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ARTICLE INFO ABSTRACT

Keywords: Graphene oxide (GO) surface chemistry influences nanoparticle organisation and optical response, yet these
Graphene oxide relationships remain poorly integrated across experimental and computational length scales. Here, two GO
PEGfunctionalisation

materials with contrasting surface oxygen contents, GO1¢ and GOs, were examined before and after PEG-NH;,
treatment and incorporation of Ag- and Cu-containing particles using spectroscopy, microscopy, thermal anal-
ysis, molecular dynamics (MD) and finite-difference time-domain (FDTD) modelling. Higher surface oxygen
content and PEG-NH treatment were associated with greater apparent PEG-associated loading, smaller particle
populations and reduced nanoparticle aggregation and apparent contact, with Cu Dsg decreasing from 22.5 to
7.8 nm. MD simulations showed more favourable interfacial interactions following PEG modification, with
contact-area-normalised interaction-energy descriptors supporting stronger interactions at the modified inter-
face. FDTD simulations revealed strong size- and separation-dependent responses, including LSPR redshifts of
96.25 nm for Ag and 61.25 nm for Cu across 10-100 nm. Experiment-informed assemblies exhibited higher
resonance quality but weaker extreme hotspots as close particle contacts were reduced across the model series,
indicating a trade-off between junction-driven enhancement and a less hotspot-dominated, more spectrally
defined response. Overall, the results establish a multiscale structure-property framework linking GO interface
chemistry, nanoparticle organisation and predicted electromagnetic response.

Nanoparticleorganisation

Molecular dynamics

Finite-difference time-domain modelling
Plasmonic response

1. Introduction PEG-associated surface modification and the resulting nanoparticle
organisation remains insufficiently quantified across comparable mate-

Graphene oxide (GO) provides a chemically tuneable platform for rial systems.

nanomaterial assembly because its oxygen-containing functionalities
influence surface reactivity, interfacial interactions and electronic
properties [1,2]. Variation in surface oxygen content therefore provides
a means of modifying the local environment experienced by supported
nanoparticles. Further modification with amine-terminated poly-
ethylene glycol (PEG-NHjy) can alter GO interfacial chemistry and
nanoparticle interactions, as demonstrated in PEG-modified graphene
systems [3-5]. However, the relationship between GO oxidation level,
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These interfacial effects are particularly important for graphene-
supported plasmonic nanostructures. The optical response of metal
nanoparticles depends on particle size, shape, composition, dielectric
environment and interparticle separation [6-8]. Closely spaced particles
can undergo plasmon hybridisation, producing resonance shifts and
strongly localised electromagnetic fields, with coupling strength
decreasing markedly as particle separation increases [9,10]. Far-field
quantities such as extinction, absorption and scattering describe
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complementary aspects of the overall optical response, whereas local |E/
Ey| characterises near-field amplification. Although both originate from
plasmonic excitation, their magnitudes are not directly proportional
because they depend differently on particle geometry, damping and
electromagnetic coupling [6,9,10]. GO-supported Ag nanostructures
have demonstrated surface-chemistry-dependent plasmonic behaviour
[11], while the optical response of Cu nanoparticles is additionally
sensitive to oxidation and associated plasmon damping [12,13]. Control
of particle size and spatial organisation is therefore important for
reproducible optical and SERS-related behaviour [14-16].

Although the influence of graphene surface chemistry on Raman and
plasmonic behaviour has been investigated previously, its integration
with nanoparticle organisation and multiscale modelling remains
limited. Controlled reduction of GO has previously been shown to
modify graphene-mediated Raman enhancement through changes in
oxygen-containing surface groups [17], while nanoparticle morphology
can substantially influence hotspot formation and SERS response [7,8].
At the atomistic scale, molecular dynamics (MD) provides a comple-
mentary means of examining nanocluster—surface interactions that are
difficult to resolve experimentally, including relative interaction ener-
getics, equilibrium interfacial organisation and surface mobility
[18-20]. Previous simulations have demonstrated that Ag and Cu
nanocluster behaviour is sensitive to graphene functionalisation and
surface chemistry [18,19]. Such atomistic models operate at substan-
tially smaller length scales than experimental nanoparticles and are
most appropriately interpreted as comparative descriptions of interfa-
cial behaviour rather than direct representations of experimentally
observed particle assemblies. Multiscale modelling has increasingly
been used to connect atomistic and electromagnetic descriptions of
surface-enhanced spectroscopy [21], but quantitative integration with
experimentally measured GO surface chemistry and nanoparticle orga-
nisation remains limited.

In this work, two commercial GO materials with contrasting
measured surface oxygen contents, GO19 and GO3,, were investigated
before and after PEG-NH, treatment and incorporation of Ag- and Cu-
containing particles. FTIR, Raman, XPS, TGA, SEM, TEM and UV-Vis
characterisation were combined with MD and FDTD simulations to
relate surface chemistry, interfacial behaviour, nanoparticle organisa-
tion and optical response. The present study extends our previous
experimental and MD work [4,18,19] by systematically comparing two
GO surface-oxygen regimes and integrating quantitative nanoparticle-
size and nearest-neighbour analyses with atomistic and experiment-
informed electromagnetic modelling.

MD was used to compare nanocluster interaction energetics, inter-
facial organisation and dynamics across model graphene interfaces,
while experimentally measured particle-size distributions and nearest-
neighbour surface gaps established the structural regimes examined by
controlled FDTD simulations. The principal contribution of this work is
therefore the quantitative integration of GO surface chemistry and
experimentally measured nanoparticle organisation with atomistic and
electromagnetic modelling within a single multiscale structure-property
framework. The FDTD calculations employ idealised metallic Ag and Cu
reference structures to isolate size- and spacing-dependent optical ef-
fects and are not used to establish the chemical state of the experimental
particles or experimentally demonstrated SERS performance.

2. Methodology
2.1. Materials and experimental preparation

2.1.1. Materials and nanocomposite preparation

Commercial oxidised graphene materials with contrasting surface
oxygen contents, denoted GO and GOsg, were obtained from Sigma-
Aldrich and Nanolnnova Technologies, respectively. These designa-
tions are operational sample identifiers corresponding to the commer-
cial materials used in this study and do not represent directly measured
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oxygen percentages. Four-arm amine-terminated polyethylene glycol
hydrochloride (4arm-PEG5K-NHp, HCl salt; average M, =~
5000 g - mol™!), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hy-
drochloride (EDC-HCl), N-hydroxysuccinimide (NHS), silver nitrate
(AgNO3) and trisodium citrate (Na3Ce¢Hs07) were purchased from
Sigma-Aldrich. Cu nanoparticles were obtained from CF Nanotech-
nology® (Suzhou, China). Ultrapure Milli-Q water was used throughout
the experimental procedures unless otherwise stated.

GO modification and nanocomposite preparation followed our pre-
viously reported methodology [4]. PEG-NH; treatment was performed
under EDC/NHS-mediated coupling conditions to prepare PEG-modified
GO substrates. This terminology is used throughout the manuscript
because the available characterisation supports PEG-associated surface
modification but does not independently establish the fraction of PEG
that is covalently attached. Ag nanoparticles were synthesised by citrate
reduction of AgNOs3 using a Frens-type method adapted for Ag nano-
particles [22], with AgNOs as the precursor and trisodium citrate citrate
(Na3CeHs07) as the reducing and stabilising agent. Briefly, 50 mL of
1.0 mM AgNOs solution was heated under continuous stirring to boiling,
after which 500 pL of 0.189 M Na3zC¢Hs07; was rapidly added. The
mixture was maintained at boiling temperature and stirred at 200 rpm
for a further 20 min. The resulting Ag nanoparticles were centrifuged at
2400 RCF for 30 min, resuspended in distilled water and stored at 4 °C in
the dark until use.

GO and GO-PEG-NH, substrates were subsequently combined with
Ag or Cu nanoparticles at a GO:NP mass ratio of 30:70 (w/w). The
resulting nanocomposites were dispersed in water at a concentration of
1 mg - mL ™! and homogenised by combined sonication and mechanical
stirring before characterisation.

2.1.2. Characterisation and quantitative image analysis

Morphology and nanoparticle organisation. Scanning electron
microscopy (SEM) was performed using a JEOL JSM-6335F operated at
20 kV. Samples were mounted on conductive carbon tape before imag-
ing. SEM micrographs were used to evaluate nanoparticle surface
coverage, aggregation, particle-size distributions and spatial organisa-
tion. Transmission electron microscopy (TEM) was performed using a
JEOL JEM-2100 operated at 200 kV. Samples were diluted to 0.01 wt%
and drop-cast onto carbon-coated copper grids before analysis. TEM was
used to examine nanoparticle morphology and association with the GO
support.

Quantitative SEM image analysis was performed using ImageJ. Mi-
crographs were calibrated using their corresponding scale bars and
measurements were converted to physical dimensions before statistical
analysis. Particle diameters were grouped into 10 nm intervals from 0 to
10 to > 90-100 nm, and the distributions were normalised to the total
number of analysed particles for each condition. The analysed pop-
ulations were N = 54, 74 and 204 for GOj9-Ag, GO3p-Ag and
GO30-PEG-NH3-Ag, respectively, and N = 84, 112 and 654 for
GO10—Cu, GO3p—Cu and GO3p-PEG-NH,-Cu, respectively.

Mean particle diameter and sample standard deviation were esti-
mated from the grouped distributions using the midpoint of each 10 nm
interval. The median diameter (Dsg), Dgg, and first and third quartiles
were determined by linear interpolation within the corresponding size
intervals, and the interquartile range was calculated as IQR = Q3 —Q;.
Fractions of particles with diameters < 20 nm, <30 nm and > 50 nm
were calculated directly from the corresponding grouped particle
counts.

Nearest-neighbour spatial organisation was quantified indepen-
dently from the calibrated SEM data. For each resolved particle i, the
projected area A; and centroid coordinates were obtained, and an
equivalent circular radius was calculated as

A

ri=1\l— €y
P
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The centre-to-centre distance between particle i and particle j was
determined from

dy =/ (6~ %) + (i~ )° @

and the nearest neighbour was identified from the minimum eligible
centre-to-centre distance. The corresponding apparent surface-to-
surface gap was calculated as

8= max[07 dq — (ri + r])} 3)

Image-edge objects and non-particle features associated with the GO
substrate were excluded from the quantitative analysis. Negative
calculated separations were assigned g = 0, representing apparent
contact or overlap within the two-dimensional equivalent-particle rep-
resentation. The resulting spacing distributions were expressed as
empirical cumulative distribution functions (ECDFs) and characterised
using the median gap, interquartile range, 90th-percentile gap (goo) and
fraction of apparent contacts (g = 0). Because SEM provides a two-
dimensional projection of the nanoparticle arrangement, these mea-
surements are reported as apparent nearest-neighbour surface gaps.

Surface chemistry. Fourier-transform infrared (FTIR) spectra were
acquired using a Nicolet iS50 spectrometer equipped with a germanium
attenuated total reflectance accessory. Spectra were recorded over
3700-700 cm™! following background correction and were used to
evaluate oxygen-containing functional groups and spectral changes
associated with PEG-NH,, treatment.

X-ray photoelectron spectroscopy (XPS) was performed using a
monochromatic Al Ka source (hv = 1486.6 eV). Survey spectra were
used to determine surface elemental composition and O/C ratios, while
high-resolution C1s,01s,N 1 sand selected S 2p spectra were analysed
using CasaXPS. Shirley background subtraction and pseudo-Voigt GL
(30) line shapes were applied using the minimum number of chemically
justified components. Binding energies were referenced to the non-
oxygenated C 1 s contribution at approximately 284.8 eV, and quanti-
tative comparisons were based on survey-derived O/C ratios and rela-
tive high-resolution peak-area distributions.

XPS measurements were performed on GOj;g, GOj3p and their
PEG-NHy-modified derivatives to examine oxidation-dependent surface
composition and changes associated with PEG treatment. The Ag- and
Cu-containing nanocomposites were not analysed by XPS; consequently,
the oxidation states of the metal-containing phases were not determined
using this technique.

Raman spectra were acquired using a HORIBA 1250 M spectrometer
equipped with a 532 nm diode-pumped solid-state laser, a 1200 gr
mm ! grating and a 400 pm slit. Measurements were performed using a
20 x objective with samples deposited on quartz substrates to minimise
background interference. The degree of structural disorder was evalu-
ated using the Raman D-to-G band intensity ratio (Ip/Ig), calculated
from the baseline-corrected peak heights of the D and G bands at
approximately 1350 and 1580 cm ™}, respectively.

Thermal analysis and apparent PEG-associated loading. Ther-
mogravimetric analysis (TGA) and derivative thermogravimetric anal-
ysis (DTGA) were performed using a Seiko SSC 5200 TG-DTA 320
instrument. Approximately 10 mg of each sample was heated from 30 to
1000 °C at 10 °C - min ! under helium. Prior to heating, the system was
purged with helium at 100 mL - min~! for 30 min.

Apparent PEG-associated loading was estimated from the additional
mass loss of each PEG-treated material relative to its corresponding
untreated GO over the 250-400 °C [23,24]:

Laso_a00 = W(250) — W(400) )

__ 7 GO—PEG-NH; GO
WPEG,app - L2507400 - L2507400 )

where W(T) is the percentage mass remaining at temperature T.
Values at 250 and 400 °C were obtained by linear interpolation between
adjacent experimental points.
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Robustness was assessed by independently varying the lower inte-
gration boundary between 240 and 260 °C and the upper boundary
between 390 and 410 °C. A complementary analysis was performed after
normalising each thermogram to its mass at 150 °C. The initial-mass-
normalised values were retained as the primary analysis because the
DTGA profiles did not show a common post-dehydration plateau at
150 °C for all samples, consistent with the complex multistep thermal
decomposition behaviour of GO [25].

The TGA-derived values are therefore reported as apparent PEG-
associated loadings rather than absolute surface grafting densities
[24,26]. Because a neat PEG-NHj thermogram acquired under identical
conditions was unavailable, no correction was applied for PEG decom-
position outside the selected temperature interval. Conversion to a
grafting density in chains nm~2 was not attempted because no reliable
experimental specific surface area was available to normalise the poly-
mer loading by surface area [23]. Moreover, TGA alone cannot distin-
guish covalently bound PEG from non-covalently retained or physically
entrapped/intercalated material [24]. The calculated values therefore
quantify the amount of PEG-associated material, rather than its mode of
attachment. As one thermogram was analysed for each composition,
replicate standard deviations are not reported.

Optical characterisation. UV-Vis spectra were recorded using a
Thorlabs SLS205 fibre-coupled xenon light source over 200-1000 nm
using 10 mm quartz cuvettes. The spectra were used to evaluate the
optical response of the nanocomposites and identify plasmonic absorp-
tion features where resolvable.

2.2. Atomistic modelling of GO-Nanocluster interactions

2.2.1. Model construction and simulation parameters

Molecular dynamics (MD) simulations were performed to investigate
how graphene surface chemistry influences nanocluster interfacial
organisation, interaction energetics and mobility. The model series
comprised pristine graphene (PG), GO19, GO3p and PEG-modified GOsg
(GO3p-PEG-NHy), with Cuy3 and Ag;3 nanoclusters used as atomistic
probes of metal-surface interactions.

The GO;¢ and GO3( atomistic models had stoichiometric O/C ratios
of 0.163 and 0.315, respectively, compared with experimentally deter-
mined XPS values of 0.048 and 0.522 (Section 3.1.2 and Table S2).
Although the models preserve the progression from lower to higher
oxidation, they do not reproduce the absolute experimental composi-
tions or the magnitude of their difference. Accordingly, the GO;¢ and
GO3p models are treated as qualitative low- and high-oxidation ana-
logues for comparing oxidation-dependent interfacial behaviour rather
than as compositionally exact representations of the experimental
materials.

Graphene sheets of 36 x 36 A% were constructed for all systems. GO
(C196H47032) and GO3p (C200Hs1063) corresponded to oxygen contents
of 17.57 and 29.03 wt%, respectively, with hydroxyl, epoxy and
carboxyl groups distributed according to established protocols [18].
PEG modification was represented by four amine-terminated PEG chains
with a degree of polymerisation of 10 attached to the GO3p model. This
construction represents the PEG-containing computational interface and
does not define the bonding mode of PEG in the experimental material.

Icosahedral Cu;3 and Ag;3 nanoclusters were initially positioned 12
A above the substrate within a 40 x 40 x 40 A® periodic simulation cell
containing 2375 explicit water molecules (Fig. 1). Their characteristic
dimensions were approximately 5.65 and 6.85 A, respectively. These
clusters are substantially smaller than the experimentally observed
nanoparticles and were therefore used as comparative probes of surface-
chemistry effects on interfacial organisation and mobility rather than to
reproduce the full particle geometry, curvature or faceting of the
experimental systems.

All systems were energy-minimised and equilibrated before pro-
duction simulations. Calculations were performed using the Forcite
module in Materials Studio under the NVT ensemble at 298 K with a
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Initial configurations of nanoclusters on GO (t =0 ps)
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Fig. 1. Representative initial atomistic configurations used in the MD simulations of Cu;3 and Ag;3 nanoclusters on graphene-based substrates. (a,b) GO3, systems
and (c,d) corresponding GO30—PEG-NH, systems at t = 0 ps. Nanoclusters were initially positioned 12 A above the substrate. Water molecules and periodic

simulation-cell boundaries are omitted for clarity.

Nosé-Hoover thermostat [27,28].

Non-covalent interactions were described using the COMPASSIL
force field with a cut-off distance of 12.5 A. COMPASS force-field pa-
rameters are developed within a consistent parameterisation framework
intended to support simulations involving mixed material classes [29].
However, the specific parameterisation and validation of the Cu and Ag
terms employed by the Materials Studio implementation could not be
independently verified for the present metal-GO interfaces. Moreover,
COMPASSII is non-reactive and does not explicitly describe charge
transfer, chemisorption or oxidation processes that may occur at met-
al-oxygen interfaces. Consequently, the simulations were used to eval-
uate relative changes in nanocluster interaction energetics, interfacial
organisation and mobility across the different surface models, rather
than to provide quantitatively validated metal-surface binding energies.

Production trajectories were run for 1000 ps. Interaction-energy and
equilibrium structural analyses were based on the final 300 ps following
equilibration, whereas the MSD analysis used the trajectory interval
specified below. As one production trajectory was available for each
system, the energetic and mobility metrics are interpreted as compara-
tive descriptors rather than statistically converged ensemble averages.
GO10-PEG-NH; was not included in the MD series; therefore, PEG-
induced effects are assessed for GO3p only and are not used to infer
oxidation-dependent PEG responses across both GO oxidation levels.

2.2.2. Interaction energetics and nanocluster dynamics

Interaction energetics were evaluated to compare the effects of sur-
face oxidation and PEG modification on nanocluster-substrate in-
teractions. The interaction-energy descriptor, AE, was calculated as

AE = EGO+water+cluster - (EGO+Water + Ecluster) (6)

where Ego water+ cluster 1S the potential energy of the complete hydrated
system, Ego water iS the energy of the corresponding hydrated graphene-
based substrate containing the same number of water molecules as the
complete system, and E.,er is the energy of the isolated nanocluster.
Interaction energies were averaged over the final 300 ps of the respec-
tive trajectories. More negative AE values indicate a more favourable
interaction within this comparative framework. Retaining the same
number of water molecules in the complete and substrate-reference

systems provides a consistent solvent background; however, because
the reference state contains the hydrated substrate and an isolated
nanocluster, AE also incorporates contributions associated with cluster
hydration and solvent reorganisation. It is therefore interpreted as a
hydrated-system interaction-energy descriptor rather than an adsorp-
tion free energy or intrinsic metal-surface binding energy.

Incremental differences, AAE, were calculated for PG — GO,
GO19 — GO3p and GO39 — GO3¢p-PEG-NHy to compare energetic
changes across the model series. Because PEG modification introduces
additional interacting atoms, the GO3p and GO3p—PEG-NH;, interaction
energies were additionally normalised by the estimated nano-
cluster-substrate contact area. The interfacial contact area was evalu-
ated frame-by-frame over the final 300 ps of each production trajectory
using the solvent-accessible surface areas (SASA) of the isolated nano-
cluster, isolated graphene-based substrate and combined nano-
cluster—substrate interface. For each frame, the contact area was
calculated as

Acontact _ SASAcluster + SASA;urface - SASAcomplex (7)

and the resulting contact areas were averaged over the final 300 ps.
The area-normalised interaction energy was then calculated as

AE

Acontact

where Aconaet is the estimated interfacial contact area in A2 This
normalisation was applied to the GO3p and GO3p-PEG-NH; systems to
assess whether the energetic difference associated with PEG modifica-
tion persisted after accounting for differences in nanocluster contact
area.

Interfacial organisation was assessed using radial distribution func-
tions (RDFs) between the nanocluster centre of mass (COM) and the
graphene-based surface. Nanocluster mobility was quantified from the
COM mean squared displacement (MSD):

MSD(t) = {|reom(t) — reom(0) [%) ©)

where reon(t) and rcom(0) denote the COM positions at time t and at
the beginning of the analysed trajectory, respectively. MSD profiles were
fitted over 0-495 ps using 100 points sampled at 5 ps intervals according
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to
MSD(t) = K, » t* (10)

where K, is the generalised transport coefficient (A2ps—) and « is
the anomalous-scaling exponent. Parameters were obtained by un-
weighted nonlinear least-squares regression using curve_fit in SciPy,
with K, >0and 0 < a < 2. Valuesof 0 <a<1,a=1 and a > 1 were
classified as apparent subdiffusive, normal-diffusive and superdiffusive
scaling, respectively, describing MSD temporal scaling without assign-
ing a specific microscopic transport mechanism.

Fit quality was assessed using R? on the linear MSD scale. Because K,
depends on a, both parameters were interpreted jointly rather than
treating K, as a conventional diffusion coefficient. Formal parameter
uncertainties were obtained from the nonlinear-regression covariance
matrix and represent fitting precision rather than variability between
independent trajectories. The anomalous-diffusion fitting procedure
followed the approach previously established for related Cu/
Ag-graphene systems [18]. The same analysis was applied to the pre-
viously reported GO30—Cu and GO3p-Ag MSD datasets [4] to obtain the
corresponding K, and a parameters, without generating additional MD
trajectories.

2.3. Numerical modelling of plasmonic response and electromagnetic
enhancement

2.3.1. FDTD geometry and Experiment-Informed parameterisation

Finite-difference time-domain (FDTD) simulations, based on the
standard Yee formulation [30], were performed using Ansys Lumerical
FDTD Solutions. The modelling comprised three stages: isolated-particle
size sweeps, controlled dimer-gap analyses and experiment-informed
heterogeneous assemblies, allowing particle-size and spacing effects to
be linked to the experimentally measured morphology.

Spherical Ag and Cu nanoparticles were modelled on a 3 nm GO
support in an aqueous medium (n = 1.33). The spherical geometry was
adopted as a controlled modelling approximation to isolate the effects of
particle size and interparticle separation. It does not reproduce the full
morphological heterogeneity of the experimentally observed nano-
particles; therefore, the simulated optical response is interpreted pri-
marily in terms of relative trends rather than as an exact representation
of individual experimental particles. Wavelength-dependent optical
constants were used for Ag and Cu [31] and for GO [32], including GO
absorption and damping. The reported GO optical constants were used
as an effective continuum representation of the support to incorporate
wavelength-dependent absorption and damping. This approximation
does not reproduce local variations associated with GO thickness,
wrinkling or anisotropy, and the calculated response is therefore inter-
preted comparatively rather than as an exact optical representation of
individual GO flakes. The metallic Ag/Cu optical models describe the
electromagnetic response and do not establish the chemical state of the
experimental metal-containing phases.

Particle-size effects were evaluated for diameters of 10, 20, 30, 50,
80 and 100 nm, spanning the principal experimental size distributions.
Interparticle coupling was examined using 20 nm dimers with metal
surface-to-surface gaps, gmetal, 0f 5, 10, 20, 50, 100 and 200 nm, together
with an isolated-particle reference. The electric field was polarised along
the dimer axis. This gap range probes the close-separation regime
identified from the SEM nearest-neighbour distributions; apparent g = 0
contacts in the two-dimensional SEM analysis were not treated as clas-
sical zero-width optical junctions.

PEG thickness was treated as a modelling parameter because it was
not independently resolved experimentally. Sensitivity calculations
were performed for tpgg = 0, 3, 5, 7 and 10 nm (npgg = 1.46) [33] using
20 nm dimers at fixed gpeta) = 20 nm. Across this range, A1spr shifted by
no more than 8.75 nm and the maximum |E/E,| changed by no more
than approximately 11.5%, indicating that the principal coupling trends
were not dominated by the assumed shell thickness (Fig. S4; Table S9).

Applied Surface Science 755 (2027) 168817

Experiment-informed assemblies containing nine nanoparticles were
additionally constructed for the GO, GO39 and GO30-PEG-NH; Ag and
Cu systems using representative particle sizes and spatial arrangements
derived from the SEM analysis. These models represent controlled local
morphologies rather than exact SEM reconstructions. A 700 x 700 x 3
nm GO support was used for the assembly calculations. The overall
FDTD geometry, illumination conditions and controlled dimer parame-
ters are summarised schematically in Fig. 2.

2.3.2. Excitation, boundary conditions and mesh convergence

Controlled particle and dimer simulations employed a total-field
scattered-field (TFSF) source, while the heterogeneous assemblies
were illuminated by a normally incident plane wave propagating along
—z, with E||x. Perfectly matched layer (PML) boundaries were applied to
represent an open electromagnetic domain, and broadband calculations
were performed over 300-1000 nm.

Mesh convergence was evaluated by progressive refinement from 2
to 0.25 nm for representative single-particle simulations and from 1 to
0.25 nm for the close-gap dimer geometry. A 0.5 nm local mesh was
retained for production calculations after comparison with the 0.25 nm
reference. For the tested single-particle and dimer geometries, the LSPR
position was unchanged between the 0.5 and 0.25 nm meshes, while
residual differences in peak extinction efficiency and maximum near-
field amplitude remained within approximately 5.3% and 8.3%,
respectively. Because the electromagnetic enhancement metric scales as
EFgy = |E/Eo|*, its numerical sensitivity was additionally evaluated as a
function of mesh size at fixed common wavelengths for the 5 nm Ag and
Cu dimers. The complete convergence analysis, including the
EFgy-versus-mesh-size plots, is provided in Fig. S3 and Table S8.

2.3.3. Optical response and electromagnetic enhancement metrics
Extinction, absorption and scattering cross-sections were related by

Cext = Cabs + Csca an

where Cey, Cabs and Cs., are the extinction, absorption and scattering
cross-sections, respectively.

For controlled particle and dimer comparisons, extinction efficiency
(Qext) was normalised by the corresponding projected metal area. For
the experiment-informed nine-particle assemblies, Qexx Was normalised
by the sum of the projected areas of the individual metal nanoparticles,
Sa(Di/2)%, excluding any PEG shell. The dominant extinction
maximum defined the localised surface plasmon resonance wavelength,
J1spr, and resonance quality was calculated as

ALSPR
Qres - FVVW (12)
where FWHM is the full width at half maximum of the corresponding
extinction resonance. The relative absorption and scattering contribu-
tions at A;gpr Were evaluated from Cyps/Cex and Cyea /Cext, Tespectively.
Local field enhancement was quantified from the normalised
electric-field amplitude,

E(r)

B 13

F(r) = ‘

where E(r) and E, are the local and incident electric-field amplitudes.
For the experiment-informed assemblies, field maps were evaluated at
each model's Az On planes at z = 5, 15, 30, 50 and 85 nm. The
maximum sampled-plane |E/E,| was used to compare near-field local-
isation among the six assemblies. The minimum three-dimensional
metal surface-to-surface separation, gni,, was calculated from the par-
ticle coordinates and used to examine the relationship between local
particle organisation and electromagnetic enhancement. The corre-
sponding structural and optical summary is provided in Table S10, with
the complete Ag and Cu assembly geometries given in Table S11 and
S12.
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Fig. 2. Schematic of the FDTD modelling framework for GO-supported Ag and Cu nanoparticle assemblies. Experiment-informed particle sizes and nearest-neighbour
separations were represented on a 3 nm GO support within an aqueous medium (n = 1.33) and illuminated by a normally incident plane wave (k|| —z, E||x) with
perfectly matched layer (PML) boundaries. The inset shows the controlled dimer sensitivity model used to evaluate the effects of metal surface-to-surface gap (gmetar)
and PEG-shell thickness (tpgg) on localised electromagnetic hotspot formation. Schematic not to scale.

The local electromagnetic enhancement associated with the elec-
tromagnetic component of SERS was estimated using the conventional
fourth-power approximation [34,35]:

E4

EFpy ~ |—
EM Eo

(14)

where EFgy was calculated from the maximum |E/E,| evaluated at
the corresponding ;spr. For the experiment-informed assemblies, EFgy
was calculated from the maximum sampled-plane |E/E,| across the
evaluated heights. EFgy, is reported as a predicted local electromagnetic
enhancement metric, rather than an experimentally measured SERS
enhancement factor or a spatially averaged enhancement. The fourth-
power approximation assumes similar local-field enhancement at the
excitation and Raman-shifted wavelengths and accounts only for the
electromagnetic contribution; chemical or charge-transfer enhancement
is not included. Collectively, A1spr, Cext, Qres, absorption/scattering par-
titioning, |E/E,| and EFpy were used to evaluate the effects of nano-
particle size, metal-to-metal separation, PEG-shell thickness and
experiment-informed particle organisation on the predicted plasmonic
response.

3. Results and Discussion
3.1. Surface chemistry and structural evolution of graphene oxide

3.1.1. Chemical and structural evolution following oxidation and PEG-NH_
functionalisation

The influence of oxidation level and subsequent PEG-NHj treatment
on GO surface chemistry and structure was examined using comple-
mentary FTIR and Raman spectroscopy (Fig. 3). The FTIR spectra
(Fig. 3a; Table S1) show oxygen-containing vibrational features in both
GO1 and GOsy, although these contributions are comparatively weak in
GO1g. GO exhibits weak features at approximately 1710 cm ™' and
within the C-O/C-O-C region, consistent with a relatively limited
population of carbonyl and oxygen-containing functionalities. In

comparison, GOgo exhibits a broader O-H stretching band near
3400 cm ™2, a stronger carbonyl feature at approximately 1729 cm ™! and
greater absorption within the 1000-1300 cm ! region, consistent with
its higher degree of oxidation [36]. The broad contribution near
1600 cm™! may contain overlapping C=C skeletal and HoO bending
vibrations, while weaker C-H out-of-plane features between approxi-
mately 700 and 900 cm™! indicate retention of graphitic domains
following oxidation [36,37]. These FTIR observations are used to
identify functional-group environments and comparative spectroscopic
trends, whereas quantitative surface composition and O/C ratios are
obtained from XPS in Section 3.1.2.

PEG-NH; treatment produces additional spectral changes in both
oxidation states. C-H stretching features between approximately 2800
and 3000 cm™! are observed in the treated materials, consistent with
PEG-associated aliphatic groups. GO30—PEG-NH; additionally exhibits
features at approximately 1670 and 1538 cm ™! within the Amide I and
Amide II regions, respectively, together with pronounced absorption in
the ether-rich C-O/C-O-C region. These changes are more evident than
those observed for GO;o-PEG-NH; and are consistent with a greater
extent of PEG-associated surface modification on GO3q [4]. However,
these FTIR features do not independently establish covalent amidation.
When considered together with the XPS and TGA results presented in
Sections 3.1.2 and 3.3, they support the retention of PEG-associated
material following reaction and purification, with a greater relative
amount associated with GOsg. The available measurements cannot
distinguish the relative contributions of EDC/NHS-mediated covalent
coupling, non-covalent retention and physical entrapment or
intercalation.

Raman spectroscopy provides complementary information on
structural changes accompanying oxidation and PEG-NH, treatment
(Fig. 3b). All samples exhibit the characteristic D and G bands at
approximately 1350 and 1580 cm™!, respectively, together with a
weaker 2D contribution near 2700 cm™'. The baseline-corrected peak-
height Ip/I; ratios lie between approximately 0.95 and 1.00, demon-
strating measurable but relatively modest differences in the defect-
sensitive D-to-G response across the four materials. The changes
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Fig. 3. (a) FTIR and (b) Raman spectra of GO;9, GO30 and their PEG-NH,-treated counterparts. FTIR shows more pronounced oxygen-containing functionalities in
GO3p and PEG-associated spectral changes following treatment, particularly for GO30-PEG-NH,. Raman spectra show changes in the D-to-G band intensity ratio Ip /I
and attenuation of the 2D band, consistent with differences in graphitic ordering and structural perturbation across the GO systems. The 2D-band changes are not

interpreted as direct evidence of changes in flake thickness.

observed following PEG-NH, treatment should therefore not be regar-
ded as negligible; rather, they indicate that surface treatment is
accompanied by detectable perturbation of the graphitic structure,
although the magnitude of the change remains small relative to the
overall D and G responses. Because Ip/I; is sensitive to the defect
structure and organisation of sp?> domains, these variations are inter-
preted comparatively rather than as a direct quantitative measure of
defect concentration [36].

Changes are also evident in the 2D region. The 2D contribution be-
comes weak or strongly attenuated in the more structurally perturbed
spectra. Although the intensity and profile of the 2D band can be sen-
sitive to layer number in comparatively ordered graphene, the present

materials are oxidised and structurally disordered GO systems. Conse-
quently, attenuation of the 2D band is not interpreted here as direct
evidence of a change in GO flake thickness. Instead, it is considered
alongside the D and G responses as evidence of changes in graphitic
ordering and the electronic environment associated with oxidation and
subsequent surface treatment [36]. Direct determination of flake
thickness would require an independent thickness-sensitive measure-
ment and was not performed in the present study.

Collectively, the FTIR and Raman results demonstrate clear chemical
and structural differences between the two GO substrates and further
changes following PEG-NH, treatment. FTIR indicates a greater abun-
dance of oxygen-containing functionalities in GOj3y and more
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pronounced PEG-associated spectral changes following treatment, while
Raman confirms corresponding perturbations of the carbon framework
without providing independent evidence for changes in flake thickness.
Together with the quantitative XPS and TGA analyses presented below,
these observations establish the surface-chemical differences used to
examine how oxidation and PEG-associated modification influence
subsequent nanoparticle organisation.

3.1.2. Quantitative surface composition and chemical environments (XPS)

XPS was used to quantify differences in surface composition between
GO and GO3p and to examine changes following PEG-NH; treatment.
Survey spectra (Fig. S1; Table S2) show a pronounced difference in
initial oxidation state, with the surface O/C ratio increasing from 0.048
for GOy to 0.522 for GOsg. Following PEG-NH; treatment, the O/C
ratio increases from 0.048 to 0.123 for GO, but decreases from 0.522 to
0.444 for GOgp. This contrasting response is consistent with their
different initial compositions. Because the PEG backbone contains
approximately two carbon atoms per ether oxygen, a PEG-associated
contribution can increase the O/C ratio of oxygen-poor GO;¢ while
lowering the apparent ratio of highly oxidised GOsg. As XPS atomic
percentages are normalised and surface-sensitive, these changes indicate
modification of the sampled surface composition but do not directly
quantify PEG loading, demonstrate GO deoxygenation or establish the
PEG-GO bonding mechanism.
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Trace nitrogen was present in untreated GO;¢ and GO3¢ (0.51 and
1.20 at. %, respectively) and decreased following PEG-NHj treatment to
0.29 and 0.73 at. %, respectively. Given its presence before treatment
and the absence of an increase afterwards, the N 1 s signal cannot be
assigned specifically to PEG-derived nitrogen or used as evidence of
amide formation. High-resolution N 1 s spectra of GOszp and
GO30-PEG-NH; are therefore provided in Fig. S2 for completeness.
Although fitting indicates a redistribution of the N 1 s envelope
following treatment, the low nitrogen abundance and pre-existing ni-
trogen in untreated GO3( preclude assignment of these changes specif-
ically to PEG incorporation or covalent amidation.

C 1 s Analysis.

The high-resolution C 1 s spectra (Fig. 4; Table S3) were fitted using
C=C, C-C/C-H, C-0, C=0/N-C=0 and O-C=0 components [36,38].
C=C and C-C/C-H were grouped as non-oxygenated carbon, with the
remaining components classified as oxygenated carbon for cross-sample
comparison. The low-binding-energy components were resolved sepa-
rately where supported by the spectra, whereas a combined C=C/C-C/
C-H contribution was used for GO3p. The C=0/N-C=0 region was
treated as an unresolved carbonyl contribution and was not used as
evidence of amide formation, as the N 1 s data do not independently
support this assignment.

GO, is dominated by non-oxygenated carbon (93.42%), with
oxygenated components accounting for only 6.58% of the fitted C 1 s
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Fig. 4. High-resolution C 1 s XPS spectra and quantitative analysis of GO19, GO3¢ and their PEG-NH,-treated counterparts. (a) Deconvoluted C 1 s spectra showing
experimental data (grey), fitted envelopes (black) and components assigned to C=C (sz), C-C/C-H (sp3), combined non-oxygenated carbon (C=C/C-C/C-H), C-O,
C=0/N-C=0 and O-C=0 environments. (b) Relative C 1 s component areas showing the substantially greater oxygenated-carbon contribution in GO3¢ and

redistribution of carbon environments following PEG-NH,, treatment.
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envelope. In contrast, oxygenated carbon accounts for 59.88% of GO,
including a dominant C-O contribution of 48.98%. This difference
agrees with the survey-derived O/C ratios and confirms the substantially
greater abundance of oxygen-containing carbon environments in GO3o.

Following PEG-NH, treatment, the C-O contribution in GO1q in-
creases from 3.31% to 11.13%, while non-oxygenated carbon decreases
from 93.42% to 86.83%, consistent with enrichment of the sampled
surface in C-O/C-O-C environments. For GO3¢-PEG-NH,, the non-
oxygenated contribution increases from 40.12% to 51.72%, while C-O
remains a major component at 41.87%. These different responses reflect
the markedly different starting compositions and demonstrate redistri-
bution of carbon environments following treatment. The component
near 285.2 eV is assigned generally to non-oxygenated/aliphatic C-C/
C-H and is not considered a specific PEG marker, as most PEG-backbone
carbon is directly bonded to oxygen and contributes predominantly to
the C-O/C-0O-C region near 286.5-286.7 eV. The C 1 s changes there-
fore support PEG-associated modification of the sampled surface but do
not establish the bonding configuration of the retained material.

O 1 s Analysis.

The O 1 s spectra (Fig. 5; Table S4) provide complementary infor-
mation on oxygen-containing surface environments. Component areas
represent relative contributions within each fitted O 1 s envelope rather
than elemental oxygen concentrations, which were determined from the
survey spectra.

GO1¢ exhibits a dominant C-O contribution (72.41%), associated
with hydroxyl, ether and epoxide environments, together with carbonyl
oxygen (27.59%). GOsp similarly contains predominantly C-O envi-
ronments (79.44%), accompanied by carbonyl oxygen (12.13%) and a
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higher-binding-energy contribution (8.43%) that may include hydroxyl
groups, adsorbed/interlayer water and single-bond oxygen associated
with carboxyl species [36]. Although the relative C-O fractions within
the fitted envelopes are similar, the survey O/C ratios establish the
substantially greater overall surface oxygen abundance of GO3,.

Following PEG-NHj treatment, GO10-PEG-NH; contains 56.55%
C-O and 37.05% higher-binding-energy oxygen, indicating redistribu-
tion of the sampled oxygen environments. The minor low-binding-
energy contribution (6.41%) is interpreted cautiously because Al
detected in the corresponding survey spectrum may contribute through
Al-O and/or AlI-OH environments. For GO3p—-PEG-NH,, C-O accounts
for 93.10% of the fitted envelope, while carbonyl and higher-binding-
energy contributions decrease to 3.52% and 3.37%, respectively. The
dominance of C-O environments is consistent with an increased relative
contribution from ether-rich PEG-associated material. However,
because these fractions are normalised within each O 1 s envelope, the
changes may also reflect attenuation of the underlying GO response and
cannot independently demonstrate removal or conversion of specific GO
oxygen functionalities.

Collectively, the survey, C 1 s and O 1 s analyses establish the distinct
surface chemistries of GO19 and GOsp and their compositional changes
following PEG-NH, treatment. Together with FTIR (Section 3.1.1) and
TGA (Section 3.3), these results support retention of PEG-associated
material after reaction and purification, with a greater relative extent
of modification for GO30-PEG-NH,. However, the N 1 s response does
not independently support amide formation, and the absence of a
PEG-NH,-treated control prepared without EDC/NHS prevents differ-
entiation between covalent coupling, non-covalent retention and
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Fig. 5. High-resolution O 1 s XPS spectra and quantitative analysis of GO19, GO3¢ and their PEG-NH,-treated counterparts. (a) Deconvoluted O 1 s spectra showing
experimental data (grey), fitted envelopes (black) and components assigned to carbonyl oxygen (C=0/0-C=0), C-O environments (hydroxyl/ether/epoxy) and
higher-binding-energy oxygen environments. (b) Relative O 1 s component areas showing differences in oxygen-containing surface environments with oxidation and

their redistribution following PEG-NH, treatment.
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physical entrapment/intercalation. The combined evidence therefore
supports oxidation-dependent PEG-associated surface modification
without establishing a specific PEG-GO bonding mechanism. This dif-
ference produces chemically distinct interfacial environments for sub-
sequent nanoparticle incorporation, providing the surface-chemical
basis for examining the changes in particle organisation described in
Section 3.2.

3.2. Nanoparticle Dispersion and interfacial structural control

3.2.1. SEM/EDS and Particle-Size distributions

SEM and EDS analyses (Fig. 6) reveal systematic changes in Ag- and
Cu-containing nanoparticle organisation with increasing GO oxidation
and subsequent PEG-NH, treatment. Relative to GO1g, GO3¢ exhibits
fewer large agglomerated features and more homogeneous particle
coverage, particularly for Cu, while PEG-NH; treatment further shifts
the morphology towards smaller particulate features. These changes are
consistent with the surface-chemistry differences established in Section
3.1 and with previous observations of nanoparticle organisation on
modified GO interfaces [4,39].

Representative local EDS analyses (Fig. 6a—f) confirm the presence of
Ag or Cu in the corresponding nanocomposites. EDS is used for
elemental identification only and does not establish particle oxidation
state or crystalline phase; the oxygen signal also includes contributions
from the GO substrate and PEG-modified interface and therefore cannot
be assigned specifically to metal oxides.

The normalised particle-size distributions (Fig. 6g,h) quantitatively
support the SEM observations. For Cu, mean particle diameter decreases
from 31.8 4 28.5 nm for GO1¢—Cu to 23.0 &+ 24.7 nm for GO3¢p—Cu and
14.8 £ 18.2 nm for GO3p-PEG-NH—Cu, accompanied by decreases in
Dso from 22.5 to 10.7 and 7.8 nm and in Dgg from 77.2 to 64.5 and
39.5 nm. The fraction < 20 nm correspondingly increases from 47.6% to
62.5% and 78.7%. Ag exhibits the same, although less pronounced,
progression: mean diameter decreases from 34.8 + 28.2 to 30.7 £+ 27.0
and 27.2 + 25.8 nm, while D5, decreases from 28.3 to 22.5 and 17.3 nm.
Complete particle-size statistics are provided in Table S5.

Nearest-neighbour analysis shows that these changes reflect redis-
tribution of particle organisation rather than a simple increase in sepa-
ration. For Ag, the median apparent surface-to-surface gap changes from
0.661 to 0.230 and 0.424 um, while the apparent contact/overlap
fraction (g = 0) decreases from 12% to 10% and 3%. For Cu, the cor-
responding medians are 0.159, 0.307 and 0.217 pm, while g = 0 de-
creases from 28% to 12% and 4%. The distribution tails also contract
relative to GOj, with g9 changing from 2.164 to 0.706 and 0.880 um
for Ag and from 1.422 to 0.850 and 0.492 pm for Cu. Complete statistics
are provided in Table S6.

Collectively, the SEM analysis shows that increasing oxidation and
subsequent PEG-NHj treatment shift the systems towards smaller par-
ticle populations, fewer large agglomerated features and reduced
apparent particle contact/overlap, with the strongest changes observed
for Cu. Importantly, the non-monotonic median gaps show that this
evolution should not be interpreted simply as increased interparticle
separation, but as a redistribution of particle sizes and nearest-
neighbour configurations. The marked reduction in apparent contact/
overlap indicates suppression of the most densely aggregated configu-
rations, which are also the geometries expected to support the strongest
short-range electromagnetic coupling [9,10]. Consequently, the
morphological evolution may involve a trade-off between extreme
junction-driven hotspots and a less heterogeneous particle arrangement.
These quantitative trends are further examined at higher spatial reso-
lution by TEM in Section 3.2.2 and provide experimental constraints for
the electromagnetic modelling in Section 3.5.

3.2.2. Nanoscale organisation and spatial distribution
TEM analysis (Fig. 7) provides complementary nanoscale evidence of
the particle organisation identified by SEM. GO;o-Ag exhibits
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pronounced localised aggregation with extensive particle overlap,
whereas GOs3p-Ag and GO3p-PEG-NHp-Ag show predominantly
discrete, individually resolved particles, although some localised clus-
tering remains (Fig. 7a—c). The morphological change is more pro-
nounced for Cu: GO1¢—-Cu contains several large, dense agglomerates,
while GO3p-Cu and GOs3;-PEG-NH,-Cu exhibit substantially fewer
large agglomerated regions and a greater prevalence of individually
resolved particles (Fig. 7d-f).

These representative TEM observations qualitatively corroborate the
quantitative SEM analysis in Section 3.2.1, supporting reduced large-
scale agglomeration and altered nanoparticle organisation with
increasing oxidation and subsequent PEG-NH, treatment, particularly
for the Cu-containing systems. TEM is used here for morphological
assessment only; no crystallographic information is inferred from these
images.

3.3. Thermal decomposition and PEG-Associated loading

TGA/DTGA profiles (Fig. 8) show clear differences with GO oxida-
tion level, PEG-NH; treatment and particle incorporation. GO3( exhibits
substantially greater mass loss below 250 °C than GO, consistent with
its higher oxygen-containing functionality identified by FTIR and XPS.
Following PEG-NH, treatment, both materials show additional mass
loss within the 250-400 °C region and a DTGA feature near 330-340 °C,
consistent with a PEG-associated contribution [23-26,40,41].

The additional 250-400 °C mass loss corresponds to apparent PEG-
associated loadings of 6.98 wt% for GO;¢o-PEG-NH; and 13.09 wt%
for GO39-PEG-NH,, giving an approximately 1.88-fold greater contri-
bution for the more highly oxidised substrate. Sensitivity analysis using
varied integration limits and complementary Wiso normalisation pre-
served this trend (Section S4 and Table S7). These values are semi-
quantitative and do not distinguish covalently attached PEG from non-
covalently retained or physically entrapped material. Nevertheless, the
greater PEG-associated contribution for GOs3-PEG-NH; supports a
greater extent of PEG-associated interfacial modification, providing
experimental context for the subsequent differences in nanoparticle
organisation and MD-derived interfacial behaviour.

Ag- and Cu-containing systems also exhibit composition-dependent
changes in their decomposition profiles, particularly for GO3p-derived
materials. However, because the underlying processes cannot be
resolved from TGA alone, these profiles are interpreted only as evidence
that particle incorporation modifies the thermal decomposition behav-
iour of the GO-based systems.

3.4. Interfacial interaction Mechanisms and nanocluster Stabilisation

3.4.1. Interaction energetics and interfacial organisation

The calculated interaction-energy descriptor exhibited a systematic
dependence on the modelled graphene surface chemistry (Table 1). For
Cujs, AE changed from — 237.93 kcalemol™! on PG
to — 358.29 kcalemol ™! on GO1g and — 462.05 kcalemol ™ on GOs,
corresponding to incremental changes (AAE) of — 120.36
and — 103.76 kcalemol ™!, respectively. Ag3 showed a similar pro-
gression, with AE changing from — 267.11 kcalemol™! on PG
to — 405.88 kcalemol ™! on GO1g and — 485.29 kcalemol ™ on GOs,
giving AAE values of — 138.77 and — 79.41 kcalemol '. Within the
defined hydrated-system interaction-energy framework, the increas-
ingly negative values indicate progressively more favourable nano-
cluster—substrate interactions with increasing modelled oxidation.
Because the atomistic GO19 and GO39 models represent qualitative low-
and high-oxidation analogues rather than compositionally exact repre-
sentations of the experimental materials, these energetic changes are
interpreted as relative oxidation-dependent trends rather than quanti-
tative predictions for the experimental interfaces.

PEG modification produced a further, although smaller, change in
the interaction-energy descriptor. AE changed from - 462.05
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Fig. 6. SEM micrographs, representative local EDS analyses and normalised particle-size distributions of Ag- and Cu-containing nanoparticles supported on GO
substrates. (a—c) GO19-Ag, GO30-Ag and GO30-PEG-NH,-Ag; (d-f) corresponding Cu-containing systems. Coloured boxes indicate the regions analysed by EDS. EDS
confirms the elemental presence of Ag and Cu but does not establish their chemical states. (g,h) Normalised particle-size distributions derived from SEM mea-
surements, with the number of analysed particles (N) indicated in the legends. The inset in (h) expands the 20-100 nm region.
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Fig. 7. Representative TEM images showing the nanoscale organisation of Ag- and Cu-containing particles on GO substrates. (a—c) GO;0-Ag, GO30-Ag and
GO30-PEG-NH3-Ag; (d—f) GO10—Cu, GO3¢—Cu and GO3p-PEG-NH,-Cu, respectively. GO3¢ and GO3,-PEG-NH; show fewer large agglomerated features and a greater
prevalence of individually resolved particles than GO;o, with the most pronounced differences observed for the Cu-containing systems.

to — 497.91 kcalemol ™' for Cuw3 and from - 485.29
to — 506.58 kcalemol ™! for Agy3 between GO3p and GO30—PEG-NHy,
corresponding to AAE values of — 35.86 and — 21.29 kcalemol !,
respectively. Because the PEG-containing model introduces additional
interacting atoms, the GO3¢ and GO30-PEG-NH; energies were addi-
tionally compared after normalisation by the trajectory-averaged
nanocluster-substrate contact area. For Cuj3, the contact area
decreased from 24.20 A on GO3p to 21.18 A%on GO30p-PEG-NHj, while
AE/Acontact changed from — 19.10 to — 23.51 kcalemol eA2. For Agis,
the corresponding contact areas were 31.93 and 28.15 A2, with AE/
Acontact changing from — 15.20 to — 18.00 kcalemol leA2. Thus, the
magnitude of the area-normalised interaction-energy descriptor
increased by approximately 23% for Cu;3 and 18% for Ag;3 following
PEG modification. The persistence of this trend after contact-area nor-
malisation indicates that the more negative whole-system interaction
energies of the PEG-containing models cannot be attributed solely to
differences in interfacial contact area.

The final configurations after 1 ns provide complementary structural
context for the interaction-energy analysis (Fig. 9). Both Cuj3 and Agis
remain associated with the GO3¢ surface, while PEG modification pro-
duces a more complex local interfacial environment involving the PEG
chains. RDF analysis showed characteristic nanocluster-surface sepa-
rations of approximately 3.43-3.23 A for GO, 3.25-3.27 A for GOs3o
and 2.83 A for GO39-PEG-NH,. Together with the energetic trends,
these results support PEG-dependent changes in interfacial organisation
within the classical MD model.

Overall, the energetic and structural analyses show that Cu;3 and
Agj3 interactions depend on both modelled GO oxidation and PEG
modification. Increasing oxidation produces the larger change in the
whole-system interaction-energy descriptor, while PEG modification
introduces an additional effect that persists after contact-area normal-
isation, with AE/Acontact increasing in magnitude by approximately 23%
for Cu;s and 18% for Agis. This indicates that the more favourable
interaction is not explained solely by differences in contact area, but
reflects a modified local interfacial environment, consistent with the
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shorter nanocluster—surface separation. These trends support interface-
dependent behaviour at the molecular scale but are not interpreted as
a direct quantitative explanation of the experimental particle
distributions.

3.4.2. Nanocluster dynamics

Nanocluster mobility was further evaluated from the MSD trajec-
tories using the anomalous-diffusion relation in Eq. (10), with the fitted
Ko and o parameters reported in Table 2. For Cuys, a remained below
unity across all surfaces, ranging from 0.403 on GOgsp to 0.732 on
GO30-PEG-NH,, indicating sublinear MSD scaling over the analysed
time window. Ag;3 showed greater variation, with o« = 1.141 on PG and
values of 0.506, 0.836 and 0.744 on GO, GO39 and GO3¢-PEG-NHo,
respectively. Thus, the fitted dynamical response varied across the sur-
face models, although the trends differed between Cu;3 and Agis.

The fitted Ka values also varied across the surface models (Table 2),
but Ka cannot be interpreted independently of a because its magnitude
and units depend on the fitted exponent. The comparatively lower R? for
GO30—Cu;3 (0.8861), relative to 0.9381-0.9987 for the other systems,
further indicates that the power-law representation describes this tra-
jectory less closely. Accordingly, the fitted parameters are used as
comparative descriptors of nanocluster dynamics rather than evidence
for a specific diffusion mechanism.

Overall, the MSD analysis shows that nanocluster dynamics are
sensitive to the modelled interfacial chemistry, but do not vary mono-
tonically with the interaction-energy trends in Section 3.4.1. This in-
dicates that more favourable nanocluster-surface interactions do not
necessarily correspond to proportionally lower lateral mobility, and that
energetics and dynamics provide complementary descriptions of the
interface. Because only one production trajectory was available for each
system, these differences are interpreted as trajectory-specific compar-
ative trends rather than statistically converged mobility differences.
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(b) GO,,-derived nanocomposites
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Fig. 8. TGA (solid) and DTGA (dashed) profiles under helium. (a) GO19, GO39 and PEG-NH,-treated counterparts; (b,c) GO1o- and GOgo-derived Ag- and Cu-
containing nanocomposites; and (d) broad thermal decomposition regions. Oxidation level, PEG-NH, treatment and particle incorporation produce distinct

changes in thermal decomposition behaviour.

Table 1

Interaction-energy descriptors (AE), incremental changes (AAE), trajectory-averaged nanocluster—substrate contact areas (Acontact) and area-normalised interaction
energies (AE/Acontact) for Cuy3 and Agy 3 across the graphene-based surface models. Contact areas were averaged over the final 300 ps, and normalisation was applied to

compare PEG-modified and unmodified GO3, interfaces.

Nanocluster Surface model AE (kcalemol 1) AAE (kcalemol 1) Acontact(A2) AE/Acontact (kcalemol™1eA2)
Cus PG —237.93 - - -

GO —358.29 —120.36 - -

GO3o —462.05 —103.76 24.20 —19.10

GO30-PEG-NH, —497.91 —35.86 21.18 —23.51
Agis PG —267.11 - - -

GO0 —405.88 —138.77 - -

GO3o —485.29 —79.41 31.93 —15.20

GO30-PEG-NH; —506.58 —21.29 28.15 —18.00

Note: AE is the hydrated-system interaction-energy descriptor defined in Eq. (6), and AAE represents the change between successive surface states. More negative
values indicate more favourable interactions. Acontact is the mean SASA-derived contact area over the final 300 ps, and AE/Acontact is the corresponding area-normalised
interaction-energy descriptor. Dashes indicate that contact-area normalisation was not applied.

3.5. Optical and plasmonic behaviour of GO-Metal nanostructures

3.5.1. Experimental optical response

UV-Vis spectroscopy was used to assess changes in the optical
response of the Ag- and Cu-containing systems following variation in GO
oxidation and PEG-NH; treatment (Fig. 10). The Ag-containing systems
exhibit distinct visible absorption bands, with maxima at approximately
431 nm for isolated Ag nanoparticles, 413 nm for GO10-Ag, 413 nm for
GO10-PEG-NH2-Ag, 411 nm for GO3p-Ag and 420 nm for

GO30-PEG-NH,-Ag. These features are consistent with a metallic-like
Ag plasmonic contribution [11], although partial surface oxidation
cannot be excluded without phase-sensitive characterisation. The
changes in band position, intensity and width across the GO-based in-
terfaces are consistent with the accompanying differences in particle
size and organisation identified by SEM and TEM.

The Cu-containing systems exhibit substantially broader absorption
extending across the visible and near-infrared regions, without a clearly
resolved experimental LSPR maximum (Fig. 10b). The measured
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Final configurations of nanoclusters on GO (t=1 ns)

Applied Surface Science 755 (2027) 168817

@C oH @0 @ON @Cu ®Ag %;%"PEG-NHZ

(a) GOz, +Cuyy (b) GO, +Ag;,

Fig. 9. Final configurations of (a) Cu;3 and (b) Ag;3 on GOs3p, and (c) Cu;3 and (d) Ag;3 on GO30-PEG-NH,, after 1 ns of MD simulation. The configurations illustrate
the interfacial organisation of the nanoclusters within the GO3y and PEG-modified GO3¢ models. Carbon (C), hydrogen (H), oxygen (O), nitrogen (N), copper (Cu) and

silver (Ag) atoms are represented according to the colour scheme shown.

Table 2
Anomalous-diffusion parameters obtained from fitting the nanocluster MSD trajectories to Eq. (10).
Nanocluster Surface model Ky A% ps @) a R?
Cups PG 2.0416 + 0.0487 0.6859 + 0.0041 0.9983
GOqo 0.8570 + 0.0181 0.7067 + 0.0036 0.9987
GO39 3.2088 + 0.3761 0.4027 + 0.0206 0.8861
GO3p-PEG-NH, 0.4019 £ 0.0204 0.7316 + 0.0087 0.9932
Agis PG 0.1466 + 0.0191 1.1409 + 0.0220 0.9837
GOqo 2.7306 + 0.2942 0.5057 + 0.0188 0.9381
GO39 0.4446 + 0.0169 0.8363 + 0.0065 0.9973
GO30—PEG-NH; 0.3575 £+ 0.0189 0.7441 + 0.0091 0.9931

Note: K, and a were obtained by fitting MSD(t) = K,t* over 0-495 ps. Reported uncertainties are fitting standard errors and do not represent variability between

independent trajectories. R> was calculated on the linear MSD scale.

(a) UV-Visresponse of Ag-containingsystems i(b) UV-Visresponse of Cu-containing systems
0.8 —r 0.8 —
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% GO,,-Ag % GO,,-Cu
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Fig. 10. UV-Vis absorption spectra of (a) Ag-containing and (b) Cu-containing systems supported on GO and GO3( before and after PEG-NH;, treatment. The Ag-
containing systems exhibit distinct visible absorption bands, whereas the Cu-containing systems show broader visible-near-infrared responses without a clearly

resolved LSPR maximum.

response therefore cannot be assigned unambiguously to metallic Cu. Nevertheless, the spectra vary systematically across the GO and
Oxidation can substantially modify the Cu plasmonic response [12,13], PEG-NHy-treated interfaces. These experimental optical differences
while aggregation, polydispersity, scattering and absorption from the provide the basis for the controlled FDTD analysis of particle-size and
GO-based substrate may further broaden the measured spectrum [6,42]. interparticle-separation effects in Sections 3.5.2 and 3.5.3, followed by
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the experiment-informed assemblies in Section 3.5.4.

3.5.2. Particle-Size-Dependent optical response

The experimentally measured particle-size distributions provide the
basis for the controlled 10-100 nm FDTD size sweep (Fig. 11a,b). For
Ag-containing systems, Dso decreases from 28.3 nm for GO;0-Ag to
22.5 nm for GO3p—Ag and 17.3 nm for GO3¢-PEG-NH3-Ag, while Dgg
decreases from 78.7 to 74.0 and 68.6 nm, respectively. The corre-
sponding Cu distributions shift more strongly towards smaller particles,
with Dsg decreasing from 22.5 to 10.7 and 7.8 nm and Dgg from 77.2 to
64.5 and 39.5 nm. Thus, the simulated diameter range captures the
principal experimental size regime, although the Dsy of
GO30-PEG-NHy-Cu lies slightly below the 10 nm lower bound. The
spherical models are therefore used to isolate diameter-dependent op-
tical effects rather than to reproduce the complete experimental size and
shape distributions.

Increasing particle diameter produced pronounced changes in both
the calculated spectral and near-field responses (Fig. 11c-f). For Ag,
Auspr shifts from approximately 396 to 492.5 nm between 10 and
100 nm, corresponding to a 96.25 nm redshift, while the idealised Cu
model shifts from approximately 536.25 to 597.5 nm, a 61.25 nm
redshift. These trends are consistent with established size-dependent
electrodynamic behaviour [6,13]. However, the near-field response
does not follow the same monotonic size dependence. For Ag, the

(a)

Experimental Ag particle-size percentiles
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maximum |E/Ey| reaches approximately 15.3 at 50 nm before decreasing
at larger diameters, whereas the Cu response increases across the
simulated range to approximately 8.33 at 100 nm. Using the fourth-
power approximation in Eq. (14), these peak field amplitudes corre-
spond to predicted electromagnetic enhancement estimates, EFgy;, of
approximately 5.5 x 10* for Ag and 4.8 x 103 for Cu, respectively. Thus,
particle sizes that produce the greatest spectral redshift do not neces-
sarily generate the strongest local fields, and the relationship is metal
dependent. Particle-size redistribution can therefore alter far-field
resonance and near-field enhancement differently, making the
preferred size regime dependent on the targeted optical function. The Ag
and Cu simulations represent an idealised metallic reference and are not
used to establish the chemical state of the corresponding experimental
metal-containing particles.

3.5.3. Interparticle-Separation-Dependent coupling

The experimentally measured nearest-neighbour distributions show
that interparticle organisation changes substantially across the GO-
based interfaces (Fig. 12a,b). For Ag-containing systems, the median
apparent surface gap changes from 0.661 pm for GO1¢-Ag to 0.230 um
for GO3p—Ag and 0.424 um for GO30-PEG-NH>-Ag, while the apparent
contact/overlap fraction (g = 0) decreases from 12% to 10% and 3%,
respectively. For Cu, the corresponding median gaps are 0.159, 0.307
and 0.217 um, with g = 0 decreasing from 28% to 12% and 4%. The

Experimental Cu particle-size percentiles
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Fig. 11. Experimental particle-size distributions and size-dependent FDTD response of Ag and Cu nanoparticles. (a,b) Experimental Dsy and Dgg diameters relative to
the 10-100 nm FDTD size range. (c,d) Calculated extinction-efficiency spectra, Qex:, for spherical Ag and Cu nanoparticles with diameters of 10-100 nm. (e) Size-
dependent LSPR wavelength, ;spr, and (f) maximum near-field amplitude, |E/Ey|, evaluated at the corresponding LSPR wavelength.

15



P. Irigo et al.
(a) Ag nearest-neighbour gap ECDF (SEM)
§ 100 FDTD gap range (5- 200 nmj —
& 80 '
et -
Q
S 60 -
"; Sample Line g="0(%)
2 40 4 GOyg-Ag — 12%
% 20 GOag-Ag — 10%%
g 503-PEG-NH,-Ag | mmm 30
LS T T T T T
0 500 1000 1500 2000 2500 3000
Apparent nearest-neighbour surface gap, g (nm)
(c) Ag dimer extinction efficiency spectra
= |solated
— =5 am
— =10 nm
E =20 nm
— =50 nm
54 g=100 nm
g=200 nm
300 400 500 600 700 800 900 1000
Wavelength (nm)
(e) LSPR wavelength vs gap
600 - |
|
ss0{ m | m— = = =—a"
e I _____________
E 500 4 i | Ahsen(200+5nm): || —®— Ag
= : | Ag=+26.25nm | —@— Cu
& 450 | | Cu=+17.50nm |
< L e
4004 o : . . a =__.-4-‘".
|
350 T I T T T T T T
Isolated 200 100 50 20 10 5

Interparticle gap, g (hm, log scale)

Applied Surface Science 755 (2027) 168817

(b) Cu nearest-neighbour gap ECDF (SEM)
—_ FDTD gap range (5- 200 nm)
) 100
=
Q
& 60 -
'; Sample Line g=0 ()
2 40 1 GO04-Cu 28%
= o9 4 GO3,-Cu T
g G03-PEG-NHy-Cu | e 4%
Q 0+ T T T T T
0 500 1000 1500 2000 2500 3000
Apparent nearest-neighbour surface gap, g (nm)
(d) Cu dimer extinction efficiency spectra
4 14 m—— |solated
- E‘D-?'-;‘ — — g=5nm
- © 4] LsPR region - g: 10m
& o1 . =20 nm
o 24 500 550 800 650 RN
Wavelength (nm) g=100 nm
1 -M £=200 nm
0 T T T = T T
300 400 500 600 700 800 800 1000
Wavelength (nm)
(f) LSPR near-field enhancementvs gap
30 - | | AMax |E/E,|(200+ 5 nm): | | —®— Ag
—_ : I Ag=+13.8 | | —— Cu
uf | : Cu =+7.63 :
- _ " e
o 20 !
g o | ¢ B
Z 10 | .Hf./l
= —0
o |
0 - T : T T T T T T
Isolated 200 100 50 20 10 5

Interparticle gap, g (nm, log scale)

Fig. 12. Experimental nearest-neighbour spacing distributions and separation-dependent FDTD response of Ag and Cu nanoparticles. (a,b) ECDFs of apparent
nearest-neighbour surface gaps for the Ag- and Cu-containing systems, with the 5-200 nm FDTD gap range indicated and apparent contact/overlap fractions (g = 0)
reported separately. (c,d) Calculated extinction-efficiency spectra, Qex, for 20 nm Ag and Cu dimers with metal-metal gaps of 5-200 nm. (e) Gap-dependent LSPR
wavelength, A1spr, and (f) maximum near-field amplitude, |E/Ey|, evaluated at the corresponding LSPR wavelength.

controlled FDTD sweep of 5-200 nm therefore probes the short-
separation regime of these experimental distributions rather than
reproducing their full spacing range.

Using 20 nm spherical dimers, decreasing the metal-metal gap from
200 to 5 nm progressively strengthens electromagnetic coupling and
red-shifts the calculated resonance (Fig. 12c—f), consistent with estab-
lished plasmon-hybridisation behaviour [9,10]. The Ag model shows an
approximately 26.25 nm increase in Aigpg and a 13.8 increase in
maximum |E/Ey|, while the corresponding Cu changes are approxi-
mately 17.50 nm and 7.63. However, if such close junctions arise from
aggregation, the resulting hotspots may be highly localised and
geometry-sensitive. Thus, stronger local-field enhancement can come at
the expense of a more heterogeneous optical response. The dimer cal-
culations therefore provide a reference for interpreting the short-gap
portion of the experimental spacing distributions.

3.5.4. Experiment-Informed assemblies and electromagnetic enhancement

Experiment-informed FDTD assemblies were constructed to examine
how the experimentally observed changes in particle size and spatial
organisation affect the optical response (Fig. 13; Table S10). The
calculated Apgpr shifts from 475 to 440 and 422.5 nm across GO19-Ag,
GO30-Ag and GO3p-PEG-NH2-Ag, respectively, while the
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corresponding Cu models shift from 597.5 to 580 and 571.25 nm
(Fig. 13a-h). At the respective resonances, the near-field maps show
strongly non-uniform local enhancement close to the nanoparticle plane,
with the field magnitude decreasing with increasing distance from the
interface.

The optical response also becomes progressively sharper across the
model series. Qyes increases from 2.35 to 2.69 and 3.34 for the Ag as-
semblies and from 9.51 to 15.94 and 22.71 for the Cu assemblies
(Fig. 13i). In parallel, the absorption contribution to extinction increases
from 37.2% to 48.1% and 59.0% for Ag and from 56.7% to 83.5% and
97.3% for Cu (Fig. 13j). Despite this increase in resonance quality, the
peak sampled-plane |E/Ey| decreases as the minimum metal-metal
separation increases across the experiment-informed assemblies
(Fig. 13k,]), consistent with the controlled dimer results in Section 3.5.3.
The corresponding peak EFpy estimates decrease by approximately
sevenfold across the Ag model series and fiftyfold across the Cu series
from GOpg to GO3p-PEG-NH,, corresponding to a substantially larger
relative decrease in the Cu assemblies. Exact EFgy values are provided in
Table S10. These values represent local peak electromagnetic estimates
rather than spatially averaged or experimentally measured SERS
enhancement factors. Because particle size, number and spatial
arrangement vary simultaneously in these assemblies, the minimum gap
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Fig. 13. Experiment-informed FDTD analysis of Ag- and Cu-containing GO assemblies. (a—f) Near-field distributions, |E/E|, at the calculated A;spr for GO19, GO39
and GO3o-PEG-NH; assemblies, sampled at increasing heights above the nanoparticle plane. (g,h) Extinction-efficiency spectra for the Ag and Cu assemblies. (i) LSPR
resonance quality factor, Q.. (j) Absorption and scattering contributions to extinction at A;spr. (k) Maximum near-field amplitude as a function of sampling height.
(1) Relationship between minimum metal-metal gap and peak sampled-plane |E/Ey|.

is interpreted as one contributing structural parameter rather than the
sole determinant of the near-field response.

Overall, the experiment-informed models reveal a trade-off between
extreme hotspot intensity and a more controlled optical response.
Increasing GO oxidation and PEG-NH, treatment are associated exper-
imentally with smaller, less-contacting particle populations, while the
corresponding models exhibit higher Q. and more absorption-
dominated extinction but lower peak |E/Ey|. This indicates that
reducing close-contact geometries can suppress extreme junction-driven
hotspots while promoting sharper, more spectrally defined plasmonic
behaviour. The Ag and Cu calculations represent idealised metallic
reference models and do not establish the chemical state of the experi-
mental particles; the calculated field enhancement is therefore inter-
preted as a predicted electromagnetic response rather than experimental
SERS performance [35].

4. Conclusion

This study establishes a multiscale relationship between GO surface
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chemistry, PEG-associated modification, nanoparticle organisation and
optical response in Ag- and Cu-containing nanocomposites. Higher
surface oxygen content and subsequent PEG-NH; treatment were asso-
ciated with greater apparent PEG-associated loading, smaller particle
populations, fewer large agglomerated features and reduced apparent
particle contact/overlap, particularly for Cu-containing systems. The
non-monotonic nearest-neighbour spacing shows that this evolution
reflects redistribution of particle organisation rather than a simple in-
crease in separation.

MD simulations provided complementary atomistic evidence of
interface-dependent behaviour. Increasing modelled oxidation pro-
duced more favourable hydrated interaction-energy descriptors, while
PEG modification produced an additional effect that persisted after
contact-area normalisation, with AE/Acontact increasing in magnitude by
approximately 23% for Cu;3 and 18% for Ag;s. These results are inter-
preted comparatively because of the scale and compositional differences
between the atomistic and experimental systems.

FDTD modelling showed that particle size and separation govern
spectral position and local-field enhancement differently. Experiment-



P. Irigo et al.

informed assemblies exhibited higher resonance quality and more
absorption-dominated extinction with increasing oxidation and
PEG-NH,; treatment, while extreme hotspot intensity decreased as close
particle contacts were reduced. This reflects a trade-off in which reduced
agglomeration limits highly localised, junction-dominated enhancement
and decreases the dependence of the electromagnetic response on a
small number of extreme contact geometries, while promoting a sharper
and more spectrally defined plasmonic response. Overall, GO surface
chemistry and PEG-associated modification provide relevant design
parameters for tuning nanoparticle organisation and plasmonic behav-
iour. The calculated enhancement represents a predicted electromag-
netic response rather than experimentally demonstrated SERS
performance.
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available free of charge and includes FTIR peak assignments (Table S1);
XPS survey composition and survey spectra (Table S2 and Fig. S1); high-
resolution C 1 s and O 1 s fitting parameters (Table S3 and S4); sup-
plementary N 1 s analysis (Fig. S2); quantitative particle-size and
nearest-neighbour spacing statistics (Table S5 and S6); TGA-based
apparent PEG-associated loading and sensitivity analysis (Table S7);
FDTD mesh-convergence analysis (Fig. S3 and Table S8); PEG-shell
thickness sensitivity analysis (Fig. S4 and Table S9); and structural,
optical and coordinate data for the experiment-informed FDTD assem-
blies (Table S10-S12).
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