

The design and fabrication of polymer nanocomposites is a
billion-dollar industry with a range of applications in automo-
tive, commodity plastics, electrical and electronics sectors."
Surface modification of nanoparticles using polymers has
been a subject of intense investigation because of its relevance
to the design of novel composites with remarkable mechanical
properties.>® Developments in surface initiated living
polymerization techniques over the last two decades have now
led to the design of novel hybrid polymer-nanoparticle
systems with rigid nanoparticle cores and a canopy of polymer
arms of varying lengths and architecture.”** In addition,
these techniques provide unprecedented control over features
like graft density and functionalization of polymers.'
Presently, the advanced synthetic techniques have led to the

“Chemical Engineering, Indian Institute of Technology Hyderabad, Sangareddy
502284, Telangana, India. E-mail: balaji@che.iith.ac.in; Tel: +91 (040) 2301 6561
"Materials Science and Metallurgical Engineering, Indian Institute of Technology
Hyderabad, Sangareddy 502284, Telangana, India.

E-mail: shourya@msme.iith.ac.in; Tel: +91 (040) 2301 6561

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4nr00789a

This journal is © The Royal Society of Chemistry 2024

enhancement and suppression of the SERS response.

development of a new class of one component polymer—par-
ticle hybrid building blocks that can be assembled to form
extended networks.>'>'?® The ability to tune the interactions
between the building blocks by parameters like chain length,
grafting density and functionalization enables both control of
the equilibrium structures and the dynamic response of the
resulting network.'®'>'* In particular, recent investigations on
the mechanical response of networks formed by spherical
polymer grafted nanoparticles (PGNs) indicate that the
mechanical response can be fine-tuned by modifying the
length of the graft and the grafting density. This fine tuning is
closely related to the structural evolution of the nano-
composite network subject to deformation.

Many of the investigations on the development of these
composites, however, have been limited to examination of the
mechanical response of hybrid networks composed of non-
plasmonic metal oxides.">'® The introduction of plasmonic
nanoparticles to form one-component hybrid particle-polymer
networks is expected to open up a new dimension for the
design of novel composites with optical properties that can be
fine-tuned via mechanical cues. The resonant free electron
oscillation in plasmonic metal (like Au and Ag) nanoparticles
and surfaces is known as surface plasmon resonance (SPR).
SPR leads to significant enhancement in the electric field in
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the vicinity of the particle when illuminated with an appropri-
ate light source. As a consequence, the Raman scattering from
molecules can be enhanced and it gives rise to Surface
Enhanced Raman Scattering (SERS). It should be noted that
Raman scattering from molecules is very weak and can be
enhanced by several orders through SERS, leading to the possi-
bility of even measuring the Raman signals from single
molecules.’®' SPR can be classified into two types: propagat-
ing surface plasmon resonance (PSPR) and localized surface
plasmon resonance (LSPR).>>>® PSPR appears in the form of
surface plasmon polaritons (SPPs) along the smooth metal-
dielectric interfaces, while LSPR is associated with discrete
nanoparticles and nanostructures.”* The intensity of LSPR
depends strongly on the shape, size, and spatial arrangement
of the nanoparticles, as well as the dielectric function (or
refractive index) of the background.>***~’

Recent studies indicate that the tunable optical properties
of plasmonic nanoparticle assemblies make them attractive for
applications in sensing,*®* ! energy conversion,'®** non-linear
signal enhancement,*** plasmon-enhanced catalysis,** opto-
electronic devices®®?” and theranostics.'®*® The optical pro-
perties in such assemblies depends on the building blocks
and their spatial organization. In particular, the arrangement
of the plasmonic nanoparticles in a dielectric background can
be used for tuning the coupled resonances of the nano-
particles and can also be used for coupling them to other
photonic or plasmonic modes. Furthermore, dynamic control
of the spatial organization by appropriate cues would enable
us to design materials that have a tunable plasmonic response.
Alternatively, the plasmonic response can be used to track the
variation of the spatial organization beyond the diffraction
limit due to application of external cues. In particular, the
coupling of mechanical and optical modes in a single device
has enabled the realization of high-sensitivity acceleration
sensors and in the use of the light in order to control mechani-
cal transduction.®® Researchers have developed plasmonic
nanostructures on flexible substrates like PDMS*>*' and
PET,*"**> which when deformed show a change in the optical
response. However, in each of these cases, there was no inter-
action between neighbouring particles. The interaction was
mainly with the substrate. In the current study, the plasmonic
responses originate from the individual particles and inter-
action between the localized plasmon modes of the various
particles. In particular, here we focus on particle-polymer
hybrid networks, where the field enhancement is mainly coup-
ling between the modes of the particles and leads to the gene-
ration of regions of high electric field enhancement or so-
called electromagnetic “hot-spots”.

A simple way to control spatial organization in PGPN net-
works is to use mechanical cues to change the spatial organiz-
ation. In particular, when a network is subject to controlled
deformation the spatial organization of the constituent par-
ticles in the system changes in specific ways. Recent simu-
lations indicate that spatial reconfiguration in PGN thin films
occurs via mechanisms of packing and sliding. The extent of
this reconfiguration has been shown to strongly depend on the
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elongation rate and grafting density. We expect such reorganiz-
ation of particles in a network to be accompanied by the evol-
ution of the plasmonic response when the constituents of the
network are plasmonic nanoparticles. The resulting system
can be viewed as either a system where mechanical cues are
used to tune the plasmonic response or a system where the
spatial organization can be tracked based on the evolution of
the plasmonic response.

In the present work, we study the plasmonic response of
thin film networks composed of gold nanoparticles with end-
functionalized polymers grafted on their surface subject to
uniaxial elongation. We do this by integrating two different
numerical approaches for (1) tracking the evolution of the par-
ticle position and (2) tracking the evolution of the plasmonic
response due to the change in the particle position. The article
is organized into three sections. In section 2, we describe the
two different numerical approaches. This is followed by a dis-
cussion on the relationship between the mechanical and plas-
monic responses in section 3.1. Finally, we provide an overview
of the connection between the mechanical and plasmonic
responses in section 4.

2 Methods

We consider a material system composed of identical polymer
grafted plasmonic nanoparticles (PGPNs) with each particle
having a spherical gold core of radius r, = 25 nm and f = 900
polymers uniformly grafted on its surface. Each of the grafted
arms are composed of 100 Kuhn monomers and are end-func-
tionalized such that when they interact with neighboring
PGPNs they form bonds of energy E = 39«gT in the zero force
limit. The end-functionalised PGPNs are then cross-linked to
form an extended monolayer thin film network (see Fig. 1) of
different sizes. Two different numerical approaches for track-
ing (1) the mechanical and (2) plasmonic responses of PGPN
networks were employed to investigate the relationship
between the mechanical and plasmonic responses of arrays.
Three different arrays composed of (1) 125, (2) 365 and (3) 925
PGPNs were investigated. The numerical approach for the
mechanical response was based on the work of Phukan et al.*?
while that of the plasmonic response was based on the work of
Dutta-Gupta and Martin.** The primary features associated
with these numerical approaches are presented in sections
2.1-2.3.

2.1 Pair particle interactions

Pair interactions between the PGPNs were determined using
the multi-component model developed by Sreedevi and Iyer.*®
According to this model, the effective interactions between
PGPNs have two parts arising from (1) non-bonded, U, and
(2) bonded, U, interactions between the particles. The non-
bonded potential is composed of repulsive (UF(R)) and cohe-
sive (US"(R)) interaction potentials, which are a function of
centre-to-centre separation distance, R. The resulting non-
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Fig. 1 The PGPNs are composed of gold nanoparticle cores with radius
ro = 25 nm and f = 900 polymers grafted on their surface. The pair inter-
actions between the PGPNs help them to form a stable cross-linked
network. Equilibrated double notched PGPNs arranged in a hexagonal
lattice are stable and form gold nanoclusters with dipole moments that
depend on the interaction between the PGPNs that form the array.

bonded forces, F,,, = —0U,,/0R,A between the PGPNs in the net-
works is given by:

20ksT %j R<1
B R) =557 B explF(i - R) PR (1)
(1+F)R ( +@) -
Fcoh(R) — kB_T Cexp(E(lR{)) (2)

D Blexp(Z(R)) + 1}2

where, F = \/f /2 is a parameter that depends on the number
of grafted arms, f; R = R/D is the scaled separation distance
between the PGPNs, and D = 2(H + r)/(1 + F ") is the effective
PGPN diameter.”® The location and range of the cohesive force
are determined by the function, Z(R) = (R — A)/B, where the
dimensionless quantities A = A/D and B = B/D are associated
respectively with the location and width of the cohesive poten-
tial. The strength of the cohesive force is determined by the
parameter C.** For the system with f= 900 grafted arms the
values of A, B, and C are provided in Table 1.

The total interactive potential due to the number of bonded
polymer arms N, between the PGPNs can be written as NyUp,

Table 1 Scaling factors and parameters used in the calculations

Scaling factors

Length scale ro =25 nm

Time scale Ty=7.04%x10"% s

Force scale Fy=1.03 pN

Energy scale Ey=6.25kgT at T =300 K
Repulsion parameters D =4.42r,

Cohesion parameters
Chain parameters

A=4.711ry, B= 0.2r, and C = 472
I, =0.02rp and L = 8r,
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and the corresponding total force is given by N,F;,, where Fy, =
—0Up/0R. When the polymer is considered as a worm-like
chain, the force takes the form*®

KBT 2
Fy(R) = —— |1+ R —2r, 3
) (R3) (1— ((R—2r0)/17)%) ( o ©
here, R — 2r, gives the extent of the stretched arms of the

cross-linked polymer, (R}) = 2[,L is the ideal mean square
polymer chain dimension, [, is the persistence length of the
chain and L is the contour length of the cross-linked PGPN
arm. The total interaction is obtained as a combination of
these interactions: U = Uy, + NpyUyp. The interactions are scaled
using the scale factors listed in Table 1.

2.2 Equilibration and uniaxial elongation

In-house MPI parallel CUDA code was developed to investi-
gate the equilibration and mechanical response of the equili-
brated hexangonal array of PGPNS subjected to uniaxial
elongation. Eight parallel simulations were performed to
study the PGPN network of three different array sizes 9 x 15,
15 x 25 and 21 x 35. A notch of identical size was included in
all the arrays for facilitating the study of the mechanical
response of the networks. The total number of PGPN (n)
present in each of these arrays is n,: 125, n,: 365 and n;,: 725,
respectively. During equilibration, the PGPNs are not allowed
to change their position in the lattice for about 60 000 T,
(where T, is 7.04 x 107° s) in order to allow bond formation.
Fluctuations in the evolution of the bonded interactions and
the resulting many-body effects may lead to a small finite
force on the hexagonal lattice even in the absence of three
particle interactions. The average net force (x-component) on
the right-edge PGPNs and the average net force (y-com-
ponent) on the top-edge PGPNs were measured. The forces
on the edges were then released linearly over 10000 T,. The
hexagonal lattice arrays were later equilibrated in the
absence of force for about 50000 T,. The equilibration proto-
col followed leads to the formation of stable hexagonal
closed pack networks similar to those observed in our pre-
vious report.*?

A uniaxial elongation was imposed on the notched PGPN
arrays by pulling the right-edge at a constant velocity of
0.001u, (see Fig. 3). The right edge acts like a clamp and is not
allowed to deform during the simulation. The notches were
introduced to facilitate particle arrangements in the array away
from the edges and the resistance to deformation was
measured at the right edge of the array. Eight parallel simu-
lations were performed, like that in the equilibrium case, to
determine the average forces on the right-edge and average
strain-at-break. The imposed deformation causes the PGPN
particles connected to the right edge of the array to rearrange
their position. The evolution of this rearrangement was
tracked considering that the dynamics of the PGPNs is in the
overdamped regime because the individual PGPNs are small
and can be considered as dispersed in a medium of high vis-
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cosity composed of similar PGPNs. The equation of motion of
a single PGPN in this regime is written as:*?

dr { oU

M —ﬁ"‘Fext} (4)

where p = 1/6mn(H + 1) is the Stokes mobility of the PGPN,
—AdU/AR the net interactive force between two PGPNs and Fe,.
denotes the external force acting on the PGPN. The interac-
tive force is dependent on the bonded interactions, which
are a function of Np. This requires that the equation of
motion be solved along with the bond kinetics equation
given by:

dn;
Dy (RN + KPR (N~ Vo) )

where k. = k? exp(yFy(R)) is the force dependent bond rupture
rate, k¢ is the formation rate, P.(R) is a measure of the avail-
ability of functional free ends for the formation of bonds in
the overlap region between interacting PGNs and Ny, is the
measure of the maximum number of bonds that can be
formed for a specific overlap.*” In the present work, the
equation of motion (6) was numerically solved using the
fourth-order Runge-Kutta method along with the bond evol-
ution eqn (7) using a protocol similar to that described in the
studies of Phukan et al.*®

2.3 Response of the plasmonic array

In the present work, each gold particle in the hexagonal lattice
is considered to act as a dipole with an arbitrary orientation.
The polymers grafted to the surface along with the background
medium act as a polarizable background on which the plasmo-
nic particles are embedded. For such a system, the electric
field at the /™ particle was calculated using the Green’s tensor
approach.***’

p
A .
Ei=E'+ Y Gy AgVE +M; AexE — L.~ E (6)
L= €B
J=1j#0
where the field at a particle depends on the incident field (E?),
Green’s tensor (Gj;), wavevector (i,), volume of the particle (V;),
the permittivity of the particle (¢) and the permittivity of the
background (eg). The permittivity of gold was taken from the
analytic model presented by Etchegoin et al.*®

1

1 i
2l 5+—
' <’12 VP’I)

where, &, = 1.54, plasma wavelength A, = 143 pm, damping y,
=14.5 pm, and G(4,) and G(4,) are contributions to the dielec-
tric constant from interband transitions. Gold particles are
known to have two interband transitions at wavelengths 1, =
470 nm and A, = 325 nm and these contributions were calcu-
lated using the expression:

£i(A) = €0 — +G(4,4) + G(4, 1) (7)

eXp[i(ibk] exp[ii(ﬁk] ( )
/11:1 _l—l _ 71:1 Alzl +ﬂ,_1 +7/l:1

Ax
G(lvik) = ﬁ (
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where k takes values 1 and 2 for the two wavelengths, ¢y = —n/4
and the values for transition broadening were taken as y; =
1900 nm and 7, = 1060 nm.”® The permittivity of the back-
ground was fixed at 1.96. We assume that the background per-
mittivity remains constant even when the network is deformed
because density changes due to stretching in such PGPN net-
works are negligible. The total response of the system was
computed by calculating and summing the responses of all
the dipoles and their interactions were calculated using the
field eqn (6) obtained from the Green’s tensor approach.
Subsequently, we evaluated the electric field outside the par-
ticles to extract the fields due to the nanoparticle array system.
This was repeated at requisite strain values to understand the
strain-dependent behaviour.

The optical response of the PGPN arrays of different sizes
was studied using scattering analysis. The structure was illumi-
nated with a z propagating plane wave with polarization along
the x- or y-axis. The spectrum was calculated from the range
400 nm < /; < 700 nm and the normalized scattering crosssec-
tion was calculated. The scattering cross section (Cs) at a point
in the far-field is given as:

p
Ci=AY [E[ )
i=1

where n, is the number of particles and A is the area corres-
ponding to the far point scattering surface. The total scattering
cross section of the system at an incident condition is calcu-
lated by computing the electric field intensity at far-field
points at a distance of 50 pm.

2.4 SERS response of PGPNs

The surface-enhanced Raman scattering (SERS) response was
calculated from the electric fields associated with the response
to incident light at laser and Stokes wavelengths as follows:

n, m
Sy = [Ev[*[E;|* (10)
=1 j=1

where, m is the number of observation points, E;, is the electric
field at the laser wavelength, and E, is the electric field at the
Stokes wavelengths. The fields were evaluated at a distance of
2.5 nm from each of the nanoparticle surface. In the current
study, we have fixed the laser wavelength to A, = 561 nm
(where A1, < Amax) and the Stokes lines were considered corres-
ponding to the mercapto-benzoic acid (MBA) molecule.*® The
wavelength for the two Stokes lines s; and s, were determined
to be at 597 nm and 615 nm, respectively.

3 Results and discussion
3.1 Optical response of non-deformed PGPNs

In the present work, the PGPNs were arranged to form a cross-
linked network with a finite number of stable labile bonds
with their neighbors in a hexagonal lattice at equilibrium
(Fig. 1). Fig. 2(a) shows the far-field scattering spectrum of the

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Normalized scattering cross section, C, as a function of wavelength for three PGPN arrays composed of 125 (red curve), 365 (green
curve) and 725 (blue curve) PGPNs. Electric field amplitude on the xy-plane (where z = 0) for the arrays with (b) 125, (c) 365 and (d) 725 PGPNs. The
structure is illuminated with an X-polarized plane wave propagating in the z direction. The electric field maps are calculated at the resonance wave-

lengths, Amax-

arrays of different sizes when illuminated with a normally
incident X-polarized plane wave. It is evident that all the
three PGPNs exhibit a strong resonance close to 580 nm. The
resonance wavelengths for the arrays composed of 125, 365
and 725 PGPNs are at 585 nm, 574 nm and 578 nm, respect-
ively. Fig. 2(b)-(d) show the electric field amplitude on an xy-
plane at z = 0 nm for the three cases at resonance. It should
be noted that for polarized illumination, the maximum near-
field is observed along the direction of polarization (see
Fig. (S1-S3)). The near-field maps clearly indicate the plas-
monic nature of the resonance, with the enhancements
being the maximum around the particles and oriented along
the x-direction. Furthermore, particles in some of the rows of
PGPNs exhibit higher field enhancement as compared to
the other rows. This is due to the mutual interaction
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)
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between particles and those particle positions that undergo
constructive interference, thereby exhibiting higher field
enhancements.

3.2 Mechanical deformation of PGPNs

An array subject to uniaxial elongation resists deformation and
the PGPNs in the array rearrange their positions (see Fig. 3).
Due to this the mechanical and plasmonic responses of the
PGPN network evolve as a function of elongation strain. The
force of resistance in the direction of deformation depends on
both the strain and the size of the array. The dimensionless
stress in the network can be considered as the ratio of the
force of resistance to the thickness of the sample, a, = F,/W
(Fig. 4(a)). The force and thickness are both scaled with refer-
ence to the scaling units given in Table 1 to obtain the dimen-

Fig. 3 Schematic of the uniaxial elongation of the PGPN array at a constant pulling velocity u = 0.001ug in the x direction. The snapshot of the
deformed array is provided at an elongational strain of a = 0.6. The horizontal dashed blue and red lines demarcate the regions Y; and Y5, which are
normal to the direction of elongation (y direction), respectively. The number of PGPNs within the demarcated regions evolves with strain.

This journal is © The Royal Society of Chemistry 2024
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sionless stress. The evolution of this stress response in PGPN
networks is seen to have two parts: (1) the initial small strain
response where the non-bonded interactions dominate
(Fig. 4(c)) and (2) the large strain response where for strains of
a > 0.3 the bonded interactions dominate (Fig. 4(b)). In this,
we note that both bonded and non-bonded contributions tend
to become independent of size beyond a critical size.
Furthermore, we note that the bonded forces do not change
significantly with strain in the region 0 < a < 0.3. In contrast,
the non-bonded forces change sharply in a small window of
strain 0 < @ < 0.05. This leads to a region of strain, 0.05 < a <
0.3, where the force required to deform does not change sig-
nificantly leading to a yield like response. Based on this
response we expect the onset of particle rearrangements in
this regime followed by enhanced particle rearrangements at
strains of @ > 0.3.

3.3 Mechano-optical coupling: fixed region

While the forces are measured on the right edge of the array,
the particle arrangements inside the array depend on the inter-
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action of the PGPNs with their neighbours. To track these
rearrangements we can either mark particles and track the
evolution of the position of these particles or define regions
and track the migration of particles into and out of these
regions due to the imposed deformation. Such rearrangements
are expected to lead to the modification of the dipole orien-
tation of the individual PGPNs as these orientations are
expected to depend on both the incident field and the inter-
action of the PGPN with its neighbors. Note that each strain
value corresponds to a set of different particle positions and
this is taken into consideration for the field calculation.
Subsequently, the variation of the surface enhanced Raman
scattering is calculated using eqn (10).

First, we focus on the case of tracking migration of particles
into/out of the regions marked by Y; and Y, and the associated
plasmonic response (see Fig. 3). It was observed that the
imposed deformation caused the number of particles in the
regions to increase due to the migration of the PGPNs into this
region. The extent of this migration was characterized by the
packing parameter defined as:

; (11)

where n;, is the number of particles in the region at a specified
strain, @, and 7 = 1, 2 yields the packing in the regions Y; and
Y., respectively. Here, the increase in the number of PGPNs in
the regions from the equilibrium value is normalized by the
width of the sample to account for the differences in the
sample size. The relative SERS enhancement due to the
migration of particles was tracked by the evolution of the
parameter:

S =

; S—”(”‘;V‘S”( =9) (12)

(@=0)

where S, (a) is the SERS enhancement calculated at a specific
strain, a, using eqn (10).

The evolution of the packing parameter in the region Y;, in
our simulations, indicates that the onset of packing depends
on the size of the sample with a tendency to have an earlier
onset in samples of larger size. However, the saturation values
of the packing parameter in the region are relatively indepen-
dent of the size of the sample. A distinction may be seen
between small and the two large samples in terms of the
nature of this evolution. The former shows a sharp increase in
the packing, followed by a plateau and decay at large strain
(see Fig. 5(a)). On the other hand, the larger samples tend to
pack relatively slowly to reach the maximum packing value (see
Fig. 5(b) and (c)). In particular, the packing parameter, p,
increases from 0 to 0.96 due to deformation. The maximum
value of 0.96 is reached over a short range of strains between
0.3 and 0.5 in the small array. The increase in the value of the
parameter is sharp compared to that of larger arrays. This
increase is followed by a plateau at 0.96 at strains greater than
0.5 and falls to a lower value of p in the region of strain close
to a = 0.6. This drop may be due to elastic recoiling in certain

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Evolution of packing and relative enhancement as a function of strain, @, at u = 0.001ug and E = 39kgT within the demarcated region, Y; (See
Fig. 3). Plots showing packing, p = (né(a) - né (a = 0))/W, for the arrays composed of (a) 125, (b) 365 and (c) 725 PGPNs, where né is the number of
PGPN units in the region Y;. The corresponding relative enhancement plots for the three arrays are respectively shown below, calculated as (S,(a) —
S.(a = 0))/S,(a = 0). The enhancements are evaluated for both X (blue) and Y (red) polarizations, and at two Stokes lines, s; (triangle) and s, (circle),

corresponding to the mercapto-benzoic acid (MBA) molecule.*®

parts of the small array that leads to PGPNs moving away from
the Y; region. In contrast, the packing parameter gradually
increases from a value of 0 to 0.96 over a strain range of
0.1-0.5 with the increase in p slowing down significantly at
strains greater than 0.4.

The relative SERS enhancement in this region closely
follows the trends shown by the packing parameter.
Specifically, the enhancement corresponding to the Stokes
wavelengths of 4 = 597 nm and A = 615 nm varies sharply
around the onset of packing. However, differences in the evol-
ution of the relative SERS enhancement indicate that the
response corresponding to the Y-polarization is more sensitive
to the variation of the PGPN position with strain. The particles
tend to migrate in a direction normal to that of the defor-
mation. This leads to packing of the particles as shown in
Fig. 5 and 6. The packing happens in the y-direction which is
the direction normal to that of the deformation. Packing leads
to stronger near-field coupling and near-field enhancement for
Y-polarization. Unlike the evolution of packing in region Yi,
the region Y, has no clear saturation and the evolution is con-
tinuous with minor shoulders at intermediate strains (see
Fig. 6). Furthermore, the maximum packing values increase
with the size of the network. The evolution of relative enhance-
ment in this region also follows the packing patterns with
both shoulders and the continuous evolution with the increase
in strain values. The resonance wavelength of the PGPNs does
not significantly change due to deformation or due to the
number of particles in the PGPNs.”® This is due to the rela-
tively large gaps (around 60 nm) between neighboring par-

This journal is © The Royal Society of Chemistry 2024

ticles, leading to weak near-field coupling between the par-
ticles. However, we show that the interaction with the neigh-
boring particles can lead to modifications in the relative
enhancements, depending on the polarization direction of the
incident light, as shown in Fig. 5 and 6. This may be a conse-
quence of our calculation of only dipole modes in Au nano-
particles. We also observe that the relative enhancement and
the packing roughly follow the same trend, mainly due to
strong LSPR coupling when the particle-polymer networks are
closely packed. We note that all these results are independent
of the choice of the wavelengths s; and s,.

3.4 Mechano-optical coupling: fixed particle tracking

Particle rearrangement can also be tracked for labeled particles
in a region (see Fig. 7(a)). Here, the number of labeled PGPNs
is fixed for a given network while the region over which these
particles move evolves due to imposed deformation. In the
case of a small array, with n, = 125 particles, 45 PGPNs are
labeled (see Fig. 7(a)). In the case of large arrays, with n, = 365
and 725, 165 and 357 PGPNs in the region between the
notches are labeled. The evolution of the positions of the
labeled PGPNs, as the network is deformed, indicates that
both packing in the direction normal to that of the defor-
mation and sliding in the direction of deformation can lead to
changes in the relative positions between the particles (see
Fig. 7(a)). The corresponding effect on the relative enhance-
ment measured by calculating the SERS enhancement due to
the labeled particles is qualitatively different from that dis-
cussed earlier for the regions Y; and Y,. In particular, the rela-
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tive enhancement due to the labeled PGPNs depends both on that the relative enhancement evolves with strain to become
the polarization of the incident laser and the size of the negative or positive depending on the polarization (see
network. For small networks, with n, = 125 PGPNs, we observe ~ Fig. 7(b)). In contrast, the enhancement remains positive at
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large strains with non-monotonic responses for both polariz-
ations in the larger networks with n, = 365 and 725 PGPNs.
The results indicate that an interplay of both packing and
sliding, in the rearrangement of the labeled PGPNs, deter-
mines the evolution of the relative enhancement with strain.

Localized surface plasmon resonances exhibit enhanced
near-field amplitude and are highly localized in the vicinity of
the nanoparticle. The electric field enhancement at resonance
decays rapidly away from the nanoparticle-dielectric interface
into the dielectric background.’>** Note that typically smaller
gaps along the direction of incident polarization lead to an
increase in the electric field enhancement in the gaps due to
the near-field coupling of the neighbouring particles. In
Fig. 7(b), the relative enhancement seems to decrease (negative
enhancement) when the system is X polarized as the separ-
ation distance of the particles increases along the x direction
(see Fig. 7(a)). For larger networks with n, = 365 and 725
PGPNs, we observe negative enhancement when a = 0.1, which
further increases (positive enhancement) when central par-
ticles rearrange along the x direction with an increase in
strain. Meanwhile the positive enhancement in the Y — polariz-
ation is observed mainly due to a decrease in the separation
distance of the particles along the y direction due to packing.
From our analysis, we observe that hexagonally arranged PGPN
networks enhance SERS when they pack irrespective of
whether we observe a specific region or track a fixed set of par-
ticles. On the other hand, stretching induced separation of
particles along the direction of elongation causes reduction in
enhancement. Thus, the evolution of the spatial organization
of the hexagonal PGPN network is coupled to the evolution of
the SERS enhancement. Here, the overall surface enhancement
is decided by the interplay between the packing and sliding of
the particles at different strains.

To understand the interplay between packing and sliding it
is useful to look at the new results in the light of the packing
results for the region Y, since all the labeled PGPNs lie in this
region. We have already shown that packing evolves continuously
in the Y, region and consequently leads to increase in the relative
enhancement. The influx of particles into the Y, region can cause
the labeled particles to come close to each other or slide away in
the direction of deformation. The relative enhancement due to
the labeled particles is thus expected to increase or decrease
depending on which of these effects dominate. In the small
array, for strains a < 0.4, there is no influx of particles into the Y,
region and the rearrangements are driven only by the interaction
between labeled particles. Here, the packing in the normal direc-
tion leads to an increase in enhancement for the Y polarization
and sliding leads to reduction in X polarization. In the case of
larger arrays, the early onset of particle migration leads to con-
siderable influx of particles in the Y, region, so the labeled par-
ticles may either pack together or slide away leading to a mixed
response. This mixed response results in mild enhancements for
Y polarization and a mild drop or increase in relative enhance-
ment for X polarization depending on the strain. Specifically, at
small strains the tendency to pack is stronger and leads to an
enhancement of the Y-polarization response. On the other hand,
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at larger strains the relative rearrangements of the labeled PGPNs
are such that the response reaches a saturation value and
remains relatively unaffected by strain. We also note that the
shoulders in packing (see Fig. 6) correspond to transitions that
lead to a crossover of the relative enhancement due to X and Y
polarizations (see Fig. 7(b-d)). We note that all these results are
independent of the choice of the wavelengths s, and s,.

4 Conclusions

The dynamic evolution of the localised surface plasmon
response (LSPR) of an array of polymer grafted gold nano-
particles (PGPNs) of 25 nm radius was studied using multi-
scale simulations and the Green’s tensor approach. We
demonstrated using simulations and field calculations that the
LSPR evolves depending on the rearrangement of the particles
and the size of the array. Two different approaches were used
to investigate the LSPR of arrays of different sizes. In the
first approach, regions of fixed width were identified and the
evolution of particle rearrangements and SERS enhancement
was studied in this region. In the second approach a set of
PGPNs were identified and the resulting enhancement due
to these particles was studied for incident light of different
polarizations.

In the first approach the field enhancement in the fixed
region was shown to closely mimic the evolution of the
packing of particles as the array was deformed. Furthermore,
the evolution of enhancement was observed to be similar irre-
spective of the polarization of the incident light. In contrast,
the SERS enhancement associated with a fixed number of
PGPNs strongly depended on the polarization of the incident
light. The results indicated that tracking SERS enhancement
in a region of fixed width and for fixed particles provides
insights into two qualitatively different aspects of the evolution
of the structure of the deformed array. The former was sensi-
tive to overall packing, while the latter was sensitive to local
rearrangements of the particles in the array. We have thus
established that the evolution of SERS enhancement when an
array of PGPNs is deformed is a useful tool for studying large
scale and local structural rearrangements.
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Note added after first publication

This article replaces the version published on 11" June 2024
where the symbol R was missing from eqn 1 and 2 and the
corresponding text where the equations were discussed.
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